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Preface

by
“Ph. Roumeguére .
" Deputy Director General of the French Railways (SNCF),

I Professor at the Ecole Nationale des Ponts et Chaunssées,

- Member of the Permanent Way Institution, of IRSE and of AREA

I think that the book Railway Engineering of V. Profillidis sums up his two
principal characteristics: I had first met him in the beginning of the 80s as a
- graduate student at the Ecole Nationale des Ponts et Chaussées, where his Ph.D.
" thesis on the mathematical modelling of the railway infrastructure was brilliant.
" Since then, I meet him regularly amongst a worldwide circle of economic
~_engineers, where he enjoys the respect of his colleagues, including myself.

- Here we have abock which, unlike other books, isneither purely technical nor
.-+ solely on economics, but provides a global view for the readers who are
* principally in the engineering technical domain. Indeed, what would be the use
% of rail technology, if it did not service the needs of transportation?

2 An important asset of the book, which justifies its publication, are the
- plentiful and well situated references, supporting and enriching the various
-+ chapters. It will be profitable, for instance, to make the connection between
- chapter 5 - chapter 4, chapter 7 - chapter 3, to better guide the reader’s reasoning.
o~ While there are books of high mathematical level - very few in fact, countable
. on the fingers of one only hand - I think that this book by V. Profillidis will be
- useful to a great number of students and professionals, who, I believe, will find

° the book accessible and easy to understand; thus the book avoids the destiny of

" ending up unopened and adoming a bookshelf. To his credit, V. Profillidis has,
- forinstance, simplified the analysis oftrack mechanics, thus avoiding complicated
= elaboration.

+ Twould eagerly recommend this book, either for the general programme of
. civil engineering studies or for the preparation of specializations.

.. Last, but not least, given that I am no great specialist in the English language,
- lappreciated that V. Profillidis’ book was transparent to me, easy to go through,
- which in fact was the intended objective.

xvii
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Fereword

Railways are today in a period of restructuring. New high speed tracks are
being constructed and old tracks renewed, high comfort rolling stock vehicles
are being introduced, logistics and combined transport are being developed.
Awareness of environmental issues, daily highway and airport congestion and
search for greater safety have given railways a new role within the transporta-
tion System. '

Meanwhile, methods of analysis have sigmificantly evolved and the use of

~ computer applications has changed old railway methods and technologies.
Perhaps the only common feature between the railway of the year 2000 and the
tailway of the 1960s is that both move on tracks, but with a fotally different
technology and design.

Railway engineering is the engineering discipline dealing with railway tech-
nology and operation. This dual nature defines an interdisciplinary approach:
although it is considered within the competence of the engineer, a good knowl-
edge of economic and social science is also necessary.

Like all technological and economic activities, railways have run their phases
of development (from the second half of the 19th century to about 1950) and
crisis (from 1950 to the mid-1980s). In the first phase they monopolized land
transportation, while in the second phase they suffered a great reduction of
their transportation activity as a result of competition from automobiles and
dgirplanes. -

- However, for some years railways are in a phase of a new development,
particularly in the sectors of high speeds, commuter services, freight traffic,
combined transport, logistics, magnetic levitation trains, etc. Although their
share in the transport market is poor (7% for passenger traffic.and 17% for

- freight traffic in Burope), railways can expect a better future.

This book is intended for the use of raﬂway engineers, consultmg engmeers
and students of engineering schools and aims to provide a concise and useful
synopsis of railway technology and scientific analyses that they will need m
their daily scientific work or during studies. Each chapter contains a concise

XiX
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theoretical analysis of the phenomena studied and applications, charts and de-
sign of the specific railway component. In this way, both the requirement for a
theoretical analysis of phenomena (without exaggerated emphasis) is met, and
" -the need of the engineer for tables, nomograms, regulations, etc. is satisfied.
Tt is customary to divide Railway Engineering into three activity functions:
Track, Traction, and Operation (Commercial and Technical). This book con-
tains civil engineering aspects of the railways. Thus, it is principally devoted to
track topics. Given that electrification is a component of the permanent way
- and that train dynamics is necessary for the analysis of various aspects of the
- track, they are also included in this book. However, transportation aspects and
. some operation aspects are similarly included in the book. Signalling and other
.~ “train control functions are not covered in this book, but they will make the topic
- of a future publication. . SR S S R
"' Railways present great differences in their technologies. Something may be
valid for one such technology, but not for another. To overcome this problem,
- Regulations of the Internationat Union of Railways (UIC) have been used to

- the greatest extent possible. Whenever a specific technology or method is pre-
- sented, the limits of its application are clearly emphasized.

- The book is the result of fifteen years of scientific, professional and teaching
endeavours on railway subjects. Writing in its final form began in 1993 and
was completed in early 1995. . : -
T would like to address my warmest thanks to Mr. Ph. Roumeguere, Deputy
Director General of the French Railways, for the preface he wrote for the book
and for the exchange of views which we had about certain matters. I address

also my thanks to Mr. W. Steinmetz and Mr. C. Bonneit of the Railway Strategy
Center at the University of London-Imperial College, for having contributed

~ useful suggestions. And T also appreciated the comments of Mr. 8. Athanasso-
‘poulos. e ' ' ' '
" Typing of a difficult technical text was carried out by Ms. Helen Pipinika and
drawings were executed by Ms. Nancy Parinta. [ would like to express to them
my special thanks for their diligence and patience.

- ‘However, since nothing is absolute and permanent as regards knowledge, I
will welcome the views and comments of the readers.

V. A. Profillidis



1 Railways and Transport

11 Evolution of the railways
“1.1.1. Historical outline

- Since the dawn of human activity to this day, quick and safe transportation of
. people and goods has been a constant goal of every organized society. It is
. generally acknowledged, (38)*, (1), that the fundamental innovations in the
- development of transportation included the discovery of the wheel, the railway
" and the airplane. Railways in their present form made their appearance at the
- ‘beginnmg of the 19th century in British mines. Their main characteristic is the
* guided movement of the wheel by the track through a metal-to-metal contact,
conferring to the rail vehicle a single degree of freedom.

... However, the forerunners of the railways of our time appeared much earlier
+than the 19th century. Movement of carriages or wagons on metal guides is
* “llustrated in a 1550 gravure found in Basel, Switzerland, which shows trans-
- portation methods employed in the mines of Alsace. The guided movement of
. carriages in general was already known in Roman times, as witnessed by grooves
" ‘carved in the stone pavement to facilitate and speed up the movement of
-carriages, (1).

- .On Mount Penteli near Athens, Where the white marble of the Parthenon and
‘f:f\-:_other classical monuments originated, deep grooves in the rocky ground still
‘beartestimony to the methods employed by ancient Greeks to move marble slabs
-the construction sites. Furthermore, according to certain authors, (38), the
ided movement of carriages was applied in Greek antiquity by laying wooden
hannels on dirt roads to guide carts. Two channels were adequate forthe needs
.of the day to accommodate one carriage. When two carriages came face to face,
the younger driver would make way for the older driver. It was suggested that in
‘such an encounter, Oedipus refused to make way and killed the older cart

Figures between parentheses denote references, the list of which is at the end of the book.
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driver coming from the opposite direction, unaware that it was his father
Laius, (38). = : Lo

1.1.2. The golden age of the railways

. Railway development was decisively inﬂueﬁc_e_dby the industrial revolution, the
introduction of steam and the extensive exploitation of coal and iron mines. The .
first railway lines began 1 operating in most European countries around 1830 and :

‘most railway networks attained maximuth density at the beginning of the 20th -

cenftury A factor contributing the massive growth of the railways was high speed .
- (by thé standards of the time), which enabled fast connections. Steam-powered
engines had already achieved (in test runs) impressive performances: 100 km/h
~in 1835:n Britain, 144 km/h in 1890 France, 213 km/h in 1903 in Germany. |
- Although maximum operating speeds were much lower (1/2t02/3 oftest speed),
they contributed to the rapid growth of rail transportation. - B
" The adoption of electric traction in the early 20th century permitted further
development of the railways, while the development of signalling and centralized
remote control before World War II gave railways in the 1950s their present :
form. o el vays _ :

1.1.3. Railways and other competing transportation means

Times have changed, however, and what was impressive in the early 20th
century, was soon becoming less and less satisfactory. Airplanes and private cars _
were already offering transportation alternatives at every scale. Given the -

pressure of competition, the railways had to modernize and improve, especially i

as redards speed, radiiction of transportation costs and better organization and |
improvement of the services offered. Hence, we come to the era of high-speed
trains (Photos 1.1., 1.2.) operating at 250-300 km/h (a speed of 515 km/h was-
attained by French Railwaysin 1990 in test runs), combined transport (combined
" rail-road transportation); high-volurne transport for both passengers {(commuter’;
* “service) and freight (bulk loads), (14), (18), (25), (26)." T
" Nevertheless, in parallel with the conventional railways (which are based on
“metal-to-mietal contact), experimental development proceeded since the mid-
1970s with techniques which, although using guided vehicle travel (like rail- .
'ways), avoid any contact between the moving vehicle and the bearing sub-
structure. These are the aerotrain (Photo 1.3) and the magnetic levitation train, .
“or maglev, (Photo 1.4), which, in test runs, have attained speeds of422 kam/hfor -
the aerotrain in 1969 and 600 km/h for the maglev in 1991, (39) (see also below:
section 1.7). o R T -
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Photo 1.1. The Japanese Shinkan-  Photo 1.2. The French TGV high-
sen high-speed train . speed train

Photo 1.3. The aerotrairi Photo 1.4. The magnetic levitation
frain
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1.1.4. The evolution of railways’ organization

The orgamzation of railway enterprises began in the late 19th and early 20th
centuries in the form of small private businesses. The strategic importance of the
railways for the economy and the security of various countries and the deficits
which had already begun to appear, led most governments between 1935-1960
to nationalize their railways. Therefore, after the 1950s, most railways became
part of the state admunistration, entailing on the one hand the organized develop-
ment of rail transportation on a national scale and on the other hand the
- inflexibility and reluctance to modernize as well as the accumuIatlon of deﬁmts
(1 960s-1980s penod) -
- Developments in the transport market at the end of the 1980s (mamly the
graduai liberalization of transport activities from the regulating framework under -
which they had been operanng for three decades or more), compelled raﬂways
to show more flexibility in the organization of their transport services, reduce -
‘transport costs, adapt to new technology, exploit their comparative advantages,
and modernize, to make them competitive in the transport market. Some
countries, like Japan, Great Britain, Sweden etc., have recently begun a priva-
tization pfocedure of their national railways, (24). On the transport market, no
technology and innovation will have a reason to exast unless they are financially
efficient and competitive, compared to services offered by otber transport means
(road vehicles, airplanes), (32) (34) (41). : S

1.2. Rail transport characteristics o e A

The main characteristic of rail transport involves the capability to join several

transport units into trains. Therefore, in freight transport, trains of 15,000 tons

o) ~gross with multiple coupling are used daily in the United States (mdeed atest run

was conducted with a freight train of 50,000 tons gross). In passenger service,’
railways are likewise capable of carrying a large number of people. Shinkansen ¢
hlgh/-gpeed trains of the Japanese Raﬂways have i one day moved 520, 000*
passengers. 3 between Tokyo and Osaka (a distance of 515 km). ot

—~Another characteristic of rail transport is its one degree of freedom, in_
‘comparison to automobiles which have two. The one degree of ﬁ'eedomé

makes door-to-door transportation impossible for rail, but favours large-scale
use of automatic controls, computers and electronics. As a result, unit trans—(ﬂ
‘portation capacity (commuter trains are oft m@@ﬁﬁﬁ&@ers per }

hour afid pér dlrectlon) 1S greatly mereased.

As indicated in the previous paragraph, rail transport is characterlzed byl

vy the guided movement of wheels on tracks through the metal-to-metal contact,

\\/ which considerably reduces rolling resistance (to less than 3 kg per ton carried).
‘0} A Accordingly, for the same propulsion force, rail velncles canyamuch largerload*




Ratlways and Transport

than road vehicles. As a result, rail transport consumes half as much energy as ?\

road transport forthe same traffic. The comparison becomes more definitive w1th (
irplanes, which consume 3-7 times more energy than railways, (31), (32).

MWMﬁMM@uCh lower environmental pollution. 7

Eiectnc trams cause nopollution, while diesel-powered trains generate 15 times {

 fess pollation than automobiles for the same traffic, (32).

'\, “People all over the world have become more sensitive about transport safel'%i "
For the same traffic, the risk of a fatality occurring is eight times greater in roa %

1| than ; m rail transport, whereas the risk of an ifjury.is 200 times more likely to \f‘;u

occur on a—roadwayﬂlan on, rall (32). Itis areally unpresswe performance ofthe
railways.. - \
/ Finally, Iand occupation is.much less for rail transport than for other trans- 7
/ portation means, andﬁspemﬁcally three times less-than for road transportation. | A2
/ For the purposes of comparison with airplanes, it is notewdrthy to mention that f

\ the new hlgh-slaeed Paris-Lyons line (a distance of 429 km), occupies as much (

e

1 3 Evolution of railway traffic

131 Pamczpatfon of private and public Iransporr modes in the organization
of the transportation system

The decades after 1950 showed a considerable increase in the mobility of
individuals. The number of journeys increased greatly, mainly as a result of:

Number of private cars (a) the population increase
per, W00 inhabitants : (b) the increase in the standard of
e tiving, accompanied by an increase of

i3} theprivate car ownership index. The

S average value of this index for the

400 European Union (EU) countries is

o _ currently (1995} 1 private car per 2.5

300 inhabitants, and it is estimated that in
2010 itwillreach avalue of 1 private -

@ | car per 2 inhabitants (Fig. 1.1.). The
B . : private car ownership indexisdirectly
relatedto per capita national product,
1970 975 10 185 1990 w5 2000 2005 200 butnotproportionally (Fig. 1.2), since
‘ itis influenced by the development
Fig. 1.I. Average private car  Of the various transport means for
ownership index in EU  each country, by its geographical
countries, (15) , position, etc. |
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Per capitc GNP Number of private cars
in US ${1990 prices} per 1000 nhabitamts
500

Fig. 1.2. Correlation of per capita GNP
" and private car ownership for
_varions European countries
(denoted by their initials), (15)

= A>11,000
B3 1,000 03 9000

Fig. 1.3. Passenger land transport
activity expressed in pas-
senger-kilometres per
inhabitant for EU coun-
tries, (28) o

- result that the mobility increase of

- rate of evolution (Fig. 1.3).

increase was absorbed by private

(¢) the gradual reduction of the
importance of borders, with the

Jand transport is greater in central :
European countries than that along
the European periphery (Figs. 1.3,
1.4).

‘However, extreme differences
are observed in car ownership
- among countries, as well as at its_

-~ The major part of this mobility

‘means - transport (TPR) to the.
detriment of transport by public
means (TPU). It wasindeed found
that TPR is an increasing function
of the private car ownership index
(PCO), while TPU is a decreasing
function, given by the empirical
formulas (1.1) and (1 2) (next
page), (15):

u=ton-km/inhabitant
g B3 H>zp00
f EZA 3000 < P4 Q00 |
R w5 2,000 < W<3000

Flg 14 Freight land trans- -
port act1v1ty expres- -
sed in tom-km per
inhabitant for EU .
countries, (28) -
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Fig. 1.5. Evolution of the private car ownership index (number of private
cars per 100 inhabitants) in various countries in the 1980s, (10)

_PCO
TPR=57[1 —e 430 ] (1.1)
_Total Passeng. Trans. TPR '
™0 TTU (1.2)

Consequently, public transport {including rail transport) did not benefit, tothe
degree it could have, from the mobility increase in recent decades.

The reasons for this stagnation in rail transport are analyzed in section 1.4.1.
and are mainly focused on the following advantages of private road transport:

+ _door-to-door trapspert

higher eomfort-

+ preater speed and (accordingly) less travelimg time

+ flexibility

+ low-cost

* improvement oft the ¢lmage (asaresultof systematw marketing and promotion
efforts).

Only during the 1980s did the rallways beginto pr0v1de solutions which could
fulfil some of the above advantages of private road transport.

However, it is shown that the evolution of transport activity as a whole is
at approximately the same rate as the evolution of the Gross National

*
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* Product, (32). Air transport rates are greater than GNP rates (almost double),
whereas rail fransport rates are slower, (24).

Fig. 1.6. Trends in the total pas-

w47 GNP - senger traffic (passenger-
zcj: A s k), the total freight traf-
“ el fic (ton-km) in relation to
1 %107 the Gross National Pro
2 e ~ duct for the countries o
o I D <0 B 1 ‘the European Conferen
S ,’// ~ . - ceof Ministers of Trans
S I S P - port (ECMT)* betwee
1962-1992,(32) .-

B a0 ] it PRI I}
PSERETTTRRE - —B74 . 1979 1984 0 198 1984

1.3. 2'. .S'hare of rail in the transport market

" 1In the Western European countries, the share of rail transport is low, with
medium value in 1992 of 7.2% for the passenger transport market and 17.09
for freight transport (See also tables 1.1 to 1.3 in the following section). :

. Conversely, Eastern European countries (which for more than four decades had .
central economic planning), through state intervention, favoured a high par-:
ticipation of railways in the overall transportation activity. Thus the share of
railways in the freight transport market for these countries was approximately
60-80% in the mid-1980s. However, after the liberalization of the economy of
these countries, the share of the railways in the national transport market has
‘been dramatically decreasing, over 50%to date in most cases between 1990-93.

It is therefore evident that the share of the railways in the national transport
market depends mainly on the degree to which the railways meet the require-
ments of the market and society, as well as on the degree and orientation of state
intervention. The gradual decrease of the latter leaves the adaptation of the
railways to market requirements asthe only critical parameter determining their
position within the market. ' S

1.3.3. Evolution of rail passenger traffic

With 1970 as a reference year for transport activity (in passenger-kilometres) for
each transport mode, private automobiles during the period between 1970-1992
more than doubled their transport activity, buses increased by 50% and the |
railways by 40% (Figs. 1.7, 1.8), (20), (20a), (25), (42). Thus, the share of the °
railways in passenger transport in 1992 for the ECMT countries was limited to

only 7.2% (Table 1.1).

* Austria, Belgium, Denmark, Finland, France, Germary, Greece, Iceland, Ireland, Ttaly, Lux-
embourg, Norway;, Portugal, Spain, Sweden, Switzerland, Turkey, UK., former Yugoslavia. |

e

8
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1.3.4. Evolution of rail freight traffic

Index of passenger
tratiic (pass-km)

[y
180

For each transport
mode 18702100

160

140

120

" railways
100

80 -
197G 1974 B8 182 1|86 1997

F!g 1.7. Evolution of passenger
trafficd Evelopment index
for various tfransport
modes in ECMT
countries, (20a)

miliion pass-km
Y 3

oral
3000/ s
|_private
20001 . cars
1000 | buses
nailways
1970 175 T80 5 195,

Fig. 1.8. Evolution of ‘passenger
traffic for various trans-
port modes in ECMT

countries, (20a)

Table 1.1.
Evolution of the share (%) of various
transportmodes in passenger traffic
in ECMT countries, (20a)

1986

1970 1980 1992
Private cars 773 797 814 834
Raitways 107 . 87 8.1 72
Buses 12 116 105 94

" Similarly for freight transport, using

1970 as the reference vear for the
activity (in ton-kilometres) for each
transport mode, road carriers more
than doubled their transport activity
between 1970-1992, while the rail-
ways stagnated (Figs. 1.9, 1.10). Hence,
the rail share with respect to the overall
freight transport was limited to 17%
(Table 1.2, next page). Table 1.3
llustrates the rail freight traffic for the
various continents of the world.

Index of freight
trattic (ton-km)
4

g0l For each transport
mode 1370=1C0

160

140

pipeiines

120

intand

navigation
100

ailways -
iore a2z

80 - >
170 1986 1992

Fig. 1.9. Evolution of freight traf-
fic develepment index for
various transport modes,

1974

(20a)
millign  ton-km total
1200 B—pipelines
sooE —-tr ucks_
6004
4007 | _inland
20007 nchu;ution
—railways
1970 1975 1980 1985 1952

Fig. 1.10. Evolution of freight traf-
fic for various transport
modes .in ECMT coun-
tries, (20a)



Railway Engineering

~ Table 1.2.

Evolution of the share (%) of various
. transpert modes in freight tramspor-

‘tation in ECMT countries, (20a)

Table 1.3. :
Rail freight traffic in the various
continents of the world for the
year 1990 o

1970 1980 1985 1990 1992 Geographic Freight traffic (in
Trucks 552 659 693 740 751 area billion ton-kms)
Railways 313 232 212 174 170 Europe 515
. : Asia 1,500 -
JInland Navig. 13.5 109 95 86 79 (China) (1,100)
R R B "Former Soviet Union 3,700
- ‘America | S 2,000
(USA) (1,500)
Africa 120
'Australia 80

135, Rarlway networks and tran: ?porratmn acnvzz‘y in European counrrres*

Tabie 1.4 gives characteristics of European raﬂway networks

*+ length of railway lines

staff numbers.

length of electrified railway lines
passenger activity (in passenger and passenger—kﬂometres) i 1992
freight activity (in tons and ton-lcllometres) in 1992

Another important fact is productivity, that is the transport output per
employee. Table 1.5 illustrates for the railways of the principal European
countries the productmty in 1991 (thousands of traffic units per employee), (32).

Table 1.5.
Rail_way_prpduc_ﬁvity in several Euzjopean countries, (32)

Raitway Productivity Railway Productivity

Cogntry in 1991 (in thousands of Country in 1991 (in thousands of

. traffic units per employee) traffic units per eruployee)
Augstria 352 Ttaly . 383
Belgium 405 Luxembourg - 281
. Denmark .. 438 Netherlands 587
" Finland 5397 Poland - 359
France 508 Portugat 354
. 'Germany 350 Spain 562
Greece 213 Sweden 1,034
Hungary 167 Switzerland 587
Ireland - 358 . United Kingdom 370

10
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However, Figs. 1.11 and 1.12 illustrate the evolution of both passenger an
freight rail traffic in Europe from 1980 to 1993. Traffic has remained almost
stagnant in countries of the European Union and the EFTA, whereas inthe former -
socialist countries of Central Europe it has fallen dramatically afterthe beginning

of liberalization of their economies (1989). -~ . .

& billion passenger -kms

400

L30e

(200

100}—

e B B et

73980 81 82 B3 84 85 86 87 88 83 90 9192 3

._0

O—0— Total -Europe - - T _
| ge—z— “Eurcpean = “Unian {except Fast Germary} .

G- =0~  Central Eurcpe .and . Bakan Countries
| HeeeOms  Switzerland , Austria , Finland , Norway 4 Sweden

Fig. 1.11. Evolution of rail passenger traffic in Europe, (20)

\biltion ton-kms
- T00g
60}

50 \

400 387 1{:1,10:71'mr\! 1'Jnl ﬂ:l‘lﬁﬁi‘%‘:"ll '187135-;1 266

30. D?-ﬂ--n--ﬂ-"ﬂ‘—ﬂ“a'_‘fﬂ"ﬂ‘-u\-za;; e
55

200 192_ Lyl sesl ol sl e il o 166 165

-+ 100
0
1980 &1 ©2 83 ®5 BS B6 & @3 83 60 91 92 93

O——0— Total Eurcpe .
Q-—0O- Elropean - Union (except - East Germany)

O~ -3 Central Europe and Balkan Countries
| OeesTes  Switzerland, Austria, Finland , Norway , Sweden

_ Fig. 1.12. Evolution of rail freight traffic in Europe, (20)

1.3.6. Forecasts for the evolution of the transport market h
.

closely related to the evolution of the development of the economy and -
specifically to the rate of the Gross National Product (GNP). ECMT countries |
‘had an average annual increase in their GNP of 2.3% between 1973 - 1990.

. Aspreviously stated in section 1.3. 1, the evolution of transport activity is very |

o
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The economic situation in the mid-1990s was characterized by stagnation and the
rate of increase of the GNP for the period between 1995-2000 is estimated at
approximately 1.5% for the ECMT countries and 2.5% for the European Union
countries. :

The evolution of transport activity can be forecasted with the help of the
appropriate models, which take into account parameters such as GNP, population,
mobility, etc. Various scenarios are studied and usually mclude a pessimistic, a
realistic (medium) and an optimistic one. As a basic scenario the realistic one is

41). ‘
used, (41) Figure 1.13 shows ECMT forecasts

passenger traffic 650 for passenger traffic. Total passenger
 gpoo (bilion. passener- km) g traffic will increase by 2.4% per year
500 L~ until 2010 and begin decreasing there-
4,000 3568 after. Railways will have an annual
3000 increase of 1.0%, road transport 2.2%,
%00 whereas air transport will have the
8] |~ 7500 highest rate, at approximately 6%,
6004 e accordingtothe ECMT forecasts, (32).

400 B I - '
200 ’“'_‘lr g = _ Fig. 1.13. Forecasts for the evolu-
. e | tion of passenger traffic

W0 ®e0 19 2000 200 2020 in Europe, (32)

Figure 1.14 shows ECMT forecasts

Afreight traffic for freight traffic. Total freight traffic

%001 (bittion  ton-knm) noe,  will increase by 2.0% per year until

2 e 2010. Rail traffic will decrease by 0.3%

1 P per year, road traffic will increase by

e e e 3.0% per year, whereas shipping and

© o 1,002 PR el pipelines are anticipated to have a

1‘;%% ST medium annualincrease of around 1.5%

so&ﬁr according tothe ECMT forecasts, (32).
40 fgil 20l | 25

x Fig. 1.14. Forecasts for the evolu-

0
B70 198¢ 1530 2000 72010 ‘ 2020 tion of freight traffic in

Europe, (32)

1.4, The dual nature of the railways: business and technology .

- 1.4.1. Weaknesses inherited by the railways from the past

The foregoing analysis of the evolution of the railways clearly shows that the

existence of a railway line, constructed 100-150 years ago, can in no case be a
sufficient justification to continue operation of the particular line. Railways

13




 should search for their comparative advantages, which they should develop b

- accumulation of personnel in routine tasks and staff shortages for admlmstr

' + high transportation cost, often the result of obsolete’ operatmg methods
" # rolling stock often difficult to operate, offering services of a level w]:uch ‘

~+ As aresult of all the above, railway deﬁc1ts have been steadlly increasing for

“that the railways have nothing but problems (which to a large degree are of the:

Raiiway Engineering

the necessary technological modernization. On the other hand, they shoul
operate as enterprises governed by the same rules of competition apphed in othe
businesses, relinquishing the umbrella of state protectionism sheltering them fo
decades.

Railways, however, inherit serious handicaps as a result of decades of stat
protectionism, (11), (12), (34): .

¢ administration and organization inflexibility. For decades, rallway manage
_ ment was dealing only with current affairs. Important matters were conducte
" by the supervising ministry, often based on political criteria, -

- tion, organization and technologwal upgrading positions,

many instances does not meet current requirements,

-+ railway infrastructure maintenance eXpenses mostly borne by the raﬂwa
enterprise, as contrasted to road carriers which contribute only a small
‘fraction of the road network maintenance cost, and to air carriers Whlchi
contribute a very small fraction of airport maintenance cost.

~ An important institutional evolution on this matter was EEC Directive

- 44071991 stating that the railways of the EEC countries should separate their.
accounts for infrastructure expenses from those concerning operation. Infra
structure accounts for all transport modes wﬂl be the respon51b1hty of the

- state, (24),
+ obsolete infrastructure, often as a result of the absence of serious 111vest—f'
ment for many decades. The same applies to rolling stock, - S

+ obligation to operate lines with little transport activity, which the raﬂway_
enterpnse were it operating by private enterprise cntena would nothave kept.

. in operation,

more than three decades.
1.4.2. Comparative advanragés of the railways
The aforementioned compendium of disadvantages risks giving the 1mpress,10n‘_
making of others). However, the contribution of railways to the development of

both transport and the economy 1s by 10 means neglzglble since rallways (14) _
(27): .‘

X o—*)provide an integrated system of services for both passenger and freight

PN

&/

transport with programmed schedules regardless of day and season,

3 pmudexeduaedfarc&for large se gments of soc1ety (e g students the elderly,-

14
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" pollute the enyironment minimally in contrast to other transport means,

. contnbute deolslve_lg to relieve gongestion in-peak-travel-periods_in. aentral -
fhorou_ghfares because of huge transport capacity,

O consume. much less energy for the same traffic. than. by any.other transport-.

\ mode

F}’ 1.4.3. Development strategy and measures to restructure the railways
f

: The transport sector in Europe and worldwide is presently oriented to a gradual

deregulatlon and hberalization, with emphasis on competition between the

“yarious transport modes. The government-owners of the railways are under the

obligation to ensure a real autonomy for the rallways, to gradually reduce sub-

sidies to railway enterprises (used to cover deficits), to institute a regime of
. transparency inrailway operations and to create a frame-work in which otherrail

companies can use the raltway infrastructure and enter the rail transport market.
Within such a frame-work, the railways should aim at, (42), (24), (11), (34):

. greater flexibility in the organization and development of operational criteria

for the various alternatives, e.g. investment,

‘i - personnel allocation on the basis of the requirements of the particular
..o transportation task and staffing of the various departments by specialized
" persomnel. It is not to exclude, particularly for management and specialized
- tasks, the use of high quality speciah'sts from other sectors,
<= frying to drastically reduce costs in order to make rail services more compe-
i+ tiftve in the transport market. The reduction of cost may come from the

- application of informatics and new technologies in addition to the rationali-

zation and mevitable reduction of the current personnel levels,

- systematic maintenance and renovation of the rolling stock and infrastructure
“ - enabling the railways to meet the requirements of their clients,
- - separation of infrastructure maintenance expenses from other expenditures.

Maintenance expenses may be the responsibility of the state (as are the road
network and the airports) or of a company clearty different from rail operation,

- infrastructure modemization with important investment (for the most part this

can be covered by the state, the EU, the World Bank, etc.). It should be stressed
here that modemization does not refer to any particular project, but to those
that will enable railways to competitively coexist with other transport means,
For the more attractive projects, fifancing can come from the private sector
also, as was the case of the Channel Tunnel Project,

- - clear definition of public service obligations, being understood as those

which, if the only consideration of the enterprise were business profit, would
not have been undertaken to the same extent or degree (e.g. exploitation of
lines with small traffic). The agency enforcing a mandatory public service
(e.g. the Ministry of Education for reduced pupil-student fares) should refund
lost income to the railway enterprise, .
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- “aflequate competsation of the railways for not polluting the environment and

not causing fraffic congestion. A quantitaiive and financial evaluation of the
SHfects oF the various fransport modes on the environment is already available
(43). Theprevailing view isto subsidize rattways with an amount correspondin;
to that which would have to be expended to combat the pollution and traffi
congestion which would have been caused had operatiof of the railway bee
discontinued,

- gradual reduction of deficits.

" Fulfitment of the above conditions is a necessary requirement for the surviv
and growth of the railways within the transport market, - L

1.5, High-speed trains
| L3, 1. The application of high-speeds in railways

High-speed trains (with V> 200 km/h) were the railway response to the transpo
market requirement for reduced travel times. High speeds were pioneered by tw
railway networks: - - ' L _ ' o

* the Japanese network; with the 1964 commissioning of the “Shinkansen”
high-speed rail link between Tokyo and Osaka, with a top speed of 210.
« the French Railways, by inaugurating in 1981 the “TGV” high-speed frain
between Paris and Lyons, with a top speed of 260 km/h, increased to 270
km/h in 1983 and to 300 ki/h in 1989. '

Both lines were built on heavily travelled routes showing signs of saturation,
Faced with improving the existing infrastructure or building a new high-speed
line;the latter was opted. High-speedlines were constructed in the 1980s in West
Germany (Hannover-Wiirzburg and Mannheim-Stuttgart), in Italy (Rome-
Florence), in Spain (Madrid-Sevilla), in France (“TGV Atlantique” line Paris-
Bordeaux) and recently the Paris-London line (through the Channel Tunnel).

Two approaches to high speeds can be distinguished:

« In the first, only passenger trains run on high-speed lines, with low loadsper
axle, very small tolerances on track defects, and large gradients (up to 35 %o). .
This approach was implemented in the Paris-Lyons line and presupposes a |
high passenger train traffic to make the construction and operation of the new |
line cost-efficient, (45) '

« Inthe second, the new high-speed lines are run by both passenger and freight |
trains, the coexistence of which entails higher maintenance costs and requires -
lower values of longitudinal gradient, (23), (40). Most high-speed lines are
currently designed for mixed traffic (both passenger and freight trains). '

Py
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1.5.2. Impact of high speeds on the reduction of rail travel times

: The reduction of travel time was a constant goal of the railways, as can be seen
- from Table 1.6. Only with high-speed trains, however, were the railways able to
~-achieve on 400+ 700 km routes travel times equal to or better than air travel.

Tahle 1.6.
Train travel time reduction on certain routes

1937 1950 1960 1980 1983 1987
(TGV line,

length
427 km)

aris-Lyons Shl5min 5h05min  4h00min  3h50min 2h00min 1h50min
511 km) :

1963 1965 Indeed, high-speed railways capi-

(Shinkansen) talize on their advantage to reach city

. . centres and thus make travel times

SOIRSY (l;lg))saka - 5h30min  3h10min from the centre of a crty to the centre of

. another far shorter than for automobiles

and even, in many cases, shorter than
for airplanes (Table 1.7)..

o , Table 1.7.
- Comparison of travel times from the centre of a city to the centre of another
g 's{_f_or trains, airplanes, and automobiles (case of the Paris-Lyons route), (23)

TGV travel time Automobile @
TGV travel time + access time Airplane ' (on highway at
- to railway station a top speed of
120 km/h)

1h50min 2h30min 2h30min-+3h 5h

fj,‘”l The time indicated is the sum of the flight time, trave! time from the city centre to the airport,
and check in time and retrieval time. '
% The time indicated is the time from the centre of a city to the centre of another, i.e. it takes
 into account the time necessary (about 30 min) for a car to reach the highway from the city
centre.
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L3 3 ngh speedc and the increase of traffic. .

: S T _ Another result of high speeds was
| million of. passengers .. - "*  theincrease of traffic (Fig. 1.15), either -

- 1 new activity (generated demand).

derived from air and automobile
transport {diverted demand) oras totally

4B : High speeds therefore attract back |
S l _ ) to the raitways part of the -passenger .
BERVRE ¥ o o 2 e o . - trafficlost in the past. Forthis purpose, -
S / _ however, a speed .increase ‘is 0ot

o 5 '1/ Ao el 1 enough, statlonacce551b111tysh011lda]so .
T T[] o be improved through efficient bus or

S | T - - -metro systems. In many . mstances g

--__.0_51 SR BB 6 8T B 0 % -+ connection of railway stations serving -

- * high speed trains to the airports can

Flg l 15 Evoluﬁmn oftrafficon the contribute.fo an efficient (from time

Parls-Lyons TGY, (45) and cost point of vue) air-rail trip.

1.5 4 The European hrgh-&peed rail nenvork

The success of high- speed trains, Wthh are especially suitable for dxstances
on the scale of Central and Western Europe, led the European Commuission -

to prepare a plan to implement a high-speed European rail network (Fig. 1.16),

(21). This network will include both new lines (with design speeds exceeding -
250 km/h) and existing lines the layout of which will be unproved to accommo- -

date speeds of 200 km/h. The European high-speed network is expected to be

realized by 2010. Figure 1.17 shows the effects ofthe realization of the European

hxgh-speed network on travel time reduction for some routes.

155 Techmcal features of hzgh-speed railway lines

Table 1.8 shows the technical characteristics of h}gh-speed rail Lines. Important '2
differences as regards gradients and electric traction systems are observed. |
Implementation of the European high-speed.rail network thus requires that :

many technical characteristics, which now show differences as a result of .
industrial and technological productlon pamculantws in each country, must be :

standardized.
However, railway authorities aim at. even higher running speeds, (5). Thus,

French Railways schedule a maximum running speed of 360 km/h for the year -

2000 and of 400 km/h around 2010, whereas the German Railways schedule a |
running speed of 330 kmfh for the year 1998

18
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_ Fig. 1.17. Travel times (with:

ARDAM BERLIN : Londorn, Paris and
- : Brussels as the ori-
gin) after the reali-

LONDON

% % N zation of the Euro-
&w FRANKFURT peanhigh-speed rail
. 85/ ~LUXEVBOURG network, (21)
PARIS {5ig/ e .

STRASBOURG

TRAVEL TIME
N 2010 -

N TRAEL THE

N 1892

HAMBURG

AMSTERDAM %
L ONDON . BERLIM

MARSEILLE

i
v ) QLN

BARCELONA \zhz4
[ CRANKFURT
Sl
o, T-LUXEMBOURG
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Table 1.8.
Technical characteristics of high-speed rail lines, (23), (40), (44)

Country France  Germany - Italy France Spain
. Paris-  Hannover- Rome-  Paris- Madrid-
. Line Lyons  Wirzburg Florence Bordeaux Barcelona
= (#27km) (327km) (260km) (260km) (522 km)
Design speed
V., (km/h) 300 250 250 300 300
*‘Radius of
. curvature _
SR (m) 4,000 7000 3,000 4,000 4,000
Maximum
 longitudinal 35 12.5 8 25 30
“gradient (%)
Traction 25 KV 15KV 3KV 25KV 25KV
power supply 30 Hz lé%Hz 50 Hz 50 Hz

1.6.1. Project description

6. The Channel Tunnel Project

* After more than a century of efforts, the Governments of the United Kingdom
and France decided in 1986 on a permanent railway link between the two

_;“ Fig. 1.18. The Channel Tunnel

21

countries, that should be realized en-
tirely by private financing. For this pur-
pose the Eurotunnel Consortium was
created with responsibilities to con-
struct the tunnel and operate it for 55
years.

The projectofatotal length of 50 km
consists of tworail tunnels (one per di-
rection) with an internal diameter of
7.6 m plus a third tunnel (of an internal
diameter of 4.8 m), for maintenance
purposes, emergency incidents etc.
(Fig. 1.18). The principal tunnels are



~ connected to the auxiliary one at 375 m intervals. The rail level is situated 25~
40 m below the seabed level. : :

1.6.2. Travef times and forecasted demand
~Full operation through the Tunnel began in autumn of 1994. Four types of

"« high speed trains, (named Eurostar) with arunning speed in the tunnel of 160

Railway Engineering

The entire construction cost, that was initially underestimated and changed
many times, is allocated as follows: ' .
s 50% for the tunnel construction
» 10% for the rolling stock
o 40% for tracks, signalling, electrification, etc.

services are provided: .- -

-~ km/h, joining London to Paris in 3h and London to Brussels in 3h15. Eurostar -
. trains have a capacity of 794 passengers (584 in second class and 210 in first
elass) o L -
« conventional trains, night trains, freight trains (transporting contamers, new |
- cars, etc.), with a usual speed of 100+ 120 km/h B ;
» shuttle passengertrains (named “Le Shuttle”), transporting cars (in two floors)
and trucks and buses (in one floor). Passengers remain in their seats and
maximum speeds are 140km/h ' :
» shuitle freight trains, transporting trucks of a maximum weight of 44 tons.

Fig. 1.19 illustrates the
comparative travel times be-;
tween London and Paris.
“among the various transport
modes: railway + ferry,

|
railway + hovercraft, air-’
: plane, high speed + channel
II] tunnel, ordinary railway —+:
' channel tunnel. ;
channet ‘In.1990 it has been fore-,
%.l OE casted that for the year 2003
_ ' traffic through the Tunnel will’
%a R @ hannel ‘reach 44.6 million passen-:

gers and 27.8 million of tons
freight. Forecasts for the year;

'Fig. 1.19. Travel times between London- 2013 are 53.9 million pas-

Paris with various transport modes  sengers and 38.0 million tons
' - " of freight.
- More technical details about the Channel Tunmel Project are given in the
relevant chapters (for instance soil mechanics of the project in chapter 3, section

322,etc).
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- 1.7. Aervotrain and Maglev
. 1.7.1.The Aerotrain

The aerotrain and magnetic levitation train technologies are based on guided
vehicle transport (like conventional trains), but avoid any contact of the moving
vehicle with the bearing structure on which transport is taking place, whereas
railways rely on the metal (wheel) to metal (track) contact.

. The aerotrain (see Photo 1.3, p. 3) is a vehicle running on a conerete bearing
“. gubstructure in the shape of an inverted “T” (Fig. 1.20).

Propulsion is achieved without any
wheel system, by a compressed air
cushion blown between the vehicle and
vehicle the bearing substructure. The aerotrain.

thus replaces the adhesion forces,

wmpressed  Tlecessary topropelconventtonal trams,
el @0 Cushion yy compressed air layers, (23).

T L searing susstructure The technology in question was de-

veloped in the 1960s in France and in

'iFig. 1.20. The aerotrain principle 1969 had achieved the impressive
speed of 422 km/h.

. Fven though there were various plans for aerotrain construction (e.g. Paris-
2 Orleans where 18 km of bearing substructure had even been built, Brussels-
“ Luxembourg, etc.), they were abandoned in the 1970s for various reasons, the
" main ones being:

"+ the new technique is not compatible with conventional railways

-+ construction proved much more expensive than a new conventional line

(without the additional cost being offset by the much lower maintenance cost

~ of the aerotrain compared with conventional railways)

+ energy consumption (due to the air turbine used for aerotrain propulsion) is
- much higher than for conventional trains
=+ the carrying capacity of the aerotrain was low (64 +96 passengers in the
. prototype, but up to 160 passengers in two-car trains planned for later).

+  Secondary reasons, such as passenger safety considerations (possible fire in
" the vehicle which rides 5 m above ground), noise, questionable overall aesthetics,
~" contributed to the abandonment of the plan.

1.7.2. Magnetic levitation trains (maglevs)
*"In magnetic levitation trains (See Photo 1.4, p. 3), contact between the bearing

- substructure and the vehicle is avoided, propulswn being ensured by magnetic
* phenomena. The fundamental principle of this technique is shown in Fig. 1.21.
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The bearing substructure is a concrete

slab in the shape of an inverted “T” (or

coits tor propu- ©Of @ “U7). Suitably located magnets.
sion and guidance  and coils generate the forces required
for levitation, propulsion, and guidance,

magnets However, recent research has shown
that the construction of a supercon-

coil for ducting magnet fulfiling the above
S three requirements is possible, (39),
(53). This technology was developed
in the 1970s in Germany and Japan,
“where in 1979 during the course of
S B . : testing a speed of 517 kmv/h has been
" attained. In Germany (Emsland), a magnetic-levitation test track was built with |
the following characteristics: = ' ' R

thicie

bearing . substructure

. Tig. 1.21, The magnetic levitation
ST principle AT

.+ bearing substructure.of composite construction and superelevated section at.
*aheightofsm o - porevaled section 2
» design speed 400 km/b - - L
o cars 54 m long, weighing 120 tons, with a carrying capacity of 200 passengers |
« minimum horizontal radius of curvature 4,000 m and maximum longitudinal

~gradient 10%, L R . D Home s

‘The German Government has plans to construct a maglev line between Berlin |
and Hamburg. According to the plans, the maglev system will link the two cities
(at a distance of 283 km) in less than one hour the year 2004, (53). ;

A magnetic-levitation test track of 42.8 km long is also under construction in
Japan, with prospects of full maglev operation in 1990, (5). However, express -
links of airports with urban areas may be in the future candidates for the maglev
technology. = - - . - S ' :

1.8. Other transportation services with good prospects for the railways

‘High speeds is one area where the railways have comparative advantages to
other transport means. Other such areas include urban rail services, combined
transport, as well as transportation of bulk loads and, finally, integrated services |
which, in addition to transportation, involve the collection, storage, and delivery .
of goods (logistics). . T '

1.8.1. Urban rail servfcé_S' ;

In an age with exploding traffic problems, the railways can decisively contribute
to their alleviation by their large carrying capacities (Table 1.9). Many neglected
“failway lines connecting city centres to the suburbs are accordingly being
_modernized and used for urban rail services, thus relieving the traffic problem
of the cities. - '
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Table

1.9.

Carrying capacity of various transport systems, (47)

Transport system

Carrying capacity (in thousands of passengers

per direction and hour)

0 4 6
Buses o
Tramways 3,__19“__1__5‘
Light metro s %
Metro 10 45

1 1

Suburban ratlway 10 6Q

1.8.2. Combined transport

“- The various transport modes show comparative advantages as regards trans-
" port costs as a function of distance (Fig. 1.22). Thus, for short distances, the

- useoftrucksis indicated, forintermediate
. great distances favour the use of ships.
- freight transport, however, makes the

transpert cost
F' Y

distance
>

[ 1

1
|
|
|
|
1
!
1
|
1

0. A

Fig. 1.22. Transportcostsas a func-
' tion of distance, for vari-
ous transport modes, (41)
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distancesrailways have anedge, while
Increasing competition in the area of
search for lowest cost compulsory.
Several countries with important truck
transit traffic (Austriaand Switzerland,
among others) set strict limits to the
number of trucks in transit, so as to
reduce congestion and saturation on
the road networks. Finally, political
events (such as the recent segregation
of the former Yugoslavia) mandate the
search for alternative, reliable and safe
transportation routes. All the above
have contributed to the growth of com-
bined transport. ‘

Combined transport may be defined
as a composite transportation process
mvolving atleast two consecutive trans-
port modes{e.g. truck-ship, train-ship,
truck-train). Two mamn techniques were
developed for combined transport:
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- Containers (Photo 1.5), used in road

_ ra11 and sea transport. The tendenc

is to use containers as large as i

allowed by the existing loadin

gauge, (48). Common container di

mensions are 13.7mlongby 2.601

wide.

- The Ro-Ro (Roll On - Roll Off;

Photo 1.6) technique, whereb

- . ~whole trucks or truck bodies wi

.. freight, are loaded on a train or shi

-..s0 that only a small portion of th

* tripis covered by road. Accordingt

- "EU regulations, the maximum di-

‘mensions of freight vehicles are::
~height 4.0 m, width 2. 5 m, weight'

- 40 tons. - : ,

_ e AR T . Since combined transport requlresg
! R T R ve]ncle transfer from one carrier to ]
: e EE— " another (with associated expense), it
- - isnecessary fo determine the munimum:
" distance beyond which combined
 transport becomes cost-effective. The
answer to this question is not simple,
since it depends on the cost of labour, -
energy, the mechanical equipment for’
vehicle transfer, etc. Therefore, Euro-;
pean conditions place this minimum
distance at 700+ 900 km, whereas in’
the US it issetatl 500 km (49) '

Photo 1.5. C_dntainers - ': :

mliltons of
© Italian lires

25
-'.] ZEE combined transport

2.04 ~road . transport. .
15 : /
) I 2

051

xm

5603000 1800

e — -Fig. 1.23. Comparatlvecostof road

B LR IS - - and combined transport

Photo 1.6. Ro-Ro combined -~ - - on the basis of Italian
'tr_ansport. L Cooo o data, (49) '
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According to experience acquired in [taly, the comparative costs of road and
combined transport are as illustrated in Fig. 1.23. -
The development of combined transport necessitates the existence of a
* satisfactory road and rail network.

1.8.3. Bulk loads

" In addition to combined transport, railways can further develop bulk load .
. transport (raw materials, coal, petroleum, grain and other agricultural products,
~ etc.). Railway competltmtymbu]kIoadtransport depends, among other matters,
* - ypon the marshalling yards facilities where freight trains are disassembled and
~ reassembled and where long and (often) unjustified waits are occurring.

o 1.8.4. Integrated rail transport and logistics

- Freight transpost by rail has been until recently limited to carrying goods. The

. dynamics of modem transport, however, have broadened the scope of the
. transportation process. Reliable and speedy camage isno longer sufficient. It

““must be also accomplished at the lowest cost, ensuring that a certain quantity of
~:goods be made available at the required place and time. An important contri-

ution to this effect has been recently achieved with freight transport system
ogistics, which involves the whole process encompassing timely information
n the need to make available a particular item at a particular place and time,
eliable and speedy transport, possible storage, and final delivery to the reci-
ient, (49a). It is therefore clear that in this sense the transportatlon process has
~-a much broader meaning. Besides, simple freight services can no longer meet
.-the actual requirements of the productlon process, whlch m surmary involve
©the following, (49), (49a): :

- Demand and production do not occur at the same place, hence the need to
~ move the particular product.

- Demand and production do not occur at the same rate. Whereas demand 1is
<. generally charactenized by regularity, although often seasonal, production, is
. carried out in large lots in order to minimize costs. The need therefore arises
- to store thé product.

.» - Between the consecutive stages and before dehvery of the product to its final
2+ destination, continuous and systematic logistics 1s necessary.

i - Suitable ad‘aptation of production to demand and optimum coordmation of
. the consecutive stages between production and demand necessitate an inte-
grated information forwarding system,

' The main problem of the rail carrier therefore centres on the non-coinciding
“- of the time and place of offer and demand for a particular product. Accordingly,
- a specific procedure making available the particular product at the time and
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_processes between the production and delivery of a product, (49&1)

-+ When demand for transportation services is strong, rolling stock avallabﬂlty

~+ Information is not transmltted fast enough between the requtrement for

place of demand at the lowest overall cost should be sought. This can be solved :
through logistics charged with the organization, administration, and control of all

- From a logistics viewpoint, transport by rail show the following weaknesses -
which must be remedied so as to make it more competitive on the transport
market:

+ A fundamental weakness of transport by rail 1s 'idle times’, while waiting to
load the vehicle, as well as the fact that after a transport run, vehicles often |
return empty. Idle t;me may lead to unpredlctable and long shlppmg ra11
times.

—.often proves inadequate. On the contrary, durmg 1d1e penods there 15 an.
excess of unused rolling stock. -

+- There is often a shortage of adequate storage faelhtles not meeting modem
standards. - '

- transport, pnce quotatlon actual transpoﬂ and produot delivery.

“Most of the above weaknesses can be considerably alleviated by adoptmg
logistic techniques so as to achieve the fo]lowmg

* Reduction of idle times and of the number of vehicles coming back empty is |
mainly a matter of proper planning and of adapting the availability of transport
services to demand and not vice versa. '

* Insufficiency of the rolling stock during peak hours can be counteracted by |
rescheduling certain of these runs to other times. :

* Storage facilities are a necessity for modern railway enterprises. |

* Finally, the inflexibility in fransmitting information and quick decision-making
can be reduced by reorganization amendments using conventional, up-to~ ;
date, data processing, telematics and management techniques.

Figure 1.24 illustrates the evolution from simple transportauon to Iogis’ucs 111
the case of transpon by rail. : .

1.9. International railway institutions

International railway cooperation is realized w1th1n the framework of the
following international institutions: :

1.9.1. The International Railways Union (UIC), which was established in 1922
and currently has 87 members in 63 countries on five continents. Of the UIC
members, 35 are considered active (networks in the Europe - Middle East geo-
graphical region), 32 are considered associated (networks not in direct
communication with European networks), while another 20 are enterprises
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connected by rail. The railway networks which are members of the UIC have a
total track length of 550,000 km and a total workforce of 5,500,000 people.
The general objectives of the UIC are:

e Development of international railway transactions through the design and:
implementation of measures permitting railway services across national:
borders and ensuring quality in both passenger and freight traffic. ‘

* Informinginternational organizations, decision centres, and public opinion on
the usefulneéss and advantages of transport by rail.

e

- Within this general framework, UIC activities cover the following sectors: ... .

+ allocating income and offsetting debit between networks

~+ planning the integration and rationalization of the technical eqmpment RS

exploitation methods, data processing, etc.

-+ research on newtechnologlcal advances concermng track equ1p1nent rolimgf _

- stock, efc.
* statistics and other mformation. -

1.9.2. The bumpean Conference of Ministers of Transport (ECMT), which is? ‘
an agency working in close collaboration with the Organization for Economic
Cooperation and Development (OECD). f

1.9.3. The Community of Railway Networks of the European Union member-:
countries, abody operating within the framework of the UIC and the European
Union. [taims atestablishing common positions and policies of railway networks
in European Union member-countries.

1.9.4. The Railway Transportation Committee of the United Nations Economic
Committee for Europe, with the participation of delegates from the various
governments.

1.9.5. The Research Institute (known with the initials ORF ofits former French
name)which is an agency of the International Railways Union aiming to organize
and coordinate research and test procedures advancing railway technology.
Topics investigated are divided mto the fo]lowmg five categories (denoted by
the letters A, B, C, D, E):

A: Traction, 51gna111ng, telecommunications

B: Rolling stock

C: Interaction between rolling stock and track

D: Track, bridges, tunnels

E: Materials’ technology.

Throughout the decade 1980-1990, activities of the Research Institute of UIC
focused on the following basic areas many of which are continuing in the 1990s:
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" high speeds

increase of the load per axle from 20 to 22.5 t, and of the speed of freight
trains to 120 km/h and for certain routes to 160 km/h

standardizing rolling stock

signalling studies

studies on environmental impact (transmission of railway vibrations to the

" environment, etc.)

new lighter and more efficient materials.
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2 The Track System

2.1. Areas of réil_way engineering: track, traction, operation

" As the analysis in chapter 1 shows, railway engineering aims at mter-disciplin-

o

ary knowledge and requires the competences of the civil engineer, the electrical
engineer, the mechanical engineer and the economist. Beginning with the rail-
way network organization, it has become customary to distinguish railway en-
gineering into three topic areas: . -

- Track topics. Subjects of railway bearing infrastructure are dealt with, in

" order to ensure the safe operation of the rolling stock at the forecasted speed.

The superstructure (tails, sleepers, ballast) and the subgrade are central sub-
jects of track topics. Track topics also include railway stations and level cross-
mgs.

- Traction topics. Subjects concerning rolling stock are elaborated on, Trac-
tion topics also include electric traction, telecommunications, and signalling.
Certain networks, however, include these latter in the area of track toplcs
since they are part of the permanent railway mfrastructure . :

- Operation topics, which include:

+ Commercial operation; in which commermal and prlcmg pohcles are
- analyzed.
+ Technical operation, where ‘1ssues concemmg schedule orgamzatxon
optimum vse of rolling stock and t,r\afﬁc safety are examined.

To the above should be added the topics on metropelitan subways (metro s).
which constitute a specific railway class of their own of great importance tc
mass transit in large urban centres.

This book contains mainly civil engmeenng railway aspects and thus it is
pmlmpally devoted to track topics. However, railway stations are not analyzed,
since they belong to the architectural engineering domain. Given that electrifi-
cation is a component of the permanent way and that train dynamics is neces-
sary for the analysis of various aspects of the track and the rolling stock, they
are included in this book (chapters 12 and 13).
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':_:::3:'.::“2.2. The components of the track-subgrade system

" Two discrete subsystems are distinct in a railway hine (Fig. 2.1), (55):

. The superstructure or track (rails, sleepers, track support) which supports
and distributes train loads and is subject to periodical maintenance and re-
placement.

The subgrade (base, formation layer), on which the frain loads, after ad-
‘equate distribution, are transferred and which in principle should not be sub-
jected to intervention during periodical mamtenance of the railway track.

superstructure
{or track)

Fig. 2.1. The track-subgrade system

Photo 2.1. Railway track

The superstructure is composed of:

* The rails, which support and guide the train wheels. . :

* The sleepers (also called ties, principally in North America) with their fas-
tenings, which distribute the loads applied to the rails and keep them at a
constant spacing.

*+ The ballast, usually consisting of crushed stone and only in exceptional cases
of gravel. The ballast should ensure the damping of most of the train vibra-
tions, adequate load distribution and fast drainage of rainwater.
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"o The base, which in the case of the track laid along a trench consists of on-site

Fig. 2.2. Rubber pad between rail Dad thicknesses are usually appﬁed§;

Railway Engineering

+ The subballast, consisting of gravel-sand. The subballast protects the subgradg;
. top from the penetration of ballast stones, while at the same time further
distributing external loads and ensuring the quick drainage of ramwater. -

| In the subgrade the fo]lowing are distinguished:

~ soil, while in the case of an embankment is composed of soil transported tg
the site.

¢ The formation layer of the base, used whenever the base soil material is no

of adequate quality. = . C e o

R .. The.depth to which disturbance

- from train passage are felt extends te

. around 2 m below the subgrade top

.- (553), and this is the depth down tg

- which will henceforth be referred to

by the term subgrade. DR

~ Resilient pads are placed between!

rail and sleeper to further attenuate;

train vibrations (Fig. 2.2), (60). Two

and sleeper : 9 mm and 4.5 mm.

~ The succession of the various layers of the track system is characterized by
gradual increase in the surface area as we proceed to lower layers and by a
considerable reduction of the developed stresses, (4). Accordingly, stresses are
reduced by 1,000 to 5,000 times, between the point where the wheel load is;
applied and the subgrade, (Fig. 2.3). L

; pee .
7 wheei- rail O = 3000 kpicHh
y contdet
rubbker pad g= 30 kp.’cn%

g-= 12 kplerk

)—ballast g= 3kpicn§

subballest- @ = D5kp ek
surface of
subgrade

Fig. 2.3. The base area of each component of the track system and the
distribution of train load, (4) _
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E 23 Track on baliast and concrete slab

" The track usually rests on ballast, in. which case we have a flexible support or

" 4 ballasted track, (Fig. 2.4.). However, it is possible, that the track is supported
" py a concrete slab, in which case there is an inflexible support or slab track.
“. Alihough an inflexible support is often used in certain rail networks (e.g. the
. Japanese and the German networks), it is most effective when used in tunnels,
* pecause it allows a smaller cross-section and facilitates maintenance. In most
cases, a ballasted track is-preferable, because it ensures flexibility (an impor-
ant factor in the event of differential settlements) and much lower construction
ost, while at the same time offering a very satisfactory transverse resistance,
ven at very high speeds, (54), (55), (143). The problem of noise, which is
uch higher with track on concrete slab than with track on ballast, should not
be disregarded. When a slab track is applied (e.g. in the case of a tunnel), the
sudden variation in track stiffness (felt by passengers as a jolt) is lessened by
“placing rubber pads of a suitable thickness along the tunnel entrance and exit.
“Slab track is examined in more detail in chapter 6, section 6.8.

7] concrete
27| stab

&7 ballast con-
i3 crete  layer

Db D U B
iSESE hatiast q‘%%fg inflexible
e 2 > support
DD AR 23 iP=Sha s
g o L Eer

10

S P P i R S L
Aor subballast | AT M ;

L [—) b £ el s formation
';::‘ Wi -:"',."»t'-*"'&'d, ot 1" [qyef
«» formation layer .~ g
':r.'a;:—';,",'-q--": AL

subgrade

a. Ballasted track ‘ b. Slab track

Fig. 2.4. Ballasted track and slab track

2.4, Track gauge

The track gauge is defined as the disfance between the inner sides of the rails,
measured 14 mm below the rolling surface (Fig. 2.3). Tracks with different
gauge values have been laid, as follows:
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] R . range from +10 mm t

. r ! Bl ! y ] ~= Metric gauge, €
sl : . 1.000 mor.e=1.067m. Us
- ally secondary lines are lai

. Fig. 2.5. Track gauge

- have been constructed so as to differentiate them from the standard gaug
mainly for political reasons, to prevent standard-gauge rail vehicles from tre
- passing into these networks. : : '

Railway Engineering

gy fRm o - Standard gauge, e

mum permissible devia
ions from the 1.435 m valy

oA Hh 1.435 m. Most lines haw

wheel-T| s \ been laid at this gaug

‘ ' (‘cﬁ?eme . found to optimize rollin

A I lE‘ " stock dimensions. In stan

“‘"H | | I! i l dard gauge lines, the maxj
{ J4]

o o 7. using the metric gauge.
- Broad gauge, e=1.524 m (Russia), e=1.672 m (Spain) and elsewhere. Th

~ It should be noted that gauge values had initially been expressed in British
measurement units (inches), hence the general irregularity of the above numeri
cal values by their conversion into metric units. ' ' =

Ot curves below. 400 m radius it may be necessary to increase the track
gauge to ease movement of vehicles and reduce wheel and rail wear (see chap-
ter 11, section 11.3.4, table 11.1). - .. SR :

2.5. Load per axle and traffic load
2.5.1. Load per axle |

The load per axle and the traffic load (tonnage) running on the Line are critical
factors for track and subgrade fatigue, Depending on track equipment, different.
values of axle load may be applied on the various lines, classified into four
categories: ' -'
A : Maximum load per axle 16 t
© B : Maximum load per axle 18t
C ;. Maximum load per axie 20 t
- D: Maximum load per axle 22.5 t.

_ Category D was derived by increasing the load per axle of category C from |
20 to 22.5 tons, in an effort to reduce the operating cost, especially for freight
transport. This increase was made after years of research and studies, (63). !
with controversy which did not focus as much on track strength as on the
behaviour of bridges which had been designed for a 20 t load per axle on the
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* pasis of simplified theories of elastic behaviour. Research on the elastoplastic
" pehaviour of materials, (63), bas shown that bridges designed for loads of 20
: per axle can withstand loads of 22.5t per axle without the need of strength-
" ening, due to reserves which the elastic theory had failed to take into account.
Certain networks, however, use larger per-axle loads. In the U.S. (where

- railways are mainly limited to freight transport) the maximum load per axle is
. 25+32 t, while in Russia (where broad-gauge lines are used) it is 25 t.

... A series of studies has shown, (56), that rail fatigue is an exponential func-
“ntion of the per-axle load Q, and stresses developed within the rail are propor-
. “tional to the parameter Q°, where the exponent a takes values in the range of 3
- “to 4 and closer to 4. Thus, any increase in the load per axle results in a much
-“Jarger increase in track material fatigue.

252 Traffic load

i+ Various kinds of rail vehicles are running on a railway track: passenger ve-
" hicles, freight vehicles, main-line locomotives, shunting engines, etc. The alge-
“braic sum of the vehicle loads cannot give an accurate picture of the running
ioad, because it does not take into account the way in which the load is applied,
the running speed, etc. Therefore, a complex parameter giving an accurate esti-
mate of the passing traffic load is necessary. Railway engineerng uses the ana-
logue of the Passenger Vehicle Unit (PVU) of traffic engmeering. In order to
determine the traffic load (or tonnage) on a track, the loads of the various trains
are converted into the equivalent passenger train loads.

- The theoretical load T, of the track is firstly calculated from the equation

T, =T,+k,-T,+k,-T, o))

T : daily passenger vehicle traffic
Ty o daily freight vehicle traffic

T, : daly traction engine traffic
k. 115

k. 140

- The traffic load T of the line is thereafter calculated, taking into account the
tram running speed, from the equation:

T=5.T, @

for lines without passenger traffic

for lines with mixed traffic and V__ <120 km/h

for lines with mixed traffic and 120 < Vo < 140 km/h
25 for lines with mixed trafficand V___> 148 km/h
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* Based on the daily traffic load, the various railway lines are classified m
groups according to UIC standards (Fig. 26). - :

98 7 6 5 4 3 ‘ 2 : 1 UlC group
A i ; ] i | daily tratfic_load
was 7 i . 28 R : 120 . (in thousands of tons)

' Fig, 2.6. - Classification of railway lin_é_s_iﬁt.o UIC gi'oups at_:.c_o_r_ding to thei
- . daily trafficload - " L

- 2.6. Sleeper spacing

.. The study of track behaviour has shown that, the closer the sleepers are spaced
“the better is the load distribution and the smaller are the stresses developed. A
sleeper spacing is made smaller, however, track maintenance becomes mor
difficult. A compromise should therefore. be found between the above twao re
quirements. S Lo o
' Sleeper spacing is defined as the distance between the axes of consecutiv
sleepers, and its optimum value for standard gauge lines is 0.60 m, which ¢a
be reduced to 0.35 m in cases of subgrade instability and small radii of curv.
ture. Occasionally the number of sleepers per km is used as a parameter, wi
1,666 sleepers/km as the average value. In networks with higher values of loa
per axle (USA, Russia), sleeper spacing may be reduced to 0.50 m. On lighs
weight railways sleeper spacings may be increased, but rail fatigue must
carefully considered. e . : SRR

2.7. The wheel-rail contact

direction of vehicle T—'T

. movement
. [
o _
Y

T
£
£

. 52 . i

B i——N_n-_"l:i mm —_I

C

> tany¥=1/20

N . Y - ) ;
it axis”" - Fjg 2.8, Detail of the wheel-rai

Fig. 2.7. -The wheel-rail contact contact surface
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i A fundamental characteristic of rail vehicles is wheel movement guided by
ihe two rails. Wheel-rail contact (Fig. 2.7) has an elliptical form (Fig. 2.8), (59).
“7The rail axis inclination to the vertical is termed conical tread. Conical tread
usually has the value 1/20. However, after the general adoption of rail type UIC
:54 and 60 (see chapter 5, section 5.2), conical tread in certain networks was
- reduced to a value of 1/40, (61).
7. Wheel movement on the rail gives rise to the creep effect. Indeed, the wheel-
" vail contact surface can be divided into two areas, S, and S,, the sizes of which
.~ depend on the vehicle speed and with different effects taking place in each area.
*Thus, the vehicle rolling resistance consists of two components, F, and F,,, cor-
" responding to areas S, and S, respectively and of opposite direction. F, is gen-
.rated by vehicle movement, i.e. it is of kinematic origin, while F, is generated
y elastic deformation of the S, surface, i.e. it is of elastic onigin.
- As speed increases, S, becomes larger and S, respectively smaller. At high
“speeds, S, almost decreases to zero, and therefore the rolling resistance of the
. vehicle coincides with dynamic friction. According to Coulomb’s law, the fol-
Jowing relation will then apply: ‘ .

F=0=p0Q (2.3)

. vehicle propelling force
: vehicle friction

. coefficient of friction

Q : vertical load of wheel

At low speeds, on the contrary, we have creep effects and Coulomb’s law no
onger holds. In this case it is possible to make the simplifying assumption that
~.the propelling force is proportional to the ratio of the sliding speed to forward
wspeed. : ' :

i sliding speed

forward speed

CIf f s the proportion factor, then at low speeds
F=fu (24

¢ The following equation gives a better approximation, than the above:

J 1 1 '
Fo - fr? + o ? n#2 (25)
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- be divided into two sections:

Railway Engineering

At intermediate speeds, expeni
mental data on the propelling force:
F have yielded the following relation,

' Fe fud o
A s EEnL 6

F=9

Lines F = fu and F = @ are tan-
gent to the curve of equation (2.6). ;
A closer approximation of creep
Fig. 2.9. . Propellmg force at inter- - forces at the wheel-rail contact sur-
- mediate speeds o “face has been gwen by Kalker, (6]&)

-
boeme =

u

Aceordmg to the theory developed by lnm the elhptloal contact surface may

+ The first section of the contact surface undergoes ereepmg and each pomt of*
the first section transmits to the second part of the contact surface a trans-
verse force given by Coulomb’s relation.

+ The second section of the contact surface leads to adhesion (at zero ereep -

* values) and the forces transmitted by the second section to the ﬁrst have a,
lower value than that given by the Coulomb equation. = 1

Conventional railways use metal wheels. Rubber wheels started being used
after 1970 in subways to reduce vibration transmitted to the environment and
increase acceleration and deceleration. Rubber wheels do not permit high speeds
and are subject to deterioration under bad weather conditions. For this reason
they are used only in subway vehicles. :

2.8. Transverse wheel oscillations along the rail

A rail vehicle can be simulated by a
solid composed of two cones con-
-— nected at their base (Fig. 2.10). This
solid is supported by the two rails and

¥ ir Moy the angle y of the cones is equal tg
— the wheel conical tread, tan y = 1/20
nye or 1/40.
00r 1140 2b " Dueto the conical tread, the whee]
- follows a snaking path along the rail
(Fig. 2.11).
Fig. 2.10. Simulation of a rail vehicle
by a solid composed of two
cones '
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The gap between
E — . - the rail head and the
== ~-/5noking pain 5 0 wheel allows the latter
I LD to move transversely,
i which causes the snak-
axle =X | raiis  ing movement of the
é rail vehicle. Trans-
e T - verse wheel move-
ments are opposed by
creep forces.
Transverse move-
ments were analyzed
by Klingel, (4), and this phenomenon is often refetred to by his name. Klingel
- presented a kinematic analysis of this phenomenon, assuming a simusoidal trans-
..verse movement with no attenuation. Let (Fig. 2.12): -

- 'Fig. 2.11. The snaking path of the wheels along
: the track

y : the transverse movement from equilibrium position
v : the travelling speed
s : the track gauge
v : the wheel conical tread
R : the radius of curvature of the snaking path
r : the wheel radius at the equilibrium position
x . the abscissa
- vy ryy
| r P —=igteral
S arazyy y! | displacement ¥
,Picrc tany

! |

F-YY r+YY
R o
-

s/2 s/2 ;

T

Fig, 2.12. Analysis of snaking wheel movements according to Klingel

From Fig. 2.12 and the similar trangle relationship, it follows that:

r+yy  R+s/2
r—yy R—s/2

2.7)
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From kinematics it is given that:

1 &’y
=7 @l (2.8
From equations (2.7) and (2.8) we derive the differential equation for th
snaking movement: :
dy 2y
2 T YO 29
Given the limit condition : _ _
Cy®=0 Qo

the solution for the differential equation is:
| y=y,sin 2n - 2.1t

with y_ the amplitude and L the wavelength of the snaking movement |
L=V 5 | 2.1

The maximum value of the transverse acceleration is:

& 2 -
T gy (2.13)

Vmax ™ dx?

As a numerical example, letr=0.45m,s=1435m,7= 1/20, in which case
L =16 m. If, however, y = 1/40, then L. =22 m.

The frequency of the snaking movement can be found from the relation

L

When frequency f is the same as the frequency at which the rolling stock |
resonates, then wheel movement becomes instable. The transverse accelera-
tion, which is a measure of the forces exerted, shows the opposing effects gen-.
erated by increasing speed and decreasing the transverse movement wave-;
length. A conical tread of 1/40 instead of 1/20 is therefore better at the same
speed. Conversely, as the wheels gradually wear off, conical tread mcreases;
and as a result wavelength decreases. ' ‘

However, in modern rail vehicles the rolling stock body is not directly sup-!
ported by the wheel axles but by bogies, which are in turn supported by the
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: axtes. Therefore, the movement of rolling stock on bogies is clearly more
“: complex than described above. The related analysis is given in chapter 12 (sec-
~tion 12.9).

-12.9, Rail mounting an.gle on sleeper

Due to the conical
tread, rails are mounted
-on sleepers at a slope. As
explained above, the coni-
cal tread is usually given
the value 1/20. A reduc-
tion of the value of the
conical tread has been
suggested, however, es-
slope 1/20.0r1/40 pecially at high speeds.
Several networks are al-

ready mounting the rails

- '?';Fig_ 2.13. Rail mounting slope on sleeper g? ;j/l fofl(eg %3 rs at a slope

2.10. Load gauge

*. The load gauge is defined as the minimum external border required to remain
- free around the rolling stock. The load gauge is distinguished in:

.-+ static load gange, which 1s the minimum external border required to remain
- free as long as the train is not moving,

e dynamic load gauge, which is the minimum external border required to re-
" main free while the train is moving. The boundary enclosing the clear spaces
-+ required around the dynamic load gauge is the structure gauge.

- The load gauge mainly depends on two parameters:

-« therofling stock width (usually between 2.60+3.30 m)

« the spacing between the axes of the two tracks.

-~ The International Railways Union (UIC) has specified the load gauge which
s required to ensure that trains from one network can run on other network
- tracks without any problems (Fig. 2.14). The distance b between the axes of the
i two tracks may vary between 3.57 m and 3.67 m according to the UIC, depend-

“#ing on the maximum acceptable running speed. Even with the UIC standardiza-

 tion, however, significant differences in load gauge are observed, mainly in the
U K. (Fig. 2.15), where load gauge has smaller dimensions than in Continental
.- Europe. American load gauge (Fig. 2.16) has also 51gn1ﬁcant dimension differ-

- ‘ences compared to the European ones.
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]4 maxjmum  load gauge width 9527 mm ___i
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Fig. 2.14. Medium- and low-speed train load gauge (according to Regul
tion 505 of the UIC) :
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Fig. 2.15. British load gauge
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. Fig. 2.17. High-speed train load gauge (French TGV)
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The load gauge is different for high- speed trains, mainly because of the largg
spacmg necessary between the axes of two tracks as well as the large latera]
" spacing (Fig. 2.17).

The dynamic load gauge requires special attention, when trains are running
through tumels, as well as in the case of metropolitan subways (Fig. 2. 18)§
Each railway and metro Authority must have its own local structure gauge
requlrements wlnch must be followed in each specific case.

i- relling stock.;-
dynamic load,
gauge - - :

rulh ng sto:k
static  loed
gauge E

™~ free space
for personnel ;
mevements |

L electrification

] from thlrd
rail )

: 400 135 _660
l._..; —f 28 LBee
- .
i

2630 mm
5;38!_') mm

3

Flg 2.18. Dynamlc and static load gauge of a metro on curved track

2.11. Forces generated by rall ve!ucle movement stat:c and dynam;n
analysm . NI

‘2.11.1. Forces genemred -

’ Forces exerted on the track during the running of a rail vehicle may be classxﬁe(
depending on their direction in:

- Vertical forces. These are the cause of mechanical stresses in the track

" When subjected to vertical forces, the behaviour of certain parts of the trad

(rails, slespers) is elastic, while that of the ballast and the subgrade is elasto

plastic, (53), (84). Vertical forces are cr1t1cal to the dﬂnensmmng of the var!

ous components of the track system. . :
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Transverse forces. These influence train ruming safety, and may, under cer-
“tain conditions, cause {rain derailment. Transverse forces effects are ana-

lyzed In chapter 8.

Longitudinal forces. These are generated by acceleration and deceleration

during train operation. Longitudinal forces are taken into account in the de-

sign of bridges on railway lines.

i+ Although an accurate analysis of the various phenomena has shown a non-

. finear behaviour, the inaccuracy introduced by the omission of the non-linearity
often smaller than the inaccuracy introduced by other calculation parameters,
g. the values of the mechanical characteristics, (55), (56). The method pre-
afling in raillway engineering involves separately analyzing vertical, transverse,
d longitudinal phenomena generated during train operation, which implies
at the effects are assumed to be linear. It is an approximation which the engi-
eer must be aware of in the analysis of the various effects.

11.2. Static and dynamic analysis

frequent assumption in railway engineering is that both the wheel and the rail
e free of defects. Measurements of the stress quantities have firthermore shown
at the influence of time may be considered neghigible. In such conditions, a
atic analysis of the various effects is adequate.

both the wheel and the rail, however, defects do occur, causing additional
amic loads to the wheel-rail system. These additional dynamic loads be-
yme more important as train speed increases. Force measurements have shown
at, at loads of 10 t per wheel and 200 km/h speeds, the additional dynamic
ad is equivalent to increasing the static load per wheel by 6 tons, (56). There-
fore, 1f at low speeds the additional dynamic loads can be neglected, this is not
50 at medium speeds and even less so at high speeds (see also chapter 4, sec-
'_-tlons 4.4 and 4.5).

" Due to their random nature, an accurate analysis of the additional dynamic
loads 1s possible by spectral analys1s (57), (62). With this method it was found
- that additional dynamic loads may be classified into two groups:
°* Additional dynamic loads caused by sprung masses (rolling stock) and influ-
enced by the type and characteristics of the rolling stock. Sprung mass oscil-
lations increase with train speed, but at a lower rate. The increase of the
oscillations of the sprung masses is a function of their vertical oscillation
resonance frequency. The influence of this resonance frequency is consider-
able.
Additional dynamic loads caused by unsprung masses (wheels, rails), which
are proportional to speed, the magnitnde of track defects, the square root of
the unsprung mass, and the square root of the vertical stiffness of the track.
The standard dewa’aon sd, of the additional dynamic loads AQ caused by
the unsprung masses may be expressed by the relation, (56):
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= VAR et
_Where V. Velucie speed S o
..M : unsprung mass per wheel
h : vertical stiffness of the track, which as explained in chapter 4, sec.'e
- ton4.1.2, is defined as h = —5— , with Q the load per wheel and z z
the vertical settlement at the raﬂ 1eve1 .

_~ o : damping factor
A empmcal coefﬁcwnt dependmg on track mamtenance conchtlons

2.12. Inﬂﬁeaée_ of the for_cés _gé_nerated on passenger comfo_r_t

| Aosesieration (9) | . - Passenger comfort i
i 7 o ] e trangverse acceleration SR -toalargg_e,xLeanyiheuexerted
! ' © |y | mmmYertical aweleration Torces which determine the -
- - N . yalue of the acceleration to
02— - "~ which the human body is sub-
LN DsbLzml” jected. The sense oF comfor
S \"-f'" ' however, is also affected by the
| . Tath |- vibration freque mﬁ
i oo ' : found, (1), that comfort is mini=
_ S mum at frequencies in the or-
| . e Mt it 21 der of 5 Hz and that the hu-
| b L [ frequency man body better accepts vibra:
‘- 0 1 2 3 & 5 & 7 87 () tions corresponding to fres
Fig. 2.19. Sensitivity of the human body to quencies higher than 5 Hz and
vibration and curves of equal upto20Hz, (Fig.2.19).
i ‘physical comfort
i :
‘; 2.13. Construction cost of a new railway line

The construction cost of a new railway line is influenced by several factors:
« Layout characteristics, mainly the number and size of bridges and tunnels. I
| ~ ~should be noted that in railway lines of comparable level, the existence o
- many civil engineering structures (tunnels, bridges) may double or even tnple
L - the construction cost.
E '« The expropriation cost which, especially in urban areas, may consxderably
ik inflate the construction cost.
I + Labour costs, which vary from country to com}try (often within the sa;me

‘N L country)




The Track System

" The use of cost data based on information from other countries’ analyses

-should therefore only serve as a rough estimate of the various cost parameters,

“always keeping proportions in mind. Thus, the construction cost per km of the
: South-East TGV Paris-Lyons line (in-

‘ cluding relatively hittle civil engineer-

Table 2.1. ing) was FF 21 million in 19835 prices,

while the corresponding cost of the
Atlantic TGV Pans-Bordeaux line
(with comparatively more civil engi-
neering) was FF 31 million in 1985
prices. The cost per km of the new IC
45 +30% Hannover-Wiirzburg line with many

- Typical distribution values of con-
“ struction cost of a new railway line
" to the various components of the rail-
way system

ST'_lb_gmde' ] and difficult civil engineering projects,
.+ Civil engineering amounted to, in 1983 prices, DM 33
i projects 10+25% million, (44).

Track 20% Finally, the construction cost distri-

. . ' bution of a new railway line to the vari-
Signalling -~ o ous components of the railway system
Telecommunications  10% differs greatly with each case. Table 2.1
~ Electric traction 10% illustrates the average values from
4% French, Spanish, Greek and German
data for lines with no major civil engi-
neering projects.

Design
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3 Railway Subgrade

3. 1 The 1mportance of the rallway subgrade on track quahty and 1ts_. |
functlons : e :

A Raﬂway subgrade is partlcularly ugportantm ensuring | that track _qua,hty reaches
the standard necessary for the safe and comfortable running of trains. Railway
networks make senious efforts to improve passenger comfmt These efforts,;
‘however, mainly concentrate on the railway track < and often dlsregard the fact
that many problems appearing at track level are traceable to the subgrade rather
than to the track structure above.

Tt should be stressed that, in the past, studies concernmg the subgrade were
influenced by ideas prevailing in highway engineering. This had the advantage
of using the technical experience acquired with highways, but the disadvantage,
when highway design specifications were applied literally, that the techniques

_ unplemented were 1ot compat1ble with the pecuhantles of the railway environ,
ment. '

The rallway subg;rade problem arises in different ways in new and ex:tstmg
track layouts. Accordingly, in new layouts the subgrade design is a function of
the forecasted loads (load per axle and track tonnage), sleeper type and ballast
thickness. A rational consideration of the problem requires that various param-
eters defining the subgrade be taken into account soil type, hydrogeologlcal
conditions, mechanical strengths.

On the other hand, in existing layouts, the problem is different. The policy of
the railway networks (higher speeds, higher loads per axle) leads to increased
subgrade stresses. As in existing layouts, the lower surface of the subballast
and the upper surface of the subgrade have formed a compact zone, which
should be disturbed as little as possible, there is little possibility of intervention
to the subgrade. Any intervention to the subgrade should be limited to areas
where particular problems have arisen, and should be scheduled as much as
possible to be performed during periodical track maintenance. The decision
between subgrade improvement and an increase in the ballast layer thickness
should be the subject of a technical and economic study, and therefore is d1fﬁ
cult to make in advance, (64). ' =
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Therefore, the railway subgrade should fulfil the following functions:
+ enable passenger and freight trains to run safely at design speeds

o sapport the heavy axle loads imposed by freight trains
+ minimize future track maintenance costs.

These functions can be achieved by:

o limiting settlements of the original ground and consolidation within the
embankment filling '

s providing an arrangement that will be stable under the imposed railway
loadings and the weight of the earthworks

» ensuring that the condition of the formation does not deteriorate during its
working life.

. Geotechrical analyses and soil classifications

2.1, Analytical geotechnical study

t would be ideal if a thorough geotechnical study of the ground were com-
leted before the construction of the railway subgrade. Such a geotechnical
urvey is costly, therefore it is performed mostly before constructing new rail-
way lines.

. A geotechnical investigation should indicate:

whether material for embankment construction is available on site or will
require fill to be imported,. '
where weak ground requires treatment before filling can commence,
where ground water levels may cause problems,

the measures necessary to ensure the stability of earthwork slopes in the
long term, :

where cuttings require particular drainage or protective measures,

the appropriate type of plant to be used for cut and fill operations.

Figure 3.1 illustrates the geotechnical characteristics along the Channel Tun-
el, which is constructed along a layer of blue chalk that was proven to resist
water penetration.

.2.2. Geotechnical classifications of soils

However, in existing railway lines such an analytical geotechnical survey is not
1ecessary. Nevertheless, a general knowledge of the basic parameters of the
mechanical behaviour of the ground is essential. The various geotechnical clas-
ifications, adopted mainly for highway engineering projects, are a helpful indi-
ation in this purpose. These classifications are based on the following charac-
eristics: granulometric grade and Atterberg limits (liquidity limit, plasticity limit,
hrinkage limit). Qccasionally, mechanical parameters are also taken into con-
ideration, such as the CBR index, etc.
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UNITED : ’ . :
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Fig. 3.1. Ceot_echnical characteristics along the Channel Tunnel

Various railway networks classify soils differently, as illustrated for the
lowing countries, (64) (66): ' o '
+ the UK, France, Germany, Switzerland and others use the USCS (Uniteg
-8oil Classification System) classification, also known as Casagrande clas
‘sification, ' . : o
+ Scandinavian countries mainly rely on granulometric grading of the mate:
rial,
+ Ttaly, Greece and others use the AASHO (American Association of Stat
. ‘Highway Officials) classification. o ' o
- Soils composed of mixtures of two or mere groups of fine-grain sizes ar
usually considered separately. An accurate classification of such soils with simila
granulometric compositions requires that plasticity characteristics (Casagrand
diagram) be also taken into consideration. '
Despite the small differences due to different classification methods, the fo
lowing terminology is commonly acceptable in soil engineering:
* Rock: low-, medium-, or high-variability rock, depending on the deca
- disintegration it has undergone. . :
Gravel (2 mm < d <.20 mm): Well- or poorly-graded gravel, silty grave
clay gravel. - SR R
Sand (0.1 mm < d <2 mm): silty sand, clay sand.
Fine-grained soil (0.001 <d < 0.1 mm): Slightly plastic silt, slightly plastig
clay, very plastic silt, very plastic clay. S o
¢ Organic soil. T T ' '
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33 Hydrogeological conditions

- Another fundamental parameter applied in determining the subgrade quality is
- hydrogeological conditions,

“*" The various networks have tried to determine, during climatic changes, the
~maximum groundwater level, beyond which hydrogeological conditions are
“ieconsidered bad. Figure 3.2 illustrates the minimum distances of the groundwa-
" ter level from a certain reference level, for hydrogeological conditions to be
- considered good, according to the regulations of various networks (65), (66),

7150 | 2.00
(DB | {SBR)

‘o | 035
(5)) w (YR)

n 00

| 080 {SNCF

- ((NSB BR)
GBB)

Abbreviations: BR: British Railways, DB: German Railways, NSB: Norwegian Railways,
- OBB: Austrian Railways, SBB: Swiss Railways, SI: Swedish Raitways, SNCT: French
- Railways, VR Finnish Railways. '

ig. 3.2.  Minimum distance (in metres) of the groundwater level from a
certain reference level, so as drainage counditions be considered
good, according to the regulations of various railway networks

Even if the groundwater level is below that shown in Fig. 3.2, however,
ydrogeological conditions are not generally considered good if suitable drain-
ge devices are ‘not provided (Fig. 3.3) or the subballast does not have the
equired transverse gradient (3 +5%), (65), (66). - ’

dm}nag;a devices
ig. 3.3. Installation of drainage devices along the railway subgrade
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" be the subject of a separate study. In such cases, it is of interest to examin

3.4, Classification of the railway subgrade

| “In acdordance with the UIC classification, the mebhaﬁical behavio_ﬁr E_S_f_ t_he
 subgrade may macroscopically be characterized by the following: '

Railway Engineering

Moreover, areas with large groundwater level fluctuations over time shou

from a technical and financial pomt of view, the feasibility of mstalling a Sanci
filter or geotextiles. This is a subject matter referred to at the end of the chapter
(section 3.13). B ' ' "

For northern European networks, where frost occurs frequently, a thirg

parameter to be taken into account involves the susceptibility of the subgrade tg
the penetration of frost (see section 3.10 below). .

- Low settlements and very good support of train loads. This subgrade s
© hereafter designatedas S, . - ' TR
- Generally medium behaviour in settlements and in withstanding train loads
This subgrade is designated as 5,, = AR
- Large settlements and less satisfactory support of loads. This subgrade is,
designated as S, o . ' IR A
- Extensive settlements and poor performance in withstanding loads. Theﬁgi
quality of such subgrades is designated as.S,. TR
To the above should be added the case of a subgrade composed of rock of
satisfactory strength. The quality of such subgrade is designated as R. :
The criteria for the classification into one of the above categories are geos
technical characteristics of the soil and hydrogeological conditions. Therefore,
according to the applicable UIC standards, (65), the railway subgrade classifi-
cation is shown in Table 3.1. The reference parameters used in this classifica-
tion include the percentage of fine aggregates, plasticity index PT and the Los
Angeles and Deval coefficients (see also chapter 7, section 7.4).
Soils of category S, are in principle unsuitable to support the track properly:
because they settle extensively, they are inhomogeneous, their characteristics
may change over time and, finally, they allow penetration of ballast stones deeply
into the subgrade. Organic soils should be avoided whenever possible when
laying out the track, or replaced by more appropriate soil material. Should this
prove impossible and the track have to traverse organic soil regions, especially
on high earthbanks, the risk of settlements should be considered carefully and
soil improvement solutions examined in combination with the suitable increase
in the ballast and subballast thickness and the use of geotextiles, (73), (74);
{75). : o L S S L
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Tabie 3.1.
Classification of subgrade quality as a function of geotechnical
characteristics and hydrogeological condifions, (65)

Hydro- Railway
Geotechnical classification of soils geological  subgrade
conditions  quality

: Low-variability rock - R
': Medium-variability rock 7
{dry Deval> 9, Los Angeles <30} - S,
"+ Soils with fine grains* < 5%
: High-variability rock ] good g
. (6 <dry Deval <9, 30 < Los Angeles < 33) 3
- Sand with uniform fine grams < 5% bad g
"Soils with fine grains 5+ 15% 4 2
Silty sand with PT> 7 good >
Soils with fine grains 15+-40% bad q
Crushed stone with Deval < 6 and Los Angeles >33 a 1
Silt slightly plastic i _ g
Soils with fine grains > 40% A : 1
Organic soils - S,

Grains are characterized as fine when their dimensions are < 60 p.

.5. Mechanical characteristics of the subgrade

‘The role of the subgrade is to-withstand train loads which have been adequately
ttenuated by the intermediate track support structures (ballast and subballast).

- In order to withstand loads properly, the subgrade should have the required
‘mechanical properties.

On the basis of a series of tests conducted within the ORE" framework, (53),
the limits within which the modulus of elasticity ranges, were determined for
each of the soil categories according to the UIC classification (Fig. 3.4). For
ocky soils, the modulus of elasticity varies in accordance to the nature of the
-rock material. For the R subgrade, the modulus of elasticity is in the order of
~3-10% kp/em? (see also chapter 4, section 4.3.5, table 4.2).

*Former name of the Research Department of the International Union of Railways.
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In addition to the modulus of elasticity, characterization of the subgrade alsg
requires the determination of its carrying capacity. Figure 3.4 illustrates the
respective values of the CBR index correspondmg to the various subgrade soﬂ
categorles (65) .

So

S
Sz

33 Si

_}' é 9l ‘ LR _!Il.i I. I.| H IIlIllll|ilIilll!llll‘inim|.£] } | i | l I. 11 E
. S : . -20 . 30 L 40 ‘50 5 : . Mpu

10000 S o es000e 100.000 : kN/m2

T T T — " ‘| m CBR

2 4 65 8 10 15 20 730 W oy

‘Fig. 3.4, Modulus of elasticity and CBR index for various subgrade soii

categories, (65)

3.6. The formation layer

If the subgrade soil used is classified as S, or S, it 1s advisable to place a top
layer composed of a better-quality soil material. This layer is often termed the
fonmation laver.

The formation layer should be more compact than the base. Accordmgly,
most networks now require the formation layer to have a coefficient of 100%
by the norinal Proctor test, while this value is routmely 95% for base layers (m
the case of embankments), (54).

Use of the formation layer leads to a substantial improvement in the sub grade
behaviour only if the following two requirements are met, (54):

¢ The base material should have a low water content, otherwise the base

soil particles will penetrate the formation layer, destroymg the transverse
slope. o

~ + The formation layer should be homogeneous and free of local concentra—_
tions of fine-grained material.

The thickness of the formation layer is defined as a function of the subgrade
quahty The values of Table 3. 2 were found sem1—emp1ncally, (65
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- Subgrade Formation layer

. : . Table 3.2,
quality Quality _ Thickness (cm) Required thickness of the for-
an mation layer as a function of
5, gz 38_23 the subgrade base quality for
3 o UIC 1-4 group lines, (65)
S, S, 20-+30

i 37 Impact of traffic load on the subgrade

" When studying the impact of traffic load (line tonnage) and maintenance condi-
“ tions, Dormon’s rule, established in highway engineering, can be used with
~ gufficient accuracy. According to Dormon’s rule, (54), the mechanical loading
' of the subgrade is inversely proportional to the number of the loading cycles,
- raised to a power A: '

(=2 ) | (3.1)

here o, o, are the stresses corresponding to N, N, loading cycles, respec-
ively, and A 1s an exponent with a mean value of 0.2:

Let P be the load per axle and T the daily traffic load (tonnage) (see chapter
_section 2.5.2). From equation (3.1) it follows that :

a T fP A
R o 2
S, (TI/P1 (3.2)
- In the event of a constant load peraxle, P, =P,, then equation (3.2) becomes
o _¢ Ty (3.3)
() | _

|

.8. Tmpact of maintenance conditions on the subgrade

_ In order to estimate the magnitude (and therefore the expense) of track mainte-
.. nance works, the maintenance coefficient k is used as a parameter. The entire
- network is divided into sections with approximately the same number of work
. sessions of track teams along each section, work sessions being understood to
- mean all sessions by manual power or by mechanical equipment between two
"¢ complete renewals of the track. Let I be the annual number of work sessions
. alongasectionand I the average number of work sessions along tracks of the
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same age (1.¢. renewed in the same year), belonging to the same UIC group ang
carrying trains with the same load per axle. The mamtenance coefficient k iy
deﬁned as: :

104 3,0004

The value k=1 corresponds
to an average maintenance
level, whereas the value k=0 5
_'corresponds toa satxsfactory
‘maintenance level. Tt ‘should
be noted that when subgrade
quality is poor, k may take
values up to 10 (Fig. 3.5), =

Use of the coefficient k is
of considerable assistance i
the rational scheduling of
track maintenance works,
Figure 3.5 gives maintenance

2,0001

1,000

- N{years)

as a function of the mainte:

Fig. 3.5. Maintenance expenses for nance coefficient and the sum:

manual work sessions (in man-

hours H per km of line) and

annual number of work sessions

~ I (both manual and by mechani-

cal means) as a function of the

-maintenance coefficient k and the

. number of years since the last

complete renewal. Case of UIC
group 1-3 lines

last complete renewal. On the
basis of the point o the curves
beyond which maintenance
expenses increase dispropor
tionately, the time at which the
next complete renewal of the
track should take place is
rationally determined. _

Let us now consider twe
tracks 1 and 2 with differen
maintenance coefficients k and k,, respectively. Application of the Dormon
rule. gwes o o

G 7,/P, 2

1

s, (T/P) . (35

where 1 is the traﬁ"lc load on each line between two consecutive mainte-
nance sesstons. Statistical analysis has shown that tis proportlonal tothe value

.

of 11; , therefore
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L T/k/P, yoo (3.6)
Gl‘ Tl/klfpl

" - Considering the case of two lines with the same per-axle load and the same
“traffic load, equation (3.6) becomes:

5 = (2 )?“ (3.7)

Equation (3.7) allows calculation of the fmpact of maintenance conditions
1 the mechanical strength of the subgrade.

The use of coefficient k requires the recording at regular intervals of the
* different problems arising (Table 3.3).

Table 3.3
Record of geotechmical track problems

KILOM. __ STATIONS TRACK PROBLEMS SECTION
TALUS TRACK TRACK EXCESSIVE ) WATER COMMENTS
FROM TO INSTABILITY SETTLEMENT DISTORTION  MAINTEMANCE  AFFLICTED POINTS

ROM  TO

©3.9. Fatigue behaviour of the subgrade

' Fatigue is usually defined as the reduction of the mechanical strength of a mate-
. rial under the influence of repeated loads. In the case of metals, it has been
. found that there is a limiting stress o, (called fatigue limit), which if exceeded
. by the stresses developed, fatigue effects occur; they may lead to failure with-
" out being preceded by any macroscopically large deformations.

.. However, in soil materials fatigue involves the development of plastic defor-
- mations in relation to the loading cycles. Experimental results of the triaxial test
under repeated loading conditions show that the parameter

{0, — o) of the 1st cycle
(s, = o,) of the cycle causing failure

R= (3.8)

hows a limiting value on the order of 0.9, beyond which plastic deformations
" increase very rapidly, as apparént from Fig. 3.6. '
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For the evolution of plastic de-
formations =}as a function of the.
loading cycle N, the following re..
lation, {72), has been suggested: :

gy=a + b logN + cN® + dNB +
(3.9):

wherea<b<.... and the pa-;

" rametersa, b, ¢, d, a, B, are deter-,
' "mmed expenmentally
R s B “According to equation (3.9), as
e TR - long as the exponential terms are;
negligible, plastic deformation:
proceeds logarithmically and:
practically stabilizes after a certain’
number of loading cycles. On the:
' contrary, if the exponential terms;

~of equation (3.9) have a determining influence on total plastlc deformation, then:
the subgrade may show large and dangerously increasing deformatlons as a
function of the loading cycles. Such behaviour was observed, under certain:
conditions, in cases of bad (S,) and very bad (S ) subgrade quality.

' Fig.3.6. Evolution of plastic deforma-
tions in clay soils as a func-
_ jti_on of _the R_para_meter.

3.10. Frost protection of railway lines
3.10.1. Frost index .

The railway administration must decide whether the frost protection should be’
calculated according to the coldest winter possible, or whether to install a

- subgrade which would be suitable for average winters while accepting that frost;

_penetration would occur in extreme conditions. Table 3.4 gives the frost index
in relation to the probability of freezing through as well as the expected.
-underratm gs of frost penetration in a certain period, (68).

. ~ Table 3.4.
F rost index, probability of freezing through and expected number
of underratings in a certain period, (68)

~Frost  Probability of - Expected number of

index freezingthrough underratings in a certain period
F, 50% ' - 1in a 2-year period
F. 0 20% 11ina 5-year period
F, 10% 1 1 a 10-year period
F

1% 1 in a 100-year period
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10.2. Frost foundation thickness

layer of material or combination of materials is placed under the ballast layer
i the subballast) in order to protect the subgrade against frost heave. Frost
foundation is a term comprising several kinds of frost-heaving prevention ma-
terials and measures.

Various materials, such as gravel cinders, etc.. can be used n the frost foun-
tion layer. Figure 3.7 illustrates in relation to the frost index the appropriate
thickness of the frost foundation layer under the ballast and Figure 3.8 illus-
tes the appropriate thickness when an insulation layer of foam plastic is used,

8).

thickness of frost

foundation Zy(m) ihickngss of frost
4 foundation Zgp(m) under feam plastic
Degree days A o d
500 1000 1500 S
a0 : ; A 0 500 1000 ‘!590/
15 // ® 3
& I~
°}y Q - 7
10 v4 é\/
/| >l o 5 ol
05 /y,—rﬁ 5‘% @
Gl 02
4//&’&7 P L
0 i000C 20000 30000 40000 50000 0 1GOC0 20000 30000 40000 50000
Frost index Frost index

Fig. 3.7. Thickness z, of the frost Fig. 3.8. Thickness z, of the frost

foundaticn [ayer under a foundation layer under a

ballast layer of 35 cm, ballast layer of 25 ¢m,

(68)-- - when an insulation layer
of foam plastic is used,
(68)

3.10.3. Frost protection methods on existing tracks

Along existing railway tracks, which cross areas often freezing in winter, many
ways of improving the subgrade (during track renewal) so as to prevent against
f_;ost have been suggested, (Figures 3.9 to 3.12), (68).
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Flg 3 11. Frost protection by use of Fig 3.12. Combination of msula-

~ ing a trench include safety, cost, and the adaptation to the aesthetics of the
" surcounding environment (and not the other way around).
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Fig. 3.9. Frostfoundation of grav- Fig. 3.10. Frost foundation of stonel
- elor cinders _ - with pea‘t ﬁlter -

.batlast

T T i

frost “storage bottom layer

foam plastic . tion and a frost-storage
; bottom layer

3.11. Track subgrade in trenches and on embankments - slope gradients
3.111. Subgrade in trench ' | |

Before excavatmg any trench, particular attention is made to s‘mdylng the geo~
logic formations in its path (especially in the case of diaclases), m order to
disturb the geologic formation equilibrium as litile as possible. Talus slides are
often attributable to such oversights. Parameters to be considered when design-

The slopes of the trench sides are determined from the geotechmcal study
with commonly used values as follows (Fig. 3.13):

1

- _s_llt __ '2'3'—13
muddy sand —5531
|

gravel 1=
1

stable clay =15

Fig. 3.13. Slopes of trench sides in clay soil
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Protection by talus stabilization is usually attained by covering the slopes
with shrubs or by planting trees, thug at the same tilme achieving the merging of
he work with the surrcunding landscape. Ground drainage is also required to
1e slopes to avoid softening.

11.2. Subgrade on embankment

1 the case of an embankment, the quality of geologic formations under the

Janned embankment should be also considered. Commonly used values of slope

gradients are:

152
_21 1

Gravel, sand "‘3‘1 1

rosion-prone ~ 11

il
0 Fig. 3.14. Stepping of the base of the embank-

ment in the case of steep ground

If the ground slope is greater than 110, it is advisable to secure the embank-
ment base by using a step-like configuration as shown in Figure 3.14,

Due to the subsequent compaction of the embankment, its initial dimensions
hould be augmented both in width and in height (Fig. 3.15).

‘Finally, in the case of very tall embankment sides, a retaining wall or rein-
orced soil designed to withstand the soil thrust and train loads may be used,

- Fig. 3.15. Increase of the initial Fig. 3.16. Retaining wall in the case
width and height due to of very tall embankment.
the expected reduction in sides '

size by compaction
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3.12. The reinforced soil technique in railway engineering .

Reinforced soil, (78), is a flexible technique which can, i many mnstances, re{g
place retaining walls. Reinforced soil is an assembly consisting of (Fig. 3.17),

fill

concrefe
covar

Fig. 3.17. The reinforced soil technique

. "+ the embankment edgé'

construction _ N SULRE : e good quality soil mate
cos L fal y
Iy :

N G e metal reinforcement -
* S e concrefecover.
e Lo ' The reinforced 50

o Lo . technique is especially i

LA . R - o

. %we. dicated in medim an
1 : /_‘ced A

o poor quality subgrade
B (S,. S,). Particular atten
1 ' R , tion 18 required in secur
, _—» haigh(m) ing the metal reinforce
2 4 [ -] 10 12 -

ment.- A comparativ
analysis of the construc
tion cost for railway pro
jects in France (Fig. 3.18
has shown that the rein
forced soil solution is both economically and technically advantageous com
pared to the construction of a retaining wall, especially for heights 3 m < h:
12 m. The reinforced soil technique, however, cannot be used in electric-trac
tion lines, because the electric current return corrodes the reinforcement, whic
leads to fatlure, (78). L IR
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© - taining wall and reinforced soil in rail- -
way projects in France, (79}
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.13. Geotextiles in railway subgrades

Railway subgrades of medium, bad, or (particularly) very bad quality, can be
mproved through the use of geotextiles. Geotextiles, (74), (75), are perme-
ble geomembranes consisting of synthetic polypropylene or polyester fibres,
4+3 mm thick, weighing 70350 g/m length. There are two large geotextile
]asses:

» Woven geotextiles, composed of two interwoven perpendicular fibre lay-
ers. They are strongly anisotropic.

+ Non-woven geotextiles with isotropic behaviour, in which the fibres are
laid randomly.

- (Geotextiles have a large deformability and are used:

to separate two consecutive layers of granular materials,
to reinforce a soil layer of insufficient mechanical strength,
+ as filters,

for drainage.

: Geotextiles are extensively used in railway engineering (Photo 3.1). They
re 1aid under the subballast (never under the ballast) and their purpose is mani-
d, (73

) 1) To facilitate proper and
convenient laying of the track
support structures on ihe
subgrade. The geotextile laid on
top of the subgrade prevents the
intrusion of fine-grained ele-
ments into the gravel subballast
and allows a suitable transverse -
slope to be imparted to the sub-
grade surface. Fig. 3.19 illus-
trates the plasticity characteris-
tics of certain clay soils, in the
case of which a strong absorp-
tion of fine-grained materials into
the superposed gravel layer was

:-ilﬁtO 3.1. Positioning of the geotextile in Ob?ewe‘_i’ (69).
‘ the railway subgrade 11} 7b increase (under repeated
loading) the mechanical resis-

: tance of the track support struc-
ires. Use of geotextiles, however, should not entail an appreciable reduction
fthe ballast and subballast thickness, because this would result in strong load-
ig of the subgrade, (73). Geotextiles cannot replace the ballast and gravel in
istributing vertical loads. The application, by certain networks, of geotextiles
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1'0_ B " 'grined subgrade material 0L into the gravel su
B (- into the superposed -gravel . hallast is obsery
. subballast, was observed. - ' (69) :
; p —— — »LL
L AD - BG L TED. 0.

_ without the laying of subballast in addition to the reduction of the ball
* thickness has caused failures (perforation of the geotextile by the ballast,

-Fig, 3.19. The combinati
- of plasticity ingd
(P1) and liquidi

30

limit (LL) at whi

204 ~ a strong penetr
. Soils in the cose of which a _'._tl(lll offine-gram
swrong infiltration of fine- - Subgrad_e elemen

ing of the transverse slope, etc.). The reinforcing action of geotextiles may
determined by numerical methods, such as finite-clement analysis (see chap
4, section 4.3), (80). '

iti) They function as filters or as drains

In this case, the geotextile is selected from the relations:

- t -k
a) Non-cohesive soils: k> = 3.
) Non-c bt e= - 5d,, (
b) Cohesive soils: o -k >100- k. (3.11
where '
k, required geotextile permeability (cm/sec)
t, geotextile thickness (mm)
k. soil permeability (cm/sec) :
d,, : sieve diameter allowing passage of 50% of the soil material

Geotextiles can also protect the subgrade against frost intrusion. Before us€,
it should be ascertained that the specific geotextile fulfils the mechanical stren th
requirements: fracture strength, elongation at failure, perforation strength, corm:
pressive strength, water permeability, permeability to fine-grained soil mate;
rial, etc. The values of these mechanical properties are determined by various
tests described in related manuals, (74), (73). '
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ballast

sub baliast

su Dgrqde{—

geotextile

Fig. 3.20. Proper laying of geotextile en railway subgrade

Use of geotextiles along the railway subgrade usually fuifils all three pur-
poses above. Geotextiles, however, are commonly used simply to separate the
pravel subballast from the subgrade soi material.

Whenever geotextiles have been used (Fig. 3.20), track mamtenance expenses
have been considerably reduced. The geotextile installation expense is thus
amortized very quickly.

67



4 Mechanical Beha‘vmur of
Track

4. 1 Analysm of vertical phenomena -track coefﬂclents S
| _—I 1, I Defnmons - symbols

- We will first examine the static approach to the mechamcal behawour of the
track. Let SRR - :

z:vertlcal settlement -at the rail
level :

1 : wheel load uniformly d1str1buted
along the rail.

R sleeper-rail vertical reaction
£ : sleeper spacing

S: sleeper seating area

p: average pressure applied at the
sleeper seating surface on the Flg 4.1. Symbols of parameters of th
ballast. . track system

rail

|— sleeper -

FFT P I YETT
P

4.1.2. Track coefficients

We define the following track coefficients:

Track index k= —;' : L c 4.r
Track stiffness b= % | - (4.1a)
Sleeper reaction coefficient p = *"5—* | ' o (4.2
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ibstituting equation (4.1) in (4.2) we obtain

k
p=R— (4.3)
d since R = fr {equilibrium’s equation), then
N =erk=1<z 44
allast coefficient = % _ (4.5)

R
C=—g (4.6)
d since %—zp we will have
c--L | .7

In general terms, the reaction coefficient of a component of the track system
defined as

p,= 3 (4.8)

ence,

R 1 ‘

1 1
=‘-""5"—Z

(4.9)

)

n n

Equation (4.9) gives the total reaction coefficient of the track-subgrade mul-
tilayer system. :

. Below are given values of the reaction coefficient p for the various track
mponents, (56),{1): '

Rail 5,000+10,000 tmm
Timber sleeper 50+80t/mm
Concrete sleeper  1,200-+1,500 t/mm
Ballast 1030 t/mm
Rubber pad 1020 t/mm

Track elasticity mainly depends on ballast thickness and characteristics. It
as found, (1), that along existing tracks with only a ballast layer (i.e. with no
gravel layer), the total reaction coefficient ranges between 0.15 and 1.0 t/mm,
with 0.3 t/mm as an average value. .
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Subgrade elasticity depends on scn{ quahty with the following reaction coaf
ficient values, (1):

Swampy subgrade 0.5+1.5t¢/mm

Clay subgrade 1.5+2t/mm
Gravel or rocky subgrade 2-+8tmm
Frozen subgrade 8-+10¢mm

In civil engineering projects, the reaction coefficient values range from 10t
15 t/mm, and therefore elasticity is far lower than in 2 conventional track
- Rubber pads used in these cases are significantly thicker.
 The increase in ballast thickness has a favourable effect not only by increas
- ingtrack e]astmty but a]so by reducmg the stresses developed in the subgrade

: Let ' .

n stress at the subgrade surface -
- stress under the sleeper

¢ - thickness of the ballast layer
py track reaction coefficient for e=0

. When applying Boussinesq’s analysis (multilayer system with elastu
behavmur) the fo]lowmg Values are derlved (Table 4 1), (56):

_ Table 4.1.
- Influence of ballast thickness on track elasticity and
-on the reduction of subgrade stress, (56)

e(cm) O 15 20 30 40 50
A 1 070 050 035 025 020

- 1 14 200 ‘28 400 5.00

A detailed analysis of the influence of ballast thlckness on track and sub grad
stress and strain is given in section 4. 3 6. :

4.2. Approached elastic analysis of vertical effects - Zimmermann’s methe;g

- ‘We assume that the rail is of infinite length* and rests on a horizontal elasti
 layer with track index k (Fig. 4.2). The wheel load is simulated by a concer__

* This assumption is very nearly reafized w:th contmuous~welded rails, see chapter 5, se(
. tlon 3L :
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F;g 4.2. Track simulation after Zimmermann (rail of infinite length on
elastic layer) and stresses in an elementary section ABCD

: ;:_t;a,ted load Q. This analysis is named after Zimmermann, (81a). The following
~ symbols will be used:

: bending moment

: shear force

. track index

+ elasticity modulus of rail
: moment of mertia of rail

— A

" We will start by conventional strength of materials relations:

M
et | (4.10)
g}T{ kz + Q §(x) | (4.11)

~iwhere 8(x) is the Dirac function, the Fourier transform of which is equal to one,

>

8(x)=0, x#0 (4.12)
d(0)y=o00

“The elastic line equation is:

&% (4.13)
ubstituting equations (4.10) and (4.11) in (.4.13) it is derived that:
El—g—% tkz= - QEX) @
Let Z(w) be the Fourier transform of z, and let
A=y (4.15)
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Equation (4.14) is transformed as*

Q

o2 +WZ="ET - (415
and Q |
Z== El(o'+w) (417

Applying the inverse Fourier tansform, it is derived that:
(_%
' - 2 wx _ T : .
For- i x:_O_, | zi—zﬂ\f: e 77 COS(—\,_@__ 4) : (413
(- SRR
xfO_, z,~z, e \F cos (—\f‘r "%"_) : (@19
and ' =z=___.Q_,.._ A 420
.. an g . Zmﬂ-‘\ o 2\/-2‘\1/‘]?:*]]*{3" T . . : ( -: i

- Therefore the analytical expressions of the bending moment, the shear fOTC(
and the ballast reaction result in:

M= b .e( cos (-\/W% +~ﬁ-—) | (421
0 O
=—3"e cos 3 (422

o )

r= %— we \E eos (= \[M .%) (4. 23;.

The graphic representation of M T, z, (F]g 4. 3) are smusoidal dampe:

- _curves with a wavelength of

1—2\/_— (4. 24:

The amphtude of the various curves 1s decreasing by a damping factor equa

toem= 0.0432 between consecutive waves

" As apparent in Fig. 4.3, for x> 5~ 2 ‘the bending moment M and the shea

force T are practlcally ZET0, The mﬂuence of the wheel load Q is therefor_s

* The Fourier tra,nsform F of a function f(x) i3 deﬁned by :he relation:

_rf x) g e dx
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Ta
\ 4 e Fig.d3. T
. ! ig. 4.3. Track stress va-
o A\ M = Z 5s riation as a func-
— ek B, tion of distance
! ~, . -
Vo < from the point of
¢ . .
;T application of
/ M the wheel load
.rf — =T
/ -——1
Mo  /
- e
¥2o

egligible, according to Zimmermann’s analysis, beyond the distance 5 from
he point of application of the load Q (around 4 m).
The maximum values of the various quantities are:

_ Qs EI£ . o .
M, =M, =775 (4.25)
_Q

Rma : 2\/— -E_- (426)

z = ~9\,:\/ (4.27)
_ 4 Elp

h= S R (4.28)

Zimmermann’s method is approximate, but permits convenient and rapid
alculation of the maximum values of the various parameters and gives the
ngineer an adequate estimate of the order of magnitude of the effects under
tudy.

.Equations (4.25) to (4.28) show that if the sleeper reaction coefficient p m-
reases, M and z decrease and R increases. The vertical settlement z, , how-

ver, which is proportional to 1/p** decreases much faster than the bending.
moment M, which is proportional to L/p'“. Therefore, a good value of the
leeper reaction coefficient influences more track geometry than rail mechani-
al behaviour. It should be noted that the sleeper reaction coefficient is mainly
affected by the quality of the subgrade, where most of the total vertical settle-

73



Railway Engineering

An increase of sleeper spacing ¢ results in an increase of the varioy
stresses. Vertical settlement and sleeper reaction increase faster than moment |
because the former is proportional to £4; while the moment is proportional
£#. Consequently, a reduction of sleeper spacing affects more track geome
and less rail mechanical behaviour.

When rail stiffness El increases, M_ increases and z_ and R | decrease. Raylf
stiffness mcreases mamly as a result of an increase of rail welght per nnig
length

As is well-known from the Strength of Matenals rail bending stresses a
found from the relation -~ -

e::M.l - TR .'('4,2
and for the present case
T ET R
. nm\ 2\[“ S | : T (43

Where y, is the maximum distance from the rail centre of gravity.

Therefore an increase of the rail moment of inertia significantly mﬂuenc S
the stresses generated within the rail and in a lesser degree the track geometry]
This is why the increase of the load per a,xle in, recent years 1ed toa cons1de
able increase in the rail cross- seetlen _ S

4.3. Accurate statlc analysis of vertlcal effects - Finite-element method

4.3.1. Advantages and procedure of the finite-element method

Approximative methods (Zimmermann’s method, Boussinesq’s multilayer
method, etc.) permit a convenient and quick approximation, but their deviation,
from actual values, as shown by on-site measurements, may reach 100%, (55}
It is therefore necessary that the mechanical behaviour of the track-sub gra
system (mainly of the strain and stresses developed, on which the dimensioniﬁfgfj
of the various layers will be based) be analyzed by more accurate methods:
" This 1s now relatively easy, given the numerical methods and powerful comput:
ers. One of the methods permitting accurate analysis of the phenomena is the
finite-element method, (85), (86), (1), (92), (93). According to this method;
the subject under study, instead of being a physical system (Fig. 4.4.2), is 2
system resulting from dividing the physical system into discrete parts (ﬁmte‘
- elements). For reasons of symmetry, the study of the problem in the divided
systern is lumited to 1/4 of the imitial system (Fig. 4.4.b). The discretization 0',;
the system (construction of the mesh of the model) is an essential part -of the
method and the resulting finite elements must be homogeneous (i.e. of about the
same size), otherwise the convergence of the method may suffer. :
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(2) (b)

Fig. 4.4. The railway system (a) and its discretization into finite
elements (b)

' The finite-element method permits to study the actual physical system with-~
1t coarse simplifications, to take into account exact limit conditions (i.e. the
onditions imparting to the stresses or strains specific values at limit positions,
g. in supports the displacement = 0) and the exact constitutional law of
ehaviour (i.e. the relationship between stresses-strains for every material}. The
mit conditions and the constitutional law of behaviour are also two essential
arts of the finite-element method.

3.2. Limit conditions

e Timit conditions considered are as follows:

* conditions by symmetry, 1.e. transverse displacernent at any plane of sym-.
metry is zero

* conditions at the most distant points of the problem, where vertical dis-
placement to the plane counsidered is set to zero.

- Limit conditions must be set in such a way that the finite-element model will
have a similar behaviour to the physical system, of which the real behaviour is
eing investigated.

3.3. Stress-strain relationship

e constitutional law of behaviour (stress-strain relationship) must express
the real and physical behaviour of the materials. Concerning ballast and sub-
ade, it was found that the deformation caused by passing train loads consists
of two components:



ij
elastic — 1L 1 ¥ K : .
ST E %7 E L e
lastic — . ;
e 7\‘65 43
where £ : total deformation
et elastic deformation
sg‘f’s‘i“ . plastic deformation
E maodulus of elasticity
Ly Poisson’s ratio
I] = GII + 622 + 633 L. . ,
S, Kronecker’s delta, &, = 1 for i=j, 8= 0 fori=]
f plasticity criterion, w1th a d.tfferent expressmn for each materia

Railway _E_ngineering

_ = anelastic component which disappears after passage of the train
*a plastlc component remaining after the train has passed.

+.3.3.1. Case of ballast and subgrade

The behaviour of the ballast, the gravel subballast and the subgrade, as teste.
by in situ experiments, (35), (99) is found to be elastoplastlc and is given by th
following equations: ,

) E:h.ﬂzll = E:\3]ast1(: R Eplaﬁ’ac - o . - (4

A scalar quantity
The mdzces 1, j take the values 1, 2, 3.

It has been proven that the plasticity criterion best suited for soi/ material
and ballast is the Driicker-Prager criterion, defined by the equation, (90):

flo)=ol,~J, -k | (433

where v S L
I =0 to,t0,; . P ' @
1 e o o

_-]'2 = F[((_y1 _ 02)2 + (02. — .03)_"' + ((S] - (53)2] : e (435
o,, o, : principal stresses ; ) |

_ tan ¢ ;

7 (9+12 tang)? s
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3
(9 + 12 tan?p)"?

¢ : cohesion
¢ : friction angle

(4.37)

1f the track support is a concrele slab, the plasticity criterion is best repre-
nted by the parabolic criterion, expressed, (88), by:

flo)=I,+ 3(R, - R)IL, — % RR, (4.38)

here R, : compressive strength
: R, : tensile strength

:3.3.2. Case of rail and sleeper

1 contrast to ballast and subgrade, rails and sleepers show an almost elastic
ehaviour, i.¢. plastic deformations are negligible and may be ignored. When-~
ver plasticity effects have to be taken into account, however, the parabolic
vterion should be used as the plasticity criterion for concrete sleepers. For
iils, the vorn Mises criterion should be used, conforming, (89), to the equation:

)=\ 0, — 6+ (5, = 0P+ (6, = 0¥ -4 (4:39)

here q : shear elasticity limit.
3.4. Numerical calculation procedure

finite-element analysis, three categories of models have been developed, (86),
7 :
Strain (or kinematic) models, in which the limit conditions concerning
strains (deformations) are introduced as given data, and equilibrium equa-
tions as well as limit conditions concerning forces are the object of suc-
cessive approximations. Strain models have proven more convenient both
in synthesis and in use.

- Stress {or static} models, in which equilibrium equations and limit condi-
tions conceming stresses are introduced as known data. '

Hybrid models, where the strain approximation is applied in a geometric
part of the model and the stress approximation in another part.

In strain models in particular, static finite-element analysis leads to the solu-
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[ [q] = [F] - g

where {k] : the system’s stiffness matrix
[q] : the displacement vector of the system’s nodes
- [F] : the vector of the forces exerted on system nodes.

The quantities [k], [q}, [F]for the entire system are the result of assembly
the elementary quantities [k J, [q], [F_] corresponding to each finite elemen

_The law of elastoplastic behaviour correlating stress.and strain may be

. . proximated by two methods, (87): - D e

|| .7 a Theinitial stress method, which is slower in convergence but easier to

(Fig. 4.5.2). R S R

' b. The variable stiffness method; which has the significant disadvantage

. the need to reverse the stiffness matrix at each successive approximati
 (Fig4sh) At PV S 2

pa

) o .
¢ | o
© ®
%, ?

(a) - (b)

Fig. 4.5. The initial stress (a) and variable stiffness (b) methods to
proximate the elastoplastic stress-strain relationship

4.3.5. Determination of the mechanical characteristics of the various mat
als e : R

The subgrade is assumed to be divided into various categories (S, S,, S,)
chapter 3, section 3.4). Table 4.2 gives the average values of the mechani
characteristics, as determined by a series of tests conducted within the fram
work of the International Railways Union (UIC), {98), (99).
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Table 4.2.
Values of the mechanical characteristics of railway track and
' subgrade materials, (98), (99)

Elasticity Poisson’s Cohesion  Friction

- medulus ratio ¢ (kp/em®)  angle

Material E (kp/cn®) y ()
oor-quality subgrade (S,) 125 04 0.15 10
Medium-quality subgrade (S,) 250 0.3 0.10 20
Good-quality subgrade (S,) 800 0.3 0 35
Rocky subgrade (R) 310 0.2 15 20
‘Ballast 1300 02 0 45
‘Gravel subballast 2,000 0.3 0 35
and 1,000 03 0 30

Compres-  Tensile
sive strength  strength
R (kp/em®) R (kp/cm?)

einforced concrete sleeper 30-10¢ 0.25 30 300
Prestressed concrete sleeper 50-10¢ 0.25 60 90
‘Tropical timber sleeper 25.10* 025 160 1,000
Rail (steel) 2.1-108 0.30 7108 6-10°

3.6, Stress and strain in the track-subgrade system according to the finite-
element method

inite-¢lement analysis allows all track-subgrade system parameters to be taken
ito consideration, (91), (92), (94):

Subgrade soil quality (S, S,, 8,) (see chapter 3, section 3.4).

Sleeper type (see chapter 6, sections 6.3, 6.5, 6.6):

* Twin-block reinforced-concrete sleeper

* Monoblock prestressed-concrete sleeper

* Timber sleeper

Track support thickness e (= ballast + subballast) (see chapter 2, section
2.2 and chapter 7, section 7.5).

- Figs. 4.6, 4.7, 4.8 that foltow, illustrate the vertical stresses at the subgrade
vel, as well as the vertical settlements at the rail, sleeper, and subgrade level,
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cording to elastoplastic analysis by the finite-clement method, (55), (91), (92).
is observed thatthe various stress quantities are primarily affected by subgrade
it quality and to a lesser degree by the track support thickness ¢. Indeed, the
tter the subgrade soil quality is, the lesser the influence of thickness e. In
articalar and with all other parameters unchanged, an improvement of subgrade
jality from one class to the next (S, -8, 5, = S,, S, = R) will result in an
crease of the stresses developed in the subgrade by about 50%. With res-
ct to the influence of the sleeper type, it is observed (except in the case of a
cky subgrade) that timber sleepers and monoblock prestressed-concrete
epers are superior in load distribution, i.e. they result in reduced stresses in
¢ subgrade. In any case, the influence of sleeper type is agaim smaller than the
uence of subgrade quality.

3.7. Distribution of wheel load along successive sleepers

e view used to prevail in railway engineering, on the basis of empirical con-
derations, was that when a wheel load is applied above a sleeper, then the
eper below the load supports 50% of the wheel load and each of the neigh-
uring sleepers supports another 25%. Stress measurements, however, have
own that this is not the case. Finite-element analysis has shown that wheel
ad distribution along successive sleepers is as follows (Fig. 4.9), (142):

+ Sleeper under loading wheel: 40%
+ First neighbouring sleeper: 23%
+ Second neighbouring sleeper: 7%.

p =20t/ axle

g. 4.9. Wheel load distribution aloxig successive sleepers, (142)

Therefore, when a wheel load is applied over a sleeper, its effect is negligible
yond the third successive sleeper. The above load distribution in conjunction
th the value of the wheel load affect sleeper dimensioning.

3.8. Sleeper elastic line

¢ elastic line is an essential part of the raillway system mechanical behaviour
analysis. Figure 4.10 compares the elastic line for timber and for prestressed-
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- measurement results, has shown deviations not exceeding 20%, thus confi
- ing that the static approach is satisfactory for stress and strain analys1s (5
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concrete sleepers. Figure 4.11 illustrates the timber sleeper elastic line for var
ous qualities of subgrade, (142). The s1gn1ﬁcant role of the subgrade is agaj
confirmed.

10t 10t
09 ¥
T erentt T e Y |-‘—————_—2,500 mm —-—.Ji T
’ on rock subgrode
.0.5 (R)
x o] . %M
'-, 1 ] ) P oon reck L 0306 )
.. .‘"‘_no;a-!r"""‘t.,‘?,-"
o on medium subgrade
. (52)
+2 )
- L J
- W)
+++ 4+ timber sleeper, 1=2600mm

menoblogk - sleeper., (= 2500mm

Fig. 4.10. Comparative elastic line Fig. 4.11. Elastic line of timb
for timber sleeper and sleeper for various sub:
monoblock prestressed- - grade qualities, (192)
concrete sleeper, (142) :

4.4, Dynamic analysis of the track-subgrade system

As discussed in section 2.11.2 of chapter 2, an adequate approximate analy
of the stresses and strains of the track-subgrade system may be obtained by,
static analysis, neglecting dynamic effects, which complicate calculations. A
comparison of the results of finite-element static analyses with stress and stral |

(95).

There are phenomena, however, which cannot be adequately approximated
by the static approach. These include the problem of the transmission of vibra,
tions from the trains to the environment and the problem of the motion ang
suspension of the various rolling stock components, (103), (105).

82



Mechanical Behaviour of Track

r vehicie J
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ig. 4.12. Modelization of the rail-
vehicle-frack-subgrade
system for a dynamic
analysis

odel}.

uation

here [M]: the mass matrix
[k] : the stiffness matrix

[q] : the Velocity vector

[R]

proximated by static calculations.

[q] : the displacement vector

[q] : the acceleration vector
[F] : the external forces vector
. the vector of the reactions exerted by the sleeper on the ballast.

A good approximation of dynamic

- effects can be realized by a viscoelas-

tic law of behaviour and is shown in
Fig. 4.12, where:

+ The symbol —wua— represents
elastic behaviour

* The symbol —{+— represents
viscous behaviour

+ The symbol

represents viscoelastic behaviour
{(Kelvin-Voigt model)

+ Rail vehicles and bogies are
modelized as non-deformable solids

+ Wheels and sleepers are model-
ized as discrete masses

¢ The ballast and the various sub-
grade layers are modelized as horizon-
tal layers

+ The various system components

e interconnected by a viscoelastic stress-strain relationship (Kelvin-Voigt

In the dynamic approach, the problem is reduced to solving the dynamic
[M] [d] + [CT{a] + [k] [ = [F] + [R] (4.41)

[C] : the viscosity (damping) matrix

In the dynamic approach, calculations are complex and take a long time. As
result, they should be restricted only to phenomena which cannot be adequately
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4.5. Additional dynamic loading

Analysis of the mechanical behaviour of the rail vehicle has until now be

" based on the assumption that both rails and wheels are smooth and free
defects. However, this is not the case, and, as explained in chapter 2 (secti
2.11.2), these defects excite the system and cause additional dynamic loa
Qe Which may reach values of up to 50% of the wheel load.

- The mechanical loading of the track-subgrade system should theref:

be considered not on the basis of the static per-wheel load Qsm, but according

th th den :.. BRI - (4

Addltional dynannc loads may be dmded mto three categones accordmg
the respecnve VIbratlon frequency (F ig. 4, 14) -
- \d -Loads in the ran

05Hz<w<15Hz.Th
correspond to the mo

‘ractual pesi- - ment of sprung mas
tien of rait .
: and depend principally
—g the characteristics a
theoretical Qayn traci pecuhanhes of the ro]h
position of rail dafect 'StOCk )

Fig. 4.13. Track defects and addltlonal dyna- 20Hz<p<100Hz. Th
© - mic loadmg ' : “correspond to the mo

(wheels, rails), and dep:

v
{kmih}

N
A Iz mainly on track qua
2504 and stiffness.
2 -+ Loads in the rang
2004 o3 100 Hz < » < 2,000 H?
S8 These correspond to sh
B0t o £ and long pitch corru
o . .
: i: tions of the rail surf:
104 838
P-4
501 3.
£
73
GER R %550 length™

Fig. 4.14. Dynamic loading of track and corre-
' -sponding frequencies, (4) '
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ofects (see chapter 11, section 11.3) and the resulting dynamic loading Qe
sectral analysis is used since track defects may be recorded accurately and n
ctail by special recording vehicles. Analysis is again based on the dynannc:
quauon (441).

‘The usual procedure in railway engineering is to carry out a static or
eudostatic analysis. The question, however, which arises is what is the dy-
mic impact factor n by which the static load should be increased in order to
ke into account dynamic effects. Figure 4.15 summarizes resul’ts of various
eones

: dynamic
impact factor 1
&
3
11 7 Fig. 4.15. Results for the
] i dynamic im-
o [ rd -
» 4 pact factor
TG w4 according to
2 AT i various theo-
' 7 ries, (107a)
viva oA LA B
4 N 163 AaaC &
B - = u [ @
1 Hed= T
== 146
10 1 ! = u.)-- 104 Y
g EQ T - 150 200 750 300 T&mih)
ge:rd 1 : .
‘Winker (1871),n = MV M, = 0.1188 P(t)-£ (cm), P(t):axle load,
1— EDI . £ {cm): sleeper spacing, I (onr'): moment of inertia,

V (km/h)

) ) _ V2
Formula of Central European Railways (1936), n=1+ 30,000
1
= for V <65 km/h
(1+ 7). 10'8\/2-491—{
- for V > 65 kim'h

[1—(9.1-10°V —2957.10%] 2-£&
I

45V? 1.5V
100,000 ~ 10,000

Schramm’s formula (1955),n=1+
Birman's formula (1966), = 1+a+f+y, a=0.04 (-X-»- Y L 8=02, 7=y, a-B,

—01+00!7( )

 Values measured on vehicles of‘ TGV 001 (198 1)
@ Values for theoretical calculation for ideal track and vehicle without irregularities.
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4.6. Design of the _track—_subgra_gie system . .

Railway. Engineering

Figure 4.15 shows huge differences between ideal track theoretical calculy
tion (curve 7) and measured values (curve 6) or values taking info account Ta;

stock. More close to reality are curves 4, 5, 6 which show that for speeds up ;
200 km/h the dynamic impact factor n varies from 1.35 to 1.6. Thus, for speed
up to 200 km/h a dymanic impact factor of 1.5 1s suggested. For speeds greate:
than 200 km/h an analytical survey should be conducted based on experiment
data. ' : : SR ' :

The track-subgrade system is designed according to the following two prir
ciples, (O1): = 10 el s
- Loads must be properly distributed to the various layers and adequate

~ withstood by the subgrade, where the developed stresses must be less tha
.the values causing failure S L

L opm <ogpme 0 (44

- Adequate flexibility of the system should be ensured, i.e. track stiffne
(see section 4.1.2) should not be excessive. Track stiffness is mainly d
" termined by subgrade soil quality and ballast thickness. Rocky subgrade
. for instance, with no problem as regards proper application of extem
- loads, have a stiffness more than triple compared to clay subgrades. A
cordingly, rocky subgrades, although free of load distribution problem
always receive a ballast + subballast layer. Finally (see chapter 2, secti
 2.11.2) it should be noted that additional dynamic loads increase wh

" track stiffness increases. S e

4.7. Vibrations from rail traffic
4.7.1. Origin of rail vibrations .

A surface vibrating source is producing three types of waves, (102). -
= pressure waves (7% of the energy transmitted) -
e shear waves (26% of the energy transmitted)
- s Rayleigh waves (67% of the energy transmitted) .
Rail vibrations have two principal origins; .~ . .
-+ rolling engines .- e
* wheel-rail interaction N o o
In electrified lines, (see chapter 13, sections 13.8, 13.9), a third origin sho
be added, the catenary noise, caused by friction from the sliding contact of
pantograph-slider and trolley wire. .. . P
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17.2. Relation of rail noise level to speed

From various anélyses, (107a), is found a logarithmic relationship of the level
‘of ratl noise L to train speed V, of the form:

L (dB(A))=A+BlogV (4.44)

ith A, B coefficients depending on rolling stock and track characteristics, type
traffic, soil characteristics, ete.

7.3. Damping of rail noise in relation to distance

Figure 4,16 illustrates the
as(a) noise level (in dB{A)) i vari-
s at 100 m ous distances (100 m, 200 m,
eat 200m 400 m) from the rail and for
Gat 400m speeds from 80 to 200 km/h.

: One can note that:
o 0 a 8 - the noise level does not
. decrease linearly for each
doubling of distance as would
e be expected, probably due to
LR ground impedance,
. - notse levels are influ-
o © o enced more by distance than
, M by changes in speed,
150 200 (kmin) - noise levels are corre-
: ' ~ lated with the logarithm of
ig. 4.16. Rail noise level in relation to dis- speed.
tance and speed, (107a)

7.4. Noise level in relation to infrastructure type

easurements of noise level at 25 m from the track centerline have been con-
icted at a speed of 200 km/h in the Japanese Shinkansen (with 12+ 16 ve-
cles) for various infrastructure types: bridge, viaduct, embankment, cut, (Fig.
7. : '

Of note are the strong low-frequency components for the bridge and viaduct,
parently from structure radiated noise. The levels in the cut show the effec-
veness of the cut in blocking the sound propagation path. Consequently, geo-
etric design can be used as a way of reducing the impact of rail vibrations.
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A major concern in high speed
trains is to reduce noise lev]
els emitted. Thus a noise leve]
of 97 dB(A) is reported (if]
1983) for the French TGV ai
25 m from the track and %

300 km/h respectively, (1072}
Figure 4.18 illustrates no
levels in relation to the type -
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human activities.
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projects, such as new ra

ways. Standards for no
level differ from one country -



The Rail

1. Rail profiles

ails support and guide the wheels of the vehicle. Their profile has been the
bject of continuous improvement since the appearance of raitways.

Of the first rail profiles, the only one

surviving to this day is the grooved rail

SRS shown m Fig. 5.1, which is presently

n use along tracks where the rail top

and the pavement surface are at the

g same level. These include tracks con-

g necting port facilities and tramway
lines. :

The double-headed or bull head rail

i (Fig. 5.2) was widely used in the last

century, with the expectation that when
the upper section was worn, the rail

ig. 5.1. Grooved rail would be reversed to use the lower
portion which, according to the as-
ke sumption of the time, would have re-
- mained intact. Facts did not vindicate
this assumption, however, and the
£ double-headed rail was abandoned in
= many countries at the beginning of the
w 20th century, although it is still in use
: on some railways and metros (U K. and
elsewhere).
— The rail type which finally prevailed
ktomm | and is currently widely used is the rail
. ' with base (Fig. 5.3), also known as the
ig. 5.2.  Double-headed (or flat bOttOIEl rail, 01)' Vignole-type rail,

bull head) rail " pamed after the British engineer who
89 |
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5mm | designed it. This rail consists of
head, the web, and the base (F

| roflidg  surface
. e

5k i T 5.3). The cros_s—section chagacte
LRE £ tics are the weight m per it len

" ‘ N and the moment of inertial. A ¢
22 AN | stant goal has been to make any
T neatretlax s [_E . creases of m contingent on a prop

web| 45 | tionally greater increase of L, to

ol q e sure that the I'm ratio increases fa
20 L3S Po— o than m. This has led to a constant

e | =ty ‘crease of the height of the rail.

Taomm |t The flat bottom or Vignole-
. o o - rail cross-section was formulated
s ' : _ the basis of the need to join

Flg 53 f;;f,_ 1;(;1‘10% 0; 6\253:;?11 lengths together, which can be r
(50 kg/m) AR ized with fishing plates (see sect
SR : 5.10). The extensive use of contin
ous-welded rails (see section 5.11), however, is likely to lead in the future
change in the rail profile. S
The increase of the load per axle and of train speed has increased rail lo
ing. The cross-sections of standard-gauge rails have been standardized by
UIC, with main types UIC 50 (weight: 50.18 kg/m), UIC 54 (weight: 54
kg/m), UIC 60 (weight: 60.34 kg/m), UIC 71 (weight: 71.19 kg/m). Figures
and 5.5 illustrate cross sections of rail profiles UIC 50, 54, 60 and 71.

|
-

5.2. Choice of rail section

The choice of rail section mainly depends on the traffic load (see chapter .
section 2.5.2) as well as on the intervals between renewal sessions. Fora s
dard-gauge track, it is customary to use UIC 50 rail for low traffic load, ad
UIC 60 for medium and heavy load. UIC 71 section has been recently intr
duced but has not been used until the mid-1990s. Table 5.1 gives the rail choig
criteria as a function of traffic load, (107).

Table 5.1.
Choice of the rail section in relation to traffic load

Daily line traffic . S o '
load (tons) < 25,000t 25,000-+35,0001 >35,0001t
Required weight m 50kg/m ¢ For timber 60 kg/m
of the rail per metre sleepers: 50 kg/m

of length . + For concrete

sleepers: 60 kg/m
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5.3. Rail steel grade, mechanical strength and chemical composition

3.3 L Mechmncal strengrh

The increase in train speed and per—axie load has led to the improvement of t]
grade of steel used for rails. The ultimate tensile strength was 50 kg/mm?
1882, while today it is 70+ 120 kg/mm?. A large increase in rail steel mechanic
strength however, may cause brittle failure and as a result a further strengt]
increase is not desirable.

_“The rail steel grade may be distinguished in two categories:
*» Normal steel grade, with 0.40 +0.50% carbon content and an ultnnate te

- sile strength of 70 +90 kg/mm?.
* Hard steel grade, used mainly on curves, w1th an ultnnate tensﬂe stren g
~of 90+ 120 k,rg,/mm2 ' :

532 Chemical compositi(m
v Concernmg their chemical composmon ralls present a great vanety, (1 19)

5.3.2.1. Carbon

Increased carbon content increases hardness and wear resistance but at the e
pense of ductility and hardness. Normal quality steels contain 0.4+0.6% ¢
bon.

'5.3.2.2. Manganese

All commercial steels contain a small quantity of manganese (0.3 +0.8%). M
ganese in excess of this, increases hardenability. Increasing manganese and r
ducing carbon can achieve an equivalent tensile strength but with 1mprov
ductility. 11 =+ 14% manganese produces steels that are charactenzed bya gre
wear resistance (see section 5.8 beiow)

3.3.2.3. Chromium _
Chromium increases hardness and wear resistance. Steels containing 2.0 +2.5
chromium and 0.3 +1.5% carbon are very hard and have a high tensile strength
combined with a considerable degree of toughness and wear resistance.
5.3.2. 4. Chromium-Manganese

The deleterious effect of increased carbon on the fatigue strength of steel can
moderated by using more manganese and chromium.
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53.2.5. Equivalent carbon percentage

”fhe related effects of carbon, manganese and chromium can be added together
produce an equivalent carbon percentage, given by the formula

0,
Equivalent carbon = C% -+ Mg % C;A’ (53.1)

It is found that an increase of 0.1% equivalent carbon raises tensile strength
vy 7 kg/mm?.

" The related effect of the three elements on wear résistance is not clear, but it
s been recorded that an increase of 0.1% in equivalent carbon reduced verti-
cal head wear (see section 5.8 below) by 4.5 +7.5%.

5.3.3. Hard steel grades

Hard steel grades have a minimum tensile strength of 90 kg/mm? and are widely
ed where lateral wear, plastic deformation and rail defects (see section 5.7)
uld shorten the life of normal quality rails.

There are three grades of hard steel rails, (119}

Grade Carbon Manganese
A - 06 + 075% 08+ 1.3%
B 05 + 0.65% 13+1.7%
C 045 + 0.6% 17+21%

Grade C is difficult and slow to weld and for this main reason it has been
iversally rejected by the European railway administrations.

o :

. Stress analysis of rail

The total stresses developed on the rail are the sum of;

+ Hertz stresses (at the wheel-rail contact) '

+ stresses resulting from rail bending on the ballast

+ stresses resulting from bending of the rail head on the web

*+ stresses resulting from thermal effects

+ plastic stresses, remaining on the rail after the removal of external loads.

With the exception of the last category, all others will be calcu]ated on the

umption of an elastic behaviour. As discussed in chapter 4, section 4.3.3.2,
oth theory and experuments show that in most of the cases, rail has an elastic
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5.4.1. Siresses af wheel-rail contact

The problem of stresses developed
wheel-rail contact was examined b
Dang Van, (110), in accordance wit]
Hertz’s assumption that the contact sy
face between two curved elastic bog
ies (wheel-rail head, see Fig. 5.6) is ¢
liptical in shape and the stress distr;

- bution along the contact surface ;
- semi-elliptical. Measurements ha
: shown, however, that for wheel dia
an 5.6. Wheel—raﬂ comtact stres- meters between 60 and 120 cm (cow
. ses according to Elsen- ering the majority of cases), the fo

mann - . . lowing two-dimensional simplified ap

: proximation gives satisfactory resuIt

S “(Eisenmann’s theory).
4+6mm _ - ‘Assuming that all radni of curvatus
' o (with the exception of the wheel radii

R (in mm)) are infinite and that th
wheel load Q (in Nt) is uniformly di
tributed, the mean Hertz stress is dé
rived according to the Eisenman
analysis from the relation, (111)

o ..
Rb('

" Tmax M417

Fig. 5.7. Shear stresses at the
wheel-rail congact s (Nt/mm) \} =)

Substituting the usual values of E=2.1.10¢ kp/cm =0.3, b=6 mm, the fo

lowing equatlon is derived:
_ JQ
o, = 1374 B | (522

The Eisenmann'’s simplified approximation, ( 111), gives the shear stress di
tribution of Fig. 5.7 and the maximum value:

Tm:zuz\/g- - (5..

. The maximum stress according to Hertz occurs at a depth of 4+ 6 mm fro
- the rolling surface.
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s 12, Bending stresses of the rail on the ballast

: The rail is simulated by a confinucus
stegper rail | beam on elastic supports.
The general equation of mechanics:

| |
- \i P
| i i g | I im=0 (54

dx?

ig. 5.8.  Simulation of rail for the gives the following analytical solution

- calculation of bending for the specific simulation:
stresses

Qh,=2) |
e N " (sinyx — cosyx) (5.5)
yhere:
" the load per wheel
= the rail moment of inertia in the vertical direction

= the distance between rolling line and neutral axis of the rail

= the track index =1/z, where r is the theoretically uniformly distributed
load of the wheel on the rail and z is the rail vertical settlement
4 k ’
=V 4ET

5.4.3. Bending stresses of the rail head on the rail web

The rail head is simulated as a beam laying on an elastic sub-base.
The resulting stresses conform to the analytical expression, (121): -

Qb —2) ~x
6, = We (siny x — cosy x) (5.6)
where: o \4/{_ '
. = the moment of inertia of the rail head, y, = \ 4~
. = the distance between rolling line and neutral axis of the rail head

9.4.4. Stresses caused by thermal effects

These are derived from the well-known equation:
o,=0-E- A8 (5.7)

where « : the rail thermal expansion coefficient
A9 : the temperature difference
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J. .J

Plavfrc stresses

Up to the present, no satisfactor
elastoplastic analysis for the caleu];
tion of plastic stresses within rails hy
been conducted. A fundamental reasq
for this has been the difficulty in simy
lating limit conditions between the ra
and the sleeper and in determining ny

. merical values forthe parameters of

. ‘elastoplastic calculation. - :
_ - Measurements have yielded a p]a
haemmy U tic stress distribution as 1llustrated1

ERER - Figs. 5.9 and 5.10. :

- Laboratory tests performed by th

SRR IR Japanese Railways on 50T-type rai
Flg 5 9 Longltudmal plastic (weighing 53 kg/m), (125), have show
© . stresses o at the plane of 2 stress distribution as illustrated 1

- symmetry of the rail - Fig 5.11. Similar results were obtaine

: ' ' by the German Railways for rail typ

S49 (weighing 53 kg/m), (116). -

120 100

Flg 5.10. Transverse. plaStic

stresses o, o, T, at the

. plane of symmetry of the
rail -~

53 kg/m), (125)

)
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5. Analysis of the mechanical behaviour of the rail by the finite-element
and the photoelasticity methods

w /! P /-\ /—;1 The mechanicej.l

7 P ; /\\/ - ‘ behaviour of rail
AT may also be ap-
7 P L /7! P proximated by the
By /‘J/‘V finite-element

simulation, how-
ever, it is very hard
to study the limit
conditions at the
rail-sleeper contact
accurately. There-
fore, it is custom-
-ary to include both
the rail and the
sleeper in the finite-
element analysts.

Unilateral con-
tact and mequality
mechanics theories,
(122), can be im-
plemented for the
accurate study of
the rail-sleeper con-
tact, but research
under progress,
(121a), did not con-
clude significant
results.

Finally, in order
to  investigate
stress distribution
of the rail, photo-
elastic methods

“may also be used.
Figure 5.13 illus-
‘trates the shear
stress distribution
based on the photo-
elasticity method,

().

L AT thod (Fig, 5.12),
| i [H/\ﬁ/\//f/{_l ' ?561)1_0 IEJ 1%uch )a

ig. 5.13, Rail analysis using the photoelasticity
method, (1)
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 5.6. Rail fatigue -
 Fatigue can be defined as the gradual de- |
crease of mechanical strength in a material ~
under the influence of repeated loadmng as T
- For stresses below the fatigue limit (c<c )
“then the mechanical strength gradually de-..

. creases, leading to fracture of the material for_Str_engfh values lower than

- Theoretical and experimental research of the fatigue phenomenon mainly

' the state of equilibrium is maintained. However, when stresses exceed the

 deformation.

5.6.1. Fatigue curve and Miner’s rule

long as the developed stress exceeds a mini- _ R
mum value o, known as the fatigue limit. o108 107 10 107

fatigue phenomenon does not oceur. : '.:'_F ig. 5.14.. Fatigu_e curve (W
If stresses exceed the fatigue limit (>0 ), -~ ler) '

fracture stress corresponding to the first loading cycle..

ter on two topics: : S . S
a Determination of the fatigue curve (also known as the Wohler curve). Th
fatigue phenomenon occurs for stresses ¢ > ¢, (Fig. 5.14). o
b. For a stress history within the fatigue area, determination of the streng
- reserves of the material. Let o, be a loading history, ¢, > 6, for which t]

* lifetime, at the end of which material failure will occur, 1s N, loading cycle

‘The material is subjected to n cycles of loading, and n, <N,. Let o, be
second loading history, 6, > o, which, in the absence of the ¢, loadin
would have made the lifetime N, loading cycles. Unknown is the numb
n, loading cycles, which will lead to material failure. The answer is giv

* by the Miner rule with the approximative relation . L
e oL ~1. . {5

—_— et

1

" In the case of more loading histories, the Miner rule is generalized as f
lows: - S I 5 : e

om0
N NN, TN, T (s

~ The origin of the fatigue phencmenon in metals involves intemal discontinut
between crystals, which are present from the beginning. If the developed stres
are sufficiently small, these internal discontinuities do not propagate and ¢

tigue limit, then internal discontinuities propagate, expand, merge, and m
cause failure of the material from fatigue without any visible macroscopt
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6.2. Dang Van's rail farigue criterion

he rail fatigue phenomenon has been extensively researched, both at the ex-
erimental, (114), and at the theoretical, (110), level, so as to investigate the
conditions leading to the commencement of instability due to an inherent mnter-
nal discontinuity. On the basis of the finding that internal discontinuities tend to
ropagate towards grains with crystallographic planes less well oriented to re-
st external loads, and taking into consideration a series of laboratory test re-
cults, Dang Van formulated a criterion, named after him, according to which rail
tigue develops in two phases, (110):

1. A first hardening phase, during which stresses develop under the influence
f cyclic plastic strains and tend to a limiting equilibrium state. Assuming iso-
tropic hardening of crystal steel, it can be shown that local stresses o, (f) are
connected -to macroscopic stresses I, (t) (those resulting from the continuum
theory) by the relation:

o, (D=I,(t) —a;T, (5.10)
here a : the grain orientation tensor '

AN

. e 4 “siiding
th m : the sliding direction Lm, plane

n : perpendicular to the sliding plane
T,: the mean shear, defined for the n-cycle as

max min

T‘:=—é- (T +T) ' | (5.11)

2. A second phase during which propagation of internal discontinmties starts
grains that are already in a plastic state, while surrounding grains are in an
astic region. Since the number of molecules remains constant, the creation of
ternal voids results in an increase in volume, a fact justifying the mvesti-
ation of the role of the spherical (or hydrostatic) tensor (s_/3)* in the study of
e rail fatigue phenomenon,

= +
o =3 bty

s; being the deviator tensor and 8 Kronecker’s delta

*1t is worth recalling that a repeating subscript means the sum at all possible values of
¢ subscript {Einstein’s assumption}. Thus, (108}

®2 , %n
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Macroscopic stresses X, (t) result from the continuum theory, while expe
mental findings determine n, m, and therefore the tensor o

Local shear (t) in grains with the worst orientation will be:

Cw)=T®-T

whereT : the macroscopic shear
- T, : the mean shear

G
-~ On the basis of the foregoing equations, the - ——3—~ d1agram al
: k:nown as the Da;ng Van d:lagram can be plotted (Fig. 5.15).

LA

'-...u\ g
&
. Ik

»

i 3
7
/ a zalternating  torsion

bzalternating - tension

Flg 5.15. Dang Van’s criterion for
rail fatigue
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109 ? 100 » M)
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:

Fig. 5.16. Shear stress variation
- within a rail

m

e

el
b ]

Fig. 5.17. Evelution of an internal .

“discontinuity

100

~-nomenon has shown that, (110}: -

. tinuity, elliptical in form, with major

_tinuity perimeter. For values Ak<Ak
 discontinuity dimensions remain un:

(5.1

‘Analysis of the ra11 faugue ph

- # Maximum shear stress develops
~ - 10+15 mm below the rollin
surface (Fig. 5.16). It should be;
“noted that this conclusion has}
been confirmed by a series of
laboratory tests, (114).
¢ Maximum stresses occur .
planes mchned 30° to the ve
cal.
+ An increase in wheel dlamet
~ causes an increase of the inte
nal discontinuities.
¢ Internal discontinuities causin
- fatigue are proportional to per-|
- axle load Q raised to a power
“between 3 and 4 and closer

3.6.3. Evolution of an mrernal dz !
continuity

The evolution of an internal discon

axis 2a, is a function of the stress
intensity Ak exerted on the discons

affected by external loading. The re-
gion I (Fig. 5.17) is where discon
nuity shows a large increase, esti
mated, (112), by the relation:
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da

loading

Ny B i ¢ n
geles™ gg 2 =¢.Ak® 513
7% £ al e
hd .
Eﬁ’&_;, EE where ¢ and n_are constants resulting
k. -
zZg 33 from laboratory tests. Finite-element
" 23 final vatwe analysis enables the calculation of the
= . .
Yoais number of loading cycles making an

initial discontinuity reach a particular
: 0 value as a function of wheel load (116)
64 mlt;M\%. (Flg 3. 18)

| of Jiscontinlity T hee! A more empirical relation grving the
%W 0 e ' 160 zo eed &Nty evolution of intemal discontinuities as

. a function of traffic load T of the line

ig. 5.18. Evolution of a discontinu- has been derived from research con-
ity as a function of wheel ducted by the ORE, (114):
load Q and the number N ‘

of loading cycles

18mm

Y=y, 2% (5.14)

there
: initial value of the discontinuity
line traffic load in million tons per year

rail runs a serious risk of fracture when the expanding and merging internal
ontinuities cover more than 55% of the surface of the head of the rail, (131).

Rail defects

ternal discontinuities which may give rise to rail fatigue are called rail de-
s. Rail alterations of a mechanical nature occurring under the mfluence of
assing frains are also considered defects. Rail defects should be clearly distin-
hed from frack defects, the latter being defined as the deviations of actual
m theoretical values of the track’s geometric characteristics. Track defects,
2), are exclusively the consequence of train traffic and are of a macroscopic
geometric nature, usually reversible by track maintenance (see chapter 11,
tion 11.3). On the contrary, rail defects are due to initial manufacturing im-
erfectlons of the rail, are of a mechanicai and rmcroscopm nature and in most
es non-reversible.

ail defects have been studied and classified by the International Railways
on (UIC), (126). The principal rail defects, which are the cause of the most
erious risks of fatigue failure, include the following:

101



| Railway Engineering

()

o

Fig. 5.19. Tache ovale

5.7.1. Tache ovale (Rail defect 211 according to the UIC, Fig. 5.19). This
responds to an initial internal oval discontinuity, caused by thermal effects
ing rail manufacture. It expands to reach the rail surface and causes immed
failure of the rail. It may be at the origin of very serious problems and e
reach epidemic proportions in rails of the same manufacture. It is dete
either by visual inspection or with the aid of ultrasonic equipment. .Most
search work on rail fatigue centers on this defect, (126). - ' : :
5.7.2. Horizontal cracking (Rail defect UIC 212, Fig. 5.20), referring to hot
zontal cracks of the rolling surface of the rail. It originates at the manufacty
stage (initial internal discontinuities) and may cause peeling of the rolling
face. 1t is detected either visually or by ultrasonic equipment. . S
5.7.3. Shori-pitch corrugations (Rail defect UIC 2201, Fig. 5.21). Their ¢
is train traffic and they consist of corrugations with wavelength A =3+8 ¢
They can provoke many adverse effects: high frequency oscillation of the trac
“including resonance and leading to higher rail stresses, concrete sleeper fati
with cracking in the rail seat area, loosening of fastenings, accelerated we
pads insulators and clips, premature failure of ballast and the subgrade, an
crease by 5+ 15 dB (A) in noise level. This defect is detected either visually.
by rail defect recording equipment. It is repaired by passage of special equy
ment which grinds and smooths the rail, (126), (114). Loy
5.7.4. Long-pitch corrugations (Rail defect UIC 2202). They have wavelengtl
% = 8+30 cm and occur mainly on the low rails of curves having a radius
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. 5.20. Horizontal cracking Fig. 5.21. Short-pitch corrugations

Longitudinal vertical Fig. 5.23. Lateral wear
cracking
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600 m and smaller. This form of wear s most commeon on suburban and und
- ground railways carrying a large volume of identical traffic. Detection and
pair are as per the short-pitch corrugations.

3.7.5. Longitudinal verticai cracking (Rail defect UIC 113, Fig. 5.22), caus
vertical cracks, which may expand and split the rail head in two. This is aga
rail manufacture defect. It is detected by ultrasonic equipment and the affec
rail should be immedtately replaced.

5.7.6. Lateral wear (Rail defect UIC 2203, Fig. 5.23). This is lateral rail h
wear caused by the snaking course of the wheels of the rolling stock. Lat
- wear becomes dangerous beyond a certain point because it affects the tr
-gauge. The various railway networks spec1fy the perm1ssxble value of lat
raﬂ head wear (see sec‘aon 5.8). = .

- ',3. 7. 7. Ro!!mg surface dzsmregmt
(Rail defect UIC 221, Fig.5.24), ¢
.. tesponding to a gradual disintegraf
 of the rolling surface of the rail.
causes of this defect can be trace
the rail manufacturing process.

defect is detected during maintenan
“inspections and affected rails are
placed at scheduled maintenance s

sions.
Flg _5_24 Rollmg su_;‘face dismte- 5.7.8. Shelling of the running surft
ogration . (Rail defect UIC 2221). Tregular

formation of the running surface is
served prior to the formation of shells several millimeters deep in the metal.
cross-section of these shells is extremely variable. She]lmg 15 not an isola
defect. It always occurs over a w1de area. Detection is done either visuall
by ul’rrasonlc testmg ‘

5.7.9. Gauge-corner shelling (Rail
fect UIC 2222, Fig. 5.25). The rails
show long dark spots randomly spa
out over the gauge comer of the
head. These spots are early signs of
derlying metal disintegration wh
after a period of evolution, are char

~ terized by the formation of lips on

Flg 25, Gauge-corner shelling side face, of cracks and lastly of sh
ing in -the gauge corner which ca

: sometunes be quite extensive. This form of shelling usually occurs along th

outside rails in curves lubricated to avoid lateral wear. :
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.8. Permissib!e-raii wear
8 ]. Vertical wear

he maximum permissible vertical wear of the rail is a function of the
aximum tram speed and of the line traffic load. Tables 5.2 and 5.3 give the
aximuim permissible wear values of the rail head according to the British and
¢ German Railways, (119).

Tt should be noted that rail wear by locomotive wheels 1s about 6 times
avier than that from the wheels of tracted rolling stock.

Table. 5.2.
Maximum permissible vertical wear of rail {159 mm high)
according to the British Railways, (119)

Maximum speed Maximum permissible vertical wear of the
(km/h) rail head (mm)
> 160 9
126 - 160 12
80 -120 15
<80 18
Table 5.3.

Mammum permissible vertical wear of rail (154 mm high)
according to the German Railways, (119)

Kind of e Maximum permissible
vertical wear {mm)

ines with an annual load exceeding 19 million tons or
daily load exceeding 25,000 tons or speeds exceeding
40 kin/h or more than 120 trains per day 12

ines with annual load exceeding 7.5 million tons or
ith daily load between 20,000 and 25,000 tons ‘ 20

mnes with annual load exceeding 1.75 million tons 7 26

¢ maximum permissible lateral wear according to the British Railways is
fined in accordance to a reference point located 3 mm above the lowest
point of the rail head and at a 26° angle to the rail axis (Fig. 5.26a).
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The German Railways define the maximum lateral wear (F ig. 5.26b) on
MN line, where M is the gravity center of the rail head. On main tracks and fg
UIC 60 profile, lateral wear should not exceed 18 mm. The sum of the verti
and the lateral wear of the rail head, however, should not exceed 25 my
(119)‘ L . ; : . L

1 35mm

159 'mm

A

l

!
]

i

Fig. 5.26a. Maximum permissible Fig. 5.26b. Maximum permissib
7 lateral wear of rail lateral wear of r

" according to the British _ . according to the Ge

Railways .~ . -~ - man Railways

5.9. Optimum jifetime of a rail :
: ' Determining the optimum lifetime o

AV “rail is not a purely technical probl
but rather a techno-economic one.
yond a service period of the rail,
: total cost increases sharply (Fig. 3.2
@ Itis therefore advisable to replace
: rail before all technical strength mat

~ gins are exhausted. Optimal rail |
5) time is determined by point K (as
' Fig. 5.27), corresponding to a minim

» Mitlion, in total cost, (124), However, arail
S moved from a principal line can be

cest per
million tons

1

() Totalcost -~ """ foracertain period on secondary i
(2) Cost from derailments . - For a UIC 60 rail profile the G¢
(3) Total cost excluding derailments . man Railways assume a service lift

(4) Cost of repairs-wear - - 40 years for principal lines and 1
(5)Costofrails .~ . = = years for their secondary lines (in pra
tice these times are 39 and 82 yea
- Tespectively), (8). . L
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For an S 54 rail profile (weight 54.5 kg/m of length), the German Railways
adict a service life as follows:

« First service life (principal lines): 24 years

« Second service life (secondary lines): 32 years

o Third service life (other lines): 38 years

Total service life: 94 vears

For a number of reasons, however, (damage, exceptional wear, corrosion),
e potential second service bife is reduced by 25% and the potential third ser-
ce life by 75%, thus leading to a total service life of 57 vears, (8).

French Railways achieve an average service life of 55-60 years and the Brit-
ish Railways around 45 years. Once again, the best of the serviceable rail re-
vered is cropped, welded and re-used for lower category lines.

ntil about 30-40 years ago, tracks were laid in all networks (and are still laid
many networks) by leaving gaps between consecutive rails, and then con-
cting the rails with fishplates (Fig. 5.28). The basic purpose of the gaps was
absorb length variations due to temperature fluctuations.

The fishplate connection technigue
was detrimental to rail transportation
in several ways: '

* it significantly reduced passenger

comfort,

+ it caused considerable wheel and
rail fatigue and wear,

+ 1t greatly increased maintenance
expenses, on the one hand due to
the necessary inspections to en-
sure proper conditton of all fish-
plate parts, and on the other be-
cause of the height irregularities
arising in the fishplate region.

In standard-gauge lines, fishplates
are usually installed every 36 or 54 m,
after prior welding of the rails in groups
of two or three. A characteristic of fish-
plate-comected tracks is the limited
contraction-expansion capability of
rails depending on temperature fluctua-
tions.

Fig. 5.28. Fishplates connecting
rails '
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Every rail type has a corresponding fishplate type, as well as a paﬂiculﬂ
form of bolt. Figure 5.29 illustrates the fishplate arrangement for UIC 54 raﬂ‘
: and Fig. 5. 30 shows the bolts for ﬁshpiate type UIC 54 -

940 mm

] | _
L 65 170 L0 4 wWe . 1G4 1%0mm | 88
Ind " T -t T .
. - i |l t ; . -
. .—*—@—‘—gg,@'*- — O — 0 — 0 — O
= ; 179 170mm _i_.E_iO__u w0 . m .JI -
r . R e M R T L

‘Fig. 5.29. Fishplate perforation for UIC 54 rail

AR pian _view A-A

90325

15052 mm

Fig. 5.30, Fishplate bolt type UIC 54
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1. The continuous-welded rail

1.1, The continuous-welding technique

m the time when railways were first mtroduced, efforts were made to in-
ase the length of rails, the ultimate goal being a continuous track. A continu-
s-welded rail (c.w.r) is the result of welding together discrete pieces of rail
ifock as obtained from the production plant in various lengths, commonly 18,
30 or 36 m for standard-gauge tracks. The usual maximum length of pro-
duction of rails is 36 m (U.K., France, Htaly, etc.), but may attain greater values
1 some countries (60 m in Germany, up to 108 m in Austria, ete.). In contrast to
hplate-joined rails, c.w.r.’s are characterized by a rail region where no tem-
ature-induced length change occurs. Continuous welding does away with
fshplates, with all the obvious beneficiary consequences this entails.
Although it is a technically simple concept, continuous welding took a long
e to be adopted in railway technology. This delay was due to the following
sons, (9), (120):

+ Aspreviously mentioned, a characteristic of the continuous-welded rail is
the absence of length variation. This is a resuit of the friction forces be-
tween sleeper and ballast as well as between rail and sleeper. These forces,
however, cannot be taken for granted unless the rail-sleeper connection is
permanent and reliable. This has been enabled over the last 40 years by
elastic fastenings (see chapter 6, section 6.9.2.2), which ensure that ther-
mal stresses are uniformly distributed and constant in time.

+ The fatigue behaviour of welds which undergo repeated stresses by the
passage of trains was not adequately known. Recent research has shed
light on this aspect and there are now no reservations concerning this mat-
ter. ' .

+ Finally, the risk of buckling was also considered due to the great length of
the c.w.r. Research on the mechanical resistance of the ballast, which op-
poses buckling, combined with a track weight increase, have addressed
the problem in a satisfactory manner.

n the case of tramway lines, which are fully restrained by being embedded in
he road, the problem of a built up of longitudinal forces does not occur and
onger rails could be implemented.

3.11.2.  Mechanical behaviour of the continuous-welded rail
5.11.2.1. Assumptions
on-linear constitutive laws, numerical models and the knowledge of fatigue

mechanisms, are the scientific areas the development of which in recent years
1as contributed to a more accurate approach of the mechanical behaviour of
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. the cow.r, at the price, however, of increasmgly complex calculations. Acc
ingly, a simplified theory is presented which, although leading to conclusi
- deviating from the accurate theory, is easily grasped, gives a faithful qualita
representation of actual phenomena in addition to giving safety-oriented
sults, {120).

It is assumed that the behaviour of all materials is elasfic and that ballgy
resistance is uniform and constant.

5.11.2.2. Caiculation pi ocedure _

The contmuous—welded o S Y- R
~railis simulated by abar . / S ( 5
.with length L anda = F~—=f — T
‘cross-sectional area S e L -

(Fig. 5.31). Under the in-

fluence of a temperature . _ S

difference A® the bar ~ o ) o '

léngth Changes Wﬂl be: . o Flg. 5.31. _Slmpllfied Slmulatlon fOl‘ Study

e ' the behaviour of the continuo
welded rail

Al =g L - AB (5.

where a 15 the thermal expansion coefficient of steel.
The ballast resists the change in length caused by A8bya force I. Acc
ing to the simplified assumptions used, the change in length due to F willb

gg - (Hooke’s law) ..  (5.

A=

The overa!l stress situation will result from the superposition of the two fo
(of oppos1te d1rect1on) previously mentioned, and therefore _

AMw=g.L-ps- £k 5
o =5 (

We need to find a force F such that the change in length AE tot wﬂl be zZ
From equahon (5 17) it follows that:

F=a E-S-A8 R

a relation showing that the ballast force F is independent of rail length

proportional to the cross-sectional area. The latter proves that the forces deve
oped depend on the rail type.
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From the aforementioned equation it can be calculated that a force of 1.85
1s per degree centigrade is generated in the case of UIC 60 section and 1.6
15 for UTC 54 section.

1.2.3. Force distribution along continuous-welded rail

rces generated along a

wr. by thermal effects  F
e transmitted through
fastenings and sleep-

to the ballast. Let r de-

te the ballast resistance arctanr
th values ranging from

5 to 1.0 ton/metre of bt
ck. This resistance is

viously zero at the end Fig. 5.32. Diagram of forces developed within

the track and, cumula- ¢.w.r. (0=c.w.r. near end; 0'=c.w.r. far
ely Increasing over a end)

ngth £ (Fig. 5.32), it :
\erates a resultant force equal to F. According to equation (5. 18) therefore, it
I be

a-E-5- 489

p‘ - ————
Q
Rl

T
=
4

r4=F=o E-S-A0 (5.19)
m which (=580 (5.20)

The length £, corresponds to what in railway engineering is often referred
as the expansion zone. Beyond this length the resultant force, due to the
last resistance, completely balances out the force developed by thermal ef-
ts along the c.w.r. Therefore, beyond the length £, no length change takes
ce.

Considering an average value r = 0.75 t/m for the ballast resistance and the
e of UIC 607Tail (8=76.86 cm?), we will have for A8=35°C:

£ =853m | (5.21)

ich in certain cases may reach a maximum value in the order of 150 m.
sSince the length of the c.w.r. cannot be smaller than 2 £, (because if it were,
point of the ¢c.w.r. would remain immobile during changes in tempera-

e), it follows from the foregoing that the minimum length of a c.wir. is 300 m.
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. 5.11.2.4. Length changes in the expansion zone

The c.wr. undergoes a change m length due to temperature variations only
the expansion zone £,, beyond which every c.w.r. point remains immobile.
displacement of the point O (see Fig. 5.32), caused by the superposition
stresses generated by temperature varation and ballast resistance 1s calculy
as follows:
1. Due to a temperature change A8, a length change Aﬁz’w will occur:
. A

2-FE-S- 2 )
Ai’.i"—a ¢ Ag=u Ae“ Ers A _ _ Ers Z_le (52

~1t. Due to ballast resistance, ﬂle value of whwh 1s zero at point O. and tA
- point A, a length change A%} will occur. Assuming a linear distribution, th
: 'wﬂl bea resultant force equal to rl /2 producmg a dlsplacement .

f, 4 _f_£ w-E-S. AB) o E-S- AG

ME; 2 EST2ES% ZES ( r /7T G-

Combining equations (5.22) and (5.23), we obtain:
E S AQZ o’ -E-S- Al

ALS = AL+ ALY = — =
' ﬂA %\ EA r 2r S
At = LS A g (5.

where k = «?ES/2r is constant for a ballast with a given_mec_hanical_stren
5.11.2.5. Rail welding | |

The welding of rail steels is generally achieved by flash-butt or electrical re
tance welding (usually in depots) followed by 1n situ welding into track us
one of the thermit welding processes.

- -3.11.2.5.1. Flash-butt welding -

The flash-butt welding process is a method of joining metals in which the h
“generated, necessary to forge the joint, is created by the resistance of the 1
being welded to the passage of an electric current. Unlike the thermit wel
process, no additional chemicals or metals are required to make the weld
flash welding the parent metal is consumed during the welding cycle, th
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eating the necessary heat along the rail ends in order fo accomplish the merg-
g action and consolidate the joint. A total length of approximately 25+ 35 mim,
epending upon the rail section, is consumed per weld.

Flash welding can be carried out at:

fixed site depots

«» mobile depots

» in track

11.2.5.2. Thermit welding

¢ thermit welding process is based on the reduction of heavy metals from
Leir oxides with the aid of aluminium. This reaction is strongly exothermic,
ince a very large quantity of heat is generated, and is brought about by the
trong affinity which aluminium exhibits towards oxygen.

There are two main iron oxides, FeO and Fe,0, which react with Al accord-
g to the following equations:

Fe,0, + 2A1 —2Fe + AL,O, + 181.5 Kcals (5.25)
3FeO + 2Al - 3Fe + ALO, + 186 Kcals (5.26)

In the thermit steel welding, if is important to suitably control the Al content:
 an excess of Al between 0.2 +0.65% is desirable, but above 0.7% it may
cause the steel to solidify

a deficiency of Al in the melting process can cause heat shortness due to
the creation of steel constituents such as C and Mn, reacting with the Fe
oxides because of the lack of AL

Many European administrations use the German thermit process called
KV - a welding process with short preheating, (8).

" In every welding procedure, the appropriate control of welds is critical for
he longevity of the c.wr.

11.2.6. Destressing of a continuous-welded rail

t is desirable that c.w.r. welding and laying be carried out at a temperature
ranging between the upper and lower extremes, so as to minimize ¢.w.r. stress.
- Regardless of the c.w.r. laying temperature, however, the reduction of ther-
mal stresses is sought. This is achieved by destressing the ¢.w.r. and creating
ee expansion (or contraction) conditions. Destressing is done after an elapse
f time from the c.w.r. laying, depending upon the traffic load necessary to
tabilize the track. This load is usually 100,000 tons in the case of timber sleep-
rs and 20,000 tons for concrete sleepers.
- Destressing should be done gradually along 800 +1,000 m and exceptionally
n 1,200 m track lengths. The following procedure can be implemented, (120):
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i. If the c.wr is longer than 1,200 m, destressing is done in sections.
‘rails are cut at the end of each section and the ends are dwerted to enal
free rail movement. .

. Fastenings are loosened.

iii. Rails are placed on rollers (@ 20 every 10+ 20 sleepers), so as to red
friction as much as possible.

iv. Further reduction of the restraining friction is achieved by lateral blo

- along the rail by wooden or plastic sledge hammers.

v. If at the time of destressing, rail temperature is less than the mean temp
“ture of the country, the rail is heated (by propane heaters) to reach. the opy

.- mum mean temperature, desirable to minimize stresses at extreme temp,
. tures. Obviously, if the rail temperature exceeds the mean temperature
“additional heating is required. = -
The rollers are removed and the fastenmgs ughtened

.Destressing should take place on both rails. On each track section, destress

~works should be performed during traffic-free intervals.

':'é;_ﬁ-.

However, good maintenance inspection is necessary on all ¢ w.r. to ens
that are avoided both buckles in hot weather and rail breakages through bn
fructure in cold weather

5.11.3. Expansion devices -

The length variation at the end of a ¢.w.r. was calculated in section 5.11.2.4 Jy
order to ensure that these length variations will not be accompanied by ex
sive stresses at certain sensitive points along the track (e.g. ends of stegls
bridges, station entrances-exits, etc.), expausion devices (e. d ) are installed
these points. .
Figure 5.33 illustrates the details of an e.d. for UIC 54 rail, while Fig. 5
shows the overall track arrangement in the vicinity of an ¢.d. There is a gr
variety of such device types among the railway networks.

4020 mm
35 930mm ° 35
M ' 0
S o 3 o
begrings

start rivets guidepiate

Fig. 5.33. Expansion device for UIC 54 rail (all dimensions in mm)
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- on transition curves between straight and curved track,

- on curves with small radius of curvature (less than 800 m),

- within 120 m from level crossings in the case of rails weighing 50 kg/m or

more and within 100 m for rails of less than 50 kg/m,

- on large bridges without ballast:

* if the bridge is more than 20 m long, expansion devices are required at
each end

+ if the bridge is less than 20 m long, c.w.r. may be laid with no e.d.

3.11.4. Advantages of the continuous-welded rail

Although the cost of installing c.w.r. is higher than with fishplated track, an

adequate return on capital for the initial investment is provided by reduced

aintenance cost of the permanent way, improved track stability, higher run-

ning speeds, lower power consumption and improved passenger comfort. In

particular:

¢+ c.wr. offer a much higher comfort level

+ the development of track defects is much slower with ¢.w.r.

+ track equipment fatigue is smaller

+ loads developed in wheels and on the rolling stock are generally much
lower, '
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'6 l The varlous types of sleepers

- Sleepers are the track components positioned between rails and ballast. T
- rails of the first railway lines were mounted on blocks placed directly on
ground. The need for better load distribution led to the addl‘uon of the sleep

- and ballast. .

The sleepers must ensure the following:
appropriate load transfer and distribution from the rails to the ballast
constant rail spacing, as specified by the track gauge '
mounting of the rails on the sleepers at an inclination of 1/20 or 1/40
‘adequate mechanical strength both in the vertical and m the horizomn
- direction. : :
- Along electrified lines, sleepers should moreover ensure (either mdividu
-or with added accessories) the electrical insulation of each rail from the oth
- The first material uséd for sleepers was wood. Its scarcity and seasitivity
to the introduction of steel sleepers around 1880, which were widely used fo
long time. Advances in concrete technology led to the use of concrete sleep
" after 1950, distinguished in two categories: L
- twin-block reinforced-concrete sleepers

.- monoblock prestressed-concrete sleepers.

' Pi'eséntly, more than three billion sleepers are installed in various rail n
- works worldwide, of which about 500 million are concrete sleepers. 2 +5%
_the total number of sleepers are replaced each year, (134). '
Sleepers presently installed along new lines or overhauled old ones are mos

of concrete. However,; timber sleepers are-also used in several instances.
" use of steel sleepers is diminishing and they are usually replaced by concrete
 timber sleepers at track renewals or construction of new tracks.
' Choice of the most appropriate sleeper type should be made for each line
feasibility analysis which includes an evaluation and assessment of the follo
ing factors (while reducing preference due to prejudice): -
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sleeper lifetime
maintenance cost

2. Steel sleepers

2.1 Form and properties

242 mm 45
S = 34.8-10Fmme
I =405 sdoﬁr:am“

6.2. Cross-section of steel
sleepers with the help of
computer aided design
(dimensions in mm)
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‘s sleeper’s construction or purchasing cost
‘» purchasing cost of fastenings and other indispensable sleeper accessories

‘» probable residual value of sleeper at the end of 1ts lifetime.

The steel sleeper is an industrial
product of simple construction. [t
comsists of a rolling type profile in
the form of N . Its ends are forged
to provide anchoring in the ballast,
s0 as to ensure transverse {rack sfa-
bility (Fig. 6.1).

The rail is mounted on to the steg]
sleeper by rail spikes (crampons)
fixed by rail spike bolts in holes
drilied onto the sleeper top. Elastic
fastenings may also be used.

‘Steel sleepers are made from low car-

bon steel of an ultimate tensile
strength of 40 <50 kg/mm?. Generally
sophisticated steels have not been
used and therefore the yield strength -
is near 50% of ultimate strength. The
chemical composition is usually
0.15%C, 0.45% Mn, 0.01+0.35%S;,
0+0.35%Cu.

Computer programs have helped
in recent years to optimize the cross-
section of steel sleeper (Fig. 6.2). If
we compare the moment of inertia of
this new cross-section with older
ones, we observe that with the same
quantity of material the stiffness of the
sleeper has almost doubled.
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where a greater steel resistance 1s needed, a twm-type steel sleeper (Flg 6.

Fig. 6.3a gives the geometrical characteristics of a steel sleeper (used in tra
for low speeds, V<140 km/h), weighing 70+ 80 kg. At the area of rail joinig]

can be used, wetghmg 130+ 140 kg
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3. Advantages and disadvantages

teel sleepers are rather easily manufactured, instaffed and maintained. They
eep the track gauge adequately constant for a long time and their transverse
osistance is considerable. Their lifetime is relatively long and after replace-
ent they have still a certain value as scrap iron.

- However, steel sleepers have many disadvantages. Their form makes longi-
\dinal and transverse track positioning difficult. Steel sleepers are noisy, they
equire special insulating devices for signalling, and their maintenance is diffi-
alt. Furthermore, steel sleepers are sensitive to chemical attack and particu-
arly vulnerable in lines close to industrial and coastal areas. All the above
:sadvantages have led to the economic devaluation and to the gradual with-
drawal of steel sleepers, particularly in Europe.

2 4. Lifetime

teel sleeper lifetime ranges between 30 and 60 years with a mean value of 50
ears, (137a).

.3. Timber sleepers
1. Form and properties

imber sleepers distribute loads better than other sleeper types. They are ac-
ordingly indicated for tracks laid on fair or poor quality sub grade, where con-
rete sleepers would require a comparatively thicker ballast layer. Timber
leepers had been used extensively for 100 years or more. Because of their
higher cost and shorter lifetime, their use in Europe is presently limited to in-
tances where concrete sleepers are not indicated. However, they are still ex-
ensively used in North America.

* The kinds of wood presently used for timber sleepers include beech and oak
rom European trees, and azobé from tropical ones. Pine tree timber has also
en used in the past. Timber sleepers in use by the various railways today are
mostly of azobé tropical timber, which is stronger and more durable. In under-
ground tunnels, Australian jarrah hardwood sleepers have been used exten-
sively. :

" To extend its lifetime, a timber sleeper is impregnated with special fluids,
cormmonly coal tar, Impregnation is carried out by a specific process developed
for the various kinds of timber. '

In order to prevent timber sleeper splintering or slippage on the ballast, it is
cessary to contain the wood fiber within the ballast. This is achieved by suit-
ble configuration of the sleeper ends, which are either braced by a steel strap
surrounding the sleeper end, or have special metal plates driven into the vertical
section of the sleeper ends.

iy
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Tnnber sleepers are particularly sensitive and their sirength decreases W

time as a rasult of:
» deterioration of their mechanical charactenstzcs

¢ influences of a chemical nature
= influences of a biological nature. .

6.3.2. Dimensions

The geometrical characteristics of timber sleepers are specified in UIC Techy
cal Directive 863. Timber sleepers in standard—gauge hnes have typlcal dime
_ smns as shown in Flg 6.4, (55).

EOmm_1| 350mm . 800 mm i ' SSOmn‘L 250mm
£
a3 /1
o - 7 S 7
] 2600 mm .
secmng. zor.'neﬂ - p(lln \“Ew . " . Seuhn : zone

50
60

100
150 mm
WV
90

) 240 mm L 250 mm | | 250 mm 1
R ! o, "

sleeper cross-section  forms

150 mm
150 mm

Fig. 6.4. Geometncal characteristics (dlmensmns in mm) of timber slee
ers in standard-gauge lines : .

The following tolerances are allowed in the above dimensions:
Length: +40mm, — 30mm

Width: —10mm e

Helght. —5mm

In memc-gauge hnes tlmber sleepers have the dlmensmns shown n Fig
6. 5 :
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seating  zong : ) seating Zore

1 F00mm 300 mm i KEDUrnm 300 mm ;
- — i
- b
g .
]
h L 0 I R .
i [ 1050 mm |
| e 1800 mm 1 |
M plan view of slzeper I

T min 1é0m:!1 min 160 mm [
1k 1
5 B2

min min
S0mm SQmm

P2 ma | i 720 mm

sleeper cross-secfion  forms

130 mm

130 mm

ig. 6.5. Timber sleeper characteristics (dimensions. in mm) in metric-
gauge lines ' '

The following tolerances are applicable to the above dimensions:
Length: +30mm, — 30mm - :
Width: 0
Height: +/— 5mm

.3.3. Advantages and disadvantages

The principal advantage of timber sleepers is flexibility and the resulting better
oad distribution. Timber sleepers are accordingly mainly indicated in the case
f poor subgrade. Timber sleepers moreover provide good insulation and do
way with special devices for signalling and electric traction. Finally, compared
0 concrete sleepers, timber sleepers are shorter in height.

The disadvantages of timber sleepers include their relatively short lifetime,
heir higher cost and their low transverse resistance (aresult of their low weight)

recluding high train speeds.
3.4, Lifetime
The lifetime of timber sleepers depends dn the wood type used and is:

- 25 years for oak timber (impregnated)
- 30 years for beech timber (impregnated)
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- 40 years for azobé tropical timber (non- mlpregnated)
- 45 years for azobé tropical timber (impregnated)
- - 50 years for jarrah or similar hardwood used in tunnels.

6.3.5. Timber sleeper defo?mabﬂﬁy

ot Finite-element ang

1 ult n sis (see chapter 4, g

[ ] 1;-2 tion 4.3) provide:
2500 mm ————] precise and detail
P " : _ . determination of t;
' oo ber sleeper defor

T

. subgrade 51 + o7 0306,

(see chapter 3, sect
3.4} and various tra
support thicknesse

e

' ‘subgrade Sz .

bility of the. tim|

ity subgrade (S,).

subgrade 33 ; = B _.medmm—quahty St

1 51 . -grade (S,), on go

. quality subgrade {

. _ S . and on rock (

rock ‘2(;,23) 218 o -+ (142). It is obserw
b R

Fig. 6.6. Deformability of timber sleeper for vari- is, the more uniform
- ous qualities of the subgrade, (142) -~ timber sleeper settl

6.4. Concrete sleepers
6 4.1, Inherenr weakness*ev of concrete sleeper,s '

Monoblock remforced—concrete sleepers when first mtroduced aﬁer 1920 p

sented the following serious intrinsic weaknesses:

- . A propensity for brittle fracture under the influence of dynamic train loads;
and extensive cracking, leading to failure.

* Very little fatigue resistance resulting i high tensile stresses in the cen:
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part of the sleeper, which, if the tensile strength exceeded, led to slippage
of the reinforcing bars.

To overcome these two weaknesses it would require:

« Laying the rails so that they did not have direct contact with the sleepers,
by interposing an absorbing material to blunt load impact. Such material
includes rubber pads, which in turn necessitate the use of elastic fasten-

_.Ings.

» Using inexpensive reinforcing bars with the same lifetime as concrete.

4.2. The two types of concrete sleepers

tandem with the reinforced-concrete and the prestressed-concrete technolo-
es, two concrete sleeper types were developed:
- The twin-block reinforced-concrete sleeper, consisting of two trapezoidal
reinforced-concrete sections joined by a connecting bar (Figs 6.7, 6.8)
- The monoblock prestressed-concrete sleeper, which can be pretensioned
* - or post-tensioned (Figs 6.10, 6.11). :
Since the load distribution beneath the sleeper (see section 6.7) has shown
at in the central section the developing stresses are very small, it follows that
ss material can be safely used in this part of the sleeper. As a result, in the
ntral part of the twin-block sleeper the concrete was replaced by a connect-
g bar (which principally serves to maintain the track gauge), while in the
estressed sleeper (where the above solution cannot be applied) the cross-
ction of the central part of the sleeper was reduced.
The twin-block sleeper was developed in France and the principal users are:
geria, Belgium, Brazil, Denmark, Greece, Mexico, Netherlands, Portugal,
pain, Tunisia, etc. .
‘The monoblock pretensioned sleeper was developed in the United Kingdom
d the principal users are: Australia, Canada, Hungary, Iraq, Japan, Norway,
oland, South Africa, Sweden, USA, Russia.
The monoblock post-tensioned sleeper was developed in Germany and the
rincipal users are: Austria, Finland, India, Italy, Mexico, Turkey.
Of all new concrete sleeper instatlations, twin-block account for 20% and
onoblock 80%. The total number of concrete sleepers made each year through-
it the world is about 20 million, (134).
.The use of concrete sleepers on curved tracks is a controversial subject. In
eir metric gauge tracks, South African Railways are not using concrete sleep-
s in curves below 300 m radius. On the other hand, Canadian Railways, who
Xperience very exireme temperatures ( —40°C to +30°C), are installing con-
ete sleepers in all curves of radius less than 870 m including many less than
00 m, with continnous-welded rail and no gauge widening. To some extent the
fferent approach may arise from shortcomings in certain fastenings, (56a).
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65 - The twin-block reinforced-concrete sleeper

“6.5.1. Geometry and mechanical strength

Figure 6.7 shows the geometrical characteristics of the twin-block reinforc
concrete sleeper U 31 of the French Railways which weighs 180 kg. The ¢
necting bar has a Y or L shaped section. This sleeper can be wholly produce
each country, except perhaps the bar which is imported, and is implemented
medium-load lines of UIC 3, 4 and 5 groups (see chapter 2, section 2.5.2)
-allows speeds of up to 200 lcm/h for axle 1oads of 19 21 tand up te 220 km
for axle loads of 17¢, (137).

e .7.90 -

121261

_ 360mm -1 30mm |

WS mm
2245 mm

| l 290mm|]
e

S I

H

le
I
|
|
b

'-E .

Fig. 6.7. Twin-block reinforced-concrete sleeper U31 of the French R
ways used in groups UIC 3, 4 and 5 lines (dlmenswlls inm
Sz

Twin-block sleepers require ballast thickness and strength greater than t
required by timber sleepers. Whenever this requirement was met, twm-bl
- sleepers gave very satisfactory results.

Particular care should be exercized when the twin-block sleeper is seated
poor-quality subgrade. In this case the ballast thickness should be further
. creased.

-In more heavily loaded lnes (UIC 1, 2 groups) and speeds > 200 km/h
_different, larger type of twin-block sleeper 1s used. Figure 6.8 presents.
geometrical characteristics of such a sleeper of the French Railways, known
U41. This sleeper weighs 260 kg and has been used at the TGV traeks wh
are run at a speed of 300 km/h, (137).
Because of the flexible tie bar twin block sleepers require extra maintenan

In service, so as to ensure that the blocks do not tilt dlﬁ'erentlally and lo
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g, 6.8. Type U4l twin-block sleeper of the French Railways (for groups
UIC 1 and 2 and speeds up to 300 km/h) (dimensions in mm),
(137)

5.2. Advantages and disadvantages

Daue to its great weight, the twin-block sleeper provides very satisfactory trans-
se track resistance and allows high train speeds. [t keeps track gauge within
isfactory tolerances and has a long lifetime. It can be produced in each coun-
and generally is less expensive than timber sleepers.

Twin-block sleeper behaviour is less satisfactory when the ballast does not
ve the suitable thickness and mechanical characteristics. Load distribution
d flexibility are less satisfactory with twin-block than with timber sleepers. In
dition, twin-block sleepers require elastic fastenings and because of their
at weight, handling is difficult. The twin-block sleeper (in contrast to the
ber sleeper) requires special accessories, so as to ensure the necessary insu-
on for signalling and electric traction operation. Special attention should be
tven to the behaviour of the tie bar. If the tie bar is not appropriately placed, it
may produce a maintenance hazard to staff working on the track, which is over-
me in the monoblock sleeper.

3. Lifetime

e twin-block sleeper has a lifetime of around 50 years.
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654 _qugmmbi!ity'of the twin-block sleeper
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Flg 6.9. Deformablllty of the twm-block sleeper mechanical strengt .

for various subgrade qualities, (142)

6.6. The prestressed-concrete monoblock sleeper

6.6.1. Geomerry and mecham’caf strength

The geometrlcal charactens‘ucs of the monoblock prestressed-concrete slee
-(Fig. 6.10) are sim

126

the deformability

. is observed that def;

“er than that of tim|
- sleepers. Accordin

Figure 6.9 illustrat

the U 31 twin-blg
sleeper for varig
qualities of the s
grade (S, S

and track supp
thicknesses, {142),

mability is much lo

sleepers should be
companied by an
crease of ‘ball
thickness, whi
should have adequa

to those of the timbd
sleeper and its mé
chanical strength &
similar to that of 1

er:
. w1thstands al

- nating stres
better, since

crete is alwall
compressive



Sleepers - Fastenings

« offers a reduced sleeper height at the central part, since the steel bars do
not have to be located, as in reinforced-concrete, as far away from the
neutral axis as possible
» allows reduction of the steel used, in comparison to the twin-block sleeper
« generally is lighter compared to the twin-block sleeper; a fact, however,
which also reduces transverse resistance.
Monoblock sleepers

1876 mm ! . .

BB qauging  COME M 2 large vari-

250, |.._H point ety of geometrical fea-

tures. All, however,

5‘ 11 1 are characterized by a
2:420 mm .| reduction of the cross-
section at the central

H:?ﬁ_'_ﬁ‘ﬂ{@‘l . : . {1_@*_5_’__,_ region. Figure 6.11 il-

lustrates the geometri-

force 32.5 t and re-

ig. 6.11. Monoblock sleepers of the British and sidual prestressing
German Railways force 27.0t) Table 6.1
gives the geometrical

haracteristics of the monoblock sleepers in use by principal rail networks all
ver the world and Table 6.2 presents the mechanical characteristics of
ponoblock sleepers on various rail networks, (134). A critical element in
nonoblock sleeper design is the ratio A of the maximum moment M, which
he sleeper can withstand, to the maximum moment M, developmg in the
leeper. The factor in question takes values between 1.3 and 1.8

2. Advantages and disadvantages

fonoblock sleepers have a behaviour similar to that of the twin-blocks. They
naintain the track gauge in a satisfactory manner and have a long lifetime.

hey require elastic fastenings and special accessories for signalling.

- FHowever, monoblock sleepers distribute loads better than twin-blocks, but
ot as well as timber sleepers. Their transverse resistance is lower than that of
-blocks, but higher compared to timber sleepers; monoblock sleepers pro-
ide also a good surface for maintenance inspection staff.
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Table 6.1.
Geometrical characteristics of monoblock prestressed -concrete
sleepers used in various rail networks, (134)

: S | /W 1
; _ Track Sleeper dimensions {mm) W,
. gauge length
. Country {mm) (m%n) Rail position Sieeper center
H W, W, |H W, W
: Australia | 1435 | 2,500 212 250 2001 165 250 200
Canada ..~ 1.435 2542 | 203 263 216 | 159 264 226
| China 1435 | 2500 1 203 280 70| 165 250 - 181
Germany | 1435 | ‘2600 | 214 300 170 | 175 220 150
g India - | 1673 2.730 210 230 ma | 180 220 na
Clwly | 1435 . 2300 17 .284  222] 150 0 240 %0
Jagan. 1.435 2400 | 220 310 190 | 195 236 180
1 Russia | L520 2,700 193 274 17T 135 245 1w
't South Africa | 1063 2.057 21 245 Mo 197 203 14
- Sweden 1 1435 2,500 220 294 164} I85 230 130§
UK 1432 2,515 03 . 264 2160 165 . 264 230
USA 1435 2.591 241 279 231} 178 279 250
Table 6.2.

Mechamcal characteristics of the various types of monoblock
prestressed—concrete sleepers, (134) '

Alaximum | Mini . AMaximu | Permiss, | Maxims

Sleel?er Rail train " :ﬁa;flsnunr? )‘11 st Lezgth | pormiss. | stress in mume:!ln Coell
Couniry spacms, type speed survature n-ad per ‘!m * moment | concrete | developed | 4 .

{mm) Gty [ | AR ag e | o) | M o)

Australia: | 550600 1 3360 hgm 160 200 245 | 053 162 23 238
Canada 610 132RE1368E | 130 194 292 § 055 | 201 33 306 :
| cnina. .. | 550 50 kgm 120 350 245 | 053 162 26 1.34 .
| Germany || 600-630 | 85411C 66 250 100 221 0.58 1.60 0 184 1.
| India 650 UIC 60 138 550 220 0.34 1.49 20 243 1
maly  |.e00 1IC 60 186 433 221 0.43 119 47 1.50 1.
| Japan. 394 50.460.8 hgm| 210 1,200 16.4 48 .96 1.4, 1.73 L
Russia -~ | 500643 | R30OR6IR70 | 200 350 25.5 0.59 1.95 20 135 0.
South Affiea| 700 4847 kgm 160 150 221 0.50 138 28 112 0.
"|Sweden .| 660650 | SI50 130 00 | Tz22 [ 0s3 | 147 30 1L50. | M
Tux 650, 700 | BS113A 200 400 24.5 0.54 165 43 2.50 L
losa - a0 6569 hg'm 200 610 321 1 ass | 233 50 424 L

* See Fig. 6.13 (opposite page)
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6.3. Lifetime

6.4. Deformability of monoblock sleepers
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ig. 6.12, Deformability of the monoblock
sleeper on various subgrades

7. Stresses developing under the sleepers

texc

i__g. 6.13. Simplified sleeper model
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onoblock sleepér’s lifetime 1is around 50 years.

Figure 6.12 iliustrates the
deformability of one mono-
block sleeper for various
subgrade qualities (S, §,,
'S,, R) and track support
thicknesses, (142). It is ob-
served that the monoblock
steeper has a deformability
similar to that of the timber
sleeper but less flexibility.
Monoblock sleepers should
therefore be laid on bailast
of suitable thickness and
. mechanical strength.

The bending moments devel-
oped m sleepers may be stud-
ied by the simplified sim-
ulation of Fig. 6.13 where:
+ the sleeper is simulated
as a beam protruding at
both ends, .
+ wheel load is assumed
to be applied at a point,
+ ballast reaction is con-
sidered uniform over a
length 24 below each
rail. '
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- However, the last assuraption is not accurate. Analysis of the effects ocg
' rmg at the sieeper~ba11ast mterface is especially complex; it belongs to the
SR - lateral contact proble

of mechanics and

e ) : present no satisfact
N = ' 2 approach has b

L Rexe exe found, (121a), (122
o o On-site stress m

' ' surements under

distribution . of F
:6.14, with a maxim
- stress ¢, given by
: relat10n (138) :

T

where _
¢ sleeper width:

o
|
|

f
I
!
.
l
|
{
|
f
}

1.30cm | 30em
.-'igiﬂ-l—%ﬂ% o AdzfenliiB8emy . application point

P per-axle load .
P=2Q

- Fig. _6.1_4f Stress distribution under sle_epef, (138)

6.8. Track on con_ci‘ete slab
6._8.7 . The two forms of slab track

. As previously mentioned in chapter 2, section 2.3, in addition to flexible balla
‘track (seated on sleepers and ballast), slab track (1nﬂex1b]e seatmg) 1s also
sible.. Two forms of slab track can be distinguished: :

© '+ track seating on concrete slab by interposing sleepers (Photo 6. 1)
- » direct track seating on concrete slab (Photo 6.2).
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oto 6.1. Slab track by interposing  Photo 6.2. Slab track with no inter-
sleepers . vening sleepers: :

2. Problems created on o slab track

e concrete slab used for inflexible seating may be:

of reinforced-concrete, in which case cracks were often found

of prestressed-concrete, which offers a better mechanical behaviour and
load distribution.

Once installed, it is costly to make vertical adjustments to a non-ballasted
ck to overcome settlements and therefore its use is confined to locations
ere a good quality subgrade can be provided.

Where lines are electrified, it is possible for stray currents to be induced into
reinforcement. To avoid electrolytic corrosion of the steel, the cement paste
cting as the electrolyte, the bars are made electrically continuous by butt and
pot welding the longitudinal and transverse bars together at regular intervals.
e aim is to provide many leakage paths to the ground so as to minimize
rrent density and hence prevent corrosion.

3. Advantages and disadvantages of slab track

b track has the advantage of ensuring very satisfactory transverse resistance
and providing very high speeds. Maintenance cost is almost non-existent, but
nstruction cost is higher, depending on the cost of the man-power in the spe-
¢ country. For instance, it is reported that for the U K. the cost of continuous
birack is 30% greater than the cost of excavating and replacing with conven-
nal ballasted track. This additional cost could be recovered by savings in
intenance within a 5+ 7 years period, (144). Other countries, however, such
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as France, reported greater differences in the construction cost of slab ‘t‘ra
compared to the ballasted track.

- Slab track is particularly of interest in the case of tracks in tunnels, becaus;
allows a reduction of the tunnel height (about 25 cm) and elimination of main
nance. In such cases measures to reduce track stiffness become necessary, ay
rubber pads of suitable thickness should be installed (see section 6.10 beloy
It is to note that the lack of resilience can cause vibration and noise proble;
coupled with early breakage of cast-in fixings. _

Even in tunnels, however, a continuous slab track should be avoided i
case of medium or bad quality subgrades, .

' 6.8.4. (;eomemcal chamcrerrstrcs of a slah rrack

o '.'F1gure 6. 15 illustrates the geometncal charactenstlcs of a form of slab tra
o use by the Bnttsh Rallways (144) - : _

' 2300mm
340 Ci 1518 mm

_Fig. 6.15. Geometncal characterlstlcs of aslab track (dunensmns n minj
s (144) h _

6.9. Fastenings .=~ = |
6.9.1. Functional characteristics

As fastenings are termed the set of parts and materials ensuring the rail-sleep
connection; they should provide the majority of the following properties:
o keep track gauge and transverse rail inclination on the sleeper constan
transfer loads from the rail to the sleeper
attenuate and dampen vibrations caused by train monon
easy mstallation and mamtenance
electrical insulation
resﬂ1ence and adequate deﬂecnon o

. e e s e
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avoidance of abrasion between components and of over-stressing
adequate corrosion resistance

reasonable cost and lifetime compatible to sleeper

resistance to vandalism

2. Tipes of fastenings
astenings are distinguished.in rigid and elastic fastenings.
2.1. Rigid fastenings

id fastenings are used only with timber or steel sleepers. In rigid fastenings
rail is connected to the sleeper with bolts or nails. During frain passage the
compresses the sleeper and part of the strain is plastic (i.e. it does not
pear when the load disappears), resulting in the creation of a gap between
head and rail. With continued train passage the gaps grow, causing a gradual
kening of the fastening, which affects safety and may be the origin of a
ailment. In addition to plastic strain, high frequency vibration caused by
ing stock traffic also contributes to the widening of the gaps and the slack-
ing of the fastening. _

‘Rigid fastenings may be installed either without (Fig. 6.16) or with (Fig.

o

N
\\‘\_

: S
g 2 &
il ETI 22 e 25
U S i

NN AN

hti

g

ig. 6.16. Rigid fastening without Fig. 6.17. Rigid fastening with seat-
seating plate : ing plate '

2.2. Elastic fastenings

se of elastic fastenings is mandatory with concrete sleepers and optional with
nber and steel sleepers. Two types of elastic fastenings may be distinguished:
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- Screw-type elastic fasten;

tage of great fastening strength
easy maintenance and repla
ment. They have the disadvan
that correct installation is affe
by local conditions. Screw
. are RN, Nabla, Vossloh and o
o o fastenings. The common elem,
Fig. 6.18. Screw-type elastic fastening - in all these designs are (Fig. 6.

..+ .a threaded element (a) which is used to apply a force to a spring s
element; this threaded element being removable from the sleeper: -
~«_the spring steel element (b) which can be of bar or plate section S
.+ a pad {c) between rail and sleeper to absorb vibration and impact, to:
" vide a conformable layer between rail and sleeper and to provide ele:
Codmsulation T
~ « insulating elements (d) to isolate electrically the rail from any met
path into the sleeper. S T R
- - Spring-type elastic fasteni
(Fig. 6.19). They are less ad
able than screw-type fasteny
but less affected by installa
conditions, and any erroris e
located visually. Pandrol, Lin
" Hambo, etc. fastenings are o
- spring-type. The common
‘ments in spring-type faster
(which should not require any sl

Fig. 6.19. Spring-type elastic fastening - g@;}gﬁn‘r mamtt_mapce) are (B

» some form of anchorage (a) fixed in the sleeper, generally at the tim
--sleeper is manufactured o -
» a spring steel element (b) to generate clamping forces on the rail foo
e arail pad (¢) to attenuate forces between rail and sleeper, to provide
trical insulation between rail and sleeper and to give conformable surf:
- betweenrail footand sleeper - o0 T
« insulators or a layer of insulating materials (d), to provide electrical insu
tion between the rail and any metallic path, such as via (a) and (b), t
sleeper. S Cre e IR
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Photo 6.4. Pandrol fastening

:lmta 6.3. Nabla fastening

9.2.3. Types of elastic fastenings

lastic fastenings may also be installed with or without a seating plate. We will
fer to all fastenings in use worldwide, shown numbered in Table 6.3 (next
ge). The following types of elastic fastenings can be identified:
Fastemings with direct mounting without seating plate (numbered 6, 7, 8)
Fastenings with indirect mounting without seating plate (numbered 9 10,
iD
Fastenings with direct mounting with seating plate (numbered 1, 2}
Fastenings with indirect mounting with seating plate (numbered 3, 4, 5,
12, 13, 14).

‘Fastenings numbered 1 to 5 are older than fastenings numbered 6 and next.

9.2.4. Operating principles of elastic fastenings

uring operation, elastic fastenings should ensure the following:
The rail-sleeper fastening force should be sufficient to make the rail-sleeper
slippage resistance much greater than the resistance to longitudinal motion
of the sleeper on completely stabilized ballast.
The fastening resonance frequency should be distinctly higher than the rail

- resonance frequency

Fastenings should retain sufficient c]ampmg force over the years
Fastening tightness should be easily checked on the track w1thout dis-
assembling
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« Fastenings should retain their elastic characteristics for a long time af;
mnstallation T o
* Fastening efficiency (i.e. the ratio of the force applied on the rail bage
the force transmitted by the fastening to the sleeper) should be as hi
possible.

Tabte 6.3.
Various types of elastic fastenings used by rail networks, (1)

h = I =
S =N
Legend
1  Elastic Spikes 2 Macbeth - - 3 Rail Anchor 4  Mills :
5  Hey-back 6  Nabla 7  Fist 8  Omega (Voss
9 DE 10 Pandrol (without 1 Delta {without 12 Vossloh
13 Pandrol (with seating plate) * seating plate)

seating plate) 14 Delta (with seat-
PR ing plate)
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9.3. Force developed in rigid and in elastic fastenings

The difference between
rigid and elastic fasten-
ings becomes apparent

mainly n the diagram
of the tensile force de-
7 T % T veloped at the fastening

as a function of time

pae,  (Fig 620). The boter

o behaviour of elastic fas-

o® 2 tenings is thereby con-
ég?gﬁ firmed. Figures 6.21
=22 WEEEN & and 6.22 itlustrate the

force-elongation curves
for screw-type and

: L. . spring type fastenings
. 6.20. Force developed in rigid and elastic fas- respectively.

tenings as a function of time

R clgmpin
Slomping force Fihg)
4 : &
2,500
GO
20004 ‘2’0
1500 /
// typical
1000 10007 / / design
range
5004
Abmm) )
. . . - —§ — . A (mm)
1 2.3 4 0§ Ozasatoumxsmmm

. 6.21. Force-elongation curve Fig. 6.22. Force-elongation curve
for screw-type fastenings for spring-type fastenings
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6.9.4. Rail creep and anti-creep anchors

o o ange-v'fccr:ep Along tracks w
R 4 joints (i.e. not cg
Fo® e tineous-welded), ;

observed that ti3
rails (or even the

- Fig. 6.23. Rail anti-creep device
- direction. On high gradient tracks, however, rails tend to move downwar.

_ regardless of the direction of traffic. To prevent this slippage, special devic
called anti- creep devmes or anchors are mstailed along the track (Flg 6. 23

6.10. Resilient pads

6.10.1. Rail seating and baseplate pads

As explained in chapter 2, section 2.2, resilient pads are used between rail
sleeper or between rail and concrete slab (Fig. 6.24). When a baseplate 1s u
(both in ballasted and non-ballasted tracks), then pads are used between ba
plate-sleeper or baseplate-concrete slab and are called baseplate pads (Fig. 6.2

Rail Seating Pctds I

Y, ‘,?
E ”“ 2 ¢P’ 7
L concrete slab ;B

% !7’/,: AR usov,

 (a) Ballasted track ~ (b)Non-ballasted track

Fig. 6.24. Rail pads in (a) ballasted and (b) non-ballasted tracks
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(a) Ballasted track (b) Non-ballasted track

._'ig. 6.25. Baseplate and baseplate pads
L 10.2. Functions and properties of pads

oads must fulfil a number of properties, (144a), (144b):
oad distribution. The pad should provide load distribution between the rail
oot and the sleeper. It should provide conformable surfaces between rail and
leeper so as to accommodate irregularities on both components
* vibration attenuation. The pad should attenunate the transmitted vibrations
ated by wheel flats and track irregularities from passing trains
: resilience. The pad should be designed to provide optimum deflection com-
atible with the total elastic rail fastening system, such that the fastening is able
o provide at all times the necessary resistance to the longitudinal and lateral
zil forces. The elastic recovery of pads during train passage should be such
hat the perceived stiffness at working load is satisfactory
_ resistance to creep. The pad, together with the rail fastening system, should
rovide adequate creep and torsonial resistance which should not significantly
Hange with respect to age or tonnage transported
lectrical insulation. The pad should have good electrical insulation proper-
es 50 as to isolate the rails from the sleeper, thus enabling track circuiting to be
sed for signalling and control purposes
“durability. The pad should have a service life of at least as long as the rail.
'he ideal condition is to install pads during rail replacement. Furthermore, pads
kould have properties which resist contamination by dirt, water, oil and chemi-
als, and be able to perform with similar characteristics regardless of ambient
emperatures and weather conditions. The Japanese Railways have experienced
after 10 years of operation of their Shinkansen high speed train, an increase in
te pad stiffness of 66%, (141a).
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- 6.10.3. Dimensions and materials

The thickness of the pad (usually 4.5 mm or 9 mm) is chosen to suit the par
lar installations and depends on several factors:

o the width of the flat-bottomed rail foot

» the type of elastic fastening used

o the size of the sleeper and baseplate, if any

« the type of traffic, e.g. slow speed heavy freight or high speed passe
traffic.

- Three main types of materials have been used for pads:
< rubber (both natural and synthetic) ol
Cacplastie T
% .= rubber bonded cork. - RN
b s " Thus, French Raitways use rubber pads, whilst German Railwaysuse ah
. plastic pad. However, certain pads are provided with raised ‘pimples’, gr
or holes to vary the dynamic and vibration characteristics under load.

6.11. Numerical application for the dimensioning of the various track co
- ponents :

A standard-gauge continuous-welded raitway line has a daily traffic load
I 30,000 tons, a maximum per-axle load of 20 tons, a maximum speed o
km/h, and is laid on medium-quality subgrade (8,). We will determine:
a. The most suitable rail type
'b. The most suitable sieeper type. We will examine the cases of timber,
~block and monoblock sleeper.
¢. The stress distribution under the sleeper.
d. The most suitable type of fastening.

a The rail cross-section will be calculated on the basis of the average d
load of 30,000 tons, from Table 5.1. For timber sleepers we select UIC 501
while for twin-block or monoblock concrete sleepers we select UIC 60 rail

b-Sirice we have standard-gauge track, the timber sleepers will have
geometric dimensions of Fig. 6.4. If twin-block concrete sleepers are cho;
given that this is a UIC 4 medium-load line (see Fig. 2.6) with a relatively:
maximum speed, we will select the sleeper type with the geometric charag
istics of Fig. 6.7. Were it a line with a higher load (UIC group 1, 2, 3)
higher speed (V>200 km/h), however, we would have selected twin-block sl
ers with the geometric dimensions of Fig. 6.8. In the case of monoblock sl
ers a choice of geometrical characteristics can be made based on Tables 6.1
and Fig. 6.11. o

¢. Stress distribution under the sieeper is shown in Fig. 6.14. We will ¢
late the maximum stress in the case, for instance, of tunber sleepers2.60 m
and 0.15 m wide, (Fig. 6.4). '

140




Sieepers - Fastenings |

“Tn order to take into account the dynamic effects (chapter 4, section 4.5), the
ominal static per axle load will be multipkied by a factor of 1.5, Given that the
eeper under loading supports only 40% of the axle load (chapter 4, section
3.7), the actual load exerted on the sleeper will be:

20t-15-04=121

' The formula (6.1) (section 6.7) gives:

_ 12t
! (2 60 | 3(2.60 - 1.50)/2 )
2 2

=37.65 t'm? = 3.7 kp/em?

- The order of magnitude of stress o, is also confirmed by Fig. 2.3 (chapter 2).

. d. In the case of timber sleepers, rigid or elastic fastenings will be selected,
‘hile in the case of twin-block and monoblock sleepers, elastic fastenings are
dicated and can be selected from Table 6.4.
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7 Ballast

L Functmns of the ballast and subballast

. The term ballast n raﬂway engineering denotes the layer of crushed st
*“(and only in exceptional cases of gravel) on which the sleepers are restin
Furthermore, the ballast fills the space between sleepers as well as some ¢
tance beyond the sleeper ends.
The railway ballast (see also chapter 2, Flg 2.1) performs several functi
by:
-+ further distributing stresses transmitted by the sleepers
+ attenuating the greatest part of train vibrations
+ resisting track shifting (transverse and longxtudmal)
. facilitating rainwater drainage
+ allowing track geometry to be restored and correcting track defects (w
- the use of track maintenance equipment, see chapter 11, section 11.7}

- The above functions are clearly contradictory in some aspects, thus the |
~last cannot completely fulfil all of them. It could be argued that for good 1
bearing characteristics and added track stability, the ballast needs to be we
graded and compact which, in turn, however, makes dispersal of water mi
difficuli, together with associated maintenance. A balance, therefore, am
the various functions that ballast is required to perform is aimed at,

~ Under the ballast layer is laid the gravel subballasr that has the follo
functions:
- - protection of the upper smface of the subgrade ﬁ'om the mntrusion of
- last stones : ,
-+ = further distributing stresses
- further facilitating rainwater runoff
- imparting a transverse siope (commonly 3+ 5%) to the upper surface
the subgrade for proper runoff. -

~ The usual thickness of the gravel subballast is 15 cm.
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7. Geometrical characteristics of ballast

fulfil the above functions, ballast must be of good hard stone, angular in
ape (cubic or polyhedral) with hard corners, have all dimensions nearly equal
d be clean and free from dust. _

“The ballast shall consist of a mixture of sizes expressed as percentages by
eight and evenly graded in any wagon.

Figure 7.1 illustrates a typical granulometric composition of ballast accord-
g to the French Railways. Pieces larger than 63 mm and smalier than 16 mm
¢ acceptable up to 3% above and 2% below the limit values. The granulometric

\
°l

o
Q
Passing °/
through
A\
N
\\
re tained
5

~- size(mm) Frog
0% 25 40 50 &3 80

_____ excelient composition limits
rejection limits

g.7.1. A typical diagram of the granulometric composition of a nor-
mal ballast according to the French Railways, (152)

Table 7.1.
Ballast’s size according to the
Specifications of the British Railways, (150)

Sieve size D (mm) Fraction
50 mm 100% to pass
28 mm less than 20% to pass
14 mm : 0% to pass
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- nent to the total deformation is smaller. Accordingly, three-axle testing
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. 7.3. Mechanical behaviour of ballast

7.3.1. Stress-strain relationship .

On-site measurements of settlements and stresses at the time of passag,
train loads have shown that ballast behaviour is elastoplastic, conformin
the Drucker-Prager criterion (see also chapter 4, section 4.3.3.1), (55), (99

7.3.2. Fatigue behaviour .

Both laboratory tests and on-site measurements have shown that on initial lo
- ing, the ballast undergoes a considerable permanent (plastic) deformation
~ view of its peculiar granulometric composition, the probable cause of this p
nomenon 1s the rearrangement of the stone fragments to attain a state of e
librium, (145). In subsequent loadings, the contribution of the plastic com

“shown that the plastic deformation at the n-th loading cycle & may be
pressed as a function of the plastic deformatlon at the first loading cycle gl
the following expression, {151):

f=gl(1+0210gN) o

According to equation (7.1), it would take 100,000 loading cycles to doub
the plastic strain caused by the first loading cycle,
Laboratory tests under constant stress conducted by the British Railw
have yielded the following semi- empmcal relatlon for the plastic deformatio
gy after N cyoles of loadmg .

0082(10011—382)(5 —c)“(]+0210gN)

where:
n : ballast porosity
a : coefficient depending on the level of the stress applied. It ranges from
' to 2 for low stress values, but may reach 3 for high values of stress.

‘With respect to the modulus of elasticity, three-axle tests have shown 1t;
change during the first 1,000 loading cycles and to thereafter remain abo
-constant. This is similarly explained as with the appearance of important pla
tic strain during the first loading cycle. The modulus of elasticity at the on
thousandth loading cyc]e was found to be about double that at the first cycl
(55), (148). ‘
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4. Baliast hardness

allast must have adequate hardness, otherwise it disintegrates and cannot fulfil
5 functions. Ballast hardness is determined by the Deval and the Los Angeles
boratory tests

4. 1. The Deval test

his is the oldest of the tests still in use. It was designed in 1896, at a time
hen road traffic was composed of carriages with wheels surrounded by steel
oops (tires).

The weight of the test sample (as close to cubic shape as possible) is 5 kg. In
¢ dry test, the sample pieces are washed and dried before being weighed.
ey are thereafter placed in the cylinders of the Deval machine, which have
internal diameter of 20 c¢m, an internal length of 34 cm, are inclined by 30°,
d are connected to a horizontal axle (Fig. 7.2). The machme is then started
,000 revolutions per hour) and the entire test takes about 5 hours (a total of
0,000 revolutions).

Let A be the initial weight
of the sample and B the
weight of the sample material
retained after the test by a
d mm sieve. The value d is
according to the French Rail-
ways 1.6 mm and according
to the British Railways 2.36
feseplate  mmm, (150), (152). Hence, the
I percentage of attrition will be:

‘—Revolutions

Moter and
spiral | {evel
reduction gear

w =28 q000 (73

b= T A

l . The Deval coefficient Q is
commonly used and is de-
— tived from the relation

ig. 7.2, Deval attrition machine Q=7 (7.4)
D .

French regulations, for instance, specify that the ballast should have a Deval
oefficient greater than 14 in the case of hard rock and greater than 12 in the
ase of limestone rock.
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‘The attrition action during the course of the Deval test (the sample has ¢g
pleted 10,000 revolutions at the end of the test) is much stronger than the
brating action, therefore, only very soft rock is broken to a considerable exte
Pieces with sharp comers in particular are rounded off. : ' :

Another variation of the Deval standard test is to carry out the whole pro
dure in the presence of water, in which case the result is termed as the
Deval coefficient. '

7.4.2. The Los Angeles test .
S . ' - This test is more recent, (19206), th
_-the Deval test. The test equipm
“consists of a steel cylinder with

2 I | “internal diameter of 71.1 cm and
g o~ I internal length of 50.8 cm (Fig. 7

Rk et At .-A 5 kg sample is placed inside
- B B PR ERERS | IR - cylinder together with 12 steel b

R IR L — ‘gach weighing about 420 g. The
" inder is then set in rotational mo

(30+ 33 rounds per minute) until

_ revolutions are completed (dura
Fig. 7.3, ' Los Angeles test cylinder  of the test about 15 minutes).
L " Let A be the initial weight of

sample and B the weight of the sample material retained after the test b
d mm sieve (d=1.6 mm according to French Regulations and d=2.36
according to British Regulations). The percentage of wear is called the
Angeles coefficient and is: T e

_WLA=%B—-10.0 N (
French regulations specify that the ballast must have a Los Angeles coef
cient smaller than 25. . ,
The Los Angeles test has the following advantages:
« "action on the inert material is sufficiently strong to bring out any weal
nesses, _
it is equally suitable for testing inert materials, crushed rock, and gravel
the time required to complete the test is short, :
it reduces the personal influence of the operator to a considerable degre
the results of the test agree to a very satisfactory degree with the behavio
of the crushed and inert materials in various construction projects.

. 5 @

Given the aforementioned, the most current technical specifications use th
Los Angeles test. Several variations of the Los Angeles test are 1n existence
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4.3, Required ballast strengih and hardness

1e required ballast strength and hardness depend upon the line traffic, the
squency of renewal (usually every 15+20 years), the nature of the crushed
tone, etc. French regulations mandate that the Los Angeles and Deval coeffi-
ients intersect at a point lying within the band specified in Fig. 7.4.

)
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Fig. 7.4. Combination of the Los Angeles and Deval coefficients for bal-
last, according to the French Specifications, (152)
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_ “b(m) =N(m) — a(m)+g(m) - G(m)+ d(m) . f\
~with the following values for eac_h parame_ter, (142): ' '
| o Table7.2.
Values of the parameters used in the ballast dimensioning equation, (
&amne__tﬂ Soil quality of - Formation layer @)
. m
subgrade base  Quality - Thickness e, (m)
T S, - 055
S/ S, 030 + 055 040
S, 020 +040 035
8, s, . - 040
S, 020 =030 030
S, -8, - 1030
_Rock) 'R . 0.25

' Parameter c(m)

Railway Engineering

7.5, Ballast dimension_i_ng

7.5.1. The general dimensz‘onmg equaﬁ(m

Until recently, ballast thickness was approximated using nomograms based
the Boussinesq equations. However, finite-element analysis, (91), (142)
allowed all railway parameters to be taken into account:

» line traffic load (see chapter 2, section 2.5.2)

* sleeper material and length (see chapter 6)

» maintenance work volume (see chapter 3, section 3.8, and chapter 1

* per-axle load (see chapter 2, section 2.5. 1) : S

Ballast thickness, therefore, can be derived from the analyhcal relailon

Parameter a{m
a(m)=0 for lines of UIC groups 1'and 2; 0.05 for lines of UIC group 3; 0.10 for lines of UIC gro
-4, 5; and 6, as well as groups 7, 8, 9 with passenger traffic; 0. 15 for lines of UIC groups 1
9 with frelght traffic.
Parameter g(m)
g(m)=0 fosr timber sleepers (L=2.60 m long)

= 3 for concrete sleepers (L{m) sleeper’s lengﬂl)

¢(rm} =0 for medium-volume track maintenance works
=0.10 for high-volume track maintenance works '
Parameter dm)
d{m) =0 for per-axle load P=20t
=0.05 for per-axle load P =22.5¢
=(.12 for per-axle lecad P= 251
=0.25 for per-axle load P =30t
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5.2. Numerical application

plication of equation (7.6) with the values of Table 7.2 for a group
C 4 line (with a yearly traffic ranging from 10 to 18 million tons), with twin-
ck sleepers (L=2.25 m), per axle load P = 20 t and medium level mainte-
nce gives:

e UIC4 group=2a=0.10m

+ twin-block reinforced-concrete sleepers (L=2.25 m loug) = g=0.125 m
+ medium-level maintenance = ¢=0.05 m

+ per-axle load =20 t = d=0

Replacing these values in equation (7.6) yields the values of the ballast thick-
ss b which are given in Table 7.3. '

: Table 7.3.
last thickness b in a group UIC 4 line as a function of subgrade quality
Soil quality of Fogaet;on ' Baliast
subgrade base quality thickness b(m)
: S, 0.525
S, S, 0.375
S, 0.325
S, S, 0.375
S, 0.275
S, S, 0.275
R - 0.225

Ballast thickness is calculated by British Railways in accordance with the
eed and tonnage of the line as per Table 7.4 (next page). Values in Tables 7.3
d 7.4 are almost similar, with the exception of a bad quality subgrade (S,),
where an increased ballast depth is needed, when applying formula (7.6), m
order to avoid over-stressing and failure of the subgrade.

6. Ballast cross-sections

ven the thickness of the various layers, the track cross-sections can be drawn
r every case. Various cross-sections are illustrated in next pages for the vari-
s types of sleepers. Cross-sections may vary from one network to another
cause of rolling stock gauge differences, though not significantly, and thus
gs 7.5-7.10 should be used for the determination of the magnitude order of
¢ various layers, always taking into consideration the particularities of each
twork. The following cases are illustrated:
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o “Table 7.4.
" Ballast thickness according to the British Rallways

- Line spéed Yearly line tonnage  Ballast

(knvh) (million tons) thickness b{mj
160 - 200 Al 0.38
© 120 -160 > 12 million 0.38
120 - 160 . 2+12 million (.30
120 - 160 <2 million 0.23
0 -.80-120.  >12millions 030
©80-120 © <12million 023
<80 - >2million 023
- <80, < 2 million B
o (concrete sleepers) . 0.20
. <8 <2 million '

* (timber sleepers) - 0.15

© - single track with twin-block sleepers - curved track (Fig. 7.6)
- single track with steel sleepers (Fig. 7.7 o o
" - double track with timber sleepers (Fig. 7.8)

- double track with twin-block concrete sleepers and ]

- single track with twin-block sleepers - straight track (Fig. 7.5) ]

- V_ =300 len/h (Fig. 7.9)
_ - double track with monoblock concrete sleepers and
. V_ =250 kaw/h (Fig. 7.10}

max

The ballast is superelevated on both sides of the track to increase transver
track resistance, as explained in the following chapter (section 8.4.1).
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Fig. 7.6. Cross-section of single track with twin-block sleepers (curved
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- Fig. 7.9.  Cross-section of double track with twin-block sleepers a;
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Fig. 7.10. Cross-section of double track with monoblock sleepers a
V_ =250 km/h
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-7, Laying the track

7.1, Mechanical equipment

arious mechanical equipment,

Before laying, it should be verified that the subgrade has been properly treated

see chapter 3) and that the transverse slope (3 + 5%) is correctly given.
-~ Ballast is transported with special wagons and is put in situ. The ballast bed
hould be properly levelled, graded and in particular consolidated. A gantry or
 light type vehicle is used to pull a scarifier for the usual scarifying of the top
allast and also to grade the top ballast with a small grading machine and to
onsolidate the ballast bed with a vibrating plate or roller vibrator.

Laying of rails and sleepers is done with the use of more sophisticated ma-

hines. At present, rails are laid continuous-welded, something that requires
areful control of the welding procedures. Another essential feature of rails is
leanliness, that is freedom from oxide inclusions and minimal hydrogen lev-
ls. Shelling defects and tache ovales (see chapter 5, section 5.7) should not
wceur if rails are properly manufactured. ‘ ‘
* Sleepers should be correctly and uniformly spaced. If groups of sleepers are
Jose together and other groups widely spaced, this will result in an uneven
ettlement under traffic. The uniformity of spacing is just as important as the
ominal spacing.

Pads and fastenings should be properly adjusted on the sleepers. The ideal
astening does not require maintenance, but if it does, then it should be easy
and inexpensive.

There are many types of track laying machines. Figure 7.11 illustrates a high
peed laying machine. With a daily workshift of 6 hours, this machine achieved
an average output of 1.3 km per shift. Peak outputs were 500 m/h and 1.56 km
per shift, (150). .

Once the track is laid, rails are positioned with the help of a rail positioning
machine (Fig. 7.12). :

Fig. 7.11. High speed track laying machine

153



- Railway Engineering

Similar mechanical equipm,
and methods are used in repg
‘ing old tracks, as are used ip
case of new tracks on virgin te
tory. However, additional ;
chantcal equipment is needed

. the removal of the old track.
It should be emphasized
fally mechanized track rene
and laying methods would have
be individually adapted to the
ticular conditions of cach raﬂ
" admmlstratlon ' '
“However, developing countr
with a small railway infrastruct
and limited funds, may not fin,

- possible to invest in all the sopl
ticated material of a fully mechs
cal laying. For such cases, ther
A 2 M equipment available which

Fig. 7.12. Rail position'mg machine - ables countries with a surplus
. low-cost labour to mstall mod
track assembhes and some of the smalier items of plant together with h
~tools such as: sleeper and rail handling tools, manual rail changers, rail s
roller equipment, rail scooters, small hydraulic fastening mstallation equipm
-and hand ballast packing machines, rail saw, rail drills, jacks, slewing bars,

7.7.2. Sequence of conszzuciion of the various track works

In order to save both labout and time and achieve the best use of the availa
mechanical equipment, the various trackworks must be well-scheduled. Fi
7.13 gives a bar chart for a typical construction sequence for a single line tra
laying operation with mechanical equipment, (153a).

It can be easily seen that the failure of just one operation, at one location,
one day, will disrupt the whole sequence. Such disruptions should be as few
possible and where a disruption is expected, an alternative sequence of wo
should be duly reformulated.

‘Ballasting operations are sometimes put on a low priority on the false as
" sumption that they can always be caught-up afterwards or in slack perio
This has been proven a fatal assumption and many projects are left with m
kilometers of unfinished ballasting which in turn affected the final surfacin
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WR Install CWR

ig. 7.13. Track construction program, (153a)
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' Durmg train motion, vemcal transverse and longitudinal forces are appli
- the track (see chapter 2, section 2.11.1). Up to this chapter we have m
examined the influence of vertical forces which determine dimensioning of ¢

' This is defined as the force due to the unbalanced centrifugal acceleration
1o driving forces on curves. Static force H (t) will be calculated from m the fol follo

8 Transverse Effects -
Deraﬂment

'8 1. Transverse effects

various components of the railway track and the subgrade. Transverse fo
affect passenger comfort and are crucial to train safety. Exceeding the limi
transverse track resistance may cause track shifting and eventual derailme;
Derailment may also be the result of either wheel rebound on the rails
vehicle overturming, (154). Speed increases in recent years have mandated a
ditional strict protective measures for traffic safety. It should be stressed fl
compared to other means of transportation, railways are by far the safest.

8.2. Transverse track forces
Let us first examine what transverse forces are applied during train motic
Transverse track forces may be dlStII] gulshed mto two components

"¢ static : : _ o

© + dynamic

8 2.1, Transverse smﬁc force

mg seml-empmcal formula (157)

-~ P{)-NT -
-.H&(t)=—'———(‘)1’50{()m) | o ®
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here P © per-axle load

T : transverse defect (see chapter 11, section 11.3.2) if the train is on
a straight track, or cant deficiency h, _ (sce chapter 9, section
0.2.2) if the train is on a curve. '

2.2, Transverse dynamic force

is is defined as the additional dynamic force caused by the various forms of
ack defects and by rolling stock defects. The dynamic force Hy(t) will be
alculated from the following semi-empirical formula, (157):

P(t) - V
= 2 82)

here P : per-axle load
.V train speed

. Transverse track resistance

he transverse track resistance depends on the slesper type and on track main-

ance. We will consider the worst case, i.e. track condition immediately after

aintenance, which. destabilizes the track. Under the influence of rail traffic,

ie ballast is compacted, resulting in an increase of the transverse resistance.

On a track with timber sleepers where maintenance is performed by non-

\echanical (manual) means, the transverse resistance may be calculated from
¢ equation, (158):

L{t)=0.85 (1+ PO, : (8.3)

- On tracks with timber sleepers where maintenance is perfonned mecha.m- '
ally, the transverse resistance is calculated by the formula: :

Lit)=1+ =2 P(*) (8.4)

- On tracks with twin-block reinforced-concrete sleepers, m which mainte-
nance by mechanical means is mandatory, transverse track resistance is:

=15+ 28 (t) (8.5)
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For tracks with monoblock prestressed-concrete sleepers, small research
been conducted and no analytical formula is available; however, tests have sho
that transverse resistance in this case has values between equations (8.4)
The above relations are of a semi-empirical nature and are the result

series of tests conducted by the French and German Railways, (157), (158
They are currently being used by most railway networks and no objection
_reservations have been expressed. '-
Research on the effects of speed on transverse resistance has shown that th
latter is not appreciably affected even at very high speeds, (158)..
- . ‘The above formulas are applicable provided that additional dynamic tr
" loads (see chapter 4, section 4.5) are no greater.than 20% of nominal stat
- ‘load. If, however, the additional dynamic loads exceed 20% of static load i

- forrmulas of this section should be multiplied by a correction factorin the o

- of 0.9, (160). The latter case applies to tracks of medium or bad quality an
- rather high speeds. - TR

'8.4. Influence of ballast characteristics on transverse track resistanc
8.4.1. Influence of the geometrical characteristics of the ballast cross-sec
Transverse track resistance is the resultant of the following three compon
+ A component generated from friction on the lower surface of the sle

proportional to sleeper weight. AR ' ‘

-+ A component resulting from friction between the sleeper sides and the b;

last filling the space between consecutive sleepers. This component depen:
on the degree of filling of the spaces between sleepers (Fig. 8.1), as wi :
on the degree of ballast compacting. This lateral component amounts
about 40 + 50% of the total resistance in the case of timber sleepers, 15 +23
in the case of twin-block reinforced-concrete sleepers, and 30% in the ca
“of monoblock prestressed-concrete sleepers. ~ - SRR

space between

[_a,{l of ‘iransverse .
Tlresistunce - sieepers
. 100} e A_ .
.. 391 ¢ -consecutive -
o ‘slegpers
o _ degree of titting
* of the spaces

- between sleepers

Fig. 8.1. Influence on transverse track resistance of the degree of b;
' * last filling between sleepers R
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Fig. 8.2. Sleeper end, ballast
: occupancy width
and ballast super-

elevation

A of transverse
["v] [esistance ‘

2004

100 ; . . S —c {cm)
10 S 30 40 50 60

ig. 8.3. Correlation of transverse track resistance at sleeper end with
the geometrical characteristics of the ballast cross-section, (159)

A componeﬁ{ developed at the two ends of the sleeper and depending both
on the width of ballast occupancy ¢ and whether the ballast is superelevated,
(Fig. 8.2). _ '

Figure 8.3 illustrates the increase of transverse resistance caused by an in-
ease of ballast width beyond sleeper ends as well as by superelevation of the
allast section, (159). Therefore, an increase of the ballast cross-section with
multaneous superelevation is preferable to a simple increase of occupancy
idth.

With respect to the influence of the ballast side slope, its importance is sec-
ndary and decreases appreciably as width ¢ is reduced, (139).
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8.4.2. Influence of the granulometric composition of ballast

The shape and size of the bailast stones, their granulometric composition,
the hardness of the material have a considerable mﬂuence on transverse tr;
resistance, (Fig. 8.4).

E@ of transverse
A resistance

L ' baliast of crushed and
gravel bailast ﬂHm]Im]]Iﬂ flottened “guary maierial

— Grushed gravet ' — bullast of cube-shaped
ballast g . Ve - Shed quarry materml

FENSNISANNSINI
e S R

|
]l

7
y
7
17
72
7
{iliA
7
17
f
7
%
7
7
7
,"/5

L . 7
304 =0 z.o-G 15:35 25:65 10330 20+60 &+150  size (m

Q
© (Swedish (Swiss {German (French

Railways} : Railways) Railways) Railways)

Fig. 8.4. Influence of the granulometmc composmon of ballast on tra
- verse track resistance, (139} .

8.4.3. Influence of the degree of ballast compacting

Following track maintenance works,* the track loses its transverse resist
to a considerable degree (Fig. 8.5). In order to recover transverse resistanc
is necessary to compact the ballast.

Transverse track resistance is fully recovered after the passage of traﬂi
particular after the passage of 2 million tons of train loads (Fig. 8:6).

* As explained in chapter 11, section 11.7, track maintenance works mvolve repeat
raising the track or shifting it honzontally -
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f transverse
[gr

g resistance
1004
904
804
liHilHMHnummmumgugj!mﬂlili\
604 g0
304 i 100°Iu stabilized  track
ﬁ after maintenance warks
207 \\' g\.‘uintea;antce + compacting  at
104 ﬁ\lmm, mae.inte?-lu:cgerr compacting  at
the interval and at the ghutment
o ‘i 2 5 4 5 » tra(ck s)hift
mm

[”"é] of tronsverse
Aresistance

with ballgst compaction
T, between sleepers

| —4= no ballast compaction

traftic  load
N " L LI i —l -
o o1 05 10 20 ®(n million tons)

ig. 8.6. Recovery of transverse track resistance as a function of traffic
load
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8.5, Influence of sieeper type and characteristics on transverse t;-:
' resmance ' :

rarsreree A series of e:gperimental I
resictance [ on fully stabilized tracks
A shown the unquestionable:
I periority of concrete sleep
especially twin-blocks, (14
Figure 8.7 illustrates the tra
verse resistance for var

spread

2004

150} -

. and properties.
-The high resistance of tw
block sleepers, more than

concrete
concrete

1004+ - .. ble that of timber sleepers
' mainly due to the foilowmg
Tlo Teasons:
ils -+ Because of the gre
[ E weight of twin-blocks, the re
S1T 1, steeper tance component correspo
i z 3 type ing to the friction between
§ 5 3§ % lower surface of the sleeper
£ 3 83 the ballast is greater.

+ The resistance compon

Fig. 8.7. Influence of sleeper type on  £enerated af the sleeper end

transverse track resistance, . -Duchgreater.

(159 - ‘Compared to twin-blocks,

- transverse resistance develo

in monoblock sleepers is sm

er, but clearly higher than that in timber sleepers. This is due to the gre

- weight, the greater height, and the Jarger contact surface of monoblock sleg

ers.

~ Increasing sleeper length from 2.40 m to 2.60 m in the German Railways

increased transverse resistance by 15 +20%, (159).

Steel sleeper resistance depends, to a considerable degree, upon sleeper sh

(curvature at the ends, ballast contained in the sleeper, etc.). Depending on

sleeper tvpe, the transverse resistance of steel sleepers has values simil
those of timber sleepers.

Concerning timber sleepers, a comparison between the various qualitie

wood leads to the following conclusions:
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transverse Differences between sleepers
resistance e 4 , made of hard wood (e.g. oak) and
- N 4 those made of soft wood (e.g.

150 pine) are minor. Sleepers laid a

long time ago, with surfaces
4 7h roughened by the ballast, espe-
120720 cially if the latter has been sub-
jected to compaction, show a
transverse resistance slightly

1404

1304
g5/15

1201

36410 higher than new (unused) sleep-

ae e
y On the contrary, sleepers made
1001 701 of tropical timber, due to their
o0 30110 great hardness and smooth sur-
. sieeper faces, have a transverse resis-
0 058 oes " seacing (m) tance only 85% that of other

] qualities of timber, (159).

ig. 8.8. Transverse track resistanceas  Areduction of sleeper spacing

a function of sleeper spacing leads to a slight reduction of the
value of per-sleeper resistance,

hich, however, is more than offset by the greater number of sleepers per

silometre. Overall, transverse track resistance increases when sleeper spacing

creases, (Fig. 8.8). '

8.6. Additional measures and special equipment used to increase
transverse resistance

In certain cases (e.g. small radii of curvature, turnouts, bridges, etc.) it is neces-
sary to locally increase transverse resistance by special measures not entailing
a large expense, such as special sleeper shape, roughened seating surfaces,
ansverse anchors, etc.
This is a problem of great practical importance, since in ceftain mountainous
areas railway fracks have very small radii of curvature and a high transverse
ck resistance is necessary due to additional centrifugal loading and internal
stresses in rails. Roughening the side and bottom surfaces of timber sleepers
improved transverse resistance only slightly. In contrast, cutting grooves into
the seating surface of tropical timber sleepers increased. transverse resistance
by 20+25%, (159). The grooves, however, should have sufficient width and
depth, so as to ensure that the sleepers grip the ballast well (Fig. 8.9).
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_ 8.7. Derailment

Fig. 8.11. Vertical and transverse

4

. [T4]
L — £ S35 ]
- [ 30em 10| 30cm (10 100cm 10 30em 16| 30cm
R B e L
e 26Qcm |
po
-

Fig. 8.9. Grooves cut inte the seating surface of timber sleepers to
crease transverse resistance

A considerable incre

- of transverse resistay
(20+80%)is achieved by

" so-called transverse anch
(Fig. 8.10), (154). Finally,
transverse even greater increase (in
anchor . .. order of 170%) is attained
placing concrete posts aga
sleeper ends, but this is
expensive solution interfe
with systematic track main
nance. '

Fig. 8.10. Anchors for transverse resistance

The derailment of a rail vehicle may occur as a result of one the following:
* Track shifting
-+ Wheel rebound on the rails
- # Vehicle capsizing.

- We will discuss each case separately.
8.7.1-Derailment caused by track shifting

- : Under the influence of considera
Pl : ‘transverse loading, the track shifis
awhole and causes derailment of

——» - vehicle. This form of derailment mai

H occurs at high speeds. The conditi
for derailment by track shifting is tha
the transverse force H (Fig. 8.1
which may cause track shifting, -ex
: A ceeds the transverse resistance L, give
forces on a wheel by formulas (8.3} to (8.5), (section 8.3)
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H>L (8.6)

H=H_ +H, ' (8.7)

‘When the transverse force developed
between wheel and rail exceeds a cer-
tain value, then the wheel rebounds on
the rail and causes derailment. This
form of derailment mainly occurs at
low speeds and the condition that must
be satisfied is given by Nadal’s formula
(Fig. 8.12):

tanp — f

Y7 QToftmp  OF

ig. 8.12. Transverse force between where fis the wheel-rail friction coef-
wheel and rail ficient.

Studies of various cases of derailment have shown that equation (8.8) can
e simplified as follows, (107), (157): '

chicle on axles: —Eg— =1.2, wvehicle on bogies: —é— =13 - (8.9)

In equation (8.9), Y and Q are the total exerted forces. To the static load Q
hould therefore be added dynamic loads (see chapter 2, section 2.11.2; chap-~
r 4, section 4.5), which may augment the nominal value of Q (e.g. 10 t/wheel)
v up to 50%. With respect to the transverse force Y between wheel and rail, it
of a strongly stochastic* nature and no expression of Y as a function of the
olling stock and track parameters has been formulated to this day. The only
ay available at present to estimate Y is by on-site measurements on the rail,
hich, however, are difficult, not very reliable, and of course, the site of a
easurement cannot be expected to coincide with a likely derailment site.
Calculation of the force Y may be obtained by considering forces at both
ails. In fact, equation (8.8) applies at the outer rail. However, forces at the
mner rail may be taken into consideration. In this case we will have:

Stochastic is termed a process which can be approximated only by statistical measure-
ments (e.g. earthquakes). In deterministic processes, in contrast, correlation of cause and
effect is possible in advance. Most known processes in mechanics, in spite of the ob-
served spread of the results, are of a deterministic nature (e.g. elasticity, etc.). '
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: tanf — 1 - )
_Y,l : Q, ]_-Tltﬁan& for the__o.uter raill : 8

tan B, + tan y
Y - 2 2

=Q T Y. tan, for the inner rail (8

Y, =Y,+H equilibrium equation _ (8

mth v, the conical tread.
Equatlons (8.10), (8.11), (8. 12) penmt the calculation of transverse fo
Y, Y at the outer and 1 inner Tail. . : : :

: From a series of deraﬂment acmdents (155) (161) it was derived tha
s nsk of a wheel rebounding on a rail is great when the angle § between w
'.and rail is smaller than 32° . _ .

| S - _ T

Bcrmca]

8.7.3. Derailment caused by overturning of the vehicle

In this case, the vehicle capsizes due to overall unstable equilibrium. It
found that in the worst case (with the centre of mass 2.25 m from the track
“standard-gange track, a vehicle will overturn when the transverse accelera
'reaches g3, (157). '
* As is explained in chapter 9, section 9.4, tracks are laid for a maximum v
“of non compensated centrjfuga] acceleranon ranging between 0.5+ 1.0 ny/
- and never exceedmg a maximum value of 1.0 mfsec:2 ~ g/10. Therefore

safety factor against derailment by ove_rtummg 1s __3._, / % >3,

- 8.7.4. Derailment safetyfacmr - numerical application

We will investigate the derailment safety factor for a train moving-onac
- with the maximum cant deficiency h, = 100 mm (see chapter 9, section
- Table 9.1) at a speed of 80120 k:m/h The maximum value of per-axle Ioad
- 20 t, the track is laid on twin-block sleepers and is maintained with mech;
-~ gquipment. The wheel-rail ﬁ'lCthIl coefficient f= O 3 and the angle p whee
=38

o '_a Demzlment by track shzﬁ‘mg

_ Accordmg to equation (8.6}, derailment by track shlftmg will occur
 {ransverse track forces exceed transverse resistance, 1.e. when H > L.
H=H_ +H,, from equations (8.1) and (8.2) it follows that:
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P(t)-h,, (mm)  20.100

HO= =750 — ~ 1300 ~ -7t
P Vikmb) 20120
HO= =50 ~ “1oo0 -t

Because derailment takes place on a curve, the parameter NT of equation
1) has been taken equal to the limit cant deficiency value h, . (see chapter
section 9.2.2, equation (9.11) and section 9.4, Table 9.1).

Transverse track resistance is calculated from equation (8.5):

L) = 1.5+P—§tl ~15+ _239_ =816t
The safety factor for the particular case and the particular derailment condi-
ons will be
: S CER 31 S N T

H 133t+24t¢t

Derailment by wheél rebounding on the track

Wheel rebounding on a rail requires that the value of Y/Q be greater than 1.2
1.3 (vehicle on axles or on bogies, respectively). As already explained (sec-
on 8.7.2), no analytical expression of Y as a function of track and rolling stock
arameters has been found. Therefore, wheel rebounding is considered likely
certain rolling stock characteristics have values different from those specified
uring preventive maintenance. This form of derailment is predominant at low
eeds, especially in the case of empty rail vehicles.’

The critical value of angle p wheel-rail has been determined empirically. This
ritical value is greater in the case of switches and turnouts, because of the
wer speeds involved (see chapter 10, section 10.5).

In our case it is:

B=38">4 ~ 32°

eritical —

d the safety factor for this case of derailment is greater than 1 but smaller than
the previous case.

Derailment by capsizing of the vehicle

This form of derailment can be easily studied in conjunction with the geo-
etrical characteristics of the rolling stock. In any case, the safety factor in this .
ase has values greater than 3.

167



9 Track Layout

o '9 ] Rall vehlcle runnmg on curve and on transmon arc

9. I 1 Eﬁ”ecrs durzng movement on curve.

" Accordmg to elementaly physics, a vehicle running at a speed V on a curve
radius R develops a centrifugal acceleration y = V¥R and a centrifugal fo
F=mV?*R with the following adverse consequences:

-+ reduction,in passenger comfort
* important transverse forces favouring derailment
* increased transverse loading of both track and rolhng stock resultin
- considerable wear :
+ increased vibration,

In order to reduce the above unfavourable effects the following measures
available:
- = Using as large a radius of curvature R as possible. Such a measure is
easily implemented, however, due to topographical constraints which
ten make large radii conditional on expensive civil engmeermg pro;e

- (bridges, tunnels, high embankments or trenches).

’ _' Transverse cant of the external rail in relation to the internal rail, to off
‘centrifugal forces. Transverse cant greatly decreases transverse effe
without, however, completely counteracting them in most cases, smce
transverse cant cannot exceed certain values beyond wlnch rolhng st

and track wear become prohibitive.

* Reduction in train speed, which constltutes a last resort solutlon since
trend isto mcrease tram speed

9 L 2 Transition arc - cubrc pambofa dothmd

As we know, on a straight line curvature is zero, while on a curve of radiu
-curvature is 1/R. Therefore, between a straight and a curved track, the curv
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ire changes abruptly from zero to 1/R. This sudden change of curvature is felt
y passengers as a jolt. '

- A variable-radius transition arc, with zero curvature at the beginning and
/R curvature at the end, is interposed for smocth transition from rectilinear to
arvilinear motion.

- As a transition curve between a straight line and a curve, a cubic parabola or
clothoid (as in highway engineering) may be used. In railway engineering the
urve commonly used by many railway authorities is the cubic parabola, in
hich curvature p is (Fig. 9.1):

d
b
gireutar In the cubic parabola, curvature p is
transition proportional to the projection of the arc
o on the x axis
_IFIGR
4 =kx . (9.2)

f : S .

‘ ! 3 | 5
straight ] ob-
where k is a coefficient.

‘ig, 9.1. Cubic parabola

In the cubic parabola it may be assumed that the length L of the arc may be
onsidered equal to its projection £ on the x axis. The approximation mtro-
luced by this assumption was found satisfactory in most cases.

n the clothoid transition curve, the curvature is

. . | .
ol (9.3)

el
Using the previous assumption, L = £, it is found that in most cases the use
f cubic parabola and of clothoid give similar results.

.2. Theoretical and actual values of cant - permissible values of trans-
verse acceleration

.2.1. Theoretical value of cant for complete compensation of centrifugal

adius R(m). We seek the value of the superelevation of the external rail in
elation to the inner rail (cant) at which the centrifugal forces are fully compen-
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sated. We will designate thy
theoretical cant h, (mm). We b

‘Bem.g (
m - V?
F= R (
From Fig 9.2 we have:
ctan o= % _ g
- Fig. 9.2.  Forces exerted on the rall as weH as : h, =
vehlcle and. theoretlca[ cant oL lane= S_ R ¢
 where . o _ : .

8: spacing of the axes of the two raﬂs which, in the case of a standard—
-track, is

$=150mm O

From equations {9.4)-(9.8) and after appropriate conversion of units, it is
.nved for sa‘andard-gauge tracks that:

m(mm)*llSIJRm) . L - (
“In the case of metric-gauge lines (S = 1,060 mm) it will be: . _
| th(mm)—s.s Vilanh) e

Rm) -
9 2 2 Normal or actual value of cant. -

Equanon (5.9) shows that the theorencal value of cant for complete compens
tion of the centrifugal loads is proportional to vehicle speed. Assuming th
latter is constant on a curve, a smgle value h, of theoretical cant can be cale
lated. This condition, however, is fulfiled only on metropolitan railways. (i
the contrary, on conventlonal railway lines, fast (passenger) and slow (freigh
trains coexist.
Thus, if the maximum speed of passenger trains is used in equation (9.9
then passenger comfort is ensured. With freight trains, however, problems arl
due to wear of both the wheels and track equipment (particularly of the hea
of the internal rails). In particular, if a freight train stops on a curve, it will ha
trouble starting (it will even be unable to do S0 1f the radlus of curvature is [
small). . ‘
Ifin equanon (9.9) the usual running speed of frelght trains is apphed, th
no problem is created for freight train. Passenger comfort, however is grea:
mnpatred, as well as the loadmg of the rail placed ]:ugher S
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A compromise between the two previous conditions should therefore be found
by adopting a cant value ensuring passenger comfort, only moderately increas-
ing rollmg stock and track loading, and allowing trains to stop on a curve. This
intermediate value of cant h is often termed normal or actual cant. We will
have:

(V. _)<h<h(V (9.10)

ma\

Selecting the normal value of cant results in cant deficiency for fast trains
‘and cant excess for slow trains.

The difference between the theoretical value of cant for maximum speed and
the normal value of cant is termed cant deficiency h,

=h,(V,,)—h" (9.11)

The difference between the normal value of cant and the theoretical value of
ant for minimum speed is termed cant excess h;

h=h~h(V_ ) . (9.12)

The normal value of cant, as explained in section 9.4, will be found from the
equation: h Vilanl
)

- h(mm)= W 11.8 R(m) (9.13)

In order to deal with the problem of uncompensated centrifugal acceleration,
rtain types of rolling stock automatically tilt on small-radius curves. With
such types of rolling stock, speed can be mncreased for small radius curves by
up to 30% compared to conventional rofling stock. This technique has been
plied in the UK, Spain, Sweden, Japan and elsewhere (tilting technology is
her analyzed in chapter 12, section 12.11).

2.3. Permissible values of transverse acceleration-

chapter 2 (section 2.12) we have seen that passenger comfort depends both
the value of the transverse acceleration and on the duration and frequency at
‘which it is being felt by the human body. The direction in which the transverse
‘acceleration is exerted is also critical. Tt is found that an acceleration of 0.05 g
ata frequency of 1.5 Hz can be tolerated for 5 h 30 min in the vertical direction
d 3 h 30 min in the horizontal plane, (1).

Human physiology considerations, therefore, determine the maximum value
iof transverse acceleration as well as its rate of change. There is general agree-
ent that maximum transverse acceleration should never exceed g/10, 1.e. a
alue of 1 m/sec?, (162).
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9, 2.4. (’am‘ deﬁciency variation in time

- The vanatlon of cant deﬁmency in time is:

1n track layout, however, a considerable reduction of passenger comf

cannot be tolerated. Consequently, the uncompensated centrifugal accele

tion b should not exceed a percentage of the maximum transverse accelerag

v acceptable by the human body. This limit is set by many railway authorit

as follows: _

b~ 2 |

=51 (9.

In metropolitan railways, a hlgher value of uncompensated centrify
acceleration equal to 0.8 m/sec? is considered acceptable.

The acceptable value of b affects the maximum value of cant deﬁc1ency

Ah, o S
h (mm/sec)— I - (8.

The parameter h is expressed asa ﬁmctzon of the cant deficiency varia
per unit length

Ah, _ab, AL Ab, V, (kmib)
h, (mmjsec) = 3 = 77" T ©.

9.3. Limit values of cant and acceleration

As will be analyzed in the next section, once values of cant h and accelera
b are defined, then for a given value of speed the radius of curvature
directly calculated (see equation (9.34) below).

Limit values of cant and accelera’aon are prescnbed by the UIC (162).L
are classified in 4 classes: .

ClassI: V__:80+120 km/h

Class1: V__:120+200 kmn/h

Class I V : 250 km/h, mixed traffic. Standards of German and S

Raﬂways are given
Class IV: V__: 300 km/h, only passenger traffic (case of the French TG

For each class, normal, maximum and exclusive values of cant and accel
tion are given in Table 9.1, (162).

9.4. Calculation.of transition curve

In section 9.2.2 we have explained that the value of normal cant h mustf
between two limits, to ensure that no problems are caused to either slow (freigh
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Table 9.1.
Limit values of cant and acceleration according to the UIC, (162)

raffic class I 1I 111 IV

230 230 300

80 + 120 120 + 200 Germany |Switzerland] Francs
Norm. Max. Excl.{ Norm. Max. Exel. |Norm. Max. | Norm. Max|Norm. Max
150 160 -| 120 150 160| 65 85| 125 -] 18 -
¢ deficiency h, (mm)| 80 19¢ 130 100 120 150 4¢ 60 | 120 - 30 100
nt excess b {mm) 30 7¢ 90 70 90 110 5¢ 70 | 100 - - 119
ime i, (mm/sec) 25 70 90| 25 70 .| 13 -] 3% | 30 75

0.53 067 086 0.67 0.80 1.00 027 040|081 033 0.67

L

h(V_)—h

d max

<h{mm)<h(V_)Y+h_ (%.17)

and in each case ' o .

: : h<h_ . N - (9.18)
Selection of a value between the two limits of equation (9.17) depends on the
elative density of passenger and freight traffic on the particular line. More
ssenger traffic raises this value towards the upper limit of equation (9.17),
“ while' more feight traffic makes it approach the lower limit of equation (9.17).
= ' In all cases, however, the ratio of the maximum cant h__ to the maximum
wtheoretical canth +h,  should remain constant. Theoretical cant will be

ulﬁplied by this constant ratio to find normal cant:
o) — s V- (em/)
{mm) = T +h 11.8 R{m) (9.19)

d max

The minimum value of cant should not result in an uncompensated centrifu-
acceleration larger than b__:

Vi(km/h)

h . (mm)=11.8 R}~ 152 byn(misec’) (9.20)

min
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- The cant values found from the foregoing equa‘uons are rounded offto iy
tiples of 5 mun,
To ensure smooth train running, the value of cant should vary gradualy fr
zero at the end of the straight track to h at the beginning of the circular arc_ T
requires that the superelevation ramp and the transition curve coincide,

~,
'ﬁ.l______a
1
|
|
1

A
Ay
v .
hY
hS
\

I/
W

Fig. 9.3. Plan view of a transition (OB: trausition arc (cubic parabo
BB~ clrcular arc)

If L 1s the length of the transition arc and £ its projection on the extensio
the straight section, then the minimum value of the transition arc will be

h(mm) - V(km/h -
£yia(m) = (m)144( : ©

The ordinates of the transition arc, which, as explained, in railway engin
ing is a cubic parabola, are found from the equation, (166):

-y=__2£_ 1 +(i)2]3f2 ' ‘ ©
6R{ 2R 70 _

In the event that the term (;P: ) ismuch less than 1, it can be omitie
equation (9.22), in which case we have a small-length cubic paraboia Itse

tion, apphcable aslongas £< 3?) ,is

174



Track Layout

XS

Y= ERe (9.23)

The ordinates of the cubic parabola are commeonly calculated every 10 m, or,
henever a greater point density is required, every 5 m.

The length L ofthe cubic parabola and its projection £ on the straight line are
lated by the equation:

(——);i (9.24)

Certain networks are using parabolic transitions of a higher degree (third or
urth degree parabolas).

Transition curves are not used if:
« the curve radius R > 3,000 m
+ the calculated values of cant are practically zero.

5. Calculation of the circular arc
et f be the shift produced by the cubic parabola between straight and circular

¢ (Fig. 9.3). The characteristics of the circular arc are found from the equa-
~ tious, (8), (166):

OK = (R + 1) tan —%—+ % (9.25)

KD=(R+f)(sec-;—— y+f (9.26)

OBD= [R 200 <1 1] ‘ (9.27)
here sec %z 1 g IS the secant of the angle -g—

cos—=-
nd the angle o is expressed in grades.
The shift fis calculated from the formula
!2
f= AR : (9.28)

¢. In most cases the influence of f on the length OK is negligible compared to
e other quantities. ‘
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"R, a transition curve is placed adjacent to each circular curve and an inite :

' the transi_t_ion é_m've adja_c_:ent to the circular curve of radius R will be:

-where L, L, are the required arc lengths for transition between the rectilir
- section and the two circular sections (with radii R, and R)) and v the ang

9.0. Case of consecutive same sense and antisense cutrves

Berween two consecutwe 01rcular curves of the same sense with radii R 3

diate rectilinear section is interposed between the transition curves. For 1
dium speed tracks (V: 100 <200 kin/h), this rectilinear section has a usual val
of 30 m.

Using the foilowing symbols

43 L Ja ?
24R 24R,
CRR,
PTR -R,
= — 24p5

BEE el (O & b I

Adjacent to the circular curve of radius R, the transmon curve will be:

R ET i &l b B

jid mterp0s1t1011 of an mterrnedlate rectilinear sectlon is not feasible, th
instead of two transition curves, a single tfransition curve is used with the
lowing equation:

RZ
RARNT; chos3 when L,> 35 ©
or . : .
R % R2
y= ﬂGﬂsz when L,< 335 . (9

between the straight line and the tangent at the begmmng of the circular 2
(Fig. 9.3).

Between two consecutive antisense circular sections are interposed one pa::
bolic transition adjacent to each circular section and an intermediate rectiling
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ection at least 30 m long (preferably V(km/h)/2). Should the latter not prove
easible, the rectilinear portion is omitted and the two transitions have a com-
non beginning point, a common tangent and the same curvature variation.

.7. Superelevation ramp

As explained in section 9.4, the superelevation ramp and the cubic transition
arabola should comcide. In this case the following cant variation diagram
esults (Fig. 9.4):

Ra VR cant dicgram h

ER. | En BR, = B_e ginning of
superelevation ramp

EL el \o—apereievaton  E.R. = End of super-
curvature elevation ramp

- diagram L e L BT =Begm1n1g of para-
BT aT > boli¢ transition

(Perabolic) eircular are ; parabolie, ET.= End of parabolic

kransition” ‘ " lransition! fransition

Fig. 9.4. Cant and curvature variation diagram between rectilinear sec-
‘ tion and circular curve

A similar linear variation of cant should be applied between same sense or
antisense circular curves (Figs. 9.5, 9.6).

hal/r by can: diagram
. ER, l : BR.- supérelévation  romp
h
ER f ER
BT \B.. supere levation ramp
[ ET.

curvature

diagram .
Ba. 8 . BR.
=7 BL. L

(parabolic | ¢ircular ntermediate o ipoylar ) parabolic |

Ctransition| arc Iparabotic! arc "Tiransition |
iransition

Fig. 9.5. Cant and curvature variation diagram between consecutive same
sense circular curves
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" Value

_ 51011 dev1ces If this is not p0s51ble speed restnctlons should be apphed
: 9 8 Combmmg maximum and ‘minimum speeds
. speeds on a curve differ significantly, it is difficult to find a normal cant val

. which does not cause problems to freight or passenger trains. A passenger tr

- shown in Table 9.2,

h&yg
i A - cant  diegram

“point  of inflection

diagrarp

.#'

|
| i

_l | |
e |
Ao o
a ] !

B S

g |

| !

circular lpurc\bolic | parabelic

|
circular Igurnbcﬁgf
“ltransitiod arc  |iransition | transition! arc  transition

parabolic

Fig. 9.6. Cant and curvature variation dlagram between consecuti
' - ' antisense circular curves

The maximum gradlent w of the superelevatlon ramp should not exceed
144 .
v

max

1.€.

144
nu KIVD)

max

(mm/m)< (93

maz\

Superelevatlon ramps should not be located at switches-turnouts or exp

'Equatlon 9.17) (sect1on 9.4) unphes that when maximum and minimum ir

speed increase is accordingly aecompamed by a freight tram speed increase
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~ Table 9.2.
Maximum and minimum speed combinations on a carve
VI“BN < 100 1{]11/11 - VI'"I'I] 60 }(Hl/l]

100kmh<V_ <140kwh - V_ >70kwh

min

140kmh <V, <200kmh -V >80kmh

_:.-9. Correlation of the speed on a curve and of its curvature radius

We shall now calculate the maximum permissible speed on a curve of radius R,
r, for a given speed V, the minimum permissible radius of curvature.

Obviously, for a given R, the speed V reaches a maximum when the margins
or cant h, cant deficiency h, and cant excess h, are exhausted.

From equations (9.9), (9.13), (9.17), it follows that

2

. 2
18V, h. V. M8V
'—_m%\-ﬂhdmsx<11'8—h_—+nwﬁ_T <T e max (934)

| Solvmg equation (9.34) for V__ we have the maximum permitted speed for
1 given radius R, whereas solving for R we take the minimum required radius
or a given speed Vo

" With respect to R , however, it should be ensured that the maximum cant
xcess for the mm1mum speed V_. of slow trains can be applied. Equation
9 34) gives:

18V, 118V2
— By SR D, (9.35)

and setting up the maximum values forh, __,h_ - and solving for R, we take

he minimum radius required by slow trains (with V__ ).

With respect to the minimum speed, therefore, equations (9.34) and (9. 35)

hould be simultaneously valid, and the higher value found for R, will be
1sed.
Whenever possible, railway networks trv to apply the maximum possible
value of R. Concerning policy on the lower radius values, there are great dif-
erences among networks, principally due to the mountainous or plane charac-
er of the ground. Table 93 gives the percentage of track curved at 500 m or
ess in some European networks.
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Perceéntage of curves with a radius the track is small, track gauge

- smaller than 500 m for various Eure- increased resulting in a value higj
pean railway networks (metro sys- ~ than in straight track sections, 1]

- tems are not taken inte account) increase is applied to the inner ¢

: ' For radii R: 300 =600 m, the t
Country % of curves with gauge can be increased up
aradlus R<500m - 1.455 m (in the case of timber

S }Ejgin ce 1 _ 38:;2 - .- . (in the case of congrete sleepe
- Gemmany . 130% '(se.e_.'al'so eoton 11 4 tab-lé;u

© - Switzerland - 15.5% B R
5 Austn_a L '21_.6% s -;

-9, 10. Gradlents -

‘Wherever p0351b1e the long1tudmal proﬁle of a line follows the ground P

tics and power of the rolling stock. The usual maximum values of gradients

- 40%o, (56a). Above thlS the use of a rack raﬂway ora fumcular must be c

- their sum (lf of opposzte sense) is less than 2.5 %o, i.e. prowded that .

Railway Engineering

" Table 9.3. | L ~When the rachus of curvature

- steel sleepers) and up to 1.44(

file. Longitudinal gradients of railways are much smaller compared to those
highways. The maximum value of gradient mainly depends on the characte

principal lines with mixed traffic and speeds up to 200 km/h range betw
12%0+15%o. The maximum gradient on main lines of German Railway:
12%o, but in the French TGV (with only passenger traffic) it is 35%o (see

chapter 1, Table 1.8). For adhesion reasons, maximum gradients can har
exceed the limit vatue of 40%.. For instance, some lightweight rail syste
which operate vehicles with 50% of the axles motorized, have gradients u

szdered

9. 11 Vertlcal transition curves
The transition between longitudinal sections with different gradlent value

made by interposing a circular arc of radius R . The transition is not necess
as long as the difference of the respective gradlents (if of the same sense

A1<25%o e

The vertical transmon radlus R, is calculated from the approxnnate I
tion _ _ _
| Rv(m)_ V—_l. e
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which in exceptional cases may be reduced to

R, (m) = k) ] - (939)

Table 9.4 gives the minimum vertical transition radius as a function of speed.

Table 9.4.
Longitudinal transition radius as a function of speed

Normal value  Exceptional value

V <100 km/h 5,000 m 2,500 m
100 km/h <V < 150 kim/h 10,000 m 5,000 m

150 km/h < V < 200 km/h 20,000 m 10,000 m

- ; : BBl
ent difference (Fig. For =R piaigriz
7). _ , :‘\é Bizit+ iz
The ordinates of . A i,
e circular transition ) "\\“E‘: ai= ir- i2

Zzarc are calculated

“from the equation . ] .
Fig. 9.7. Vertical transition

2

- X '
- R, | (9.40)
No changes of gradient should be made where there are parabolic transitions
d hence superelevation ramps exist. Wherever simultaneous vertical and
rizontal curves cannot be avoided, the maximum radii of curvature should be
ed.

Vertical transitions should terminate at least 5+ 10 m from the begmning or
d of each track switching device. Vertical transitions should moreover be
oided on metallic bridges without ballast.
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9.12. Layout d_e_sign_u_sing tables

To facilitate layout design, most of the aforementioned equations are used
the form of tables. Such tables spare the designer tedious calculations and g;
values at a glance. Almost all railway authorities have established such tab
many years ago (before the extensive use of computers).

9.13. Layout design using computer methods
Developments in computer hardware and software have revolutionized rail

layout design. There are several programs permitting track layout calcula
and design requiring only the topography and the limit values of the lay

parameters. Figure 9.8 illustrates track layout design for a new ]me using C,
(Computer Aided Design) software. Furthermore, with computer applicati

more alternatlve routes can be eas11y surveyed and the solutlon chosen can
_studIed in more detaJl : : 5 .

Fig_.'__.S-)'.S. Track layout -deSign u_si_ng a eo_mputef éided_desi.g_n_;method
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14, Construction of a new railway line
9.14.1. Feasibiiizy studies

The decision for realizing a railway project is the outcome of a complex proce-
dure in which politicians, economists and engineers are involved. Feasibility
studies are a powerful tool in rationalizing (economically) the choice of the one
project to be realized among others.

Feasibility studies compare benefits to costs of the specific raitway project.

Cost has two basic components
- construction cost
- operation cost

Benefits from the realization of a railway project can be, (41)
reduction of travel time

reduction of operation cost

reduction of accidents

improvement of the quality of service

regional and national development

security and national integration, and others.

There are many evaluation methods for transport projects, (166b), (166¢).
+ In the method of Present Value (PV), all expenses (for construction and
‘operation) are calculated for the lifetime of the project; the alternative with the
‘lowest present value is the most economic one.

+ In the method of Net Present Value (NPV), the net present value of each
alternative is calculated according to the following formula: :

NPV=(B ~0)— (C - Y) B (941

here
NPV : Net Present Value . .

B : Present value of all benefits

O : Present value of all operation costs

C  : Present value of construction cost

Y  : Residual value (the value of the project at the end of its hfe)

+ In the Cost-Benefit method, the ratio A is calculated as follows:

| A= —;Q | | Y
A project is to be realized if L > 1. Among many alternative solutions, the
ne with the greatest value of A is chosen.

+ In the Internal Rate of Return (IRR) method the Value of ﬂle discount rate
is calculated (by the trial and error procedure), for which the present value of
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. benefits equals the present value of expenses. If IRR is greater than the opp

- remove and the approximated cost are calculated.

Railway Engineering

tunity cost of capital, then the specific rail project should be realized, (166

Once the decision for realizing a specific rail project is taken, the next ste
to conduct the preliminary studies.

In all the above methods, the expected demand after the realization of
new railway project should be forecasted as accurately as possible. Among
many forms of models (time-series models, regression models, gravity mod
econometric models, etc), the engineer should choose the most appropriate,
this phase of the study the expected number of passengers or freight traffic,
desired travel times, the areas and urban concentranons that should be serv
should be estabhshed : :

9 14.2. Prehmmary desrgw

Based on the forecasted demand characteristics, the appropnate available typ
of rolling stock can be determined. Each rolling stock type is characterized
its power, maximum speed and acceleration, maximum required gradient,
“However, the travel times taken into account in the feasibility study det
mine medium and maximum speeds, which in tum prescribe maximum r.
{for layout and vertical transition).
- Before beginning the preliminary study, the engineer must collect as m
data as possible, which should include the following as a minimum;:
- ‘mapping at a scale of 1/50,000 or 1/25,000 o
- any available aerial photography (eventually from satellites)
- land use and town plans, as well as agricultural plans
- any avallable geologlcal hydrologlcal meteorologmal and other mfo
‘tion :
- any previous reports on the study area.

At this prelumnary stage, all reasonably poss1b1e routes 2+ 4) should
surveyed. For each route, the layout and longitudinal section are studied.
engineer should look for a good vertical profile with as few changes up
down as possible and a good horizontal profile with as few reverses of curv
ture as possible. Based on these, major technical projects, public utilities

Among the many alternative routes, the best one IS chosen w1th the use
the feasibility methods previously described.

9.14.3. Outline design

Completion of the preliminary design should result in defining a route corrt
of interest which may vary from 50 m wide, in a reasonably flat terrain
maybe 2 km or more in mountainous areas.

The outline design is usually prepared at a scale of 1/3 ,000 with cross s
tions surveyed at 100 m intervals.
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- During this stage, considerations should cover all aspects including the fol-
¢ lowing: ‘ '

.« fyture traffic and operating demands

axle load and track gauge parameters R

gradients, minimum radii and other layout characteristics

subgrade and drainage aspects

bridges and tunnels

construction planning

. The solution chosen at the end of this phase will be studied in detail in the
© final design. '

14.4. Final design

The final stage of the study is generally carried out at scales of 1/2,000 or
/1,000 in difficult terrain and 1/1,000 or 1/300 in urban areas. Even at this
tage of the study, it may take several attempts to attain the right compromise in
alignment between speed, curvature, gradient and soil mechanics consider-
atrons. ‘

Engineers should always have in mind future maintenance requirements,
which should try to minimize and define the appropriate sites and equipment.

= 0.14.5. Staking of the track layout

After layout calculation and design, its implementation should be preceded by

staking. Stakes are driven as follows:

%+ on double tracks, in the space between the tracks both on straight and on
curved sections . '
+ on single tracks, on straight sections regardless of the side of the track

(right or left), and in curved sections on the side of the outer rail.
Staking the outer side of the track on curves facilitates the precise laying of
the outer rail according to the layout. Alignment of the outer rail is crucial
because fast moving trains are guided by the outer rail. The gauge is increased
by the suitable positioning of the inner rail.

For economic reasons, double staking is avoided on double tracks and stakes
are driven in the space between the two tracks. In this case, the external rail
should be laid with great care on curved sections, taking into account the value
of the track gauge at the particular point.

On parabolic transitions and circular arcs, stakes are driven every 10 m.

Whenever closer staking is necessary, stakes are driven every 5 m.

% Along straight sections, stakes are driven every 50 m. s

At points where a parabolic transition changes to a straight track, it should
be ensured that the extension of the straight section is tangent to the end of the
parabola, This is why staking of a parabolic transition is extended by 4 stakes
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- (spaced 10 m) along the straight section to provide i least two zéro-dEﬂectim

Railway Engineering

points. Alignment of these 4 stakes should be checked by an optical survey’
instrument from.a point at least 200 m away. .
The number of the fixed point and the required cant are marked on ¢
stake. '

Staking is followed by the arrangement of the track on the horizontal play
This stage consists of placing each rail at the proper position on the basis of t
fixed points at which the stakes were driven and the values of the track gay
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10 Switches and Crossings

10.1. Purpose of switches and crossings and their functions

A fundamental characteristic of railways is the one degree of freedom in their
movement, In contrast, road vehicles, with two degrees of freedom, can change
course easily. In railway engineering, direction is changed by switching
devices.* or switches, defined as the equipment and parts through which the
direction of movement of a rail vehicle can be changed without interrupting its
course.

Switching devices take a great variety of forms. In spite of their apparent
complexity, they can be distinguished into two basic forms, and a third, com-
bining the two:

+ simple (Photo 10.1) or multiple turnouts, allowing a track to be split in
two (sometimes three) and the moving rail vehicle to change course.

Photo 10.2. Crossing

Z Photo 10.1. Turnout

*  Although switches are sometimes referred to as turnouts, the former, strictly speaking,
do not include the frogs and check rails enabling one rail to cross the other, while the

latter do.
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* cro s‘smg? (Photo 10.2), where two tracks meet at grade with no cha.uge
“course - :

* turnout crossings, combining the functlons of tumouts and crossmgs (s

below Fig. 10.8, section 10.3). :

- Thus, the fmetlons of switches and crossings are to enabie rail routes
branch from or to join up with one another; to provide flexibility within a rox
so that trains may move from one track to another parallel track; and finally
enable vehicles to be sorted out. In order to respond efficiently to these requir
ments, switches and crossings must fulﬁl a certain number of requlreme
wluch include the following:

‘o impose the fewest possible speed restrictions
be sited exactly. where operational exigencies demand
-provide maximum operational flexibility '
. support axle weight required to be carried . - -
be cheap to manufacture, s1mple to lay, easﬂy worked, robust and easy
- replace '
- . resist wear, corrosion and decay, and require minirnu mamtenance
* be compatible with s1gnal engmeermg requlrements .

10.2. Arrangement and components of a turnout

‘Ina tumout Wé'.dlist'illl'gu_ish (F.ig,'_ 10.1):

heat of

‘beginning . of .
B . ’ " iurnout
turnou.lt ©toe  of mathematical : check rails u. -
the switch point
i‘. Stock rail
s — witeh ,o:
|‘ ] _main_ track R "—é!'\ - - ail
o rmySms s e mmm s e e 1 switc;s‘l?dil“‘—-

f |
| L

il o
L a L b
i ' l: K bt L

i . _ . S : ) . . frog arec

Fig. 10.1. Components of a turnout

_if‘;‘ - the main track and the turnout track to which the vehicle can be divert
- the mathematical point 0 whmh is the point where the axes of the tw
tracks mtersect
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- the frog angle, defined by the axes of the two tracks. The frog angle is
commonly denoted by its tangent (e.g. 1:9). The frog angle consists of
high-grade material (usually manganese steel)

- the stock rail, which is the rail that stays motionless

- the switch or tongue rail, which is the moving rail section changing the
course of the vehicle. A critical parameter is the radius of curvature R of
the switch. Depending on their position, switch rails allow rail vehicles to
proceed to one or the other track. In switches used in the past, both
switch rails were straight. In newer switches, the tongue rail correspond-
mg to the main track is straight, while the other, corresponding to a change
of course, is curved. _ '

- the check rail, which is a rail {3 +10 m long) placed exactly opposite the
frog. Shortly before the frog, a wheel reaches a rail gap and it is necessary
to provide the other wheel with a guide preventing irvegular and uncon-
trolled movement, which is achieved by installing a check rail. The gap
between switch and stock rail is 40+ 130 mm.

- the distances a (from the beginning of the turnout to the mathematical
point) and b (from the mathematical point to the end of the furnout)

- the tumout length L (L =a + b)

- the fouling distance ¢, which is the distance from the beginning of the
turnout to the point beyond which a vehicle may stable on one track of the
turnout without interfering with the movement of another vehicle on the
other track. This point is specified so that the distance between the axes of
the two tracks is at least 3.50 m for standard-gauge tracks and 3.00 m for
metric-gauge tracks.

Common values for the switch radius R range between 150+ 500 m. For low

~and medium speed tracks the frog angle (tangent of the angle ) in old turnouts

-was given values of 1:8 and 1:10, while in recently installed turnouts it is 1:9 or

1:12, (169).

The cross-section of the switch rail takes form gradually, as shown in Fig.

10.2, (4). '

Fig. 10.2. Changing cross-section of the switch rail with increasing dis-
tance from the toe of the switch
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10.3. Varmus forms of turnouts _

Turnouts and crossmgs take a great variety of forms dependmg on the mtendefx
change of course. The following are the prmc:]pal ones.

¢ Standard turnout, in whi

one frack is split in two and t

~main track remains linear (F
2 10.3) '

= Simple symmetrical turno
with one track splitin two andb

. the main and the secondary tra
- curving outward (Fig. 10.4).

out

* One-sided double turno
 with one track successively s
_into three tracks on the same s

and with the main track remain
linear (Fig. 10.5).

¢ Two-sided double turmo

" with one track symmetrically s
mto three tracks: a middle lin
track and two symmetrical s
tracks (Fig. 10.6).

_ - _ . Diamond crossing, wh
e - two tracks meet with no chang

- — - course (Fig. 10.7). .

Fig. 10.7.. Diamond crossing .
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ig. 10.9. Double ship

el 2)
== ——

(6] e

two parallel tracks

—‘—-__\‘\'ﬁhﬁ —— - (2)

-y

two parallel tracks

: s

outs

Bw— g -
(1) — s %

ig. 10.11.Double crossover between

ig. 10.10. Single crossover between

A

ig. 10.12.Series of successive turn-
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» Single slip, where two tracks
meet and their course can only be
changed from one track to the other
in one direction (Fig. 10.8).

* Double slip, where two
tracks meet and their course can
be changed from one track to the
other in both directions (Fig. 10.9).

* Single crossover between
two parallel tracks (1), (2). Course
can be changed from (1) to (2)in-
the direction A (or from (2) to (1)
i the direction B) but not from

" (2) to (1) in the direction A (Fig.

10.10).

* Double crossover (some-
times called 'scissors’) between
two parallel tracks (1), (2). Course
can be changed both from (1) to
(2) and from (2) to (1) (Fig. 10.11).

* Series of successive tumn-
outs where one track is succes-
sively split into several tracks (Fig.
10.12).
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- % Track fan' with succes
track splittings, a technique y
-in depots and marshal]mg V.
(Fig. 10.13).

Fig. 10.13. Track 'fan’

_10 4. Runmng speed on turnouts

' Tumouts differ. from re gular track in that neither cant nor transition curves g
- used. Therefore, the maximum running speed on a turnout depends on the
of the uncompensated centnfugal acceleratlon b and the radius of curvatur
of the turnout. :
The minimum value of cant in relation to the uncompensated centnfugal
celeratlon is (sec chapter 9 SECthIl 9.4, equation (9.20)): :
V2

‘b, (mm)—us-R— ~152b,, o (1

Lateral acceleration b at turnouts must not be too high for reason
comfort and wear. Usually b___takes values of 0.6+0.7 m/sec”. Thus
b, = 0.7 m/sec’, hy =0, we obtain

Vekn/h) =3 VR( . Qo

Turnouts are designed as cubic paraboias of small-length (see section 9.
equation (9. 23)) m accordance mth the equation

X3

Y="6IR (

. From equation (10.2) it is observed that in order to use a tram, speed.
V =120 km/h, the turnout radius of curvature should be at least R = 1,600
while for a speed of V = 150 km/h a radius R = 2,500 m is required.

Such a layout, however, would clearly be excessively extravagant in spa
requirements, Furthermore it assumes the ability to design a switch in whicht
tongue rail can be brought truly tangential to the stock rail. For these reason
practical turnout design the switch is made much shorter than previous theo
cal considerations would demand. This is realized by cutting the stock ra11 at
finite angle, known as the switch entry angle, (169).

The main characteristics of a turnout usually include its radius of curvatu‘
the frog angle (tangent of the angle o, see Fig. 10.1), and the tongue rail.
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6.5. Derailment protection on switches and crossings

On a turnout or a crossmg, a wheel
flange may climb a rail causing de-
railment. To prevent this event, the
ratio Y/Q (where Y is the transverse
force between wheel and rail and Q
is the wheel load) should not exceed
a value given by equation (8.8) of
section 8.7.2 (Nadal's formula, known
also after the names of Boedecher
and Chartet, who presented the same
formula at the same time with Nadal)

tanf — f
Q T+ tanp (10.4)
- where: § = angle of the wheel flange
f = the wheel-rail coefficient
turnout

of friction.

Starting at the lowest Y/Q value found from empirical data and the mean
alue of f a value preventing derailment can be calculated for the angle §, and
therefore the maximum permissible wear of the i inper surface of the wheel flange
an also be found.

In order to prevent derailment on a turnout, it was derived, (1), (170), that
the necessary condition is:

% <04 | (10.5)

Therefore, for an average value £= 0.3, it is found that

B, =40° (10.6)

10.6. Switches and crossings for high speeds

Until now it has been assumed that the main line is straight. However, if the
main line is curved, the speed at which a switch can be conveniently run will be
mncreased. Let be: _

R, : radius of standard turnout out of straight mam—lme

R, : main line radius of curved turnout

Rt desired radius of turnout of main-line curved at R |

193



| Raiiway Engineering

The two arms of a turnout can be in contrary or similar flexure. For contr
flexure:

R() i Rl]’l .
RTR-R, Qe
whereas for simﬂar ﬁexm_’e:
‘R
R=R7R | (1

. However, in high speeds the rfrog angle is reduced. Thus the German R,
ways use a turnout of a frog angle of 1:42, in which the diverging track can
run at a speed of 200 kmv/h (fateral acceleration being 0.5 m/sec? in this ca

10.7. Sleeper and track layout in t_umduts and crossings

In the case of track on twin-block sleepers, timber sleepers are used in
turnout area. If the track is laid on other sleeper types (timber, steel), then
same sleeper type is used for the turmout area as for the remainder of the tr

Sleepers are laid perpendicular to the axis of the main track up to the e
.of the check-rail (Fig. 10.15). Beyond this pomt they are lald perpendicul
the bisectrix of the turnout, )

Figure 10.15 illustrates the track and sleeper layout for a turout type UIC
(European specification), while Flg 10 16 ﬂIustrates a tu.mout accordmg to
American spec1ﬁcat10n .

10.8. Manual and automatic switch operation

A switch may be operated either manually (by local or remote levers) (Ph
10.3) or antomatically (Photo 10.4). Automatic operation is driven by elec

Photo 10.3. Manﬁal switch Photo 10.4. Automatic switch
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2600 mm

11,134 mm__ Moveable  Length

Section J-K

Section N-O

Section L-M

Fig. 10.15.Track and sleeper layout in the case of a turnout type UIC 60
according to the European specification

Detal at 7 hee(

Detail at toe Detait at headeut

Fig. 10.16. Track and sleeper layout in the case of an American turnout
according to the American (AREA) specification
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activators operating on commands from electric control boards, operated
station personnel in charge of line traffic. In the case of an automatic switch,
frog triangle is drawn black, while in the case of a manual switch the frog
simply shown in outline. SRR : - S

A switch operates as follows: One of the two switch rails is staying tange
to the rail adjacent to it while the other switch rail leaves from its neighbouriy
rail a gap sufficient for passage of the wheel flange (Figs 10.1, 10.17). Wh;
the set of the two switch rails is operated, either manually or automatically, tf
above states are interchanged and the switch rail in contact opens, while tj
other one closes the gap. :
: 'In automatic switch operation, the following controls are performed aut
- matically (Fig. 10.17): o : f C

.. # {istance between the stock and switch rail

* check rail gauge and wear in the frog area IR
* setting force, which is the force necessary for reversing the switch devic

Fig. 10.17. Automatic switch operation
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1.1. Parameters influencing track maintenance

In previous chapters we have examined methods to optimize the design of the
track and subgrade and the track layout. However, after the various railway
ystem components start operating, wear begins to appear and, after a certain
time, maintenance becomes necessary. Track maintenance decisively affects
oth train safety and passenger comfort. Track maintenance expenses repre-
ent a significant percentage of total railway network expenses.

Therefore, track maintenance expenses should be kept as low as possible
while ensuring, for a specific operation speed, that ranning safety and passen-
er comfort remain acceptable at all times. With respect to safety, maintenance
© should be preventive; regarding comfort, maintenance should be corrective;

and, finally, as regards the financial aspects of the matter, an optimum solution
. should be sought, so as to ensure a satisfactory safety margin and prevent an

irreparable degradation of track quality.

The above objectives depend on two fundamentally different classes of
arameters: on the one hand geometrical parameters, the degradation of which
s usually reversible; and on the other, mechanical parameters which 1 most
cases cannot be restored without parts replacement (rails, fastenings, sleepers,
welds, etc.). :

Geometrical parameters, however, degrade much faster, about 5+15 times,
han mechanical parameters, (172). Accordingly, in lines with an average traf-
fic load (30,000 +40,000 tons/day, UIC group 4), systematic restoration of geo-
metrical characteristics is done after a load of about 40 - 50 million tons, while
ails are replaced after about 500600 million tons. This means about four
years between scheduled maintenance sessions, and rail replacement every
40+50 years (the above figures are indicative of the order of magnitude only).

Deviations between the actual and theoretical values of geometrical track
characteristics are termed track defects and their restoration is done through
track maintenance. Track defects should be distinguished from rail defects (see
& chapter 5, section 5.7).
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11.2. Definitions and parameters associated with track defects
Let z (T x)and z (T x) be the elevation of the internal and external rails, resi)

twely, correspondmg to a traffic load T (since the last track overhaui)
kilometric position x. We define the following quantities {Fig, 11.1):

initial reai -position of

[ track tafter overhaut, T=0)
initial  thearetical position

L ZHO &"‘ ot track (after overhaul , T=0)
- e )

"L 20,x)

£ e T _T T
R position of track
after a ipad T P

"-u....\
asition of lruck
ufter aload T

Zz0 reference {evely
) SR axis of gbscissas’:
(kile metric ~position)

‘Fig. 11.1. Definition of basic parameters for track maintenance works

Track elevation z(T.x)

(T )_z (Tx);z (Tx)

| Track settlement (T x)
e(Lx)=2(0x) — z(Tx)
Mean sett!ement m (T) over a track length L

) m(T 5 e(Tx)clx

For measurements performed at discrete positions and not continuous!
will be Co
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pifferential settlement Ae(T,x)
Ae(Tx)=e(Tx) — m(T)

‘Standard deviation of the settlement, sd(T), over a track length L
x=L '

(1) = \/ T J_ e (Tx) = m(DFdx

;_and for discrete values

1 XN
M=/ & [e(Tx) = mDP

‘Theoretical elevation of the track z (Tx)

The real position z(T,x) of the track oscillates around the theoretical position
+(T.x) which, being unknown, is approximated over a certamn length 2
around position x, by the value z, (Tx).

-‘: 1 +A
7(T=75 | «THE

113, Track defects
11.3.1. Longitudinal defect
he longitudinal defect LD (Fig. 11.2.a} is defined by the equation

LD =z (Tx) — ZTx) (1.
‘The 10ngfrudinal defect is the more reliable in illustrating the effect of the
ertical loads on track quality and is a principal factor (together with the trans-

-verse defect, see below, which accompanies the longitudinal defect) in deter-
ining the magnitude of the track maintenance expenses..
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o Flg _11.2.. Longi_tud_inal, transverse and horizontal track defects -

H 3.2 Trans'verse defeci

The transverse defect D (Flg 11.2. b) 1s defined as the dlﬁ’erence between

. _I 1.3. 3 Horzzonlal defecr
The honzontal defect HD (Fig. 11.2.c) is defined as the horizontal deviation

" depends on the transverse track effects (more than the two previous types
-defects) and on the characteristics and partlculantles of the rolhng stock.

- by the mechanical properties of track materials and the particularities of

o .- \ longituding |
- v

defect .

' thecretica(
twack position (a)

trgnsverse
defect

hqriz_nntc:l plane ;-

ey

theoretlcal and the real value of cant:

TD (z—z)m (z—z) : (11

the real position of the track from its theoretical position. The horizontal def

11.3.4. (rauge deviations
As explamed in chapters 2 and 9, ceﬁaiﬁ_track gange deviations, influenc

rolting stock, are permissible. Gauge values oﬂ:en acceptable for standard—gau
tracks are glven n Table 11 1. : :
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Table 11.1.
Track gauge as a function of the radius of curvature and sleeper type
Track on timber or steel slespers Track on concrete sleepers
Radus of Track gauge Radius of Track gauge
- curvature (m) {(mum) curvature (m) (mm)
R>400 1,435 R <600 1,432
350 <R =499 1440 300 <R <600 1,437
300 <R <350 1,445 ’
250 <R <300 1,450
R <250 - 1,455

11.3.3. Local distortion

. Along straight and circular track sections (where cant is constant), four points
of the track lying on two transverse sections (e.g. on two sleepers, as shown
Fig. 11.3) must lie in the same plane. Local distortion £d is defined as the devia-
tion of one point from the plane defined by the other three.

If i and i+1 are two successive
transverse sections of the track, spaced
AL apart, (e.g. at the positions of two
successive sleepers), then local distor-
tion is defined as the vartation of the
transverse defect per unit length,

D, — TD,
- - AL
Fig. 11.3. L_oc?l distortion:‘ the de- e gk of derailment is prevented
viation of one point from . o
the plane defined by the
other three < ldli_m

where 4d_is a value depending mainly on speed and to a lesser degree on the
type of the track equipment and of the rolling stock. :

It is therefore concluded that the local distortion and the transverse defect
are not independent parameters. However, they are often examined separately
because local distortion is one of the most frequent causes of derailment, espe-
cially at low (V<100 km/h) and medium (V<140 kmv/h) speeds. The main cnti-
cal safety parameter at these speeds is local distortion, while other track de-
fects previously mentioned are of lesser importance, (173), (174).
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~11.4. Track defect rec:o_r_ding methods-_ _

S longltuchnal defects

Track defects were detected until some years ago by competent mainten,
personnel either visually (this method, penmitting detection of only iarge'
fects, did not prove rational nor free of subjective assessment) or by sim
instruments. However, in recent years, modern railway technology is using
cording vehicles (Fig. 11.4) travelling the track at specified intervals. Tg
vehicles are provided with recording equipment which measure the valye
the various track defects in accordance with a specific basis of measuremen
the order of 10 m for longitudinal, transverse and horizontal defects and in
order of 2.5+3 m for local dlstormon) Flgure 11.5 ﬂlustrates a recordin

Basis for measurement
of '_lOCCll distortion -

Basis for measurement
of  horizontal detfects

*Basis for measuyrement
of longitudinal - defects

Fig. 11.4. Track defect rec_ordi_n_g vehicle

Dmm

oo e

Fig. 11.5. _Longitudinal defects as detected by the recording vehicle

- The distribution of the various types of defects is of a stochastic nature an
can be approximated with the aid of spectral analysis. Thus can be calculat
for each class of defects, their frequency of occurrence, the wavelength to wh1
they correspond, their relatlon 1o train speed, etc., (4). : _

A first, and simplest, analysis approach 15 to calculate the mean (un51gue'
values of a defect as well as its maximum discrete values over a particul
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length. Both the former and the latter will be designated as absolute defect
values. They are used at low and medium speeds, where critical and determin-
ing parameters are those on which safety depends.

However, at medium, high, and very high speeds, the decisive parameters
are those determining passenger comfort. At these speeds, ensuring a high level
of passenger comfort also ensures traffic safety. Consequently, as indices of
track quality at the above speeds the processed values of the various types of
defects are used (obtained from the values recorded by the recording vehicle).
Most characteristic of these processed values is the standard deviation of a
particular type of defect over a specified length, which reliably measures the
differential value of the defect in question, (172).

It should be noted that on medium-speed lines both the absolute and the
processed values are used as indices, the former more often.

11.5. Limit values of track defects

For each speed, two limit values are specified:
o glarm values of track defects, which, when reached, require the interven-
tion of permanent-way teams on the track. These values will be desig-
natedas L,

s emergency values of track defects, which should not be reached, other-
wise the deterioration in track quality may become irreversible. Emer-
gency values will be designated as L .

The decision for maintenance works should be taken between the limits L, ”
and L . :
) sSup

Tracks are usually classified in four categories, depending on train speed, as
follows; :

1. High speed tracks (V > 200 km/h)

II. Rapid speed tracks (140 km/h < V <200 kam/h)

11I. Medium speed tracks (100 km/h < V < 140 kmvh)

IV. Low speed tracks (V < 100 km/h), principally lines of UIC groups 7, 8
and 9. . ‘

According to the French Railways, the standard deviation for longitudinal
and transverse defects and for track categories I, IT, IIl are given in Table 11 2.

For category IV the critical parameter is to avoid derailment, and the emer-
gency absolute vatue of local distortion should not exceed 4 mm/m, (172).
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' : Table 11.2,
Standard devxatlon (mm) of longitudinal {LD) and transverse (TD) defe
for various categories of tracks, according to the French Railways, (17

I : I I
Linf Lsup me pr Linf Lqui
Longitudinal .
.defect LD 06 - 08 . 07 1_.0 . -0_.8 12
- Transverse . o IO e o 8
*defectTD. - 04 06 705 07 06 08-

11.6. Progress of track defects -

The presence of a track defect below the limits specified in the preceding s
tion does not justify intervention by permanent-way teams. Therefore, the qu
tion arising is how an initial track defect will evolve as a function of iraffic lo
| Knowledge of the way that track defects evolve may help a timely scheduli
of remedial action by permanent-way teams before the lmuts prewously m
| tioned are exceeded '

11.6.1. Longitudinal defects

A series of tests and statistical analyses, (173), (174), has shown that a def;
present in a track after maintenance, progresses rapidly up to a critical loa
the order of 2 million tons, beyond which defect progress is much slower. T
means that up to this load the track has not fully stab111zed and shows s1gn
instability. :

11 .6. I . 1 . Mean settlement of track

The evolution of the mean settlement is gwen by the follovwng empmcal f
mula (173} '

mD=a+a- gL .

T =2 Mt (1 Mt = 10° tons)

31 mean settlement for a load T, (with values of a, ranging from 5+ 15

a, : settlement increase rate (mmfdecade) mamly depending on subgr:
quality, with mean values ranging between 2+6 mm/decade

| where:
b
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reached, and was found to have values ranging between 0.25+0.70.

a
- 3, =025+ (.70 (11.4)
F 3

N (o onemd Fig. 11.6. Progress of the mean

P value m (T) of the

Pl track settlement as

— ; > tog T a function of traffic
241064 load

.6.1.2. Standard deviation of the longitudinal defect

or medium and high-speed tracks, the differential value of longitudinal de-
cts LD is of particular interest. Thus, the standard deviation sd, (T) is ac-
rdingly adopted. A series of statistical studies, (173), has yielded the follow-
g empirical formula (of a form similar to equation (11.3)):

sd ,(T)=c¢,+¢log —%— (11.5)

here
standard deviation of longitudinal defects for a load T = 2.10° t, with
mean values 1.0+1.35 mm
rate of increase of standard deviation of longitudinal defects as a function
of traffic load, with mean values 0.1 +0.2 mm/decade.

.6.1.3. Interval between maintenance sessions
t sdi‘m be the limit value of longitudinal defects, specified by the limits set in

ction 11.5 (Table 11.2). From equation (11.5) we derive that the limit traffic
ad T, between two successive maintenance sessions will be

Sd}.h;' G
. [+
T, =210°¢-10 L6
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- .Tran sverse defects have a law of evolution similar to equation (11. 5) The

~where coefficients u, (with mean value 1.2 mm) and u, (with mean v
- 0. 1 0.4 mm/decade) are deﬁned s1m11ar1y toc,c, of Eq (11 5)

116 3 Horzzontal defects

Smee the quantity ¢_ is about constant, the determining factors for the.
interval T between two successive maintenance sessions are the terms
and ¢, the latter amountmg to the track condition after maintenance. Ap
crease of time T, _is therefore possible by improving the initial condition o
track after malntenance i.e. by a better quality of track maintenance wor

In the case of medium and low-speed tracks, the average value is use
stead of the standard deviation of the lon g1tud1nal defect, the form of the 3
equations remaining the same.

1 .6.2. Transverse defect

dard dewatxon is accordmgly glven by the fo]lowmg equatlon

sd_lD(T) 1+uo.lo_g—%-— ) ; o

Track loadmg on the honzontal pla:ne differs from vertical loading in two m;
regpects: '

+ the resulting eﬁects are much more irregular and discontinuous,

+ the stresses developed should, for safety reasons, remam w1thu1 elas

ity limits.

Like other types of defects, horizontal defects progress relatwely fast fo)
initial load T in the order of 2 Mt and thereafter slow down considerably. Ti
law of evolution may be also approxnnated by a semi-logarithmic formul:
the traffic load, which, however, in many instances has shown deviations an
large dispersion. The following equation has been suggested for the mean v;
of the horizontal defect, (173):- . :

(M=4d, +d ]og

HD

where coeﬂiments d,, d are defined as in equation (11.3), wrfh mean val
d = 06—]0mmandd—015 0.30 mm/decade. '

how slow the progress of
defects is after the reference load T is reached.
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11.6.4. Gauge deviations

Gauge deviations niajnly depend on subgrade and rolling stock type and there-
 fore their evolution is difficult to determine m terms of the various parameters.

L 11.65. Local distortion
The relation of the evolution of local distortion is also semi-logarithmic:

sd, (T) =g,

(11.9)

- where coefficients g (with mean values 1.0+2.0 mm) and g, (with mean val-
syes 0.2+1.0 mm/decade) have a rather large dispersion and are defined as
-those of equation (11.5).

11 7. Mechanicalk equipment for maintenance works

i_Modem railway technology has a panoply of maintenance toois of wh1ch the
Lfollowing can be highlighted, (171a), (179), (180):

-1} Heavy ballast packing, horizontal and elevation correction machinery
(photo 11.1, next page), which should be used, to the extent feasible, only in
: general overhaul operations, where elevation and horizontal adjustment opera-
tions are systematic. A necessary condition for their use is that the ballast be
sound, free of soil contamination, of proper granulomietric size and adequate
fmechamcal strength. The performance of such equipment averages about
200+ 300 m per hour.

- Underfilling (ballast packing) is the operation whereby track defects are rec-
,tlﬁed and includes the following stages:

‘#- A surveying team initially determines the elevation or horizontal correcnon
‘ requlred to be given the track,

-- The ballast packing machine makes a first pass on the track. It moves the
track left, right or up depending on the track defects which should be recti-
. fied. It lowers the packing blades and compacts the ballast under the sleeper.
-+ The recording car passes and measures the remaining defects (maintenance
tolerances)

-~ To the heavy machinery should also be included:

¢ Ballast sizing machines, which adjust the ballast cross-section (Photo 11.2).
," Ballast compacting or stabxhzmg machines, which follow the packing ma-
i chines and contribute to the i increase of the stability and transverse resis-
¢ tance of the track.

'* Ballast-clearing machines.
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Photo 11.1. Heavy bal
packing
chine in

Photo 15.2. Ballast siz
machine

ii) Light (portable) mechanical ballast-packing machines, the use of wh
also requires a sound ballast material. Since this equipment is easily trz
ported, it is highly flexible and should be employed in: :

~+ limited operations on discontinuous sections of the track, of up to ab
300 m in length, where the use of heavy machinery would be unpro
able, e R R ARy

* Fepeat packing on particular points of the frack,

» ¢levation adjustment of switches and crossings, .

« (asan exception only) for systematic maintenance of track sections, wh

heavy machinery is not available or is unable to be used on that partic

iif) Hand tools such as ballast forkand, the pickaxe, etc. which are 1
considered virtually obsolete, but can still be used in the following cases:
i + on track sections with ballast in a state of advanced disintegration wh

i mechanical packing is not possible without adding new sound batlast
. ~ + in the case of isolated, local and urgent repeat packing, where the ext
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of the operation does not justify the use of even light ballast packing
equipment,
¢ with steel or timber sleepers

~ On the opportunity of scheduled maintenance sessions, track equipment is
mspected and damages, if any, rectified. For this purpose, the followmng equip-
ment is used:
- Bolt and screw (both screwing and unscrewing) machines
- Machines for drilling holes into timber sleepers
- Rail cutting machines
- Machines for drilling holes in rails, etc.

11.8. Scheduling maintenance operations

Railways are peculiar in that they consist of discrete subsystems, the interac-
~tions of which are neither simple and obvious nor easy to anticipate. Figure
11.7 llustrates a block diagram of the entire maintenance procedure and the

LY
peCsion {87 *
j [4 ME ASLIREMEN]]
N OF DEFECTS
7' Y
TRACK
y § _ GEOMETRY
AVAILABLEL J / mlr:g:— INSPECTIONS
FACILITIES] N 3 OF ROLLING
STOCK aAaiL
"{ DEFECTS
PASSENGER
y COMFORT FORCES
ALANE . —MAPRLIED  TO
SUBGRADE J > DY .y - |PERMANENT WAY)
g 4 [
S permanest] T )
_ |- WAy MEASUREMENT
OF FORCES
TRACK MEASLIREME: FORCES
OF APPLIED TO
IACCELERATIONS ROLLING STOCK
ROLLING L > e
= | trarFic STOCK g 2 1) ROLLING STOCK
. |wae L ! > > N p| MOVEMENT

Fig. 11.7. Block diagram of the intéractions between the varicus sub-
systems and parameters determining maintenance operations
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-parameters involved. In this chart two processes are apparent, each opposu

.+ optimizes the use of the mechamcal equ1pment ......

track maintenance and everhaul. In order to better use both the human and t
- equipment resources, it is necessary to draw up such diagrams both at the str
' -teglc management level and during maintenance works, (178) '

_11 9. Techmcal con51derat10ns for track mamtenance works

x mmd

- follows (until a traffic load of the order of 2 million tons) during which defe

. this period corresponds to about 1 <4 months. On lines with high traffic (grov
“UIC 1, 2, 3) this period corresponds to 15+40 days (see also chapter 2, F

_and the timely local interventions with light (or heavy, if necessary) machine

the other, (171a), (180a):

* » The traffic process, which, by the track—rolhng stock interaction, tends:
* increase track defects and to destabilize the system as a whole,

‘s ‘The maintenance process, which strives to reduce defects and restore

-frack to its previous good condition.

The two above-mentioned processes should be in equilibrium, which inc

dentally is the basic purpose of the maintenance works. This equilibrium ¢

be achieved only by timely and rational scheduling, which:

-+ is based on systematlcaily sorted mformanon from past mamtenance o
“erations, . .

"+ correctly 3331gns pnont:es along the network, on regmnal and sectlon
level. : .

Flgure 11.8 (next page) illustrates a ﬁow chart of the successive phases

When performmg mamtenance operahons the followmg should be kept

- Elevatlon adjustment 1s mandatory Wlth any honzontal positioning ope
“tion, no later than the riext day and in any case before the track stabiliz
.- If elevation adjustment is performed by heavy machinery, horizontal a
- justment should be performed simultaneously by the machine. :
- If elevation adjustment is performed by heavy machinery, no additio
~elevation adjustments should be made before 1Iack stabilization, whlcl
.. brought about by line traffic.
. - In the event that, after the elapse of the stablhzatlon period, defects
- 'completely rectified are still found, supplementary adjustments should
. perfonned by light eqlupment mthout having to re-lift any elevated s
tions.
* We have seen in the foregoing that after ballast overhaul, a sensitive peri

evolve rapidly. However, on lines with medium traffic Ioad (groups UIC 4,

2.6). Dm‘mg this time the track should be the object of continuous and care
attention, consisting of the monitoring of the progress of the various defe
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whenever defect accumulation is unusual or excessive. The sensitive period
' after maintenance is therefore the key to track longevity and to the reduction of
future maintenance expenses. If the measures mentioned above are not taken
 during this period, problems will arise frequently and increased efforts will be
required to restore track geometry.

PHASE| YEAR OVERHAUL . MAINTENANCE
L]
z
z OVERHAUL COST
2 ESTIMATE
W x4
i <
fia) wi
3
T -
O :
z L PRELIMINARY
z FLANNING
= . B
< R EQUIREMENTS
o N FiNAL PLANNING ¥
é MEANS AVAILABLE ‘l
¥
2 g | SETTING  PRIORITIES
== 1) ;
e | > PLAN  APPROVAL | e #.._._......____
= .
a LA‘PPROVAL 1O PROCfEED‘l
= h 4 - _l
S} =z ) . i
= e {MPLEMENTATION IMPLEMENTATION
- 1
=z =
: ] 3
o o iMFLEMENTATION IMPLEMENTATION  CONTROL
3 < CONTROL ‘ . AND - EVENTUAL
= y § : POSSIBLE  ADJUSTMENTS
2 . TECHNICAL AND
g FINANCIAL  STATISTICS [T
> I

Fig. 11.8. Flow chart of the various pianning and execution stages of track
overhaul and maintenance operations - :
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11.10. Weed control

Weeds can have serious detrimental effects on the ballast and the subgrade

- e contaminating the ballast w1ti1 dth and vegetation debris, which aﬁe
free drainage,

'+ accelerating the decay of components such as concrete sleepers, not ¢

by chemical action but by the expansion of roots in cracks and crevice

* by obscuring the track and thus defects normally observed by the nak

eye would not be seen on routine wsual mspectlons

* The first ra:llway chemlcal weed control introduced m the late 19th cen
~were arsenic-based chemicals which continued in use in. varying degrees
~some countries until the 1930s but are not used today. During the 1930s,’
- dium chlorate was introduced as a chemical weed control and with the addm
© of fire depressants (such as calcium chloride) was made reasonably safe wi
-~ “out any toxic effect. Since World War I, herbicides have been extens.wely us
and particularly hormone selective weedkiller. :

“ Application rates are 120 kg/hectare, the average being 4+8 kg/hect'
Herbicides must be applied evenly over the area, at the lowest practical volu
per hectare if in hqmd form at the greatest practlcal speed and with maxim
safety

‘Spray {rains can also be used. Their capacity can reach 300 km/day (
: daﬂy average observed over d fou;r month season in the UK was 130 km/da
(180b) RRRE o
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12.1. Train traction

In a train, the locomotive which provides the tractive force is usually distin-
guishable from these vehicles being pulled. The locomotive may be powered
by either internal-combustion (diesel) engines, in which case there is diesel
traction, or by electric motors, in which case there is electric traction. The
diesel traction is examined m next chapter section 13.4, and electric traction in
sections 13.5 to 13.10.

The pulled vehicles consist of the vehicle body, carrying passengers or fre] ght,
and the wheels. The body is supported by the wheels either directly on their
axles (see section 12.9.2) or on bogies (section 12.9.3). Wheels which provide
traction are referred to as driving wheels, whereas wheels which do not provide
traction are known as trailing wheels.

" The distinction between pulling and pulled vehicles is less clear in diesel-
electric-powered vehicles, where only certain of the otherwise identical pas-
senger vehicles have driving wheels. '

In order to ensure train operation at a particular speed, adequate tractive
force should be provided to overcome the various forces resisting train motion.

12.2. Forces acting during train motion
12.2.1. The various kinds of forces

During train motion, opposing forces develop which must be overcome by the

tractive force. The opposing forces are due to:

* resistance (mechanical and aerodynamic) in horizontal rectilinear motion

* resistance caused by track curves

* a gravity component on gradients, positive when moving uphill, negative .
downhill

* inertia by acceleration on starting and when speed is not constant.
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parameter depending on the condition of the surface p - L. As an example,
--in conventional SNCF rolling stock, k, = 30-107¢, while for TGV roﬂing
: stock, k, =20-10~°

. p : partial perimeter (in metres) of the rolling stock down to rail 1eve1 Wlth '
~common values around 10 m P

. L trainlength (m).

% Figure 12.1 illustrates the increase of mechanical and aerodynamic resis-
. tances as a function of speed. We see that at high speeds aerodynamic resis-
~ tance is crucial and trains are given a smtab!e aerodynamm Shape n order to
+ reduce it.
. -Figure 12.2 illustrates the running resistance as a function of speed as well
_ " as the power required to overcome this resistance. We see that in order to in-
crease speed ﬁ'om 200 to 300 kmfh engme power hasto be increased by about
200% . -

“RidaN)
A
60004 ‘
50004 total
ranning {

4,000, resistance. | Fig. 12.1. Mechanical and

- 3000 A . aerodynamic resis-
o FmrodyramicT] , tances as a function
2000, v resxstunces—m_‘-«‘ S of speed, (23)
mechanical resistances
oo e e P e
power rurning resistance
(k) {daN)

50001 3000

8000+ +8000

700 /7 taooo
“&000] Heo00 ~ Fig. 12.2. Running resistance
50001 - $5000 - and required trac-
40001 44000 o tion engine power
0001 43000 . . - {atzero gradient) as

2000+
1,0004
) p—

1200 : .a function of speed
. 4‘:000 ‘ {case of the French
O T T i) S TGV 001), (22).
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12.2.3. Empirical formulas for the running resisiances

turing firms and the various raitway networks have developed empirical fi
mulas to calculate these parameters. Below formulas in use by various raitw
authorities worldwide are given.

12.2.3.1. Formulas of the French Railways

12.2.3.1.1. Diesel or electric locomotives

The running resistance is given by the empirical relation, (183)
R(daN)=0.65L+13n+0.01L-V+0.03 v (12

where L : locomotive weight (tons)
1 : number of axles

V : speed (km/h)
12.2.3.1.2. Pulled roliing stock

Due to the dissimilarity of the pulled rolling stock types, the various fonnulei
present a large spread; they are simplified by merging the term B-V of equatio
(12.1) with the term C-V*. The common practice for pulled rolling stock is t

tance . Therefore, (183):

» For passenger rail vehicles on bogies:

r(kgft) = 1.5 + ,‘{_24__(1;%16*1) ) (12.62

» For standardized [/IC-type vehicles:

_ V2 (km/}
rkg/t)=125+ #6(_3(-50_1)

» For passenger vehicles on axles and express, freight train vehicles:

~ Vi (lan/h)
r(kg/t)= 1.5+ 7506 + 2,400

s For freight vehicles in the case of a load of 10 t/axle:
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V2 (km/h)

kgt =15+ Te5o - (12.6d)
In the case of 18 f/axle:
| V2 (lawh) -
r(keft) = 1.2 + —“‘“‘4(,000 ) (12.60)

12;2..3.1.3. Electric passenger vehicles

- FElectric passenger vehicles (including traction motors) are commonly used in
~ high-speed trains and in suburban commuter services. The total running resis-
. tance Rin _the case of electnc suburban trains is gwen by equation, (1 83)

. ' _C'R(kg)=(l._3_ _\/—]ﬁ—f0.0l V)P+C-V2_ - (12.7a)
where . L - o
' C=0.00355+0.0041 piOO +0.002N - (12.7b)
with: | |
P . total weight of the electric passenger vehicle (in tons)
‘m . weight per axle (tons) :
v : speed (km/h)

S.p,L : asinEq. (12.4) (section 122.2)
N : number of raised pantographs (see section 13 9.

In the case of the h1gh speed train TGV Network (with a mass of 420 t) total
- running resistance is given by the formula '

R(N) = 2,300 + 33V (kah) + 0.543 V2 (12.7¢)
12.2.3.2. Formula of the American Railways

© American Raﬂways use the modified Davis formula for the specific rolling
resistanc_e, (182):
20

r(lb/t) 06+~—M—+001 V(mph)+

K v 2y

11b : 0.454 kg
1t, : short ton = 2,000 lbs = 907 2 kg
M :train mass :
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m . mass per axle
n : number of axles in train
© mph : miles per hiour = 1.61 km/h
k :C-S
C : air resistance coefficient (from tables)
S : vehicle cross-sectional area (in sq ft) _
Figure 12.3 illustrates t},
- specific rolling resistance f
1 various rolling stock types:.
{74 L] ‘ | A @ Intercity train, V = g§
o mixed freight trahj /{C trgtin mph? m=25 lb/a)de, train |
. o/ / 16 vehicles with a total ma
i /S 4 of 1600 t, _
X pap @ Mixed freight train, V'
| LA A e biock treignt tram 60 mph, m = 15 Ib/axle, ave;
N nE age vehicle mass: 45 t,, to
C 10 2036 %0 5060 0 8% poro - . trainmass: 3,000t
@ Block freight train, V.

Fig. 12.3. Specific rolling resistance accord- 00 MPh, m =60 lb/axle, trai
ing to the American Railways | of 21 vehicles, each 240t

12.2.3.3. Formula of the German Railways

The German Railways use for freight trains the Strahl formula (Fig. 12.4)

V(km/h) + AV )

o(Nt/t) = 25+ k { "

and for intercity trains the Sauthoff formula

((NUt)=[1+0.0025 V +0.48 - 1.45 10527 (VEISY o (1594

800 10

AN/t

I — E 05 for mixed froigh
mixed treight train /11 T : 0.5 for mixed freig

:g pd bran | g'V , trains and .25 fo
4 /. 1C train| block trains
10 ‘:f// /,/ V  : train speed
20— AV : head wind speed (usu
TIPS ot ally taken 15 km/h) -
0 >y Fig. 12.4 llustrates the spe
0 20 40 &0 B0 100 10 140 180 (jm/h)

cific rolling resistance for vari
Fig. 12.4. Specific rolling resistance accord- ous rolling stock types accord
ing to the German Railways mg to the German Railways.
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| 12.2. 3 4. Formulas for broad and narrow gauge rai]ways

" For broad gauge (e =1.676 m), the foilowmg formulas have been suggested
(Fig. 12.5), (182): .
- & passenger ftrains

r(NPt) = (0.6855 + 0.02112 V (kin/h) + 0.000082 V?) - g (12.10a)

* freight trains :
- T(Nt/t) = (0.87 + 0.0103 V + 0.000056 V*) - g - (12:10b)

‘For narrow gauge (e = 1.000 m) railways, the followmg formulas have been

suggested (Fig. 12.6), (182)

. passengerrram.s ' PR - SIS
1(Ntt) = (1.56 +0.0075 V(k1n/h)+00003 V“) g (12.112)

. freight frains . L
r(Nt/t) (2.6 +0.0003 VZ) g S (1211
§ N/t 5 CA Nit 1
70 :
/ . 0 A1C tmin
mixed freight tmin/ / 50 .
/ j/IC reiin L6 mixed freigit truin/
Y e ‘ e
W Pt 10
] o) M
" -
v 16 - ¥
(kn_'!n'h) o (ern/hiy

0 20 4 80 80 10 120 WG W0 0 20 40 s0. 8 00 126 ®0 160

_Fig. 12.5. Specific rolling resistance  Fig. 12.5. Specific rolling resistance
~ for broad gauge railways for narrow gauge rail-
' . ' ways :

- 12.2.4. Resistances developed when running in a tunnel

Compared to open air operation, operation in a tunnel has certain peculiarities
caused by sudden increases in pressure with unfavourable influence on passen-

cross and, finally, the need to ensure proper ventilation.
12.2.4.1. Pressure problems

“When a train enters a tunnel, the front section (the head) of the train com-
“presses the air at the entrance giving rise to an overpressure wave (Fig. 12.7),
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the amplitude of which increases as the train proceeds, reaching a maximypy;
when the rear section (the tail) of the train enters the tunnel. At this momen; ;

underpressure wave is created by the vacuum left behind the speeding trazy,
The overpressure wave at the train front which propagates at the speed of soup,;
along the tunnel, is reflected by its walls and returas in the form of an unds
pressure wave. With respect to the underpressure wave generated by the taj)
the train inside the tunnel, it undergoes corresponding changes and finally r,
turns in the form of an overpressure wave. When all these waves combip
they give rise to pressure fluctuations progressively diminishing in amplityd
as a function of time, (23).

tunnef . tunnel
entrance entrance

]
r o1
—syndaerpressure  wave

[N

H
bl At PPLeeT, e

r
1

o ——— Oressure  wave
1

1

TIIETTY.

!
|
!
]
“1

c4 PIAP PP LPrT, s

Fig. 12.7. Pressure and underpressure waves when a train enters a tunn

It should be noted, however, that passenger discomfort is caused not s
much by pressure variations as such but by the rate of pressure variatio
During abrupt changes of weather the pressure may change by up to 1,30
mm H,0, and a 1,000 m increase in altitude causes a pressure drop of 1,10
mm H,O, with no significant passenger discomfort. In contrast, during trair
motion i a tunnel, pressure changes are much smaller but also much mo
annoying. The reason lies with the pressure change rate. The human body ¢
adapt to significant changes in pressure, provided that they are not abrup
(184).

Factors affecting passenger comfort, therefore, inclhude both pressure vari
tion, Ap, and pressure change rate Ap/At. Various researches, (184), have shown
that passenger comfort is not significantly affected as long as

Ap- —%tﬂ <c - (12.12

where ¢ is a constant, the exact value of which is different in the various rai
way networks.
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Fig. 12.8 dlustrates
. the results -of experi-
mental tests in raitway
“ap(mm Hy0) S tunnels. During the
A A _ course of these tests
4004 ' ' it was found that the
rolling stock type has
an important influence
on the values of the
pressures developed.
-~ We see that, until a
speed of 200 km/h is
- reached, passenger
- comfort. is not signifi-
Sl _ cantly affected. Be-
: -t : p— T > 3t vond this value, how-
q--ﬂ_} et '1%0" .2-0_'0. 20 %0 =0 '@ 50 S_QQ_:SS-.O(_’“’“ Ffpisec) eVer, pressure varia-
B tions and their rates of

ig. 12.8. Pressure variation and pressure change ;}hazlgeé}ecomet?npor»
' - rate as a function of speed increase (ex- he_liII;'tane cug;? y Prg-
. perimental test results), (184) - DI very speeds

~intunnels. .

: -]2_.2;4.2. Increased aerodynamic resistance

In tunnels, aerodynamic resistance is higher. Research by the Swiss and French
‘Railways on type TEE (Trans Europe Express) rolling stock have yielded the
Tunning resistance as a function of the lateral openings made in the tunnel to
reduce aerodynamic resistance, (183): - .

. Tunnel with no openings - R(kg) = 1,107 +8.25 V + 0.490 V*

Tunnel with opemngs :
every 250 m : Rkg)=1,107+8.25V +0.224 V?
Tunnel with openings | .
-every 500 m - - Rkg)=1,107+825V+0.246 V2
* Running resistance in- ' '
open air - - : Rkg)= 1,107+ 825V +0.158 V*

- - The above mentioned research has given the total running resistance and the
equired power for a TEE train weighing 705 t (Table 12.1). .
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Table 12.1.
Running resistance and required power for a TEE train weighing
705 t, (183)
In-the In tunnel

operair  Openings  Openings No opening. -
every 250 m every 300m  One frain

in tunnel
Total running
resistance (kg) 6,480 8,170 8,830 14,930
Required power ‘
(kW) - 2,820 3,550 3,840 6,500

In order to reduce the acrodynamic resistance, efforts are made to reduce th
S/% ratio, where S is the front surface cross-sectional area of the train and
the effective tunnel cross-sectional area (Fig. 12.9). Thus:

. insingle-track tunnels, -~S*- =0.30-+0.50
.‘_

* in double-track tunnels % ~0.15.
L

It is evident that an excessive reduction in the > ratio would lead to an i
L

ordinate, and expensive, increase of tunnel cross-section, (182).

! . A reduction in aerodynam
‘ resistance in tunnels is achiev
by reducing the pressure differ-
ence between the train front and
rear. This has been achieved
the Channel Tunnel, which is
composed of two single-track
tunnels with communication
openings every 375 m (see sec-
Fig. 12.9. Effective tunnel cross- tion 1.6). Calculations have
section T, shown that the air passages be:

tween the two tunnels will reduce

the power required to overcome aerodynamic resistance from 13.5 MW to
5.8 MW at a speed of 140 kav/h, (23).
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12.2.4.3. Trains crossing in tunnels

When a train crosses another in a tunnel, pressure waves generated by the first
strike the other and conversely As the faster train gives rise to the stronger
effects, the slower train is obviously subjected to the heaviest stresses.

- Experimental tests by the Italian Railways have shown that aerodynarmic
effects when two trains cross in a tunnel do not significantly affect passenger
comfort, mainly because of their short duration (a few tenths of a second),
(184). Human hearing is disturbed by extraneous influences only if they last
longer than half a second. With respect to damage of the rolling stock (mainly
window glass fracture), the above tests have shown no s1gmﬁcant risk at speeds
upto220km/h (184a) : : L -

12.2.4. -l Tunnel CrO8§- vecrzon reqwremenrs at kzgh vpeedv

All the aforementloned reasons entaﬂ that the tunnel cross-section increases as
speed increases. Table 12.2 gives the effective cross-sectional area L, for vari-
ous speeds for double-track tunnels and Fig. 12.10 illustrates the dlmensmus of
a tunnel with a mnning speed of 300 km/h. However, in the design of high
speed tunnels (V>250 km/h) emphasis should be paid not only at the distance
between tracks (4.50+4.70 m) and the cross-sectional area £, (80+100 m?)
but also at the performances and mechamcal res1stances of the rolling stock

L Table 12.2,
Vo (k:m/h) 160 200 240 300 " Required tunnel cross-sec-
tional area for a double-track
. tunnel at various speeds

¥,(m?) 40 55 71 ~100

" 198m

Fig. 12.10.Cross-section of a
: high speed tunnel
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12.2.5. Comparative running resistance between raifways and road vehic),

The running resistance of a rail vehicle (passenger or freight) is far lower th;
that of a road vehicle (Table 12.3). The lower railway running resistance;
firstly due to the lower coefficient of rolling friction of the metal wheels ;
metal rails and secondly to the lower aerodynamic resistance of a train becay

of its great length.

 Table 12.3.
Running resistance for railways, private cars and trucks

Running resistance - privatecar .
(daN) per passenger rail ‘
Private car Railway
- (4 seats) (11 vehicles, 5.1
V=120 kin/h - 820 seats)
21 4,08
Running resistance ek
‘ {daN)} per ton —}E_flu ratio
V =80 km/h traIISpOTtEd
Truck Railway 43

20 4.6

12.2.6. Resistance due to track curves

Additional resistance on curves is caused by:
- » friction between wheel flange and rail
» wheel slippage on the rails, since the axles of a bogie or of a two-axle

" vehicle are always parallel.

The additional specific resistance r_ occurring along curves can be express
by the equation '

where k : parameter with values between 500+ 1,200, with 800 as the avera
-+ R: radius of curvature in the horizontal plane (m)..

224



. Train Dynamics

12.2.7. Resistance caused by gravity .

.In a rail vehicle fo]]ing along a straight level track, the force component per-
pendicular to the direction of gravity is zero. However, when the plane of the
track is mcimed (e.g. when the train 1s running uphill or downhill), a force

component R develops parallel
to the plane of the track (Fig.
12.11), and in the case of an uphill
gradient this component is an ad-
_ - -ditional resistance to vehicle mo-
’ 3 “fion. - :
Flg 12 11 Gravnty remstance f. oo Asthe long:ltudlnal gradlent of '
" railway tracks is small and seldom
-exceeds 20 bo, the angle » is very small and therefore it can be assumed that
sm ® = ta;n ©. Therefore - p -

R =P - smco P ta:nm P-i (1214)__ |

where i: the 10ng1tudmal gradlent

Resistances due to layout curves and to gravity are commonly unified in a
common term called adjusted gradlent and usually expressed in kg/t

12.2.8. Inertzal (acceieratzon) resisiance

Resistance forces arising from the acceleration of a train are given by the clas-
sical equation of dynamics and depend on the geometrical characteristics and
the material of which the vehicles are made,

.. If @« is the acceleration imparted by the traction engine, then the spee1ﬁe
ertlal res1stance I w111 be: -

r(kg/t) IR (P AT

where

q: . a mass coefficient taking into account both the fixed and the rotating
-~ masses of a rolling stock (shafts, electric motors, transmissions). If M
are the rotating masses and M the total train mass, then:

. - ___Mmt B - .

. Measurements have shown that an aceeleration of 1 cm/sec? results in an
additional resistance force of 1 kg/t, which is approximately as much as that
from an uphlll gradlent of 1%o. :
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12.3. Specific fraction force or starting force of a train

Fig. 12.12a. Specific traction force-
running speed diagram
of a diesel train

mormentary
overicad

2004

100{

Lcontinucus
operation .

1 P Vliem I
0 100 )

Fig. 12.12h. Specific traction force -
running speed diagram
of an electric train
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Specific traction force or starting for,
Z 1is the force required to put a g
into motion. The starting force shoy
overcome the sum of all resistanc
generated during train motion. If all ¥

neously, the force Z would have to
very high. In practice, however, thig
never the case, because the train dg
not start as a block, the gaps and cg
plings between the vehicles (see se
tion 12.9.5.3 below) introducing t
elasticity required to start the vehlc
i succession.

In diesel traction (Fig. 12.12a), |
force developed by the traction engf
decreases with increasing speed, wh
the maximum traction force Z is d
veloped when starting. As speed
creases, the traction force decreas
at first linearly (segment AB) and
speed increases further, resistan
plummets {segment BC) leveling of]
at a minimum corresponding to {]

tain momentary overloads, in wh
case the tractive force is greater th
that in ¢ontinuous operation and the
fore higher speeds are attainable.
Figure 12.13 illustrates the diagra:
of the specific traction force Z a
function of uphill gradient in the ca
of passenger and freight trains. Us
values of the specific traction force
10+20 kg/t for passenger trams
10+30 kg/t for freight trains.
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A fundamental characteristic of rail

Hertz
ellipse

F1g 12.15.Traction force Z and ad-_ .

heswn force F .

transport is the metal (wheel) to metal
(rail) contact, occurring along an el-

“liptical surface known as the Hertz el-

lipse (Fig. 12.14, see also sections 2.7

" and 5.4.1). Along the Hertz elliptic
- surface, adhesion forces F
~ which are necessary to ensure continu-
- ousrotation of the wheel. This requires
. that the adhesion force F_, be equal to
‘or greater than the tracnon force Z (F1g

appear,

12.15).
- The adhesion coefficient p is de-

fined as the ratio of the horizontal ad-
hesion force F

: __loa_d _Q :

to the vertical wheel

-
<

(12.16)
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13 .
a ) The adhesion
maximum values

in dry conditiens ‘ efﬁf:jeﬂt u depen

QS‘ 1
b on train speed (F

/‘N 12]6) To sa
a3 average values in dry conditions the condition F l

. adl
verage values in rgin Z, the I'equlred V.
ol ues of 1 have be

o+ minimum values In frost Sl.u-veyed and a
—f given in Table 12

SV{ ki h) (185), (186).

ost

) 50 180 15¢ 200 250 300

Fig. 12.16.The adhesion coefficient p in relation to
train speed V and climatic conditions

Table 12.4.
Required values of the adhesion coefficient p

Traction mode Braking mode
Vikm/h) p_ V (kim/h) e
160 03 ‘
200 0.1 0200 0.095
300 0.07 200300 0.06

Concerning the influence of the various track and rolling stock parameters
on the adhesion coefficient, it was found that, (187):
* increasing wheel diameter from 700 mm to 920 mm, caused little increa
“of adhesion ,

* changing the transverse slope of the rails on the sleepers (see section 2
Fig. 2.13) from 1/40 to 1/20, decreased adhesion by 17%

~* increasing per-wheel load from 8 tto 12¢, decreased adhesion by 12%

A median value of u as a relation of speed can be obtained frorn the formul
(182):
7.5

= 2
H V(m/sec) + 44 +0.161 (12.16
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Finally, for a motor wheel to per- -
-form properly, the theoretical periph-
“eral speed of the wheel (Fig. 12.17)

V_=2ma - (1217)

where r_: rolling radius
: n : number of revolutions

- should be greater than the actual trans-
‘lational speed (V_ >V, ). Otherwise,
there will be: RTRE

. ; ; S ) -’ brakmg lf th< Vms :
an 12.17. Speeds and forces on a o wheel skidif V,_<V_ #0

= h 1 o
whee + wheellockif V., —o>v (#0

It is evident that constant or increasing train speed requires that ﬂae tractive
force be equal to or greater than the total resistance developed to train motion.

12.5. Re_qirired train power .

‘The tractive foroe'necessaxy for train motion is ensured by adequate engme
power. Engine power is distinguished in nominal power and effective power.

Nominal power is the power as specified by the engine manufacturer, Part of
the nominal power is absorbed by auxiliary devices of the engine and another
part is lost during transmission from the motor shaft to the wheels. The remain-
ing power is termed effective power and is the part actually available to power
the motor wheels and the train as a whole.

Power is measured in either horsepower (hp, ps, cv) or kllowatts (kW) En-
gine power mn horsepower is derived from the relation:

7 (kait) . V P S
(kgt) Qélém'/h) © .;,'.-(12.18)

where Z is the specific traction force and P the train wetght

N_t

- Therefore, it is evident that tram power depends on speed whwh should be
specified every time that a power value is indicated. Table 12.5 gives the power
required for operauon of various frain categones
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Table 12.5,
Power required by various types of trains, (181)

. . Power (kW)

Type of train Weight (t) Speed (kmh) 45 597, gradient.
Passenger 800 160 - 4400
Freight 1,800 100 6,350
Suburban 190 140 1,050
High-speed (TGV) 418 300 6.850

Power is often

¥ (kmih) dicated per rolli

stock unit weight,

which case it is terj

ed specific power

also chapter 13, se
tion 13.6.3). Ap
rameter to determin,
the course of a tr
is the distance
quired to attain a
nal speed (Fig. 12.1

2:0 — S (km)

Fig, 12.18.Required distance S as a function of spe-
cific power to enable train speed starting
from zero to reach a final value

12.6. Train acceleration and deceleration

The values of acceleration and deceleration of a train depend on the type
transportation (passenger, freight) as well as on the distance within which
train must attain its maxitum speed. The shorter this distance, the higher
values of acceleration and deceleration, as is the case with the metropolit
and suburban railways. For reasons pertaining to human physwlo gy, maxim
acceleration should not exceed 1.2 m/sec?.

Common acceleration values for various types of rolling stock are:

¢ freight trains:  0.2+0.4 m/sec?
* intercity trains:  0.4+0.6 m/sec?
e suburban trams:  $.6+0.8 m/sec?
* metros: 0.8+1.0 m/sec?
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- Common deceler: ation values for various types of rolling stock are:

+ conventional freight trais. - 0.10 m/sec?
¢ express freight trains: . 0.25 m/sec?
' passenger trains: 0.40+0.50 m/sec?
‘¢ suburban railways, metros: 0.60 m/sec?

A critical parameter for passenger comfort is the acceleration variation
per unit time, also known as jerk. Jerk should not exceed the value of
15 m/seczlsec .

12.7. Train bfaking :
12.7.1. Bmkmg systems

"Two braking systems are in use for brakmg rail vehicles, (183), (187}

"' Shoe (or block) brakes. They operate with the help of the friction devel—

~oped on the wheels by the pressure of metal shoes. Both wheels of the

axle being braked are provided with braking shoes.

- Disc brakes. The braking action is achieved by friction on steel dlSCS or

- cast iron fixed to the axle. A basic disadvantage of disc brakes is the
generation of high temperatures reaching 500°C, (192). :

The following methods are used for transmission of the braking force:

* Air braking, using changes of air pressure in special conduits, initiated in
the driver’s cab by operating a valve. This system has the msadvantage

- that braking is not simultaneous on all train vehicles. -

* Electropneumatic braking, developed in the 1960s, to reduce the trans-

‘mission delay of the braking operation to the vehicles in a train. In this
system, air pressure is modified simultaneously at all wheels by electri-
cally-actuated air valves at each brake. The system is operated by an elec-
tric signal transmitted on a line along the train.

¢+ Electromagnetic braking, developed in recent decades so as to confront

the great increase in train speeds. In this type, the braking action 1s ap-

plied directly to the rails. Braking is achieved by special shoes with elec-

tromagnets which carry a current during braking. Electromagnetic brak-

ing may function independently or in combination with other systems.

* Electrodynamic braking, doing away with brake shoe wear because de-

- celeration is.obtained by converting the electric traction motors into elec-
fric generators. The power generated by braking is used for auxiliary pur-
poses. In the case of electric locomotives, the energy recovered may be
returned to the power network through the pantograph. The recovered
energy is 3+ 6% in intercity trains, 20% in mass transit and freight trains
and 40% in trains on high gradient tracks, (182). o
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Fmally, rail vehicles are provided with anti-skid devices which monitor whe
rotation and modify the braking force whenever wheel locking is detected,.
congideration of train braking, special concern needs to be given to poor adh

_ sion conditions that can
-_E created under certain weath
LM_HLL conditions due to rain, i
and leaf deposits.

I O

T i

<
S
o

Fig. 12.19.Analysis of

disc brake wi

- the nse of the

(a) (b) (c) : nite element m

mesh equal tempera-  equal stress thod ’
ture curves curves

12.7.2. Braking distance

Empirical formulas have been developed giving the braking distance L. for th
various train categories, (183), (203).

Freight trains (V <70 km/h)
This 1is the oldest equation (Maison’s formula):
Lm)=. 4.24 V2 (km/h) (121

[,000 @ - A+ 0.0006 V2+3 ~ 1

where i : track gradient (%o or equivalent in mm/m). Track gradient is regard
positive downhill and negative uphill.
¢ friction coefficient depending on gradient. Values are:
¢=0.10, for 1< 15%a .
=0.10—0.00133 (i—15), fori> 15%c
A : braking percentage, defined as the ratio of the braking force to tot
vehicle weight and expressing the braking force required for brakm,
1t

Braking percentage ) is a critical factor for the braking distance. Table 12
gives values of A for various types of rolling stock and brakes.
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Tabie 12.6.

Breaking percentage A for various types of rolling stock and brakes
A
Normal brake
- Tractive vehicles
with per axle load P=15+20t 80+-95%
- Tracted vehicles _

with per axle load P=5+20 ¢t 65 +90%

‘Emergency brake - . . ' '
- Tractive vehicles : 160 +220%

" - Tracted vehicle_s ’ 130 +220%

| Passenger.'frazns (v .'70 .to 140 km/h)
i: The brakmg distance is glven by the Pedeluck empirical formula:
S @ - V2 :

L(m) - 1.09375 A +0.127 - 0.2351 - ¢ (12.20)
with the variqué_ parameters defined as n the pl'eviods relation.
Diesel - electric passenger vehicles |
- The braking distance is given by the formula:
Lm)- 2BV @
= ﬁ ‘

where 7 is the deceleration (m/sec?).
‘Other empirical formulas

- Previous formulas, developed by the French Railways, are also in use by the
- UIC, {186a). However, to overcome the restrictions of formulas (12.19)-(12.21),
- the German Railways have developed the so called Minden formula for the
. brakmg distance, Wthh is:

braking of 5

passenger trains L) = 6'134!8? (‘I’Jr(%)] = (122
braking of - 3.85 V? (km/h)

freight wains Wm= ST AT (22
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with the parameter y taking values between 0.5+ 1.25 (in relation to the by
type characteristics) which are given by nomographs, (186b).
Another empirical formula, in. use by the Belgian Railways, is

Lam) 4.24 V2 (km/h) (1220
m) = :
A o2 005V ~ i
Lim}
roco Figure 12.20 illustrates the br.
" / ing distance for low and mediy
500 ‘ speeds and various roliing sto
400 yARAY, types. o _
7 7 ~ The braking distance derived fro
200 A / the above equations is augmented
150 // 7 at least 10% as a safety margin {d
100 A pending also on the signalling sy
o] / / tem). The greater the speed, t
50 —A— longer the braking distance (Tab
1 12.7). Figure 12.21 illustrates ¢
© @) /| braking distance at high speeds.
.1/ ’
o (3 ' umih) Table 12.7.

»

Braking distance increase in
relation to the increasing speed

0 0 /L0 O 800 1D

(1) . freight train, A = 40%

(2) rail vehicles, disc brakes, & = 138% V (km/h) Braking distance (m
(3) TEE, dISC brakes, A =239% 160 1 300 - 1 400
Fig. 12.20.Braking distance in rela- 200 2,500+3,000
tion to speed (at zero gra- 260 6,000+ 8,000
dient) for medium and low
spesds
n +V(crnin 7
2600 e E _____ _
ofs = - Il
L e ik = ‘”\_\ *-\'\\\\
| \‘5\ \1;\\
3% e IIRYY
1 AW _;L(m)
2093 m 2093m 2093 m 2093m

Fig. 12.21. Required braking distance at high speeds (with zero gradient).
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12.8. Line scheduling

The refations developed i this chapter enable the planning of a train schedule.
It is first necessary to determine the values of the following basic parameters:
‘= ‘approved maximum loads

planned stop locations

running resistances and adjusted slope

inertia coefficients of rotating masses

speed limits due to the track

speed limits due to the rolling stock

acceleration on starting N

- deceleration on braking.-

- In addﬂ:zon to the above, operanonal and commerc1a.l parameters should be _
also taken into account: ' : '
- required travel times .

- train crossing < - - S

- best use of rolling stock IR

Optlrmzatlon of line capacity requires the groupmg of trains in two catego-
ries: fast (passenger) and slow (freight). Within each category, spacing of trains
is related to the specific speed and to distances of braking; as previously ana-
lyzed, the higher the speed, the greater the braking distance. - '

- Many computer pro grams have been developed and are in use by the ratlway
services for the accurate calculation of line scheduling. F1gure 12.22 ﬂlustrates
such a scheduhng for a double track (3)

Kiiometnc point
: Statlon Name

==
=

—
T

L

5 ° (n

o 150 A m \
D ¢}
‘Fig. 12.22. Extract of a line scheduling on a double track
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12.9. Components of a pulled rail vehicle

As a]reédy ment'ionéd in section 12.1 of this chapter, every pulled passenger
freight rail vehicle consists of the body, which requires a set of parts and 4
vices for its movement: wheels, axles, bogies, springs, couplers and buffar.

12.9.1. Wheels

On standard-gauge lines, wheel diameter of the pulled rolling stock ranges b
tween 0.85-+1.05 m, with 1.00 m as the average value. On metric lines, wh
diameter averages 0.75 m. As the continuing tendency is to increase per-wh
load, one would expect wheel diameter to increase also. This, however, isn
feasible beyond current wheel diameters, because larger wheels would on 1]
one hand increase weight and therefore manufacturing and operating costs,
on the other hand result in a greater vehicle floor height from track level. Thy
would be detrimental to both the stability and the space available in the vehi
(the rolling stock gauge is fixed and cannot be changed), (189).

The wheel diameter of the locomotive is similar to that of the pulled stock.
Figure 12.23 illustrates geometrical characteristics of a wheel type.

_——7K

Fig. 12.23. Detail of a_ rail vehicle wheel
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Two main parts can be dlstmgmshed ina Wheel (Photo 12.1):
S - - The tyre, which is the external part of
‘the wheel and comes in contact with

" the rail. Since it is subject to high
wear, the tyre is made of material
highly resistant to wear.

- The internal disc of the wheel. The
external part of the disc inside the tyre
is the whee! rim.

G Tyre thickness ranges between 65+ 70
_mm and the tyre is considered worn when
- ~wear reduces the thickness to 30 mm.
. The first tyre material was soft iron, but
-1t wore out quickly and was difficult to
i -weld properly. Accordingly, it was replaced
: ;-._by hard steel, which, however should have
SR lowbnttleness (188) :
oto 12.1. " Tyre and wheel rim v
0 of a rail vehlcle,
(182)

12.9.2. Axles

Wheels are connected in pairs on axles, for which each vehicle includes at
least two. The increases in vehicle weight combined with the need to keep
subgrade loading within reasonable limits have led to the addition of a third and
then ofa fom‘rh axle Four—axle ra11 veh1cles are currently the rule.

The distance 8 be-

- tween the two most dis-

~ tant fixed axles of a ve-

- hicle is termed the wheel-

o . “base & of the vehicle (Fig.

_ I__s____l I.__a_}___I 12.24). The greater the

S — - "-wheel-base of a vehicle,

.. the more stable it is on

oo straight track but the

Fig. 12.24. Wheel—base of a vehlcle - ‘more difficult it will be to

' ‘run on curved track. The

maxitmum wheel—base Iength 8 enablmg a raJI vehmle to operate on a curve of
: radms Ris glven by the relatlon

=0.30 \/_
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An axle is composed of
following parts (Fig. 12,25}
+ The axle-journal J whj
is supported by the bearing
+ The wedging region
SORMRETED which is the part of the ai;
0 wedged into the wheel bogd
+ The main body A of
axle, located between the ¢
wheels. ‘ '
The vehicle load is applicg
to the bearings and thened
Fig. 12.25. Parts of an axle transmitted to the journals a
the wheels. In order to redy
friction between the journals and bushings, they are lubricated by grease-box
The bearings are mounted inside the grease-boxes which also support the ;
hicle body through suspension springs. There are two kinds of bearings, jo
nal bearings and rolling-contact bearings, which are in turn distinguishable in
ball bearings and roller bearings, (195). '
Motor axle loading stresses are both torsional and bending, while stresse
non-motor axles are only bending. ‘

12.9.3. Bogies

The increase in the number ‘ :
of axles of railway vehicles e =
gave rise to the need to :l *_1} i_I_ _le

/

separate the axles into bogie veh!icie axle

groups. This is achieved by

the bogies, where two or - : '
more axles are mounted on : Fig. 12.26. Bogie
the same frame (Fig. 12.26). l '

In commonly used bogies | :
(Fig..12.27) the axle bady -‘-“-
and the wheels are rigidly e v—

joined, and as a result they _ \ \slp,ings
rotate at the same angular o bogie—ed axes
speed. The bogie frames
are connected to the rail ve-
hicle body and to the axles /
through springs and shock : ‘
absorbers, providing the T : ]
vehicle with two suspension |

directions (Figs. 12.27, Fig. 12.27.Configuration of conventional-ty
12.28 and Photo 12.2). bogies and location of springs
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This conventional type of bogie ensures very satisfactory passenger comfort
-and safety, having been tested m high-speed trains (V__: 250 +300 km/h). On
- small radii of curvature, however, tests have shown both wheel slippage and
- wheel flange contact with the external rail. This has brought about the design
~and development of new bogie types which include: bogies with self-guided
~axles, bogies with skid-control axles and bogtes w1th mdependently rotatmg
,’;._wheels (190) (191) ;

1 Photo 12.2. Bogie and springs of a rail vehicle, (182) -

vehicle body e )
secondary ) ) oo primary
suspensjon S SO . /suspensicn

;Fxg 12.28. anary and secondary suspensmn ofa ra:l vehicle
i 12.9.4. Spnngs L
%Springs are used between parts of the same rail vehicle (Fig. 12.29) as well as

between successive vehicles. Depending on thelr purpose, sprmgs may be sus-
_ pensmn compressmn couplmg ' :
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vehicle
lrenicle

1 |.=| V\I\w?\ ?IT:I secondary
suspension

bogie

AA

[ ’ t primary

suspension
1
|
axte rail
\ , i
% Sleeper / i
Ltransverse elgsticity ot rai}
rifcal stici of bal
transverse

elgstici

Fig. 12.29. Vertical and transversal elasticities of the rail system

If P is the load applied on a spring and Af its length variation, the wor
energy stored is:

=%MP2 (122

Depending on the purpose of the springs, constraints are set to the maximy
value A{ as follows: '

« Jpcomotives, A 10+ 15 mm

» passenger vehicles, AL 50+150 mm

* freight vehicles, Af: 15+25 mm.

12.9.5. Couplings and buffers
Couplings and buffers are devices used to interconnect rail vehicles to for
trains. Their main purpose is to transfer horizontal forces from one vehicle
the other. :

12.9.5.1. Springs in couplings

For palésenger comfort reasons, springs in paésengéf vehicle couplings have
low value of AL 12+20 mm. Contrariwise, in freight vehicle couplings it

AL 3050 mm. _
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12.9.5.2. Springs in buffers

. As opposed to coupling springs, buffer springs in passenger vehicles should
- have a high value of Af (ranging between 50+ 70 mm), to absorb the various
: shocks and vibrations thoroughly and quickly. A similar requirement is not nec-
. essary for freight vehicles, in which A£ ranges between 30+ 50 mm.

| 12953, Couplings

- Hook couplings (Fig. 12.30)

- “were formerly used to connect

- the -vehicles in a train. How-

. _ever, automatic couplings are
-+ implemented today, automati- -

- cally ensuring the coupling of

i successive rail vehicles, inpar-

: ticular the connection of brake

. air pipes and electrical circuits.

' 12.9.5.4. Buffers

- Buffers (Fig. 12.31) are em- -
~ ployed to keep constant spac-

- ing between rail vehicles and

- 10 absorb shocks. In standard-
- gauge lines, buffer height above

© rail level is 0.90+1.25m.

Fig. 12.31. Buffer detail

12.10. Dyhamic stability of a rail vehicle .

The dynamic stability of a rail vehicle depends on the motions occurring in the
- transverse direction Y of the vehicle (Fig. 12.32). Bogies have three degrees of
freedom (Fig. 12.33), to which should be added the two degrees of freedom of

. each of the two axles, i.e. transverse motion and rotation around the vertical

- axis (Z). Vehicle motion therefore shows a total of seven degrees of freedom.
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Z
I
XI
Y |
”f‘\" ) Fig. 12.32.Rail vehic],
: ~71 and sy.stem o
; K coordinates
Y
; Y
. 4 4 2
m==sEee =
: 4 »X T ) »X
I:; eyt g—— lr_ pr—
r ¥ v v
iy .
(a) (L) {©)
] Transverse Rotation around Rotation around
motion vertical axis longitudinal axis

Fig, 12.33. Degrees of freedom of a bogie

The vehicle instability conditions are found by solving the equation of d
namics: ‘

J _ [M] [x] + [C] [x] + [R] [x] = O (12.24

where [M] : the mass matrix
_ [C] : the viscosity (damping) matrix
[R] : the stiffness matrix
[x] : the column matrix of the degrees of freedorm, 1.e.

[x] =

MR R
—
[
)
2

Fal
~J
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Solving equation {12.24) leads to an auxiliary equation of the 14th degree.
Let X be the real toots of the auxiliary equation. The critical speed is the one
correspondmg to a change of sign of the product IIA,, (108).

‘The above analysis was based on the assumptlon that all phenomena are
linear. However, this is not exactly the case, particularly as the critical speed is
approached and conditions of instability are created. The above theoretical ana-
lysis should be confirmed by experimental tests.

Combining the results of the theoretical and experimental analysis, ( 181),
(182), (190), 1t was found that the critical speed mncreases as:

* bogie axle spacing increases
*- the moment of inertia of the bogie around the verncal axis decreases
_' bogle mass decreases : : - :

Smoe the 1ast two requlrements are in COI’lﬂlCt with the ﬁrst a oompromlse is
sought during rolling stock design. Bogie mass, of course, can only be reduced -
10 a certain limit, so that vehicle loads are adequately supported.

- Both theoretical analysis and expenmental tests have shown that the critical
speed of a bogie with new wheels is higher than that for a bogie with worn
wheels. Indeed, critical speed decreases rapidly beyond a certain degree of
wear. Wheels are accordingly subjected to limited rectification on a lathe after
.a certain kilometric distance {(normally once a year).

+ The critical speed for passenger rolling stock in current use has been found
to be well aver 300 km/h, a fact confemng to rail vehlcles hlgh dynamlc stabil-
ity even at the hlghest speeds SR _

12.11. Vehicles_wi_th .body tilting on curves

¢ Asexplained in the chapter on track layout (section 9.2.2), the coexistence of
passenger (fast) and freight (slow) trains along a curve must be ensured. The
normal cant h implemented does not fully compensate centrifugal forces of
+ “fast trains and a cant deficiency h, exists, which is the difference between the
theoretlcal value of cant for maxunum speed and the normal cant:

h,=h (V. _)—h

- with serious consequences on passenger comfort.

- To deal with the problem, rail vehicles have been manufactured recently with
_ bodies capable of tilting relative to the wheel-base (Fig. 12. 34¢) when running
on curves. Therefore, concerning the passenger level a cant is applied very
close to the theoretical cant h, and clearly exceeding normal cant of the track
- layout. This tilting body feature dras’acally roduces (and often ehmmates) cant
deﬁc1enoy
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@), {®) (c)
vehicle on Fixaed bedy and Tiltng body and
strajght line theoretical cant actual cant

Fig. 12.34. Positions of a rail vehicle and accelerations developed

Two tilt-body rail vehicle technologies have been developed:
+ The passive method, whereby the vehicle suspension tises when runnin
on curves so that the turning point of the vehicle remains above its cente
of mass. This method has been applied to the Spanish Talgo and permi
angles of 3°-+5° between body and axle.
+ The active method, i which the turning angle between body and axle i
greater (8°+10°) and is set as a function of the unbalanced centrifug
acceleration. As the train enters the transition curve from the straight ling
the accelerations developed at the bogie are sensed by accelerometer;
Instructions to begin rotation of the body around its axis are issued by a
electronic device located at the head of the train. The turning angle is
function of the unbalanced centrifugal acceleration. This technique h
been applied to the Italian Pendolino, the Swedish X2000, the Germa

VT610, and others, (193).

Figure 12.35 illustrate

Vit ) the running spead in relatie:
o " to the radius of curvature f
300 i conventional and tiltin
250 |55 - trains. [t can be seen that
e x@’ , o TS existing layouts, tiltin
z ‘/’@,ﬁn“” : trains can have speed
150 ot greater by 20 -+30% in com
10022 parison to convention:
50(/ _ traips. However, speci

amy  consideration in the case

o S0 a0 Ta®m 2000 230 300 tilting trains must be giv

to the dynamic envelope

Fig. 12.35.Running speed in relation to the ra- which the vehicles run ar
dius of curvature for conventional the structure gauge of tu
and tilting trains, (182) nels to be crossed. -
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Tractlon

: ‘13 I The various tractmn systems :

L As mentioned in ﬂ1e preceding. chapter the purpose of the pu]}mg veh1cle isto
- pull the train. When a rail vehicle is purely a train pulling engine, it is known as
+ alocemotive. Traction power generatlon may, rely on steam, diesel, or electric
. motors,
- The first power generauon medxum used for traction was s steam. Indeed, the
- spread of the railways was primarily due to the industrial revolution of steam.
- The first steam vehicle appeared in 1804 and was used for railway traction in
. the 1830s. For more than 120 years the steam engme was the prmcipal means
: for pulling trams ' .

-13.2. Steam traction

1 321 ()peratmg principle of the steam engine

: Steam engme operation is based on the following prmmple (Flg 13. ]) The
- wheel T is connected to the rod MD by the crank TM. The rod MD is con-

coupled ™ wheel

coupling  bar : M

Fig. 13.1. Operational principle of the steam engine

245



Railway Engineering

nected to the piston rod DE of the steam cylinder, thereby converting the recip
rocating motion of the rod DE generated by steam power into wheel rotatior
The wheels of the motor axle, connected to the rods (one on each side) g
known as the main driving wheels. A single driving axle is not suificient {;
provide the required traction force and therefore other driving axles are aig
provided. Since the latter, however, cannot be directly connected to the rod
their wheels are coupled to the main driving wheels by rods called couplip;
rods which, in turn, are successively connected to the wheel cranks TM, T M:
etc. These axles are known as coupled axles. The coupled axles and the md
of the main driving wheels are the driving axles. The total number of couple
axles seldom exceeds five or at most six, but is never less than two.

A steam locomotive may use coal or petroleum as fuel. According to th
aforementioned operating principle, the thermatl energy liberated by either coa
ot petroleum is stored as steam pressure dynamic energy and is converte
when necessary, fo {rain kinetic energy.

13.2.2. Main parts of a steam locomotive

The main parts of a steam locomouve are: '
* The vehicle, mainly compnsmg the rolhn g devices, the ﬁame the cot
pling devices, buffers, suspension, etc., as well as the driver’s cab, i
which all equipment and instruments for locomotive operation and cor

trol and for running the train as a whole are located.
* Steam generation equipment, i.€. the boiler and associated parts.
* The engine, i.e. steam cylinders, pistons, slide valves, distribution device
* Various auxiliary systems, e.g. air compressors for braking, central hea
ing, sand boxes to ncrease adhesion between driving wheels and rail
lubrication and braking devices, several safety systems, etc.

13.2.3. Disadvantages and abandonment of the steam locomotive

Presently, steam traction is commercially employed only on certain railwa
lines of Africa and Asia, whereas 1 Europe and Northern Americaitis by no
a museumn item and the few remaining steam locomotives are used only as
tourist attraction. The reasons that steam locomotives are no longer used ar
many, (181):
"+ Low fuel efficiency. Only about 6% of the energy liberated by coal com
bustion is used for train traction.
+ Poor technical perfonnance Steam locomotives cannot exceed 3,060
horse-power and a maximum operating speed of 120140 kim/h.
+ The need to maintain a large number of water supply facilities.
+ High maintenance cost.
. Tnne—consammg fuel replenishment procedure. A steam locomotive ¢
“operate only 12+ 14 hours a day.
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¢ Increased fire hazard.
¢ I—Iarmful to the e11v1ronment (annosphenc poHuhon nolse)
13.3. From steam traction to diesel traction and electric traction
13.3.1. From steam traction to diesel traction
~ Diesel traction of trains was introduced shortly before World War II but was
systematically developed after the end of the War. Diesel locomotives are driven

by a diesel internal-combustion engine. In comparison to steam traction, diesel
traction offers far higher efficiency, a lower operating cost (by almost 50%),

- ‘much better performance (power, speed), ‘cleaner operation and lmproved pas-.

B senger comfort, convemence and less strenuous work for the dnver
13 3 2. From dzesef rracnon to eleclrzc tmcrzon o

The emergence of elecinc radway traction dates back to 1879 The ﬁrst uses of '
electric power in vehicles were restricted to urban service, Wlth the develop-
ment of the electric tramways between 1890-1914,

Electric traction was first introduced in conventional railways in 1900, when
it was adopted in the Paris and London metro lines and in the mountain lmes of
Switzerland.

- Since 1920 electric traction has been extensively used espec1ally after 1950,

Its operating cost is 35% lower than diesel traction, but it necessitates a higher
. initial expense due to the permanent plant requu‘ed (see section 13. 7 1.
- Electric tractlon is accordmgly nsed only on high-traffic lines..

13 3.3. Gas rurbme locomonves

Gas turbine locomotives were developed in the 1960s and early 19705 The

basic element of a gas turbine locomotive is the gas turbine engine, operating
. by the expansion of overheated and compressed gaseous combustion prod-
- ucts. After the.energy crisis of 1973, gas turbines were no longer cost-effecient

due to their high energy consumption, and the instances of their current use are

':_ ' 13 4. Dlesel tractlon

| R 13.4.1. Operating prmczple of the diesel engine

The basic element of the diesel engine (Fig. 13.2) 1s the cylinder C, inside
which is moving the piston P by reciprocating motion, This reciprocating mo-
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C;J tion is transmitted as rotary motjo
Mt by the rod PK and the crank O
?@ ®F to the main driving shaft OP. ¢

| the cylinder cover are located
valves A, B and |, performing fim

g \ tions in the following order:
kT * Suction
N ’G,)  Compression and injection g
T gaseous fuel

¢ Combustion and expansion

Fig. 13.2. Schematic representation of gaseous combustion produc
diesel engine » Exhaust

A fourth valve is provided near the other three, letting in compressed air
start the engine. All four valves are spring loaded and are opened and closed.
appropriate times by levers and a camshafi.

The aforementioned description refers to a single-action engine in whic
suction, injection and exhaust occur in the cylinder chamber on the same SI
of the piston, specifically on the upper side.

The motor function of a diesel engine is carried out in four cycles, as fo
lows:

1. Suction stroke. This involves the time period in which the piston, startin

* from the upper end of its travel (UET) with valve A open and valve
closed, descends to the lower end of its travel (LET), while cylinder C
filled with fresh air.

2. Compression stroke. This corresponds to the ascent of the piston from th
LET, when valve A and valve B close and remain closed, to the UE
Thus, the air pressure in cylinder increases from 1 atmosphere to 30--4
atmospheres, causing the temperature to reach 400 +500° C. Shortly be
fore the piston reaches the UET, fuel is injected under pressure into th
cylinder. The fuel droplets subsequently ignite at the moment when th
piston reaches the UET. The pressure within the cylinder C then reache:
50+80 atmospheres and the temperature reaches 1,800 +3,000° C.

3. Expansion stroke. This corresponds to closed valves and to a piston trav
from UET to LET under the action of expanding gases. Valve B opens
the appropriate moment.

4. Exhaust stroke. This covers piston travel from LET to UET with valve
open. Combustion gases are forced out, while a large part of the gases
released from the cylinder during the first moments of this stroke. Th
remainder is pushed by the piston during its ascent to the UET, wh
valve A opens.

Upon completing the above cycle, the piston retumns to its initial positio

and the process is repeated. It is possible, however, to complete the entir
cycle in two strokes, in which case we have a two-stroke engine. With respe
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: .to the number of cylinders, there are diese} motors with 4, 5 or 8 in-line cylin-
ders, or 8+12 cylinders in a V arrangement. Motor speeds range from low
(750 rp.m.) to high (12001500 r.p.m.). Low-speed motors are heavier for

the same power. In order to withstand high temperatures, cyhnders have

double walls for water cu‘cukat:ton in between.

13.4.2. Transmission sysiems

In diesel locomotives, drive power transmission from the motor to the wheels
- is achieved by the following methods:;

By hydrodynamic transmlssmn and hydrodynam:c speed sthtmg (e.g. of

- the Voith type). -
By hydrodynamic: transmlssmn and mechan zaal speed shlﬁ:mg (e g. of the

-~ Mekydro type).

By electrical transmission, in which case the dlesel engine drives an elec-

tric generator in turn driving series electric motors, which are mechani-
cally joined with their driving wheels. In the case of an electrical trans-

‘mission, no gear boxes are employed and operating conditions are identi-
. ¢al to those in electric locomotives. Diesel locomotives of this type, termed

diesel-electric locomotives, essentially are direct current-generator plants
supplying the motors of the driving axles. If traction requirements are
high, several diesel locomotives in series may be used in the same train.

By other means, e.g. by hydrosmrzc transmission, or by purely mechani-

cal transmlsswn

13.4.3. Requirementsﬁom a dz'esel locomotive'

A diesel engine should meet the followmg requirements:

Pulling capability of medium and heavy loads on a level track, uphlll or

- downhill, with a high transmission box efficiency at medmm and high

speeds and at 2 full or almost full train load.

Overload capability, on the one hand in the low speed range, and on the
other hand uphill at full load. '

Capability- to-brake with no slippage at high speeds as well as to keep
within speed limits downbhill without using mechanical brakes. . .
Motor operation within the favourable operating region. :

ngh rehablhty and low maintenance cost. .

1 3.4.4. Advanrages drsadvanrages of dresel traction

5 Diesel traction in comparison with electric traction offers the fo]lomng advan-
| tages:

* lower track mstaﬂat10n cost
+ autonomy :
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However, diesel traction has the following disadvantages compared to ¢le
tric traction:
+ lower mecharical performance (power, force speed)
= higher energy consumptmn
* more air pollution and noise
+ higher maintenance expenses.

13.5. Electric traction

In contrast to diesel traction, where the energy required for train operation
generated within the diesel locomotive itself, the energy needed for elec
traction is transmitted to the electric locomotive by an external subsystem,
power supply subsystem.

13.5.1. Power supply subsystem

The power supply subsystem mcludes:
- substations, where the voltage is stepped down and (in certain elec
traction systems) the alternating current (AC) frequency is converted or

the AC is rectified into direct current (DC) :

- transmission lines or conductor rails to convey the electric energy from
the substations to the electric locomotive.

The electric substations may obtain electric power:
+ either from the national h1gh~voltage power network at a frequency of

50 Hz in Europe or 60 Hz in the USA
+ or from a separate high-voltage distribution network, at a frequency (com-

monly 16'% Hz), considerably lower than that of the national networl;';

This separate network may be connected to the public network or may be

- independent, i.e. have its own power generating plants.
‘Therefore, when planning the electrification of a railway line (emstmg ot
under_construction), the proximity of the public power network to the line as
well as the energy available from the power network should be considered. -
In substations, the characteristics of the electric energy obtained from the
power network are changed (voltage reduction and/or frequency conversion
and/or rectification from AC to DC), and the converted energy is channelled
through the transmission line to the rail vehicles. Substation spacing ranges
from 10+ 70 km and mainly depends on the electric traction system but also on
line traffic load. -
4 . As arule, the transmission line from- substations to vehicles is in smgle-
%wphase configuration, Electric traction engines obtam electnc power from a con-
ductor whmh may be

[ - : W
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° elther an overhead i"me , as used raxlwaysend{semetnnes) in metros.
ways.— .

When only one transmlssmn line or conductor rail is provrded current returm.

__is effected through the raxls Either one or both raJls may be employed

[

13.5.2. Tracrron subsystem

The traction subsystem includes the eleotnc traction engine with all its equip-
- ment and devices. In this subsystem, electrical energy is converted nto me-
- “chanical energy, which is used to operate the train.

. In the case of an overhead transmission line, electric power is tansferred
. from the line to the vehicle through a pantograph. In the case of third or fourth
orail conductors collector shoes on the vehicles prck up the power (see sectlon

| _1385)

1 3 3. 3 Requzrements of the two dzscrere subsystems

. The two aforementroned subsystems power supply and traction, have differ-
ent requirements and, depending on the priority assigned to energy transmis-
- sion (power supply subsystem) or energy use (traction subsystem), various elec-
: z;" tric traction systems have been. developed

13.6. Electric traction systems

13.6.1. Dzrect current rracnon

'_WWWaemgm&mﬁamomm-

g system. For a long time, therefore, (since the beginning of this century until

- -about 1950), priority was given to good motor operation. As series-excited DC
©'motors until recent times offered the best operating conditions for railway trac-
. tion, railway designers sought an electric traction system using direct current.
- Direct current,-however, cannot be transformed. Early electric transmission

o '_systems therefore operated at the same voltage as the traction motors. The

main voltages employed were:
~® 750V, mainly for transmission on third and fourth rail systems
& 1,500V, more Widespread than other voltages :

« 3000V . : : :

 The above voltages are far lower than those employed on public power net-
. works (150,000 V, 220,000 V and 280,000 V) and too low for efficient power
. transmission. DC railway traction therefore necessitates large cross-sections
- of the transmission line (400 -+ 900 mm?*) and closely-spaced substations. Sub-
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station spacing is 15+ 20 km in the case of 1,500 V and 35+ 40 km in the ¢ag
of 3,000 V.

Therefore, direct current railway traction, though superior as regards th,
traction subsystem, proves inferior when it comes to the power supply sub
system. DC traction is presently used in about 50% of electric railway line
worldwide and has mamly been used in France, Spain, Italy, Russm J apan
certain parts ofthe U K., ete., (F1g 134, p. 254)

13.6.2. Altemanng ‘currenr traction

Alternating current is superior to direct current as regards the power supply
subsystem, but encounters problems in the traction subsystem. AC motors mest
g the requirements of traction engines are series-excited AC motors with
collector, which, however, face problems proportional to the AC frequency
The need therefore mitially arose to use AC at a frequency lower than th
50 Hz used on public power mams.

2

g 13.6.2.1. Alternating current traction at 15,000 V] 16 T Hz

" Inthiss stem, electric substations may-obtain-power from either of two sources
60 Hz),
1s¢ Thereis voltage redy reductlo_n In. thm;mstauensﬂndﬂ-&equngl

' convefsmn
. (é(s_epamte«;%lmrmnglow-ﬁ:equency AC, in whlcchase_there_s

QDMH_age reduction m the substations__—
AC traction at 15,000 V, 16 --° Hz is currently used in Central Europe (Ger:

many, Austria, Switzerland) where substations are supplied from special low:
frequency AC power plants, and in Northern Europe (Sweden, Norway) wher
substations are supplied from the 50 Hz national power network. This AC trac

tion system corresponds to 20% of electric railway lines worldwide (Fig. 13.4)

In 15,000 V, 16 —3 Hz electric traction, substations are spaced 50+ 60 km

apart and transmlsswn lines have considerably smaller cross-sections than in
DC traction. This system, however, has the disadvantages referred to in con
nection with motors, mainly their great susceptibility.

13.6.2.2. Alternating current traction af 25,000 V) 50 Hz

To overcome the disadvantages of the two previously described systems, it i
necessary to seek a traction system that combines the advantages of both sys
tems without presenting any of their disadvantages, This was achieved after
1950 with the development of efficient and lightweight ignitron rectifiers (late
superseded by thyristors, which in their turn have been superseded during th
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.. 1980s by GTO technology, see section 13.10.3 below) which could be carried
on board. In this system, substations are supplied from the national network
- and simply step the voltage down to 25,000 V, 50 Hz, which is transmitted to
» the locomotive through the transmission line. In the locomotive the voltage is
‘again stepped down, rectified, and applied to the series-excited DC traction

- "motors.

~~ The 25,000V, 50 Hz system represents 30% of electric railway lines world-
- wide and is almost exclusively used in new electric railway traction facilities.
- Substations are 60+ 100 km apart and transmission conductors have cross-
sections 3 <5 times smaller than in DC systems. This system moreover enables
“the use of series DC motors, which are superior for driving trains.

.~ A comparison of the construction cost for traction systems using 1,500 V

" 'DC and systems using 25,000 V, 50 Hz AC, yields ﬁgur es Iower by 30% for the

e latter than for the fonner (Flg 13 3)

. 1009, R
R T Y \\Q\“\k\\ i
T O, Total
S 277
’///7/4/{ “
169/ymsn 2//4/// o

. (A
PRIV .
: 4'//,//%//,/ High -voltage
) lines
_. Substation

r
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cost of DC and

: _ 69% 1o, AC ftraction sys-
H _ gL tems (economic
‘ °  data of Western
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. .57"/‘,-—- e Power :
supply -lines
. - \ e 420/

Signaiiing

intertaces \
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. 8%,—= N /-Telecommummhons \ 72/,

g N\
- | .'7.%. '. /_.\gggks g;pgttutioos\ ////////*B%

2., 2%
L - Modification [* o
: 5°_/° = = of civil works 6%

15 kv DC 25 K, 50 Hz AC

Figure 13 .4 illustrates the traction systems for the various European coun-
tries and Fig. 13.5 the basic-components and characteristics of each system.
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Fig. 13.4. Traction systems for various European countries

13.6.3. Advantages and disadvantages of electric traction compared to diesel

A basic advantage of the electric locomotive is its specific pow
(5055 kW/t), more than double the specific power of the diesel locomotive
(2025 kWit) (Fig. 13.6). :

Electric engines can sustain momentary overloads (when startmg, on steep.
gradients, etc.), whereas diesel engines are not capable as long as acceptable
lifetime and maintenance cost constraints are considered. :

Furthermore, along lines traversing high-altitude regions, no power drop is
observed with electric traction engines. This is not the case with diesel engines,
as the air entering the engine is significantly reduced.

In the case of long tunnels, electric traction is mandatory due to the limited
air supply. -

Finally, electric engines cause little, if any, atmospheric poltution, while main-
tenance is far simpler and easier than with diesel locomotives. Nevertheless, it
should be noted that even diesel trains pollute much less than automobiles (at
the ratio of 1 : 14 per passenger-kim) (Table 13.1).
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Fig. 13.6. Comparative power of electric and diesel traction engines

Table 13.1.
Atmospheric pollution caused by the automobile and the diesel train, (23

Equivalent index

Number of seats (CO+NO)
Automobile 5 - 872
Diesel train 500 B 0.60

13.7. Feasibility analysis of electric traction
13.7.1- Feasibility analysis parameters and procedure

Two cost factors should be taken into qonsideration:

« Construction expenses, including transmission lines and substations, whic
do not depend on traffic '
+ Operating and maintenance expenses, which increase with traffic.

~ The quantity commonly studied is the total annual expense as a function
line’s traffic, an indice of the latter being the energy expended annually p
kilometre of line. Figure 13.7 illustrates a comparative presentation of the an
nual expenses of diesel and electric traction. ‘
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‘annual
expenses
Iy

annual energy consumptlon

'l electrici diesel  tract?

o per L km of ilne P

' ;.Flg 13.7. Annual expenses as a functmn of energy cansumptmn per
L kdometre of lme for dlesel and electrlc tractlon

We see that at low trafﬁc elecmc tracnon is not cost—eﬁ"ectwe However as
- the point beyond which electric traction becomes cost-etfective is approached,
a more detailed mvestigation of the problem is required.

. The period of analysis is usually the following 20+25 years, and expenses
- as a whole (initial construction expense and annual operating expense) are
- converted for each traction system to constant prices by the present value
- method, (41). Figure 13.8 illustrates the form of the curves referring to each
. traction system, enabling an accurate determination of the traffic load beyond

which electric tractlon becomes cost-effectwe (see also chapter 9 section
f 9 14.1). s : . _ o

' .~ total  expenses
©getualized
Y

\ ' © diegel trdciion

: actualization -
[ - inferest "-rate
N - .
breackeven point ’
- electric traction
diegel . -trcc.tion P

'Flg 13.8. Feasibility analysis for determination of the crltlcal trafﬁc load
; ona ]me beyond whlch e]ectrlc tractlon becomes cost—eﬁ‘ecnve

257



Railway Engineering

A feasibility analysis of electric traction involves many uncertainties, p
ticularly with respect to the price of liquid fuel i the next 20+25 years, thg
actualization interest rate whereby the various expenses are converted to co
stant prices, the length of the feasibility analysis period, etc. It is accordin
advisable to also perform a sensitivity analysis (which aims to examing
impact of the variation of one parameter to the result of the feasibility analysi

(41).
13.7.2. Criterion for selection of the lines to be electrified

The foregoing analysis is not applicable n every case and moreover in most
cases the need arises to reach a conclusion easily and quickly as to whether or
not electrification of a particular line is advisable. The various railway net
works have accordingly adopted simple criteria to this effect; the most widely
used being the number of trains on a line or (more precisely) the energy con:
sumption per km of line. '

The criteria in question vary from one network to the other, since particular:
ties of each country as regards cost of labour, cost of energy, financial invest
ment cost, etc. are involved.- . ;

A criterion, which, however, can only be used to make a first approximativ
estimate, is the number of trains running on the lme. For example, until 197;
(when the cost of energy was low), a line had to be run daily by at least 3
{rains per direction to qualify for consideration of electrification cost-effective
ness. After the energy crises of 1973 and 1979, this ctiterion became around 1
trains per direction daily.

However, given that a train may consist of a small or a large number o
vehicles, a criterion was sought which would take into account the number o
vehicles. Such a criterion is the energy consumption per km of line. For in
stance, the French Railways consider in principle an annual consumption o
70,000 kW/km of line as the electrification cost-effectiveness threshold, whil
~ the German Railways estimate this limit at 150,000 kW/km, (198), (203). Cri

teria, therefore, from one network to the other may differ significantly.

When the traffic load or the energy consurption on a particular line excee
the above limits, a detailed feasibility study should be conducted, as describe
in section 13.7.1, before any decision to electrify the line is made..

13.8. Transmission line
13.8.1. Parts and components of the transmission line

The transmission line concept includes:
+ Feeder conductors, contact conductors (touching the pantograph), su

pension wire rope, guy wires :
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: -'Photo 13 1 Pole supported trans- Photo 13. 2 F r a me-s n p p orte d
“ mission. lmes R g transnnssmn lmes

“post bracket
- 'insulator

fastening

: Photo 13 3 Post brackets and insu- F;g 13.9. Insulators and f)bst
' lators P IEE Sl brackets (C is the suppiy

-+ Conductor support structures; Wthh may-consist of poles (Photo 13.1) or

- frames (Photo 13.2).

“» Insulators; post brackets (Photo 13.3, Fig. 13.9), tensioning devices (usu-
-ally every 1,200 m), comterwelghts various mounting hardware, wires
~connecting the poles to the transmission line and to the ground, conduc-

- tors for connectlon to the substatmns ' :

 As illustrated in Fig. 13. 9, the overhead transnussmn lme 1s suspended from

- the post brackets which in turn are mounted by insulators on supporting poles,

-erected 2.20+3.00 m ﬁom the track ams The post brackets are usually ZIne-
plated steel pipes. -
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13.8.2. Calculation of the transmission line cross-section

Calculation of the cross-section and other characteristics of the transmission
line is performed on the basis of the permissible voltage drop from the substa
tions to the locomotive switchboards, allowing a fluctuation of no more thap
10% from nominal value. : :
Theoretical calculation of the voltage drop is based on the assumption that
the passing load is constant, which, however, is not the case, since the number
of the operating trains, their positions, etc. are variable. Calculation of the trans-
mission line is accordmgly carried out with the help of a smali-scale physma]
model where: '
* substations are simulated by constant-voltage sources, complemented by
suitable resistors simulating the intemnal circuits of the stations
* current feeder and return lines are simulated by suitable resistors
* trains are simulated by variable resistors, whjch can be connected to van-
ous points of the line
* suitable measuring instrurnents give a direct reading (as a function of sub-'%
station distance and transmission line cross-section) of substation output
voltage, total current at each substation, voltage at traction engine switch-
boards, etc. :

This physical model enables the testing and verification of various combina-
tions of transmission conductors, substation distances, etc. and the selection of
the optimum solution. -

In any case, according to UIC regulations, in the case of 25,000 V, 50 Hz
traction, the transmission line voltage, in order to ensure a normal traction en-
gine power supply, should have a maximum value of 27,500 V, a normal value
of 25,000 V, a minimum value of 19,000- V, and only a momentary fall to
17 000 v, (200).

13.8.3. Transmission line suspension _
' - Various fransmission line suspension

0 e e S S T * methods are being used (Fig. 13.10),
Single - Suspended depending mainly on train speed, but
4 also on climatic conditions (wind speed
~B——-span o and direction) and on pole spacing.
Wi ul _ With low speeds (up to 120 km/h),
e et simple suspension is adequate,
: the poles whereas with medium and high speeds
par catenary-type suspension is manda—
- tory, (202).

Simple suspension

Fig. 13.10. Transmission line suspen-
I s pa R
sion methods
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13.8.4. Track configuration . T
Whenever several tracks are

I ! i :
L f ! 3: R R *; % : laid parallel (stations, tunnel en-
: s trance-exits, bridges, etc.), itis
‘ | advisable to reconfigure and
< eliminate certain tracks in order

P “to reduce the total number of

' -§.’———~—A—4———*—®--‘-——{—-—-‘-‘--‘3x tracks to be electrified. Figure
SRR | | Ll 13.11 illustrates such a recon-

- A figuration which allows the

D L o o SNy elimination of certain tracks and

. areduction ofthe total cost. The

® : ~ ' -consideration futyre junctions,

ik R

Fxg 13 11 Reconﬁguratlon and ehmmatlon of tracks before electnﬁcatmn
13.8.5. Power transmzssron by conductor razl |

As mentioned in section 13.5.1, electric power may be supplied to locomo-
tives using either an overhead transmission line or conductor rails (one or two).
Conductor rails are mainly used in metros and some suburban raiiways.
The conductor rail solution (Fig. 13.12) is preferable in the case of very
heavy traffic loads, when very large overhead line cross-sections would be
necessary. The conductor rail is equivalent to an overhead conductor with a
- 900 mm? cross-section, which in the case of tunnels allows a smaller 1oad
. gauge and therefore considerable savings, (1).
5 In the vicinity of level crossings or tumnouts, the third rail is interrupted and
. power suppiy 'c‘o‘ﬁtmulty 1s ensured by special insulated cables.
' _ - Special attention should be paid to
c00 _..|75 safety, possibly covering the conduc-
" tor rail with insulating plates in person-
.. nel working or passage areas. Conduc-

165mim

frost than overhead systems. In some
metros (London underground for in-
| stance) two conductor rails are used,
o positive and negative, to avoid earrh
Fig. 13.12.Power supply by conduc- ety on 0 the runaing: rails.

tor rail
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13.9. Overhead line supporting peles
13.9.1. Pole material

The poles supporting the overhead line may consist of:
* cast steel
+ zinc plated steel
* prestressed concrete
+ reinforced concrete.

13.9.2. Pole spacing

Spacing between supporting poles ranges between 50+ 75 m depending on the
following factors: 1
+ pantograph oscillations
+ locomotive transverse motions
+ climatic conditions.

Fig. 13.13 illustrates the transverse
motion D of the pantograph, resultin
from the addition of, (197):

- the horizontal defect (see sectior
11.3.3) _

- the transverse defect TD, whict
is reflected on pantograph mo
tions multiplied by the ratio i

height of overhead line
track gauge

and
NTP=TD .u

- the transverse motion L of th
- _ locomotive, depending on th
Fig. 13.13. Pantograph oscillations speed of the train, the height o
the overhead line, the locomotiv
: suspension springs, etc.
Both longitudinal and transverse pantograph motion have to be calculated in
detail. It should be stressed that the primary constraint on maximum frain spee
(515 km/h in test runs in 1990, see section 1.1.3) is the maximum permissibl
pantograph oscillations, and to a lesser degree the metal-to-metal (wheel-rail
contact. : -
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13.9.3. Pole foundation

" Fig. 13. 14.Erection of electrlc tractlon
poles
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. When erecting poles for electric

traction, special care is required
both at the excavation and at the
filling-up stages (Fig. 13.14), so
as to minimize eventual settle-
ment of the ground.

When poles are erected on
solid ground (Fig. 13.15), calcu-

_ lations are based on the moment,
_ _(1 97 )

M c B L3 '
w1th coefficient ¢ dependmg on
soil charactenstlcs ;

‘In the case of poor ground,
poles are-erected on a small base

slab (Fig. 13.16).

Fig. 13.15. Calculation of
pole foundation
on good- quahty
ground :

Fig. 13.16. Erection of elec-
tric traction poles
‘on poor- quallty
ground
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13.10. Substations

13.10.1. Substations feeding direct current systems

Substations supplying DC systems, in addl’uon to stepping the three-phag
voltage down, also rectify the AC into DC.

Rectification was nitially performed by AC motor - DC generator cotples
later superseded by mercury-pool rectifiers and more recently by silico
rectifiers.

A modem substation include;
a high-medium voltage trans
former with one or two outpu
voltages, and a rectifier assem.
bly (Fig. 13.17). Silicon diode
or thyristors have been used 3
rectifiers, but since the mid
1980s, they have been replace

by GTO technology (see belo
Fig, 13.17. Simplified schematic of a DC section 13.10.3).
subst_ation

13.10.2. Substations feeding alternating current systems

In AC substations (Fig. 13.18)
v, only the voltage is being steppe
down and therefore substation
in this class are simpler than D
substations. AC substation de

»— T

b —

iy
ay—

o’

; — 1 sign should take into particula
. consideration the risk of short

- Circuit breakers H¥:
[%é circuiting. This can be pre

-—— Transformers ——=

autitr ammns switen ventive configurations and de
b et — vices that limit the risk of short
circuiting.
~—Circuit brckgrs 25 KV e
3 -& 8us bar 25KY
[I]Switches%] Ejﬁ
¢ - . 25Ky Line 1 . - .
- lesky .. 2| Fig. 13.18. AC substatio
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©13.10.3. From thyriéror to GTO technology

. Thyristors were extensively uéed‘zmtil the mid 1980s. The introduction at that
“time of the Gate Turn Off (GTO) technology (Fig. 13.19) permitted omission of

the commutating circuits, thus enabling distinct reduction of load losses (Fig.
13.20). ' : '

. a1
+ - ] Y :
- 1
o 1 1
1 I
| —P— |
0~ Lo '=C5 —On,
E (i ]
Ly ™ 1
. _ ! o B
o © T I
- tLpy 11
__ Y.
* Thyristor Technique : GTO Technique
Fig. 13.19.Thyristor and GTO techniques
T 1009/,
\\\
\\
549 ~
- Commuiating ~
/ circuits . 50%
B Snubbery £2%
280 R =
' Semiconductors ]mﬂ mﬂw 1804,
Thyristor GTO

Fig. 13_.20.Load losses by thyristor and GTO techniques .
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13.10.4. Central remote control

Today, substations and the systems supplied by them, are remote-controlled
and monitored from a central control station, provided with a visual panel show.
ing the lines, substations, and the sections supplied (and therefore controlled).
by each substation. Remote control is achieved using a signal code composed
of different frequencies. Electronic control circuits in recent years have made.
possible execution times in the order of 0.3 sec. '

13.10.5. Interference of electrical traction on telecommunication systems

In addition to power transmission lines (in the case of electric traction), ratlway
~ telecommunication cables are also running (usually underground) alongside rail-
way tracks. In order to prevent interference between power and telecommuni-
cation cables, voltages induced in the telecommunications network should pre-
cisely be calculated. :
Problems may also arise where traction power cables intersect with lines of
the public power network.

13.11. Synchronous and asynchronous metors

Electric motors may be classified into the following three general categories

(Fig. 13.21):
; }j‘ :
+ i - L\\} +J- -+ )@‘3 a4
- . o s
'I | j R4 A
#) inductor ¢ B e induction
a) Series DC motor b) Synchronous AC motor  ¢) Asynchronous AC motor

Fig. 13.21. The three classes of electric motors

* Direct current motors. The inductor is fixed (stator) and carries DC. In- =
duction takes place between the stator and the moving part or rotor, '
which is supplied with DC through brushes, so that the rotor windings
carry alternating current. Motor speed is adjusted by varying the DC volt-
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age applied to the motor as well as by varying the induced magnetic field.
The direction of rotation is reversed by inverting the mductor connections
(polarity reversal). ER ' :

.+ Synchronous motors. The inductor is rotating (rotor) and carries DC.

* Induction takes place between the rotor and the fixed part (the stator)
which carries three-phase AC. Rotation speed is adjusted by varying the
frequency of the three-phase alternating current. The sense of rotation is
reversed by reversing the AC phase sequence. o

-+ Asynchronous motors. The inductor is fixed (stator) and carries three-
 phase AC. Induction takes place between the stator and the rotating part
- (rotor) which carries three-phase AC. Speed is adjusted by varying the

i -three-phase AC frequency. The sense of rotation is reversed by reversing -

.. the inductor phase sequence.
.. Asynchronous motors offer the following advantages:
‘e Lighter weight, about half compared to synchronous motors of the
" ‘same power. : S ‘
_ = Higher efficiency and torque. .
~» Less track loading. .

“Most eleciric locomotives in current service use direct-current motors. The

" French Railways, for instance, employ electric locomotives of the BB series,

manufactured by Alsthom, weighing 90 tonnes, with a power of 4,400 kW and
~ speed 160 km/h; the Swedish Railways use R/C-series locomotives manufac-
- tured by ABB; the German Railways use E 181 .2-series locomotives manufac-
tured by Krupp with a power of 3,300 kW and a speed of 160 km/h. Examples
of asynchronous motors are the German ICE, the high-speed Eurostar Paris-
London rail Iink, etc. ' ' . :
. Synchronous and asynchronous motors are practically equivalent concerning
" power. They are more efficient than direct-current motors because of their
greater speed of rotation. Asynchronous technology is expanding rapidly, in
spite of compticated electronic systems of command.: However, a locomotive
with a synchronous motor run in 1990 the speed of 515 km/h (see section
1:1.3). Selection between synchronous and asynchronous motors must.be
. based on analysis of the purchase, operation and maintenance cost of each.

713.12. Electric locomotive maintenance - depot

- A critical factor for the good operation of the rolling stock is efficient and in
~ time maintenance. Maintenance must be preventive and be based on the fol-
- lowing principles:- ' '
~ " = specialization of staff and equipment

* . in-time scheduling of maintenance sessions
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+ appropriate mechanical and computer equipment for the accurate moni-
toring of any deficiencies '

» contintous control and evaluation of results

* reduction of cost

For electric traction engines, various routine inspections and mainfenance
must be performed: two-day inspection, weekly inspection, monthly technical
inspection, two-month maintenance, four-month maintenance, yearly mainte-
nance, general overhaul every 10 years, general overhaul every 20 years.

Maintenance up to the four-month level can be performed in the local depot.
Beyond this level, repairs are conducted at a maintenance facility.
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long-pitch corrugations 102
longitudinal, defect 200
forces 47
transition 180, 181
Los Angeles test 33, 146

Maison’s formula 232
maintenance, coefficient 58
“of track 197-212
manganese 92
-manual operation of switches 194
market requirements 8, 15
mass transit systems 25
maximum and minimum speeds in lay-
outs 178,179 :
mean settlement 198
- mechanical, characteristics of ‘materi-
-als 79 :
characteristics of the rail 92
behaviour of ballast 144 _
behaviour of sleepers 122, 126, 129
behaviour of fastenings 137
equipment for mamtenaﬂce works
207 :
resistances 214
metro 25, 172,230,231
mesh {of the track system) 74 75
metal wheel 40 .

- metri¢c gauge 36

Minden'’s formula 233
Miner's rule 98 =

.- mobility 5,6, 7

monoblock, prestressed-concrete sleep-
er 123,126, 129

Nadal's formula 165
narrow gauge, runming resistances 219
Net Present Value Method 183

_networks of railways 11
_noise levels 87,88 - -

_damping 87 -
in high speeds 88

numencal models 77 e

- . out]me des1gn 184

overturning of vehicle 166 - -

pads 138-140
pantograph 251,262

_ partial perimeter 215

passenger traffic 8, 9

passive tilting technology 244

Pedeluck’s formula 233

pendolino 244

photoelasticity 97

pickaxe 208 =

planning, of maintenance operanons 210
of train operation 235 -

- plastic stresses inrail 96

plasticity, criteria 76,77 -
-index 53, 66

poles 259, 262

Poisson’s ratio 79

positioning machine of rails 154

power of a train 215,229

- “in relation to the type of a train 230

 preliminary design 134

Present Value Method 183

', pressure waves in tunnels 221
"private car ownership mdex 57
. privatization 4 '
© productivity 10



Railway Engineering

profiles of rail 89, 90, 91
propelling force 40
public transport 7, 25

radius of curvature, in layout 179
longitudinat 181 :
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