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PREFACE -

After the success of Modern Railway Track this Second Edition is an extension and complete revision
of the original book, in which the developments of the last ten years have been incorporated. The.
research projects carried out at the Railway Engineering Group of Delft University of Technology have
played a central role. The theory of railway track and vehicle track interaction has been substantially
enhanced and much more attention has been given to dynamics. Undoubtedly one of the most impor-
tant extensions was the part on slab track structures. But also track-management systems have been
given much more attention. Numerical optimization and testing, as well as acceptance are new chap-

ters.

When revising the lecture notes for the railway course at the Civil Engineering Department of TU Deilft

in the period 1994 - 2000 the first edition of this book was taken as a starting point. The first edition -

and the TU Delft lecture notes, together with various publications and research reports, mainly of the
railway engineering group of TU Delft, were then forming the base for the second edition.

The staff of the railway engineering group at TU Delft has made a great contribution to the composi-
tion and revision of the various chapters. Also the industry provided some important contributions,
specifically on the chapters dealing with rail manufacturing, track components, maintenance and

renewal, as well as inspection systems.

The first seven chapters are dealing with the basic theory of the wheel rail interface and track design.
In the design attention is given to both static and dynamic aspects, whereby a number of examples is
given of results obtained from computer models like RAIL, GEOTRACK and ANSYS. In the part on
stability and longitudinal forces the CWERRI program is extensively discussed.

The discussion of track structures has been split up into a chapter on ballasted track and one on slab
track. The first one is dealing with the conventional structures and modern ballasted designs,
whereas the slab track chapter focuses on developments of the last decades. Both continuous slabs
and prefabricated solutions are addressed in combination with discretely supported and continuously

supporied rails.

The chapter on rails has been brought to the state of the art, with introducing the new EN standards
and discussing the latest inspection systems. Also the latest information on bainitic rail steels has
been incorporated.,

For switches and crossings high-speed turnouts are discussed, together with the geometrical design
criteria, and also modern inspection systems for controlling switch maintenance.

In railway engineering practice track maintenance and renewal forms a key factor. The latest track
maintenance methods and the associated machines are presented, being a major extension com-

pared to the first edition of this book. The part on track deterioration has now been incorporated in this

chapter.

Optimization was one of the issues very much underestimated in railway engineering. Such tech-
niques are not only applicable to components and structures, but also to decision support systems
and resource optimization. A separate chapter has been added called numerical optimization with the

main emphasis on structural compenents.

From the outset railway engineering has always had a strong component in experimental wark.
Therefore a new section has been added on testing and acceptance, in which also the issue of
acceptance criteria for new railway components is addressed.

The chapter on noise and vibration is describing the fundamentals and has been taken over from the
first edition with only a few modifications.
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The chapter on inspection and detection methods has been completely revised. The original chapter
was primarily based on NS experience. Now the state of the art inspection systems have been intro-
duced. However the fundamental parts of the first edition have been left in tact.

The chapter on high-speed tracks contains some appliCations of high-speed projects and some dedi-
cated issues such as pressure waves in tunnels. Also a section is devoted to magnetic levitation.

In track maintenance management systems various issues on track maintenance and renewal deci-
sion support are described, as well as monitoring of phenomena relevant to the various maintenance
processes. Special attention is given to the ECOTRACK system, developed under the auspices of
UIC and maintained and supported by TU Delft. '

Railway assets involve a large capital and need to be managed carefully. The chapter on this issue
deals with the general principles of asset management and the way in which such systems can be set

up.

The final chapter is dealing with life cycle cost analysis. After describing the general principles a
numbper of case studies are discussed.

Zaltbommel, Summer 2001

Coenraad Esveld
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kS

1 INTRODUCTION

L

11 Historic development

The rail as supporting and guiding element was first utilised in the sixteenth century. In those times
the mines in England used wooden roadways to reduce the resistance of the mining vehicles. The
running surface was provided with an uprising edge in order to keep the vehicles on the track:

During a crises as a result of overproduction in the iron industry in England in 1760, the wooden rails
were covered with cast iron plates which caused the running resistance to diminish to such an extent
that the application of such plates soon proliferated. About 1800 the first free bearing rails were
applied (Outtram), which were supported at the ends by cast iron sockets on wooden sleepers.
Flanged iron wheels took care of the guiding, as we still practice now. In the beginning the vehicles
were moved forward by manpower or by horses.

.2 &

E 3

The invention of the steam engine led to the first steam locomotive, constructed in 1804 by the Eng-
lishman Trevithick. George Stephenson built the first steam locomotive with tubular boiler in 1814. In
1825 the first railway for passengers was opened between Stockton and Darlington. On the mainiand
of Europe Belgium was the first country to open a railway (Mechelen - Brussels). Belgium was quick
to create a connection with the German hinterland bypassing the Dutch waterways. The first railway
in The Netherlands (Amsterdam - Haarlem) came into existence much later:-only in 1839. Here the
railway was regarded as a big rival of the inland waterways.

The railways formed a brand new means of transportation with up till then unknown capacity, speed,
and reliability. Large areas were opened which could not be developed earlier because of the primi-
tive road and water connections. The railways formed an enormous stimulus to the political, econo-
mical and social development in the nineteenth century. Countries like the United States and Canada
were opened thanks to the railways and became a political unity. In countries like Russia and China
the railway still plays a crucial roll.

£ 3 E3 & 3

The trade unions originated when the railways were a major employer (railway strikes in England in
1900 and 1911 and in The Netherlands in 1903). The railway companies were also the first line of
business which developed careful planning, organisation and control systems to enable efficient man-
agement. Moreover, they gave the impulse to big developments in the area of civil engineering (rail-
way track building, bridges, tunnels, station roofing).

1.2 Railways

£31 E® ¥ 31 €3
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While the railways found. themselves in @ monopoly position up to the twentieth-century, with the
advent of the combustion engine and the jet engine they had to face strong competition in the form of
buses, cars and aeroplanes.

Mass motorization after World War [l expressed by the growing prosperity brought about many prob-
lems, especially in densely populated. areas: lack of space, congestion, lack of safety, emission of
harmful substances and noise pollution. Exactly in theése cases railways can be advantageous as they
are characterized by the following:

Limited use of space compared to large transport capacity;

{

& 3
!

Reliability and safety;

!

High degree of automation and management;

!

Moderate environmental impact.
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Moreover, railways have a comfort level comparable with automobiles and have the possibility of

attaining high speeds which can compete with planes on the middle range distance. Regarding pas- f‘
senger transport, this potential should be translated into: L
— High-quality commuter and urban transport; .

I

Fast intercity and high-speed daily connections up to 800 km;

. il
— Comfortable intercity night connections up to 1500 km; ' [
— Season charter transport (possibly with car). I
LJ
Furthermore, in case of freight transport, high-grade connections exist on the medium-range and i
long-range distance. T
il
In Table 1.1 an estimate is given of the length of global rail networks
m
w
Und Ez:
. e naer i
Length 1000 km Existing Construction
Europe 530 | 10
Asia 250 | 10
Africa =~ 80 10
North-America 420 3
Middle- and South-America 150 15
Australia 50 3
Total 1500 150 M‘
Table 1.1 Length of railway track network anno.1990.
: "
-

The railway systems are the proper means for massive passenger transport over short distances to
and in within big conurbations. The quality of the railway system has been substantially increased in
the last years by implementing large star-shaped networks around the big cities which are run fre-
quently by quickly accelerating and decelerating stopping trains. If necessary, trains can enter the cit-
ies via special tunnel routes, which open up the city centres and enable connections to be made.
Examples are commuter services like the S-Bahn (Munich, Hamburg) and the RER (Paris). A good

integration with other means of pre--and post- transport (metro, tramway, bus, car, and bicycle) is very
important.

Railway companies are unprofitable and governments have to support them financially to enable the
companies to operate trains. This will be the case as long as the railways - contrary to road traffic and
inland waterway shipping - have to carry the full costs of the infrastructure. Infrastructure is expen-
sive. One kilometre of rail track costs about EUR 7 - 10 million; big structures not included.

In an increasing number of countries, however, the property and management of the railway infra-
structure is taken over by the government while (private) railway companies pay for its use. This will
also be the case in The Netherlands where the government demands the operating expenses o be
fully covered by the profits.

3 £33 £33 €3 €3 3 B} BN
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1.3 Tramways and metro

The railways, developed as a fast interurban means of transport, are less suitable for local transport
functions. They do not fit into the scale of the city (curve radii, clearances) while the capacity of a train
is too big to suit the local traffic needs with a diffuse pattern of displacements. Therefore, in the sec-
ond half of the nineteenth-century low-scale forms of rail traffic were developed which can also use
the public road. At first horse power was used for traction and sometimes steam power; in the period
1890 - 1920 these traction forms were almost completely replaced by electric traction. In Table 1.2 an
estimate is given of the number of global metro and tramways, while Table 1.3 and Table 1.4show
some train and transport characteristics. Other characteristics like loads, tonnage, and speeds are
dealt with later in the chapter 'Train Loads’. '

METRO TRAM
Europe 35 225
Asia 15 65
Africa 0 5
North-America. 10 25
Middle- and South-America 5 5
Australia 0 2
total 65 325

Table 1.2: Metro- and tramway companies anno 1990

LENGTH [m] ﬁ,"::;\oi'g
Tram 30 ) 175
Metro 100 1000
Suburb train 200 - 300 2000
Regional train 30-100 100 - 300
Intercity train 500 1000
Freight train 600 40.000 kN b

Table 1.3: Average values for length and capacity of trains

modal split paskm/ mio paskm/ mio tonkm/
inhabit km track km track
The Netherlands 7% 650 3 ’ 1
Western Europe 8% 800 1 1.5
USA - 1% 100 0.07 4.4
Japan 38% 2700 10 07

Table 1.4: Some transport characteristics

The tram is also used for minor suburban and rural transport, but here the bus has taken over for the
greater part as is the case in little and medium large cities. Only in the big cities (above ca. 300.000
inhabitants) the tram has survived, thanks to its large transport capacity and the possibility to operate
on closed track independent of road traffic. Subsequently, the tramway has more and more acquired
the character of a low-scale railway, although interaction with road traffic by no means resembles the
absolute priority the railway has. This demands special requirements with regards to the braking
power of this vehicle and the layout of the track.
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in cities where millions of people live, urban railway systems (metro's) have been developed with a
complete infrastructure of their own which, by necessity, are built underground or on viaducts. The
high expense of this infrastructure is justified by the heavy traffic, which is dealt with quickly and refia-
bly using long metro trains, much longer than the tram (100 to 150 m against 30 to 50 m).

To achieve the same large advantages of the metro in cities with fewer inhabitants, one tries nowa-
days to realise in-between forms of metro and tram. This form, indicated as light rapid transit, is built
partly at street level (as much as possible on closed track, but sometimes in the street with level
crossings) and partly in tunnels and on viaducts. Examples of this development are for instance to be
found in Rotterdam, Brussels, Cologne and Calgary (Canada).

1.4 Operational aspects

1.4.1 Functions of a railway company

A railway company no doubt belongs to the category of most complicated enterprises. Not only the
product (the seat kilometre) cannot be delivered from stock, but it also must be produced on the very
moment of acceptance. Moreover, a railway company must generally supply, administer, and main-
tain the means of production (infrastructure, safety equipment, rolling stock, and personnel). Finally,
the connection between the different means of production is very firm, so all elements need to match
each other very accurately.

In aid of the operation, meaning the use of the means in favour of the customer,.a good preparation is
necessary, not only for the daily processes, but also in the long term in order to make sure that the

- necessary production means will be available on time. These means, such as rolling stock and espe-
cially infrastructure, demand a long period of preparation: a new railway line will sometimes take upto

20 years.

14.2 Infrastructure

The main demands on rail infrastructure are:

— For the passenger: travel time as short as possible (by short distance and/or speed);

— Forlocal residents: nuisance as minimal as possible (sufficient integration);
— For the railway company: travel time as short as possible, sufﬁcient capacity, sound, and accepta-

ble costs.

The layout determines the maximum speeds and hence the minimal possible travel times. The speed
can be restricted by:

Curves and gradients;

Switches (when negotiated in diverging direction);

|

Performance of stock (for instance power);

Catenary voltage (decline of voltage may lead to speed loss);

Signal system (location of signs should not cause speed loss).
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A special traffic engineering aspect of layouts are the crossings with roadways and waterways. Level
crossings with roads (level crossings) should be prevented as much as possible. Although the train
has priority under all circumstances, collisions can hardly be prevented when a train approaches a
vehicle on the crossing. The braking distance of the train is mostly too long.

In principle fly-overs are applied to motorways and to railways with an admissible speed of 160 km/h
and more or with moare than two tracks. The loss of time for the road traffic would be unacceptably
high in these cases.

Crossings with waterways take place via tunnels or movable or unmovable bridges. Movable bridges
mean a loss of capacity for the railway line. The bridge shouid be opened according to a fixed regime
and at these moments trains cannot use the railway. Nevertheless, the advantage of a movable
bridge is that the train has to overcome less difference in height.

This can be financially or operationally attractive, for it prevents a long gradient (saving of space and
costs) or a steep gradient (an undisturbed passage of a freight train.on the spot also leads to loss of

capacity). Therefore, one may be forced to build more tracks (profit in alignment and loss in cross
section).

143 Rolling stock

The rolling stock can‘be divided into:

— Passenger and freight stock;

~ Hauled and powered stock;

— Electric and diesel stock (the latter diesel-electric or diesel-hydraulic),

Generally electric rolling stock can make a faster start and reach a higher speed. Some considera-
tions related to the choice of hauled or powered rolling stock are:

- With trains of greater fength the locomotive power is better used and the opératidn with hauled

trains will be cheaper; with train-sets the number of motors is in proportion to the number of car-
riages; ‘

- Simple combining and splitting;

— Simple change of direction (is also possible with so-called pull-and-push trains; these are pulled or
pushed by a reversible train set at the other end of the train);

Multiple use of rolling stock (one locomotive-may pull passenger trains in the daytime and freight
trains. at night).

A relatively new development is the tilting coach train. This train wiil adjust itself regarding curves in
such an angle with respect to the vertical axis that the centrifugal force is completely cancelled. This
means that in tight curves with a maximum cant and limited speed, the tilting train can nevertheless
pass with higher speed. In this way a fast train service can be operated without adapting the infra-

structure (building of spacious curves).

1.4.4 Personnel

The personnel can be subdivided into the categories: management, execution, and maintenance.
The operational department consists mainly of executive personnel subdivided into production and
sales. The production perscnnel consist of drivers, ticket collectors, and traffic controllers.
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Personnel constitute the most expensive part of the production (more than half of the operating
expenses) and also require much attention in social respect. In planning operations, personnel should

never be considered as a balancing item, on the contrary. The following items should be taken into
account in due time:

— Desired numbers with respect to quality and kind of work:

—~ Desired and actual place of residence;

— Employability (set of tasks, road knowledge, duty and rest period);
~ Permitted weekeﬁd— and night work;

~ Participation and motivation;

-~ Job training and retraining;

— Possible use of third party personnel.

1.4.5 Electrification

The electrification of a railway line means investment in both infrastructure for power supply (catenary

wires with suspension system) and expensive electric rolling stock. These investments entail a
cheaper operation because:

— The stock has more power available per volume unit (compare a electric locomotive with 3000-
7500 kW with a diesel locomotive with 2000-3500 kW);

— The stock requires less maintenance and the lifetime of motor units is longer;

- The stock has a higher acceleration.

The result of this is that for specific services less rolling stock needs to be purchased, as is the case

with non-electric operation. Moreover, electric operation is more beneficial for the environment in
terms of noise and air pollution.

Generating electric energy is possible using different fuel materials. This makes the electric system
flexible and less dependent on the price levels of these materials. When choosing electrification, the

costs of energy also play a part. In countries with cheap electricity (Switzerland) many railway lines
are electrified.

Electrified railway lines can especially be found in city areas with a large number of stops.

Two electric systems can be distinguished: direct current and alternating current. Direct current gen-
erally uses low voltages (tram and metro 600 to 750 V, train 1500 to 3000 V), alternating current has
high voltages (15.000 V/162/3 Hz to 25.000 V/50 Hz).

Because in the past the production of electric current with high voltage was more expensive and there
was some doubt with regards to safety, direct current systems are found in a lot of countries. (for

instance The Netherlands). In urban areas high voltage is not applied because it may interfere with
the electrical equipment in households and companies.

Nevertheless, alternating current with high voltage has many advantages:

— The cross section of the (copper) catenary wires can be smaller (hence lower costs);
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Figure 1.2: Catenary systems: fixed and flexible suspension

Regarding this two catenary systems can be distinguished:

a. fixed suspension: for instance portal structures (Figure 1.2, left picture),

b. flexible suspension: for instance poles (Figure 1.2, right picture)

With a. the portals and carrying cables are fixed to each other. Because of this the carrying cables
sag a little with warm weather and hence the contact wire as well. With b. the poles and carrying
cables are fastened to each other flexibly. The cantilevers of the poles are movable and will change
along with the carrying cables when temperature changes. The contact wire can now stay completely

flat. The single pole structure is used with speeds of 140 km/h and higher. At lower speeds portal
structures can be used. ‘

Concerning metro systems the so-called third rail takes care of the supply of the current. This rail is
installed next to the two rails carrying and guiding the train. Because of this no catenary system is
necessary. This leads to a smaller clearance and therefore a smaller and cheaper tunnel construction
is possible. When crossing over metro lines, the required height under the bridge can be lower. How-

ever, people should always be kept away from this third rail; the track should be inaccessible and

without level crossings.

1.4.7 Road crossings

In practice the view of road crossings (or level crossings) is often insufficient. The nature and extent
of road traffic and the speed and frequency of the train traffic necessitate in many cases the provision
of road crossings with barriers, warning facilities or safety devices.

Road crossings can be provided with: -

~ Lifting gates;

Semi-barrier in combination with flashing lights;

— Flashing lights;

Gates which do not swing to the side of the railway.
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Modern Railway Track : 1TINTRODUCTION

For road crossings several standard constructions have been developed, amongst others some for

very intensive road and train traffic.

1.4.83  Major rail infrastructure projects

In prosperous countries with substantially flourishing economies two problems can be identified which
give rise to the building of high quality railway lines: :

— Insufficient capacity of the existing rail (and road) infrastructure;
— Harmful effect on the environment due to road and air traffic.

In order to generate sufficient competition with respect to the use of cars and planes at distances of
some hundreds of kilometres, fast passenger rail services are necessary. Trains should be moving at
a maximum speed of about 300 km/h and an operational speed of 200-250 km/h. Freight traffic by raii
may be competitive with road traffic at distances of more than 300 km if train services are offered with
speeds in the range 120-160 km/h.

in Europe (France, Germany, ltaly, Spain), Japan, and the United States high-speed rail links have
been established during the last decades and new lines are under construction. Europe and Japan
produce their own systems. The U.S. buys systems from other countries. France and Germany are
leaders in building high-speed lines; moreover, they are mutual competitors on the world market. Both
try to obtain a position and are involved in projects in the United States and South Korea.

A parallel development is taking place in the case of trains which are made to run faster making use
of existing infrastructure: so-called tilting coaches. These tilting coaches produce an additional higher
cant in curves compared to the track cant. Tilting coach trains are used, amongst others, in ltaly and
Sweden.

Railway lines for freight traffic (and more specifically for-higher speeds) are an exception. The plans
for the Dutch *Betuweroute” are an example of this. The higher axle load on this category of railways
is more characteristic than higher speed. 'Heavy haul' lines can alsc be found in South Africa (for ore
transport). There trains run with a weight of 200.000 kN. The world record is 700.000 kN.

148 Developing countries

The developing countries cannot be regarded as one with respect to quality. There are countries with
operating systems which work well, although not according to our western standards. Especially in
India and the Peoples Republic of China, a large network of railway lines is available operating sub-.
stantial (overburdened) train services.

On the other hand, in many other developing countries the railway network is underdeveloped. Mostly
there are remnants from a colonial past. Lack of maintenance has deteriorated the track condition
which demands urgent renovation. Moreover, the routes should in many cases be adapted. Often
heard wishes are increasing the permitted axle loads and speeds as well as improving the safety sys-
tem. The curve radii should therefore be increased and gradients should be less steep.

Besides renovations there is an enormous need for newly built track. The bad state of the roads plays
a part in this. Most of the new projects are being developed for freight transport, mainly of low vaiue
(ores and other raw material).

Especially the high oil prices have given a nush to making new plans. Building rail connections
between the mines in the interior part of the country and the harbours is most urgent. But also the
passenger transport needs improving. The suburban traffic cannot cope with. the rush of passengers
and the long distance transport is very defective. It is illustrative that a railway journey through Africa,
from Cairo to Cape Town, still takes four weeks when a part of the journey is made by boat.
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The most important problem is of a financial nature. It may be true that modern, gigantic excavating
machines offer all sorts of possibilities for building railway lines in hilly areas, but the construction is
expensive. Because of this assistance from outside parties is essential.

Available technical aid is sufficient. Consultants from industrialised countries provide the necessary
completed designs. The realisation of the construction and improvement of railway lines is mostly car-
ried out by European and American firms, which mainly introduce the technical know-how and are
concerned with the supply of materials. For the building activities, local fabour is called in.

Especially India and the Peaoples Republic of China are Third World countries which are active in the
railway field. They are - by own experience - well informed about the important social and cultural
problems. These. deal primarily with the transfer of knowledge as well as instructions and attending
local personnel.

The transport problem in the explodmg cities of the Third World where millions of people live asks for
rail solutions in terms of suburban rail, metro, and light rail lines. Here and there metro or light rail
projects have been carried out (mostly South-America, the Middle East and Southeast Asia: Mexico
City, Caracas, Cairo, Teheran, Singapore, Hong-Kong, Manila). Elsewhere plans are ready and wait-
ing for financing (for instance by means of the World Bank) before they are able to be carried out
(Bangkok, Jakarta).

1.5 Geometry of a railway line

1.51 Clearances

Above and next to the tracks a certain space should be reserved to ensure the unrestricted passage
of vehicles. The dimensions of this structure gauge (or clearance) is also based on the internationally
approved vehicle gauge of railway rolling stock and the loading gauge, within which the loading of the
railway vehicles should be kept. In this clearance extra effects are dealt with:

— deviation of the correct track geom-

1
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Lead
) -~ Rotation due to track cant;

!

Widening with vertical curves;

[

Widening in sections with frequent traffic outside gauge (Red measuring area).

Fixed objects located within the clearance are registered.

=

All present or future fixed objects e
located within the red measuring area'’ :
(about 20.000 objects) are also regis-
tered. If a transport is presented out-
side the clearance, a quick evaluation

=

3.60 m can still be found). At higher d
speeds (more than 160 km/h) a
greater distance of up to 4.70 m'is
applied. )

In curves the distance is increased as
well.

i
i
i
i
; |
m is possible to judge if and under which z
itions the transport can take ' : .
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Figure 1.4: Loading gauge, vehicle gauge and clearance

The increase is higher as the curve radius is
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- The intended use of the track.
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Figure 1.6: Cross section with fourfold track

distance should be 6-8 m.
Clearance around the rail irack

The railway law stipulates that no
object may be erected that causes an
obstruction of the view:

— Within a distance of 8 m in straight
track and on the outside of a curve
with a radius of more than 1000m:

~ Within a distance of 20 m on the

inside of a curve with a radius of
less than 1000 m.

Figure 1.7 indicates = which areas
should be cleared of (the building of)
structures (bridges, tunnels, etc.). It
should be kept in mind that in due

course the track distance may be
increased to 4.25 m.

Between a track and a closed wall
there should be at least 3.50 m room.
Between a track centre and an open
wall {columns) offering the possibility

to run away, at least 3.00 m should be
maintained.

The width of the cycle path is meas-
ured from the sidewall to the place

where a ballastbed connects to the
cycle path.

12

b

In Figure 1.6 an example
is given of the cross sec-
tion of a fourfold track.
Especially at the outer
tracks  provisions are
made to allow a clearance

-with "a ‘red ‘measuring
area".

The distance = between
newly built vard tracks is
preferably 4.50 m. Moreo-
ver there should be, after
each 4 to 5 tracks, a wider
track distance of 5 m to
enable personnel to walk
safely over a 1'm path. If
catenary portal structures
are to be built, the track -

oo
&t
&zﬂ
| &
18
I
| S
e
1]
4
{

(temparary situation)

cycle path Mh j

a. Overhead crossing with closed sidewalls
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b. Overhead crossing with columns

* 1) AtV=140 km/h minimat height is 5.65 m.

*2) Lines A-A indicate extreme limits of the formwork, the suspension of
the carrying cable should then be located within the formwork limit,

3) In case of bad view or placement of fixed objects W(thln the overbridge

these measures should be adapted.

“4‘/-\5 & structure has a leng service life the possibility of expanding the
“track distance to 4.25 m should be keptin mind.

Figure 1.7: Clearances with structures

FFZ\

£ 3

=

E

.

&
-



£

)

3 E3 B3

£ 3 E 3 &1 € 3

£ 17 E£E1

[

-

1 E@

(& |

Modern Railway Track ’ 1 INTRODUCTION

Naise barriers may not be installed cioser than 4.50 m from the track in order to ensure the safety of
personne! and allow the necessary room for cycle paths and space to put away mechanical manual
equipment for maintenance purposes. In curves this distance is 4.80 m.

The height of the barriers should be limited and installing barriers between tracks is not allowed.
Moreover, there should be a safety doorin the barrier after every 100 m. If the view of the track is less
than 1500 m due to a barrier, the barriers should be made less high or warning lights should be
installed.

1.5.2  Alignment

The alignment of a railway line exists of gradients (the steepness is expressed in a permillage) and
vertical rounding off curves. With gradients of 5%o no difficulties will arise on the open track. All rolling
stock in The Netherlands will be able to move off from standstill.

Steeper gradients can be applied; maximum values cannot be given as they depend on:

— The length of the gradient;
— The possibility to develop a starting speed;
— The characteristic of the applied pulling force and train loading.

it should be kept'in mind that electric locomotives, when climbing gradients, are not allowed to apply
the maximum force at low speed for a longer periQd because the series resistances may burn.

If gradients and curves coincide, the gradient should be decreased a little on the spot to keep the total
rasistance constant. Descending gradients extend the braking distance.

1.8 General track considerations

1.8.1 Track requirements

The term railway track or “permanent way" entails tracks, switches, crossings, and ballast beds. The
track is used by locomotives, coaches, and wagons which in Europe normally have maximum axle
loads of 22.5 t and which, on' NS, run at speeds of up to 140 km/h. The fact that the purpose of the
track is to transport passengers and freight and that operation is required o be as economical as pos-
sible, gives rise to a number of requirements to be met by the track. These are formulated as follows:

— Bearing in mind permissible speeds and axle loads, the rails and switches must be safe for vehi-
cles to run on. To ensure this the track components, such as the rails, must be of such dimensions
that they do not fail under the traffic load. Moreover, the correct geometry must be-maintained
whether the track is under load or not.

-~ Tracks and switches must ailow comfortable passage at all times. Even if safety is not jeopardised,

the locomotives and coaches may experience such vibrations and oscillations during the journey
that passage becomes unpleasant for the passengers. An unfortunate cambination of switches,
curves and reverse curves may, even if the track is very well constructed and has perfect geome-
try, cause such strong movements in a vehicle that the passengers experience most unpleasant
and sometimes even frightening sensations.

—~ Track must be electrically insulated so that the track circuits required for signalling continue to

function even under the least favourable weather conditions. It should also be electrically insulated
to ensure that on electrified sections the return current does not return to earth as stray current.
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~ Track must be con- ,
structed in such a way Axle 10ad = 225 kN max. <
that the trains running RN
on it do not cause
excessive enviranmen- ,
tal pollution in the form _Rail s, = 900 Nymm?
of noise and ground ! o
vibrations. - ‘

Fastening system

A Sleeper
. D e ). Concrete or Wood

Spacing 0.6 m
‘.

T R e LA

25 - 30 cm ballast (crushed stone 30/60)
~ Costs of the total serv- .

ice life of the track e Ckm grave ——
must be as low as pos- S Subgrade
sible. Cene e
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~ Maintehance - should

be low and' as mexpen_ Figure 1.8: Conventional track structure
sive as possible.

Tracks and switches are assets which will last for quite some years. The choice of a particular track
system and the decision to use this system on certain lines, therefare, generally involves a decision
which will hold good for 20 to 50 years. Consequently, such decisions must be taken with the future in
mind, however difficult it may be to make a valid prediction. The only sure factor is that a certain
degree of objectivity must be maintained vis-a-vis the present day situation, and not too much empha-
sis placed on random everyday events.

When choosing a track system, the above-mentioned requirements must all be given due considera-
tion and it is clearly necessary to form some idea of the axle loads and maximum speeds to be
expected in the decades to come. After this the situation regarding the various track components,
such as rails, sleepers, fastenings, switches,

and ballast should be examined so that the optimum

track design is obtained. ,

1.6.2  Load-bearing function of the track
R ' The purpose of track is to
Axle: _P— 200 kN transfer train loads to the
Wheel: Q = 100 kN formation. Conventional
‘ Mean stress track still in use consists
area  level

(under rail 50 %) of adiscrete system made

K . up of rails, sleepers, and
Wheelrail 0= 100000 MM pallastbed.  Figure 1.8

6. =250 Nfem? . Shows a principle sketch

A, =1cm?

A =200 ecm® Railfrail pad

/baseplate with the main dimensions.
Ay = 750 cm* Baseplate oy, = 70 Nicm?
Isleeper : Load transfer works on
A = 1500 em? grooner 6, = 30 Nicm? the principle of stress
- [ballastbed reduction, which means
: ,\.}\j\_joooo oM Ballastoed < g /s layer by layer, as depicte
‘ fsubstructure schematicaily in
Figure 1.9. The greatest
stress. occurs. between
Figure 1.9; Principle of load transfer : wheel and rail and is in
the order of 30 kN/cm? (=
300 MPa). Even higher values may occur (see chapter 2

). Between rail and sleeper the stress is two
orders smaller and diminishes between sleeper and ballast bed down to about 30 N/cm?2. Finally the
stress on the formation is only about 5 N/cm?.
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1.6.3 indication of rail forces and displacements

In rail track literature the
wheel-rail forces
(Figure 1.10) are usually
indicated with Q for the
vertical ~ force — (z-direc-
tion), Y for.the  lateral
force (y-direction), and T
for the longitudinal force
(x-direction).

Figure 1.10: Rail forces and displacements

Apart from these external forces, internal Iiongitudinal temperature forces may be present and are
indicated with the symbol N.-

The Hertz contact area and contact stress distribution, shown in the detail view, will be discussed in a
later chapter.

In the given xyz-coordinate system, rail or track displacements are usually indicated as u, v, and w.

1.6.4  Track geometry components

An important aspect of construction is track geometry. The primary geometry components are meas-
ured in the cross-section of the track as drawn in Figure 1.11.

Each rail has 2 degrees of freedom. These 4 degrees of freedom are normally replaced by an equiv-
alent system consisting.of cant, level, alignment, and gauge.

An additional important parameter is twist, which is defined as the difference.in cant over a given
length. All quantities are functions of the length coordinate of the track (x-axis). ’

Degrees of freedom A
S
y

Twist =

Cant (x) - Cant (x - b) -—%

VAR

/

Alignment X /
Figure 1.11: Geometric track : i -

components
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2 WHEEL-RAIL INTERFACE

2 WHEEL-RAIL INTERFACE

2.1 Whesgl-rail guidance

A rail vehicle basically consists of a body supported by secondary suspension on bogies in which the

wheelsets are mounted and damped by means of primary suspension. Track guidance of the wheel is
achieved in principle by making the following twa provisions:

~ The tires are conical instead of cylindrical which means that in straight track a centering force is
exerted on the wheelset if there is slight lateral displacement. The centering effect promotes a bet-

ter radial adjustment of the wheelset in curves. This leads to more rolling, less slipping and hence
less wear.

The tires have flanges on the inside of the track to prevent derailment. In case of more considera-
ble lateral displacement both in curves and on switches, the lateral clearance between wheelset
and track is often no longer sufficient to restrict lateral displacements adequately by means of the

restoring mechanism previously discussed. Should the wheel flange touch the rail head face, this
can resutlt in high lateral forces and wear.

2.2 Wheelset and track dimensions

Generally the track gauge is used as a distance measured between the two rails, more specifically
the distance between the inside of the railheads measured 14 mm below the surface of the rail. By
choosing 14 mm the measurement is less influenced by lipping or lateral wear on the rail head and by
the raclius r = 13 mm of the rail head face. On normal track the gauge is 1435”0_3 mm with a maxi-
mum gradient of 1:300. For new track, however, NS apply the following standards:

~ Mean gauge per 200 m: 1435"3 ; 'mm

— Standard deviation within a 200 m section less than 1 mm.

Figure 2.1 illustrates the definition of the track gauge as well as some other commonly used dimen-
sions such as:

— Mean wheel circle

Track width n70mm

g

: bf Track width 1500 (nominal) | \'J
A

1:20 (1:40)
Inclination

M

Flange gauge Q |_._Inside gauge 13607
- i

Th_Flange gauge 1426™°

 Track gauge

Track gauge 14353

‘__ Track distance 4.00 — 4.50 m

Figure 2.1. Wheelset and track dimensions for straight normal gauge track
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2 WHEEL-RAIL INTERFACE : Modern Railway Track

— Track width: distance between the points of contact of the mean wheel circles with the rails, having
a nominal value of 1500 mm. This dimension is important for calculations and should not be con-
fused with gauge nor track distance. '

— Track distance: distance between lines of adjacent tracks.

For the wheelset the following dimensions are used:

— Flange gauge: distance across the wheel flanges, méasured 10 mm below the rail surface (wheel-
set in the centred position) on standard track is 1426*0_16 mm. :

— Inside gauge: distance between the insides of the wheels, on standard track is 136035 mm. -

- Flangeway clearance: clearance between wheelset and track, i.e. the distance the wheelset can
be displaced laterally. This is not the same as the difference between frack gauge and flange

gauge.

It should be mentioned th.at a specific method of design process applies to switches and crossings.
The following summary gives some values for narrow gauge, standard gauge, and broad gauge.
— Narrow gauge: »
«. 750 mm: parts of Indonesia
« 1000 mm: parts of Switzerland, tram lines étc.
1067 mm: (3'4") (Cape gauge), Sou‘th Africa, Japan, Indonesia, etc.
— Standard gaugé:

+ 1435 mm: (4' 8%2"). Gauge used by George Stephenson in 1825 based on existing mail
coaches. Most commonly used nowadays.

— Broad gauge:
¢ 1524 mm: (5'). Russia, Finland
* 1665 mm: Portugal

« 1667 mm: Spain

2.3 Conicity

Originally conical tire profiles with an inclination of 1:20 were used. Since a centrally applied load on
the railhead is desired, a rail inclination of 1:20, as shown in Figure 2.1, was also selected; this for
instance still applies to NS profile NP 46. UIC 54 rail usually has an inclination of 1:40. This inclination
matches the S 1002 worn wheel praofile which is in general use in Europe. During manufacturing the
tires are given a profile which matches the average shape caused by wear. In contrast to the straight
conical profile this has a hollow form. '
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24 Lateral movement of a wheelset on straight track [
2.4.1 Theory according to Klingel =
If a wheelset with conical tire profiles is laterally displaced from the Central position, this displacement
IS counteracted due to different rofling radii of the wheels. This results N a periodical movement of the ™
wheelset which was described theoretlcally by Klingel in 1883 and is therefore often referred to as the I
Klingel movement, To analyse this case, the wheelset is modelled as a biconus travelling on an ide- .
ally straight track as shown in Figure 2.2. -
The following parameters are used in the mathe- L
melealformulation: e LS EEE =R-s/2 ‘
Y = conicity of the wheel tread (inclination) g [ e
r - =wheel radius in central position wheelset )
R = curve radius of the Klingel movement path e
y(x)

s = travck width

y = lateral displacement of the Klingel path
vV = speed

X = distance co-ordinate

i.
F I
In a perfect rolling movement, the wheelset dis- Ji

: L
places laterally over a distance y with respect to iy y -
the central position. A difference in rolling radius of |
2yy will occur and the lateral displacement path will S Ix

show a correspending radius R,

Figure 2.2: Wheelset biconus in general position

Figure 2.2 shows that this leads t

O the following
geometrical condition:

————— V‘k .1
r—=vyy - R-4s (2.1)

(2.2)

From these twé‘expressions the differential equation follows:

Dy I
[
Q|
Xv\) <

dx® IS -
o
Ify(0) = 0 the solution of this differential equation reads: Ll
. X P
y = yasm.?rcz (2.4) F
in which Yo and L are the amplitude and the wavelength of the Iateral displacement. The wavelength ;H
is dependent onr, s and Y according to; , M
Lg = 2 IS
K n 2y (2.5)
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Figure 2.3: Klinge!
movement

The Klingel movement is therefore purely a kinematic movement in which forces play no part in the
derivation (Figure 2.3). The lateral displacement y is a harmonic, undamped function of the distance
co-ordinate x as long as the amplitude moves within the flangeway clearance fwc. This is illustrated.in
Figure 2.4. Thus, if for instance r = 0.45 m, s = 1.5 m and y= 1/20 then L = 16 m;

Introducing the speed, the time domain fre-
quency of the Klingel movement is: , ’ Lk

| |
=L (2.6) T |
Lk LYo =X S
| 4 / oz
and hence the maximum lateral acceleration v 5
71

can be calculated as:
fwc = flangeway clearance

Vmax = 477 Vo= (2.7)

Figure 2.4: Undisturbed lateral movement of a wheelset

If the frequency f coincides with one of the natural frequencies of the rolling stock, the vehicle ride
becomes unstable. The lateral acceleration, which is a measure of the forces, shows the adverse
effect of high speed and/or small wavelength. A conicity, for example, of 1:40 in comparison with 1:20
therefore gives a greater wavelength and a lower lateral acceleration at the same speed. The pro-
gressively increasing conicity in the case of worn profiles due to increasing lateral axle movement
therefore, has an adverse effect in this respect.

2.4.2  Hunting movement

It should be noted that the Klingel theory is sim- L
K

ple and instructive but does not include the « ‘
effect of coupled axes, mass forces, and adhe- . 1
sion forces. In reality, the amplitude yq of the

Klingel movement is dependent on alignment, / \\
dynamic vehicle behaviour, and the speed of / : M
,_! g

the rolling stock.
Generally speaking, yg due to slip will increase 7 =, 3
with speed until it is equal to half the flangeway e '

clearance. Flanging then occurs as a result of

which the axie will rebound. Figure 2.5: Influence of flanging on lateral wheelset
movement

-

fwe
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This means that the lateral movement takes on a
completely different behaviour which is known as i FHZ]
hunting. As shown in the drawing in Figure 2.5 the |
movement changes from a harmonic 1o a zig-zag
shape. The wavelength becomes shorter and the
frequency increases quickly until it is in the critical 7
range for the rolling stock and resonance occurs.

This phenomenon is shown in Figure 2.6. The
bogie design, as far as conicity and flangeway
clearance are concerned, must be such that stable
running is always guaranteed for the speed range
in which the vehicle is to be used.

‘Figure 2.6: Increase in amplitude and frequency
with speed and the development of instability

2.5 Equivalent conicity

It is clear that regarding a worn profile the conicity depends on the actual shape of the rail head and

tire, including any wear, track gauge, and rail inclination. Likewise, elastic deformation of the wheelset
and rail fastenings plays a role.

Generally, the effective or equivalent conicity is defined as:

Ar I‘1—/’2

Ve = KT = A | | | (2.8)
Here ry - rp is the instantaneous difference in roll- : R
ing radius of the wheel treads; generally speaking USRS

. |
this is a non-linear function of the lateral displace-

ment y of the wheelset with respect to the central )
position. The difference between conical and worn Wom profile
profiles is given in Figure 2.7. To enable numerical * A J
comparisons v, is determined at a certain lateral \ /
displacementy = y. /

\n\\‘ //'/
~ With a conical profile the conicity is constant and ~ Conic profile / /
(2.8) becomes (see also): \ ' A

| y

, P ,
Yo = %‘_—_\)7,-: Vz(f+Y}/)y(f YY) =y (29)

In the next paragraph the effects resulting from :
progressive non-linear behaviour of the effective - !/ ;

conicity and its influence on the running stability of ~ / Flangeway clearance
vehicles and rail wear are dealt with in greater i
detail.

i
{
i
|
i

Figuré 2.7: y-Ar curves. Difference between conical
and worn wheel profiles
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2.6 Worn wheel profiles

A perfectly conical wheel profile is unstable as far as
its shape is concerned, but will take on a shape that is
stable as the effect of wear.

in addition, conical profiles have the disadvantage
that a substantial lateral movement will, because of
the two-point contact, lead directly to an impact. if the
profile of the rail and wheel tire at the point of contact
is assumed to be circular, it can be deduced from
Figure 2.8 that in the case of lateral displacement y of
the wheelset with respect to the irack, the contact
point on the rail will over a distance translate to:

AS = —— 2.10
pw_pry ( )

Moreover, if the value of y is small compared to the
radii, the following relationship holds true:

Ar = tang

2y = v,2y (2.11)

wFr

In the case of conical profiles the radius is infinite and
therefore the contact point on the rail does not move.
This means that rail wear is very much concentrated
on one point.

An interesting case arises if the radii of the wheel tire
and rail are almost equal. If there is slight lateral dis-
placement of the axle, the contact point jumps which
results in less passenger comfort. In the y-Ar graph
this manifests itself as a jump.

Confirmation of this is given in the y-Ar curve in
Figure 2.9, which is derived from the theoretical S
1002 wheel profile in combination with UIC 54 rail and
track gauge 1434 mm.

Practical research has shown that over a period of
time wheel profiles stabilise with wear at an-equiva-
lent conicity of 0.2 to 0.3. With regards to running sta-
bility, the equivalent conicity must remain below 0.4
and to ensure the centering effect it must be greater
than 0.1.

\'Figure 2.10 gives a summary of equivalent conicity‘

values for the S 1002 profile in combination with UIC
60 rail for different track gauges and rail inclinations.
This information shows that, apart from a rail inclina-
tion of 1:20, the conicity increases as track gauge
decreases and rail inclination becomes steeper. With
a rail inclination of 1:20 the conicity is very smalil and
is independent of the track gauge.

29

Pw= Pr
p, = radius of rail
p,,= radius of wheel

Figure 2.8: Displacement of contact point on rail due
to wheelset displacement

A

i Ar [hm]

6 ’ Ijj

>y [mm]

T T T
2 -4 6

Figure 2.9: y-r curve for a theoretical S1002 profile
in combination with a UIC 54 rail 1:40. gauge 1434 m

4 Equivalent conicity v,
07 j\ L .
standard deviation of wheel-rail

0.6 o excursion = 3.75 mm
0.5 A = nominal gauge
04 : stability limit
03f 5
0ot ) rail inclination

’ Tioo | o
0.1 1-40 Steering limit

' i : 1:30 '

- — 120

T T 7T

1428 1432 1436 1440 gauge {(mm]
1430 1434 1438

Figure 2:10: Equivalent conicity for S1002 on
UiC 60.
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Figure 2.11 shows a measurement result of both new and worn wheel profiles in which the wear is L
quantified in zones as specified [235].

r

L

Wheel flange Flange Wheel tread Field side

root

Wheel hollowness "

rﬂ

Worn Whie)//—' y Tread wear d b

Back of flange i ],ff Unworn wheel Y W‘

H Flange rqot A o

Field side
\ }‘2\*/ J79e o Wheei tread contact False flange
rail bali
AN ; Flange face EW
i ;

e — Yised
Whee! flange wear F
i

Figure 2.11: Whee! wear zones m

Experience over the past few years with worn wheel profiles has resulted in a number of variants of -
the original S 1002 profile. It is still possible to further optimize the profile based on the measured E
data gathered over a long period of time for a specific type of rolling stock on a given section of the e
network, ‘ ,
. : Dok
2.7 Wheel-rail contact stresses v "’

2.71 Hertz theory

The combination of rail vehicle and track should be regarded as one system. This applies to the func-
tion as a transport system, but also with respect to the technical point of view. A strong interaction
exists between infrastructure and vehicle. The separation between both subsystems and the place

where the interaction manifests itself is the contact between wheel and rail. Of course, the two main
aspects are dominant here, viz. the bearing and guidance of the vehicles.

The Hertz theory (1887) explains what happens: the elastic deformation of the steel of the wheel and

the rail creates an elliptic contact area. The dimensions of the contact ellipse are determined by the
normal force on the contact area, while the ratio of the elti

‘ pse axes a and b depends on the main cur- © ol
vatures of the wheel and rail profiles. ' B
Figure 2.12 gives an illustration of how the E
shape,. expressed by the ratio b/a, of the con- Gauge face of rail
tact ellipse relates to the location of the wheel- o
rail contact area across the railhead. ‘ w
Inside the contact area a pressure distributiqn Field face of rail ~ ”
develops which in a cross section is shaped in |
the form of a semi-ellipse with the highest con- e

tact pressure occurring at the centre given by: Figure 2.12: Examples of contact ellipses on the railhead :
.
3 Q -

max '2'@ . (212)

—y £
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i X
- S
" , Lty
dﬂJ Ruwheel Rwheeiprof Rrailprof - a b ON © 22 -;—-—-»}--—-:.—w»
[mm] [mm] [mm] [mmj [mm] - IN/mm?] o
‘ L 2p
“i ] e
m 460 0 300 6.1 47 1012
E 460 -330 300 3.9 14.6 502
|
D 460 -330 80 7.4 2.7 1520
-
L) 150 -330 © 80 4.2 3.3 2103
‘ .
|
I
! pony Table 2.1: Contact ellipse for different combinations of wheel and rail curvatures.-Q = 60 kN.
g
o :
| As can be seen in Table 2.1the compressive stresses due to a wheel load of 60 kN can sometimes be
“! higher than 1000 MPa and for small wheels may even exceed 2000 MPa.
“i 2.7.2  Hertz spring constant
v‘ | i
’" In dynamic wheel-rail models the so-called Hertz spring is of importance. This stiffness can also be

H‘; derived from Hertz's theory and results in general in a rather complicated equation. Assuming & Circu-
] lar contact area, Ryneelprof = @nd adopting the geometric mean of the other radii, this relatively sim-

e ple formulae can be established:

3':! 2
“m; kH - 3&/37E Q2A/lewheezl'E§rainrof ‘ (2’13)
‘“ (1-v7) : . ,
where:
E = modulus of elasticity
Y = Poisson's ratio
- Q v = vertical wheel load
?1f~i‘ Ruyheel = radius wheel
R Rrailprof = radius railhead

Note the non-linear relationship between the Hertzian spring constant and the load Q.

! Exampie: using the data of the first case in Table 2.1, with Q = 60 kN and v = 0.3, the value of the
Hertz spring constant then is: ky = 1.2 GN/m?.

The application of the Hertzian spring in dynamic models is discussed in a later chapter.




Modern Railway Track 2WHEEL-RAIL INTERFACE 1

2.7.3  3ingle and two-point contact between wheel and rail

In the case of single-point contact, according to Figure 2.13, wheel load and lateral force act on the‘ E
same point. This situation occurs when using worn wheel profiles. In the case of two-point contact,
shown in Figure 2.14, the application points do not coincide. . rm
: e
Qu Slip direction wheelsel T
TR i Lk
fQAe 7 lQBE/ Yi = fQ‘ %3
; i

Qe = QAe * QBe
Ye = YF N J{’QAE

High rail
(external)

Low rail
(internal)

Figure 2.13: Single . ) ) . e
contact poini Figure 2'.74.' Double contact point. Forces on rails in case of
lateral slip in curves

This two-point contact situation arises in curves where the wheelset lacks the freedom to position
itself radially.. The first wheelset of the vehicle that enters the curve makes an angle of attack produc-
ing a flange force on the high rail. This flange force forces both wheels to slip in the direction of the
inside of the curve causing friction forces on the rails as indicated in Figure 2.14 and Figure 2.17.

According to Section 2.7.1 the contact force is the resultant of a stress distribution which acts on the
contact area. Figure 2.15 and Figure 2.16 show pictures of both contact situations which. were
obtained by means of photo-elastic measurements. The calculation of the stress distribution within
the rail head will be discussed in Section 5.6.4. '

L 5 |

i

Figure-2.15: Internal cross section stress distribution in Figure 2.16: Internal cross section stress distribution in
the rail head due to one-point contact the rail head due to two-point contact

E

.
)
1
B |
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2.7.4  Spreading forces

In order to satisfy equilibrium, the hori-
zontal component of the flange force
equals the sum of the horizontal friction
forces. It can be concluded that under
these circumstances both rail heads are
pushed apart.

£ i

Figure 2.18 gives another explanation of
this phenomenon based on the rolling -
and creep movements to be discussed
in the following sections. This figure,
which by the way is viewed from the top
(not a perspective view), shows the situ-_
ation of a moving wheelset making lat-
eral contact with the high rail (a).

]

Ej 3

The rotation vector of the wheelset can
be resolved in a lateral component (roil-

e
» ing) and a longitudinal component
o (creep). These movements cause forces
o to act. on the wheelset as drawn (b)
| which also includes the lateral flange ’
- force. From this, the resultant forces can ‘ 1 4

be derived that act on the rail (c). Appar- section x-x ] YE
""‘ ently, the lateral forces on the railheads 1
b are identified as spreading forces.

Figure 2.17: Contact between wheel flange -and railhead

. This observation leads to some impor-
H tant effects. First the track components
are loaded by this mechanism. It should
m be noted that we deal here with internal forces.
“ If there are also external S
" forces, for instance due to  Tunning direction
My non-compensated acceler-
- ations, the resulting flange . 60\0‘9
| force can be considerably = W
m higher. N
i % rolling
1 Secondly, as a result of the creep )
- striking angle the flange - //,
u contact point is located at ~ a@nde \}/‘/ \
| some distance in front of O afack e
J! the contact point on the N R
W] running  surface. . This \\3
! induces a sliding velocity P
| —in the vertical direction —

between the flange and
the raithead. In combina-
thﬁ with the normal f_orpe’ Figure 2.18: Origin ofsbreading forces
this effect creates a friction

force on the wheel which : . ‘
pushes the wheel upward. If this force is high enough to surmount the vertical force on the wheel, the

wheel may climb up the railhead followed by a derailment. A simple model for derailment risk is dis-
cussed in the next section.
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2.7.5 Wheel-rail creep

According to the Hertz theory the contact area is elliptic
and the inside pressure distribution is also elliptic. In the
case of perfectly smooth surfaces the highest pressure
occurs at the centre. In reality, the surfaces show a cer-
tain roughness resulting in an irregular pressure distribu-
tion with high local peak values. At these spots, the high
pressure may lead to plastic deformation of the material
causing loose particles and thus wear.

Also, the pressure distribution will be changed in such a
way that the maximum is moved a bit in the forward
direction. Consider for instance the pulled wheel situa-
tion in Figure 2.19 (see other possibilities in Figure 2.25).

Because the resultant of the pressure is also moved for-
ward, a moment will be created in'combination with the
wheel load. This moment should be surmounted during
the movement and is called rolling resistance. The small
asymmetry of the pressure distribution, ca. 0.5 mm, is in
practice not taken intc consideration. -

The tangential force, which must be transmitted in the
contact area, is based on friction and can be quite sub-
stantial, e.g. with driving wheels or a braking operation.

Figure 2.19: Asymmetrical pressure distribution

it seems logical that for each particle of the contact

area the maximum shear force to be transmitted is T . v
equal fo the product of the friction coefficient and the =T Vi
local current pressure. This assumes that all points ~ wheel Q7 'l M ‘
are about to glide at the same time. However, this is \ / w
not the case because the shear forces create elastic e R X
deformations of the material of both wheel and rail. cail TR + /- pos./neg.
Therefore, gliding will sooner occur at the rear of the P ‘
contact ellipse than at the front. (Figure 2.20). L strain

‘ normal
For small values of the transmitted friction force, the pressure
elastic effects are dominant and the force will
increase with the magnitude of the apparent slip. This shear
apparent slip or 'creep' arises if part of the surfaces of stress
wheel and rail are not gliding but are deformed elasti-
cally. As the transmitted force becomes higher, glid-
ing will take place over a constantly increasing part of locked
the contact area until the whole contact area takes region

part in gliding. The total transmitted force is then
obviously equal to the friction coefficient p times the
total transmitted normal force.

The slip is defined as relative quantity. For practical.
purposes a simplified form is used:

Figure 2.20: Explanation of ¢creep phenomenon
wheel/rail
V—wr

g, = (2.14)

14

The theoretical path of the friction force as a function of the creep or slip is drawn in Figure 2.21.
For low values of the creep the behaviour is dominated by elastic deformations and there is an almost

linear relation. For larger values, the slip zone expands and the curve becomes more and more flat-
tened until finally it runs horizontal when slip occurs in the whole contact area.

E 3

E 2

E 2

E

£

-
-

A ED



i

E 3

£ 3 K 1.

€3

€3«

& 1 &% K3 § 3 & 3

2 WHEEL-RAIL INTERFACE Modern Railway Track

7 stable . unstable

&y

Figure 2.21: Relative lohgitudinal friction force Figure 2.22: Actual lateral friction force versus slip
versus slip

In the preceding consideration it was more or less assumed that the friction force and slip act in the
longitudinal direction. A complete analogue mechanism acts in the lateral direction with the same
functional relationship between the force Ty and the slip, the latter defined by:

— Viaterai velocity . (2 15)

€
Y v

The displayed function of the creeping force is theoretical. In reality, once full gliding occurs, the force

‘will decrease in accordance with the increasing slip. (Figure 2.22). The descending part of the curve,

combined with the elasticity of the material of wheel and rail and one of the own value mode shapes
of the wheel body, produces a phenomenon called stick-slip. This mechanism is the cause of the well-
known sguealing of wheels in curves.

Because of the presence of the aftack angle of the wheel which causes the flange to push against the
inside of the-railhead, a lateral slip in the running surface exists and consequently a lateral slip force
will be developed. The negative relation between this force and the slip will not give a stable equilib-
rium, but will instead induce a highly frequent jumping to and fro between two points on the curve.

2.7.6  Spin

Apart from slip in the longitudinal and lat-
eral direction a third quantity also exists:

the so-called spin which also participates F?otgtlon Vector § Force on Rail

in transmitting the friction force. Spin or Rolling"'"\“—-.__ [ A

rotational slip arises if the small contact Al | Running direction
area between wheel and rail is not parallel “spin|  Wheel 1 | =

]
™ Force on Wheel

to the rotation axis of the wheelset. The
rotation vector of the wheelset can then be
decomposed in .a component parallel to :
the contact area (this is pure rolling), and a Figure 2.23: Effect of spin
component perpendicular to it, which is the '

rotational slip -or spin as indicated: in

Figure 2.23. ' '

The spin is defined as:

o = wsiny _ . siny (2.16)
v r

It should be noted that the spin ¢ has a dimension [1/m].
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When spin  takes place, the relative |y
movements between wheel and rail will o I
also partly be taken up by elastic distor. =P Adhesion
tion and partly by slip. The result will be A

that in the contact area forces are gener- ' 3\

ated with varying magnitude and direc- id VRN
tion, the resultant of which produce g = .

force in the lateral direction. This can be

clarified by means of Figure 2.24. =

In this picture, which was used in numer- N - S
ical  considerations  about contact ALY SN | ’_J B
mechanics, the contact ellipse is divided o HET e h
into a grid of small elements. Each ele- ,
ment shows the magnitude and direction

of the slip regarding that element. il

-
b

| ~FE DRI
The resulting lateral force that acts on - .
the wheel is directed to the 'high’ side: :
Here too, small values of the force Y -
increase linearly with the magnitude of b dx
the spin. However, for a certain value of

the spin a maximum is reached which
decreases with the subsequent increas-
ing of spin values." '

2.7.7 Creepage coefficients

According to Kalker [147]

, for both creep and spin it may be assumed that for small values the rela-
tions between these quantit

ies and the resulting generated forces are about linear and can be
expressed by:

2
7, = Gc C77ex

(2.17)
T, = Gc¥ Coog, + Cphsc0) (2.18)
M, = Ge (Co3e,+ Cyac) (2.19)
with:
G = shear modulus
c = geometric mean of semi-axes of contact ellipse: ¢ = Jab
Ci = the so-called Kalker coefficients: constants determined by the ratio between the semi-

axes a and b and the normal force N on the contact area.

In Table 2.2 the

Kalker coefficients are given for the friction forces T, and T,
garded).

(the moment M, is disre-
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v
A
"
Cyy Cop Co3

Ny g v=0] 14 | 12 | v=0 [ 14 | 12 v=0 [ 14 12
o :
M 1o n/ {41 -v)} n’/4 3(73@1))[“ (2A+/n4 5)}
el 0.1 2.51 3.31 4.85 2.51 2.52 2.53 0.334 0.473 0.731
™ 0.2 2.59 3.37 481 2.59 2.63 2.66 0.483 0.603 0.809
W‘ 0.3 2.68 3.44 4.80 2.68 2.75 2.81 0.607 0.715 0.889

04 2.78 3.53 4.82 2.78 2.88 2.98 0.720 0.823 0.977
m b>a 0.5 2.88 3.62 4.83 2.88 3.01 3.14 0.827 0.929 1.07
w“ 0.6 2.98 3.72 4.91 2.98 3.14 3.31 0.930 1.03 1.18
‘. 0.7 3.09 3.81 4.97 3.09 3.28 3.48 1.03 1.14 1.29
m 0.8 3.19 3.91 5.05 3.19 3.41 3.65 1.13 1.15 1.40
- 0.9 3.29 4.01 5.12 3.29 3.54 3.82 1.23 1.36 1.51
i 1.0 3:40 4.12 5.20 3.40 3.67 3.98 1.33 1.47 1.63
m - 08 - 3.51 4.22 5.30 3.51 3.81 4186 1.44 1.59 1.77
0.8 3.65 4.36 542 3.65 3.99 4.39 1.58 1.75 1.94
o 0.7 3.82 4.54 5.58 3.82 4.21 4.67 1.76 1.95 2.18
L‘ 0.6 4.06 4.78 5.80 4.06 4.50 5.04 2.01 2.23 2.50
a>b 0.5 4.37 5.10 6.11 4.37 4.90 5.56 2.35 2.62 2.96
rsn 0.4 4.84 5.57 6.57 4.84 5.48 6.31 2.88 3.24 3.70
: ; 0.3 5.57 6.34 7.34 5.57 6.40 7.51 3.79 4.32 5.01
m 0.2 6.96 7.78 8.82 6.96 8.14 979 572 | 683 7.89
“ 0.1 |+ 107 117 12.9 10.7 12.8 16.0 12.2 14.6 18.0
| ( _ on iy B 2z 1
- 10 (A—272IU)QJ[1+?\—/2;1} m%”%} - 3g.Jg(1-V)A~2+4v
- g ‘
= In(16g"); g = min(a/b,b/a); In4 = 1.386; v: Poisson's ratio
M’ The analytical forms involving A are accurate for very small g only.
? Table 2.2: Creepage and spin coefficients.
i

" 2.8 Train resistances

]

2.81 Types of resistances

A train must overcome several train resistances to start moving or to.continue moving. instead of the
train resistance itself, denoted by W, mostly the relative value is given with respect to the train weight
as indicated by the symbol w. The relative value is independent of the train weight and its unit is N/kN
or, more customary, %.. The most important train resistances are:

— Running resistance, consisting primarily of the rolling resistance between wheel and rail and the
journal friction (see Figure 2.25).The order of magnitude of the running resistance is 1.5 to 2 %e,
which is much lower than in the case of road vehicles (10 to 30 %e);

— Alr resistance; which depends on the dimensions and the cross section shape of the rolling stock.
The air resistance is proportional to the Square of the speed while a possible headwind should also
be taken into account;

-
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Modern F\’a/’/'way Track

Driven whee|

l
Pulled wheg| Braked wheg|

W
Figure 2 25 Forces on g whee/ determ/'ning running "®Sistances ﬂ‘m

Tunne/ resistance, {

metro's, high Speed track in tunne|

) ”
Pulling Up resistance originating from pulling up stock after 4 long Standstill L
The total resistance jg &qual to the sym of alj Separate resistances which are applicable jn the given
Situation:
Rioe = > rw, (2.20)
where
r = thejth relative resistance in %o, which arises on the track section considered
W, = the train weight, which €Xperiences the resistance Concerneq This is not always the tota|
train weight (for instance, long train in short Curve)
2.8.2

The available Power of the Propelling installation;

The desired Speed on the Section Considered:

The available adhesion force of the driven wheels

3 £ K12
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2 WHEEL-RAIL INTERFACE Modern Railway Track

_ences an acceleration (leading to a speed

If the power is assumed to be constant, the pulling force is simply:

F=£ (2.21)
v
where;
P = traction power [KW]
v = speed [ro/s]
This relation can be drawn in a diagram
(Figure 2.26) which is known as the AFRIKN]
force-speed.diagram_ In the same dniagram Adhesion fimit
the connection between the total resistance e
and the speed is drawn for two cases. Puling force  £_P - esistance
(hyperbola) 4 =

If the pulling force F is greater than the total
resistance Ry, then the train mass experi-

Acceleration

rise) determined by: Deceleration

F- Rtot = “/Mlota ' (222)
where: :
. v V [kmi/h]
a = acceleration max
Mot = total train mass Figure 2.26: Force-speed diagram

multiplication factor for the mass,
which takes account of the inertia of
the rotating masses. (y = 1.06 - 1.10).

7

From (2.22) it follows that (with y= 1 and g = 10 mi/s?) the acceleration is 0.01 m/s? per 1 %0 pulling
force excess.

The theoretical maximum speed in Figure 2.26 will only be reached after a very long time. In practice
the maximum speed will therefore be lower. f

If at a certain speed the resistance becomes higher than the available pulling force, the train mass will
undergo a decreasing of the speed.

2.8.3 Adhesion force

The adhesion force T between a driven wheel and the rail is limited as given by Coulombs law:

(2.23)

where:

f = friction cosfficient (adhesion coefficient) between steel wheel and rail. Global values are:
«  f=0.25 for dry rails; v .
» f=0.1for wetrails.

Quqn = wheel load of the driven wheel.

22



Modern Railway Track 2 WHEEL-RAIL INTERFACE

As the pulling force is the sum of all adhesion forces, the following result can be obtained by using
(2.23):

F = Z T< fZ Quun < FWagn ' (2.24)
where:

Wyan i1s the total adhesion weight of the train. In case of pulled vehicles, the adhesion weight is the
weight of the locomaotive.

From (2.22) and (2.24) it follows with Rt = 0, Mggn =My, v = 1, for the acceleration the physical
upper limit:

8max = 19 (2.25)

The order of magnitude of acceleration for maximum pulling is about 0.2 - 1.2 m/s®. The maximum
braking deceleration can be substantially higher than the maximum starting acceleration because all

axles are braked. However, in order to protect passengers or loading a maximum value of 0.5t0 1.3

m/s? is maintained. Tramway cars are also equipped with an electro-magnetic rail brake, with which in

case of emergency (suddenly obstructing street cars) a substantially higher deceleration can be
obtained. '

s

T3

[

£ 3

g
"
w

FY ¥1%

i
ﬁ
e
™
]
(™
i
e
"
-
.
-



€3

ipi 44‘; :i

| B |

L |

i1

3

i b

&

€3 E3 &3 ED

-,

|4

Modern Railway Track 3 CURVES AND GRADIENTS

3 CURVES AND GRADIENTS
3.1 ‘Genera! considerations

Longitudinal track alignment consists of the following geometrical elements:

— Ina straight direction: straight flat track sections. These are the easiest to make and have the low-
est resistance; .

— In the horizontal direction: curves, cant, transition curves, and transition gradients;

— In the vertical direction: gradients and vertical curves.

The physical appearance of these elements is determined by the characteristics of vehicle behaviour,

translated into simple instructions for use and formulae based on safety, comfort, and cost-effective-
ness criteria.

From a commercial point of view, it is desirable to increase speeds as much as possible. It is essen-
tial in this respect that the load on the track and the accelerations on the vehicle body, which are the
determining factors for passenger comfort, do not exceed specific limit values and that safety against
derailment and lateral displacement of the track-are ensured at all times. In the case of new lines,
such operating requirements can be worked in at the design stage. On existing lines the possibilities
for increasing speed are usually restricted.

The standards presented in this chapter are taken from UIC leaflet 703 R [277] which was revised in
1988 and which takes recent experience on the European railways into account. The values recom-
mended in these regulations relate to - modern ballasted track and modern passenger stock which
meet UIC standards. In addition to desirable values for accelerations, maximum values are also

given, as are values which are only permissible in exceptional cases. Some examples are also given
from NS regulations for the design of new lines [192].

3.2 Curvature and superelevation in horizontal curves

3.21 Curve radius/curvature

The convention in Europe is to express horizontal curve geom-
etry as the curve radius R or as curvature 1/R. Elsewhere
curve radius is often given as the angle ¢, in degrees, of a 100

ft-long (30.48m) curve. The relationship between a and R [m]
is:

<

100 fest

1746
R

o =

(3.1)
This relationship is shown in Figure 3.1.
3.2.2  Curve effects

It is'a known fact that a vehicle running at a speed v in a curve

with a radius R experiences a centrifugal lateral acceleration of  Figure 3.1: Relationship between radius and
2 . . .

a = v4/R which results in a number of undesirable effects: curve angle

— Possible passenger discomfort;

— Possible displacement of wagon loads;



3 CURVES AND GRADIENTS Modern Railway Track

— Risk of vehicles overturning;

— Risk of derailment caused by the wheels mount-
ing the outer rail or by loosening of rail fastenings:

— High lateral forces on the track, which increase:

"« curve resistance:

3

; b
* wear of rails and wheel flanges: -
* risk of rail tilting; i
+ risk of lateral displacement of the whole .

track; L

*  noise nuisance,

- High lateral forces on track structure and sub-
structure.

To limit, if not prevent, these phenomena the follow-
ing measures can be implemented:

. . . Figure 3.2: Accelerations in curves
— Use of maximum possible curve radius R, prefer- I
ably so that no superelevation is necessary;

-~ Use of cant in curves so that lat

eral acceleration is entirely or partly compensated by the gravity
component;

— Speed restricfions. This is not an attractive o

ption because of the consequent increase in transit
time and the loss-in capacity.

3.3 Superelevation

3.3.1 General considerations

If it is not possible to make a suitably large curve radius, the curve with a smaller radius must have
cantin order to reduce or eliminate the influence of the centrifugal acceleration. This can improve the

situation as regards passenger comfort and horizontal loading of the track. This provision is only
made in curves where V > 40 km/h.

Superelevation is achieved on NS b
the same level.

y raising the outer rail in the curve, whilst keeping the inner rail at

If we now consider the general situation depicted in Figure
speed of v in a curve with radius R and cant n,
the vehicle is: '

3.2, in which a vehicle is running at a
the resultant non-compensated lateral acceleration on

d. =

gn
s

m I <'\3

(3.2)
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Modern Railway Track 3 CURVES AND GRADIENTS

The idzal cant appears as a4 = 0. In this case the resultant of a = v¥/R and g is perpendicular to the
track and equals:

2 2 '
- SV 11.8V (33)

in which:

- running speed [m/s];

- running speed [km/h];

: curve radius [m] .

- acceleration due to gravity (= 9.81 m/s?)
: cant {mm)]

: track width (= 1500 mm)

w T gL <

For practical reasons the thus calculated cant is rounded up to the nearest 5 mm. If the calculated
cant is less than 20 mm it can be disregarded.

3.3.2 Cant deficiency

Ideal cant applies to just one speed and therefore in principle can only be used by railways with uni-
form traffic. Generally speaking, however, passenger and freight trains run on the same track at differ-
ent speeds, which means that ideal cant for the top speed would result in considerable excess cant
for the slow-running traffic. This would in turn produce excess wear on the low rail. A compromise is,
therefore, to accept a certain degree of cant deficiency for the fast trains, producing flanging on the
high rail and thus lateral wear of the rail head. This, however, outweighs the disadvantages of speed
limits. Cant deficiency hy is the difference between ideal cant and actual cant and must satisfy the

condition:

> V2 ~ :
hdzﬂﬂmhz 11_8—f”§'—hh<hd v (3.4)

in which V4, is the maximum speed in km/h. Non-compensated acceleration and cant deficiency are
related as follows:

ay = 2h, (3.5)

Non-compensated acceleration must satisfy the following -condition:

2
Vimax - L 5 ’ (36)

%7 7296 153~

The non-compensated acceleration causes a quasi-static lateral track load of the magnitude of the
mass per axle times the acceleration. With a non-compensated acceleration of 1 m/s?, which must be
considered as the absolute limit at international level, and a mass per axle of 22.5 t, the lateral load
on the track is 22.5 kN per axle. This load must be supplemented by the dynamic load, which to a
large extent depends on the quality of the track geometry. The same reasoning applies to the vehicle
body accelerations which determine passenger comfort. Both are shown schematically in Figure 3.3.

It should be noted that another limit is set on the time derivative of the acceleration dag/dt in transition
curves (see also 3.5.2). This 'yerk’ should generally not exceed 0.2 m/s®.
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3 CURVES AND GRADIENTS Modern Railway Track

The cant deficiency allowed in prac-
tice is determined by the following [

Lateral acceleration - Quasi-static
factors:

accelerations

— Track ion; {
ack construction; Moderate

track quatlity

— State of track components; Non-compensated
lateral acceleration ,
~ Track alignment; 2 Dynamic
ckalg ; VAR - ghls acceleration
— Type of bogie; Very good

track guality
- Axle loads and  unsprung

masses; ] . ’
ghs - N v[m/s]
—~ State of maintenance of the roll- =~ ™= ™ 7 . max
. Equilibrium speed
ing stock, . - -
cant

If high values are allowed for non-
compensated: acceleration, the track
components must be designed
accordingly and there must be no
risk of exceeding the lateral track :
resistance immediately after tamping. A large cant deficiency causes a large increase in wear on the

face of the high rail head. Moreover, an increase in cant deficiency leads to faster deterioration of the
track geometry. '

Figure 3.3: Quasi-static and dynamic accelerations in curves
versus speed

3.3.3 Effect of suspension on lateral acceleration

With a non-compensated lateral acceleration, the centrifugal force exerted at the centre of gravity will
cause an overturning moment which means that the spring system of the vehicle body is compressed
unevenly and the body tilts somewhat towards the outside. Since this cancels out some of the cant;
the vehicle body and hence the passengers and load-are subjected to a higher lateral acceleration of:

ag = (1+e)a, / . (3.7)

The acceleration a; must in all cases remain below 1.5 m/s?, and preferably below 1 m/s?. The cant

deficiency must be adapted to the suspension factor €. For modern rolling stock this value is of the
order of 0.4 and can be reduced by special measures to 0.2.

3.3.4  Effect of body tilt coaches on cant deficiency

To be able, nevertheless, to run on heavily curved sections at high speed, the coaching stock is
sometimes designed to tilt artificially. By means. of such tilting mechanisms the cant deficiency in
curves at high speed can be compensated by h, as a result of which speed can be increased by up

to 50% in comparison with coaches without body tilt. The remaining lateral acceleration on the pas-
sengers and load is then:

am::ad*%hMt: %ﬁd—hmﬁ (3.8)

The only improvement is increased passenger comfort and reduced risk of overturning; the track, on
the other hand, is more heavily stressed by the higher lateral forces.
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Modern Railway Track 3 CURVES AND GRADIENTS

3.3.5 Switches and other constrainis

Regarding switch curves, basically the same conditions apply to non-compensated-accelerations as
for plain line curves. The dynamic effects due to impacts are, however, much greater in switches. As
already shown in Figure 3.3, the dynamic and thus the overall acceleration and force level increases
considerably because of the relatively poor track geometry. For this reason cant deficiency in
switches is kept lower than in plain line curves. ‘

3.3.6 Cant excess
In curves with rather large radii there is generally a substantial difference between the maximum

speed Vqax Of passenger trains and the lowest speed of fretght trains V. At the lowest speed cant
excess is of the order of:

Vi
min
he = h- 718‘——R— (39)

A substantial cant excess produces a high load on thé low rail in the case of slow-running freight
trains. Figure 3.11 gives the maximum values used internationally.

3.3.7 Maximum cant

A maximum value is set for cant because of the following problems which arise if the train if forced to
stop or run slowly in a curve:

— Passenger discomfort;
— Risk of derailment for freight trains due to uneven loading on the rails;
— Possible shifting of freight loads;

— Possible bfeakaway of freight trains from standstill because of the high level of friction of the
wheels against the inner rail.

These problems can be aggravated by high cross winds. For these reasons the maximum cant in
curves is.

h =120 mm track on gravel ballast

3.10
h = 150 mm track on crushed stone ballast ( )

With just one type of traffic cant values up to 180 mm are used.

Large cant can also result in lateral displacement towards the centre of the curve during tamping at
low temperatures. A smaller cant than in (3.10) is therefore preferable if possible. The maximum val-
ues used internationally are shown in Table 3.1.

3.4 Transition curves

3.41 General remarks

Basically, transition curves are used between straight track and curves or between two adjacent
curves to allow gradual change in lateral acceleration. The centre line of the transition curve has the
same tangent at the connection points as the adjacent part, whereas the curvature changes gradually
from the value of the one connection point to the value of the other. Transition curves also introduce
cant by means of transition gradients and, if necessary, gauge widening:

39



3 CURVES AMD GRADIENTS Maodern Railway Track

Transition curves are not used if:
— The curve radius is » 3000 m [192];
— A calculation shows that no cant is necessary;

— Between two adjacent curves in the same direction the discontinuity in acceleration remains lim-
ited to 0.2-0.3 m/s>.

In the following, only transition curves between straight track and curve are examined. The track is
presented in a simplified form by a single straight or curved line.

3.4.2 Clothoid

Between straight track and a curve, the curvature of the transition curve 1/r must gradually increase

from zero in the straight track to the value 1/R in the curve. This can be achieved by starting from the
linear relationship:

= ks

~ I~

(3.11)

Here 1/r is the curvature over a curve length s from the origin, as shown in Figure 3.4. At the origin
the curvature is zero and therefore this is selected as the point of connection with the straight track.

The factor k is a proportionality factor. The equation of the transition curve y is now to be found as a
function of x. The exact form reads:

a _ 71 (3.12)
ds r
Using (3.11) ¢ can be solved:
b = Eds = %ks® | (3.13)
The Cartesian coordinates are thus determined and read:
. /(52
= = — 14
X J'cosdpds jcos 5 ds (3.14)
ks®
= |si = |sin—=- .
y J'smq)ds J.sm > ds ‘ (3.15)

The curve can therefore only be described in parameter form, expressed as Fresnel integrals. The
curve is known as a clothoid or Cornu spiral [2]. Owing to the mathematically difficult formulation and

the need to use a computer, a somewhat simpler transition curve, known as a cubic parabola, is usu-

ally used for manual calculations.

&)
A
NN 1/R
1
1 | :
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) i . E Figure 3.4: Curvature path of clothoid
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Modern Railway Track 3 CURVES AND GRADIENTS

3.4.3 Cubic paraboia

To obtain this function for the transition curve two
simplifications are introduced with respect to the VY i

clothoid. The curve is approximated by:
’ ian L/2R
oy (3.16) P
r .
® L¥6R

The curve length s is approximated by the coordi-
nate x. This applies only for small L/R ratios.

o y
If linear behaviour is again chasen for the curve, [ L
beginning at zero at the point of connection with
the straight section, the curvature is: Figure 3.5: Cubic parabola
1 — L I—
- = y"= kx (3.17)
p

in which k is'a proportionality factor. After twice integrating and then introducing the boundary condi-
tions, the formula for the cubic parabola is found:
3 .

X _
y = Zer | (3.18)

in which L represents the length of the transition curve projected on the x-axis, das shown in
Figure 3.5. This expression agrees with the first term of the series expansion for the clothoid.

DB use a fourth order parabola in which the curvature is quadratic (geschwungene Rampe).

3.44  Curve displacement

In case of the juxtaposition of a transition

curve, the original curve is ‘displaced with y 4
respect to. the straight section as shown in

Figure 3.6. According to (3.18): =

©
Al

tgo = y'(L) = 2% (3.19)

The curve displacement is therefore:

, 3 . q
p = é—Rsinas - (3.20) Straight I 1.
2 16R ;
L2 i
12 12 {
= —+R A 3.21
LR R 2N

Figure 3.6: Curve fransition

Displacement p is very small and can usually
be disregarded. Displacement q-= 0.25 y(L)
and is therefore significant. Length L is
obtained from the formulae given in section
3.5.

A1



3 CURVES AND GRADIENTS Modern Railway Track

3.5 Cross level transitidns

3.5.1 Relation with the transition curve

To allow transition from straight track to curved

track with cant, use is made of a transition gradi- : ; - High Rail
ent. The cant is here changed from zero in the :Cant
straight track to the value h in the curve by gradu-

ally raising the outer rail. Since the non-compen- ihx Low Rail
sated lateral acceleration has to increase gradually X ( '

from zero to the value ag in the curve, it follows ' A

that:

~ The transition gradient and transition curve ~CUTVaWe

,m"‘w‘»
must coincide; w.r-r*””"y#’TW/r 1/R

— The increase in cant and the increase in curva-

ture must follow the same function. Acceleration / .
i V
b g, =—-—g<0.8ms*
! ‘R s /

pad

The cant hy in the transition gradient is therefore
as shown in Figure 3.7:

J e rk %\ww:.mue@,;-;...-)m....;.m.,wf da v
_h ] = =—a,<02m/s?
he = 1% (3.22) _I e /
Ihn Vihécar:;t in the curve Straight :: Transition 5 Curve

—
L = length of the transition curve/gradient. : : ’

Figure 3.7: Lateral acceleration and jerk

Non-compensated lateral acceleration in the tran-
sition curve varies linearly according to:

= 247 23
a, =2 (3.23)

whereas the change in acceleration:

Q
D
x
Q
jui]
I
QD
<

hatcd : 3.24
dt dx L ( )

is constant in the transition curve but is discontinuous at the beginning and the end, as shown in
Figure 3.7. During transition from straight track to a curve with cant, or vice versa, the rotation of the
vehicle must be gradual in order to maintain comfort which is associated with lateral acceleration and

its change per unit of time, and also for reasons of safety. This means that at maximum speed the fol-
lowing condition must be met:

day,  @yVia day ‘ ' :
dt  3.6L " dt ‘ (3.25)

The permissible values are given in Table 3.1. it should be pointed out that safety is related to the dif-
ference in cant over the distance between two axles of one bogie. As a result of this distortion the four
wheels are not in one plane and the wheel load is thus unevenly distributed. Combined with a hori-
zontal force this can result in climbing of the wheel on the rail and deraiiment.
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Modern Railway Track ' 3 CURVES AND GRADIENTS

Most design standards for cant variations in curves specify 1 - 10V (V [km/h]) as the desirable value.
On NS steeper transition gradients of up to 1 : 8V are allowed with a minimum of 1 : 600 at speeds
lower than 80 km/h. The requirements concerning non-compensated acceleration with, for example,
ag = 0.8 m/s* and aq = 0.2 m/s? lead to the condition:

L>111V with L [m], V [km/h] (3'26)
3.5.2 Length of normal transition curve

The length of a transition curve is normally obtained from the ideal cant according to (3.3) and the
maximum permissible change in acceleration according to (3.25). If a4 = 0.2 m/s® this gives:

3
L:o_ma‘/E with: L [m], V [km/h], R [m] 327

3.5.3  Adjacent curves

Generally speaking there should be a minimum
straight section of 30 m, b.u't preferably of V/2 (V > > 30m
[km/h]) between the transition curve because of 2)

the length of the vehicle as shown in hy.
Figure 3.8a. If this is not possible the following by

applies:

—~ Fortwo adjacent curves in the same direction >130m S
the cant must stay the same over at least 30 @ j /
m between the transition gradients. Between f——\ h,
curves, one transition curve or adjacent tran- hy ,——f
sition curves in opposite directions should be
used in accordance with Figure 3.8b and
Figure 3.8c. | @ Curvature
— For two adjacent curves in opposite direc- ‘_1/R o 1/R,
tions, known as curve and reverse curve, !
with only one point where the cant is zero,

o

the cant should vary continuously from the Figure 3.8: Situation with adjacent curves having the same
curvature sign

one direction to the other. The ftransition
curves should be extended so that they join.
This situation is depicted in Figure 3.9.

3.6 Curve resistance.

A moving vehicle must overcome a series of
resistances, including curve resistance, caused
by slipping of the wheels and flanging as a result
of non-radial adjustment of the wheelsets.

The curve resistance, which is defined as the
total resistance force divided by the weight of
the part of the train in the curve, is dependent on
the curve radius, track gauge, condition of the
rails, and the characteristics of the rolling stock.
To reduce curve resistance rail lubrication or
ﬂange lubrication can be used. The primary Figure 3.9: Situation with adjacent curves having an opposite
objective of these measures is, however, to gurvature sign

reduce rail and flange wear.
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3 CURVES AND GRADIENTS

For curve resistance, expressed as N/kN or as %o, NS use the following formulae:

_ 650 ,
We R 5% %0 for400m<R ’
We="2%  for150m <R <400m (3.28)
We =5 %0 for R <150 m

3.7 Gradients

3.74 Gradient resistance

If differences in track level cannot be avoided,
gradients are used. For a given slope, the mini- - ' v
mum hauling force required to overcome the
difference  in level alone, according - to
Figure 3.10, is at least:

Wy = Gsind=G8 . (if § <<1) (3.29)
Similar to other resistances which trains must

overcome, a gradient resistance can be defined
as:

W, =35 (3.30)

where & can be expressed in [N/kN], [mm/m],
[m/km], or [%a].

o
The gradients cannot be too steep in connec-

tion with the maximum available adhesion force
between the driven wheels and the rails.: Never-
theless, the gradient resistance is an important
part of the resistance as a whole.

Figure 3.10: Gradient resistance

3.7.2 Magnitude of gradient

On plain line NS allow gradients of 5 % (1:200). On such gradients any train can move away from
standstill. If steeper gradients prove necessary, there may be restrictions on the types of train used,
the tonnages and speeds, and this would result in an increase in operating and maintenance costs.

In exceptional cases NS allow gradients of up to 16.6 %o (1:60), for example, in the Velsen tunnel; use
being made here of the kinetic energy of the train. A few other examples in Europe are:

Gotthard 2 27 %o DB main lines 012 %o
Paris-Lyon (TGV) : 35 %o DB secondary lines " : 40 %o

With a few exceptions, such as the Flambahn in Norway with 55 %o, the maximum value for adhesion

railways lies between 30 %o and 40 %.. Above this the use of a rack railway or a funicular must be con-
sidered. v
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R ol
Traffic Class 1 Class 2 Class 3 Class 4 {
Vmax [km/h] 80-120 120 - 200 > 250 250 -300 -

FS DB SNCF
- ' r
Value Norm. | Max. - | Exc. Norm. |Max. |Exc. Norm. {Max. |Norm. {Max. | Norm. |Max. ‘[
S
hg [mm] 80 100 130 100 120 150 120 - 40 60 50 100
ay [m/s? r
052 - ]065 [0.85 [067 ({079 (0.98 079 |- 0260 1040 |0.33 (0867 Lo
plain track .
hy [mm] 60 80 120 |80 80 100 |- - - - 50 100 il
- i — ul
2
ST o4 los2 |o7o |os0 |os2 |oe7 |- - - - 033 1087
switches .
R -~ 1
he [mm] 50 70 90 70 20 110 100 - 50 70 - 110 Al
b [mm] 150 160 - 120 150 160 125 - 65 85 180 -
plain track .
dhy ' _
— [mm/s] 25 70 90 25 70 - 36 - 13 30 75

_dga; {mm/s3 (0.16 1046 1059 |0.16 - {046 |- 024 |- 0.09 |- .. 1020 0.49
.‘Zi_*t’ [mm/s] 128 |46 |55 lea {35 {50 lag |- 20 |- 50 |60

gditv [mm/s? 1020 1030 1040 1020 (030 |- 016 ]0.24 1020 |- 0.45 [0.80 E

| | _

Table 3.1; Recommended admissible quasi-static accelerations and related values in curves

3.8 Alignment in mountainous areas

”

The alignment (or layout) in mountainous areas differs very much from that in flat or slanting land.

Because of the great height differences in mountainous areas, the designer should always seek for a
compromise between on the one hand the desires of:

— - Slight gradients;

— Large curve radii;

— Minimal length-development.

-

And on the other hand the constructional and operational costs.

In mountainous areas main railway line gradients have been applied of 25 to'30 %o and curve radii of
300 m and less. ; , '

An important design variable is the ruling down-gradient: this the maximum gradient for a given loco-
motive, a given train weight, and a given speed. The choice of this gradient will compromise between
investment costs and operational costs: investment costs in construction and purchase of locomative,
operational costs as a function of the number of trains, the running time, and the energy. One should
realise that locomotives are not only meant for the difficult piece of alignment using a ruling down-gra-

dient. On the rest of the line the power should also be utilised (in terms of speed); otherwise the rest
power is unused and hence less profitable. : ‘

3 ¥ 1%
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The traction vehicle on gradients should be able:
—~ To move the train with the desired speed;
— To start moving the train on the gradient after (unexpected) standstill.

During the start one is dependent on the available adhesion force, which in turn depends on the slip-
periness of the track (rainfall, leaves). The adhesion force can be enlarged through measures at the
traction vehicle (constant driving, anti-wheel slip system, and sand sprinkling devices).

In descending, the train should be capable to:
— Maintain a certain speed without thermal overburdening of the braking system;

— Come to a standstill within a certain distance (on very steep gradients the vehicle's safety brakes
are required besides the standard brakes).

Originally railways have been built in mountainous areas under accurate consideration of the mass
balance, equilibrium between cutting, and embankment with minimisation of the transport distance.
Moreover, one strove for minimal profiles with tunnels, cuttings, and embankments. Nowadays mini-
mally 6 m is necessary for a single track to obtain a proper ballast bed. At a number of locations the
original track is being shortened and diverted. This are most wanted in places with an unfavourable
alignment (detours, leakage's, avalanche danger) and where the costs of inspection, maintenance,
and renewal are too high.

Concerning the layout design in mountainous areas, important differences in height are concentrated
on as well as the easiest way to deal with the light gradients. The railway line is mostly built in {river)
valleys to achieve easy access to the villages as well and to establish a connection with possible traf-
fic over water. As a consequence, many curves are necessary in the alignment and there are risks
with respect to floods and landslides.

An alternative strategy to cross a mountain range is to follow a mountain ridge at right angles to the
ridge. Then simple gradients can be applied with minimal excavation.

Tunnels are expensive constructions in the alignment. Moreover, there are special risks involved in
construction and operation: geologic surprises may be encountered. Nevertheless, tunnels are very
aftractive: a shorter route may be realised with less curves compared to an ahgnment where the f|e|d
is followed accurately. And there is no hindrance of snow or falling rock.

Railway tunnels should have gradients of at least 3 %o with respect to the highest point in the middle
of the tunnel. If the deepest point lies in the middle of the tunnel, provisions must be made to collect
the water. If there is a big height difference between the two tunnel mouths, the risk exists of a chim-
ney effect which may cause frost problems. In tunnels provisions should be installed to carry the
mountain pressure, to secure loose stones, and to enable drainage. ’

There are several solutions to overcome big height differences:

— Detours;

- Terminal loops (inside or outside the tunnel);

— Pushing up humps;

~ Zigzag track;

~ Rack railway;

— Cable railway.

A7
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An example of the application of helical tunnels is the Flamsbane in Norway. A level difference of 200
m was overcome in a straight line with a length of 1500 m using helical tunnels (with a minimal curve
radius of 150 m!), in addition to which the track was lengthened by 4 km (steepest gradient 55 %).

In order to overcome local high level differences so-called push up humps can be applied. An extra
locomotive is added to the train on the spot (before or after the train). The advantage is a saving in
construction costs. A drawback is that extra locomotives and infrastructure are necessary (storage
facilities for locomotives), which are then used ineffectively. Moreover, time-loss occurs when cou-
pling and de-coupling. :

Zigzag track, rack, and cable railways are not suitable for an efficient operation of a main line,
because there is too much loss of time.

3.9 Computer-aided track design

During the nineties, manual track design has to a large extent been replaced by a sophisticated com-
puter-aided track design. Various software available on the market like MXRAIL, INRAIL, AutoCIVIL,
etc. help track designers with most of the complex problems they face while designing, taking away
the tedious activities and allowing them to concentrate on the more creative parts. The scope and
level of sophistication of these software products changes so often as their possibilities are constantly
expanded, that it makes them almost impossible to categorize. However, it can be said that while ini-
tially most of the software packages were meant for general use, i.e. dealing with both road and rail
design, recently the software has become more specialized and this has resulted in different modules

being developed specifically for road; railway, site development, renewals, surveying, groundwork,
etc. ‘

The possibilities of these software packages include the design of three-dimensional alignments rep-
resenting plain line track, simple turnouts, diamond crossings, crossovers, and complex multi-lead
layouts. They can be used for improvements of track alignment, railway stations, and goods yards as
well as light rail, high-speed rail, and freight rail design.

They provide utilities for coordinate geometry (COGO), site and track design, rail manufacturing,
reporting, viewing, and annotation.

- They enable the user to produce curvature and difference diagrams, calculate vertical and horizontal

alignments, meet critical site constraints, create customized turnouts and crossings and store them in
a library, and generate fabrication data. The user is even provided with options for multilayer digital
terrain modeling, subgrade design, earthworks computations, and drawing production. These soft-
ware packages usually provide all the necessary tools for each phase of track design, from concep-
tual through final design, and ensure workflow integration with operations and maintenance.

The geometric position of the track and its components can be defined through the use of survey
crews, aerial surveys, and graphic elements. The user can vary the format of the input fields when
loading point and element data. Once the data is loaded, it can be evaluated and sorted to properly
identify the track design which is to be optimized (see Figure 3.11).

Often this software is also capable of providing a regression analysis which makes it easy to design
under highly constrained conditions. The use of regression analysis is particularly beneficial in re-
alignment projects. This analysis results in best-fit straight, spiral, and circular track elements. The
best-fit alignment can be modified to derive a best "redesign alignment." Offsets or throws from the
existing survey data are then available for track repositioning.
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Figure 3.11: Designing superelevation using MXRail

When laying out horizontal geometry, usually several methods are available. The mast basic method
is to use COGO points to define an alignment. The other option is to use graphical placement of
points of intersections (Pls) and curve sets, component placement, or track elements.

Using these systems, the user can also create slew (or difference) diagrams to help verify re-align-
ments. Slew diagrams represent the geometry of the elements that compose an alignment, such as
straights, circular arcs, and spirals, and differences between the elements and survey points. The dif-
ferences are juxtaposed as offsets that readily indicate the validity of the proposed geometry. The
user can display slew diagrams graphically in the design file or display the results.in a dialogue box.

In most of these software packages, the ability to freely place track elements is a key aspect of track
design. Straights, circular arcs, and spirals which are the horizontal elements for building 3D track
alignment can be defined, copied, and modified with precision. Often they provide an interactive envi-
ronment for placing single elements or chains of elements. The tools for resolving tangency and coin-
cidence between elements and for refining geometry are fiexible, allowing the track designer to apply
as many constraints as needed. Usually, track elements can be freely placed and then connected.

Perhaps the most important benefit resulting from using these tools is the capability to resolve com-
plex 3D alignment geometry. A powerful track editor complements traditional alignment functions,
such as component placement and traverse computations, by means of specialised techniques that
automatically resolve the geometry of intermediate track elements. When using the track alignment
editor, solutions can be constrained as much as needed for design conditions. Computed elements
are usually displayed graphically, while providing a numeric description in a dialogue box. These
technigues can also be used for vertical alignment design. In addition to the traditional Pl design with
parabolic curves, an ability to float straights and arcs is provided to the user. Once the vertical geom-
etry is resolved, a single command allows the user to vertically lift the entire alignment, thereby

increasing design productivity.

Efficient cross section generation and editing possibilities are also available. Cross sections can be
extracted at any location along the design surface. Some software packages allow multiple cross sec-
tions to be cut along an alignment. All active surfaces and annotations can be displayed in cross sec-
tions, which-can be reviewed individually or as part.of a timed sequencs.
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Figure 3.12: Designing switch using MXRail

The importance of turnouts to track design has also often been recognised. Therefore, these tools
often enable the user to define geometry for standard turmouts and then store the turnouts in a library.
Turnout types include single and double branch, single and double slip, and crossings.

The turnout feature includes a parameitric definition of a basic turnout (overall length and distance
from the theoretical Pl to the end of the turnout) plus a geometric definition of the branch line from the

point of switch to the end of the turnout. Once defined, turnouts may be placed on other track ele-
ments and they will adjust accordingly (see Figure 3.12).

Because turnouts are track elements, they can be designed to float or remain at fixed locations. For
example, when locating a lead to serve an industry, the user can allow the turnout to float in order to
determine the best location. Geometry forthe lead is usually constrained at the industry site and there
are other design constraints, such as railroad standards for industrial tracks. The user can establish
geomeitry at the site, then place a turnout on the mainline. Using the track alignment editor, you can
allow the turnout to float on the mainline, fix the radii of the curves, and let tHeir lengths vary. Software
then resolves the geometry and locates the turnout at the appropriate position. If the position is unde-
-sirable, you can reject the fit and alter the geometry or turnout.

Figure 3.13: TGV train
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3.10 PASCOM - software to estimate passenger comfort

As velocity of trains increases, requirements regarding the track geometry become very important
when designing railway track. Currently used codes for track geometry are based on quasi-static
models of a moving train and do not take the dynamic effects that play an important role in the train’s
behaviour into account, especially if the issue of high speed operations occurs. That is why a three-
dimensional model of a track intended for the analysis of the dynamic behaviour of trains and passen-
ger comfort has been developed at Delft University of Technology and implemented in the software
called PASCOM. The model has been tested on several study cases and finally applied to the analy-
sis of a high-speed track (Figure 3.13). The numerical results have shown that the dynamic behaviour
of the vehicle depends not only on the cant deficiency/excess, but also on the geometry of super-ele-
vation ramps and the type of transition curves. The model of the track and train as well as some iilus-
trative examples are presented below.

3.10.1 Numerical model

PASCOM uses the 3-D° mass-

spring model of a train that is Front view Side view
shown . in. Figure 3.14. The model
consists of 3 masses representing v
the car body and two bogies, and g . 3\ >
spring - damper combinations e , ¢ MC -
related to the primary and second- N
ary suspension systems. The & T — Secondary suspensions__35
dynamic behaviour of the model is y , ]

= Primary suspensions &

analysed in the frequency domain.
The interaction between the vehi-
cle and track is described by the
Frequency Response Functions
(FRF) which, in general, character-
ise the relation between the input Figure 3.14: Vehicle model of PASCOM

and output of a system. Here the

input consists of the wheel dis-

placements and non-compensated centrifugal forces acting on the masses, and the output consists of
the displacements and rotations of the car body.

@ 't 6

Right Axle 4 Axle 3 Axie 2 Axle 1

To calculate the input to the vehicle system, the horizontal and vertical track geometry is represented
by the curvature as a function of the distance. The position of the centre line of a track is described
using the horizontal and vertical geometry representation. To describe the track plane, the angle of
cant is also to be represented as a function of the distance. Based on the train speed and dimen-
sions, the input to the model, i.e. the variation in height (as a result of cant) and non-compensated
centrifugal forces (as a result of curvature), can be expressed as a function of time..Using the Fourier
Transformation the input can be transferred to the frequency domain as follows:

X(o) = -2—;"[x(_t)e"‘”‘dt (3.32)

—eo

Figure 3.15 shows the response function of an ICE train moving with the speed of 300 km/h. The fre-
quency of the car body in the vertical direction is approximately 0.6 Hz. The relation between train
speed (v), wavelength (L), and frequency makes it obvious that the vibrations resulting from track
geometry irregularities which have a wavelength of 80-160 m, have a negative effect on the passen-
gers’ comfort on.an ICE train moving at 200-300 km/h.

51
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, The output of the model is obtained by |
4 Transfer function ‘multiplying the spectrum of the input
4t ™ Zuarbony rrill ttgzlrack by the response function. The dis-
T fooge OO Zyany ~ placements and rotations of a car |
5 L m1=15.000 kg body as well as the acceleration .
m2= 2.500 kg . .
required to estimate the comfort are
2 | k1= 7.2*105 N/m then calculated in a time domain using {”
k2= 3.67107 N/m the reverse  Fourier Transformation
- i
c1=40.000 Ns/m More information on the dynamic anal-
! ¢2=60.000 Ns/m ysis in the frequency domain are dis- p»
cussed in Chapter 6. Two illustrative i
0 cases using the PASCOM model are
_ described below. : i
! 0 5 10 15 20 25 30 Ll
Frequency
Figure 3.15: Response function of train (ICE) moving at 300 km/h E‘ l
: bl
; gl
3.10.2 Case 1: Investigation of dynamic effects W

In order to demonstrate the effect of dynamic effects, the behaviour of two vehicles with and without "
suspensions moving on a curve track (Figure 3.16a) has been analysed. The vehicle without suspen- m}
sions (or with infinitely stiff suspensions) represents the quasi-static model. The vehicle with suspen-
sions is one of the |CE trains. Here, the theoretical cant has been used, i.e. the one when the
passenger is not affected by the lateral accelerations. Clothoids have been used for both transition
curves and super-elevation ramps resulting in a linear variation of cant. The resuits of simulation as
function of the distance (s) along the curve are shown in Figure 3.17 and Figure 3.18. Figure 3.17
clearly shows that the behaviour of a rigid vehicle is completely determined by the geometry of a
track. The lateral displacement and rotation of a car body can be derived from the angle of cant
(Figure 3.16b). According to this model of a vehicle, a passenger can only feel the accelerations in
the beginning and in the end of the transitional curves corresponding to the peaks in Figure 3.17¢

-
o

Track geometry, X(s)en Y(s)

ry €3

400 7 Track cant, X(s) en Y(s)
1 350 // 150
ol 300 , 7 ‘ > 9
I y / i i
i 250 / 100 d
I
P . 200 3 / K
= —_
=150 E
> : = 50 \ LE
100 / w
50 //
0 3= 0 > ”
i -50 - ‘ “
a b
L -100 -50
‘ 4000 4500 5000 5500 6000 6500 7000 7500 8000 4000 4500 5000 5500 6000 6500 70007500 8000 e
. X [m] X [m] L
. -
[ :
‘ . Figure 3.16: Track geometry: horizontal plane {a) and cant (b) ﬁ
. H
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Figure 3.17: Results of simulation with ‘rigid’ train
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Figure 3.18: Resuits-of simulation with ICE train

More realistic results are obtained using the model with suspensions (Figure 3.18). Since the theoret-
ical cant has.been. used, the rotation of the coach and the track should be the same. However, due to
inertia properties of the vehicle model and presence of suspensions, the coach starts to rotationally
oscillate. The oscillations are damped out slowly and therefore a passenger experiences discomfort
in the form of lateral, vertical, and rotational accelerations.

3.10.3 Case 2: Track HSL-Zuid (NL)

The PASCOM software has been used to
investigate part of a real track which is part Weighted accelerations (comfort)
of the high-speed line- HSL-Zuid (NL). To

o
(93]
5

estimate .the quality of the track geometry, 0.3
an ICE train travelling at 300 km/h has been

used. Figure 3.19 shows the resulting accel- 0.25
erations of a coach weighted using the ISO- &
2631 code [132] which shows that the level % 02

of comfort is within the prescribed limits 015
a<0.315 m/s?. This figure indicates that geo-
metrical properties of a track, such as jumps 0.1
in the track curvature and gradients of cant

| |

¥

on super-elevation ramps, strongly affectthe ~ 0:95 Y}ﬁﬂ o M'AP L i il %é\
vehicle dynamics and ultimately the passen- JWE % f‘*’ﬂ%ﬂwm i ‘ﬂ«f@%‘«"m@’fﬂ ﬁ\f\fif»éf-\q‘%-w%l{%'i i ué&

ger's comfort. More information on' the % 2000 .. 4000 . ° 6000 8000 - 10000 = 12000
numerical model implemented in PASCOM Distance S* [m]

as well as on estimating passenger comfort Figure 3.19: Accelerations of coach body travelling at 300 km/h
can be found in [280]. weighted using ISO code. Track: part of high-speed line HSL-Zuid

(NL), vehicle - ICE train.
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4 TRACK LOADS
4.1 In general

The requirements for the bearing strength and quality of the track depend to a large extent on the
load parameters: ’ ‘

— axle load: static vertical load per axle;
— tonnage borne: sum of the axle loads;

— running speed.

The static axle load level, to which the dynamic increment is added, in principle determines the

required strength of the track. The accumulated tonnage is a measure that determines the deteriora-
tion of the track quality and as such provides an indication of when maintenance and renewal are

necessary. The dynamic load component which depends on speed and horizontal and vertical track
geometry also plays an essential part here.

4.2 Axle loads

The nominal axle loads applied to the track are as shown in Table 4.1.

::;nxt;:; empty loaded
trams / 4 50 kN 70 kN
light-rail 4 80 kN 100 kN
passenger coach 4 100 kN 120 kN
passenger motor coach 4 150 kN 170 kN
locomotive , 4dor6 215 kN Lo
freight wagon 2 120-kN 225 kN
heavy haul (USA, Australia) | 2 120 kN 250-350 kN

Table 4.1: Number of axles and weight per axle of several rolling stock types

With very high axle loads the number of rail defects increases considerably and the track requires far
more maintenance,

4.3 Line classification -

Category axle loadl weight/m
The UIC (International Union of Railways), which is the [kN] [kN/m]
ordanisation for railway cooperation and which counts stand- LA 160 | 48
ardization among its tasks, makes a distinction between load B, 180 50
categories according to UIC leaflet 700; these categories are B, 180 54
shown in Table 4.2. . ]

Cy 200 64
The NS network, in general, complies with category Co; | C3 200 2
when building new lines C,4 or Dy are applied. Ca 200 80

Dy 225 80

Table 4.2:: UIC load classification
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4.4 Tonnages

Daily tonnage is used to express the intensity or ' .

capacity of rail traffic on a specific line. Dy lonnags //‘:O/ﬁ - Egndeschoof

Figure 4.1 gives a summary of the daily ton- e e e
0-20 s /

nages on the NS network. The average daily LB /14/ P e Ui

tonnage is about 20.000 t. The most heavily ( A

loaded sections have a daily load of 60.000 t. Den “e‘”ﬁ‘f/j\\ﬂf stagbion :

Abroad, on what are known as heavy haul lines, TR N SV T

daily tonnages of 300.000 t can occur. e I

s Zwolle | ™A

Furthermore, all types of track deterioration fea- miden i
tures, such as increase in geometrical devia- zZemtvcon) "‘:‘iﬁif‘-f*'r_‘??';"ngem
tions, increase in rail fractures, and rail wear, e
can be very well expressed as a function of ton- ersioott ‘?H*D'jewf)v

- Wintarswijk

- Ar_ﬁhem_,

T

nage. This is often expressed as MGT = million
gross tonnes (note: 1 MGT (US) = 8896 MN). Kimegen
For the sake of dimensioning and maintenance
of the permanent way, the track network is
divided into classes determined by the equiva-
lent tonnage defined in UIC leaflet 714 accord-
ing to: '

% P,

Tr= TPW? " Tg 18 (4.1) Figure 4.1: Daily tonnage map for NS network
in which:
T, :Realload for daily passenger traffic;
Ty Realload for daily freight traffic;
v - Maximum permissible speed [km/h];
D : Minimum wheel diameter [m]; .
P. :Maximum axle load with wheels of diameter D [tonnes].

The groups used by the NS are globally speaking as follows:

class| 40.000< T

class I 20.000 < T;<40.000
class Ill 10.000 < T;<20.000
class tV T; < 10.000

4.5 Speeds

The maximum speed on a specific section is expressed in km/h. Line section speeds used by the NS
are standardized at 40, 60, 80, 100, 130 and 140 km/h. Table 4.3 gives a survey.

passenger freight
‘ trains trains
branch lines - 30-40 km/h
secondary lines | 80-120 km/h 60-80 km/h
main lines 160-200 kmyn | 00120
km/h
1" high speed lines* 256-300 km/h
*world record = 515.3 km/h (TGV-SNCF, May 1990)

Table 4.3 Maximum speeds railways
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Freight trains are allowed to run at a maximum of 100 km/h. Tests are currently under way to deter-
mine whether this speed can be increased to 120 km/h.

¥

4.6 Causes and nature of track loads.

The forces acting on the track as a result of train loads are considerable and sudden and are charac-
terized by rapid fluctuations. The loads can be considered from three main angles:

— vertical;

— horizontal, transverse to the track;

— horizontal, parallel to the track;

Generally, the loads are unevenly distributed over the two rails and are often difficult to quantify.
Depending on the nature of the loads they can be divided as follows:

— quasi-static loads as a result of the gross tare, the centrifugal force and the centering force in
curves and switches, and cross winds; '

— dynamic loads caused by:

track irregularities (horizontal and vertical) and irregular track stiffness due to variable char-
acteristics and settlement of ballast bed and formation;

+ discontinuities at welds, joints, switches etc;
= irreguiar rail running surface (corrugations);
. vehicle defects such as wheel flats, natural vibrations, hunting.

In addition, the effects of temperature on CWR track can cause considerable longitudinal tensile and
compressive forces, which in the latter case can result in instability (risk of buckling) of the track.

A7 Vertical rail forces.

4.7.1 Total vertical wheelload
The total vertical wheel load on the rail is made up of the following components:

Qtot = (Qsta[ + chntr+ wand) T Qdyn

(4.2)
quasi-static forces . ‘

in. which:

Qqiat : Static wheel load = half the static axle load, measured on straight horizontal track;

Qeenr: Increase in wheel load on the outer rail in curves in connection with non-compensated centrif-
ugal force;

Quing : idem for cross winds;
Qgyn, : dynamic wheel load components resulting from:

i
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sl

. * - sprung mass 0-20Hz
LJ *uUnsprung mass k 20 -125 Hz;
r

| . corrugations, welds, wheel flats -0 - 2000 Hz.

From the equilibrium consideration of the forces :
acting on the vehicle, as shown in Figure 4.2,
the following can be deduced for each wheelset
and a small cant angle:

=)

|

, phy P
chntr+Qwind =G Sg +Hw—gz (43>

B3

with (3.4) it follows:

ho= SV nt defici 4.4
he= SR h - (ca iciency). (4.4)

N

wherein:

L=

- weight of vehicle per wheelset;

: cross wind force;

- track width:

. speed;

: acceleration due to gravity;

- curve radius;

:cant;

: vehicle centre of gravity distance;

- distance of lateral wind force resultant.
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The proportion of chntr is Usua”y 10 to 25% of Figure 4.2: Quasi-static vehicle forces in a curve
the static wheel load. With cross wind on the .

other side H,, is negative, which is important for

vehicles standing still in curves.

The maximum wheel load usually occurs at the outer rail (hy > 0) and is equal to:

£ 1

? h
! Qemax:yzGJercszerESﬂ (4.5)
s ’

(.

In view of the large number of load repetitions, the dynamic wheel load can be considered as a
fatigue load. This means that it'is not the greatest wheel load which is the determining factor for the
bearing strength, but the mean square of all the whesl loads. For a rough estimate of the dynamic
wheel load, the static wheel load may be multiplied with a dynamic ampilification factor.

About 2 m in front of and behind a wheel the track bends in an upward direction. This means that
upwardly directed forces are also acting on the fastenings and sleepers.

&3 € 3 -

4.7.2  Tilting risk.
Tilting of the vehicle in curves can occur in the following instances:

— over the outer rail at high speeds in case of a great cant deficiency and cross wind; due to off-load-
ing of the inner rail; '

Ed K3 &3
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- over the inside rail in the case of lightweight empty wagons standing still or wagons with a dis-
placed freight load on track with high cant and with a cross wind in an unfavourable direction.

To determine safety against tilting, an equilibrium consideration has to be made taking load and a shift
of the centre of gravity due to the suspension into account. A criterion for tilting can be, for example,
that load-relieving of the critical wheel by up to 60% of the static value is allowed.

The notion of tilting as a risk should not be confused with tilting as @ mechanism used intentionally in
coaches to artificially increase the cant in curves.

4.8 Lateral forces on the rail.

4.8.1 Total lateral wheel ioad

The total horizontal lateral force exerted by the wheel on the outer rail is:

Ytot = (Yﬂange + Ycentr+ Ywind) +Y

quasi-static forces

dyn (4.8)
in which:

Yfiange: lateral force in curve caused by flanging against the outer rail;
Y centr - 1ateral force due to non-compensated centrifugal force;
Ywind : idem for cross wind,;

Ydyn - dynamic lateral force component; on straight track these are predominantly hunting phenom-
ena.

If it-is assumed that Y gpn and Yying act entirely on the outer rail; the equilibrium consideration per
wheelset in Figure 4.2 gives: I

hy ’
yemax:’G?-I—Hw (47)

The actual situation is considerably more complex because of the presence of several Vcoupled
wheelsets, the various positions the vehicle can assume in a curve, and the adhesion forces between
the wheel and the rail. The total lateral force cannot therefore be predicted with great reliability. In

practice, however, measuring methods have been developed for determining the total vertical and
horizontal forces on the rail.

There are also measuring wheelsets which can measure these quantities directly. Currently, a new

technique is being used to calculate Y and Q forces from measured geometry. More details are given
on this in Chapter 16.

4.8.2 Derailment risk

As stated above, derailment can occur if the Y/Q ratio increases in value because of high lateral
forces Y acting on the high rail or low wheel loads Q in the case of unloaded wheels.

In Figure 4.3 the situation is drawn where the forces are acting on the rail and where flange climbing
is about to begin. From the equilibrium conditions the normal force N and the tangential force S in the
contact area can be expressed as: '

N = Ysinf+ Qcosf | , (4.8)

S = Qsinfi-Ycosp (4.9)

where B = flange angle.
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Apparently, flange climbing can be prevented or stopped
if the shearing force satisfies this relationship:

NS (4.10)
where f = friction coefficient.
Introducing the formula:

f=tang Co (411

the insertion of (4.8), (4.9) and (4.11) in (4.10) results in
the following condition:

Y _sinfi-tandcosf _
Q7 tang sinf+ cosf

tan(f - ¢) (4.12)

Tests [203] have shown that derailment can occur if the
Y/Q ratio over a distance of more than 2 m is greater
than 1.2. For this reason the following value is usually
retained as the criterion for safety against derailment:

l(;< 12 " | (4.13)

. . Figure 4.3: Quasi-static vehicle forces in a.curve
Often, a maximum wear angle of %m - B = 32° is

accepted, resulting in B = 60°. Forinstance, with § = 60°
and f = 0.15 it follows from (4.12) that Y/Q = 1.26, which
value is in accordance with the international accepted value mentioned above.

Apparently, if the wheel flange or railhead is lubricated the situation regarding derailment is consider-
ably improved because there is less friction.
483 Lateral force on the track

The total lateral force H on the track can be assessed as the sum of the Y-forces muiltiplied by a
dynamic amplification factor:

h N
H = DAF-(G-SE+ H,) (4.14)
This total lateral force exerted by the wheels on the track must be resisted by means of:
— resistance to lateral displacement of the sleepers in the ballast bed;

— horizontal stiffness of the track frame (5 to 10%).

In the horizontal direction the resistance of the track is limited. High lateral forces can cause the
sleepers to move in the ballast bed, possibly causing permanent deformation. .

A practical value for the lateral resistance required of a loaded track in order fo guarantee stability

was determined in the fifties by SNCF and is known as the Prud’homme formula which reads as fol-
lows:

H, > 10+_’3D (4.15)
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in which:
Hy . minimum lateral force [kN] which the track should be able to resist without lateral deforma-
tion;

P  axle load [kN].

In general, the empirical coefficients appearing in the formula (here '10' and '1/3') are dependent on
the type of track and its maintenance condition. In this case it concerns shovel-packed track, crushed
stone, and wooden sleepers. Although measurements in tamped track with concrete sleepers sug-
gested a higher value for the first coefficient, formula (4.15) is generally adopted as design standard.

As far as the rolling stock is concemed, it is required that the horizontal wheel load H, exerted by a
vehicle is restricted according to:

H,,<0.85(10+

wiT

) (4.16)

When assessing whether the actual lateral load is less than the value allowed, formula (4.16) is used
as a comparison in order to be absolutely certain.

4.9 Longitudinal forces.

4.9.1 Causes

Horizontal longitudinal forces occur in the track as a result of:

— temperature forces, especially in CWR track. These forces can be considered as a static load;
— accelerating and braking;

— shrinkage stre‘sses caused by rail welding;

— track creep.

492  Temperature forces

The change in length of a released rail as a resuit of a change in temperature is:
Al = AT (4.17)

in which:

o linear expansion coefficient of rail steel;
AT: change in temperature (defined as AT= Taqual - Tinitial):
¢ :original rail length.

This situation does not occur in the case of fixed rails, because in such a case the rail encounters a
longitudinal resistance which opposes the axial displacements. This resistance is produced by the

friction forces between rails and sleepers and between sleepers and ballast bed. In Chapter 7 this
subject is discussed in more detail.

4.8.3  Track creep

This phenomenon concerns the gradual displacement in the running direction of either the rails rela-
tive to the sleepers or of the rails plus sleepers relative to the ballast bed. On single track with two-

way traffic there is less creep. On gradients the track creeps downwards regardless of the traffic
direction. Creep has the following disadvantages:
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_ increase in CWR forces;
— too large or too small expansion géps in jointed tracks;

non-uniform rail creep resulting in misalignment of the sleepers due to which horizontal bending
moments are exerted on the rail;

— displacement of sleepers resulting in disturbance of the stability of the track in the ballastbed.

The cause of creep is to be found in the bending wave movement of the track close to the wheel.
Increasing elongation of the rail foot caused by the approaching wheel load produces a slight forward
displacement of that part of the track, because the shearing resistance at this point is less than under
the loaded section. As the wheel load moves away, the section of track behind the wheel load shifts
forward slightly for the same reasons owing to the decreasing elongation of the rail foot. Creep is
eliminated by using fastenings with a sufficient clamping force and ballast with an adequate shearing

resistance.

4.9.4 Braking load

When dimensioning structures, braking loads must be taken into account. Many railways assume
25% of the train weight for this axial load. In Chapter 7 this subject is discussed in more detail. -

410 Influence of higher speeds and increased axle loads

410.1 Speed

Higher speeds and higher axle loads play an important role when competing with other forms of
transport. It is hardly surprising that a great deal of research is being undertaken in this-field the world
over. This subject has already been given some consideration in the preceding chapters.

Apart from causing rolling stock problems and difficulties with pantographs, high speeds involve
keeping the forces on the track and the car body accelerations at an acceptable level. These varia-
bles can be affected by track geometry. Vehicle reactions are a result of interaction with the track. The
response variables consist not only of quasi-static components which occur in curves, but also of a

dynamic component.

Q [kN] (97.5 %-value) . Q [kN] (97.5 %-value)
A
} Moderate S >2mm
150 4
150 Moderate track e
Loc's on good .
tracks Sood 1S 2y
- a0 <5 L MM
1004 Freight-wagons Good track , !
with 22.5 t axle - 4
loads » S
‘ - ra \ery good
50 7 track quality s <imm
1257 Ereight wagons BMS
vV [km/h] with 22.5f axie vV [kmin]
‘ ‘ | ‘ | loads _
. »
60 100 140 200 250 70 910 1%0
Figure 4.4: Q-forces at high speed Figure 4.5; Q-forces at 22.5 t axle load
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For the various high speed projects extensive series of measurements have been carried out to
check whether the limit values are exceeded or not.

A summary of the Q-force measurements carried out by DB [145] is presented in Figure 4.4. The
97.5%-value of the wheel load due to locomotives reaches 150 kN at 250 km/h. Wagons with an axle
load of 22.5 t on straight track at 120 km/h also produce similar dynamic loads.

4.10.2 Increase in axle loads

In 1983 a large-scale European measurement campaign was carried out under the auspices of ORE
committees D 1671 and B 12. A specially formed measuring train was used consisting of wagons with
type Y 25 and DB 65 bogies. The NS recording car with the BMS system was also included in the
train. Using measuring wheelsets Q and Y, force measurements were carried out for 20 and 22.5 t

axle loads on different quality track. These measurements formed part of extensive research into the
effect of raising the axle load from 20 to 22.5 t [220].

The dynamic wheel loads for.a nominal axle load of 22.5 t for various track gualities expressed in mm
standard deviation (s) of BMS are presented in Figure 4.5. The track quality is subdivided into 3
classes: 0.- 1 mm: very good, 1 -2 mm: good, more than 2 mm: moderate. This classification applies
in the following to both level and alignment. Figure 4.5 clearly shows the dominating influence of track
quality.

The dynamic axle load increase AXQ regarding 20 t and 22.5 t at speeds of 70, 90, and 110 km/h'is
shown in Figure 4.6. ’

The dynamic wheel loads are also measured in a variety of curves. The 99.85%-values for lateral
wheel-rail forces Y, under 20 t and 22.5 t, are gathered together in Figure 4.7.

DSQ [kN] (97.5 %-value) b Y, [KN](99.85 %-value)
100 4
50 A
90
40 A
80
~}|110 km/h
30 A
90 km/h 70 -
<=1 -
04 U el e
—f | (D)=
‘ 60 o ~
o L 225t
10 A v ‘;‘; 70 kmi/h - ‘ @ Very good track
i 50 L ot (2) Good track
(3) Moderate track
0 L g
Axie
“ ;2 5t , ) 2 t22 51 Ioaj 401 Curve radius
Track T 225t ) érﬁ"fllllllfrl’
quality:  Very good Good Moderate 300 500 - 700 900 1100 1300 R [m]
Figure 4.6: Dynamic component of wheel load versus axle Figure 4.7 Dynamic Y-forces in curves

load, speed and track quality

Stability of the track depends on the total lateral track load, especially that part which is present over
a length of at least 2 m. This portion is referred to as TV, and is obtained from the sum of Y-left and
Y-right, which implies that contributions with a wavelength of less than 2 m are filtered out.
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70 1

60 7

30

= T
| — T T T T L :
300 500 700 800 R [m] 0.85 . a, [m/s?

T Y, [kN] (99.85 %-value)

{T) Very good track
(2) Good track

{3) Moderate track

Prud'homme : the

Figure 4.8 again shows
99.85%-values - for

TV, <0.85(10 +222) various ~ parameters. An

2
o

upper limit is" also given
for lateral load as a func-
Ord tion of non-compensated
lateral acceleration. A
value of 0.85 m/s? would
also seem to be accepta-
ble for 22.5 t axle loads on
very good and. good
tracks. In ‘the case of
moderate  tracks  the
Prud'homme fimit . is
reached sooner.

The DB measurements
published in [145] give a
maximum Q force of 170
kN. As can be seen in

Figure 4.8: Dynamic lateral track load in curves

Figure 4.9, these values
‘are reached in curves
when non-compensated
lateral acceleration is 0.85
m/s?,

Conclusions of D 161 research on 22.5t axle loads

Q [kN ]
¥ Q-forces in curves due to freight
wagons with 22.5t axle loads
170 === mmmmmm e m e mmmmm s m e — e —
Max (97.5 %)
150—
100—
i 8, [M/s?]
50 A AN E P S IR S S
0 0.5 0.85

Figure 4.9: Dynamic Q-force in curves measured by ORE

D 161/B12

The conclusions of the research undertaken by the
ORE D 161 committee into the effects of raising
the axle load from 20 t to 22.5 t can be summa-
rized as follows [220].

For most of the parameters examined the increase
remained less-than the increase of 12.5% in nomi-
nal axle load. Accelerations in the track increase
by 2 to 10%. The increase in dynamic Q-force
component is of the order of 8%. The ballast stress
is almost the same as for an axle load of 20 t when
NP 46 is used instead of UIC 54. In general the lat-
eralload turns out to be affected only slightly.

The above ORE research revealed that speed and
the quality of track geometry were the most impor-
tant parameters. As can be deduced from figure
Figure 4.6, the dynamic component of the Q-force
for an axle load of 20t on poor quality track is con-
siderably greater than that for an axle load of 22.51

on good track supplemented by the static increase of 12.5 kN.

Expected increase in track maintenance costs

The parameter which is considered decisive in effecting the requirements for tamping, raif renewal,
and component damage is the vertical load. The ORE Committee D141 developed a method for

quantitative calculations as described in [211].
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In this approach damage/deterioration is assumed to be a function of the power of the load according
to: : ,

E = kT*P*V! (4.18)
in which:
E = deterioration since renewal or last maintenance operatian;
T = tonnage; :
P = total axle load (static + dynamic);
V = speed;
k, o, B, v = constants.
The shape of the function E in relation to ton-
nage and axle load is represented schemati- | Deterioration E
cally in Figure 4.10. The equivalent tonnage for P=025t
a 22.5t axle load equals: '
P B/o - P=20t
Teq 225 = [P 20} T 0 (4.19)
22.5-°
E 1/0
= [—22} Too (4.20)
EZZ.S
The costs are inversely proportional to the ton- Tonnage

nage borne at the moment maintenance takes

place. Consequently, the cost ratio Koy 5/Ksg
amounts to:

Teu 225 TZO

Figure 4.10: Deterioration law according to ORE D 141

Kazs _ [Pzz.s]ﬁ/a (4.21)
Kao - Pao

In practice only a limited fraction of axles have loads of 20/22.5 t. As a result of this, the cost ratio for
two-axie load distributions should be calculated by:

3—‘ My 'D/'B/u
P
o — (4.22)
1 Z n“_P[B/a
in which:
Ny, Ny = fraction per axle load class;
P = average load level per axle load class;

The o and B factors have been determined empirically by ORE D 141 and ORE D 17. In [220] the fol-
lowing factors have been used.

Phenomenon o B Blo
rail fatigue 3 3 1
rail surface defects 1 3.5 3.5
fatigue of other components 3 3 [ 1
track geometry deterioration 1 3 3

Table 4.4: Values of deterioration factors
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o
& in [220] calculations
. Increase in cost [%] 0BMS Axle foad  f o5t increase have
o 0=3mma0% 2250 been made for several
- Q . ;
~ 100 L c=3mm 0% 225t gxle load . distribu-
B 30% 20t  tions. One of these
uk examples is presented
" in Figure 4.11. The
! reference distribution
i G =2mm %822 %g'?t consists of 30% axles
_ of 20 t The -cost
c=2mm Q% 225t . .
™ 30% 20t  increase is computed
i if the 30% of 20 t axle
' loads is converted into
- e 021 MM 20% 2251 10% of 20 t and 20%
w‘ ~ g=1mm 0% 225t of 22.5 t axle loads,
‘. e . 30% 20t aking track quality
- ' v o and running speed
w 50 60 70 80 90 100 110 120 speed [m/s] into account.
i i Figure 4.11: Increase in maintenance costs in relation to track quality, axle load, and speed
Bl
5"""1 Track quality appears to be the most important factor. For a track quality between 1 and 2 mm stand-
w] ard deviation BMS, the order of magnitude of the cost increase AK according to Figure 4 11 can be
- summarized as follows:
-
J opmg < 1T mm - OpMs = 2 mm - AK =23 %
D V =80 km/h -V =100 km/h —  aAK=15%
- P =201 — P =225t - AK= 8%
|
™
M International approval of 22.5 t axle loads at 100 km/h
H pp

For the purpose of requiring international approval of bogie wagons with 22.5 t axle loads and speeds
1 of up to 100 km/h, further analyses were carried out by the UIC on the Europe Tour measurements
3 and approval measurements were undertaken by DB an SNCF. Based on this, the conclusion was
drawn that for the boundary conditions applied here, i.e. R > 450 m and maximum cant deficiency of

™ 130 mm (0.9 m/sz), a speed of 100 km/h will produce no problems provided opums-alignment remains
in the 0 - 25 m band below 2 mm. Under these circumstances the lateral load lies at least 20% below

W the Prud'homme limit.

The running characteristics of the rolling stock are characterized by the W,-factor according to Sper-
‘, ling. The reader is referred to Chapter 16 for the definition of this factor. The permissible value is 4.5,
v whereas in the measurements previously mentioned W, values of the order of 3.0 were found.

1 E 411  Wheel flats

By far the largest dynamic loads applied to the track by vehicles are those which arise from irregular-
ﬂ ities on the wheel such as wheel flats. Normal dynamic forces are linked to the track geometry.
- A location with bad track geometry will experience high forces from most vehicles. These high forces
o will contribute to track damage and geometry deterioration at that location. Wheel flat forces differ
-

fundamentally from those discussed oreviously.
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Wheel flats apply the same force: ran-
domly all along the track with no correla- Force [kN]
tion to the track geometry. However, the 160+
occasicnal high load applied to the rail or 140+
component can cause failure and can sig- 1004 V=30 kmi
nificantly contribute to fatigue damage.

] T : 1004 Wheelflat ©~ 10 mm long
Figure 4.12 shows a characteristic exam- 80 A 1.5 mm deep

ple of the force between rail and sleeper 60 - i
during passage of a wheel with a flat. In 40 1 B
. ! 13
extreme situations these forces can 204 / j?\,\
increase to six times the static value. 0 :5 ,
-20 ; Time [s}

Y fay i 1 1 T T =T T T T T T
During the D161 studies deAscrlbed in 002 0.04 008 008 010 012 044 046
[219], a number of calculations were
made with a mode! developed by BR 1o Figure 4.12: Force between rail and sleeper during passage of a
investigate the effect of different parame- wheel with a fiat

ters on the magnitude of wheel flat forces
[273]. Figure 4.13 shows some typical
examples of calculated wheel flat forces.

Force [kN] Stress amplification
1000 1
800 1 P_-force 4 Sleeper
600 1 , 3
400 1 P.-force 27 Rail
200 tr‘"g':—"‘r Pad force 1 4
T T T T T T T T R T T T
0 10 20 30 40 50 . 60 Speed 0 10 20 30 40 - 50 60 Speed
[m/s]

[m/s]

_Figure 4.13: Typical examples

These results reveal that the forces at frequencies above 500 Hz, referred to as P,-forces, increase
continuously with speed, whilst forces at frequencies below 100 Hz, referred to as P,-forces, are
more or less independent of speed. The P4-forces, associated with the stiff Hertzian contact spring,
are important as far as wheel/rail contact stresses are concerned. If rail and sleeper strains are con-

sidered, the medium frequencies associated with the pad stiffness and the low frequencies associ-
ated with the ballast spring are important.

The calculation results are confirmed by

the test measurements carried out by Q[‘kN]
s thesn 219, Figure 4,14 summa- Axle’load 225t Concrete sleeper
rizes these test results by plotting the 350 € load o2

Speed 30 km/h
wheel load in the 0 - 100 Hz band as a

function of the flat depth for tracks with
timber and concrete sleepers. The largest 2507 a<25g
forces were found at a speed of 30 km/h. 200-
According to UIC leaflet 510-2, flats on

wheels with a diameter of 1000 - 630 mm 150
should be restricted to a length of 60 mm 100
and a depth of 0.9 - 1.4 mm. In this range -L
the dynamic wheel load increases by g 10 18 28 43 o3
approximately 30 kN/mm for timber sleep- ' ' ' ‘
ers and 50 kN/mm for concrete sleepers.

3007
Wood sleeper

UIC limits 0.8 - 1.4 mm

30 kN/mm

Flat depth [mm]

Figure 4.14: Summary of D161 investigations into the effect of
wheel flats on the wheef load
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However, the higher frequency forces rise continuously with speed and very large dynamic railhead
forces can be recorded. The results of measurements on BR and the American Railroads have
shown that there may be a chance of more than 1 in 10.000 of obtaining wheel! forces as high as 300

KN.

412 Forces due to bad welids

Even relatively small vertical deviations in
weld . geometry can cause huge dynamic
forces on passage of a wheel. ‘Steps, i.e.
misalignments, are especially responsible
for this, but’ so are kinks, normally
expressed as the versine on a 1.2 m base.
In order to confine these dynamic loads,
geometrical deviations in welds should be

TN
| / limited to a few tenths of a millimetre.

Figure 4.15 shows an example of load dis-

2Q = Dynamic amplification

24
. tribution as a function of time during wheel
1- ’ passage over a poor weld. The behaviour
Time [ms] s similar to that of wheel flats. After a sharp
O A 6 8 10 12 14.16 18 20 22 peak of some milliseconds, i.e. the P4-force

mentioned earlier which only has a local
Figure 4.15: Dynamic wheel load during.passage overa influence on the wheel/rail contact stress, a
second, much broader, peak occurs which
penetrates the whole construction.

The dynamic amplification of the Q-force

4 Dynamic amplification : during passage over a poor weld is pre-

.| Qforce sented in Figure Figure 4.16 as a function

67 ) of speed. These values were obtained from

5 ‘ , BR  measurements and calculations.

Dynamic amplifications of the vertical rail

4 load of up to 400% have been found on the
NS netwaork.

3 High frequency dynamic loads due to poor

5 /"\\___‘ welds, corrugation, and wheel flats are very

detrimental to the track. Concrete sleepers

1 ﬁ,,// in particular are very susceptible to these

Speed [km/h]  loads. Delft University investigated load

0+ T . - | T 1 —- transfer from rail to sleeper for ORE Com-

20 40 60 80 100+ 120 mittee D 161, with special emphasis on the

properties of rail pads {219].

Figure 4.16: Dynamic Q-force magnification versus speed during
passage over a weld

Figure 4.17 shows sleeper strain versus time due to an impact load for normal and soft pads. The
strain peak in the case of soft pads is about 50% lower than for normal pads.

Transfer functions have also been determined between vertical rail acceleration and vertical sleeper
acceleration. The results, summarized in Figure 4.18, reveal that the NS concrete sleeper assembly
is susceptible to loads in the 20 - 300 Hz frequency band. The pad hardness seems to have little influ-
ence, neither on this frequency band nor on the modulus of the transfer function. The little difference
in sleeper strain according to Figure 4.17 should therefore be explained by a lower dynamic load

between wheel and rail.
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u strain IH| L
|
951 :
80 1 [
65
. = Soft -
501 =— Standard pad = Normal (NS) F
35 = Hard LLI
-— Soft pad
20+
| oo
-10 % '
- 25+ E:j
== i
S0 T T T T T T T T T T T T —- k
0 25 5 75 10 15 20 Time [mg] 2000
Frequency [Hz]
Figure 4.17: Sleeper strain versus time due to an impact load Figure 4.18: Estimated transfer function for rail pads

Ew ra

413 Axle box accelerations

The results of the D 161 calculations show the importance of very short wavelengths in generating the
significant vertical loads applied to the track.

These short wavelengths of less than 0.5 m are not normally recorded by most track geometry cars,
but the loads they produce can be important in causing both deterioration. of the geometry and dam-
age to components. These loads are well represented by axle box accelerations. From D 161 meas-

urements, carried out during the Europe tour, the followmg conclusions on the forces from the
unsprung mass of the wheelset were drawn:

— the standard deviation of the axle box accelerations ranged from 6 m/s? to 20 m/s?; E

— as anticipated, the track geometry as measured by recording cars only has a secondary effect on
the fevel of acceleration and thus on force.
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5 STATIC TRACK DESIGN
5.1 Introduction

The subject of this chapter is track dimensioning, the main point of which is to ensure that the track
structure is suitable for the loads it has to carry and the resultant stresses and deformations. Conven-
tional track calculation is limited to quasi-static loading of the track structure, schematized as an elas-
tically supported beam. To the static load is added a dynamic.increment. Details on rail stresses as a
result of contact pressure have been given earlier. Fatigue and high frequency loads at welds or
caused by wheel flats are dealt with in chapter 6 on dynamic track design.

5.2 Supporting models

5.2.1 Winkler support model

Conventional track consists basically of two parallel continuous
beams, the rails, which are fixed at regular intervals onto sleepers
supported from below and from the side by a medium which cannot
be deformed, the ballast bed. in turn, the ballast bed rests on.a for-
mation which also cannot be deformed [292]. In elementary calcula-
tions it is usually presupposed that the Winkler hypothesis applies to
track support; this.hypothesis was formulated in 1867 and reads: at -
gach point of support the compressive stress is proportional to the
local compression. This relation is illustrated in Figure 5.1 and can
be written as:

o = Cw (5.1 Figure 5.1: Winkler support model

in'which:

¢ =local compressive .stress on the support [N/mz];
w - = local subsidence of the support [m];

C = foundation modulus [N/m?].

522 Discrete rail support

Let us consider the situation of a discretely .
supported rail (Figure 5.2). Between the verti- 1 Q

cal force F(x;) on a support number at x = x; : ki

with effective rail support area A, and the 5= - @
deflection w(x;), the following relation exists
according to Winkler:

Rail support:

F(XI') = CArsW(X/j) = de(Xi) (52) Unioaded ’ /;...B w(x
vl
ké

kd = CArS : (53)

Ly
Hence the spring constant of the support is: Loaded § /_1%%_/

)
§
Determining the spring constant in a railway J

track with a homogeneous support is relatively a a a
simple using the equilibrium condition: o : ’ :

> X=X

F Q - Figure 5.27 Discrete elastic support model
kg = == = = (5.4)
Iw Iw
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with:
Q.
Zw

h

vertical wheel load (with given value) on the rail [N]
summation of all (measured) significant deflections in the vicinity of the load [m]

Note: This spring constant ky is solely a property of the support and should not be confused with the
total spring constant of the track, as 'seen’' by the wheel:

ot = = | (5.5)

max

From equations (5.5) and (5.6) follows:

w

ha = 22 ke | (5.6)

which always shows that ky < ki, as was to be expected.
The mean value of the contact pressure on a discrete rail support is according to Figure 5.2:

F(x)

(5.7)

s

5.2.3  Exercise: Spring constant determination

Problem 1:

To determine the mean spring constant kq of a rail support of an existing track section, the rail is loaded by a bogie with
two equal static wheel loads Q4 = Q, = 100 kN. The sleeper spacing a = 55 cm. Sleeper defiections w; are measured
at 11 successive sleepers as indicated in the table. Deflections outside this area can be neglected.

steeper no. sleeper deflection w;
i {mm]
, ; 1 0.25
wheelloads Q; I 1 l 2 2 0.64
T ‘ R 3 1.02
7 ' { J, 4 1.27
s o S s Vs (s e e 5 1.52
12 3 4 5 6 7 8 9 10 11 6 2.03
. E : 7 2.186
8 1.78
9 1.40
sleeper deflections w; 10 0.76
1" 0.50

Question 1a:

Consider a general situation where the rail is loaded by a number of different wheel loads Q; and.the measured sleeper

deflections in the selected area are w;. Derive the following general formula for the mean value of the spring constant
of a support:

£Q;

Tw.
._Wj

kd:

Question 1b:

Calculate with this formula the spring constant ky using the given bogie load and the accompanying set of measure-
ment deflections.

NN R A B
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Question 1c:
Is this result for k4 representative for the material behaviour of the support? How can a better assessment of the value

of the spring constant be obtained?

Answers:

1aVQ s“F—kd._ j—>kd—_.Q/YWJ

1b £ Q=100+ 100 = 200 kN; Z wj = wq t/m wqq = 13.33 mm => k4 = 200. 10%/13.33 = 15004 N/mm = 15 kN/mm.

1c Sleepers might not all be fully supported ('hanging sleepers’); due to the bridging effect of the rail, a lower value for
kq would be found compared to the vaiue if individual supports would.be tested.

Note 1: The assumed linear load-deflection relationship is an approximation. However, the supporting layer is essen-
tially non-linear due to locally 'hanging” sleepers and stress-dependent elasticity moduli. Moreover, the relationship
may vary locally between supporting points due to non-homogeneous material behaviour. A better assessment follows
from the difference between measurements at different load levels.

Note 2: In section 5.3.7 a less elaborate way of determining the kq value is discussed.

5.2.4 Continuous rail support

In this case a distributed load p(x) _
between rail and the supporting struc- {Q

ture will exist (Figure 5.3) which is, : )

according to Winkler,. proportional to = : @
the deflection function w(x): —7

Rail support: be i p(x)

plx) = kw(x) (5.8) Unloaded il

where: . - Loaded
k = foundation coefficient [N/m/m]

The foundation coefficient can be ‘
interpreted as a spring constant per ﬁ - ]
unit length.

In this case the contact pressure on
the continuous rail support is:

Figure 5.3: Continuous elastic support model

os(x) = BX (5.9)

in which b is the width of the supporting strip under the rail.

5.2.5 Approximation of discrete rail support
A discretely supported rail structure can be analysed by numerical means. However, for a static
assessment and simple configurations the continuous theory, to be discussed in Section 5.3, may

also be used as an approximation method for discretely supported rail structures.
The equivalence with the actual discretely supported track then follows from:

k=2 , (5.10)

where:

a = spacing between centres of discrete supports (Figure 5.2).

hrdat
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5.3 Beam on elastic foundation modej
5.3.1  Solution of the differential equation

Let us consider an infinitely long rail (CWR track) with bending stiffness El which is continuously sup-
ported by an elastic foundation with foundation coefficient k and loaded according to Figure 5.4 by a
wheel load Q at x = 0. This beam calculation was first proposed by Zimmermann [297].

Figure 5.4: Infinite beam on elastic foundation model

where:

Q = wheel load [N];

El = bending stiffness rail [Nm2];

k = foundation coefficient [N/m/m];

w(x) - = rail deflection at x [m]

To derive the formula for the deflection w(x) of the beam,
we first write down the equilibrium conditions of a beam

q( x)dx
element (Figure 5.5). Since thc?re is only one variable (x) D+@dx
here, differentials are indicated by 'g" (rather than '9"). D y dx
’ i . Ly,
Equilibrium requires: M ( ) rail Bl ']L M+de
v J
dD W ?deX<i’/W+EM~/dx
quX+ ==dx= kwdx (5.11) ! | dx
dx ; ;
| i
' j
| (
Ddx = WMy (5.12) _X o dx |
ax = + -
The constitutive equation is: Figure 5.5: Beam element mode/ (static)
2
M= 19 (5.13)
ax
From these equations the differential equation of the problem can be derived:
dw
El———;+kw = q(x) (5.14)
dw

Since we deal only with point loads, the distributed load q

(x) will not be considered here (g=0). The
discrete wheel load Q will be introduced later as boundary

condition.

After introduction of the short notation for spatial derivatives to x it follows:

Ew' '+ kw = 0 (5.15)

r

e
i
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The boundary conditions for the part x > 0 are:

we) = 0 wi(0) =0 wh(0) = 5% (5.16)

After substitution of an exponential function for the deflection, the solution of the problem is:

_al’ . _ Q. ;
wix) = S50 = 5700 (5.17)

The distributed reaction force of the foundation follows from equation (5.17):
p(x) = kw()= 2n(x) | (5.18)
2L
The bending moment in the beam follows from equation (5.13):
Moo= Leuco | (5.19)

The quantity L in these equations is the so-called characteristic length determined by: |

|- 4/if_/ | | (5.20)

Furthermore, two shape functions are present:

n(x) = e'X/L[coszLsin)ﬂ xz0 ' (5.21)

wx) = e"”ﬂcos% - sinﬂ x20 (5.22)

The functions n(x) and u(x) determine the form of the elastic line and the moment distribution which
are shown in Figure 5.6. The left portion (x < Q) of these lines results from symmetry considerations.
These lines may also be used as influence lines for determining defiection and bending moment for x
= 0 resulting from nearby wheel loads. The expressions [5.21] and [5.22] represent heavily damped
harmonic waves with wavelength 2zL. They are therefore also a good tools for the approximation of
finite beams with a central wheel load, provided the length of the beam is greater than 2zrL [94].

1Varl nl
YertL Varl
jp/—-—*——— -0.208
. m/— -0.043
————era X

x‘ Relative deflection 1n(x)

_ Relative bending moment p(x)

Figure 5.6: Relative Wave length 2zl
deflection and bending )

moment in CWR track

due to a concentrated

vertical load
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Note: A CoOmparison of the b
imaginary infinitely rigid beam
2L shows that the maximum
deflection and the bending m
Same for both beams-

_Q
"o = 5T

Po = kw,

7
o=z 2 anc)

Pg = kw,

L
Mo = ZZQ/‘M(/!'/)

In which fi is the distance of wheel foad Q to point x =

To illustrate the Smoothmg effect of a load system on
the bending moment, the three cases (a), (b), and

(c) in Figure 5.8 are examined. In case (a) the maxi-
mum moment for load Qis:

M = % (5.29)

(5.23)

(5.24)

Case of bogies, then the resulting defl

0.

N

€am of infinite length with an Q
(Figure S.7) with a length of = == .
value (for x = 0) of both the
0
oment happens to be the

Figure 5.7: Infinitely

rigid beam on elastic founda-
tion

; | (5.25)

ection.and bending
0 the following is found:

(5.26)

(5.27)

(5.28)

Q
a :
max = 1.00°4QL

»IQ lQ

e N
In case (b) the totg load is 2Q. The distance ¢, for
which M j

$ @ minimum, amounts to
according to equations 8.
moment becomes:

7 =057 so that
16 and 8.19 the maximum

Mmax = 0.7974QL
}Q !Q Q

—T S

M = %m(mw(nwn: 0.79% (5.30)

In case ¢ the total

which all moments are equalis /=112 in which:

M = QTL[M'O)+2,LL(7.72L)] - 0.70%

76

Figure 5.8: Smoothing effect of g |
. i maximum bending moment
load is 3Q. The distance 7 for

Y

M = 0.707%QL

oad system on the
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5.3.3 Two-axle bogie

Consider the situation where-an infinitely long track is loaded by a two-axle bogie according to
Figure 5.9 with a half wheel-base £ = 1.25 m. The characteristic length L is fixed at 100 cm. UIC 54
rail with a bending stiffness of El =4.93 kNem' is used. With the help of the 1-line and the u-line, both
deflection and bending moment for the rail are determined at points A and B.

Q, Qs
<l 2

Figure 5.9: Bogie load

For a single wheel load Q = 125 kN the maximum deflection and the maximum bending moment are:

at’
Mose = 3 = 3125 kiNem | (5.33)

For point A this reads:

aL’ : .
W, = 8El(1+nc) = 0.32cm (5.34)
M, = 945(7 tug) = 2766 kNem (5.35)

For point B the values become:

_ e
wg = 2 SE M T 0.23 cm | (5.36)
My = 2%L;,LA _ 1125 kNem | (5.37)

This calculation example demonstrates that negative bending moments of the order of 40% of the
maximum positive bending moments may occur in the rail.

5.3.4  Negative deflection

The relative deflection line in Figure 5.6 shows that the compressive stress should be negative for

2.36L < x < 5.50L. This is, however, physically impossible on ballasted track as ballast material can-

not absorb tensile force. It is generally assumed that the dead weight of the track compensates the
negative deflection. It is possible to verify theoretically that adequate compensation occurs, provided

77
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Note: A comparison of the beam of infinite length with an
imaginary infinitely rigid beam (Figure 5.7) with a length of
2L shows that the maximum value (for x = 0) of both the
deflection and the bending moment happens to be the
same for both beams:

: _ ; e
Q :
- 5.23 { _| J B
Wo = 5o ( ) \ L . L | v E
: Figure 5.7: Infinitely rigid beam on elastic founda- :
po = kWD : (524) tion

8]
~
£

M, = ¥ (5.25)

5.3.2 Several wheel loads

If there are several wheel loads, as in the case of bogies, then the resulting deflection and bending
moment are found by means of superposition. At paint x = 0 the following is found:

7
Wo = ZRL 2. Qm(E) - (5.26)
Py = kwy ' ' - (5.27)
M, = 5o (5.28)
o 4 Z ML) :

In which ¢ is the distance of wheel load Qjtopointx = 0.

To illustrate the smoothing effect of a load system on

Yy ER

the bending moment, the three cases (a), (b), and ‘Q
(c}in Figure 5.8 are examined. In case (a) the maxi- a ¥
mum moment for load Q is:
_ \/ Mpmax = 1.00°%4QL : g
m= 9k (5.29) . Q@ |Q
R
In case (b) the total load is 2Q. The distance ¢, for Mppax = 0.79"%2QL
which M is a minimum, amounts to # = 0.5zl so that alala
according to equations 8.16 and 8.19 the maximum C ‘ ( l’
moment becomes: 7.3 7
Navay

M, =0.70"%aL
M = 20y s umi2))= 0799 (5.30)

3 €3 £y ¥3 €3 END

Figure 5.8: Smoothing effect of a load system on the

. ) maximum bending moment
In case ¢ the total load is 3Q. The distance ¢ for

which all moments are equal is 7 = 1.12 L, in which:

M = %L—[p(O)+ 2u(1.12L)] = 0.70945 (5.31)

These findings indicate that, in the case of several wheel loads Q, the maximum bending moment in
the beam may be significantly less than in the case of one single wheel load Q. This positive effect

only slightly applies to maximum deflection or compressive siress on the foundation, which are deter-
mined by the function n(x).
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5.3.3 Two-axle bogie

Consider the situation where an infinitely long track is loaded by a two-axle bogie according to
Figure 5.9 with a half wheel-base ¢ = 1.25 m. The characteristic length L is fixed at 100 cm. UIC 54
rail with a bending stiffness of EI = 4.93 KNem” is used. With the help of the n-line and the p-line, both
deflection and bending moment for the rail are determined at peints A and B.

Q

Figure 5.9: Bogie load

For a single wheel load Q = 125 kN the maximum deflection and the maximum bending moment are:

aL’ |
Wrax = SE] 0.32 cm (5.32)
M., = % — 3125 kNem (5.33)
For point A this reads:;
Qr’
W, = g—E—/M-\rnC) = 0.32¢cm (5.34)
M, = %ﬁm Y ug) = 2766 kNem (5.35)
For point B the values become:
o o |
Wg = 2-(-9—E-/T]A = 0.23 ¢m : 7 (536)
(5.37)

This calculation example demonstrates that negative bending moments of the order of 40% of the
maximum positive bending moments may occur in the rail.

5.3.4 Negative deflection

ss should be negative for
k as ballast material can-
e track compensates the

The relative deflection line in Figure 5.6 shows that the compressive stre
2 36l < x < 5.50L. This is, however, physically impossible on ballasted trac
not absorb tensile force. It is generally assumed that the dead weight of th
negative deflection. It is possible 10 verify theoretically that adequate compensation occurs, provided
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the weight per length satisfies the following equation:

2oL L (5.38)

Modern track with concrete sleepers satisfies this condition. Further theoretical study [149] has

shown that the effect of negative deflection on the maximum positive deflection and maximum bend-
ing moment is very small.

5.3.5 Beam with hinge (jointed track)

The influence of a rail joint on deflection and bending moment can also be checked with the help of

the elastically supported.bending beam theory. The results for a wheel load Q on a hinge at x = 0 are
presented in Figure 5.10.

~In this case the boundary conditions for the part x > 0 become:
W) = 0 w'(0) =0 w'(0) = L (5.39)
) 2El

After substitution of an exponential function for the deflection, the sclution of the problem is:

3
wi(x) = %e"”LcosE = %e”’(“cosf (5.40)

Apparently, the maximum deflection is twice the value for the homogeneous rail (5.17).

The rail ends at the hinge; the maximum total dip angle 2a between the two rail ends is:

20 = 24w'(0)f = £4 - (5.41)
KL

The absolute maximum moment appears at x = nl/4:
(Mol = 174267 QL = 0.16710L (5.42)

Yanl

Bending moment Q v‘/r:L -0.1617QL
7 /— -0.067*Q/(kL)

Deflection / \ J/
/ 20t

Figure 5.10: Deflection and bending
w. M moment in an elastically supported

<

3 2

—
(5

|

L

£E3 13

3 £ E£¥ € €



£ 3

3 & 3 & 3

yLLnl

’Wl
Mai

£ 3 € 3 E %

i

| 3

£ £ €3

E 3 € 1

3

£ 13

Modern Railway Track : 5 STATIC TRACK DESIGN

5.3.6.  Alternative expressions for characteristic length L

Based on equations (5.3) and (5.10), other useful expressions for equation (5.20) can be formulated
for the characteristic length of the track:

_ 4/45 4Ela _ ,[4Ela _ ,[4Ela _ ,[4Ela :
o \/ /\/ \/CbsAbs ’\/CsbAsb (543)

in which:

El = bending stiffness of rail [Nm?];

K = foundation coefficient of continuous support [N/m/m];

Kg = spring constant of discrete support [N/m];

a = spacing between centers of discrete supports [m];

C;s = foundation modulus at contact area between rail and gleeper [N/m 1;

Cps = foundation modulus at contact area between baseplate and sleeper [N/m?];
Cqp = foundation modulus at contact area between sleeper and ballast bed [N/m?3];
A, = contact area between rail and sleeper for half sleeper [m?];

Aps = contact area between baseplate and sleeper for half sleeper [m?];

Agp = contactarea between sleeper and ballast bed for half sleeper [m?].

Note that the spring constant of the discrete support ky is, independent of any surface area at the
support, in contrast with the foundation modulus C.

5.3.7  Fast determination of vertical elasticity constants

Based on the longitudinal beam theory using a single wheel load, the spring constant of a discrete
support kq can be obtained from the equations (5.10), (5.17), and (5.20):

(5.44)

This result may be used to determine the spring constant using a relatively simple experiment [72].

While the spring constant k4 and the foundation coefﬁcient k are simply related by (5.10), the total
spring constant of the track can be found from (5.5), (5.17), and (5.20):

Kpog = .8.5’ — 2/2 4K°E (5.45)

5.3.8  Order of magnitude of elasticity constants

Table 5.1lists the various quantities used to express the elasticity of the rail supporting structure

together with their units. Moreover, global values are given which correspond to the qualifications

‘poor’ and 'good'’ to characterize the condition of the foundation.

Quality of track support Unit Poor Good

Foundation modulus C [N/mm?3] 0.02 0.20
Spring constant kyq [N/mm} 5.5 55
Foundation coefficient k [N/mmz] ‘ 9 90
Characteristic length L [m] 1.30 0.70

Table 5.1. Order of magnitude of elasticity constants
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5.4 Double beam model

The Zimmermann model is sufficient to understand the

general behaviour of the track structure. In some cases a Q ’Q

more accurate description is necessary, for instance when 7 7

the individual behaviour of rail pads is investigated or if the ;L - Ely
|

effect of a slab foundation under the frack is to be
assessed.

S P A I P T RS B S

A more realistic model is the double beam model. For dis-
crete supports with relatively high spacing a two-layer
model can be used based on FEM techniques. For contin-
uously supported track a two-layer model is useful, which
actually is a generalization of the standard Zimmermann
model. Both models, loaded for instance by two equal ver-
tical forces, are drawn in Figure 5.11 with the characteristic
deflection lines.

N AR

The upper beam in each model is the rail, whereas the ' 94r® 5 71: Double beam model (static)
other beam represents the continuity in the supporting
structure which is mostly due to a slab track or other reinforcing structure.

The unknown stifiness parameters are the effective bending stiffness El, and the foundation coeffi-
cients kq and ky (or spring constants kd1 (K4) and kd2 (K,) in the discrete case and support spacing
a). It may be assumed that the bending stiffness El; of the rail is known.

The model for the continuously supported rail is relatively simple and will be presented here. Without
a distributed load on the rail the differential equations for this mode! are:

d4w,
E/7—7+‘k1(W7—W2) =0
o - (5.46)

d'w,
El,— + (ks + kp)wo—kywy = 0
dx

The analytical solution for the deflec-
tions for both the infinitely long rail (w) Wi [mm]
and the likewise modelled slab (w) can :
be easily obtained (See [115]).

04 é | L Alkeq =1k, + kg

An example is given in Figure 5.12. The 0.0

following values were used:
-0.4 :
Q; =Qp =35kN; | |
Ely =549 kNm? (Nikex rail); ,
El, =80000 kNmz2. 08 *1 |
| i
| :
1.2 | %
The equivalent foundation coefficient: € 6. 4 8
Distance [m]
T -1 + 1 (5.47) Figure 5.12: Rail deflection depending on ratio k, and k
keq kT k2

was kept constant in this example (keq = 34483 kN/m?) while two extreme cases for ky and k; were
considered. This theory was used in experiments to back-calculate the parameters from recorded
field measurements using curve-fitting techniques.
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5.5 Pasternak foundation model

As we have seen in Section 5.2 the simplest representation of a continuous elastic foundation has
been provided by Winkler who assumed a base consisting of closely spaced, independent linear
springs. Such a foundation is equivalent to a liquid base. The relation between the pressure and the
deflection of the foundation surface is then:

p = kw (5.48)
wherein k = ky/a, according to equation (5.10).
In order to describe the deformation of a beam on elastic
foundation more accurately, various kinds of interaction D+ ~Zdx

between the springs of the Winkler foundation should be D
considered. For instance, Pasternak assumes the exist- Cé [
s

ence of shear interactions between the spring elements.
This may be accomplished by connecting the ends of <Y L '
the springs to the beam consisting of incompressible
vertical elements which then only deferms by transverse
shear.

In Figure 5.13 the classical rail element on a Winkler
foundation is extended with a shear element represent-
ing the interaction between the springs. The shear ele-
ment is connected to the rail element. The distributed
load on the rail is assumed to be zero. For the derivation
of differential equation in this more generai case, we
consider the equilibrium equations and. the constitutive
equations.

Figure 5.13: Pasternak foundation mode! for beams

The equilibrium requirés:

dD . dT, :

-a;dX‘i‘ adX = kwdx (549)
M

Ddx = dxdx (5.50)

Note that the T-forces in the shear element.cannot produce bending moments.

The constitutive equation regarding the bending moment and the deformation reads:

_ _ dw '
M= _E19Y | (5.51)
dx’

Taking the basic relation between shear stress and strain into consideration, a linear relation between
the shear force and the shear angle is found:

- 1% |
T=GA T ) (5.52)
where:
G = shear modulus of the foundation [N/m?;
A = cross section area for shear forces of the foundation [m?2].
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Combining equations (5.49) to (5.52) gives the differential equation in the vertical deflection w(x):

d*w d’w -~
El——4—GA =+ kw=0 (5.53)
dw ax®

This result may be compared to the Zimmermann solution discussed under section 5.3, where the
beam is loaded by a vertical concentrated force Q at x = 0.

With the boundary conditicns for the part x > 0O:

we) =0, wi(0) =0 w0 =L (5.54)

and the abbreviations:

a = uap’ -y, b= Y4B+ ,
_ (5.55)
B = 4‘45/ (170);, v = '

the solution of (5.53) reads:

w(x) = ————Q——e_l”(acosa)mL bsinax) = xz0 . (5.56)

 8E/abp?

The bending moment follows from (5.51) and (5.55):

M(x) = %e‘bx(a cosax-bsinax) xz0 : (5.57)

Equations (5.56) and (5.57) are the generalized forms of the corresponding Zimmermann equations
given by (5.17), (5.19), (5.21), and (5.22).

In Figure 5.14 the relative deflection n(x) and rel-
~ ative moment curves W (x) are drawn for three n(x)
values of the parameter y [m-?*] while the parame-
“ter B is kept constant on the value 1 m™. For Y= oo S —
0, the corresponding Zimmermann results (5.21) 4, K22 7

0.4 2
and (5.22) appear. 0.6 {—2{§>
0.8 = e
The effect of value y > 0 is noticeable in a lower. 4 =0 (Zimmerman)
maximum value and the 'stretching’ of the curves 0 v 2 3 4 >
as compared to the Zimmermann curves. 0.4 Bx) |
-0.2 > \
Note that the addition of a longitudinal pulling 0 7 :

force on the rail or the ‘addition of a distributed = 0.2

rotational resistance would give the same form of 8'2 ﬁ7\\\ v=4 | T
differential equation and hence the same form of T~ ty=2 [
0.8 ——
solution. 1 y =0 (Zimmerman)
0 1 2 3 4 5

The maximum value of n(x) and 1 (x) occurs at X . Figure 5.14: Relative rail deflection and moment for
. = 0 and can be calculated from (5.56) and {5.57) & Pasternak foundation model

as:
BZ
T\max = Mmax = “2_——- ' (558)
B+ 1/4y
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5.6 Rail stresses

Generally, the rails are loaded by vertical, longitudinal, and lateral forces. These loads lead to bend-
ing stresses caused by the vertical train load, normal stresses which are mainly determined by tem-
perature effects on CWR track, residual stresses due to roller straightening during manufacture,
contact stresses in the rail head, and stresses caused by high frequency impact loads.

5.6.1 Stresses in rail foot centre

it is known that under repeated loading, fatigue fractures may occur starting in the centre of the rail
foot, partly as a result of the high internal tensile stresses at this point, as indicated in Figure 10.13.
The combination of these static normal stresses and dynamic bending tensile stresses under the
influence of vertical wheel load occurring in the rail foot centre, determines the rail strength. Lateral
force on the rail or eccentricity of the vertical wheel load has no effect on this.

5.6.2 Dynamic amplification factor

It is common practice to carry out a strength or fatigue calculation for a static load system, or often a
single wheel load, using the longitudinal beam theory, according to which the dynamic effects are
taken into account by a speed coefficient or dynamic amplification factor.

The effect of running speed on load is in reality highly comblex because of the dynamic interaction
between vehicle and track. In view of the nature of the load, it is alsc more correct to carry out a

fatigue calculation.

Several simple formulas have been pro-
posed which aim to assess the dynamic rail
stress. These formulas are a rough approxi-
mation of reality because the geometric
quality of the track and the mechanical char-
acteristics of the track and the vehicle are ‘W

not sufficiently taken into account. One such . . t s
empirical calculation scheme, which has
been accepted by European railway compa-
nies, was developed by Eisenmann [{94] and
is based on the following observations and
assumptions:

| Stresses
(Displacements)

k

Mean

value

L4

— Measurements on which this empirical . \
method is based have shown that the : '
stresses in the rail foot, from a statistical
“point of view, have a normal distribution 80 200
as illustrated in Figure 5.15; ;  Running speed V [km/h]

y

- T.he mean value is independent of run- Figure 5.15: Normal distribution of measured bending stresses
ning speed V (studied up to 200 km/h)
and can be determined with sufficient
accuracy using Zimmermann's longitudi-
nal beam calculation:

— The standard deviation is dependent on the running speed V and the state of the track.

The Eisenmann scheme to determine the DAF (Dynamic Amplification Factor) is dependent on the
train speed, the track quality, and chosen factor t and reads as follows:
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'

DAF- formulia:

DAF = 1+ tg

itV < 60 km/h

DAF = 1+ f(p(1 + V_60)

: (5.59)
60 <V < :
T if 60 200 km/h

. 1

Probability t ~Application [ Track condition 0} F

68.3 % 1 Contact stress, subgrade Very good 0.1 k)

95.4 % 2 Lateral load, ballast bed Good 0.2

99.7 % J 3 Rail stresses, fastenings, supports Bad [ 0.3 E
t

= multiplication factor of standard deviation which depends on the confidence interval. Since
the rail is so important for safety and reliability of rail traffic a value of 3 is recommended as the
chance of exceeding the maximum calculated stresses is only 0.15 %;

@ = factor depending on track quality;

V' =train speed [km/h].

LA

Figure 5.16 gives the graphical presentation of this a

‘ |
pproach showing the range of the DAF running
from 1.1 to 2.8. . ,
3y - T T 7 — *‘M*——F‘—,‘—‘(—M T 7 3 -
28l t=1: : ————— =2, ; ; ‘ i t=3 — 9=03
28 - : ; : : — e SN f j ‘
24 : f — ] I SRR ' oy ; ;/ ’ —
T 22 t— : et - ! T : cp=03 - : =072
Loz : . ; —
a 13 . : ‘ - " :

el

0 50 100 150 200
Speed [km/h] Speed [km/h] Speed [km/h]

Figure 5.16: DAF values as function of the train speed for 3 track qualities and 3 probability levels

Example: presupposing V = 200 km/h for average (good) track quality (¢ = 0.2) and t = 3, the calcu-
lated DAF = 2.2. Hence an increment of 120 %

is added to the calculation according to Zimmermann.

5.6.3  Maximum bending stress in rail foot centre
Acco’rding to the Eisenmann method, the greatest expected dynamic bending tensile stress in the rail
foot centre can be determined from: ‘
Omax = DAF .o, (5.60)
The mean value of the rail bending stress follows from (5.19):
QL
= (5.61)
mean 4Wyf
DAF = dynamic amplification factor, according to (5.59);
Q = effective wheel load [N]; : .
L = characteristic length [m], according to (5.43); v M
W = section modulus, relative to the rail foot [M?] (see Table 5.2). , e

Q is the effective wheel load, which is equal to the nominal wheel load, multiplied by a factor 1.2 tak-
ing account of the increase in wheel load in curves because of cant deficiency or excess.
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The constant tensile stress is the sum of the internal residual stress in the rail foot centre and the ten-
sile stress caused by low temperatures. These stresses are about 100 N/mm’ in each case. The per-
missible values derived from this for the bending tensile stress in the rail foot centre are presented in
Table 5.3, which is valid for long welded (CWR) vignole rails.

5.6.4 Stresses in the rail head

The concentrated load between wheel and rail causes a shear stress distribution in the rail head, as
depicted in Figure 5.18, with at some depth a maximum which may give rise to a fatigue fracture in
the rail head. The contact problem is most serious in the case of high wheel loads or relatively small
wheel diameters. According to the Hertz theory, the contact area between two curved elastic bodies,
such as wheel-and rail head, is generally ellipsoidal and the contact stress distribution is semi-ellipsoi-

dal (see Chapter 2). Eisenmann [94] has devised a simplified calculation method for the wheel-rail
contact problem based on the following considerations:

Measurements have proven that for wheel diameters between 60 and 120 cm a simplified two-dimen-
sional calculation suffices. All curve radii in the mathematical formulation of the contact problem are
assumed to be infinitely large except the curve radius r of the wheel. The contact area then becomes

rectangular and the contact stress distribution has the form of a semi-elliptical cylinder as indicated in
Figure 5.19.

Gmax! ‘J '1\4
1

|
i i

2a

Figure 5.18: Shear stress distribution in rajl Figure 5.19: Assumed contact distribution between wheel and rail
head according to Eisenmann

If the wheel load Q is distributed evenly .over the contact area with a width of 2b, the mean contact
stress can be derived from [94]: S

nE Q
Dnsan = 5307 (5.63)
in which:
Q = effective wheel load;
r = wheel radius;
2b - = width of wheel/rail contact area;
E = modulus of elasticity;
1% = Poisson's ratio.

With E = 210.000 N/mm’, v= 0.3, b = 6 mm the practical formula is obtained:

Tmean = 7374@ o (5.64)

where Q [kN], r [mm] and q peqn [IN/MMT.

anr

Modérn Railway Track

3 FF €3 EW €3 FRN OEXN £3

r

F 3 F3 FR

r




B3 €3

E3 £33 £1 £33 § 1

£ 3

£ 3

3 ED

™
-

Modern Railway Track 5 STATIC TRACK DESIGN

Maximum shear siress in the rail head

The stress state in the rail head can be approximated sufficiently by using the Boussinesq half space
theory. It has been shown by means of experimentation [94] that since the theory of elasticity does
not hold well in all cases, the mean contact stress distribution according to [5.63] can be applied.
Maximum shear stress in the rail head that determines the permissible wheel load or wheel radius

can be estimated as:

(5.65)

Tmax = O 3 C/mean

Maximum shear stress occurs across the rail. Longitudinally the shear stress decreases with the
occurrence of bending stresses. In the case of (5.64) maximum shear stress may be expressed as:

Ty = 412[% (5.66)

with Q [kN], r [mm], and T.,5 IN/mm’]. 2
If, for example Q = 100 kN, r = 400 mm, this results in 15, = 206 N/mm .

It follows from equation (5.66) that the shear stress is not proportional to the load. Shear stress does
depend on the wheel radius; but not on the bending stiffness of the rail or the state of the track. The
calculated stress does not include an increment factor because the stress state has a very local char-
acter. Besides, the contact area changes location from wheel to wheel. '

This simplified calculation model can be used to calculate that the maximum shear stress occurs at a
depth of 4 - 6 mm in the rail head, which is comparable to the defects observed in practice known as

shelling.

In tight curves with rail lubrication, it is, however, necessary to base the calculation on the general
elliptical contact stress distribution. Here the maximum lies at a depth of 2 - 4 mm beneath the run-
ning surface. Maximum shear stress is then approximately 50% higher.

Permissible shear stress

On the basis of the Von Mises yield criterion, the permissible shear stress may be expressed as:

o 567
7 ( )

in which 1 is the permissible tensile stress. On account of the fatigue nature of the load, the permissi-
ble tensile stress should, according to tests, be fixed at 50% of the tensile strength o, of rail steel,

thus resulting in:

=

120.30, (5.68)

for permissible shear stress. The permissible effective wheel |oad is obtained from (5.66) and (5.68)
and reads:

Q=49-10"rc! (repetitive wheel load) (5.69)

with: r [mm], &, [N/mm] and Q [kN].
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Occasional high wheef loads or small wheel radiji

tigue fracture, but are responsible for
plastic deformation of the rajl head. If the yield point

’is set at 65% of the tensile strength, in the case
of (5.67) the permissible shear stress becomes: :
Tine = 0.38 o; (5.70)
and in the Case of (5.66) the permissible effective incidental wheel load is:
Q=283 107rc? (incidental wheel load) (5.71)

The admissible shear stresses are presented in Table 5.4,

5.6.5 Rail stresses due to a combined Q/Y joad

- According to the elementary beam the-
ory, the bending stresses SgH and Ogg occur at the indicated locations on the rail.

Shear
Center

Center of

gravity
D
‘ AGye AGye Figure 5.20: Load decompo.
Partial loads: o T i - sition for calculation of rail
Stresses

g3

ey o
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Partial load Il

is thought to act on the rail at the mid-point of a sleeper bay. At the sleeper

The torsion moment My
e clamped. The pure torsion and constrained warping result in the

position the rail is assumed to b
bending stresses: Acpy and AGoF [265].

Partial load il

As a result of a horizontal load at the shear centre, tensile bending stresses occur at the indicated
points. Assuming that the rails, with a length equal to the sleeper spacing a, are supported at the ends

in the horizontal direction, the siresses are. AG3p and AG3e

Composition

these values are about 10% too high in

In view of certain assumptions when calculating Ac 4 10 AG3R
n the rail head and rail foot at the

arison with the measured values. The total bending stress i

comp

points indicated in Figure 5.20 is therefore:
Gpag = —Opn+ 0.9 [AC * A0z T Aoyy) . | (5.72)
Grep = togrt 091 T ACys = ACs]

The upper sign belongs 1o the first mentioned index of the stresses.

Observations

No increment factor is applied to the stresses Ao, to Acy because of their very local character. Apart
from the stresses (5.72) due to traffic load, the following stresses and related maximum values must

also be taken into consideration:

— residual stresses:

648 = — 40 N/mm’

— temperature stresses in CWR track over entire cross-section:

Gagecop =+ 100 N/mm’

bending stresses due to horizontél bending intight curves:

Eb .
Cps= %55 = + 25 N/mm (5.73)
o o= g—g = + 50 N/mm’ (5.74)

The relationships between stress and force are determined numerically for a number of rail profiles

and are given in Table 5.2.
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5.6.8 Rail tables
|
. T g
Rail profile (Rail section S41 549 NP4g Uics4 UiC60 Ri60
Height by [mm] 138 149 142 159 172 180
Head width by [mm] 67 67 72 70 72 113
l Foot width br [mm] | 125 | 125 | 120 | 140 150 | 180
Area A [ecm?¥] 527 63.0 ’—59.3 (69.3 76.9 771
Mass/meter m {kg/mj 413 494 48.6 54.4 60.3 60.5
i Z Moment of inertia 1=l [em™] 1368 1819 1605 2346 3055 3334
Moment of inertia L, [em¥ 278 320 310 418 513 , 884
’J{ Section modulus Wyn [om?] 196 240 224 279 336 ] 387
"z FSecnon modulus Wyefem® | 2005 | 248 | 228 | 313 | 377 ‘ 355
(Section modulus W, [em?] 442 51.2 52 J6O 68 ( 135 "
Table 5.2: Rail dimensions and strength data
Tensile Yield stress N/mm? N/mm?
strength o, [Nimm? | Constant stresses of ,[ m’ _ o [N/mm’] ,
t o [N/mmz} | O | | Incidental loading Repeated ioading
Residual stress | Temperature stress ﬁ’
] [N/mm?] CWR track {N/mm?]
700 450 450 ~55*
220 100 b
| e00 | s80 | ss0 | 2007
[ * from Smith diagram

Table 5.3: Admissible dynamic stress range at the rail foot centre for as-rolled rails (refer to Figure 5.17)

' Tensile strength o; [N/mm?]

Tmax [IN/Mm?]
Incidental loading

tmaX[N/nwnz]AW

Repeated loading

700

260

.

900

|

340

200 ,
|

260

Table 5.4: Admissl"b/e shear stress in the rail head

’ Modulus of elasticity:

Poisson's constant:

Table 5.5: Rail steel properties
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5.7 Sieeper siresses

Contrary to the rail, the sleeper may neither be consid-

ered as a beam of infinite length nor as a short infinitely Q Q
stiff beam. To ensure stability in the ballast bed the ! ;
sleeper is only supported at the ends under the rails. -%g ?
Therefore, for calculation purposes, it is normal to presup- [ :
pose that the contact force is distributed evenly over the —
contact surface as shown in Figure 5.21. % 441 ’? % ‘? % ' ii\ ad

. e . u
Using the dynamic amplification factor DAF (5.59), the

maximum bearing force on a (single) discrete rail support Figure 5.21: Assumed contact stress distribution
due to the wheel load is: on a sleeper

F_. = DAF.-F (5.75)

mean

wherein the mean value can be found using (5.2), (5.10), (5.17), and (5.20):

. .
_Qa_Qukad 5.76
Fmean~2L 2 4E] : ( . >

DAF = dynamic amplification factor (for sleepers or other rail supports: t = 3);
Q = effective wheel load [kN};

a = sleeper spacing [m};
Kg = half support stiffness [kN/m];
El = single rail bending stiffness [Nm?].

i

The sleeper spacing proves to have a relatively great influence on the support force. For the load sit-
uation depicted in Figure 5.21 the maximum moment is:

Moy = LFmoct (5.77)

max 4 max

In unfavourable cases Fax may be of the same order of magnitude as the effective wheel load Q.
Assuming Q = 125 kN, a =60 cm, L =70 cm (low value), V= 100 km/h, ¢ =0.20, t = 3, then F,5, = 95
KN. ‘

Contact pressure between rail and sleeper

The mean contact pressure between rail and sleeper on the most heavily loaded sleeper can approx-
imately be set at: '

— FO:FFmax

5, . (5.78)

Fy = total pretensioning force of fastening on rail support [N];

A, = effective rail support area of rail support [m?]. :

Note: In case of an intermediate baseplate between rail and sleeper: A5 = baseplate area.
Permissible contact pressures between rail‘and sleeper are:

— Softwood sleepers:: C G $1.0-1.5 N/mm?

— Hardwood sleepers:: Cps < 1.5 = 2.5 N/mm?

— All concrete supports:: Grg <4 N/mm?2.
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5.8 Siresses on ballast bed and formation
5.8.1 Introduction

The ballast bed and formation are conceived as a two-layer system. The vertical stresses on the bal-
last bed and on the formation which are due to wheel loads will be considered as the determining
stresses for the load-bearing capacity of the layer system. Overloading of the ballast bed causes
rapid deterioration of the quality of the track geometry. Overloading of the formation raises the mate-

rial in the ballast bed, especially in the case of materials susceptible to moisture. This phenomenon is
known as pumping.

5.8.2 Vertical stress on ballast bed

The compressive stresses, which the sleepers exert on the ballast bed, are considered evenly distrib-
uted. The material from which the sleeper is made thus plays no role here. To determine the mean
values of the stress the calculation is again based on Zimmermann's theory, whereas the dynamic

amplitude is taken into account by Eisenmann's increment factor (5.59). The maximum stress
between sleeper and ballast bed under a wheel load Q is expressed as:

Osp max = DAF . Osb mean

(5.79)
in which, following equation (5.76):
. Fmean~ Qa B Q 4kd83

Ogb mean = Asb - 2LA5[3 - 2’45{3’ 4E] (580>
DAF = dynamic amplification factor (for ballast: t = 2);
Q = effective wheel load [kNJ;
a = sleeper spacing [m];
Agp = contact area between sleeper and baHast bed for half sleeper [m?];
K = half support stiffness [kN/m];
El = single rail bending stiffness [Nm?2].

Permissible contact pressure on the ballast bed: oy, < 0.50 N/mm?

Note: sleeper rotation can give rise to high local edge pressure Sometimes this is taken into account
by introducing an increment factor.

It can be gathered from equation (5.80) that sleeper spacing and the extent of the support area have
a relatively important influence on the mean stress. A high value for the foundation coefficient leads to
high values for the stress on the ballast bed. In certain cases, for example in the case of a ballast bed
on a structure, the foundation modulus should be lowered. A heavier rail profile has a positive effect in

this respect. Use of UIC 54 instead of NP 46, on the basis of (5.80), leads to 2 stress reduction in the
ballast bed of about 10%.

Using (5.62) the rail foot stress can be calculated, and using (5 61) the stress between sleeper and

ballast bed. For Q=170 kN, Cg, = 100 N/em?, a = 60 em, Ay, = 2850 cm?, and making use of the rail
data in Table 5.2, L results in 857 mm and the following data are obtained:

Rail Ballast
o, [N/mm?] Ratio | &, [N/mm? Ratio
UIC 60 97 - - 0.21 =
UIC 54 110 13 % 0.22 7 %
NP 46 137 41 % 0.25 18 %

Table 5.6: Stresses resulting from Q@ =170 kN
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A heavier rail profile has a great influence on rail stress reduction. The effect on ballast stress is
approximately half of the effect on rail stress.

The relation between vertical stress and deterioration in the quality of track geometry is still ambigu-
ous. On the basis of the AASHO Road Test for road structures, it is nevertheless assumed that:

Decrease in track geometry quality = (increase in stress on ballast bed)™

in which m = 3 to 4."A 10% higher stress on thé ballast bed thus leads to'a 1.2 to 1.5 times faster
reduction in track geometry quality and a proportional increase in maintenance.

5.8.3 Vertical stress on formation

In order to calculate the maximum verti-
cal stress on the formation the contribu-
tions of the various sleepers have to be 2 =
superimposed. Figure 5.22 shows the ! 05 = 04
stress pattern on the ballast bed along R ITITIEE 221 ISREY Jady M. _
the length of the track. For each sleeper Lo ’ P
the stress is assumed to be evenly dis- H baliast ’ Epaiost ’
tributed over the sleeper surface. The o 9 O, max
magnitude of this stress beneath the D *

various sleepers caused by wheel load

Qis:

PP N—

! formation Eformation

i

g; = O-maxn(.xi) (581> . - -
. YZ

in which:
Figure 5.22: Ballast bed and formation represented as two-layer

system

_ "Qa
Omax = DAF Z_LAsb (582)

nix)= e_X'/L[cos%’# sin)—L(-‘] x; 20 (5.83)

To determine the vertical stress on the formation the value of factor t = 1 can be taken, as adjacent
sleepers cannot all be subjected to an unfavourable load at the same time.

The evenly distributed stresses per sleeper are then replaced by equivalent strip loads covering the
sleeper width. Assuming this, the problem can be described by the known two-dimensional stress dis-

tribution for a plane strain situation.

5.8.4  Odemark’'s equivalence method

Ballast bed and formation create a two-layer system as illustrated in Figure 5.22. Based on the given
strip loads on the ballast bed, the thickness of the ballast bed, and the elasticity constants for both
layers the maximum vertical stress on the formation can now in principle be determined. With the help
~ of Odemark’s equivalence method [58] much can be simplified as the two-layer system can be con-
verted into a single-layer system. The maximum vertical stress on the formation in the actual two-
layer system then correlates with the maximum vertical stress in the equivalent half space at a dis-

tance from the surface:
H, = 0.9Hs/————5ba”a“ (5.84)
Eforma[ion )
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in which:

He - €quivalent baljas
H - actual ballast pe
Ebalast modulus of glagst
formation” Modulus of elast

t depth;

d depth under the Sleeper:
icity of ballast bed:
icity of formation.
If the ratio betwee

N Epaiiast and Eformat,-on is 3 and the ballast depth is 30 cm the equivalent depth is 39
cm.

' (5.85)
in which:
7 T . ;
Fx) = E[a7~a2+§(sm2a7-sm2oc2)] (5.86)
Xi+bs2 '

Oy = atanl /<
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Permissible contact pressure on the formation:

The permissible compressive stress on the formation can be established using the following empirical
formula according to Heukelom and Klomp [58]: ‘

_ 0.006E,, .
- 2 5
©: = 770 7logn (5.89)

in which:
E,» : modulus of elasticity taken from the second load step in a plate loading test;

n : number of load cycles.

The table below contains the permissible stresses according to (5.89) for 2 million cycles, with differ-
ent values for E,». The table also indicates the order of magnitude of the foundation modulus C when
using a 30 cm deep ballast bed with E = 150 N/mm?.

T
Classification Evp [INmm?] C [N/mm?] G, [N/mm?]
n=2.10°
Poor 10 0.03 0,011
20 0.04 0.022
Moderate - - » 50 0.07 0.055
Good 80 0.09 0.089
100 0.11 0.111

Table 5.7: Permissible stresses on formation -
When laying main line track, DB demands an E\,Z-modmus of at least 120 N/mm? just beneath the
ballast bed. If the measured values from the plate loading tests do not comply with this, an intermedi-
ate layer, referred to as sub-ballast layer with a depth according to Figure 5.24, must be inserted.

ORE Committee D117 compiled a "Design Handbook™" [209] on the basis of a major series of meas-
urements and calculations. Figure 5.25 gives the desired depth for various types of foundation con-
sisting of a 25 cm ballast layer and one or more intermediate layers. In_addition to the values
recommended by D117, the curves used by DB, SNCF, and SBB are likewise plotted, as are those for
heavily loaded track based on the CBR index derived from Alias [3].

Figure 5.25 also indicates the various scales used in practice for-classification of formation, such as
CBR (California Bearing Ratio), E,», and the classes according to UIC leaflet 719R. The UIC classifi-
cation is presented in Table 5.8. ‘ :

Ep N/Mm?] : Qs, Qs, Qs, Qs, uiC
S| l_—.__lt__.—_li_—____—t
UBSANNLERNS SR SRR ST R REL RALLIIL N i et S N B B B N B Y
T 4/ 10 20 30 4050 100 E,; [Nfmm?]
/ L~ . T T T T T T -
Evotiom 1L 072 4 6810 15 203040 CBR [%)]
Nimm2] |~ LT -
L1 L]
150 = =] ﬂ .
L~ 60 ol ] i 7
1 20 LT 1 20 T pultd
100 et 45 = = 501 S
e ] — D117 e
80 === = 30 = P
............. L] | | i SB ‘.‘:;;'
. | 1 20 | A [S1=E
— . SNCF e
10 J
! 1007 s/ DB
015 03 045 06 075 T
Sub-ballast thickness {m] e [em] ballast + sub-ballast

Figure 5.24: Thickness of sub-ballast layer according to Figure 5.25. Data from ORE D117 'Design Handbook’,
DB standards RP28
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5.9.3 Sieeper

Problem 4:
The design parameters of a new railway track structure are:

— Sleeper spacing ta=60cm; — Train speed .. :'V =100 km/h;

— Characteristic length of the track : L = 90 cm: ~ Track condition :'good’; (t = 3);

~ Repetitive wheel loads 1 Q=125 kN; — Baseplates on soft wooden sleepers are applied.

Question 4a:

Use the DAF method to calculate the maximum value of the support load between rail and sleeper F .

Question 4b:

If a uniform distribution of the compressive stress on the sleeper may be supposed to exist, calculate this stress Cps»
using the following data: ’

— Clamping force per rail :Fp =20 kN;
— Area baseplate/sieeper T Apg = 550 cm>.
Question 4c:

What measures could be taken regarding the sleeper if the maximal compressive stress would be higher than the
allowable value gy = 1.5 N/mm??

5.9.4  Ballast bed

Problem 5:
The following loading and structure data are given:

L One repetitive wheel load Q=100 kN; L Foundation modutus , 1 Cgp = 0.15N/mm?;
~ Extra wheel load in curves = : 20 %: — Admissible stress on ballastbed .: 0.3 N/mm?2

— Maximum train speed +V =100 km/h; — Probability factor =2

— Rail profile _ - UIC 54;

L Sleeper spacing fa=60cm; gr;ifi‘s’“z:rea of twin- 3”;"'2';" ,/;2‘70‘"’" <

— Half sleeper area on ballastbed: Agp (see figure); per [T_

— Track condition 'good; ‘Eﬁ-@—\ . J

Question 5a:

Caiculate the maximum compressive stress on the ballast in straight track and check with the allowable value.
Question 5b: ;
Calculate the maximum compressive siress on the ballast in a curve and check with the allowable value.

Question 5c:

Consider a change in relevant track parameters to satisfy the compressive stress limit. Quantify in each case the rela-
tive effect on the maximal compressive stress (use a formula showing all relevant track parameters)

5.9.5 Temperature effects

Problem 6:

A very long rail is subjected to a temperature increase with respect to the neutral temperature AT. Due to the shear
forces, acting through the fastenings on the rail, the free expansion of the rail is counteracted. In the analytical
approach the shear forces may be replaced by an equivalent continuous shear resistance distribution.

Consider the case that the shear resistance distribution t [N/m] is a linear function of the displacement u, which itself is
a function of the x coordinate:

T = ku(x)

Question 6a:
What is the differential equation for this case?
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Question 6b:

Derive the formula for the axial rail displacement as a function of x, accounting for the boundary conditions. The rail

may be supposed to be a semi-infinite long beam (V2 CWR track).

Question 6¢:
Give the expression for the axial normal force in the rail.

Question 6d:
Which phenomenon can occur in the track at high temperatures?

Answers to exercises 2 to & ,
2a. extra wheel load is due fo non-compernisated lateral acceleration causing a force couple leading to wheel load

increase on the high rail.
2b. L = (4Elalkg) ' = (4%21000%2346x60/120)' = 99.6 cm.
2C. Omax = Ogem*DAF:
Ogem = QL/(4Wyf) = 1.2x100%99.6/(4x313) = 9.55 kN/cm?=95.5 N/mm?.
DAF = 1+ tg (1+(V-60)/140) = > = 1+3%0.2(1+(140-60)/140) = 1.94.
=> Gpne = 95.5%1.94 = 185 N/mm?. ,
od. max. fatigue stress (185) < admiss. stress o = 220 N/mm? (from table)
26. Wy Prop. to L3 prop. to 1/kq3/4 => (kgq/kao)* = (1/2)%* = 0.59 reduction;
Gmax Prop. to L,prop. to 1/kg 14 =5 (kg/kgp) ™ = (1/2)V"4 = 0.84 reduction;
Bmax Prop. to 1/L.prop. to kg™ => (kgalkgr) ™ = (2)V4 . =1.19 amplification.
38. Toay = 412¢(QM)172 = 412%(110/430)"2 = 208 N/mm?,
3b. Ty DECOMES 2 higher, the other two have no effect;
3c. Qi = 4.90%107x430x700% = 103 kN (admissible value exceeded).
3d. fatigue crack starting in the rail head; may cause shelling of rail head.
3e. - better rail steel o, = 900 N/mm? => Qg = (900/700)2><103 =170 kN;
- greater wheel radius => ryp = 110/103%430 = 459 mm;
- load spreading over more wheels.
3f. Q= Qing max = 8:29/4.90x103 = 174 kN.

4a. Fnax = Fmean™ DAF:
Frean = Qal(2L) = 125x60/(2x90) =41.7 kN.
DAF = 1+3x0.2x(1+(100-60)/140) = 1.77.
Froax = 41.7x1.77.=73.8 kN.
4b. Gpg = (Fg + Fmax)/Pps = (73.8+20)/550 = 0.171 kN/cm?* = 1.71 N/mm? > 1.5 N/mm?.
4c. Concrete instead of wooden sleepers; smaller sleeper spacing; increase area baseplate.

5a. Ggp max = Osb mean DAF

Gsp mean = Frax/Asp = Qa/(2LAsp)

Cqp = 0.15 KN/cmPA b = 73/2%(30.7+27) = 2106 cm?

L= (4EIa/(CSbAsb))ﬁ = (4x21000%2346x60/(0.15%2106))"'* = 78.2 cm.

st mean = 100%60/(2x78.2x2108) = 0.0182 kN/cm? = 0.182 N/mm?

DAF = 1+2x0.2x(1+(100-60)/140) = 1.51:

Osp max = 0.182x1.51 = 0.275 N/mm? {is lower than admissible value).
5b.in the curve: Qgg = 1.2x100 = 120 kN. ‘

Omax = 1.2x0.275 = 0.33 N/mm? (now higher than admissible value).
5C. Ggp max = Qx(Cepal(B4xEixAgy®)/*x DAF

-V lower => DAF-and Qgj, max lower => effective, but not attractive;

- Cgp, lower, smalt effect, prop. to cl4,

- a lower, effective, prop. to a>*, perhaps problems with maintenance;

- Ay, higher, effective, prop.to A¥4, longer sleepers;

- I higher, small effect, prop. to 1.

6a. d?u/dx? - ku/EA =0
6b choose origin of axle system and rail end.
Take as solution: u =cxexp(-ux), flattening for x => <, ¢ and L -are constants;
Insertion in the differential equation gives: u2=k/EA;
Substitution in the normal force gives: N= EA[ - 1c xexp(-ux) - anTy;
With boundary cond. N(0) = 0 follows ¢ = - aAT/W
The desired expression becomes: u(x) = - oAT/uxexp(-1x)
B¢ Substitution of the constants gives: N = EACAT(exp(-ux) - 1)
6d. Horizontal deflection, possible buckling

[aYal
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5.10.1 GEOTRACK program

| r
If more detailed information is wanted on the behaviour and magnitude of local stresses and strains in e
the track components, the ballast layer, the sub-ballast layer and the subgrade, more complex com-
puter models are necessary based on finite elements. GEOTRACK is a static program based on a il
three-dimensional multi-layer system with a track panel on top. Because it is an elastic program creep L&
effects or settlements cannot be accounted for.
Figure 5.26 shows an example of a track model in GEOTRACK (because of symmetry only one half "
of the track is drawn) "

il
Wheelload
Q = 130kN
—
Slpr3\
Slpr2 '

=t y (symmaetry)

P

\
SLayeMbaHastbed 5 4 3 21
h=

Rail pad:
2.
300 mm; v=04 E =280 N/mm ~~K = 800 kN/mm

5
Kg Layer 2: sub-ballastbed
} h=150mm; v=04 = 140 N/mm?;

Layer 3: subgrade °
h=oo; v =035 E = 70 N/mm?;

7z

Figure 5.26: Example madeliing rail track structure using GEOTRACK

In order to compare normal ballast track with some alternative track forms, GEOTRACK was used to F
test three cases as indicated in Figure 5.27. The input parameters are given in Table 5.9, while the -
main results are summarized in Table 5.10.
‘ . l 225 kN
- 225 kN N
a o ; R l 225°kN K‘Eﬁj’\\ ; »
. = I—_;—i_’ . ballast )
ballast IR siab , Lol . slab ,
‘ subgrade subgrade i E subgrade j M
-

Figure 5.27: Comparison between various track forms

The following quantities were determined:
Fmax - maximum rail support load;

Wiax - maximum rail deflection;
Omax - Maximum vertical stress on subgrade.

100
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”“T The following conclusions may be drawn:
d
_ The effect of a ballast bed thicker than 30 cm or slabs thicker than 20 cm is limited;
fra _ . " , '
M — Generally the presence of a slab will reduce the rail deflection, but higher rail support forces may
be the result, especially in the case of normal sail;
r:: — The effect of slabs thicker than 20 cm only reduces soil stresses significantly.
"
l
—
. E Mass
- input parameters Type Weight [N/mm?] v k [t/m°]
d axle load = 225 kN
',,.\) ail UiC54 | 5dkgim | 2140 0.3
™ sleeper wood “100 kg 1.0 10% 0.25
M rail pad stiffness = 1420 kN/m V
r
™ ballast 150- 0.3 1 2.0
"~ concrete slab 28500 0.2 1 2.5
- normal subgrade 75 0.47 075 1.9
- weak subgrade 8.7 0.49 0.75 11
w Table 5.9: Input parameters for GEOTRACK program
o=, | normal subgrade weak subgrade
“} . Kmax Wmax Gmax Kmax Wmax Gmax
Track struct
rack structure [KN] [mm] | [Nicm? [kN] Imm] | [Nlem?
“ al. ballast track 300 mm 49.2 1.54 8.97 37.3 7.58 3.72
- N
| a2. ballast track 400 mm 50.0 1.52 7.10 40.9 7.24 3.24
o=,
* b1. slab track 200 mm 81.2 0.92 3.59 - 48.2 4.37 1.17
M'? b2. slab track 300 mm 83.0 0.75 2.07 4473 3.09 0.62
- b3. slab track 400 mm 83.2 0.63 1.38 459 2.39 0.41
ﬁ c1. ballast 300 on siab 200 mm 56.4 1.22 2.69 46.7 4.40 1.03
c2. baliast 300 on slab 300 mm 57.0 1.08 - 1.66 48.1 3.33 0.62
T—<:“3. ballast 300 on slab 400 mm 57.2 i 0.98 1.17 50:.1 2.69 0.35

Table 5.10: Summary of results of GEOTRACK program
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5.10.2 The ANSYS program

For the calculation of static forces especially within the ballastless track structures general-purpose
commercial finite element software packages like ANSYS canbe used. The calculation capabilities of
ANSYS are quite sufficient for this kind of purposes and friendly Graphical User Interface (GUI) con-

siderably facilitates the work.

ANSYS is a finite element analysis software which enables engineers to perform the following tasks:

Build computer models or transfer CAD models of structures, products, components or systems;
— Apply operating loads or other design performance conditions;

— Study physical responses, such as stress levels, temperature distributions, or the impact of elec-
tromagnetic fields;

— Optimize a design early in the development process to reduce production costs;

— Do prototype testing in environments where it otherwise would be undesirable or impossible (for
example, biomedical applications).

Features of the mufti-purpose ANSYS program include finite element analysis capabilities for virtually
all engineering disciplines - structural, mechanical, electrical, electromagnetic, electronic, thermal,
fluid an biomedicatl.

Structure of the ANSYS program
The ANSYS program is organized into two basic levels (Figure 5.28):
— Begin Levei;

— Processor (or Routine) Level.

The Begin Level acts as a gateway into and out of the ANSYS program. ltis also used for certain glo-
bal program controls such as changing the job-name, clearing (zercing out) the database, and copy-
ing binary files. When the user first enters the program he is at the Begin Level.

At the Processor Level, several processors are available. Each processor represents a set of func-
tions that perform a specific analysis task. For example, the general preprocessor is where the user
can build a model, the solution processor is where he can apply loads and obtain the solution, and the
general postprocessor is where the evaluation of the solution results is being performed. A general
additional postprocessor also enables the user to evaluate solution results at specific points in the
model as a function of time.

%> BEGIN LEVEL

7
General Solution ‘General Additional Optimisation Etc.
Preprocessor Processor Postprocessor Postprocessor Processor .
P P P Figure 5.28: Structure

of the ANSYS pro-
gram

PROCESSOR LEVEL

i

»
o
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[
m There are basically several ways of using or working with ANSYS.
el

— The first and the easiest one is running ANSYS in Interactive Mode, ie. via the Graphical User
e interface (GUI) in Figure 5.29. GUI gives the user easy, interactive access to program functions;
M‘ commands, documentation and reference material. An intuitive menu system helps users navigate

through the ANSYS program. User can input data using a mouse, a keyboard, or a combination of

™" both. '
i Another option is using ANSYS in a Batch Mode. In a Batch Mode, the user submits a file of com-

mands to the ANSYS program (a script file). This script file may have been generated by previous
P"“ ANSYS session (using the log file), by another program, or by creating a command file with the
a use of editor. Batch mode feature allows the user to run ANSYS in the background while doing
some other work on a computer. Also, running ANSYS in a Batch Mode is extremely useful in
cases when ANSYS is coupled with other programs for the purposes of performing more thorough

-

NI analyses, and especially when this process is to be automatically performed and repeated many
times as in case of multiple-iteration optimization processes.

~ _

u’ — The third way is. utilizing the Input Window. This is a window where the user can provide input to
the program by directly typing in commands. ‘It also shows prompts for functions that involve

- graphical picking. The Input Window also includes the History Buffer, which contains all previously

P entered commands.and prompt responses, which. can be then scrolled back and forth and re-exe-

il cuted.

M ~ Finally, utilizing ANSYS Log Files represents another way of working with ANSYS. ANSYS pro-

- gram records every command it executes, whether typed in via Input Window or directly executed
either by a function in the GUI or by pre-defined script file. These commands are recorded in two

= places: the session log file and the internal database command log. The session log file is a text

» file which is saved in the user's working. directory. The database command log is saved in the
ANSYS database (in memory). The user can copy the database log to a file at any time by choos-

- ing proper menu option or by issuing the proper command. Both files are command logs that can

H be used again as input {script files) to the ANSYS program.

M 2OEEADE
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5.1 Two Case ERS designs

5.11.1 Testing of the UIC54 ERS

Several case studies were performed at the Technical Uni-
versity Delft using the ANSYS software on ballastless track
structures with a special concentration on the Embedded Rail
Structure (ERS). Initial calcuiations of ERS using the ANSYS
program were made with the "standard" ERS, i.e. the ERS
with UIC 54 rail, Edilon prefab elastic strip nr. 102, and Editon
Corkelast compound VAB0, as shown in Figure 5.30. The aim
of this investigation was to devise and calibrate a numeric

future to reduce the number of long and expensive laboratory
tests.

Test Angle | Load Type of Load

1a 0° ) V=P Static

1b 0° | v=p Static & dynamic I;tgure 5.30: Standard UIC 54 Embedded Rail
fructure

2 22° | V=P; H=0,4-P Static & quasi-static

3 31° | V=P, H=0,6-P Static & guasi-static

4 0° | V=P Static

Table 5.11: Tests determining the elasticity

The calibration of the model was performed by comparing the obtained numeric calculation results
with the ones previously obtained in laboratory. Applied loads complied with the NS regulations
regarding testing of the track elasticity of Embedded Rail Structures, i.e. with the loads applied in the
vertical, sloped (22 and 31 degrees), and-longitudinal direction, as shown in Table 5.11 and in
Figure 5.31. Some of the essential results of this study were:

— The ANSYS FEM calculation could reliably describe the results of laboratory tests on stiffness and
strength of ERS, hence it could be used instead of multiple testing of intermediate designs. Thus,
the laboratory work can be restricted to only performing tests on the final design.

— The obtained results not only staid within a 5% margin, but were even less compared to the labo-
ratory {ests. This means that the ANSYS FEM calculations could be successfully used to reduce
the laboratory tests. However, calibration of the FEM with a corresponding laboratory test still
remains a necessary prerequisite in order to use it. ’

Tests 1a and 1b Tests 2 and 3 Longitudinal Test

Figure 5.31: Testing with different loading cases
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— In the Standard ERS with UIC54 rail, the elastic pad could not be replaced by a softer compound
material due to the resulting high lateral displacements.

The successful completion of the UIC54 ERS prompted the continuation of the research, this time
directed towards the innovative ERS structures, e.g. the ones with SA37 and SA42 rails and subse-
quently those with even more non-standard rail types and various compound characteristics. The rea-
son for taking this direction was the firm belief that the standard UIC54 ERS offered a lot of
opportunities for further optimization. The first two objectives were to investigate the possibility of
replacing the elastic strip with a softer type of compound and reducing the total amount of the com-
pound, both of which would reduce the cost of a structure and simplify the construction.

5.11.2 Testing of the SA42 ERS

The first step in testing SA42 ERS was to per-
form the verification of the FEM numeric
model. In order to verify the numerical model,
the available testing results of the 250 mm
long sample of ERS with a low-noise rail
SA42, compound VA90, and elastic strip fct-
sp have been used, Figure 5.32.

A 3-D model of this structure created in
ANSYS is shown in Figure 5.33a. E-moduli of
the compound and strip have been deter-
mined by fitting the responses of the numeri-
cal model into the results of the laboratory
tests. One of these responses is the vertical

displacement of the rail which should be 2.1 e L
mm if a vertical load of 30.4 kN is applied. Figure 5.32: Laboratory testing of ERS at Delft Unfversity
of Technology

SA42, VASO and fc6-sp Vertical displacement Maximum Von Mises stresses
sample length 250 mm at loading point [mm] : in compound [N/mm?]
-
Loading types 2-Dresults | 3-D results Ratio | 2-D results -|- 3-D results Ratio
Vertical load 30.4 kN 2.29 2.1 1.08 3.98 4.01 0.99
Angular load (22 degrees) 2.70 2.48 1.09 497 - 489 1.02
Vertical component 30.4 kN- :
‘ Lateral component 12.2 kN lateral: 0.40 | lateral: 0.41 | lateral: 0,99 J

Table 5.12: 2-D and 3-D calculation results of SA42 ERS in ANSYS

Aithough the 3-D model can accurately describe the experiment, due to high computational costs it
was practically impossible to use it in the optimization process where muitiple evaluations of the
structural responses are required. That is why a 2-D model has been created (Figure 5.33b) assum-
ing that in the middle of the ERS sample the model satisfies the plane strain condition. The results of
the 2-D model have been compared with those obtained using the 3-D model. They are collected in
Table 5.12 which shows that a difference of about 10% exists between the calculated vertical dis-
placements of the 2-D and 3-D models.

This comparison has proven to be very stable regardless of the geometry of ERS, the type of ele-
ments, and the mesh density used in the numerical model." A comparable relationship was also
obtained for the ERS model and the UIC54 rail. The obtained ratio was then used as correction-factor
during the optimization in order to estimate the displacements of the 3-D model based on the results
of the 2-D model.

AN
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6 DYNAMIC TRACK DESIGN

5.1 Introduction |

When dealing with track mechanics most of the problems are related in one way or another to dynam-
ics. The dynamic interaction between vehicle and track can be described reasonably well in the verti-
cal direction using mathematical models. Figure 6.1 gives an example of such a model made up of a
discrete mass-spring system for the vehicle, a discretely supported beam to describe the track, and a
Hertzian spring acting in the wheel/rail contact area.

Dynamic behaviour occurs in a fairly wide
band ranging from very low frequencies of Car body ——
the order of 0.5-1 Hz for lateral and vertical
car body accelerations to 2000 Hz as a con- Bogie
sequence of geometrical irregularities in rails
and ‘wheel treads. The suspension system
between wheelset and bogie is the first
spring/damper combination to reduce vibra-
tions originating from the wheel/rail interac- Z t = Rail pad|
ton and s therefore called primary L_J L___J g l__l l_d____JS‘eeperYy

. o TN z gTBallast r
suspension. The reduction of the vibrations = 77777~ e T
of lower frequency is dealt with in the second
stage between bogie and car body and is Figure 6.1: Dynamic model of vehicle-track interaction
called secondary suspension. This terminoi-
ogy can be applied to the track part of the model in the same way. The railpad and railclip represent
the primary suspension of the track and-the ballast layer or comparable medium represent the sec-
ondary suspension of the track.

Secondary suspension

Primary suspension
Wheelset
Hertzian spring

:\ Ve

Actual dynamic calculation is, however, extremely complex and is by no means generally accessible.
Most analyses are limited to quasi-static considerations. Real dynamic problems are for the most part
approached in a very pragmatic way by carrying out measurements.

In this chapter attention is given to the basic ingredients of the dynamic behaviour of railway track.
Section 6.2 deals with some fundamental aspects. The 1-mass spring system, presented in Section
6.2.2, can be regarded as the most elementary system with the aid of which a number of practical
problems can be considered. Extensions can be made in two directions: the construction can be
enhanced to a multi degree of freedom system, and the load can be made more complex in terms of
impact loads, and loads with a random character.

In Section 6.3 the track is modelled with relatively simple beam models consisting of the beam on an
elastic foundation, a double beam, and a discretely supported track structure. The transfer function
between track load and track displacement is discussed. Also the effect of a moving load running on
the track is considered, as the track is considered to be infinitely stiff.

Track and rolling stock should in fact not be considered separately, but as one consistent system. For
this reason the interaction between vehicle and track is introduced here without going into all the
details required for a full treatment of this complex matter. After the introduction of the Hertzian spring,
the physics of which were discussed earlier in Chapter 2, the transfer function between wheel and rail
is derived in Section 6.4. This relationship plays an important role when interpreting track recording
car data. '

In Section 6.5 a concept is developed from which the relevant vehicle reactions can be calculated in
real time. using transfer functions based on track geometry measured independently of speed. A
transfer function represents the contribution made by a geometry component to a vehicle reaction in
the frequency domain. Geometry components include cant, level, alignment, and track gauge, and
vehicle reactions include Q forces, Y forces, and horizontal and vertical vehicle body accelerations.

An7
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The theory of spectral analysis and the MISO method based on it are dealt with in Section 6.6. Esti-
mates obtained from both models and MISO are compared. In Section 6.7 the Vehicle Response
Analysis (VRA) system used for on-line response calculations is discussed. The relationship between
Sperling's Ride Index and 1SO weighted accelerations is discussed in Section 6.8.

Finally, in Section 6.9 and Section 6.10 a number of more advanced dynamic models are presented.
A short descriptionis given of a number of models, which were developed recently at the TU Delft,
covering the dynamic effects of high-speed interaction, wave propagation in soft soils, and the effects
on the dynamic vehicle response and of stiffness transitions near bridges and other fixed installations.

6.2 Dynamic principles
6.2.1 In general

When considering dynamic aspects of track one should realise that dynamics is in fact the interaction
between load and structure. Loads vary in time and the way this happens determines the character of

the load. Generally speaking, distinctions can' be made between periodic loads, impact loads, and
stochastic loads. '

Structures are characterized by their fre-

+ Loads == Variation in time - Periodic quency response function which is governed
- Impact by mass, damping, and stiffness. These
Stochasti parameters determine the natural frequen-
St ochastic cies of the structure, in other words, those

» Structure - Mass : : L . .
A frequencies in which the structure likes to
- Damping - vibrate (Figure 6.2). If the loads contain fre-
- — . guency components corresponding to the
. Stiffness : - Interaction & natural frequencies of the structure, large
»"\/ehiclé/tr;vaékr dynamic amplifications. may occur. The

ﬂ , . general term used for this is resonance.

Natural freqQUENCIES it Dynamic behaviour is governed by the law

of momentum, which says that force equals

Figure 6.2: Dynamic aspects the change of momentum, or:

d(mv5 :
F= =1l A
- | (6.1)

When the mass is constant this equation transforms into Newton's law which implies that force equals
mass times acceleration: :

F = ma

(6.2)

6.2.2 One-mass spring system

The simplest dynamic model is the so-called discrete one-mass spring system with mass m, spring

~constant k, and damping ¢ presented in Figure 6.3. This single degree of freedom system is governed

by the following differential equation for the vertical displacement w(t):

mw+ cw+ kw= F(t) (5.3)

1. Note that due to conventions the symbols m, ¢, and k may also bé used later for continuous systems as well.
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The solution of (6.3) may be found in the time domain using the con-
volution integral involving the unit impulse response function h{t),
which is the response to a unit impulse input on the system, resulting

in:

t
w(t) = JF(‘C)/’?(t~T)O’T (6.4) : m

Frequency response function ' ‘ w

From (6.4) it is obvious that the steady-state response calculation in « Eﬂ ¢
the time domain is quite complicated. A better way to solve (6.3) s,
even in this simple case, to use the Fourier transform’ to determme
the so-called frequency response function H(f) or transfer function? of SIS

the system. This function describes the relationship between g0 6.3: One-mass spring system
response and excitation in the frequency domain. When the force as

function of time is known, a Fourier transform can be made and the

response then simply follows from a multiplication of the transformed force by the transfer function. In
the frequency domain the Fourier transform of the displacement w(x) is:

W(f) = H(HFH) (6.5)

For the response to a unit impulse load F(t) = 8(t) on the one-mass system the Fourier transform
results in the solution: ,

H - WD VK | (6.6)
SN St
2

in which: » ‘
-1 |k '
fo znﬁv (6.7)
(= —= (6.8)
2./km

are-the undamped natural frequency and the damping ratio, respectively.

- [HOVHO)
10 — T
1
1
2

0.1-¢
Figure 6.4: Flexi-
bility function of  0-01 ¢
a-second order:
two damping 0.001 et e = ‘
cases 10 100 1000 f[HZ] 10 100 1000 f([Hz]

1. In section 6.6 a thorough treatment is given of the principle of the Fourier transform technique:

2. Note that the frequency response function H(f); defined as the Fourier transform of (), is formally a special case of
the transfer function H(p) = H(a+ib), defined as the Laplace transform of (1), with a = 0.and b == 2xf.

Liate!
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The static value of (6.6) is found by setting f =0

H(0) = 1k

(6.9)

Writing (6.6) in complex polar notation gives the frequency response function in terms of a gain factor

[H(f)} and a phase factorg(f) as follows:

Hf) = [H(Fle ™

where:

H(f)= ca
2 2
IR
f "

. f

2gf—

O(F)= —atan 5

f

1

f2

n

(6.10)

(6.11)

(6.12)

Other names for (6.11) are the modulus, absolute value, etc., while (6.12) is also called argument or
angle. Because in this case the input is a force and the response is a displacement, the frequency

response function is also called the flexibility function.

The example given in Figure 6.4 was obtained using (6.6) to (6.9), with m = 120 kg, k = 4.010'N/m,

and two damping values i.e. ¢ = _1.0104 and ¢, = 1.210% Ns/m.

If f>> f,, then |H(f)[/H(O) approaches the asymptote 1/(f/fn)2 which characterizes a second order sys-
tem. The slope of the asymptote is often expressed in dB/octave. In this case we have 20Iog(1/(f/fn)2)
= —40dB/decade or —12dB/octave. For high frequencies the phase ¢ approaches = rad.

Simple vehicle-track interaction
in-case of vehicle-track interaction excitations are induced by irregu-
larities in the wheel rail interface. In the most simplified form this can

be considered as forced displacements, the principle of which is
illustrated in Figure 6.5.

The equation of free motion reads in this case:

MW+ cW + kw = cy + ky ' (6.13)

or alternatively:

‘mz+cz+kz = -my (6.14)

This equation has the same form as (6.3) and thus the same solution
techniques are applicable.

Figure 6.5: Forced displacement

Itis interesting, for instance, to determine the transformation function with y(t) as input and w(t) as

output function, respectively.
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7 TRACK STABILITY AND LONGITUDINAL FORCES Modern Railway Track

behaviour, while experiments show that the elasto-plastic with softening behaviour is typical for wel
consolidated baliast. Both numerical models account for the effect of vertical forces by introducing the
Mohr-Coulomb criterion. The element shows linear-elastic behaviour until the applied lateral load s
has reached the peak value s, = F,-s,tany (s, - vertical load, tan¢ - friction coefficient between
ballast and sleeper) and corresponding peak displacement W, . After that, the element begins to
yield, that is the deformations increase without increasing the force s, approaching its limit value F,
as shown in Figure 4. The softening branch is approximated by the function

s = Smax[slim + (1 B Slim)ZW/ WIJ (777)

in which s, = F/F, (the limit value W, is defined so that s(W)) = 0.5(F,~F))). The b-linear mode|

can be considered as a particular case of the elasto-plastic with softening when F, = F, and
W =W,.
I} /

The model has been intensely tested within the framework of the ERR! project D202 regarding analy-
sis of CWR track stability and formulation of safety criteria [65]. One application of the model
(Figure 7.43) in the investigation of tram track stability is presented in Section 7.5.8. Another applica-

tion of the problem of determining temporary speed limits of trains on tracks after renewal or full main-
tenance is described in Chapter 13.5.

7.5.5  Vertical stability of track

One of the advantages of ballastless track structures such as an Embedded Rail Structure (ERS) is
the absence (or very small chance) of lateral buckling. On the other hand, ERS can become unstable
in the vertical direction. Two models for analysis of vertical buckling of embedded rail structure are
shown in Figure 7.45. The model takes different types of vertical misalignment into account
(Figure 7.45). A train in such models is represented by concentrated forces corresponding to axie
loads applied to the rails. The vertical behaviour of elastic mixture (in which the rails are embedded) is

madelled by the same spring element as has been used for modelling the lateral behaviour of ballast
in the previous section (Figure 7.44).

It should be noted that the library of wizards is constantly extended and models of other track struc-

tures can easily be added to a standard version of CWERRI. The buckling mechanism of CWR tracks
and safety criteria are discussed in the next section.

7.5.6  Buckling mechanism

Experiments and field observations have shown that, at a critical temperature increase Tgax
(measured with respect to the neutral temperature), the track can, under certain conditions, buckle
out into a new position C over a certain length. An additional temperature increase of the rails will
gradually increase the deflection in the deformed region. The temperature increase versus the maxi-

mum lateral deflection is shown in Figure 7.46. In this case, -an explosive buckling is assumed (a
monotonous progressive response also exists).

peak-peak
k-peak B 1o 2xHWL Iamplitude N
o 2 1
| {:,% el IR P o dob oy
7 U --m‘f)w» - T <1 Vl.w[ I 7 7 L - |»‘. Y L--r : ‘[ é v <
NENNEY Tid it IRRRR RN \f\i?%l??i]l
EERERERRERRSZ ' ‘ -

Figure 7.45: Models for vertical buckling analysis of embedded rail structure
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Modern Railway Track 7 TRACK STABILITY AND LONGITUDINAL FORCES

7.5.4 Track laieral behaviour

Numerical models imple- oy (HalE W . .
mented in CWERRI can x (Half Wave Length 4) . Peak amplitude (n)

analyse the track behav-
iour in lateral direction: as ekt
well A model with which VP WL (P\
the lateral behaviour of a Bt oY ¢
classical - track. can be
analysed is shown in
Figure 7.43.

Truck Center
Spacing (TCS)

The lateral behaviour is  Bogie Centre Spacing
modelled by non-linear (BCS)
spring (parameters - Fp,
©Fl, Wp, Wl and o), longi-
tudinal, vertical and tor-

sional behaviour - by
linear springs (Kl, Kv, and
Kt)

This model can be Lused
for the analysig of straight Figure 7.43: CWERR! model for stability analysis. Top (a) and side view (b).
as well as curved: tracks,

which means . that the
effects of centrifugal forces in rails caused by a moving train are taken into account. A track can have

a horizontal misalignment in the middle approximated in the model by a sine function which is charac-
terised by a half wavelength & and peak-to-peak amplitude (h), as shown in Figure 7.43a. -

The rails are modelled using 3-D elastic beam elements. In this model the linear longitudinal and rota-
tional behaviour of a track is assumed and, therefore, finite elements have been used for ballast, fas-
teners, and linear spring (respectively stuffiness Ki and Kt in Figure 7.43). The beam elements
representing the rails are supported by linear springs with the stiffness Kv, according to the Winkler
foundation mode!. The static vertical deformations of the track due to four axle loads representing a
train are denoted by a dashed line in Figure 7.43b. '

Lateral behaviour of a classical track is to a large extent defined by lateral resistance of ballast. An
experiment has shown that lateral behaviour of ballast is non-linear (e.g. a single sleeper test [298)).
That is why an elasto-plastic spring element is used to model ballast behaviour in the lateral direction
[282]. The element can describe two types of non-linear behaviour, namely elasto-plastic with soften-
ing or bi-linear, as shown in Figure 7.44. The bi-linear model is usually used to describe ballast lateral

s Model with softening ; s Bi-linear model
Hl .1\
Sinax \ Sm L.oaded
%
I Loaded :
§ ji Fy i § o k Unloaded
e iz K Unloaded @
8 : &
o 1 : 2 - Uplift
@ N )
2 .. Uplift &
T T
o) -
el
c a4 >
"o
Figure 7.44: Model of lateral :
behaviour of ballast Lateral displacement Lateral displacement
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Modern Railway Track 6 DYNAMIC TRACK DESIGN

By using the Fourier transformation of the

response displacement w(t) for a unit impulse rail s [H (D e [H, W (PR
displacement y(t)=8(t), in equation (6.13), we * p—
arrive at: : A £ =018
5 4 \x v =50m/s e
. . N_—-_—-—-_’
H, (@)= _"iC’L-é (6.15) _,/fj
k+cio—mo 0 i ,
‘ ‘ 0 2 4 6 8 f[Hz 10
Using the expressions (6.7), (6.8) and using © =
2nf, we can then write: | + ! 5 } —
, o 25 12.5 8.3 6.3 Alm] 5
oy Q‘in } argH, ., (f) = argH, e.(7)
= n \ )
Hy L, ()= = - (6.16)
1-L +j20+ -1
2o, ' \
-2 .
The magnitude and phase of this function are 5

given in Figure 6.6 using the indicated values for f, 0 2 4 8

and {. This time linear scales are used. The rela-

tion between the forced frequency f and the wave-  Figure 6.6 Transfer functions of vehicle model
length A of the rail roughness is f = v/A in which v is

the speed of the vehicle. The i-axis is also drawn

in the figure assuming a speed v = 50-m/s (180 kmi/h).

8 f[Hz 10

Another interesting quantity, in this respect, is the transfer function for the wheel force F,, in the con-
tact point. This force follows directly observing Figure 6.5:

F,(t) =kz+cz (6.17)

The transfer function in this case is therefore:

H,_ (o) = k+ciw v A (6.18)
To establish the transfer function with y as input, we also need the transfer function from equation
(6.14): :
mw? '
Hy (@)= —20 | | (6.19)

: 2
k+cim—-mw

The transfer function between the input displacement y and the output F, is now simply the product
of (6.18) and (6.19): '

2, .
H,r(o)= mo (kK + cim) (6.20)

; 2
k+tcio-mwo

Using the expressions (6.7), (6.8), and o = 2xf, we can write:

1+/2'gf—f

Hyarlh) = kGt (6.21)
1—]§+I2L_,f—

n n

This transfer function, divided by k, is also depicted in Figure 6.6.

111



6 DYNAMIC TRACK DESIGN

Modern Railway Track

10.00 a F 1
| 7 Y
\ o
= Wi L
g R Zan w
& 1.00 = K c
Z X § {
2 \ - 5
:[a \ \ K i
5 \ NI ¢ = 1.0 A? %ac
3 £=1 ' 1
7 AN
g 0.10 3\& £=05 yndamped natural
[ frequency [HZ]:
g Y =
5 £=02 Y
NN ¢=01 7 T30V
£ =0.05
0.01 £=0 damping ratio:
0.1 1.042 . f/f‘ 10.0 . c
) n 5 = -
2 km

f = excitation (impressed) frequency [Hz]

Figure 6.7: Principle of vibration reduction

6.2.3  Wheel/rail forces due to dipped rail joints

The wheel rail forces, which act as dynamic loads to the
track, follow from the interaction between vehicle and
track. If high frequency phenomena in relation to loads
caused by imperfections in wheel and rail geometry are
the objective of the analysis, the so-called Py and P,
forces have to be considered as displayed in Figure 6.8.

The forces are described by the following equations, as
given by Jenkins [137] (see also Cope [37]):

P+ 20y |11 (6.22)
T+mey/m,

Py

i

If the transformation of the input func-
tion y(t) is obtained analytically or by
means of measurements, the corre-
sponding transformation for the dis-
placement or the wheel force can
easily be calculated in the frequency
domain followed by back transforma-

~ tion to'the time domain. To the result
of the dynamic wheel load the static
wheel load (= mg) should be added to
get the total wheel force:

In Figure 6.7 an example is worked
out in which the vibration transfer
from a periodic load to the base of the
1-mass spring system is calculated.
This is the situation encountered in
vibration reduction problems regar-
ding track in tunnels in densely popu-
lated areas. The lower the natural
frequency of the 1-mass spring sys-
tem the better the excitation fre-
guency components are reduced or,
in other words; are filtered out.

A

S Dynamic amplification

Q
Q

Time [ms]

Py

T >

] T T T T

T gl
2.4 6 8 10 12 .14 18-18 20 22

Figure 6.8: Wheel/rail impact forces

P, = Py+2cv-| M [7~ °rt } [krom, (6:23)
my+ My [Kro(my, + mMyy) ‘
in which: , ,
Pg = static wheel/rail contact force (identical to Qg;) [kN]
20, = total dip angle at joint [rad]
v = train speed [m/s]
Ky = linearised Hertzian contact stiffness (see also equation (2.12)) [N/m]
mt4 = effective track mass for P4 calculation (ko]
My = Unsprung mass [kg]
mrp = equivalent track mass for P, calculation - kgl
ko = equivalent track stiffness for P, calculation (identical to kyy (5.5))  [N/m]
CT = equivalent track damping for P, calculation [Ns/m]
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Modern Railway Track . 6 DYNAMIC TRACK DESIGN

An approximate formula is given by Alias [3]:

P=Py+A2av, jkm, : (6.24)
in which:
A = dimensionless factor depending on.track damping (£ 1);
¢ = track stiffness [N/m].

6.2.4  Track excitation origins

The excitations originated‘ from - track
induced ~ forces  are summarized in
Figure 6.9. For short waves in the order of

- Wavelength A "4
+ Frequency f A= —f—

centimetres rail corrugation, wheel irregulari- < @o\" N
ties, and weld imperfections are the most & & & &
important factors. For such high frequencies \g\q’% o\»\\@ . Qp’l@é& .

" (up to 2000 Hz) the Hertzian contact spring |~ & < ) © N /E[m]
between wheel and rail should be takeninto ~ " " ° PR T
consideration. A S, 4
Rail rolling defects have wavelengths inthe 4 %, % %, “,
order of 3 m. The natural frequency of - ,0/7%,)% % o NCN
bogies is in the order of 20 - 25 Hz, whereas 2, %,//.) 00@0 S, A Q .
the sprung mass has a lowest natural fre- Oo/ye&‘ % <

quency between 5 and 0.7 Hz and therefore

primarily influences ballast and formation. Figure 6.9: Track excitation in relation to frequency

6.3 Track modelling

6.3.1 General considerations

The type of interaction phenomenon to be described determines to a large extent the structure of the
model and the degree of refinement. In the case under consideration here, the track is of prime impor-
tance. The guality of the track, however, is assessed on the basis of vehicle reactions.

To describe high frequency vertical vibrations associated with corrugations and poor quality welds
use is made of a track model anda wheelset connected in the wheel/rail contact area by means of a
Hertzian spring.

Vehicle reactions associated with low frequency track geometry are analysed on-the basis of a
number of very simple models in which track stiffness. is not taken into consideration. Running char-
acteristics and aspects relating to stability are totally disregarded in such analyses.

6.3.2  Transfer function between track load and track displacement

The track structure can be seen as a system consisting of rails which are elastically supported by
means of rail pads by sleepers spaced at a fixed distance. The sleepers are supported by a damped
elastic foundation consisting of ballast plus formation [102], [33].

Figure 6.10 shows three models which can be used to describe the track structure. The parameter
values used in these models are shown in Table 6.1, ‘
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F(t) = Q e El =4.510% Nm?  ‘rail bending stiffness
| @ % M, =350 kg unsprung wheel mass

E : . ky = 1:4.10% N/m Hertzian contact spring stiffness
I I ET T I ITEYEY]

] ] ) ] ; m =119 kg/m  track mass (single beam)
Singte beam on an elastic foundation with damping my =54.43  kg/m - rail mass (double beam)
. @ : , m, = 157 kg/m .. sleeper mass (double beam)
= 7 2 - : .

= i T T T ] i i i i k =410 N/m*  track stiffness (single beam)
ﬁrHJJfTLHfIHJJ?lHJ[?]Hf IHJELH[? ﬁ’]? l‘#} ﬁjf ‘LH} ks } Tk =2510° N/m?  pad stiffness (double beam)
g% S Llr, % ,_lrjé $ % Hlj $ HIJ % 4_, $ HIJ % Llrj '$ 41 % L%.I % L}.l % I{JE ko =4.107 'N/m? foundation stiffness (double beam)
‘ Double beam : ¢ =1.210°% Ns/m? track damping (single beam)

¢y =9.10% Nsim? pad damping {double beam)
. (© ' cp =1.210° Ns/m? foundation damping (double beam)
' K, ) C, K, ! C, K, ! C, K, ! C, : Table 6.1: Survey of different track parameter values
i i used in the dynamic models
' K: 3 4G, K, 3 HC K3 HG, K, $C, 9 i

; Sleeper spacing i

i [ | |
I t | |

Beam with elastic supports

Figure 6.10: Different models for describing dynamic properties

6.3.3 Beam on an elastic foundation

The simplest dynamic track model consists of a beam on an elastic foundation with a continuously
distributed stiffness and damping, as shown in the drawing in Figure 6.10(a). The beam is considered
an Euler beam in which the rotational inertia and shear force deformation are disregarded. The load
exists of a concentrated load at x = 0 with a magnitude of:

F(t) = Qe™ | ' (6.25)
where

w = 2nf (6.26)

The equilibrium conditions of a beam element are, considering Figure 6.11;

90 e (2 4 Y
axdx— (m ar?” al‘+ky)dx (6.27)
_ oM
Ddx = ) dx ; (6.28)
The constitutive equation reads:
M
)2
M= -2 (6.29)
ax ,

Figure 6.11: Beam e/ementvmodel (dynamic)
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Modern Railway Track i 6 DYNAMIC TRACK DESIGN -

From equations (6.27) to (6.29) the differential equation of the problem can be derived:

E/E)d'y(x. f) “m 82y(x, B,

dy(x, t)
axt ot? at

c +ky(x,t)y=0 {6.30)

The solution of this differential equation can be found by splitting variables:

it

yix, = wix)e ‘ (6.31)

Thus (6.30) can be rewritten in short notation for spatial derivatives to x:

Em' + [k~ mao’ +imc]w =0 (6.32)

This differential equation is very similar to the equation (5.15) for the statically loaded and elastically
supported beam. However, the foundation coefficient k in (5.15) must be replaced by the complex
coefficient k* according to: '

Kk = k-mo’+ico o (6.33)

or, in polar form:

: cw
i atan

k* = J([k-mwz]2+c2co‘2) e k-ma? , (6.34)

The displacement w(x) is now also a complex quantity. The boundary conditions are the same as in
(5.16) for the static case. For further considerations it is important to know the flexibility function H(f)
between displacement and load at x = 0 according to:

Hpy =9 1 (6.35)
Q 8EIR°
wherein:
S ‘ ‘
P 1E (6.36)

Using the substitutions for f, (6.7) and  (6.8) and the formulae (6.34) and (6.36) the flexibility function
according to (6.35) can now be written as:

3
. E
_ 1] fZJ DT
HA)= 5z 1‘[7_;3 +4( 7 e (6.37)
in which:
i
2 —
» = - Zatan , | (6.38)
4 £ )
f2
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in equation (6.37) L is the characteristic length (5.20). If f is zero (static case) (6.37) becomes identi-

fw'\\

cal to inverse total spring constant 1/ki; according to (5.45): o
L».,‘

N A

H.0) = Skl BE) | (6.39) E’”

The modulus of the transfer function is given by the term o
preceding the exponential function in formula (8.37), IH(OH(0) , e
whereas (6.38) describes the argument.

Figure 6.12 shows the result obtained using (6.35) and

(6.39) with the same values as used fore the simple
beam.

The correlation between this solution and that of the 1-
mass spring system Figure 6.4 is striking. Both transfer.
functions have the same form (for { = 0.87). However,
compared to the 1-mass spring system, the order of the
distributed system is 1.5 instead of 2.- Therefore the
slope of the asymptote-in this case is ZOlog(T/(f/fn)3/2) =-
30dB/decade or —9dB/octave.

o
ki
i
ke
m

The phase- approaches -3/4w instead of = for high fre-
guencies. ‘

-3 1 . I
The complex characteristic length A is obtained from 10 100 1000 finz]
(6.35), defined by:

Figure 6.12: Transfer functions for track modelled m
as a single beam EH
=1 (6.40)
P a
For small values of the frequency A approaches the characteristic length L. To find the actual wave- h
length A must now be multiplied by 2r. The modulus of this natural wavelength A, is therefore:
: [l
i !
A, = |28 (6.41) oo (] -
B 6 l’ T T T Y
and is plotted in Figure 8.13. At 1500 Hz A, reaches a ol M”‘zﬁ:sst‘:ﬁéa:r :
value of twice the sleeper distance (= 1.2 m). For higher 4 ]
frequencies the schematisation based on a continuous 37
support is thus no longer permissible. 2r : T ”
Double beam 0 R— 1 NI S
10 100 1000 f[Hz] o
When the track structure is schematised as a double arg(h,) [rad] -
beam, as shown in Figure 6.10(b), in which the top beam ~ °° T N
represents the rail and the lower beam the sleeper, the | : \
displacement as a function of the load will also be deter- 0t
mined.
, 0.5
The upper beam, which represents the rail, has a distri-
buted mass my and.a bending stiffness El. The sleepers ] L L

are represented as a continuous beam with a mass ms 10
and a bending stiffness of zero. The connection between

the two beams consists of the rail pads with a stiffness k4 ‘
and a damping cy. The ballast contributes o the mode! Figure 6.13: Natural wavelength. versus frequency
with a stiffness k, and a damping ¢, ‘

100 ‘ 1000 f[Hz}

LA
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6 DYNAMIC TRACK DESIGN ™ Modern Railway Track

The differential equation of the problem can be obtained in analogy with (6.30):

- X -2 .
E/d vv(x.t>+md W(X'“+c

ax’ at’ Jt

dw(x, )

+hkwix. t)=0 (6.44)

The moving wheel load QJ(x-vt) will be accounted for later in (6‘.53) asa boundary condition:

After introduction of the new dimensionless variable s, indicating a moving set of variables:

. - . k- 1/4_ 1
s = AMx-vt), wherein. A= (4_E/) =7 (6.45)
after substitution in (6.44):
dw _,dw gw_ , dw
= " st ot Av Jo gtc (6.46)
for the homogeneous normal differential equation in the variable s it follows that:
d'w, . 2dw dw., :
— 40" —(s)-8uf == (5)= .
ds4(_5)+ o dsz(s) 8af ds(~S)+4W(S) 0 (6.47)
in which:
y = L (my dimensionl 6.48
o= 5 nE/) (dimensionless) ; (6.48)
p= 2 (1) (dimensionless) (6.49
2m Nk 49)
Note that the quantities in (6.48) and (6.49) have the following physical meaning:
L =theinverse of the static characteristic length of the track (1/L);
o. = the ratio between actual speed and critical speed (resonance);
B = the ratio between actual damping and critical damping (9.7).
Inserting w = e’ in (6.47) results in the following algebraic equation:
y4+4oczy2— 8ofy +4=0 (6.50)

Note that the four roots will generally be complex. All roots are significant here because there is no

symmetry as is the case in the static problem. [n order to meet the condition w(+ee) = 0, the solution
must be expressed as:

sz0 w= A7e7’s + AzeYES (roots v4 and vy, should possess a negative real part) (6.51)

s<0 w= AgeYJS + Aﬁle“S (roots v5 and v4 should possess a positive real part) (6.52)

The coefficients A; are generally complex. The solution w(s), however, will be real to have physical
significance.

,,,,,
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The dynamic theory of double beams is analogous to the static theory discussed in section 5.4. The
expressions for the rail deflection can be applied if the static degrees of stiffness kq and Ko are
replaced by their dynamic equivalents:

il

K=k, —m,0°+ic,o (6.42)

k; = k2~m2032+i02(o | _ (6.43)

in much the same way as was done with the single beam theory.

By numerical evaluation of the expressions (6.35) and

(6.39) with the appropriate values indicated in Table 6.1 IH{HIH0)

(double beam) the modulus and argument of H, are 10 T '

found. Both functions are illustrated in Figure 6.14. By

way of comparison the functions for the single beam are 1

also shown. double
0.1t

Beam on an elastic foundation (Moving load) 001
10

When considering dynamic track loads it is usually

assumed that the load is stationary. The running speed 0
does, however, have a certain influence on the dynamic
interaction between vehicle and track because the point
of application of the load moves with the running speed.
Timoshenko . [263] examined this problem for an

argH (f) [rad]

double

undamped elastically supported rail. Later on Fryba [98] 2 single
included the influence of damping as well.
-3 1 L
In the following discussion the general case is consi- 10 100 1000 - T1H7]

dered based on a single beam on elastic foundation With ¢ 6.14: Transfer function for track modelied as
damping according to Figure 6.10a. The beam is loaded  a double beam

by a moving vertical ‘constant load. The appropriate :

model for this system is given in Figure 6.75.

Quantities:

Q 3(x-vt)

El, m k |

EEEIEEEL

w(x,t)

s " x < Qo =®~o03Mm

“Figure 6.15: Beam model with moving load

The solution method chosen here is again directed to the use of complex calculi in order to obtain

numerical results, rather than first explicitly deriving the analytical expression for the dynamic deflec-
tion.
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Modern Railway Track 6 DYNAMIC TRACK DESIGN

Figure 6.16: Trarisfer condition at s = 0

The transition conditions at s = 0 result in the following equations:

W, =w, »nA;+A=A+A,

»Agtst AgYa =AYyt AT,

(6.53)
M= M, ’)A3V§+A4Y<2; =Av2+ A2 _

Q+D. =D, »TE—_/QK_3+A3Y2+A4Y3=A1Y3+A2Y2

Note that the last condition in (6.53) can be obtained using equations (6.28), (6.29), and Figure 6.16.

Writing this system of equations in matrix notation gives:

11 -1 -1 ||A,
Yoo Y2 Y3 Ve [Ay
ov: v v || A,

| v v vE A,

(5.54)

il

N

[
@O O O

in which the factor w, = Q/(SEIXS) represents the maximum static deflection. Apparently, if this fac-
tor is set to one, the solution corresponds with the dimensionless relative displacement n(s) in the
static case (v = 0). This will be useful to compare the dynamic solution (v = 0) with the static one for
various values of o. and B3, and to determine the amplification factor.

After solving the matrix equation (6.54) the constants A, are known and the relation between the
deflection and the distance can be drawn. Figure 6.17 shows the characteristic wave shapes of the
relative displacement of the beam for several values of o and B in the case of undamped (8 = 0),
lightly damped (B = 0.1), over critically damped systems (B = 1.1), static situations (o = 0), subcritical
velocities (o = 0.5), critical velocities (o = 1), and super critical velocities (o = 2).

The fourth row in Figure 6.17 shows that the maximum amplitude of the displacements is moving

behind the location of the load for super critical velocity. For the critical speed.{x = 1) and undamped
case (B ='0) the wave amplitudes became infinite.

For a lightly damped system (middle column) a similar behaviour takes place. The wave shape calcu-
lated for oo =1 shows large amplifications. For an over critically damped case (B = 1.1) the wave forms

are asymmetric with respect to the load and show no amplifications anymore with respect to the static
case.

In Figure 6.18 the ratio of the maximum deflection is given as function of the ratio of the load velocity
and the critical velocity o. for several values if the damping ratio is B. The equivalence to the fre-
quency response function of the simple spring-mass system is striking. For small damping ratios the
wave amplitude shows severe amplifications. ‘
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Figure 6.17: Wave shapes versus relative distance

Critical train speed

As can be seen from Figure 6.18, the critical speed
or velocity is situated on or near the velocity ratio o
= 1. According to equation (6.48), it can be derived
for the critical speed v, that:

v2 = 2 KEl (6.55)
m
in which:
m = rail mass per length;
K = track stiffness;
El = bending stiffness.

At conventional speeds the influence is negligible
as these speeds are much iower than the critical
speed vg,. Forinstance, using the track parameters
listed in Table 6.1 | the critical speed amounts to
475 m/s: A speed of 200 km/h thus corresponds
with oo = 0.12. According to Figure 6.18 this would
give ‘a very low dynamic amplification and the
effect of the load travelling speed can therefore be
neglected.
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For tracks of good quality the critical speed lies far beyond the operating speed, but with poor soil
conditions or other mass/spring configurations the critical speed can be so low that special measures
are required. In case the train speed approaches the wave propagation speed, the soil may experi-
ence a liquefaction type of phenomencn as seen in Figure 6.19. An actual measurement in track on
soft soil is shown in Figure 6.20.

5+
8 N

: P Critical train speed
7 - =7 \\

-9- “X
\
\

Figure 6.19: Wave propagation at high speed

Vertical displacement [mm)
=

11 \
4 ‘High speed-train \
-12 ]
il & IC train \
13
4+ ;
120 150 180 210 225 240

Running speed [km/h]
For the undamped case (left column of
j . i fi la exists [98] for ‘
Flgure .6 17) g_s m.p]e ormuia exis [ 8] or.the Figure 6.20: Actual measurement on soft soil
dynamic amplification:

Wdyn _ 1

Wstat v 12
(o)
: Ver

(6.56)

6.3.4 Discrete support

The model in Figure 6.10(c), in which the rail is supported in a discrete manner, gives the best
approximation. Such an approach also lends itself to the application of standard element programs
programs which will be discussed later in Section 6.9. These element method programs give great
flexibility as regards load forms and support conditions.

6.4 Vertical wheel response

6.4.1 Hertzian contact spring

During vehicle/track interaction the forces are transmitted by means of the wheel/rail contact area. On
account of the geomietry of the contact area between the round wheel and the rail, the relationship
between force and compression, represented by the Hertzian contact spring, is not linear as has
already been discussed in Section 2.7. The relationship between force F and indentation y of the con-
tact surface can be written as:
2

F=c,y” (6.57)

in which cy INm¥21is a constant depending on the radii and the material properties.
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Since a description of the wheel/rail relationship using transfer functions requires that all components
are linear, the Hertzian spring must also be linearised. This linearised value of the stiffness can be
found by considering the relationship between the force and displacement increments around the
static wheel load. The linearised Hertzian spring stiffness ky is then:

= aF _ §02/3F1/3

% " 3% (6.58)

Jenkins e.a. [137] determined the ky value for old and new wheels as a function of the wheel diame-
ter. For a wheel diameter of 1 m and a static wheel load of 75 kN, a ky value of 1.4 10° N/m is found
for new wheels and 1.6 10% N/m for old wheels (see also Section 4.11).

6.4.2  Transfer functions between wheel and rail

Figure 6.21 shows the model of a wheel which is connected to the rail by means of a Hertzian spring.
From the equilibrium the following is obtained:

Fu+M,y,=0 (6.59)
with:

i2nft_ - it

Yo = Vu® Yw® (6.60)

The transfer function of the wheel is obtained from (6.59)

according to: M,, Wheel mass

. & _
H (f) = Yw _ 1 (6.61) ¥ Wheel displacement

Fy i Dynamic part contact force
In the following, the relationships between wheel dis-
placement at axle box level and vertical rail geometry, as
well as axle box acceleration and vertical rail geometry Fol=r :
are examined. These relationships are important when ¥y Geometry rail surface
analysing phenomena associated with corrugations and 1
poor quality welds. These transfer functions also formed
the basis of the calculations which were carried out when Figure 6.21: Hertzian spring force acting between
designing the BMS-2 system discussed in Chapter 16. wheel and raif

é K, Hertzian spring stiffness

Y, Rail displacement

The relation between the interaction force Fy and the change in length of the Hertzian spring is deter-
mined by: '

Fr = KylYuw=Yr=Y4l (6.62)
in which:
Yw = vertical wheel displacement at the level of the axle box;
Yr = vertical rail displacement under the effect of F;
Yg = vertical rail geometry;
kg = linearised stiffness of Hertzian spring;

Fr

dynamic component of wheel/rail force.
If (6.62) is transformed to the frequency domain and the Fourier transformations are indicated in
capital letters, the expression can be written as: '

Y (F) = Y, (F) =Y ()= Fu(f)/ky (6.63)
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Using the previously derived transfer functions for the double beam in Section 6.3.3, wheel (6.61),
and the rail (6.35), the wheel and rail displacements can be expressed in the wheel/rail force:

fl

Y (F) = Hy(F)Fu(f) | (6.64)
Y(F) = H{F)F(F) v  (6.65)
After substitution of both in (6.63), this expression becomes:
V() = (T = FF = 1/ FlE) - (6.66)
= H (FYF(F) . , » (6.67)

The relation between wheel displacement Y,,(f) and rail geometry Y(f) is now obtained by substitu-
tion of (6.64) in (6.67), which resuits in:

. H , '
Y (f) = H—:va(f) (6.68)
Furthermore, by differentiating the wheel displacement twice according to:

Vulf) = -0 Y, (F) | R (6.69)

and substituting this result together with (6.61) in (6.68), the relation between axie box acceleration
and rail geometry becomes:

Y (F) = =M H (1) YulF) = Hy(F) YulF) : (6.70)
in which:
. 1
HylF) = =M, [ H, () = H () - © ] (6.71)
This transfer function forms the
basis of the measuring principle of A H,(D
BMS-2 [268] (see Chapter 16) and 104

is illustrated in Figure .22 in
which the moduli of the various
contributions are plotted, as is the 5k

. 10
modulus of the resulting transfer s
function.

The contribution of the rail is calcu- 10°¢ :

lated wusing the double beam [ Hertzian spring

model based on the appropriate '

data in Table 6.1 (double beam). 107 ¢ .
_ Wheel ™ Rail

Figure 6.22 shows that the wheel

produces by far the greatest con- 108 = —— ——

tribution in the frequency band up : 10 100 1000 f[Hz] 10000

to about 50 Hz. The rail is mainly ,

responsible for the behaviour in. Figure 6.22: Transfer function between rail geometry and axle

the 50 to 1000 Hz band and the box acceleration

Hertzian spring determines the

behaviour above 1000 Hz.

123




6 DYNAMIC TRACK DESIGN Modern Railway Track

H.(f) |
i\ I Y
100 3 k’“@.&) 4 1 weak ) »1
e , 2 normal Y
- S, 3 stiff
3 \
10 =
= e
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. _,\ _A arg Hy(t)
«""’”‘
0.51 4 =
0 T T T T T T =TT TTTT T T
10 100 1000 10 100 1000 2

Figure 6.23: Influence of track stiffness on transfer functions Hy(f)

Since corrugations appear predominantly between 10 and 1500 Hz, it is clear that the track construc-
tion in particular has a very great influence. The guestion is whether, when measuring corrugations by
means of axle box accelerations, the variation in track condition can be disregarded. This is examined
by varying the track stiffness k4. Figure 6.23 shows the various contributions: made to the transfer
function according to formula (6.42) for standard track with a stiffness k4, for track with a low stiffness
of 0.5 k4, and for track with a high stiffness of 2 ky. Differences due to the characteristics of the track
only show up in the frequency band between 60 and 200 Hz. As a result of system damping due to
half-space radiation, for which we refer the reader to [208] and [231], the effect remains limited. No
special measures have therefore been taken in the BMS-2 system.

8.5 Linear vehicle model

6.5.1 Schematisation

Transfer functions between track geometry and vehicle reactions can be determined using mathemat-
ical models. Figure 6.24 shows a very simple model which describes the main dynamic response of
the vehicle. This model can be used to calculate the various relations between track geometry (con-
sisting of cant, level, and alignment) and vehicle response in the form of Q and Y-forces between
wheel and rall, but also to calculate horizontal and vertical car body accelerations [269].

In the following the various transfer functions will be derived first. After a discussion of ISO filtering of

the vehicle body acceleration signals to take account of human perception, a number of examples are
given of transfer functions calculated based on the NS measuring coach.
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Carbody  ©

Primary suspension
Ki+ioCy,

Figure 6.24: Mathematical model for describing vehicle/track interaction

6.5.2 = Response to irregularities in level

Secondary

- suspension

K +iwCy,

Secondary
suspension

Kyt i Cy,

Alignment

When examining the response to an irregularity in level the z displacements and 6 rotations are of

importance. Furthermore, the input will appear four times in succession, i.e. on each of the axles.

The strategy followed here in determining the transfer functions can be summed up as follows:

|

determine the response for four symmetrical and asymmetrical wheel displacements;
combine these so that the response for a single displacement of a wheel is obtained;

combine these 4 inputs from the separate wheels with their respective time lags.

Since the wheels can be assumed to be infinitely stiff, the inputs-act directly on the primary suspen-
sion at points 1, 2, 3, and 4 in Figure 6.24. To start' with, the mass of the wheelsets is disregarded. Its

effect is taken into account later.
Level: case 1

The first mode of vibration is purely a transiation characterized by:

B ~ {
Z,=2,=z3=2,=v, = ve"

(6.72)

if the amplitude is normalized to 1, the following amplitude vector is obtained for points 1 to 4:

B R Gy

(6.73)
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The equations of motion for this load case can be described in the frequency domain as:

~Msw’Z, = 4F, - 2F,
-M,0’Z, = 4F,

Fi= (K, +ioC,)(V,~Zs)
Fy = (Kyy+iwCy,)(Z5-2Z7)

After substitution of:

a = %/\/150)2 bogie
b = %M;-(Dz car body

c =K, +ionC rimary suspension
1z 1z

i

d=K,,+inC,, secondary suspension

(6.74)

(6.75)
(6.76)

(6.77)

(6.78)

(6.79)
(6.80)

(6.81)

the transfer function H*; can be calculated between the displacement amplitude V4 and the response,
L.e. the Q-force Fq and the displacement Z7. At a later stage the displacement Z7 is converted to the

acceleration Z; = —w’Z,. The transfer function Hj is defined as follows:
= Qforce F, for \}j= 1

= car body displacement Z, for \}/- =1

. = car body rotation @, for v, = 1

=1, 4, index of the 4 forced modes of displacement.

For the first displacement mode the transfer functions are as follows:

N 1 1 1
Hy, = F/V, = n—o[—achréabc—ébcd]
. 1
H21 = Z77/V1 = "—ZCd
ng

Hy = ©,/V, =0

where:

ny = 20d—bc+gab—ad—%bd

Level: case 2

N

With this displacement mode both bogies move asymmetrically according to:

_ = _ _ RS iwt
Z7~Zz-~Z3—AZ4—V2—V2€‘

(6.82)
(6.83)

(6.84)

(6.85)

(6.86)

(6.87)

(6.88)

(6.89)

T
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The amplitude vector is:

“
- 1 ,
oy vo= |1 . (6.90)

: i £2 .

Lo -1

U el

-1
J”";"!
h As a result of the asymmetrical movement the car body only rotates and the z displacement is zero.
M The equations of maotion are:

P ~-M;w°Zgs = 4F,-2F, (6.91)
= ~Jp, @00, = 205F, . (6.92)
o ) | ;

. Fy, = (K, +inC,,)(V,—Zs) (6.93)
™~ ' ' :
. . 1
- With:
™~
: _ 2J 2 ’

- by = 5J;0 (6.95)
. 3

-

o the foliowing transfer functions are found:
™
- Hiy = Fi/Vy = 1[—acd+1ab,c—1b7cd} , (6.96)

i n, 2 ’ 2
-~

- H, = Zo/V, = nic(2d~b,) | (6.97)
; 1
m . |
i Hiy = ©,/V, = ;‘_C_‘i (6.98)
: F3y
M‘ with:

: 1 1

- n, = 20d+—2—ab1—b7c——éb1d—ad © (6.99)

Level: cases 3 and 4

1 In case 3 the displacement mode and amplitude vector take the following form:

D Z,=-2,=25=-2,= vy = v3e™ (6.100)

- ‘The amplitude vector is:

)
3 m v, = -1 ' ‘ (6.101)
- 7
1 .
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For case 4 they are:

B

Z,=~Z,=-Z3= 2, =V, = Ve (6.102)

The amplitude vector is:

= 6.10
2T (6.103)

=3 3 [ 3 O

In neither case is the car body loaded. The primary suspensions vibrate independently of each other,

symmetrically in case 3 and asymmetrically in case 4. Whenever a wheelset is bemg considered the
following equations of motion apply:

Ll
—Js, 0705 = 20,F, (6,104
Sy 5 2 b
o 1,
Fy = (K, i0C,,)(Va- 34,04 (6.105)
With:
a, = {/—22J5yc02 | (6.106)

the following transfer functions are found:

r

~-a.c
Hin=F,/V,= ! . 6.107 E
H,, = F,/V, = ! : 108

14 17 Yy a,-2c (6 )

6.5.3 Combination of level results

E3 £

The response due to the movement of one axle can be obtained by combining the above-mentioned
results. For instance, by adding all the results the displacements for axles 1, 3, and 4 equal zero and
axle 2 has a displacement of 4. It can clearly be seen that if the k-th axle undergoes a forced move-

ment with an amplitude of 1, the response, i.e. the transfer function H}j,, can be derived as follows
from the above resuits:

Hi = 4}:H,, ik - . (6.109)

j=1

[n this equation Vik is the k-th element of the amplitude vector vj. The resulting transfer function
between track geometry, in this case level z;, and the respective response component can now be

obtained by adding together the contributions from the 4 axles taking their lag into account. This
results in the following expressions:

Q= H,2Z, | (6.110)

Ze = (Z,~1,0)0° = H,Z, (6.111)

3 £33 K
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Here the transfer functions H4 and Hy have the following form:

Hy = —imf+ > Hye ™ (6.112)
k=1
4
Hy = 07 {H3 —tHyde (6.113)
k=1
where:
1, =0 reference axle (6.114)
T, = L,V (6.115)
Ty = fa/v ' (6.118)
f,+ 0
1, =24 : (6.117)
V .
Uy = the distance between the centre of gravity of the vehicle body in the x-direction and the point
to which the response relates;
Vv = running speed.

The first term.in (6.112) represents the proportion of the wheelset mass in the Q-force.

6.5.4 Response to irregularities in alignment

The vehicle reactions to an alignment input show a strong resemblance to the reactions to a level
input. The degrees of freedom change from z to y and from Q to ¢. If the ¢-rotation is disregarded the
model used for level fits exactly. This assumption will be used here. The transfer function H accord-
ing to (6.112), gives the relation between the Y-force between wheel and rail and the alignment,
whereas Hy according to (6.113), represents the relation between horizontal vehicle body accelera-
tion and alignment.

6.5.5 Response to irregularities in cant

In the case of excitation due to cant, only ¢-rotations occur. As with the response to alignment, where
the ¢-rotations are disregarded, in the case of response to cant lateral spring reactions are not taken
into consideration. Calculation of the relationships between cant and vehicle response is similar to
that for level input. Here again the same 4 forced displacement modes are selected and applied to the
degree of freedom ¢, from which the effect of each axle can then be derived separately.

Cant: case 1

The mode of displacement is as follows:

O =0y =05 = 0y = v, = v, (6.118)

The interaction forces for each axle are equal because of the symmetry. The reaction forces at the left
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and right rail are in opposite directions. The equations of motions for this system are: E
‘JSX(DZq)s = 20,F - 15F, (6.119) r.}
—J,,0°®, = 20,F, (6.120) -
. . . 1;}
S | [
F, = (K7Z+/mc,z)(v,~§q>5ci4} (6.121)
I 1 )
Fa= (K2z+’@czz)(®5—®7)§ﬁ5 : (6.122) b
With: P
« i

a = Js; 0 bogie (6.123)

b = J7Xco2 car body (6.124)
c = (K,Z+icoC7z)/Z§ primary suspension (6.125) m‘

d= (K, + imczz)ﬂi secondary suspension : (6.126)

1 7
n = 2_debc+-2—ab—ad.—y§bd , (6.127)

the transfer functions for this load case are:

. 11 1 1
Hiy = Fy/V,y = FSE[—acd+§abc—§bch (6.128)
Hiy = @,/ Vy = 12cd : (6.129)

Cant: case 2

In this case the displacement mode is as follows:

t

b1 == —03= -0, =v, = \}26/(1) (6.130)

-

In such a case the vehicle body will not rotate: The solution is obtained from load case 1 by putting ¢7
= 0.-The transfer functions for load case 2 are:

1 c(d-a)

H, = F/V, = I2c+d-3 (6.131)

Hyy = @,/V, = 0 | (6.132) C
Cant: cases 3 and 4

Oy T by =0y = 0y = vy = ‘;36’@{ (6.133)

Gr =~y = —by = 0, = v, = Ve ' (6.134) E
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in these cases both car body and bogie are not moving. The transfer functions are now:

Hip= 1= -C | (6.135)
V, Iy
. F7 _ (o) : ‘
Hiq = V. (6.136)

6.5.8 Combination of cant results

Excitation. due to cant produces two response components, i.e. F1 and ¢7. Two outputs can be
derived from ¢7 i.e.

Vo = 0°0,®, (6.137)

Zy = —0°0,®, (6.138)

Here ¢, and /, are the distances between the centre of gravity of the car body and the point to which
the response relates in z and y directions.

Combination of the 4 load cases in order to obtain the input for one axle is achieved usihg the formula
(6.109) in which:

Hi; = Qforce  for vy=1 (6.139)
Hy = @, for v, = 1 (6.140)
The response due to cant:
ANZ =2Z,-2, = ~1.4350, ' : (6.141)
can now be determined as follows using (6.109):
5 4
Q= {J,Xﬁ%+ > kaeim“}q)[ (6.142)

k=1

The first term inside the brackets is the contribution of the unsprung mass of the wheelset. Bearing in
mind (6.141), the transfer function H; defined as:

Q= H,AZ : (6.143)

follows from the relation:

4
_ ® 2 7 § ot
Hy = ‘J’X[1.435} - 7735 2 e | (6.144)
k=1

For the car body accelerations according to (6.137) and (6.138) the relationships regarding cant input
are: '

Yy = H,AZ (6.145)
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where:
4 .
H, = 77‘;—35 W', Hye | (6.146)
k=1
Zy = H;AZ (6.147)
in which:
p
H, = _7_;35 0%, S Hie™ (6.148)
k=1

6.5.7 ISO weighting of car body accelerations

In order to apply the transfer functions to the calculation of vehicle reactions from measured track
geometry, it is necessary to filter the transfer functions. On the one hand, the purpose is to confine
unlimited growth in the higher frequencies. On the other hand, the transfer functions for calculating

car body accelerations are weighted according to the 1SO characteristics which are afso incorporated
in the ride index meters. _ )

The Q and Y-forces are filtered with a 6th
order low-pass filter with the modulus of a 4 Ml Butterworth 3m
Butterworth filter and a zero phase accord-
ing to:

(6.149)

in which the 3 dB pointis at f.. The value 1/f,
is set at 3 m. Figure 6.25 shows the modulus
of this filter function.

. 0.2+
The I1SO weighting is implemented using two

filters for vertical and horizontal accelera- . , j . . ‘ , 1{A Wm;
tions respectively. These transfer functions 0 01 02 03 04 05 06 07 08
are as follows:

Figure 6.25: Butterworth low-pass filter applied to Q and Y forces

vertical:
v y .
(3.5-107°s°+0.1845+ 1)(5.96 - 107 s° + 0.04096 s + 1
horizontal:
h .
(1.67-107°s%+ 01515+ 1)(7.19 . 107 %+ 0.141 s+ 1)
Here s is the complex frequency which in this application can be set at:
s = /'a):/'2rcf:/'%—zf | (6.152)

where & = v/f = wavelength.
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The moduli of the ISO filters are shown in Figure 6.26 for vertical weighting and in Figure 6.27 for hor-
i izontal weighting. The functions are calculated for speeds of 90, 120, 140, 160, and 200 km/h.
e
M
J A M| 1SO vertical — 90 km/h [H] ISO horizontal
14 5% =120 km/h 1
- = 140 km/h — S0km/n
™ 0.8 0.8 - 120 km/h
b = 160 km/h
] 0611 — 200 ki 064 \ — 140 km/h
m T ~ 160 km/h
™ 047 0.4 - 200 km/h
. ] :

il o.2f 027
: 0 : sl : — 0 = e -
: 0 01 02 03 04 05 06 07 08 0 01 02 03 04 05 06 07 08
D /A [1/m] 1/A [1/m]

Figure 6.26: ISO characteristic applied to horizontal car body Figure 6.27:1SO characteristic applied to vertical car body
-~ acceleration acceleration
u
E 6.5.8  Calculated transfer functions for the NS measuring coach
D The transfer functions derived above Primary suspension Secondary suspension
v:]ere calcul_ated for halj Ni_ Vsr:rquIe‘BI{A% Ky =4.7510°N/m Ky =0.18 1065 N/m
: measurin ch in-which the
! the uring coach n v Ky, =0.70 108 N/m Ky, = 0.41 10°5N/m
i track recording system is installed.
d Cqyy =399 10%Ns/m Cyy =1.50 10*Ns/m
Table 6.2 summarizes the relevant para- | Cy;  =5.88 103 Ns/m Cy, =2.20 10°Ns/m
- meters. The results are given in the form
- of the modulds of the transfer function | Unsprung mass
and the argumerjt. The unit impulse | mq = 1500 kg
m response function is also calculated. Jin = 730 kgm?
H Figure 6.28 shows the relationship . Boaie rame T Carbod
M between Q-force and level, Figure 6.29 J - : y -
L between vertical car body acceleration | Ms  =3.1510%kg M7 =3.37 10%g
- and level, Figure 6.30 between Y-force | Jsx  =2.02 10° kgm? J7x =524 10%kgm?
and alignment, Figure 6.31 between lat- | J5,  =2.02 10° kgm? J7y =7.67 10°kgm?
""" eral carr body acceleration -and align- Js, = 3.5610° kgm? J7, =7.36 105kgm?
[ ment, Figure 6.32 between increase in
Q-force and cant, and Figure 6._33 Dimensions
- between ‘lateral car body acceleration ; = 256 T~ o0s
N and cant 2 T <eoom 'k 7090 m
{3 - = 15.66m fy = 0.00m
'”( iy = 278m , = 145m
Table 6.2:  Relevant parameters for the NS vehicle containing BMS
"
-
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|H=0.5(Q+Q,level {(kN/mm] § P=0.5(Q+Q)flevel [kN/mm/0.5657m]

|
7T
. = 90 km/h
\ 1.5 +
6+ = 120 km/h
JA — 140 km/h
51 r ‘\1 = 160 km/h
\ 051 = 200 km/h°
4 4 SRS
34 -0.5+
2 -t
154
1+ L
) ~ 1x [tm] _
7\ \ \m: Distance [m]
0=l L e 25 j ' ‘ >
0 01 02 03 04 05 06 07 08 08 1 -7.5 -2.5 25 7.5 12.5
Figure 6.28: Relationships between Q-force and level
\ IH|=Z,/level [m/s2/mm] \ h=zflevel [m/s2mm/0.5657m]
= 90 km/h
| 0.015+ 120 km/h
= 140 km/h
0.2+ = 160 km/h
0.005 1 = 200 km/h
015+ e
-0.005+
0.1
-0.015+
OKOSJ-
: Distance [m] ‘ )
Opesz f i ; -0.025 — t 1 } f -
0 0.05 01 0.15 -15 -5 5 15 25 35 45

ISO weighted

Figure 6.29: Relationships between vertical car body acceleration and level
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6.4._

\ [H[=0.5 {Y+Y )alignment [kN/mm]

r

| P=0.5 (Yi+Y,Valignment [kN/mm/0.5657 m]

=~ 90 km/h

"""" 120 km/h
= 140 km/h
== 160 km/h
= 200 km/h

! ] 1

Distance '[m}]

!

01 02 03 04 05 06 07 08 09 1 15 25 25 75 125
Figure 6.30: Relationships between Y-force and alignment
A |HI=Y/alignment [m/s¥mm] A h=y /alignment [m/s¥mm/0.5657 m]
= 90 km/h
0.015 T = 120 km/h
0.15 T = 140 km/h
/A = 160 kr/h
[ 0.005 + ?j - 200 km/h
01T =
-0.005 T
0.05 T
-0.015 7
/4 [1/m] Distance [m]
0 > 0.025 } } } : } } -
0 0.05 0.1 =225 175 125 .75 25 25 75 . 125
ISO - weighted ‘

Figure 6.31: Relationships between lateral car body acceleration and alignment
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A |Hj= Q,/cant [kN/mm] \ h=Q, /cant [kN/mm/0.5657 m]
. = 90 km/h
25T T ~ 120 kmvh
= 140 km/h
2+ 05 + =160 km/h
== 200 km/h
1.5+ ’ 0 ==
1T !f 05T
H
{ 5
057} SN 1T
;z \lk {1/m] Distance [m}
0 } T t t t =t ; - -1.5 } t } -
0 01 02 03 04 05 06 07 08 0.9 .1 -7.5 -2.5 2.5 7.5 12.5
Figure 6.32: Re/étionsh/ps between increase.in Q-force and cant
i |H|=Yb/alignment {m/s2/mm] h=y/alignment [m/smm/0.5657 m]
- 90 km/h
~ 120 km/h
e AR = 140 km/h
T ~ 160 km/h
- 200 km/h

0.1

0.05+

0.1
ISO weighted

\ j&&i\ 1% [1/m]
¥ A4 -
T

o

0.15 0.2

0.005 -

-0.005 +

-0.015 +
Distance [m]
-0.025 } f + f ; ; -
-225 175 -125--75  -25 25 7.5 12.5

Figure 6.33: Relationships between lateral car body acceleration and cant
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5.6 Estimate of transfer functions using measured data

' 6.6.1 General concept

The relationships between vehicle and track can be described in terms of transfer functions (see Sec-
tion 6.5), for instance indicating how the various track geometry components contribute to a given
response component of the vehicle. In the previous part the mathematical model approach based on
a schematisation according to masses, springs, and dampers was discussed.

The .method described here uses measured geometry signals as inputs and a corresponding
response signals of the vehicle as output to establish transfer functions with the aid of the MISO
method (Multiple Input Single Output) based on the theory of random signal analysis. The ORE Com-
mittee C 152, set up in 1979, has also dealt with this method and has meanwhile published reports

[204], [205], and [74].

A number of examples are discussed concerning the estimate of transfer functions using recorded
data, with special emphasis on the reliability aspect. In addition, a new concept for the dynamic
measurement of Q and Y forces using measuring wheelsets is discussed.

6.6.2 Basic principles for 1 input and 1 output

Since the primary objective of the theory presented here consists of giving a survey of the main
trends of the theory without entering into all sorts of minor details, no derivations will be discussed. As
far as details and more basic considerations are concerned, reference is made, in the first instance, to
the standard work by Bendat and Piersol {15] and to references [68], [69], [70], [74], and [78] which, in
addition to practical implementations, include information on rail applications.

The theory of random signal analysis distinguishes between the time domain for dynamic processes
(or the spatial domain for geometrical processes) and the frequency domain. The frequency is com-
posed of the reciprocal time or the reciprocal distance for dynamic or geometrical processes, respec-
tively. Although in the following text the magnitude t is used as time variable, this may be replaced by
distance (x or s) too. Likewise, the frequency f may represent both the reciprocal time and the recipro-
cal distance. As a matter of fact, the variables time and distance are interlinked by the running speed.

If the signal x(t) denotes a magnitude in the time domain, the representation in the frequency domain
is obtained by means of the so-called Fourier transformation. Provided. that [".1x(t)| dt <= and conse-
quently also [.|X(f)|df <=, both transformations from and to the time domain read as follows:

xty = [ xwe et , (6.153)

oo

xX(t) = f X(hHe *™af _ (6.154)

‘I these transformations are made digitally, this is done with fhe aid of the Fast Fourier Transformation

(FFT) which is at present readily available in hardware.

If the 1-input-1-output model shown in Figure 6.34 is com-
posed of a linear physically realisable system, the transfer
function H(f) can be explicitly determined on the basis of the
system parameters. For a measured input x(t), with the cor-
responding X(f), an output value Y(f) can be calculated for any
f as follows:

Figure 6.34: One-degree-of-freedom system

Y(f) = H(F)X(F) ' (6.155)

1R7
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If, however, both input and output are measured, it might be wrongly inferred from (6.155) that the
transfer function would follow from the quotient of output and input. However:

Y(h |
HiN= %5 | | (6.156)

Both the real and the imaginary parts of the complex Fourier transformations have, in general, a

rather irregular shape. Therefore, it is necessary to use quadratic spectral density functions, which

must first be subjected to an averaging procedure, so as to obtain an acceptable statistical degree of
reliability. Only after this may an estimate of H(f) be made. This will be discussed later on.

The relationship between input and output is described in the time domain as the convolution product

of h-and the input x according to (6.157). In the frequency domain this complicated procedure is
reduced to a simple multiplication according to (6.155).

y(t) = rh(r)x(jt—r)dt convolution (6.157)

Y(F) = H(F)X(F) multiplication (6.158)

In these expressions h(t) represents the unit impulse response and H(f) the transfer function, interre-
lated as follows:

—i2nft

H(f) = rh(r')e dt

=

(6.159)

h('f) _ J H(f)e—incfrdf

" oo

(6.160)

From the Fourier transformations, spectral density functions may be deduced by multiplying the two
moduli with -each other and by subsequently dividing them by the record length T. This leads to the

complex cross-spectrum Syy(f). If y is replaced by x, a real valued auto-spectrum S, (f) is obtained. In
(6.161), X stands for the complex conjugate of X, :

i

. v i
Sy(f) Jim = X(F)Y(£) (6.161)
T

im 1 j x(Hy(t+1)dr (6.162)
T | 0

i

Ry (1)

Here, too, an equivalent operation in the time domain exists and, thus, leads to the cross correlation
function Ryy(t) shown in (6.162). From the point of view of the calculation technique, this expression is

very similar to the convolution process discussed before. By replacing y by x, the autocorrelation
function R, is calculated.

In an absolutely analogue way, as in (6.159) and (6.160), Syy(f) and Ryy(t) are interrelated by means

of a Fourier transformation. These expressions are known in literature as the Wiener-Kintchine rela-
tionships which read as follows:

(%)
>
<
~
I

r R, (e " gr (6.163)

Py
x
S
ﬁ .
!

- f Sxy(ﬂe—/2nftdf (6164)

An important feature of the auto-spectra is that they are symmetrical with respect to the line f=0, -
which is illustrated in Figure 6.35. Moreover, the area equals the variance according to:

G
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o2 = [ S,(fiof = 2[ SN (6.165)
b 0 :

The cross-correlation function is particularly
useful in determining the shift between two
signals. This displacement corresponds, in
fact, to the place where maximum correla-
tion occurs. Figure 6.36 - illustrates this

approach. N

In quantifying the correlation between two . - f
signals, a consideration in the frequency Oy = aiea

domain is once more applicable, designated
as the coherence vfy(fj) , as well as a con-
sideration in the time domain resulting in the
correlation function p,(t).

These expressions read as follows:

Figure 6.35: Symmetrical auto-spectrum

2 . .
N L 2 ,
2(r>=——RXZ¥(—T)——— 0<p? ()<t ~ ' (6.167)
Pyt = RIOR (0 - PolTE :

In (6.167) R (0) = 7 and Ryy(0) = of. In
addition, it should already be observed here
that the coherence according to (15.136)
only furnishes useful information if the spec-
tra Sy, Syy, and S,, have been averaged
according to the rules to be discussed in
section 6.6.4. This also applies to the formu-
lae for estimating the transfer function H(f)
which will be discussed now.

maximum correlation
R(tm)

Pyy (Tm) =
Xy m Gny

129 T | When y(t) is shifted over ,

maximum coherence is achieved

Figure 6.36: Lag to achieve maximum correlation

From the relationship between input and output, the following relation. on a spectral level may be
deduced: :

Sy (f) = H(F) S, () (6.168)
From this it follows for the transfer function H(f) that:

Sxy(f)

H(F) = 6.169
" Syxlf) ( :
The coherence function yfy(f‘) is obtained from:
H(HS, ()
2 (f) = LA 6.170
Yy (F) S0 ( )
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A simulation study of the influence of non-correlated contributions to the output on the error in esti-
mating the transfer function, published in [205], has shown that about 10% of non-correlated data in
the output leads to an error of about 10% in the transfer function estimate, the coherence being

reduced to about 0.8. Seen from this angle, whilst also allowing for other possible causes, only esti-
mates of H(f) for which yZ,(f) > 0.85 should be accepted.

6.6.3  Multiple input single output (MISO)

The mode! depicted in Figure 6.37 shows
how the g inputs x;(t) produce, by means of q X4(t) yi(t)
linear systems, g outputs y;(t) which together
constitute the overall output according to:

OUTPUT

: y(t)
yity = >y (6.171)
i=1

The outputs y;(t) follow from the inputs by
means of the convolution products:

oo

yi(t)= _rh,(r)x(z‘—r)d‘c (6.172)

Figure 6.37: MISO model

Assuming the process to be stationary, auto-
and cross-correlation functions may be

deduced furnishing, by means of Fourier transformation, the following set of equations in the fre-
guency domain: ’

)

Sy (hH = D S HH(N (6.173)

j=1

in which according to (6.161):
1
Sify = 7_/I£)nw7_X/-(f)Y(f) {6.174)

. .1 _ '

Sif) = T’TN?X"(”X/(” (6.175)
In matrix notation (6.173) reads as follows:

{Sy} = [S,]{H) | : (6.176)

The generation and solution of these g comiplex equations is discussed in section 6.6.5. However, the
formal solution can be written provisionally as follows:

Sy} (6.177)

The reliability of the transfer functions thus estimated follows from the multiple coherence function

yyz_x(f) which depicts the ratio between the output spectrum calculated on the basis of (6.177) and
the measured output spectrum according to:

Syy calculated

Tl = 5 Oyl (fry<1 (6.178)

yy measured

= U]
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After substitution this leads to:

q
DS s

2 - - v '
Tyex(F) 5,0 5,,0) | (6.179)

yy

Summation in the numerator indicates the contnbutlon of the various inputs to the output spectrum. In
this case, too, it is necessary that for a relxable estimate yy () mustlie in the interval

o.ssg«/j,x(f)g o ‘ (6.180)

6.6.4  Statistical reliability

In this section some attention is paid to random errors e, and systematic errors (bias errors) g,. Sys-
tematic errors can be compensated for by correction or calibration according to:

X =X(1-g,) -1<e,<1 : (6.181)
where X denotes the true value and X the estimator. If the systematic error is negligibly small (e <

0.02) and the random error is small (e, < 0.10), the 95% confidence interval for X is given approxi-
mately by:

X(1-2g)< X< X(1+2¢) (6.182)

In this section only some main trends are given. For a more detailed discussion see references [15],
[16], {17], and [106].

Random errors

As stated before, spectral density functions must be avefaged so as to keeb the random error at an
acceptably low value. This averaging procedure can be carried out in two different ways: either by
averaging out the records (ensemble averaging), this number amounts to NSEC, or by combining a

number of frequency components known as frequency smoothing, this number amounts to NA. The
overall number of averaging operations n is thus:

= NA+NSEC ' (6.183)

The random error g, in spectral density functions is inversely proportiohal to ./n and follows from:

1 ) .
SXX__‘,Ef = —)\/-_r—] v ‘ (6184)
7
S, —e = —1 (6.185)
Xy r
2. /n |

The random error g, in the modulus of the transfer function H;, determined by means of MISO, can be
approximated according to:

. _‘2
=ty = |9 F g2 S (6.186)
i r|H,] n-gq n[,n’?.a1—‘\/2 S .
X

XX
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where:

q = number of inputs; _

n = number of averaging operations;

F = 100 o percentage point of the F-distributions, with n4y = 2g and n, = 2(n-q);
y2, = multiple coherence function between input x; and the other inputs.

From the first term under the square root sign it becomes apparent that the number of averaging
operations n must at least be equal to g + 1. In practice, the value of n will certainly have to be one
order of magnitude higher. The random error in the argument of H; follows from:

‘ Gl
argH,— e, = arcsin !—F/—I— (6.187)
!

Bias errors

On the subject of estimating bias errors relatively little is known. For auto-spectra, a Taylor-series
expansion for approximating the bias error may be applied. This leads to the following formula: ‘

BZS, _ 1B: '
ED:Z‘S“;:*EB—E ) (6188)
where: ,
Be = resolution band width = Af = NA/L;
L = record length;
NA = number of frequency smoothing operations;
B, = "half power point" band width = 0.03 m™ for track geometry spectra.

Summary of random and bias errors

Obviously, the requirements to keep the random error and the bias error small are sometimes incom-
patible since:

A‘2
e, .. (NLZ)  (6.189)

; :

o ———— 6.190
JNA=NSEC ( )

Averaging over frequencies soon leads to large bias errors whereas long records and a high value of

NSEC are attractive, but soon lead to measuring problems. The following maximum values of random
and bias errors could be adhered to: '

€

e, < 010
, : (6.191)
£, < 0.025 :

With B, =~ 0.03 rn‘1, this leads to the following choice of parameters:

NA = 4
NSEC = 25 (6.192)
L = 500m

The distance to be measured in this case is therefore 12.5 km. In [205] a minimum length of 10 km
was applied.
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6.6.5 Numerical aspects

The majority of numerical questions forms the subject of a detailed description in references [68],
[69], and [74]. Despite this, some aspects will be explained in greater detail here.

Frequency smoothing
Smoothing of frequencies should be carried

out symmetrically about the line f=0 so as to NA odd NA=3
preserve the even and odd character of the real part » point after

real and imaginary parts, respectively. This ' ; T ‘ averaging
averaging is undertaken separately for the Am i
real part and the imaginary one. If NA is odd, 5

LI [

111
NA values are summed up and divided by | [T

NA. If, on the other-hand, NA is even, NA + 1

X NA even NA=4
points are considered of which the central
NA - 1 points are entirely included and only imaginary part
50% of the 2 boundary points. This sum is h\

frequency index

once more divided by NA. This is schemati- ] ’
cally shown in Figure 6.38.

The generation of MISO equations = - : “B111%

A general routine has been written for gene-
rating spectra, enabling the cross spectrum
of two sets of Fourier transformations to be
determined according to:

Figure 6.38: Principle of symmetrical frequency smoothing

NSEC
= _2__.___ vk K : ‘
Gm = [TNSEG 2, Xm X . « (6.193)

k=1 '

where: }

Xk, Xk . are the Fourier transformations from series k of the ensemble;

, NSEC
NSEC 2, _, stands for "ensemble averaging";
L is the record length.

The factor 2 denotes that what are known as one-sided spectra are used, owing to which only vaiues
for f = 0 are considered.

After the spectra thus established have been-averaged out over the frequency components in accord-
ance with the previously described procedure, the set of equations defined above in (6.176), which
have now been subjected to the required averaging operations,; are obtained:

{Guy} = [Guxl {H} , (6.194)
This is a system of g complex equations, which after the substitutions:

[Gy) = a+ib (6.195)

—=

HY = c+id | (6.196)
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(Gxx] = R+iQ (6.197) .

can be converted into the following system of 2q real equations:

Lj i E ﬂ {j | } (6.198) ;[

The sub-matrices have the following properties:

RT=R (6.199) E
Q’ = _q | (6.200) »
W
Q;=0 (6.201)
"
The set{6.198) may now be written as: ’ b
y = Ax (6.202) -
in which, by virtue of (6.199), (6.200), and (6.201), matrix A is symmetrical. This set of equations can [
be solved using the decomposition method of Crout-Cholesky briefly described in the following sec-
tion. v ' W
- i
Solving equations
| "
In set (6.202) matrix A describes the inputs while the output only occurs in the v vector. In practice, a -
full series of output signals is usually involved, implying that the (6.202) system would then have to be
solved just as many times. In the solution technique of Crout-Cholesky, the arithmetical operations »
are therefore split up into two parts, i.e. into one part which is independent of the output, thus only h
bearing on matrix A, andinto one part affecting the whole system. The single-time operation on matrix
A is designated to factorize and splits up this matrix into two triangular matrices and one diagonal w
matrix, according to: : ' h
A=UDU ‘ (6.203) -
where: Ll
U = upper triangular matrix;
Uij =Of0ri<j;Uii=1; H
D = diagonal matrix; D=0 fori=j. i
This is executed in the subroutine FACBAN. The solution proper is now carried out in two steps by -
means of the subroutine SYMBAN: fu
U'z=y , (6.204) ”
, -
DUx =2 _ ' (6.205)
in equation (6.204) vector z is solved from top to bottom, after which vector x, the solution vector of E
set (6.202), is found by going through (6.205) from bottom to top.
6.6.6  Applicaticns -

The MISO applications described here are primarily confined to the field of interaction between vehi-
cle and track. The method is aimed at determining the relationships between track geometry compo-
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nents, serving as inputs, and a vehicle response magnitude, representing the output. The model
describing the approach by means of MISO is depicted in Figure 6.39. The geometry components
cant, level, alignment, and gauge constitute the input whereas so far only car body accelerations
have been considered as output.

Within the scope of the ORE C 152 work
program a great number of measure- ‘ s
ments were carried out, during which the Response Z
track geometry and the vehicle response ' Vehicle

were recorded .on magnetic tape. During O

evaluation. of these measurements the
coherence turned out to be much too low I

Track
BMS

in variogs cases. In most gases this could Cant ——»{ h, - hyhohahy calculated with
be ascribed to problems in the signal-to- Level . — h, , 3 MISO over ~ 10 km
noise ratio. For example, on some meas- Alignment —»{ hj %’B‘ - predicting response
ured line sections the guality was so high Gauge —» Ny via convolution

that car body accelerations were barely T

measurable. If, in addition, the signals

were not . fully amplified before being

recor.ded onto tap.e, little else but noise Figure 6.39: MISO model for estimating transfer functions between
remains for analysis. track geometry and vehicle reactions

Another importént factor is the frequency range within which the measured signals fall. If this range is
different for input and output, the correlation between the two cannot be expected to be good either.
Such problems occur, for example, if low frequency car body accelerations which have a wavelength
of 30 - 40 m in the higher speed ranges are compared with track geometry measured with a conven-
tional track recording system capable only of measuring wavelengths up to 20 - 25 m.

Conversely, however, problems will also arise if an attempt is made to relate vehicle reactions of high
frequency, such as axle box accelerations and dynamic Q and Y forces, to the track geometry meas-
ured in the waveband between 0.5 and 25 m. In this case the geometry will have to be high-pass fil-
tered to remove the long waves with refatively high energy.

Some examples

The NS track recording car

The NS récording car, in which the BMS

system is installed, is fitted with Y-32 LC.-er[?Tl\mzm] G g Immam-]
bogies which have a very linear spring x oA I
“characteristic. 1000 2 ]

750 1.51

Within the scope of the C 152 studies, a
MISO analysis was applied to this record-
ing car with the vertical body acceleration . 500
furnished by BMS which is considered to

be the vehicie reaction. 250

The results are given in Figure 6.40 to e . 0.0} e
i 0.0 05 1.0 1.5 20 25 )
Figure 6.45. ] A

Figure 6.40 shows the power spectrum of
the track geometry component "level” as a
function of the spatial frequency f [m™]
and the wavelength A [m]. The response spectra at 80 and 120 km/h are shown in Figure 6.41. These
spectra were calculated using 20 records of 500 m length and a frequency smoothing factor NA = 4,
so that the bias and random errors remain within the limits mentioned in (6.191).

Figure 6.40: Geometry spectra recorded by BMS
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GonimEsm] As an exampie Figure 6.42 shows the trans-
GonfmEsm] ” fer functions H, between level and vertical
:b* o ‘} : car body response; the other transfer func-

41 ’ tions are negligibly small.

— V = 80 km/h

31 |\ — V=120 kmn - 01y These are, in fact, the primary results of the

MISO analysis according to (6.177). In

tions have been Fourfer transformed so as
to obtain the unit impulse response functions
hy of which hy is illustrated in Figure 6.43. In
this case, too, all other h-functions can be
neglected, implying that only the level con-
tributes to the vertical acceleration.

A

0+ ) —_—
0.0 05 10 .15 .20 .25 0 15 30 45 60 75
f{m?) Alm]

Figure 6.41: Vertical car body acceleration spectra measured on
the NS recording car

The degree to which the transfer function
IF {msmm-] ‘H"Ems'zmm%]‘ values are reliable is shown by the multiple
124 127 coherence function vZ,,(f) depicted in
Figure 6.44. As stated before, the y7.,(f)
value should be higher than 0.85 if practical
applications are to be made possible. On

094

p

— V= 80 km/h 08
—V =120 km/h

061 081 further analysis of the results, it appears that
1 the vZ..(f) value only meets this require-

03 0371 ment in the frequency bands where the
measured signals contain enough energy.

0 35 70 75 o0 38 00 535 45 o vs This is rather obvious and it also explains,
‘ f (me] ‘ Mm)  Perhaps in a different way, why long mea-

suring sections should be chosen, preferably
with maximum possible variation -in the
geometry spectra.

Figure 6.42: Transfer functions between level and vertical car body
acceleration est/mafed for the NS recording car

To complete the sequence of computations,
h{s2mm-}

A the response is once more calculated as a
unit impulse .02 function of the distance covered by means of

" response v =80 km/h the convolution principle = according 1o
e ~ (6.157), using the unit impulse response

70 -58 4o .28 -1/ \|d @ 28 42 58 70 funct:onsl previously obtameq, and Is com-
: -00 L (m) pared with the response signal originally
measured. Figure 6.45 contains a graphical -

"O2T , representation of the calculated and meas-

) ured signals; the similarity between the

Figure 6.43: Unit.impulse response function based on the data in measured and the calculated response is

Figure 6.42 remarkable.

To quantify the deviation between the two signals, the RDS value (relative difference between stand-
ard deviations) is determined for each 200 m sub-section. The RSD value is defined as:

RDS = GmeaSL/red"Gca/cu/ated

(¢

(6.206)

measured

This value roughly conforms to the value 1- -|vZ. ()] . with respect to which the mean value of 2. (F)]
must be imagined over the area in which the energy in the signal is concentrated. In fact, RSD

denotes the error in standard deviation if the latter has been calculated using the transfer functions
obtained from MISO.

A A

agreement with formula (6.160), these func--
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12108 qnmmmmm s
K
81
6 1
41
1 =V = 80 km/h
21 — V =120 km/h
o0 0085 30 45 0 s
Figure 6.44: Multiple coherence for the estimates in 0.0 .05 .10 .15 20 .25 )
Figure 6.42 f{m-1] Afm]
NS recording coach V=80 km/h =1
calculated RSD=0.03

measured

I 1 mis?

20m

Figure 6.45: Comparison between measured and calculated response based on the estimated transfer function in Figure 6.42

Results of other measurements

As part of the C 152 study mentioned above, Glmm?m-T] level : 104 ¥

various other measurements were analysed Gypylmzs+m1109 7 ]

using MISO. Some characteristic results will 124 87

now be highlighted. 1, gV 160kmh ’

The data contained in Figure 6.46 and 091 o I

Figure 6.47 refer to SNCF measurements of 064 4l

vertical car body accelerations of 3 CORAIL ] Gy ]

coach. - The relationship between these 3l | ‘ 21

measurements - and the track geometry A

recordings made by the Mauzin car have o. 0.0

been 'established. Figure 6.48 shows the 0. 8 16 24 32 40 0 816 24.32 40
coherence to be very poor with a maximum Ml Ml

value of 0.6. o Figure 6.46: Example of bad coherence for transfer estimate regard-
The factors mentioned earlier concerning ing SNCF Corail coach

compatibility in frequency range and proper -
signal amplification are, in all probability, responsible for this. The calculated and measured

responses according to Figure 6.49 show, in a different way, that in such a case the results are use-
less for practical application.

The last example concerns measurements on two-axle wagons of KS design taken by the Hungarian

- State Railways (MAV). Despite the rather non-linear spring characteristic of this type of rolling stock,

the coherence turns out to be fairly high. Figure 6.50 shows the coherence vertically with a peak
value of 0.95. The response calculated according to Figure 6.49 consequently conforms very well to
the measured vehicle response. Considered laterally, the coherence shown in Figure 6.50 turns out
to be somewhat lower with a peak value of about 0.8. As can be seen from Figure 6.51, the agree-
ment between the measured and calculated response figures is nevertheless quite reasonable.
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SNCF Corail coach ~ ¥ =06
calculated
T 1 m/s? —  measured RSD = 0.76
T
20m
>

Figure 6.47: Comparison between measured and calculated response based.on the data in Figure 6.46

A : A v,
£4.F 1.0
E | ®
é 4 = 0.85 N"\v/\
o >
o >
@) | (&} 0.8 4
451 6‘ G22
level Gyy car body 7 0.6 4

30 44

0.4

0.2 H

T —— P— 0.0 L — T T T T -
0.4 0.5 0 8 16 24 32 40
flm-] Am]
Figure 6.48: Example of vertical response for MAV freight car
MAV freight car vertical acceleration
v =0.95
calculated
4 m/s? —— measured R8D =0.12

[‘Hi\ ;’*\%]\Hh ﬂﬁﬂ}\ ’%' ’31 Yalﬂﬁsi\é\?ﬂ”\xi‘\a;\ﬁ t%
T \JW il T A R

—>
20m

Figure 6.49: Comparison between measured and calculated response based on the data in Figure 6.48

in 1986 a short BMS measuring car campaign was carried out in Sweden to provide SJ with geometry
data for vehicle model input. On this occasion SJ also recorded Q and Y forces on a locomotive with
the aid of measuring wheelsets. With these data and the geometry recorded by BMS some MISO
analyses were carried out. These results are summarized in Figure 6.52. In the vertical direction the
multiple coherence is sufficiently high for wavelengths shorter than 8 meter. The transfer function
increases progressively with frequency. This reflects the strong influence of the unsprung mass which
contributes to the transfer function in proportion to the square of the frequency. In the lateral direction
the coherence is somewhat lower. The shape of this estimate has a peak at about 16 m wavelength,
remains more or less constant between 13 and 14.5 m and then increases progressively for shorter
waves. Although the theoretical transfer functions presented in Figure 6.28 and Figure 6.30 refer to
much lower unsprung masses, the shapes resemble the estimated transfer functions quite weill.
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Figure 6.50: Example of lateral response for MAV freight car

MAYV freight car lateral acceleration

~ Calculated
2 —easured

1.0

A o

0.8

0.6 1

0.4

0.2 -

0.0

¥=0.8
RSD =0.28

Figure 6.51: Comparison between measured and calculated response based on the data in Figure 6.50
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Figure 6.52: Estimated transfer function for the Q and Y forces of an SJ locomotive

Measuring wheelsets in order to determine Q and Y forces

When measuring Q and Y forces with the aid of measuring wheelsets, use is made of strain gauges
from which the respective forces are deduced. The required relationships between strains and forces

are determined experimentally -on a roller test rig. He
covered is calculated for one force component which is th

re, the variation in strain versus distance
en kept constant. This is in fact a static-cali-

bration which restricts Q and Y force measurements to quasi-static phenomena [228]. Such a system

* gives incorrect values for real dynamic phenomena at fre

quencies between 2 and 150 Hz. As a mat-

ter of fact, strain gauges do furnish a signal in this frequency band, but the transfer functions between

strains and forces are unknown. These transfer functions
bration on the roller test rig.

could be estimated using MISO during cali-

Static calibration requires that the number of strain measuring points are equal to the number of
forces to be measured, since the experimental test arrangement only enables the relation between
force and strain to be determined; the relationship sought in the reverse direction then follows from
this by matrix inversion. The dynamic relationships in the frequency domain offer a similar picture,

though all the magnitudes are now frequency-dependent.
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STRAINS STRAIN
A i
Xg 1 X4
, W Xa B2
‘ Fi + F;
i
Y -2 Xy ——pl Bis /
4 X ok
F, Fa ‘ Mia -
Measuring principle in the Calibration of wheel-set
frequency domain via MISO

Figure 6.53: Principle of
force measuring by means Fi(f)=Hij(f) Xj(f) MISO Hij(f) h, j(‘f)
of a wheelset > gL

Figure 6.53 shows the arrangement of the strain gauges and the forces acting on the measuring
wheelset. The conventional quasi-static approach remains invariably valid and must be considered

separately from the dynamic calibration.

in order to estimate the transfer functions between the strain gauges and each force component, the
forces exerted by the test rig on the wheels must be varied randomly in the frequency range of appli-
cation. If sampling is carried out as a function of distance or revolution, these realisations should be
repeated at different running speeds. Using these measurement series, the different transfer func-
tions can be estimated for each speed by means of MISO by considering the strains as input and
each force as output, as indicated in Figure 6.53.

During actual measurements the Q and Y forces can be derived from the strains in real time by apply-
ing the estimated transfer functions. These should be continuously adapted to the actual running
speed by interpolation.

6.6.7 Comparison between transfer functions estimated by MISO and calculated with
models

In section 6.5 a simple vehicle mode! was discussed which was used to derive transfer functions,
amongst other things, between level and vertical car body acceleration. These results, presented in
Figure 6.29, have been compared with the estimated transfer functions using MISO, depicted in
Figure 6.42. Both results for the same speed and running direction are displayed in Figure 6.54.
Clearly there is quite good agreement between both functions.

The practical advantage of the model approach is that additional estimates for different speeds can
easily be made, whereas in the case of MISO a test run should be carried out for each speed. MISO
has of course the big advantage that all important natural frequencies are automatically taken into
account.

In practice, a hybrid solution may be: feasible in which a MISO estimate is made for one or two
speeds. After adapting the model parameters in such a way that the MISO estimates are approxi-
mated as well as possible, the transfer values at other speeds can be obtained by means of calcula-

tion.
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8.7

Vehicle response analysis in real time
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Figure 6.54: Transfer function between level and car body acceler-

ation for NS recording car estimated by means of MISO and calcu-
lated with models

In 1988 the computers of the NS track
recording system BMS were replaced by
one powerful computer system. Progress in
both information technology and railway
vehicle dynamics, as described earlier in this
chapter, allowed the development of a Vehi-
cle Response Analysis (VRA) system using
a state-of-the-art Array Processor in combi-
nation with a central minicomputer system.

The central minicomputer is a Digital PDP
11/53 minicomputer connected to an Ana-
logue Devices AP 500 Array Processor. The
software for the PDP 11/53 was developed
under Digital's RT11 real time operating sys-
tem. The combination of a modern PDP 11/
53 under RT11 with the AP 500 Array Proc-
essor gives a state-of-the-art real time sig-
nal-processing system.

The sampling interval of the 5 analogue
BMS-1 signals is 0.25 m. At the maximum
speed of the measuring vehicle of 45 m/s (=
162 km/h) the sampling rate is 180 Hz. For
BMS-2 the 8 channels are sampled at a con-
stant rate of 250 Hz. While the on-line sam-
pling is performed continuously  for both
systems, all 200 m block calculations have
to be done by the system within 4.4 sec-
onds.

From the BMS-1 signals cant, level, align-
ment, and gauge in the 0 - 25 m waveband
and alignment in the 0 - 70 m waveband
VRA calculates the vehicle reactions indi-
cated in Figure 6.55. For 3 types of rolling
stock and 5 speeds the horizontal and verti-
cal car body acceleration, weighted accord-

- ing to ISO 2631, and the 'vertical and

horizontal track load are computed.
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Figure 6.55: Vehicle reactions calculated by VRA

The calculation flow in VRA is shown in
Figure 6.56. The track geometry data of a
600 m block, represented by a 1024 point
complex array, is transformed to the fre-
gquency domain using the FFT (= Fast Fou-
rier Transformation) capabilities of the
Array  Processor. All ~ communication
between the computer and the Array Proc-
essor is performed using a high-speed
-DMA (= Direct Memory Access) channel.

The 600 m record is composed of the cur-
rent 200 m section preceded by a section
of 350 m and followed by a section of 50 m.
The section- of 350 m should cover the
attenuation of the vehicle, i.e. the length of
the unit impulse response. As far as BMS-1
is concerned, the longest wavelength in the
analysis is 70 m and consequently the pre-
ceding section should be a number of times
this wavelength. The section of 50 m takes
the part of the vehicle ahead of the measur-
ing point into account.

At the systems power-up, the transfer func-
tions of three representative railway vehi-
cles at five different speeds are loaded into
the Array Processor. The frequency
domain responses are calculated by muiti-
plying the transformed signals with the cor-
responding transfer functions.

ISO weighted

Car body accelerations

Wheel/rail
forces

Calculation of vehicle reactions

in real time for:

- 3 vehicles: locomotive
passenger coach
freight car

- 5 speeds: 40-160 m/h

Calculations via array processor:

- Fourier transform of 4 geometry signals

- Computation of vehicle reactlons via
240 transfer functions

- Determination of largest variance per
speed range: these decisive 12
values are printed

- Back transformation of selected 12
responses

- Vectorial summation of car body
accelerations

- Recording resulting in 9 response signals

- Determination of exceedences

Track recording System

¥

Y

Analog to Digital Convertor

TGO |

-
—

Collect samples over 200 metres

i

* Build up 600 metre samples

¥

FFT of input signals

v

Multiply with Transfer Functions

¥

Add and invert FFT result

Calculate variance for 60
resulting vehicle reactions

Locate exeedences

T

Print and store variances
and exceedences

Figure 6.56: Calculation flow VRA
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Figure 8.58: VRA-calculated accelerations versus track geometry per 200 m

These resulis are then trans-
formed- back into the- time
domain, i.e. per vehicle and
response component 5 sig-
nals for 5 different speeds.
Next the variances for the
current 200 m section, and
also the force and accelera-
tion levels which are
exceeded are calculated. Per
vehicle and response compo-
nent the maximum is taken
for the 5 speeds. Both vari-
ances are added for the car
body accelerations.

By taking the square root,
standard deviations are
obtained and these are
printed, if desired, after hav-
ing been normalized.

At the time VRA was com-
pleted not all the required
transfer functions were avail-
able. Although the final aim is
to provide the Array Proces-
sor. with - transfer functions
estimated by means of MISQO,
it was decided that the trans-

~fer functions calculated for

the model of - section 6.5.
would first be implemented.
Regarding this implementa-
tion Figure 6.57 shows. a
comparison between  track
geometry and vehicle reac-
tions produced by VRA.

Per 200 m the standard devi-
ations of Q-force and vertical
car body acceleration are
plotted against the standard
deviation of level. Figure 6.58
presents the same informa-
tion in the lateral direction.

Obviously, large variations in vehicle reactions are found for the same geometry values. It will be evi-
dent that the dynamic responses of railway vehicles are by far a better criterion for the actual mainte-
nance status of a railway track than the pure track geometry. From this point of view it is expected that
VRA will contribute to significantly better control of the track maintenance process.
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6.3 Relation between Sperling's Ride Index Wz and {SO-weighted
accelerations ’

I

The Wz Ride index introduced by Sperling is the classical way: of evaluating vehicle ride quality and
passenger comfort [100]. Using modern analysing tools, the Wz factors are evaluated by multiplying
the power spectral density function of the acceleration G,(f) with the squared modulus of the weight-
ing function H(f) and integrating this result over the frequency range of interest to obtain the variance

in that band according to:

Gl = Jf G, (H|H(Hdf (6.207)

0

Finally, the Wz factor follows from:

wz = (03" | (6.208)

in this expression ¢ has the units cmis”. For passenger comfort in the vertical direction:

2 2.2
1.911 FF+ (0.25F%) 2} (6.209)
)

H(f) = Hoy = 0.588[
v (1-0.277 f2) + (1.563 - 0.0368 f°

In lateral direction:

H(f) = Ho, = 1.25 Hgy . (6.210)

For vehicle ride quality, the weighting in vertical and lateral directions is the same and reads: -

2.2 2.2 2 e
[(1-0.056 F)° + (0.645 F*)°)(3.55 %) J (6.211)

HF) = Hay = Hg, = 7.14[
Rvo TR [(1—-0.252 F2)2 + (1.547 f— 0.00444 f*)?)(1 + 3.55 f%)

The transfer functions are represented as a function of frequency in Figure 6.59 and Figure 6.60. The
evaluation scales for the Wz factors were constructed based on vibration tests on pecple and were
supplemented by other test resuits. '

The assessment can be summarized as follows:

Wz passenger comfort Wz vehicle ride comfort
1 Just noticeable 1 Very good
2 Clearly noticeable 2 Good
2.5 More pronounced but not 3 Satisfactory
Unpleasant 4 Acceptable for running
3 Strong, irregular, but still tolerable - 4.5 - Not acceptable for running
3.25 Very irregular 5 Dangerous

3.5 Extremely irregular, unpleasant,
Annoying; prolonged exposure
Intolerable

4 Extremely unpleasant; prolonged
Exposure harmful
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Figure 6.59: Transfer functions used to determine Sperling’s ride index Wz for comfort
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Figure 6.60: Transfer functions Lised to determine Sperling’s ride index Wz for ride

0.2+

Figure 6.61: Relationship between Wz and I1SO obtained from VRA simulations

- sponding

To get a better under-
standing of how the 1S0O-
weighted car body accel-
erations should be inter-
preted, the  Sperling
weighting functions were
also stored temporarily
in VRA. In this way it
was possible to produce
standard deviations per
200 m section for the
ISO-weighted  accelera-
tions and the accelera-
tions weighted according
to the Sperling transfer
functions™ for  comfort.
The latter have . subse-
guently been treated
according to (6.208).

Figure 6.67 shows the
results obtained per 200
m section with the corre-
regression
lines. It should be stated
here that in the vertical
direction the ISO and Wz
weighting functions, are
quite similar. In the lat-
eral direction Wz weight-
ing = deviates  strongly
from the 1SO character-
istic. In fact, the Wz
weighting is not appro-
priate for evaluating pas-
senger comfort in the
lateral direction. For this
purpose the ISO {rans-
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fer function is now com-
monly used.
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6.9 Applications of advanced dynamic models

6.9.1 introduction

[n the preceding chapters we discussed how to model and analyse dynamic track problems. Many
methods were related to single degree of freedom (SDOF) systems, sometimes more complicated
systems were discussed. These methods are valuable in that, with the limited support of some com-
puter power, they are easy to handle in a design process. The disadvantage is that the structure and
loadings are sometimes oversimplified and much experience is required to interpret, if still possible,
the results in a meaningful way.

The application of much computer power
makes it possible to apply 3D finite ele-
ment method (f.e.m.) models. However,

Simple models
Linear theory
Limited number of parameters

the use of 3D f.e.m. models is very time

‘ Model 1-D 2-D 3-D
consuming, both of CompUter power and Analysi SDOF beam models | FEM models | FEM models
manpower. The. time necessary to pre- Linear A hods
pare, to execute, and to interpret one ctatics design methods
single problem is prohibitive in a design CWERRI
process. Unknown material properties Dynamics
and lack of homogeneity limit the mean- . RAIL GTSTRUDL
ingfulness of a 3D analysis. : 1 7

Non-linear | B ;‘ - JANSYS
On the other hand, the support of com-
puter power makes it possible to apply Non-linear ABACUS
. .

more sophisticated models than were Dynamics DIANA

used before. Here an example is given of
such a model, called RAIL, in addition to
the models discussed in section 6.3. The
position of RAIL in the field of track mod-
els is indicated.in Figure 6.62.

Complex models
Complex theories
Unknown material parameters

Figure 6.62: Overview of available software and railway track models for
static and dynamic calculations

6.9.2 The RAIL-model

To assess the vertical dynamic behav-
iour of railway track due to moving rail-
way vehicles, an integrated model called
RAIL was developed at Delft University
of Technology. The model was built up of
two structures, namely the moving train
and the railway track.

. Body/Coach

gﬂ‘_l Secondary suspension

The coaches were schematised by rigid
bodies, pivoted at the bogies by springs
and  dampers. Bogies and wheelsets
were also modelled as rigid masses con-
nected with springs and dampers. The
vehicle model and the track model are
schematically depicted in° Figure 6.63.
Only vertical forces and dispiacements
etc. are considered.

N i
Sleepers/Beam/Concrete slabBed ¥

Figure 6.63. Model of moving vehicle on track structure

Rail and track irregularities are one of the most important sources of dynamic loads generated by a
moving train. In the RAIL model the loads were introduced by means of Hertzian springs travelling
along a sine-shaped or irregularly shaped rail and track surface as explained in Figure 6.64.
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The equations of motion were formulated on the basis of the discussed structural models and were
evaluated according to a direct integration procedure, based upon the concept of time-space ele-
ments. During a time step At the train moves over a distance Ax, which is dependent on the train
velocity v, and 'crosses’ the time-space elements as indicated in Figure 6.65.

——————> Velocity v Time space elements
Moving wheel mass // Path moving loads

T

_._Rail surface

Figure 6.64: Modelling of wheel/rail loads Figure 6.65: Calculation principle of moving trains

6.9.3 A comparison of several different track types

In order to study the effect of several different track types maximum elastic rail deflection, wheel! rail
contact force, and vertical body accelerations were investigated. in the underlying example it is
shown how the properties of both vehicle and track are integrated into one complete model that takes
the full interaction between the two structures into account.

The investigated structures consist of a Thalys train (special type TGV) which travels at different
speeds on either a classic ballast track or an embedded rajl structure (ERS). The ERS track is sup-
ported either by a rigid slab or a flexible slab which is itself discretely supported by a rigid pile founda-
tion. The loads between track and vehicle are introduced by a sine-shaped surface deformation of the
rail. Different wavelengths are investigated for their impact on the results. Three subjects are investi-
gated: the elastic displacement of the rail head under the wheels, the contact forces between wheel

and rail, and, finally, the vertical accelerations of the body, referring to the passenger coach or the
locomotive.

The entire model is built up of two structures, namely, the moving train and the railway track. Each
structure is modelled separately. During the dynamic analysis, that is the numerical integration proce-
dure, the interaction of the two structures will be taken into account.

R e S
5147 14 5.3 18.7 L 18.7 18.7 iE.:ﬂ 14 {115
3 3773 3 3 7373 3

Figure 6.66: Dimensions of a (short) Thalys train as applied in the model

The train modelled here {short Thalys, see Figure 6.66) consists of five vehicles. It is typical for Tha-
lys that bogies between two coaches are shared. The total length between the first wheel and the last
wheel is 99.7 m. Rigid bodies, supported at the bogies by springs and dampers, schematise the

coaches. Springs, dampers, and rigid bodies also model bogies and wheels. Only vertical forces and
displacements are considered.

Regarding the Thalys we applied the following data:
~ Mass (per item): coach 27140 kg, locomotive 54280 kg, bogie 2791 kg, wheel 1013.5 kg;

— Primary suspension spring {(per wheel): K=1150 kN/m, C=2.5 kNs/m;
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— Secondary suspension spring (per bogie): K=600 kN/m, C=4 kNs/m;

—~ Wheel radius: 0.42 m;

— To the coach next to the locomotive an additional lumped mass of 13570 kg. This equals all static
wheel loads to 85 kN. ‘

For our analyses we investigated the following track structures (Figure 6.67):

g Moving

= Rail
Rail pad
7 Sleeper

/\ Piles L

Foundation Yoo

" Foundation - :
Classic track structure Embedded rail on rigid slab ERS on piles

Figure 6.67: Analysed track structures

a A classic ballast track, using sleepers, rail
pads, and an elastic ballast bed.

b An embedded rail structure (ERS) in |
which the rail, embedded in a fill material,
has been put into a through in the rigid |
supporting concrete slab.

¢ A comparable embedded rail structure |
(ERS) with @ more flexible concrete slab
and supported by concrete piles |
(Figure 6.68).

For the. analysis of the track we only took L
one rail into consideration assuming both
rails and both sides of the train would show

Figu/;e 6.68: ERS with piles as foundation

"equal and synchronous behaviour.

The following data have been used for the classic ballast track:
~ Rail: UIC-60;
~ Rail pads (per rail): K=100 103 kN/m, C=15 kNs/m;

~ Sleeper (perrail): mass 150 kg, spacing 0.60 m, width.0.15 m;

— . Ballast bed (distributed per rail):
k=180 10° kN/m?, c=82 kNs/m? or per sleeper: K=27 103 kN/m, C=12.3 kNs/m.

For the ERS we applied:
~ Rail: UIC-54;

~ Fill material: k=52.5 10° kN/ m?, ¢=4.98 kNs/ m?;
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— Slab rigidly supported (structure b);

— - Slab supported on piles (structqre c): A=0.765 m?, 1,,=0.02746 m*;
— Concrete properties: E=3.1 107 kN/mzy, v=0.30, p=2500 kg/m?;

— Pile distances: 3.0 and 6.0 m.

We considered a track length of 150 m for the analysis.

The surface geometry of the rail is one of the most important sources of load applications to a moving

train. The extremes occur with short surface waves and high speeds. We considered three surface
shapes z;(x) given by the algebraic formula:

Zi(x)y = A‘-(\1 - cosz—ff)

!

(6.212)
where we substituted the following data:

— shape 1: [;=3.0 m, Aj=1.5 mm;

— shape 2: [;=12.5m, Aj=3.0 mm;

— shape 3: L;=50.0 m, A;=6.0 mm.

The moving train has been analysed with regards to the speeds v=30 m/s, 60 m/s, and 90 m/s.
The analysis has been performed

with 1000 rail track elements of 0.20 —
0.15 m each and time steps At = - 28 gi
0.0015s. Dependent on the- rail 0.15 +—
surface wavelengths, we applied ' . - S0mis
1600 time steps (2.40 s) for shape Eigen period
1 and 4000 time steps (6.00 s) for 0.10
shape 3.
‘ 0.05
The railway dynamics problem
has been formulated by the equa-
tions of motion and the initial con- 0.00

ditions. This means that, starting
at t=0, a steady state solution will
be obtained after damping of the
initial disturbances. This requires
some {ime.

-0.10

Vertical body acceleration {m/s?

This can be seen in a comparable 015 i
:ilcgl}l; go;cg 2!?801’;’:(98;22388 C;; /nit/:a/ disturbed period/ Time-invariant period
Figure 6.69 the = vertical body <020 T N ' '
accelerations of the first Thalys 0.0 0.5 10 13 20 28
vehicle are depicted for shape 1 Time [s]

rail surface geometry. The time-

invariant period appears after

almost 1 second of simulation. Figure 6.69: Vertical body accelerations of the first vehicle of

Moreover, the eigen period of the Thalys at 3 different speeds

vehicle body is clearly present

and lasts almost 1.5s.
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To study the velocity parameter
and the dynamic response follow-
ing our numerical process, the
results for -displacemenis: and
contact forces between t=1.8 s
and t=2.4 s regarding the Thalys
travelling at three . different

Displacements railhead under wheei 8 - )
ERS on rigid slab, L=12.50 m, A=3.0 mm MmlmuEn ‘l\glaxmum
e mm
—lme -30m/s  1.05 1.07
1,00 e e e ~80 m/s. - 1.01 115

2.00] ) =90m/s 0.78 1.39
mm

Contact forces wheel 8
ERS on rigid slab, L=12.50 m, A=3.0 mm

Minimum Maximum
(kN)

speeds on an ERS are shown in % v > time —30m/s  -87.2 -82.7
Figure 6.70 and Figure 6.71. As 1007 S =™z '“"\88 mg 1—?%.8 -gg.i
the speed increases, the varia- -zli)l\(l)i : :

tion in displacements-and in con-

tact forces also increases. Figure 6.70: Displacements and contact forces between t=1.8s and t=2.4 s

When comparing different track structures, ERS on a continuously supported slab or a slab with small
pile distance (3.00 m) performs much better than the classic ballast track or an ERS track on a slab
with large pile distance. Continuously supported ERS shows a factor 2 between static and maximum
dynamic contact forces, while the classic ballast track and an ERS on a widely spaced pile foundation
(6.00 m) show a factor 3. For the elastic displacements of the rail head under the wheels, the size of
the variations is even more distinct: here the classic ballast track shows the poorest performance as

well.

The performed analyses confirm,
of course, many observations
that are made by intuition or by
simple -hand calculations. The
analyses make it possible to
compare the performance of a
classic ballast track with respect
to the ERS track, and the effect of
pile spacing on an ERS ftrack
support. Certainly with respect to
the contact forces and the rail
head displacements, the. ERS
track performs better than the
classic ballast track.

Besides full train- simulations, a
simpler approach is also availa-
ble within RAIL. Moving loads or
moving lumped mass models can
be a suitable simplification of a
train while running over: prede-
fined surfaces and structures of

Maximum displacements of railhead under wheel
v=90 m/s, L=3 m, A=1.5mm

1615 1413 1241 109 8 7 6.5 4 3 2 1 wheel
o static displacements __________________

r
2.007 ERS rigid
300% ERS piles 3.00 m %

ERS piles 6.00 m

Maximum contact forces
v=90 m/s, L=3 m, A=1.5mm

1615 1413 1211 109 87 65 43 2 1 wheel

static contact forces

ERS rigid

ERS piles 3.00 me ,
ERS piles 6.00 m

rail and track (see Figure 6.72).
This gives -e.g. vertical body
accelerations  in Figure 6.73,
which are comparable to those
already = shown  earlier in
Figure 6.69. Please note that the
track structure is different from
that previously mentioned.

Figure 6.71: Maximum displacements and contact forces

It is obvious that not all of the possible applications of the integrated model of track and vehicle have
been explored completely. It is also obvious that the integrated model offers many new possibilities
for an integrated investigation of track and vehicle properties. For example, further applications of the
RAIL program can be found in Chapter 13 and Chapter 14.
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L Eigen period |
: 0.1 e
0.08 L
i = g
: <!\n 0.06 €
= \
i = 0.04 L.
¥ o e
Y 2
' 5 0.02
g P
: b
Figure 6.72: Simplified lumped mass vehicle 2_0.02
model in RAIL g
=-0.04 ¥
8 L
£-0.06 =
s %
-0.08 ' W
0.1 -
0.5 1 Time [s] 1.5 2 2.5 ;
v i v
f : A A
Initial disturbed period Time-invariant period \Mm
| i

Figure 6.73: Viertical body (upper lumped mass) accelerations at differ-
ent speedson L'=3.0mand L =6.0m and A= 3.0 mm rail surface
geometry

6.9.4  Transitions in railway track on embankments and bridges

Experience has shown that the transition
between bridge and plain track (see
Figure 6.74) often causes problems.
Immediately after the track is laid, in par-
ticular, the plain track is subject to rela-
tively high subsidence, at a rate different
to that of the bridge. These transitions
have been shown to cause problems,
both in theory ([254], [127]} and in prac-

Figure 6.74: Principle of train response at a transition tice.

E® £33 ES

peei
fé;
=

i
i

Y

The change - in  stiffness .. causes
increased dynamic forces,; the extent of

: For the theoretical solution, finite ele- ﬂ
f E = 100x108 N/m? ment routines are available since a cer-

, tain - time, enabling to model and

p = 2000 kg/m® calculate the behaviour of trains at a

E = 25x10° N/m? V=02 transition.

it

i g which is determined by speed, stiffness
: 2 ratio, damping and the length of the tran-
« sition. In [254] a study is described into
180 m the effects of changes in vertical stiffness

* - on the dynamic response.

Stiffness transition of finite length

Figure 6.75: Stiffness transition of finite length
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Figure 6.75 defines the stifiness tran-

" sition between a soft soil (clay) and a 12.0 T T T

v stiff soil (sand), with a linear stiffness 11.0 b e € =30m/s daf =1.21 i

transition of length L. Figure 6.76 O Cesoft meaum = 0-46

m]l shows the dynamic amplification fac- 10.0 - =—=59m/s daf =251 7

cal tor for two situations.. if the ratio 9.0F 1 S/Cr soft mediom = 0-90 -
between train speed and Rayleigh 5oL ]

ﬂ speed is low, an asymptotic DAF.

‘mﬁ value of 1.21 is reached after a rela- = 7.0 =
tively short length of about 8 m. If the £ gL A

" train speed is close to the critical £

ol speed, a much larger asymptotic value = = 501 7
of 2.51 is found, which is reached ata - & 49} 4
transition length beyond 25 m. So it~ ©

obvious to stay far from the critical 301 daf =251 7

speed. The change in track geometry 2.0 — B -
. . i d.af =1.21

resulting from subsidence thus causes e

increased dynamic forces.

=

0.0 e L e e L b
0.0 5.0 10.0 15.0 20.0 25.0

Like large changes in subgrade stiff-
Length of stiffness transition (L) [m]

ness, changes in the vertical align-
ment of the track lead to increasingly
pronounced vertical accelerations in
the vehicle, which may mean that the
criteria for passenger comfort or maxi-
mum dynamic . track force are no
longer met. A marked increase in
forces leads to accelerated deteriora-
tion of the track geometry and hence
to additional maintenance.

"

e

Figure 6.76: Dynamic amplification within the stiffness transition

[ . ]

The dynamic effects at the transition
between bridge and plain track is a
typical part of research into the prob- shaped vertical unevenness of 30 mm over 30 m.
lems of high speed rail systems. TU '
Delft has carried out a study [243],
which have revealed that the effects of
a change in height are generally more
significant than those of a change in
stiffness. Figure 6.77 shows an exam-
ple of the car body accelerations cal-
culated for a discrete event (change in
height) of 30 mm, over a length of 30
m. Parametric studies have been car-
ried out on the basis of the model
described'in [127], enabling accelera-
tions and vertical wheel loads to be
derived for various lengths of event
and changes in height, at 300 km/h.
Figure 6.78 shows the differences in .
height that are acceptable for HSL roli-
ing stock for a given length of event,
on the basis of a maximum permissi-
ble dynamic wheel force Qgy, of 170
kN and a vertical car body accelera-
tiona, of 1.0 m/s?.

Vertical vehicle acceleration when passing a cosine-

| S0t R S T S

B3

Vertical acceieration [m/s?]

Figure 8.77: Calculated.car body acceleration at transition
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70

50

Admissible vertical

Height of imperfection h mm]}

30 imperfection, based on:
| *Quye =170 kN o
* By = 1 M/S? 1
-V = 300 km/h

10

» TGV rolling stock

10 30 50 70

R . Fi 6.78: Design graph for a transiti
Length of imperfection L [m] jgure g1l grapn or & fransiion

structure

610  Track response {o a moving axle load

In railway transport, the continuous demand for capacity increase as well as for more extensive
mobility networks automatically requires critical assessment of the effectiveness of currently opera-
ting and newly built railway lines. in order to meet the high standards regarding effectiveness; in many
countries train cruising speeds of 200 km/h and more have been employed. As a result of such high
train velocities, the track response in these high-speed lines has a typically dynamic character.

In order to reliably predict track safety and track deterioration, it is necessary to develop and utilise
appropriate track models that cover the relevant vibration effects and wave propagation phenomena.
In this section, the influence of the train velocity on the dynamic response of a railway track is consid-
ered. Accordingly, some models are discussed that consider the elasto-dynamic wave propagation
under a moving load. These models provide further insight into the dynamic behaviour of a railway
track, revealing typical effects that can only be captured by means of advanced analyses.

L&

PR Bearn aa
$33353%533

by a force of a constant (or a harmonically varying)
Winkler springs Halfspace

amplitude F that moves with a velocity v, over a
configuration representing the railway track. The
compound system of rails, sleepers, and ballast,
Figure 6.79: Beam-spring configuration and beam-halfspace  XNOWN as the superstructure, is thereby often mod-
configuration subjected to load F that moves with velocity v, elled by a beam, while the supporting subgrade,
known as the substructure, is modelled by either
discrete Winkler springs ([263], [52], [98]) or by a
continucus halfspace ([95], [154], [50], [254], {163], .
[148]), see Figure 6.79.

-

6.10.1 Track response at the critical train velocity 1
. . The analysis of the instantaneous response of a -

i Vy L v, homogeneous railway track to a moving train axle :

v s commonly occurs by employing  moving  load ’
LioeBeam o7 models. In these models the train axle is modelled -
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fn the current section it is illustrated what kind of results can be obtained from a moving load mode!
and how these results relate to railway practice. First, the model presented in [255] will be discussed
which considers a Timoshenko beam supported by a two-dimensional halfspace and subjected to a
moving load with a constant force magnitude. Here; the Timoshenko beam simulates the. elastic
bending and shearing behaviour of the superstructure, while the halfspace simulates the elastic
response of the subgrade. It is reasonable to assume that the structure behaves elastically, since the
response of a railway track during the passage of an individual train axle is almost completely revers-
ible (see for instance [247]). ’

in order to analyse the wave propagation in the beam-halfspace system, in [254] the corresponding
boundary value problem has been elaborated on. This elaboration was based on combining the
equations of motion of the system with the boundary conditions. By searching for harmonic solutions,
the characteristic waves in the system have been computed where two body waves (compression
wave, shear wave) can be distinguished and a wave that propagates along the surface of the track
system (surface wave).

The surface wave commonly conveys the largest part of the energy generated by the train. When the
velocity of the surface wave is of a similar magnitude as the velocity of the train, the generated energy
remains close to the train. This leads to accumulation of energy under the train as time progresses.
This phenomenon can be identified as resonance. Because this resonance may result in‘large track
amplifications, the train’s velocity is often designated as 'critical' when resonance occurs:

Although several critical velocities- may be identified for a specific track configuration (see for
instance, [50], [254]), the lowest critical velocity is the most important since this is the first one to be
met by an accelerating train vehicle. As confirmed by 'in-situ’ measurements, rail deflections can
increase to-more than three times the static deflection when a train-reaches the lowest critical velocity
([126], [164]). Itis easily understood that for reasons of safety and limitation of train/track deterioration
such track amplifications can not be tolerated. '

The main features of a train that reaches the critical regime will be illustrated by assuming the half-
space in Figure 6.79 to be softer than the Timoshenko beam. Accordingly, the railway superstructure
is considered to be supported by a relatively soft formation of clay or peat. In the model [254], the load
starts to move from zero velocity and accelerates up to a velocity larger than the lowest critical veloc-

ity.

The analysis of the response has been performed by means of a finite element model with dimen-
sions b x h =180 m x 37.5 m, see Figure 6.80. The moving character of the load is simulated by
means of a set of discrete pulses which act successively on the element nodes at the surface along
which the load is supposed to propagate. Furthermore, the half-infinite character of the halfspace is
simulated by means of viscous damping elements that are connected to the artificial model bounda-
ries (energy-absorbing boundary). By providing the damping elements with dynamic impedances that
are simitar to that of the adjacent continuous medium, the 'energy of the waves which encounters the
artificial mode! boundaries is (almost completely) absorbed. For more details on the finite element
model, see [254].

F .
Vi Timoshenko beam
£
~ Halfspace 0

N~

(a8}
Figure 6.80: Moving load F subjected to a Timoshenko beam- \ Energy-absorbing boundary
halfspace configuration. Waves arriving at artificial model
boundaries are absorbed. L 180 m

<
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In Figure 6.81, the stroboscopic develop-
S ment of the dynamic amplification of the
—4{ normal stress in vertical direction, G, is
aF depicted. The dynamic amplification
relates to a point at 5.68 m below the
surface, and has been computed by
dividing the dynamic sfress by its static
counterpart. The total horizontal distance
of 180 m plotted on the horizontal axis
reflects the total width of the finite ele-

-
T

Dynamic Amplification Factor (d.a.f.) [-
o

2 ment model. The load starts to move at a

3T . horizontal distance of 20 m from the left-

47 Suberitical { Supercritical side model boundary at which the

5 . slals | stale dynamic amplification equals 1.0, thus
0 200 40 60 80 100 120 140 160 180

. . corresponding to a static response.
Horizontal distance [m]

Figure 6.81: Stroboscopic development of the dynamic Due to the fact that the load Velocity

amplification factor (d.a.f.) under an accelerating load. increases with increasing horizontal dis-
Timoshenko beam is supported by a relatively soft half- tance, the dynamic amplification grows
space. . in a monotonic manner. At a horizontal

distance  of 140 m from the left-side
model boundary, a maximum of about 4 times the static response is reached. At this stage, the load
velocity has approached the shear wave velocity ¢® of the halfspace and the system behaves criti-
cally. After this critical stage has passed the response becomes super critical.

Obviously, in the supercritical range the system response decreases under increasing load velocity.
This is because the load propagates faster than the energy transmitted by the radiated surface
waves. Correspondingly, the energy can no longer accumulate under the load.

When the load velocity is strongly super critical, the amplitude of the response appears to be of the
same order of magnitude as that of the static response. The characteristic behaviour sketched in
Figure 6.81 is, actually, similar to that of an aeroplane passing the sound barrier. This results from the
fact that the phenomenon of an aeroplane catching up with a sound wave is completely analogue to
that of a train catching up with surface waves. '

In order to study the response at the crit-

o7 ical stage in more detail, in Figure 6.82
=4 Vil =088 the dynamic amplification has been plot-
Gl uzs:?g ' ted for a load velocity (vy) in between
T ool Vi 4 L; ' 0.88 and 1.20 times the shear wave
£ ) i fi velocity (c8) of the halfspace. Obviously,
& i 5\“3 n 5}‘ : M ;\ at v,=0.88c® the response is still approxi-
c o o IR WY 8 i s R I I WY ; i
S 0y T T mately symmetric. For larger load veloci
Tk 131 J é E' N %ig ties, however, the response becomes
2.0 iy PP 3 g increasingly asymmetric. This is the
E 20 %%}f-p- H \/ result of the appearance of oscillating
g3 V. u Mach waves upon reaching the critical
T 4 — v regime. These Mach waves have also
85 —— been -monitored during ‘'in-situ’ track
60 80 100 120 140 160 180 deflection measurements [164], thereby
Horizontal distance [m] revealing a maximum upward deflection

of 9 mm-in front of the front train axle and
"a maximum amplitude of 12 mm behind
the front train axle.

Figure 6.82: The dynamic ampilification factor (d.a.f.) under
an accelerating load in the velocity range 0.88 c® < v, < 1.20

¢S, Timoshenko beam js supported by a relatively soft half-
space.
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For obvious reasons, the generation of Mach waves may have a detrimental effect on both the track
and the train. it may, in addition, cause the train to derail. This can be motivated from the supercritical
response at v, = 1.20c® which shows that the response directly below the load position (1.p.) acts in a
direction opposite to the loading direction. In other words, the train axle is lifted up by the surface
waves.

The analysis above has illustrated that in the case of a railway track built on a relatively soft sub-
grade, the critical regime is reached when the train velocity is near the shear wave velocity of the sub-
grade. The magnitude of the shear wave velocity is determined by material properties, as computed
from

¢ = Jip | (6.213)

where L is the shear modulus and p is the density of the material.

For a subgrade of soft clay or peat, the shear wave velocity commonly lies in between 150 and 250
km/h. 'In-situ’ track deflection measurements in Great-Britain [126] and Sweden [164]) confirmed that
the track response may become critical in this velocity range. For a railway track resting on a sub-
grade of relatively soft clay, the measurements demonstrated that the track response is amplified to
more than three times the static response when the train reaches a velocity of about 200 km/h.

Track amplifications are decreased when the soft subgrade is replaced by a stiffer structure such as a
sand embankment of considerable thickness. Accordingly, the shear wave velocity of the supporting
subgrade can be increased to a value that lies outside the velocity domain of the high-speed train
vehicle. An alternative solution is to disconnect the railway superstructure from the soft subgrade by
means of a pile foundation. The soft subgrade then will not affect the track response anymere, since
the piles convey the generated waves into the stiff soil layer that supports the piles. Another option is
to leave the soft subgrade as it is and limit the train velocity-to a level at which the track amplifications
are acceptable. However, this option is certainly not preferred as it may considerably increase the
transportation time on the specific railway line.

As already pointed outin Figure 6.79, moving load models may be divided into two categories: beam-
spring models and-beam-halfspace models. Because the analysis of a beam-halfspace model is con-
siderably more complicated than the analysis of a beam-spring model, there may be a strong prefer-
ence to use beam-spring models when -examining wave propagation phenomena in a railway track.
Nonetheless, it should be realised that a discrete spring support is not able to transmit waves. As a
consequence, incorporation of the commonly accepted spring properties for modelling the track sub-
grade results in an inadequate description of the track.dynamics. In fact, the dynamic amplification
predicted by a beam-spring model then becomes significant only for velocities far beyond the range of
operational train speeds. This may lead to the misconception that the dynamic track amplification
caused by the train is generally negligible.

6.10.2 Dynamic response of a ballast layer

For a railway track supported by a soft -
subgrade the wavelength of the surface Vi
waves is usually relatively long, typically J/
ranging from 5 to 20 meters for a peat or
clay formation. These long wavelengths
are caused by the soft nature of the sub-
grade. When the superstructure is sup- Reflection of waves
ported by a stiff substratum, such as a

rock formation, a concrete bridge, or '@ Figure 6.83: Ballast layer supported by a stiff substratum. Multiple reflec-
concrete tunnel, the waves which prop-  fion of waves.

agate at'the surface of the track are not

necessarily restricted to the domain of

long wavelengths.

\Ballast layer

Stiff substratum
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This is because a stiff substratum reflects body waves of all wavelengths back into the superstruc-
ture, see Figure 6.83. Consequently, a ballast layer on a concrete bridge or tunnel acts as a
waveguide, conveying waves of both long and short wavelengths.

The shorter waves in the ballast fayer can have a wavelength of the order of magnitude of the ballast
particle size which may perturb the individual particles. In order {o model relative motions by the bal-
last particles, it is necessary to-incorporate the particle size into a mechanical track model. This can
be done either by employing continuum models that are derived from the micro-mechanical particle
behaviour ([256], [257]), or by using discrete particle models ([258], [259]). In these models the parti-
cles are assumed to have an ideal spherical shape. The interaction with neighbouring particles is pre-
scribed at particle contact points by means of a contact law. Moving load analyses carried out with
these models have demonstrated that a ballast material consisting of large particles increases the
intensity of the wave radiation, especially when the damping capacity of the ballast is low. Hence, to
suppress such effects, the damping capacity of a ballast material shouid be sufficiently high.

The damping capacity of ballast generally depends on two effects: the inter-particle friction and the
distribution of particle sizes. As far as the first effect is concerned, when the friction between the par-
ticles is high (i.e. a coarse-grained ballast) a relatively large amount of energy is.dissipated at the par-
ticle contacts, thus causing the ballast to have a high damping capacity. The second effect stems
from the fact that a wide particle size distribution excludes a dominant appearance by large particles
that may act as a resonator. Accordirigly, a ballast material with a random distribution of various parti-
cle sizes has a better damping capacity than a ballast material-which consists of identical particles of
a relatively large size. ' :

In general, dynamic amplifications are not only caused by the train velocity, but also by impact -loads
such as those generated by the sleeper distance effect or by other track irregularities. In the case of a
ballast layer supported by a stiff substratum, the energy transmitted by the track vibrations remains
for a large part inside the ballast layer as a the result of (multiple) wave reflections at the stiff substra-
tum, see Figure 6.83.

Consequently, reflected waves may interfere with other (reflected or non-reflected) waves. This
causes the amplitude of the response either to increase or to decrease depending on the motion
characteristics of the interfering waves. When superimposing the dynamic amplification by load
impacts on that by the train speed, it may appear that the track response becomes 'critical’ at a con-
siderably lower velocity than the critical velocity which relates to the effect of train speed only ([98];
[257]; [259)).

The extent to which this occurs depends on the characteristics of the impact loading (e.g. frequencies
and duration of the impact loading) as well as on the. geometry and material properties of the track
structure (e.g. thickness and stiffness of the ballast layer). An adequate way of reducing the dynamic
amplification by load impacts is to apply ballast mats between the ballast layer and the stiff substra-
tum. In fact, the damping characteristics of the ballast mats will reduce the wave reflection depicted in
Figure 6.83. '

8.10.3 Stiffness transitions

Stiffness transitions emerge when a relatively soft substratum of clay or peat changes into a relatively
stiff substratum of sand or concrete (or vice versa). Such transitions appear nearby concrete railway
bridges or railway tunnels, but also when the characteristics of the natural soil formation (i.e. the sub-
structure) change abruptly. Stiffness transitions form the basis for the emergence of differential settle-
ments, which, once initiated, may grow considerably as time progresses. '

The growth rate of differential settlements is governed by the dynamic properties of the-train, i.e. the
mass and velocity of the train in combination with its spring and damping characteristics. The mecha-
nism of growing differential settlements can be explained as follows. A stiffness difference increases
the dynamic loading on the track. As a consequence of the increased dynamic loading, differential
settlements may emerge. Differential settlements activate additional train vibrations which cause the
dynamic loading to become larger the next time the train passes the stiffness transition. Accordingly,
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E =100 MPa

E =25 MPa
F
LV,
\1/ —
:E=25 MPaqr u,:
Figure 6.84: Stiffngss transition L in an elastic halfspace \ Energy-absorbing boundary
comprising a relatively soft medium (E = 25 MPa) and a rela- > 180 m

/]
Y

tively stiff medium (E = 100 MPa).

the differential setttements grow further and the above mechanism repeats itself.

Since differential settlements may cause excessive track deterioration, they should be controlled as
much as possible. Therefore, it is of practical importance to understand how the dynamic response of
a stiffness transition, which forms the basis for the emergence of settiement differences, is.influenced
by a passing train axle. This is demonstrated by means of a finite element model, see Figure 6.84,
that has been discussed previcusly in [253].

The model consists of an elastic halfspace comprising a relatively soft material of E=25 MPa (e.g.
clay) and a relatively stiff material of E=100 MPa (e.g. sand), in which E represents the Young's mod-
ulus of the materials. '

The stiffness transition L between the soft and the stiff material occurs in a stepwise manner, with a
step-size equal fo the transition length divided by 0.75 m (= element size). The modelling of the mov-
ing load and the absorption of the wave energy at the artificial model boundaries occurs in the same
manner as explained for the model in Figure 6.80.

For an ideal homogeneous halfspace, the critical velocity is equal to the Rayleigh wave velocity ¢’
which has a magnitude close to that of the shear wave velocity [1]).

The influence of the load velocity vy on the dynamic stress amplification at the transition L has been
examined by considering a relatively low load velocity and a relatively high load velocity. Here, the
low load velocity v,=30.0 m/s is about half the critical velocity of the soft medium, while v,/c" ot
medium = ( 46 The high load velocity v,=59.0 m/s is very near the critical velocity of the soft medium,
VX/Cr' soft medium - 4 g :

12.07

0L —— v, =300 mis (V,/ ool medum = § 46)
10.0F\ —— V, =59.0mis (V,/ crsoftmedum = 0 g0)

]
©
=}

8.0f
7.0}
6.0}
5.0}
4.0f
3.0
2.0

1.0F

O'O_ 2 L PR SR S ) T S S S S N T G
0.0 5.0 1.0~ 150 20.0 25.0

Length of stiffness transition (L) [m]

d.a.f. transition [-

Figure 6.85: Dynamic amplification factor (d.a.f.) versus the
length of the stiffness transition. Moving load with a relatively

low velocity (v /e SO MeOM = 0 46) and a relatively high

velocity (v,/ch soft medium = go)
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The -effect of the transition length L on the dynamic stress amplification has been depicted in
Figure 6.85. Clearly, for both load velocities the dynamic amplification factor (d.a.f.) at the stiffness
transition decreases with an-increasing transition length. As for the previous analysis, the dynamic
ampiification factor has been computed by dividing the dynamnc stress g, at 5.68 m below the sur-
face by its static counterpart.

For the high load velocity v,=59.0 m/s, the dynamic amplification appears to be significantly larger
than for the low load velocity v,=30.0 m/s The depicted horizontal lines d.a.f. = 1.21 and d.af. = 2.51
represent the dynamic amplification for v,=30.0 m/s and v,=53.0 m/s in case the halfspace would be
homogeneous, with E=25 MPa. Hence, these lines act as asymptotes to which the dynamic amplifica-
tion factor approaches when the transition length increases. Obviously, for the low load velocity
vx=30.0 m/s the asymptote is reached much faster than for the high load velocity v,=59.0 m/s.

From the current analysis two important conclusions can be drawn. Firstly, in order to adequately
reduce the dynamic amplification at a stiffness transition, the length of the transition should be suffi-
ciently large. At a certain stage, a further increase of the transition length will no further reduce the
dynamic amplification. Secondly, railway lines constructed for fast(er) trains require a large(r) transi-
tion length to reduce the dynamic track amplification. Apart from these two effects there is ancther
effect that influences the dynamic amplification: the magnitude of the stiffness difference. Trivially, an
increasing stiffness difference increases the dynamic amplification at the stiffness transition so that a
large stiffness difference should be bridged by large transition length L. The quantitative effect of the
magnitude of the stiffness difference on the dynamic amplification is exemplified in [253] by means of
finite element analyses and energy considerations.

6.10.4 Brief discussion

The models presented in this section have provided insight into some important features of the
dynamic response of a railroad track to a moving axle load. It is possible to extend the models in
several ways in order to provide a more realistic representation of an 'in-situ" railway system. Here,
one may think of replacing the moving load by a mass-dashpot-spring system that accounts for the
train vehicle dynamics, or of adding the influence of ground water and frictional sliding to the ballast
and subgrade behaviour.
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7 TRACK STABILITY AND LONGITUDINAL FORCES
71 Introduction

In conventional non-welded tracks the rails are connected by means of joints {o allow for length
changes caused by temperature fluctuations. Using joints prevents the development of axial forces
and the consequent risk of track buckling. at high temperatures. However, the penalty for this is the
care for maintenance-intensive joints which generate high dynamic loads during irain passage. These
loads are responsible for many problems like rapid deterioration of vertical track geometry, plastic
deformation of the rail head, dangerous rail cracks as well as damage to sleepers and fastenings.
These problems increase progressively as speed increases. As a rule, joints have a very considera-
ble negative effect on the service life of all track components.

Tracks with continuous welded rails (CWR)
do not possess the above drawbacks. Owing
to the absence of joints the quality of the
track geometry is better by an order and this
results in a substantial decrease in the total - ‘ STy
life cycle cost. CWR does not, however, only g
have advantages. As was pointed out in
Chapter 5, the stresses resulting from the
plane strain situation may be of the order of ,
100 N/mm? and should be added to the
residual rail stresses and bending stresses &
caused by train loads which are of the same
order of magnitude. Temperature stresses
especially are responsible. for failure of
welds with small imperfections at low tem-  _
peratures. On the other hand, lateral stability
should be sufficiently great to resist com-
pression forces developing at temperatures above the neutral temperature of 25°C, as buckling may
otherwise occur as, for example, illustrated in Figure 7.1. The principle of this: phenomenon is
sketched in Figure 7.2 showing the compressxve forces and the resistance forces on the track and the
resulting typical buckling shape.

Figure 7.1: Example of track buckling

Figure 7.2: Typical buckling shape

On bridges and viaducts the deformation regime deviates from the plain track situation. The rails fol-
low the construction which can undergo large displacements with respect to the adjacent track. With-
out adequate measures this would result in high rail stresses. To avoid these stresses expansion
joints are applied.

This chapter is devoted to track stability and track longitudinal problems which;, in the case of com-
pression forces, are strongly interrelated. For both fields analytical and finite element modelling
approaches are presented with examples. The last section discusses recently developed advanced
models which describe safety considerations about track buckling or deal with more general or com-
plicated tracik systems.
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7 TRACK STABILITY AND LONGITUDINAL FORCES Modern Railway Track

7.1.1 Straight track and elastic lateral resistance

in order to analyse this basic problem the track is
modelled as a straight bending beam with a length
L' The beam is loaded by axial compressive

, .
g“ \i 1 1

forces and is elastically supported by a laterally y :’7»*” X

distributed resistance which is proportional to the T}"’ ¥, Vo

lateral deflection: ig,ff El “ ‘y,@?ﬂi
———>X b ;x“'?v

T = PBv (7.1) L . é\\n yﬁ
e a{‘ﬁ“ .p'fl
. B A

where 3 is a constant and v(x) = lateral deflection. ! ?"“Twi!é“l

In view of the treatment of the rail buckling prob- Fioure 73 Bucki  straioht beam with elastic laters)
B . . . . e LU n I al wi aslic
lem, a continuous ' sinusoidal shape will be 9 cHing -of. straignt beam elastic tatera

. resistance
assumed. Only one wavelength need to be consid-
ered in Figure 7.3. The energy method will be used

to solve the problem because it not only gives the equilibrium equation, but also the nature (stable or
unstable) of the equilibrium. The fotal energy consists of three parts:

1. Bending energy of the beam:

L .
Upoars = %jE/v"zdx (7.2)

0

where v"2 is d2v/dx2.

2. Deformation energy lateral pressure, with (1-1):

L
Upross = yzﬁzvzdx (7.3)
0

3. Work done by the compressive force:

L ;
W, = szv'de o (7.4)

0

Figure 7.4: Rail element in buckling

While the first two energies are obvious, the last one may heed some explanation. Referring to
Figure 7.4 the elementary energy can be written as:

dWp = Pdu = P(dx- Jdx2=dv?) = Pdx(1 - J1-v'2) (7.5)
where P is assumed to be constant and axial deformation is neglected. Linearisation gives:

dWp = %Pv'2dx : (7.6)
which explains equation (7.4).

The total energy is then:

Uror = Ubeam + Upress - WP (77}

1. Not to be confused with the same symbol L used for the characteristic length of the track
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Wodern Railway Track 7 TRACK STABILITY AND LONGITUDINAL FORCES

Giving as solution:

v(x) = vas/ng—?i(

(7.8)

the total energy per wavelength becomes, after inserting (7.8) in (7.2), (7.3), (7.4), and using symme-
try considerations: :

2 .
vol 2m* 2m\?
Uor = [T +B-F(T) ] 7.9)
pe . . . . . autot . .
The equilibrium follows from setting the partial derivative —= = 0, resulting in:
Vg
2 2
P = 4TEZE/+B_L_2 (7.10)
L 4r .

As an example the relation between the buckling load P and the wavelength L is given in Figure 7.5
for EI = 8000 kN/m? and for some values of B in the range 10 to 200 kN/m?2.

The maximum value of the buckling load
is restricted ‘to 2500 kN in Figure 7.5
because higher values are unrealistic.
For instance, in the case of UIC 60 rails
and an extreme temperature increase of
65 °C, the maximum normal force which
can occur in CWR track amounts to 2414
kN (=2+210e%76.9e74%1.15e*65).
2

U
Stability is ensured if ?—;ﬁ% 0 , hence
if: Vo

2 2
podmEl BL (7.11)
L 4

Figure 7.5: Buckling diagram in case of elastic resistance

This shows that each equilibrium point on the surface is indifferent with respect to stability.

P

From the condition FTR 0 the following critical quantities are determined:
s
L= 4n2\/§ (7.12)
B
Pat = 2./BE] | (7.13)

T ; :
his relation between L, B, and P has been indicated in Figure 7.5 with a thick line.

If there is no lateral resistance (B=0), then (7.10) will reduce to the well-known expression for the
Euler buckling load for straight free beams, second mode:

2
p - 4m El (7.14)
L’ '

This curve is also drawn in Figure 7.5 and is marked with small circles..
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7 TRACK STABILITY AND LONGITUDINAL FORCES Modern Railway Track

7.1.2  Track with misalignment and constant lateral shear resistance

If applied to rail track situations, the value of Py in (7.13) is only significant when the lateral ballast
resistance is very low and approaches the Euler buckling load. However, this situation is not repre-
sentative for raitlway track, for in the elastic model! there is always sufficient resistance and according

to the above-mentioned example unrealistic high values of the buckling load would be calculated.

With respect to railway track two important factors should be taken into account.

First, the lateral resistance, which is caused by
the shear resistance between track panel and
ballast bed, has a limiting value. Secondly, real
track is. never perfectly straight, but shows
some form of geometrical imperfection or mis-
alignment. . Therefore, in this section a more
realistic model for rail track will be used.

Y
oy

[TEST19N; Vert = 0] Long = T B

101!’;{ = = ]
H
i

In Figure 7.6 a recent measurement of the lat-
eral shear resistance characteristic of a track
panel in ballast bed is given, expressed in force
per sleeper. The curve could, for instance, be
approximated by a bi-linear function, but for our
purpose here we will approximate the curve by
a constant plastic shear resistance which Figure 7.6: Lateral resistance measurement -
opposes the axial displacement and therefore

can be defined as:

Lateral force/sleeper t [kN]

Q
[

20 40 60 80 100
Lateral displacement v [mm]

T = TSign(v) ! : (7.15)

The bending stiffness El is represented here by the horiZontal bending stiffness of the track panel.
This stiffness incarporates the bending stiffness of the rails, the sleepers, and the rotational resis-
tance of the fastenings. It is assumed that this bending stiffness is constant. The straight track is sup-
posed to possess an initial sinusoidal misalignment in the unloaded situation (Figure 7.7), given by:

f= fosin—Z—TLE—X (7.16)

It is also assumed that the additional bending
curve has the same relationship as the mis-
alignment.due to the buckling locad P:

v = vas/nZ—LTLX , (7.17)

Finally; the buckling force P and the 'wavelength
L are assumed to remain constant during the
buckling process.

Under these conditions the energy pa'rts Can_be Figure 7.7: Lateral buckling of track panel with plastic lateral
calculated anaiogous to the scheme in the first  spear resistance
example.

1. 'sign’ refers to the mathematical function signum meaning here: sign (v) returns 1 if v>0, 0 if v=0, and -1ifv <0
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1. Bending energy of the beam:

e ,

vaElf'g 4

= N2y = 20 _“)
Usear = 2 [ Elv2dix 7

(7.18)
& 0
i where v'? is d2v/dx2.
3 © 2. Deformation energy of lateral shear resistance, with (7.17): -
14
2 L
Uns = 4 [zpvdx = S0 (7.19)
Tt .
0
:m 3. Work done by the compressive force (modified to include the effect of f(x)):
| L/4 o
We = 2 [ PL(vi+ )2~ £ = Pty o = 1512 (7.20)
0
The total energy per wavelength in this case becomes:
L 2m* 81,y ' 2 L2.(2m)?
Ui = g[viE1(2)"+ Zote_pyqy g (] (7.21)
L . . e dU,, L
The equilibrium follows from setting the partial derivative 22! - 0, resulting in:
0
2 2
p= Lo 4 El Tl (7.22)
AR
From giz = 0 the following critical quantities can be determined:
n°f,El | '
Li, =20 , (7.23)
0 5

P, = 2 L& (7.24)
cho

E 3

(7.25)
H 07 erit
-

The critical value of Perit IS the smallest load of the compressive force P with corresponding wave-

length, which causes buckiing. _ 22U ’

The stability criterion of the equilibrium can be determined by checking the inequality Tg”> 0,

which gives the condition for stability: - Yo

P 47[;5/ (7.26)
L

This means that for a stable equilibrium the axial load P should be less than the Euler buckling load.

K3 B3 K3
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In Figure 7.8 the graphical result is given of
an example based on the following parame-
ters:

=10 kN/m;
El  =8000 kNm?;
f  =0.025m.

The critical values can be calculated using
(7.23) and (7.24):

Lot = 1251 m;
Poit = 2018 kN.

The critical value of the compressive load
lies well within the range of possible values
(under rather extreme conditions, see former
section).

Figure 7.8: Buckling diagram in case of plastic resistance and mis-
alignment

7.2 Track stability: finite element modelling

7.2.4 General considerations

In the 1950's and 1960's ORE Committee D14 investigated the stability of tracks with CWR under the
influence of temperature loads on various geometrical imperfections [208], [209]. For this purpose
analytical models were developed as described in reference [19]. Although these mathematical mod-
els had been verified by many field tests, several limitations and assumptions still had to be accepted
in some areas. One of these limitations was that the mathematical model was only allowed to be
applied to curve radii greater than 500 m. It is a fact that in tight curves an increase in temperature is
followed by a lateral displacement over the total curve length. This decreases the axial compreassion
force in the track. In such a case the longitudinal ballast resistance forces ptay an important role,
especially in transition curves, and this aspect was lacking in the analytical models.

The above-mentioned limitations do not apply to calculations based on the finite element method
(FEM). Using the model described in [115], the stability of a number of track structures under the inftu-
ence of a temperature load was analysed. The non-linearities in this process require an incremental
approach in which temperature loads are increased step by step. Moreover, the model allows for any

design geometry for the track, including geametrical deviations. Boundary conditions are no longer a
timiting factor. : ’

7.2.2 Finite element model

The railway track is considered to be an elastically supported beam with a constant bending stiffness
+ (El) and a torsional resistance of the fastenings at the sleepers. The ballast resistance is represented

by springs in the lateral and longitudinal directions. Displacement occurs in the two-dimensional, hor-
izontal plane.

Each of the three spring types mentioned has a specific bi-linear characteristic according to
Figure 7.9. This means that in the first part of the diagram the resistance increases in proportion to

the displacement and in the second part the resistance is constant with displacement. This is known
as the plastic phase.

EY E 13

3 EX



E & §. 13

3 E 3 € 13

£ 1 §3 &1

.

E i

A

€

Modern Railway Track 7 TRACK STABILITY AND LONGITUDINAL FORCES

The mathematical model permits an elastic spring _

reaction on removal of the load when the spring 4 Spring force

has already reached the plastic phase. The beam 2
element length is constant for the overall track
construction and corresponds to the sleeper spac-
ing. As indicated in Figure 7.10, the joints possess '
three degrees of freedom u, v, and ¢ and are con- aiﬁ;‘:d?:ase
nected to .two ballast springs and cne rotation . 9)

spring.

Plastic phase (loading)

/

Elastic phase

The equations of equilibrium for the track construc- (loading) Displacement

tion, composed of the beam elements, provide a
system of equations in terms of the unknown dis- Yl

placement increments according to the matrix , o ) o
L Figure 7.9: bi-linear spring characteristic
equation:

>

[SI[AV] = [AF] 7.27)

where:

[S] = tangent stiffness matrix [N/mm];

[Av] =~ = displacement increment vector [mm];

[AF] = load increment vector [N].

The tangent stiffness matrix [S] consists of the fol-
fowing components:

Element stiffness matrix [S4]:

The beam element used in the FEM consists of a
combined truss-bending element. Therefore, the
matrix [Sq] contains the strain and bending stiff-
ness constants. The linear relation between dis-
placement [v®] and forces [F®] of a beam element
is defined according to the matrix equation:

Figure 7.10: Beam element applied in FEM

(S,11v°] = [F°] | (7.28)

in which the displacement vector [v®] contains the three degrees of freedom u, v, and 0 per joint.
The displacement field u of the truss element is governed by the differential equation:

EA=— =0 | (7.29)
which has the solution:

U(X)=c,+Cy= u$+f(u§—uf') (7.30)

~ The displacement field is presented in Figure 7.11.

The bending part in-the displacement field, associated with v and ¢, is based on what are known as
shape functions. These are third degree polynomials in x which satisfy the differential equation:

eI =0 (7.31)
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with the solution:

v(x) = c1+c2x+c3x2+c4x3 (7.32)
The constants ¢4 to ¢4 are dependent on the joint displace-
ments. This makes it possible to express v(x) in the degrees of
freedom according fo:

V) = 0,00V + 00007 +os00vs T ax)e;  (7.33)

The shape functions are presented in Figure 7.12 and can be
expressed by:

o, = 2(%4){)2(1—)[‘) (734
o, = (%Mi}(%_f)z (7.35)
oy = ZG%)ZO_)Z() (7.36)
-G oo

Stiffness matrix [S]:

This matrix takes the geometrical non-linearity. based on the
second order theory for small strains and large displacements
into account and s derived by using the strains from the dis-
placements. As depicted in Figure 7.13, the strain e is related
to the displacements u and v by the following expression:

(7.38)

With this theory, the stability of the equilibrium of the two
dimensional beam constructions can be investigated according
to the principle of virtual work. There is equilibrium if the varia-
tion in potential energy equals zero, or:

BE oy = “-J'VGBEdV— ”Févdx =0

Assume that due to the load qg the axial forces Ny and bending moments M are present in the con-
struction. If variations du and dv are applied to the displacements u and v, with an unchanged external

Figure 7.11: Displacement field of truss ele-

ment

Element

—~—>» X

—

e

B

w

X
1y
/

Figure 7.12: Shape functions of bending

element

(7.39)

loading, the following variation in- the potential energy of the construction will emerge:

1d/\/5€+1

OE 5 >

pot = HNOBE + Modx + dMdx - qOS\/] dx

1

=93 E 2

+ 0 Epof

pot

(7.40)
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The first term:

a——
:

du
U+ ——ax

o ) -
1 dou
o) Epot = ﬂ/\/o—g)—;—Moaz‘—006V1}dX (741) ‘ ax ox

describes the equilibrium of the internal forces with the external ,,
load. The second term describes the strain energy and is split w%»; V+2‘idx
up into a linear and a non-linear part: v o
2 2 2

) Epot =3 Epot,1 +9 Epot,2 (742)
In this expression the linear and non-linear parts are respéc- 4 1[312
! : k 5= dx
tively: 2=

Figure 7.13: Axial strain due to displace-

: 2
1 98Uy 2 1 375 ~
525,30{,1 =3 J.EA (WJ dx +—2- J‘El[a—xva dx  (7.43) ments u and v

- Lvisiv) (7.44)

1 98?2 :
62Epot,2 = 5 J'NO(\'E)_XV) dx ‘ ‘ . (745)
- ;[VB]T[sg][avE] (7.46)

The matrix [S?] is the symmetrical element stiffness matrix. The matrix [S;] contains factors which
depend on the normal force. It creates the extra part in the matrix [S] which expresses the geometri-
cal non-linearity.

Spring stiffness matrix [S, ]
The bi-linear springs at the joints contribute to the total construction stiffness. However, they do not

add extra degrees of freedom to the system. As fong as a spring is in the elastic. phase, the matrix
relation for a linear spring applies according to:

Cx u Fy
c, vi= | F, | (7.47)
C(T) (I) M«D ‘
or:
[S,1lv] = [F] (7.48)

- As shown, the matrix [S,] contains the stiffness of ballast and fastenings which are placed on the

matrix main diagonal. After having reached the plastic phase, the spring force no longer increases but
remains constant with displacement. The spring's contribution to the track stiffness equals zero for
the next{oading increment.

By direct summation of these three matrices the tangent stiffness matrix [S] is formed. The support

conditions are taken into consideration when reducing the matrix [S]. The calculating process is as
follows:
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After applying the temperature load and solving the static
equilibrium equations, the displacement vector [Av] is
Eorce F %@Q SN found. After that a new (rotated) tangent stiffness matrix
T SN [S] is drawn up with the help of the new total displace-
: & ment (v°+Av) and the internal stresses. Back substitution
! of the same displacement vector [Av] gives a new load
i vector [AF*]. The difference between the original load
5 vector [AF] and the load vector [AF*] serves as a new
! load vector in the new fotal displacement situation
; (v°+Av) until the desired accuracy has been reached.
E This process, schematically presented in Figure 7.14, is
!

—  often described as the Newton-Raphson iteration proc-
Displacement ess.

i
f
|
1
i
f
|
1
i
f
|
i
i
[
|

PR/ P U

| vo sl Av

Figure 7.14: Newton-Raphson iteration process

The load on the track construction can consist of two
components, namely:

Temperature load

This load is due to a temperature rise which causes compressive forces in the track. One of the con-
sequences can be lateral track instability (buckling). This load is active along the total track. Accord-
‘ing to Section 7.3.2, the following formula (7.54) for the normal rail force N due to a temperature
change AT with respect to the neutral or initial temperature is found:

Nopax = —EAGAT (7.49)
Hence, the compression force on the track {two rails) is:
P = 2EAc|AT| ' (7.50)

in which:

P = compressive force on the track, taken as positive value in subsequent calculations [N];
E = Young's modulus for the rail [N/mm?];

A = total cross-sectional area of one rail [mm?;

o = coefficient of expansion [/°C];

AT= Tactual - Treutrat [CL

External joint loads

The possibility of applying individual joint loads in the lateral and longitudinal directions is created.
This was done in. order to verify the mathematical model by means of data from lateral resistance
measurements described in [73].

Both load types can be applied individually or in combination.

7.2.3 Results

After a thorough and comprehensive verification of the mathematical model and computer program, -

efforts were made to reproduce the results presented in [19]. In order to do this, the necessary input
data were derived from the measurement data originally used. The results are presented in
Figure 7.15 and show a high level of similarity. The same figure also indicates the existence of a criti-
cal wavelength which refers to a minimum buckling force in the relation buckling force/buckling length
(= half wavelength L). It also refers to a lower critical compression force (buckling force) when the
amplitude y of the misalignment.is larger.
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Modern Railway Track , 7 TRACK STABILITY AND LONGITUDINAL FORCES

In the calculations published in [19] a sinu-
Buckling force P (kN | | Bl e soidal initial displacement, i.e. geometrical
1 L T imperfection of the track, was assumed. At
~Yb FEM ) X i
different wavelengths, with- the wavelength
being twice the buckling length, the buckling
force was determined for different initial
conditions. In practice, wavelength and geo-
metrical deviation magnitude are strongly
correlated. Starting from some tenths of a
millimetre at wavelengths of a few metres
( Y ~ and some millimetres at wavelengths of 10
‘ vf/ Y =10mm to 20 m, the amplitudes can become much
I
3

7500 —

5000

2500 —
larger than 10 mm for longer waves.

In order to take this correlation into account,

4 s 5 two sections of about 30 m length were

Buckling length L [m] selected for the calculations on the basis of

Figure 7.15: Buckling force versus buckling length accord- BMS recordings. Both sections form part of

ing to Bijl-and calculated with FEM a 200 m section with a standard deviation of

1 mm for alignment, which corresponds

approxmately to the maintenance intervention level on NS rail. The geometrical deviations in the lat-

eral direction (alignment) are presented.in Figure 7.16. For both-initial deviations of the track geome-

try the differential temperature, with respect to the neutral temperature at 25°C at which the track’
becomes unstable, was calculated. This value amounts to 140 - 150°C [89].

—
v

Subsequently, these calculations were repeated by increasing the amplitude of the initial geometrical
deviation in proportion to the standard deviation of alignment per 200 m section. Buckling forces and
differential temperatures for standard deviations of 0.5, 1, 2, and 4 mm are presented in Figure 7.16.
The analysis results show that only in extremely poor tracks differential temperatures are attained
which will lead to instability.

The NS have carried out many lateral resistance measurements with an adapted tamping machine
[73]. To simulate this loading process with an FEM analysis, two point loads were applied to straight
track in the lateral direction. Figure 7.17 shows some results of lateral resistance measurements car-

: Amplitude alignment BMS [mm]
A AT [°C] A

Axial Local situation which
for may occur within a
El\?e . 200 m section with
e X 12.5 —] o alignment =1 mm
Y
AN
‘aﬁ .
— 120 - % 75 —
3600 — \:‘g /\\

AN /oy
2400—_ N - =] \ j(\\ f& I\

0 -25 — | yw w,

1200 — : i oW .
— 30 -7.5 %gﬁ\ [ ~—— Short wave
. . 17

Alignment BMS Long wave
| I I 1 > -125 N R RO BEE B >
0 1 2 3 4 0 5 10 15 20 25 30
Stability CWR track G 200 m [mm] v Track geometry Track length [m]

Figure 7.16: Buckling force versus track quality
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7 TRACK STABILITY AND LONGITUDINAL FORCES Modern Railway Track

ried out on NS UIC 54 track and on RET (Rotterdam Metro) NP 46 track. The FEM approximation and
relevant parameters are also indicated. The correspondence between the measured and calculated

value is quite good.

4 Lateral load (kN Lateral load H [kN]
60‘1 80 Consolidated track
NS UIC 54 .
50 o 50 /
40 9, } 407
® 7 —.—- Cipproxin;atio;'l via FEM Non-consolidated track
easured vaiues
]/ @ 304 —— NP 46
04 {7
o [ NS UIC 54 RET NP 46 uIC 84
i |
: R 22 XN/mm 20
204 Chanast : 0.5 mm 0.35 mm Cballasl Vpl Ctb (bpl
; o |1 kNmVmrad 3 kNm/rmrad [ N/mm | mm  |Nmm/rad | rag
e T3 mrad 3 mrad H
|p = ] . B
H ol 10 Non-consolidated | 8,000 0.5 |1:109 0.003
10 ; 4 Consalidated 16,000 0.5 1108 0.003
L Displacemeni [mm] 01 T T T T T i i T i T —>
_— — . ; — . > 0 1 2 3 4 5 6 7 8 9 10
0 0.5 1.0 1.5 20 2.5 3.0 Disptacement [mm}

Figure 7.17: Approximating lateral resistance measurements
by FEM

Figure 7.18: Force-displacement characteristics for different
railtypes and different stiffness coefficients

To illustrate the influence of different spring characteristics, the load-displacement diagram is plotted
in Figure 7.18 for tracks with NP 46 and UIC 54 rail profiles. The influence of the rail profile is rela-
tively low. The consolidated and non-consolidated characteristics are FEM approximations of the lat-

eral resistance measurements mentioned earlier.

A
Displacement [mm]

4 UIC 54
Ballast spring plastic at v, = 0.5

. ,/‘ / /
< W g
| s/

& K
Calculated via FEM

On the basis of the non-con-
solidated characteristic  in
Figure 7.18, the relationship
between lateral displacement
and differential = temperature
has been calculated for differ-
ent curve radii. The bi-linear
2 ballast spring force has a maxi-

. mum value of 8.5 kN which is

attained at a displacement of v
=V = 0.5 mm. The FEM anal-
ysis was carried out with up to’
about 1 mm lateral displace-
ment.

j ) T T T T T T T T

100 200

Figure 7.18: Lateral displacement versus differential temperature for different curve radii

The post-buckling behaviour
AT [°C] was investigated for only a few
cases. The results, presented
in Figure 7.19, reveal that the
tighter the curve the  more
gradual the transition to the
post-buckling phase develops.
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Modern Railway. Track 7 TRACK STABILITY AND LONGITUDINAL FORCES

Regarding NP 46 track, the Riml 4 i
curve radius versus differential s track
temperature, at which the track %07 Non-consolidated /  Npag // =
starts to displace permanently, s track yd /g,«‘
was also determined for consoli- e
dated tracks. For both NP 46 400 o b0

&

and UIC54 tracks the load-dis-
placement curve for the NP 46 3007
track, shown in Figure 7.17, was

applied. The analysis results are 2007 7,

shown in Figure 7.20. These 100 /
. . . A

values indicate that consoli- 7

dated tracks in curves with a —

I T T T T T ] 1 ] T
20 40 60 BIO 100 120 140 160 180 200 220. 240 260
AT [°CY

\4

radius of 200 m will start to
develop permanent lateral dis-
placements at differential tem-
peratures above 80°C for UIC54

and 100°C for NP46. Non-con-
solidated tracks start to displace permanently at about half this value. It should be mentioned that the

occurrence of a limited permanent displacement should be considered ‘as permissible.

Figure 7.20: Curve radius versus temperature at which permanent track displace-
ments start to occur

7.2.4 Continuous welded switches

In the case of continuous welded switches, the axial forces in the rails connected to the common
crossing should be relieved by the sleepers so that they have vanished at the start of the switch
blade. Depending on the sleeper stiffness, these forces are partly transferred to both continuous rails
and partly to the ballast bed. Sleeper loads and corresponding displacements have been measured

- by DB for a 1:12 switch. These results, obtained from reference [146], are presented in Figure 7.27.

As a result of the reaction forces exerted on the continuous rails the axial compression force in these
rails is reduced in the vicinity of the common crossing. Near the front end of the switch blades the
axial compression forces in-the continuous rails increase. According to Figure 7.21 this increase may
amount to approximately 40%. DB have also carried out measurements at 1:12 crossovers. Owing to
the limited transition length, an increase in axial compression force of only 7% was found.

Sleeper loads due to

\~-1 transfer of CWR forces P [kN]
-
S[ 1 ! 5‘\
eeper deflection | B 400
\ ZOO—l
Tl T o
—
Displacements ]
~ % ‘1 0
P—% T 4—P
P da 1 O ] [P
L s P
; s ~p
P [kN}| !
6007 | E ‘
400 ! 37 P
. ‘ P = 400 kN
Figure 7.21. Forces in 200 : At=25°C
CWR 1:12 switch meas- 0
ured by DB " 24'm | 18 m ! 15.m )
[ ! i !
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Modern Railway Track 7 TRACK STABILITY AND LONGITUDINAL FORCES

In general; Tis a function of u, which in turn, is a function of x. Using the formulas (7.51) and (7.52),
the following differential equation can be derived:

2 .
du_nw g (7.53)
dx* EA
Once the displacement function u(x) is found, the normal force follows from (7.52):
du ;
N = EA(%-0aT) | ) (7.54)

In the case of continuous welded rail (CWR), the length of the rail is so great that a plane strain con-
dition exists in the central part of the rail preventing axial displacement of the rail completely. The
force caused by a temperature increase is, according to (7.54): '

N_. = -EAcAT (7.55)

m

which means that a temperature increase results in a compressive normal force, as could be ex-
pected.

Special case 1: Plastic shear resistance

Sometimes it may be assumed that the shear resistance is constant while the sign of the resistance
depends only on the sign of the displacement:

T = Tp8Ign{u) (7.56)

At the point of transition from CWR to jointed N
track, according to Figure 7.23, the CWR N.u
force is reduced over the so-called breathing
length. From (7.53) and (7.56), it follows for

Normal force
|[Nmax|

]

. . Axial displacement u
x = 0 that: = ~ ! max
EAoAt ~700 kN \ = VATl ~ 20 mm
Ty X | |
u(x) = == (757) | ,
2EA ! f X
)
. - i, s E ———— lLong. Resistance 1,
which satisfies the transition conditions at x ; 240~ 20 kN/m

= 0. With (7.54) the normal force in the

. . Confined length:
breathing length zone is: o

) Breathin’wg tength #, ~ 70
= (theoreticallys ) - f

i
il

N = t,x—EAaAT : (7.58) Figure 7.23: Distribution of temperature force and displacement in
CWR (plastic shear resistance)

At the free end of the rail (x = /) there is no
force, hence the breathing length:

0= ﬁ%‘ | (7.59)

The expressions for the maximum: normal force and maximum axial displacement are alsc indicated
in Figure 7.23. '

The results in this case are very plausible and may in fact be deduced heuristically. This is the solu-
tion often found in text books.

As the plastic resistance characteristic is inherently non-linear, residual stresses remain at the rail

ends if the rail system is subjected to more than one temperature cycle, e.g. consecutive warming up/
cooling down periods. [n this case the rail end displacement follows a hysteresis loop.
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7 TRACK STABILITY AND LONGITUDINAL FORCES Modern Railway Track

Special case 2: Elastic shear resistance

In the case of elastic rail fastening systems the assumption of a linear shear resistance is more ap-
propriate:

7= ku (7.60)

Substitution in (7.53) results in the differential equation:

Fu ko, (7.61)

The solution of (7.61) which satisfies the boundary conditions: x =0=>N=0and x — < =>u =0 can
be written as:

_ AT ux (7.62)
n

in which:

- . k R . . —
y = J% | | (7.63)

The normal force according to (7.54) becomes:

~lLX,

) (7.64)

N=-FEAcAT(1-e
The expressions for the maximum
normal force and maximum axial
displacement  are indicated " in INiox| = EAGAT
Figure 7.24. Theoretically, there is
no distinction here between. the
breathing length and confined length
as was the case with the plastic
shear resistance. Practically, though,
the large central part of the rail may
be regarded as being in a plain
strain situation. As this solution is
linear elastic, no- hysteresis effects
are taking place when the system is
subjected to consecutive tempera-
ture variations. [In the next section
the more compiex case of tempera- [Umaxt = AT/
ture effects in the combined system
track/viaduct will be examined.

Y

Figure 7.24: Distribution of temperature force and displacerment in
CWR (elastic shear resistance)

7.3.3  Modelling of the longitudinal interaction problem-

In Section 7.3.2 the effect of temperature forces in rails was examined using a simple model
(Figure 7.22). To assess the complex temperature effects in the system track on a bridge or a viaduct,
we will use a more generalised model, shown in Figure 7.25.
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7 TRACK STABILITY AND LONGITUDINAL FORCES

Although there may be more than one-track
fixed on the bridge, we here only consider one
continuous welded rail on a corresponding part
of the whole bridge.

In analogy with-the theory in Section 7.3.2, we
can write down the following mixed equations

taking into account the interaction of the longi-,
tudinal  shear - resistance between rail and-

bridge:

F——— > u+du

3 N + dN

— 0 7.65
i EA (7:69) —> ., >, du,
5 X dx
d — ' = -t o
leb_ (U, ‘Ll) N (7.66)
dx (EA Jv Figure 7.25: Rail and bridge element
= du ’
N = EA(\a_X - aAT) (7.67)
. (duy
Ny= (EA) (52 (aaTy,)  (768)
in which:
u, Up = displacement of the rail and bridge, respectively;
N, Ny = normal force in the rail and the bridge, respectively;
1=1(Up-u) = axial shear resistance, depending on the difference of the displacements;

EA, (EA), = axial normal stiffness of the rail and bridge; respectively;
aAT, (0AT),= temperature strain of the rail and bridge respectively.

To simplify matters only elastic displacements are assumed:

7= k(uy—U)

(7.69)

Moreover, it is assumed that the normal stiffness of the rail is much less than the corresponding part

of the bridge:

EA « (EAY,

(7.70)

In this case the bridge exhibits an almost uniform axial expansion or shrinking and the general solu-

tion of (7.65) and (7.66) can be written as:

u = Cysinhux+ Cycoshux+ Cy+ C,

u, = Cyx+Cy

in which:

(7.71)

(7.72)

187



7 TRACK STABILITY AND LONGITUDINAL FORCES Modern Railway Track

Consider two special cases:
case 1. C3=0;C4=0 => u,=0; Np = Nmax = -(EA0AT)y

In this case the bridge is confined completely and the solution of the rail is, with appropriate bound-
ary conditions, identical to the solution (7.55).

case 2. Cq=(0AT), C4=0=> ub=(0AT)yX; Np=0
The bridge now has a fixed point (support) at x = 0 and can for the rest expand freely.

In this case the complete solution for the rail part of the system follows from (7.71) first equation, and
(7.67):

u = C;sinhux+ Cycosh ux + (aAT), x ‘ (7.73)
= EAu(Cycoshux+ Cysinhux) + EA(aAT), - EAaAT : (7.74)

The last term on the right side in (7.74) represents the normal force in the confined continuous welded
rail; the other terms represent the modification of the rail force due to the bridge interaction.

Several bridge configurations have been studied with appropriate boundary conditions using the
equations (7.73) and (7.74). As an example we will examine the case of a continuous welded rail
fixed on an ever repeating system of short bridges subjected to a temperature decrease.

The boundary conditions are in this case, because of continuity:

x=0 =>u(0)=u(¢); N(0)=N(#)

The solution of (7.73) and (7.74) is therefore:

= Y% (0AT), ([cosh ux— cothlzpulsinh ux] + (aAT), x (7.75)
= BEA(QAT) uf[sinhux - coth¥utcoshux] +EA(0AT), — EAaAT . (7.76)
In Figure 7.26 a numerical example is
given using the following parameters: ‘ CWR .
[ /
E =2110% kN/mZ; g I Boc '
A = 60-107% m2: R - Bridge span
o =1.1510° 1/°C; WA _ D
AT - =40 °C: - L=48"7m ~
ATb =10 OC; 5] -
k  =7636  kN/mZ T4l Vors 2.8 mm
L =487 m. E . -1
. F2 2.8 mm
If no bridge interaction existed, the 0 : ‘ ’
normal force in the rail would be N4 0 10 20 30 40 50
=580 kN. However, due to the inter- = = -5007 /’——-\———— 50 KN
action the normal force at the support = 5007 = f
amounts to 142 kN (24 %) which is *z // Ng= -580 kN \\ 142 kN
quite ‘substantial. The maximum rail '700 T
displ.acemen.t is half of that of the , -800O 0 20 30 40 50
maximum bridge displacement. X

Figure 7.26: Longitudinal displacement and force in CWR
track on a repeating bridge configuration
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Moderr Railway Track 7 TRACK STABILITY AND LONGITUDINAL FORCES

7.4 Longitudinal forces: finite element modelling

7:4.1 General considerations

The relatively simple analytical approach, as discussed in Section 7.3, of the longitudinal problem is
instructive in order to understand the temperature effects in the track. It should be noted, however,
that the modelling used there is based on a number of limitations and assumptions, viz.:

- lateral bending stiffness El is constant;
- . |lateral shear resistance is constant;

- compressive force P = constant;

» " no vertical loading;

- no longitudinal resistance;

. no axial strain;

- misalignment sinusocidal,

« additional bending sinusoidal;

< No curves.

7.4.2 Finite element model

To obtain a more realistic description of the problem, a finite element model, called PROLIS [281],
has been developed to calculate longitudinal track forces in a similar way to the model described ear-
lier regarding track stability. This model comprises track elements, ballast elements, and elements
representing the bridge construction.including abutments and pillars. The model allows for an arbi-
trary number of parallel tracks. Figure 7.27 shows the element composition which can be used to
model a track/bridge construction.

The ballast spring'is, as in the case of the stability program discussed in Section 7.2.2, also modelied
as a bi-linear spring according to Figure 7.28. The maximum force, i.e. the force at which yielding
starts, depends on the current vertical track load. Two variants have been investigated to describe the
plastic behaviour. The first one is sketched in Figure 7.29 and assumes that the elastic limit always
coincides with a fixed displacement uy,. This means an increase in ballast stiffness in accordance with
a growing vertical track load. This assumption does not exclude discontinuities from occurring in the
spring force if vertical loads are added or removed. The second variant, shown in Figure 7.30, con-
sists of a spring with constant stiffness in relation to the vertical track load. In this case, the displace-
ment at which plastic deformations start grows linearly with the track load. From the physical point of
view this approach is more consistent.-However, simulation tests have shown that there is no signifi-
cant difference between the results of both methods as the displacements in the areas of interest are
often substantially greater than up.

t

©  Joint o ¢ - Ballast element with Coulomb friction
t - Trackelement (2 rails) » s  Support element
t o Element representing infinitely long track p Pillar element

Figure 7.27: Finite elément model for calculation of axial forces in tracks and on bridges
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Modern Raitway Track 7 TRACK STABILITY AND LONGITUDINAL FORCES

7.4.3 Exampiles of longitudinal force calculations

Bridge in Amsterdam West Branch

This construction consists of 3 bridges with a length of 20 m each. The bridges carry 2 ballasted
tracks. The tracks are continuous welded although track 2 is provided with expansion joints at the
beginning of the first bridge. The temperature loads consist of AT= - 45°C for the tracks and AT= -
25°C for the bridge. A braking force of 8kN/m is applied to track 2. The situation is sketched in
Figure 7.32. The maximum baliast force for the non-loaded tracks is taken as 12 kN/m and for the
loaded tracks 36 kN/m is used. It is assumed that the temperature loads are first applied during which
all tracks have the same ballast yield force. Subsequently, the ballast yield force for the loaded part of

track 2 is raised and the braking loads are applied.

The resulting track forces and track displacements are presented in Figure 7.33. Obviously, the larg-
est displacements are achieved at the expansion joints in track 2. At this location, by definition, the
longitudinal force is zero in track 2 and has its maximum value in track 1. The longitudinal force of
track 2 has been partly transferred to track 1 by means of the ballast and bridge elements. This effect
shows great similarities to the force transfer observed in the switch discussed in Section 7.2.4.

The calculation was repeated for two variants. In the first variant the spring characteristic, according
to Figure 7.29, was replaced by a ballast spring with constant stiffness as described in Figure 7.30.
Comparing the results for the displacements of track 2 and the forces of track 1 revealed that the
spring characteristic with respect to the vertical load does not influence the calculated forces. The dis-

placements are 6% higher.

Track 1, UIC54, ballast resist. = 12 kN/m ;
, - i Top view
Track 2, UIC54, ballast resist. = 12 kN/m
Expansion joints /

Track 2, braking load,
Ballast rest. = 36 kN/m

EAyuec = 2.91 108 kN

— > D> > —> > — —>

EAprigge = 1.371 108 kN

Stiffness support i . . Stiffness brake pillar
blocks 15 kN/mm 1300 kN/mm

1st loading step : temperature load tracks
At = - 45 °C, bridges : At =-25°C

2nd loading step : braking load 8 kN/m on.track 2

above the bridges, ballast resistance under vertical
Ioad = 36 kN/m

Figure7.32: Loads on bridges in Amsterdam West Branch

191



7 TRACK STABILITY AND LONGITUDINAL FORCES

Modern Railway Track

u [mmii
40
0 Track 2
20 A1 & & &
s B %
10 NN
] N o
{ Track 1 B \\\BW\W\M\\* < [m]
0 e R T
40 80 120 160 200
F [kN]
2000
1 P Track 1
1600 {merermree e
1200 -
800 |
1 & Ty Track 2
400 | 8y %o 00
J Qe 7 9 X [m]
0+ TR

0 40 80 120 160 200

Figure 7.33: Track forces and track displacements resulting
from the loads specified in Figure 7.32

X
—={Ballast fastening or direct fasteningl~—
Fo =12kN/m F_ =48 kN/m

Ballast

_}Brid'ge, - Ballast
g g Twwng g
10 KN/mm 100 kN/mm
{; ‘ 100 m _{
a

, b
Figure 7.34: Utrecht flyover bridge

In the second variant, the elevated ballast
stiffness of track 2 is applied immediately
when the temperature load is raised. It was
shown that this case leads to an underestima-
tion of the displacements of the order of 37%

- and an overestimation of the force of the

order of 3%.

In order to simulate a brittle rail failure, upon
raising the temperature load track 2 was first
considered to be long-welded without expan-
sion joints. When applying the braking loads,
the rails of track 2 were assumed-to be bro-
ken, i.e. having expansion joints. The results
deviate by less than 1% from the earlier
results presented in Figure 7.33. Dynamic
effects due to rail fracture have not been
taken into account.

Utrecht flyover bridge

This example concerns a 100 m long flyover
bridge carrying a single long-welded track.
The support conditions of the bridge are pre-
sented in Figure 7.34a while Figure 7.34b
shows a picture of the bridge. The track is
subjected to a temperature toad of AT = =
45°C and the bridge to AT= - 25°C.

In this case 6 alternatives were considered
which are described in Table 7.1 They con-
sist of CWR without expansion joints, CWR
with expansion jcints at the left end of the
bridge, and the expansion joints replaced by
fastenings with teflon pads allowing for a rela-
tive displacement between rails and sleeper
over a shortlength of track. For the maximum
longitudinal force, referred to as Fp,, frozen
ballast, normal ballast and direct fastening
conditions were considered.

The results of these calculations are pre-
sented in-Figure 7.35 and Figure 7.36, show-
ing the axial rail forces and the axial rail
displacements - respectively. The peak
stresses and displacements are summarized
in Table 7.1 Without expansion joints the fro-
zen ballast, combined with direct fastenings
on the bridge, causes the highest ralil
stresses of the order of 180 N/mm?2. This
means an increase of over 60% compared to
the undisturbed temperature stress. In the
case of normal ballast conditions and direct

fastenings on the bridge, the maximum stress drops 8% compared to the frozen situation. Obviously,
a continuous ballast bed smooths the peak stress substantially as is demonstrated in load case 4.
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Modern Railway Track 6 DYNAMIC TRAGK DESIGN

: . |
o4 Ao
Figure 6.16: Transfer condition at s =0 | . 5= Axv)
The transition conditions at-s = 0 result in the following equations:

w, = w, »Az+A=A+A,
aw, dw
—— = = At AN = Ayt ALY,
ds ds (6.53)

M, =M, »Ay5+Ax3=Av+A03 ' :

Q+D, =D, » i+ Asr3+ AN = Ay + A

Note that the last condition in (6.53) can be obtained using equations (6.28), (6.29), and Figure 6.16.

Writing this system of equations in matrix notation gives:
7.1 1 -1 ||A,

R A A IF
LY v -y A

in which the factor wy = Q/ (8EN) )yrepresents the maximum static. deflection. Apparently, if this fac-
tor is set to one, the solution corresponds with the dimensioniess relative displacement n(s) in the
static case (v = 0). This will be useful to compare the dynamic solution (v = 0) with the static one for
various values of o and B, and to determine the amplification factor.

After solving the matrix equation (6.54) the constants A; are known and the relation between the
deflection and the distance can be drawn. Figure 6.17 shows the characteristic wave shapes of the
relative displacement of the beam for several values of ¢ and B in the case of undamped (8 = 0),
lightly damped (3 = 0.1), over critically damped systems (B = 1.1), static situations (o = 0), subcritical
velocities (o = 0.5), critical velocities (o = 1}, and super critical velocities (o. = 2).

The fourth row in Figure 6.17 shows that the maximum amplitude of the displacements-is moving
behind the location of the load for super critical velocity. For the critical speed (o = 1) and undamped
case (B = 0) the wave amplitudes became infinite.

For alightly damped system (middle column) a similar behaviour takes place. The wave shape calcu-
lated for oo =1 shows large amplifications. For an over critically damped case (B = 1.1) the wave forms

are asymmetric with respect to the load and show no amplifications anymore with respect to the static
case.

In Figure 6.18 the ratio of the maximum deflection is given as function of the ratio of the load velocity
and the critical velocity o for several values if the damping ratio is B. The equivalence to the fre-

quency response function of the simple spring-mass system is strlkmg For small damping ratios the
wave amplitude shows severe amplifications.
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relauve distance s [ «=2.0; =00 relative distance s [, =20, =01 relative dislance s [, 0 =20; =11

Figure 6.17: Wave shapes versus relative distance
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Critical train speed

As can be seen from Figure 6.18, the critical speed E:
or velocity is situated on or near the velocity ratio o 4 i p=o0
= 1. According to equation (6.48), it can be derived s ,X
; " i § 9 1
i for the critical speed v, that: E B = 0105
2 3
v2 = = JKEI (6.55) 5
m : g 2.5 o
_ = -
in which: 2 5
m = rail mass per length; = m
k = track stiffness; £15 Eiﬂ
El = bending stifiness. g
S =
At conventional speeds the influence is negligible 05 B=20 .
as these speeds are much fower than the critical 0 ' T
speed v,,. For instance, using the track parameters 0 0.5 1 15 2 2.5 3
listed in Table 6.1 , the critical speed amounts to Velocity ratio o, '

475 mis. A speed of 200 km/h thus corresponds
with o = 0.12. According to Figure 6.18 this would
give a very low dynamic amplification and the
effect of the load travelling speed can therefore be
neglected.

Figure 6.18: Dynamic amplification versus speed due to
moving load
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For tracks of good quality the critical speed lies far beyond the operating speed, but with poor soil
conditions or other mass/spring configurations the critical speed can be so low that special measures
are required. In case the train speed approaches the wave propagation speed, the scil may experi-
ence a liquefaction type of phenomenon as seen in Figure 6.19. An actual measurement in track on
soft sail is shown in Figure 6.20.

: o Critical train speed
7 < \\

-10 5

Figure 6.19: Wave propagation at high speed

11 -

4 High speed train
-12 < )
‘e IC train

134

Vertical displacement [mm)]

A4 i
12 150 180 210 225 240

Running speed [km/h]
For the "undamped case (left column of
igure 6.1 imple formula exists [98] for the
Flgu 6'6 7) a“S .pe ormu [ ] Figure 6.20: Actual measurement on soft soil
dynamic amplification:

Wdyn - 1

Wsiat ]7 [L}Z
- Vor

(6.56)

6.3.4 Discrete support

The model in Figure 6.10(c), in which the rail is supported in a discrete. manner, gives the best
approximation. Such an approach also lends itself to the application of standard element programs
programs which will be discussed- later in Section 6.9. These element method programs give great
flexibility as regards load forms and support conditions.

6.4  Vertical Wheei response

6.4.1 Hertzian contact spring

During vehicle/track interaction the forces are transmitted by means of the wheel/rail contact area. On
- account of the geomietry of the contact area between the round wheel and the rail, the relationship
between force and compression, represented by the Hertzian contact spring, is not linear as has
already been discussed in Section 2.7. The relationship between force F and indentation y of the con-
tact surface can be written as:

F=c,y? (6.57)

in which cy [Nm‘3/2] i‘s a constant depending on the radii and the material properties.
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Since a description of the wheel/rail relationship using transfer functions requires that all components
are linear, the Hertzian spring must also be linearised. This linearised value of the stiffness can be
found by considering the relationship between the force and displacement increments around the
static wheel load. The linearised Hertzian spring stiffness k. is then:

dF 3 2/3 ~1/3 :
= = 2 F )
k., 5 = 2% (6.58)

Jenkins e.a. [137] determined the ky value for old and new wheels as a function of the wheel diame-
ter. For a wheel diameter of 1 m and a static wheel load of 75 kN, a ky value of 1.4 109 N/m is found
for new wheels and 1.6 10% N/m for old wheels (see also Section 4.11).

6.4.2 Transfer functions between wheel and rail

Figure 6.21 shows the model of & wheel which is connected to the rail by means of a Hertzian spring.
From the equilibrium the following Is obtained:

Fy+M,y,=0 (6.59)
with:
Yo = Vwe ™=y, : (6.60)
The transfer function of the whee! is obtained from (6.59)
according to: ’ M, Wheel mass
y displ
H,(f) = Yw _ 1 . (6.61) Yo Wheel displacement
Fy M, w

F. 1 Dynamic part contact force
In the following, the relationships between wheel dis- '
placement at axle box level and vertical rail geometry, as
well as axle box acceleration and vertical rail geometry P .
are examined. These relationships are important when Y9 Geometry rail surface
analysing phenomena associated with corrugations and ' Jl
poor quality welds. These transfer functions also formed
the basis of the calculations which were carried out when Figure 6.21: Hertzian spring force acting between
designing the BMS-2 system discussedin Chapter 16. wheel and rail

Ky Hertzian spring stiffness

¥, Rail displacement

The relation between the interaction force Fy and the change in length of the Hertzian spring is deter-
mined by:

Fy= k/—/[yw‘)/r“yg] 4 (6.62)
in which:
Yw = vertical wheel displacement at the level of the axle box;
Y = vertical rail displacement under the effect of F;
Yg = vertical rail geometry;
ky = linearised stiffness of Hertzian spring;
Fy = dynamic component of wheel/rail force.

If (6.62) is transformed to the frequency domain and the Fourier transformations are indicated in
capital letters, the expression can be written as:

Yolfy = Y (F) = Y (f) = Fu(F) 7k ; : (6.63)
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Using the previously derived transfer functions for the double beam in Section 6.3.3, wheel (6.61),
and the rail (6.35), the wheel and rail displacements can be expressed in the wheel/rail force:

Y () = H(F)Fy(f) ’ , : (6.64)
Y(f) = HAF)F(F) ' (6.65)
After substitution of both in (6.63), this expression becomes:
Yo(F) = (Hy(f) = H(F) ~ 1/ k) Fu(f) - (6.66)
= H (NHFLH) : : (6.67)

The relation between wheel displacement Y,,(f) and rail geometry Y(f) is now obtained by substitu-
tion of (6.64) in (6.67), which resuits in:

H, ,
Yo(f) = H—WYW(f) (6.68)
Furthermore, by differentiating the wheel displacement twice according to:

Valf) =0’ Y, (F) (6.69)

and substituting this result together with (6.61) in (6.68), the relation between axle box acceleration
and rail geometry becomes: :

Y o(F) = =My, Hy(F) VulF) = Hif(F) V) | (6.70)
in which:
- Y H ) :
Hy(f) = =M, H, ()~ H(F) kH] (6.71)

This transfer function forms the

basis of the measuring principle of

BMS-2 [268] (see Chapter 16) and 10
is illustrated in Figure 6.22 in

which the moduli of the various
contributions are plotted, as is the 105k
modulus of the resulting transfer f
function.

The contribution of the rail is calcu- 10° ]

lated using the double beam
mode! based on. the appropriate

data in Table 6.1 (double beam). 107 ¢ .,

| | ' Wheel ", Ra”\
Figure 6.22 shows that the wheel ,
produces by far the greatest con- 108 : . =
tribution in the frequency band up 10 100 1000 f[Hz] 10000
to about 50 Hz. The rail is mainly
responsible for the behaviour in. Figure 6.22: Transfer function between rail geometry and axie

the .50 to 1000 Hz band and the box acceleration
Hertzian spring = determines the :
behaviour above 1000 Hz.
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CHDE T kH, k]
H A
i . | Hy(h) |
100 4 Y 4 1 weak ,
E e, 2 normal
. N 3 stiff
\,
10
"
1 g i
f T T T 1T T T7T71TT T T T T TTITYrT >f
n_j\ _a\ arg Hylt)
0.5t — —
0 LN 8 EN B I I T T T T T T T T = ]
10 100 1000 10 100 1000 :

Figure 6.23: Influence of track stiffness on transfer functions Hy(‘f)

Since corrugations appear predominantly between 10 and 1500 Hz, it is clear that the track construc-
tion in particular has a very great influence. The guestion is whether, when measuring corrugations by
means of axle box accelerations, the variation in track condition can be disregarded. This is examined
by varying the track stiffness k4. Figure 6.23 shows the various contributions made to the transfer
function according to formula (6.42) for standard track with a stiffness ky, for track with a low stiffness
of 0.5 k4, and for track with a high stiffness of 2 ky. Differences due to the characteristics of the track
only show up in the frequency band between 60 and 200 Hz. As a result of system damping due to
half-space radiation, for which we refer the reader to [208] and [231], the effect remains limited. No
special measures have therefore been taken in the BMS-2 system.

5.5 Linear vehicle model
6.5.1 Schematisation

Transfer functions between track geometry and vehicle reactions can be determined using mathemat-
ical models. Figure 6.24 shows a very simple model which describes the main dynamic response of
the vehicle. This model can be used to calculate the various relations between track geometry (con-
sisting of cant, level, and alignment) and vehicle response in the form of Q and Y-forces between
wheel and rail, but alsc to calculate horizontal and vertical car body accelerations [269].

In the following the various transfer functions will be derived first. After a discussion of ISO filtering of

the vehicle body acceleration signals to take account of human perception; a number of examples are
given of transfer functions calculated based on the NS measuring coach.
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: Car bOdy g _» : ‘

Secondary
suspension

Primary suspension
K1z Tiw C1z

K22+ i (DCZZ

Cant and level

Secondary
suspension

Koy + 1w Cyy

Alignment

Figure 6.24: Mathematical model for describing vehicle/track interaction

6.5.2 Response to irregularities in level

When examining the response to an irregularity in level the z displacements and 8 rotations are of
importance. Furthermore, the input will appear four times in succession, i.e. on each of the axles.

The strategy followed here in determining the transfer functions can be summed up as follows:

determine the response for four symmetrical and asymmetrical wheel displacements;

|

combine these so that the response for a single displacement of a wheel is obtained;
— combine these 4 inputs from the separate wheels with their respective time lags.

Since the wheels can be assumed to be infinitely stiff, the inputs act directly on the primary suspen-

sion at peoints 1, 2, 3, and 4 in Figure 6.24. To start with, the mass of the wheelsets is disregarded. Its
effect is taken into account later.

Level: case 1

The first mode of vibration is purely a translation characterized by:

Z,=2,=2,=12,=Vv, = v (6.72)

If the amplitude is normalized to 1, the following amplitude vector is obtained for points 1 to 4:

(6.73)

e T S Y
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The equations of motion for this load case can be described in the frequency domain as:

~Ms0°Z; = 4F, - 2F,

(6.74)
~-M,0°Z, = 4F, (6.75)
Fi= (Kt i0Ci) (V- Zy) (6.76)
Fo = (Kyti0Cy,)(Z5- Z,) (6.77)

After substitution of:

a = IMs0° bogie (6.78)
b = §M7w2 car body (6.79)
¢ =K, +inC,, | primary suspension (6.80)
d=K,,+inC,, secondary suspension : (6.81)

the transfer function H; can be calculated betwee

n the displacement amplitude v and the response,
l.e. the Q-force Fy and the displacement Z;.

At a later stage the displacement Z7 is converted to the

acceleration Z; = - ®’Z;. The transfer function Hjj is defined as follows:
Hi; = Qforce F, for v =1 (6.82)
Hz; = car body displacement Z, for v =1 (6.83)
Hj, = car body rotation 0, for vj =1 (6.84)
J/=1,4, index of the 4 forced modes of disp/acement.
For the first displacement mode the transfer functions are as follows:
Hip = F/V, = i[~acd+labc—1bcd] (6.85)
ng 2 2
Hy = Z,/V, = n——702cd | (6.86)
Hzy = 0,/V, =0 (6.87)
where:
Ny = 2cd-be+ ;ab_'ad- gbd (6.88)
Level: case 2
With this displacement mode both bogies move asymmetrically according to:
Zy =2, = 23 = -z, = v, =y (6.89)
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The amplitude vector is:

I

v, = | (6.90)

[
~ =

As a result of the asymmetrical movement the car body only rotates and the z displacement is zero.
The equations of motion are:

B

BB M,w’Z, = 4F, - 2F, (6.91)
K —J7yc02@7 = 205F, | (6.92)
Fi= (K tinC)(Vy-Zs) | | | (6.93)
F, = (Ky,+ icoC2Z)(Z5—%€3ZG)7) (6.94)
With:
b, = %J7yc02 ' (6.95)
-3

the following transfer functions are found:”

"1 . 1 1 1
H‘i Hi, = F/V, = E[—achr éab1c~§b7ch (6.96)
1 Hyo = Z5/V, = n—c(Zd—b1) (6.97)
. 1 .
T Hip = 0,7V, = 229 (6.98)
f3ny
with:
1 2 1

n, = 2cd+ éabpbp—zb,d—ad - (6.99)
: Level: cases 3 and 4
‘w In case 3 the displacement mode and amplitude vector take the following form:
E Zj = 2y, T I3 T SZy = V3 = ‘}aefmt (6.100)
The amplitude vector is:

| D 1

: v, o= |1 ' (6.101)
- =2 ‘ )

—-

|
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(6.108)

For case 4 they are: ' B
L.
Z,= 7, = -2y =2Z,= v, = \/4e"(°[ (6.102) _
The amplitude vector is: G
! e

v, = -1 (6.103)
1
1 [
In neither case is the car body loaded. The primary suspensions vibrate independently of each other, P
symmetrically in case 3 and asymmetrically in case 4. Whenever a wheelset is bemg considered the M
following equations of motion apply: s
~Js5, 070, = 20,F, (6.104) ﬂ

) , 1
;= (K,Z+/coc7z)(\V3~2 2@) ’ (6.105) W
| b
With:
a; = %J5yc02 :
E2

the following transfer functions are found:

-a,c

Hi3 = F,/V, = 6.107 il
13 s T g 2e ( ) ;
-a,c
W = FLV. = 1 : 6.108
14 T ( )

6.5.3 Combination of level results

The response due to the movement of cne axle can be obtained by combining the above-mentioned
results. For instance, by adding all the results the displacements for axles 1, 3, and 4 equal zerc and
axle 2 has a displacement of 4. It can clearly-be seen that if the k-th axle undergoes a forced move-

ment with an amplitude of 1, the response, i.e. the transfer function Hj , can be derived as follows
from the above results:

»

E

1 .
= ZZHUVM | (6.109)

i=1

-

In this equation vy is the k-th element of the amplitude vector vj. The resulting transfer function
between track geometry, in this case level z;, and the respective response component can now be

obtained by adding together the contributions from the 4 axles taking their lag-into account. This
results in the following expressions:

Q= H,zZ, | (6.110)

Ze = (Z,- 1,000 = H,Z (6.111)
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Here the transfer functions H4 and H, have the following form:

4
H, = ~%m7c02+ > Hye ™ (6.112)
k=1
4 -
Hy = 0> (Hg—f,HE e ™ (6.113)
k=1
where:
1, =0 reference axle v (6.114)
T, = 0,/ (6.115)
Ty = gV . ' (6.116)
13 4
T, = 2 , (6.117)
v
£y = the distance between the centre of gravity of the vehicle body in the x-direction and the point

to which the response relates:
running speed.

<
I

The first term in (6.112) represents the proportion of the wheelset mass in the Q-force.

6.54 Response to irregularities in alignment

The vehicle reactions to an alignment input show a strong resemblance to the reactions to a level
input. The degrees of freedom change from z to y and from Q to ¢. If the ¢-rotation is disregarded the
model used for level fits exactly. This assumption will be used here. The transfer function H4 accord-
ing to (6.112), gives the relation between the Y-force between wheel and rail and the alignment,

whereas Hy according to (6.113), represents the relation between horizontal vehicle body accelera-
tion and alignment.

6.5.5 Response to irregularities in cant

In the case of excitation due to cant, only ¢-rotations occur. As with the response to alignment, where
the ¢-rotations are disregarded, in the case of response to cant lateral spring reactions are not taken
into consideration. Calculation of the relationships between cant and vehicle response is similar to
that for level input. Here again the same 4 forced displacement modes are selected and applied to the
degree of freedom ¢, from which the effect of each axle can then be derived separately.

Cant: case 1

The mode of displacement is as follows:

" iwt

Py =0, = 93 = ¢, = v, = vye ‘ (6.118)

The interaction forces for each axle are equal because of the symmetry. The reaction forces at the left
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and right rail are in opposite directions. The equations of motions for this system are:

Lo

—J5x032q)5 = 20,F—15F; 4 (6.119)
: F
_J7x(02(b7 = 2050, (6.120) L
. . 7 ™ il
F, = (K,Z+,wc,z)(v,_§®se4) (6.121) f

2 ; ‘ ha
a = Js0 bogie (6.123)

2 "
b= J;o car body (6.124) ki
c=(Kiyt imC,Z)/_’é primary suspension (6.125) ]

| .

d = (_K22+/mczz)€i secondary suspension ~ i (6.126)
1 1 E

n=2cd-bc+ 5ab~ad.—y§bd (6.127)
the transfer functions for this load case are: E
. 11 1 1 :
H = F/V, = ——[—acd+—abc——bcd} (6.128) -
Hi = @5/, = 22cd (6.129) -
Cant: case 2 E

In this case the displacement mode is as follows:

01 = 0y = 5 =~y = vy = Ve (6.130) W

In such a case the vehicle body will not rotate. The solution is obtained from load case 1 by putting ¢
= 0. The transfer functions for load case 2 are:

. _ 1 .o(d-a) | 6.131
iz = F1/Vo ls2c+d-a (6.131)
Hay = ©,/V, = 0 (6.132)

Cant: cases 3and 4

by = —bg = Vs = Vg™ | (6.133)

0y = =0,

Gy =0y = by =0y = Vy = “/4‘9@ | (6.134)
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In these cases both car body and bogie are not moving. The transfer functions are now:

Hiy = g (6.135)
" F7 (o
= =_‘ A
Hie = = ¢ (6.136)

6.5.8 Combination of cant results

Excitation due to cant produces two response components, i.e. Fq and ¢7. Two outputs can be
derived from ¢ i.e.

Yo = 0’0, o (6.137)

Zy = —0°0,@, ' (6.138)

Here /, and ¢, are the distances between the centre of gravity of the car body and the point to which
the response relates in z and y directions.

Combination of the 4 load cases in order to obtain the input for one axle is achieved usihg the formula
(6.109) in which: ‘

Hi = Qforce  forv,=1 (6.139)
Hy = @, forv, = 1 ‘ (6.140)

The response due to cant:
AZ=2,-2Z = -1.4350, . (6.141)

can now be determined as follows using (6.109):

2 T, . )
Q = {J1X7§’3—5+ > Hie k}q)t (6.142)

The first term inside the brackets is the contribution of the unsprung mass of the wheelset. Bearing in
mind (6.141), the transfer function Hy defined as:

Q=H,AZ , (6.143)
follows from the relation:

4

_ ] 2 1 y T,
H1 = —J7X[ﬁ3—5j —37352 H”‘,e (6144)
k=1

For the car body accelerations according to (6.137) and (6.138) the relationships regarding cant input
are: : :

Vo = HyaZ (6.145)

131



6 DYNAMIC TRACK DESIGN

Modern Railway Track

where:
_ 0T
Hz 1. 435 Z Haye
k=1

in which:

4
_ 1 Y 4+ o,
Hy = ~T5E 0 f,yz Hye
k=1

6.5.7 1SO weighting of car body accelerations

(6.146)

(6.147)

(6.148)

In order to apply the transfer functions-to the calculation of vehicle reactions from measured track
geometry, it is necessary to filter the transfer functions. On the one hand, the purpose is to confine
unlimited growth in the higher frequencies. On the other hand, the transfer functions for calculating
car body accelerations are weighted according to the ISO characteristics which are also incorporated

in the ride index meters.

‘The Q and Y-forces are filtered with a 6th
order low-pass filter with the modulus of a
Butterworth filter and a zero phase accord-
ing to:

(6.149)

~in which the 3 dB pointis at f.. The value 1/f;
is set at 3 m. Figure 6.25 shows the modulus
of this filter function.

The I1SO weighting is implemented using two
filters for vertical and horizontal accelera-
tions respectively. These transfer functions
are as follows: ‘

A |H| Butterworth. 3mi

0.8+

0.4+

0.2

I

\

\

3
3
3

\

K 1A {1/m)
e 3

0

0

01 02 03 04 05 06 07 08

Figure 6.25: Butterworth low-pass filter applied to Q and Y forces

vertical:
H (s) = 02485(0065s+1)(001457s+1) (6.150)
y .
(3.5-107°s°+0.184s+ 1)(5.96 - 10‘4sz+004096s+1>
horizontal:
H, (s) = 0.65(0.0135s+ 1) (0.057s+ 1) (6.151)
b .
(1.67 - 1072s%+0.151s+ 1)(7.19. 107 s+ 0.141 5+ 1)
Here s is the complex frequency' which in this application can be set at:‘
or
S:lCO—IZTEf—I—):- (6.152)

where A = v/f = wavelength.
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The moduli of the ISO filters are shown in Figure 6.26 for vertical weighting and in Figure 6.27 for hor-
! izontal weighting. The functions are calculated for speeds of 90, 120, 140, 180, and 200 km/h.

m
" 4 [H[ISO vertica = 90 km/h [H| ISO horizontal
11 = 120 km/h 1
' ~ 90 km/h
1 ~ 140 km/h
n 0.81 0.8 = 120 km/h
ud -~ 160 km/h — 140 ki
0674 = 200 km/h 0.67 i
= 160 km/h
}“ﬂm 0.47] 041 = 200 km/h
o 0.2 0.2
0 | ; ; : — e 0+t : . — -
™ 0 01 02 03 04 05 06 07 08 0 01 02 03 04 05 06 07 0.8
Lol 1A [1/m) 1A [1im]
W
‘ Figure 6.26: ISO characteristic applied to horizontal car body Figure 6.27: ISO characteristic applied to vertical car body
il acceleration acceleration
w}
™ . .
» 6.5.8  Calculated transfer functions for the NS measuring coach
E The transfer functions derived- above | Primary suspension Secondary suspension
: ;/}:ere calcul.ated forhaﬁ Ni‘ vr?r;%cleé’{)‘e; Kiy =47510°Nim Kay = 0.18 106N/m
- e measuring coach in which the
- g I Ky, = 0.70 105 N/m Kyy = 0.41 105N/m
i track recording system is installed. <
- , Cyy =399 10%Ns/m Cyy = 1.50 10*Ns/m
: Table 6.2 summarizes the relevant para- | Cy; = 5.88 10° Ns/m Cp, =2.20 10°Ns/m
ﬂ meters. The results are given in the form ’
:.J of the modulus of the transfer function | Unsprung mass
and the argument. The unit impulse | p = 1500 kg
M response function is also calculated. Ji = 730 kg
- Fi 6.28 h h lationshi
igure B. shows the relationship Bogie frame Car body
- between Q-force and level, Figure 6.29 5 n
u} between vertical car body acceleration | Ms ~=3.15107kg M; =3.37107kg
i and level, Figure 6.30 between Y-force | Jsx =2.0210° kgnv? J7e =5.24 10%kgm?
i and alignment, Figure 6.31 between lat- | Js, = 2.02 10% kgm? J7y =7.67 10%kgm?
m eral car body acceleration .and aligp- Js,  =3.5610° kgm? J7, =7.36 105kgm?
! ment, Figure 6.32 between increase in
; Q-force and cant,” and  Figure 6:33 Dimensions
M between  lateral car body acceleration ; = o YT
o and cant |2 T oeem x T
'Y fg = 15.66'm fy = 000m
4y = 278m 4, = 145m
a fg = 2.00m
,.‘ Table 6.2: Relevant parameters for the NS vehicle containing BMS
-
»

-
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A [H|=0.5(Q+Q,)/level [kN/mm] i h=0.5(Q+Q,Mlevel [kN/mm/0.5657m]
7 -+
= 90 km/h
1.5 +
6 -+ = 120 km/h
= 140 km/h
== 160 km/h
51 0.5 +
: =200 km/h
4 4 CoesanEse
0.5+
3 ] 5
2 -
-1.54
1 -4 %,
1% [1/m]
> \\\\% Distance [m]
' , : ( . ¥ : ey = 25 + : ; .
0 01 02 03 04 05 06 07 08 0.9 1 -7.5 -2.5 2.5 7.5 - 12.5
Figure 6.28: Relationships between Q-force and level
| [H|=Z,/level [m/s2/mm] | h=%,/level [m/s2mm/0.5657m]
= 90 km/h
| 0.015+ , 120 km/h
= 140 km/h
0.2 ~ 180 km/h
0.005 L - 200 km/h
0.15+
-0.005
0.1+
-0.015+
0.05+
Distance [m]
Ot : { -0.025 t I : I = -
0 0.05 0.1 -15 -5 5 15 25 35 45

ISO weighted

Figure 6.29: Relationships between vertical car bady acceleration and level
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+ [H|=0.5 (Y +Y )/alignment [kN/mm]

6+

0—=""4

© 01 02 03 04 05 06 07 08 09 1

Figure 6.30: Relationships between Y-force and.alignment

4 IH[=Yalignment [m/s?mm]

015 1T

0.1 7
0.05 T
1A [1im]
0 ! ! = -

0 0.05 0.1
ISO -weighted

T L

A h=0.5 (Y+Y )alignment [kN/mm/0.5657 m]

— 90 km/h

= 120 km/h
= 140 km/h
= 160 km/h
== 200 km/h

Distance [m]

Figure 6.31: Relationships between lateral car body acceleration and alignment

-1.5 } } t i
-7.5 25 2.5 7.5 12.5
i _h=y,/alignment {m/s¥mm/0.5657 m]
~ 90 km/h
0.015 T = 120 km/h
=140 km/h
=160 kra/h
0.005 - = 200 km/h
-0.005 7
-0.015 T
Distance [m]
-0.025 : } } ! } ! S
<225 175 -125 75 25 25 7.5 125
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4 |HI='Q,/cant [kN/mm]

s,

\ h=Q, /cant [kN/mm/0.5657 m]

= 90 km/h

~ 120 km/h
— 140 km/h
== 160 km/h
= 200 km/h

T T
01 02 0304 05 06 07 08 09 1

Distance [m]

Figure 6.32: Relationships between increase in Q-force and cant

[
L

0.15 +

0.14

0.05

[Hi=Y Jalignment [m/s2/mm]

1 [1/m]

0.05 0.1
ISO weighted

Y

0.2

Figure 6.33: Relationships between lateral car body acceleration and cant
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6.6 Estimate of transfer functions using measured data

6.6.1 General concept

The relationships between vehicle and track can be described in terms of transfer functions (see Sec-
tion 6.5), for instance indicating how the various track geometry components contribute to a given
response component of the vehicle. In the previous part the mathematical model approach based on
a schematisation according to masses, springs, and dampers was discussed.

The method: described here uses measured geometry signals as inputs and a corresponding
response signals of the vehicle as output to establish transfer functions with the aid of the MISO
method (Multiple Input Single Output) based on the theory of random signal analysis. The ORE Com-
mittee C 152, set up in 1979, has also dealt with this method and has meanwhile published reports
[204], [205], and [74]. '

A number of examples are discussed concerning the estimate of transfer functions using recorded
data, with special emphasis on the reliability aspect. In addition, a new concept for the dynamic
measurement of Q and Y forces using measuring wheelsets is discussed.

6.6.2 Basic principles for 1 input and 1 output

Since the primary objective of the theory presented here consists of giving a survey of the main
trends of the theory without entering into all sorts of minor details, no derivations will be discussed. As
far as details and more basic considerations are concerned, reference is made, in the firstinstance, to
the standard work by Bendat and Piersol [15] and to references [68], [69], [70], [74], and [78] which, in
addition to practical implementations, include information on rail applications.

The theory of random signal analysis distinguishes between the time domain for dynamic processes
(or the spatial domain for geometrical processes) and the frequency domain. The frequency is com-
posed of the reciprocal time or the reciprocal distance for dynamic or geometrical processes, respec-
tively. Although in the following text the magnitude t is used as time variable, this may be replaced by
distance (x or s) too. Likewise, the frequency f may represent both the reciprocal time and the recipro-
cal distance. As a matter of fact, the variables time and distance are interlinked by the running speed.

If the signal x(t) denotes a magnitude in the time domain, the representation in the frequency domain
is obtained by means of the so-called Fourier transformation. Provided that ["1x(t)|dt < eo and conse-
quently also [L|X(Hldf< e, both transformations from and to the time domain read as follows:

x(n = | xie M (6.153)

a0

(1) = rmf,}e"?"“c/f (6.154)

oo

If these transformations are made digitally, this is done with the aid of the Fast Fourier Transformation
(FFT) which is at present readily available in hardware.

If the 1-input-1-output model shown in Figure 6.34 is com-
posed of a linear physically realisable system, the transfer
function H(f) can be explicitly determined on the basis of the
system parameters. For a measured input x(t), with the cor-
responding X(f), an output vaiue Y{f) can be calculated for any
f as follows:

Figure 6.34. One-degree-of-freedom system

Y(f) = H(H)X(F) (6.155)
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If, however, both input-and output are measured, it might be wrongly inferred from (6.155) that the
transfer function would follow from the quotient of output and input. However:

H(f) = ;E;; ' (6.156)

Both the real and the imaginary parts of the complex Fourier transformations have, in general, a k

rather irregular shape. Therefore, it is necessary to use quadratic spectral density functions, which
must first be subjected to an averaging procedure, so as to obtain an acceptable statistical degree of
reliability. Only after this may an estimate of H(f) be made. This will be discussed later on.

The relationship between input and output is described in the time domain as the convolution product
of h and the input x according to (6.157). In the frequency domain this complicated procedure is
reduced to a simple multiplication according to (6.155).

y(t) = rh(r)x(’t~t)dr convolution {6.157)

Y(fy = H{FyX(F) multiplication (6.158)

In these expressions h(t) represents the unit impulse response and H(f) the transfer function, interre-
lated as follows:

Hif) = [ bime™ o (6.159)

oo

/7(’17) _ rH(f) —i2nft

" oo

of (6.160)

From the Fourier transformations, spectral density functions may be deduced by multiplying the two
moduli with each other and by subsequently dividing them by the record length T. This leads to the
- complex cross-spectrum S, (f). Ify is replaced by x, a real valued auto-spectrum S, (f) is obtained. In
(6.161), X stands for the complex conjugate of X. -

Suy(f) = T//gvm;?(f)y(f) (6.161)

.
R, (7) = T/iLnN;j X(Oy(t+1)dt (6.162)
. 0

Here, too, an equivalent operation in the time domain exists and, thus, leads to the cross correlation
function ny(t) shown in (6.162). From the point of view of the calculation technique, this expression is
very similar to the convolution process discussed before. By replacing y by x, the autocorrelation
function R, is calculated.

In an absolutely analogue way, as in (6.159) and (6. 160) Syy(f) and Ryy(t) are interrelated by means
of a Fourier transformation. These expressions are known m hterature as the Wiener-Kintchine rela-
tionships which read as follows:

—/2ztfr

S, (F) = rRy(t)e ot (6.163)

Ry (1) = Ji Sy, (He™*™ar (6.164)

An important feature of the auto-spectra is that they are symmetrical with respect to the line f=0, -

which is illustrated in Figure 6.35. Mcreover, the area equals the variance according to:

Lo 2
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i
i
8 o2 = [ S, (haf = 2[ S(frof (6.165)
y - ’

The cross-correlation function is particularly
| useful in determining the shift between two
ol signals. This displacement corresponds, in
fact, to the place where maximum correla-
tion  ‘occurs. Figure 6.36 illustrates this
ol approach.

In quantifying the correlation between two ' - > f
signals, a consideration in the frequency Ox= area

domain is once more applicable, designated
as the coherence -yfy(f‘_) , as well as a con-
sideration-in the time domain resulting in the
correlation function pZ,(t).

These expressions read as follows:

Figure 6.35: Symmetrical auto-spectrum

ENG

2 2 g ’
V(f) = = g<y (<t (6.166)
*Y Sx(F)S, (F) w

E i & ¥ ¥ 3 €& =

Ry, (1)

L N | | |
Py S R OR, 0  OSP (0 =] (6.167)

In (6.167) Ry(0) = o7 and Ry (0) = 7. In :
addition, it should already be observed here Ruy(T)
that the coherence according to (15.136) 4
only furnishes useful information if the spec-
tra Syx, Sy, and Sy, have been averaged
according to the rules to be discussed in
section 6.6.4. This also applies to the formu-
lae for estimating the transfer function H(f)
which will be discussed now. -

}x\//\/'\/u —

29 Tm | | When y(t) is shifted over 1,,

maximum coherence is achieved

maximum correlation
R Tm)

Py (Tm) =5 ,

Figure 6.36: Lag to achieve maximum correlation

3 OE 3 £ 3 €3 E3 %

From the relationship between input and output, the following relation on a spectral level may be
deduced:

E

£ &3 €

S () = H(F)S, () (6.168)

From this it follows for the transfer function H(f) that:

S.,(H
H(Fy = 2ot
h = 55 (6.169)

The coherence function yfy(f) is obtained from:

_ H(HS, () '
5 (6.170)

Y2, (F)
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A simulation study of the influence of non-correlated contributions to the output on the error in esti-
mating the transfer function, published in [205], has shown that about 10% of non-correlated data in
the output leads to an error of about 10% in the transfer function estimate, the coherence being

reduced to about 0.8. Seen from this angle, whiist also allowing for other possible causes, only estj-
mates of H(f) for which yfy(f) > 0.85 should be accepted.

6.6.3  Multiple input single output (MISO)

The model depicted in Figure 6.37 shows
how the q inputs x;(t) produce, by means of q

linear systems, g outputs y,;(t) which together
constitute the overall output according to:

OuTPUT

q
yity = > yit) (6.171)
i=1

The outputs y(t) follow from the inputs by
means of the convolution products:

yitr= [ noxt-vdr (8.172)

)

. . Figure 6.37: MISO model
Assuming the process to be stationary, auto- J
and cross-correlation functions may be

deduced furnishing, by means of Fourier transformation, the following set of equations in the fre-
guency domain:

q

S, (=2 S;(HHh

(6.173)
j=1
in which according to (6.161):
.1
Sif) = TIITM?X’U)YU) (6.174)
.1 .
Sy(f) = #ITDQT'X[U)Xf(f) (6.175)
In matrix notation (6.173) reads as follows:
{Syt =[S {H]} (6.176)

The generation and solution of these g complex equations is discussed in section 6.6.5. However, the
formal solution can be written provisionally as follows:

[H} =[S, 17 1S} (6.177)

The reliability of the transfer functions thus estimated follows from the multiple coherence function

ﬂgf_x(ﬁf‘) which depicts the ratio between the output spectrum calculated on the basis of (6.177) and
the measured output spectrum according to:

S vy calculated

5 0y (f)s T (6.178)

yy measured

Vi F) =
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After substitution this leads to:

g

Hif)Si(f)y =, _ ,
o i IS o1 ,
2 _ P=-1 R A xyd
Your(F) = . = (6.179)
y S,,(F) Sy, (F) ' :

Summation in the numerator indicates the contribution of the various inputs to the output spectrum. In
this case, too, it is necessary that for a reliable estimate yyz,x(f‘) must lie in the interval

0.85<v2, (f)s1 (6.180)

6.6.4  Statistical reliability

In this section some attention is paid to random errors & and systematic errors (bias errors) gp. Sys-
tematic errors can be compensated for by caorrection or calibration according to:

X =X(1-¢,) -1<e,<1 (6.181)
where X denotes the true value and X the estimator. If the s

0.02) and the random error is small (¢ < 0.10), the 95%
mately by: ,

ystematic error is negligibly small (g <
confidence interval for X is given approxi-

X(1-28)< X< X(1+ 2¢.) (6.182)
In this section only some main trends are given. For a more detailed discussion see references [15],
[16], [17], and [106].

Random errors

As stated before, spectral density functions must be averaged so as to keeb the random error at an
acceptably low value. This averaging procedure can be carried out in two different ways: either by
averaging out the records (ensemble averaging), this number amounts to NSEC or by combining a

number of frequency components known as frequency smoothing, this number amounts to NA. The
overall number of averaging operations n is thus:

n'= NA~NSEC (6.183)

The random error ¢, in spectral density functions is inversely proportional to ./n and follows from:

1 . '
Syy =g = :/—ﬁ ‘ (6.184)
e = =L (6.185)‘
h’y'x Wn

The random error €, in the modulus of the transfer fun

ction H;, determined by means of MISO, can be
approximated according to:

7 -1 S
= e = J T P T 2 (6.188)
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where:

g =number of inputs;

n = number of averaging operations:

F = 100 o percentage point of the F-distributions, with ny =2gand n, = 2(n-q);

Y7, = multiple coherence function between input x; and the other inputs. -

From the first term under the square root sign it becomes apparent that the number of averaging
operations n must at least be equal to g + 1. In practice, the value of n will certainly have to be one
order of magnitude higher. The random error in the argument of H; follows from:

~ arcsin K
argH,— e, = arcsin W (6.187)
/

Bias errors

On the subject of estimating bias errors relatively little is known. For auto-spectra, a Taylor-series
expansion for approximating the bias error may be applied. This leads to the foilowing formula:

e Su_ 1B:
Eb:ézg;;:~§—r2 (6188)
where:
Be  =resolution band width = Af = NA/L;
L = record length;
NA = number of frequency smoothing operations:
B, = "half power point" band width = 0.03 m™" for track geometry spectra.

Summary of random and bias errors

Obviously, the requirements to keep the random error and the bias error small are sometimes incom-
patible since:

2
e (—'\%)— | | (6.189)
T B (6.190) |
" JNA+*NSEC : ' '

Averaging over frequencies soon leads to large bias errors whereas long records and a high value of

NSEC are attractive, but soon lead to measuring problems. The following maximum values of random
and bias errors could be adhered to:

g, < 0:10
(6.191)
g, < 0.025 v

With B, = 0.03 m™, this leads to the following choice of parameters:

NA = 4
NSEC = 25 (6.192)
L= 500m

The distance to be measured in this case is therefore 12.5 km. In [205] a minimum length of 10 km
was applied. v
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(Gxx] = R+iQ !

(6.197) L
can be converted into the following system of 2q real equations: r
| i
a R -Qll¢ ' ,4
ar _ ¢ 6.198
J-1a 7l o r
L
The sub-matrices have the following properties:
r
RT=R (6.199) ke
Q = -Q ' (6.200) o
W
Q,‘,‘ =0 (6201)
The set (6.198) may now be written as: W
y = AX : (6.202)

in which, by virtue of (6.199), (6.200), and (6.201), matrix A is symmetrical. This set of equations can

be solved using the decomposition method of Crout-Cholesky briefly described in the following sec-
tion.

Solving equations

In set (6.202) matrix A describes the inputs while the output only occurs in the y vector. In practice, a
full series of output signals is usually involved, implying that the (6.202) system would then have to be
solved just as many times. In the solution technique of Crout-Cholesky, the arithmetical operations
are therefore split up into two parts, i.e. into one part which is independent of the output, thus only
bearing on matrix A, and into one part affecting the whole system. The single-time operation on matrix

A is designated to factorize and splits up this matrix into two triangular matrlces and one diagonal
matrix, according to:

=U'DU ‘ (6.203)
where:
U = upper triangular matrix;
Uij =Of0ri<j;Un=1; M
D = diagonal matrix; Dy = 0 for i =]. -
This is executed in the subroutine FACBAN. The solutlon proper is now carried outin two steps by »
means of the subroutine SYMBAN: u}
Uz=y (6.204)
DUx =2z (6.205)

In equation (6.204) vector z is solved from top to bottom, after which vector x, the solution vector of
set (6.202), is found by going through (6.205) from bottom to top.

6.6.6  Applications

The MISO applications described here are primarily confined to the field of interaction between vehi-
cle and track. The method is aimed at determining the relationships between track geometry compo-

3y £3 £13% EF €13
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nents, serving as inputs, and a vehicle response magnitude, representing the output. The model
describing the approach by means of MISO is depicted in Figure 6.39. The geometry components
cant, level, alignment, and gauge constitute the input whereas so far only car body accelerations
have been considered as output.

Within the scope of the ORE C 152 work
program a great number of measure- i -
ments were carried out, during which the Response Z
track geometry and the vehicle response ' Vehicle

were recorded on magnetic tape. During &,

evaluation of these measurements the '

coherence turned out to be much too low : ‘

Track
BMS

in various cases. In most cases this could Cant ———»{ by ) )
be ascribed to problems in the signai-to- Level —» hs 5 :/llhsg gsygr_alczrgtfri with
noise ratio. For example, on some meas- Alignment —»  hg <. predicting response
ured line sections the quality was so high Gauge —» h, via convolution

that car body- accelerations were barely T

measurable. If, in addition, the signals

were not. fully amplified before being

recor,ded onto tap‘e, little -else but noise Figure 6.39: MISO model for estimating transfer functions between
remains for analysis. track geometry and vehicle reactions

Another important factor is the frequency range within which the measured signals fall. If this range is
different for input and output, the correlation between the two cannot be expected to be good either.
Such problems occur, for example, if low frequency car body accelerations which have a wavelength
of 30 - 40 m in the higher speed ranges are compared with track geometry measured with a conven-
tional track recording system capable only of measuring wavelengths up to 20 - 25 m.

Conversely, however, problems will also arise if an attempt is made to relate vehicle reactions of high
frequency, such as axle box accelerations and dynamic Q and Y forces, 10 the track geometry meas-
ured in the waveband between 0.5 and 25 m. In this case the geometry will have to be high-pass fil-
tered to remove the long waves with relatively high energy.

Some examples

The NS track recdrding car

The NS recording car, in which the BMS

system is installed, is fited with Y-32 éexﬁmzm G o fmmem-1]
“bogies which have a very linear spring 1000

characteristic.

Within the scope of the C 152 studies, a 750
MISO analysis was applied to this record-
ing car with the vertical body acceleration 500
furnished by BMS which is considered to

be the vehicle reaction. 250

The results are given in Figure 6.40 to 0 -~ 07 ‘

Figure 6.45 0.0 0510152025 0. 15 30 45 60 75
B f{m7] “A[m]

Figure 6.40 shows the power spectrum of
the track geometry component "level" as a
function of the spatial frequency f [m™]
and the wavelength A [m]. The response spectra at 80 and 120 km/h are shown in Figure 6.41. These
spectra were calculated using 20 records of 500 m length and a frequency smoothing factor NA =4,
so that the bias and random errors remain within the limits mentioned in (6.191).

F/‘gure 6.40: Geometry spectra recorded by BMS
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Gyy[m2s“mj] A
44 011
— V = 80 km/h

34 — V =120 km/h .01+
b .00 1
1 L OO L

A ; 1
0 LA'\/\ 0.0 ; 1
0.0 .05 .10 .15 .20 .25 0 15 30 45 860 75

f [m-1] Alm]

Figure 6.41: Vertical car body acceleration spectra measured on
the NS recording car

{H] [ms2mm-1] {H| [ms2mm-1]
124 108
.09 —V = 80 km/h .09
—V =120 km/h
.06+ 06
.03 .03
0.0 + X oloé y
0.0..05 .10 .15 20 .25 15 30 45 60 75

f[m] Afm]

Figure 6.42: Transfer functions between level and vertical car body
acceleration estimated for the NS recording car

h[s2mm]
unit impulse 02 A
response v = 80 km/h
.00
e n}/d'@d WV
-70 - -5 - - -1 14 28 42
8 42 -28 ool \,’ 56 70

Figure 6.43: Unit impulse response function based on the data in
Figure 6.42

As an example Figure 6.42 shows the trans-
fer functions ‘H, between level and vertical
car body response; the other transfer func-
tions are negligibly small.

These are, in fact, the primary results of the
MISO " analysis according to (6.177). In

agreement with formula (6.160), these func--

tions have been Fourier transformed so as
to obtain the unit impulse response functions
h; of which hy is illustrated in Figure 6.43. In
this case, too, all other h-functions can be
neglected, implying that only the level con-
tributes to the vertical-acceleration.

The - degree to which the transfer function
values are reliable is shown by the muitiple
coherence function v/, (f) ~depicted  in
Figure 6.44. As stated before, the y2,,(f)
value should be higher than 0.85 if practical
applications .are to be made possible. On
further analysis of the results, it appears that
the yZ.,(f) value only meets this require-
ment in the frequency bands where the
measured signals contain enough “energy.
This is rather obvious and it also explains,
perhaps in a different way, why long mea-

“suring sections should be chosen, preferably

with maximum possible variation in the
geometry spectra.

To complete the sequence of computations,
the response is once more calculated as a
function of the distance covered by means of
the  convolution - principle according- to
(6.157), using the unit impulse response
functions previously obtained, and is com-
pared with the response signal originally
measured. Figure 6.45 contains a graphical
representation of the calculated and meas-
ured signals; the similarity between the
measured and the calculated response is
remarkable.

To quantify the deviation between the two signals, the RDS value (relative difference between stand-
ard deviations) is determined for each 200 m sub-section. The RSD value is defined as:

a ()

measured” “calculated

G

RDS = (6.206)

measured

This value roughly conforms to the value 1- yf,x(f) , with respect to which the mean value of |yy2_,\,(_ f)l
must be imagined over the area in which the energy in the signal is concentrated. In fact, RSD
denotes the error in standard deviation if the latter has been calculated using the transfer functions
obtained from MISO.
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108 e mo oo
i
L
.8
61
47
~— V= 80 km/h
o4 ==V =120km/h
0.0 O.OO
Figure 6.44: Multiple coherence for the estimates in 0.0 .05.10 .15 .20 .25 15 30,45 60_ &
Figure 6.42 f[m] Afm]
NS recording coach V=80 km/h ¥ =1
calculated _
1 mis? measured RSD=0.03
0 Sa_A s '\!\ By AAAA/\/\MI\J\AN\/‘ Ai’ AA ’\\ a/\A;A/\’\ ,\F\v’\/"/
|wv\jv VTUYY TV VV\/V VV” v’ V\!\{WV
il
20 m

Figure 6.45: Comparison between measured and calculated response based on the estimated transfer function.in Figure 6.42

Results of other measurements

As part of the C 152 study mentioned above, = Gulmmzm] level 104 7

various other measurements were analysed Gyy[m2s<m1107] Z

using MISO. Some characteristic results will 124 87

now be highlighted. 1.4 V=160kmh A

The data contained in Figure 6.46 and ] G, -8

Figure 6.47 refer to SNCF measurements of 0% ! [\/\
vertical car body accelerations of a CORAIL | Gy '

coach. The relationship between these g5l | 5

measurements and - the track geometry

recordings made by the Mauzin c¢ar have 00 0.0

been established. Figure 6.48 shows the 0 8 16 243240 0 8 1624 32 4}0
coherence to be very poor with a maximum Al Hm]

value of 0.6. Figure 6.46: Example of bad coherenceé for transfer estimate regard-
The factors mentioned earlier concerning  ing SNCF Corail coach

compatibility in frequency range and proper
signal amplification are, in all probability, responsible for this. The calculated and measured

responses according to Figure 6.49 show, in a different way, that in such a case the results are use-
less for practical application.

The last example concerns measurements on two-axle wagons of KS design taken by the Hungarian

State Railways (MAV). Despite the rather non-linear spring characteristic of this type of rolling stock,

the coherence turns out to be fairly high. Figure 6.50 shows the coherence vertically with a peak
value of 0.95. The response calculated according to Figure 6.49 consequently conforms very well to

the measured vehicle response. Considered laterally, the coherence shown in Figure 6.50 turns-out

to be somewhat lower with a peak value of about 0.8. As can be seen from Figure 6.51, the agree-

mient between the measured and calculated response figures is nevertheless quite reasonable.
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SNCF Corail coach

:f 1 mis?

= ’\?ﬂ;\;f\f«f

calculated
-—  measured

20m

]

¥ =06

RSD =0.76

Figure 6.47: Comparison between measured-and calculated reSponse based on the data in Figure 6.46

G22 [mm2m}
Gyy [mZs*m]

/\

Gyy car body z

0.2 0.3

Figure 6.48: Example of vertical response for MAV freight car

MAY freight car vertical acceleration

4 m/s’

L\W‘«M!’\i\ﬂhi ﬁa r\

calculated
measured

1.0

0.85

0.8

0.6

0.4
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0.0

M#\ﬁif&ﬁ

32
A [m]
¥=0.95
RSD =0.12

ETLEI ﬁm A

FYYY Y y V

LRI

gggyvv;yyy\ﬁﬂﬂv\;\;gg ¥ii

Figure 6.49: Comparison between measured and calculated response based on the data in Figure 6.48

In 1986 a short BMS measuring car campaign was carried out in Sweden to provide SJ with geometry
data for vehicle model input. On this occasion SJ also recorded Q and Y forces on a locomotive with
the aid of measuring wheelsets. With these data and the geometry recorded by BMS some MISO
analyses were carried out. These results are summarized in Figure 6.52. In the vertical direction the
multiple coherence is sufficiently high for wavelengths shorter than 8 meter. The transfer function
increases progressively with frequency. This reflects the strong influence of the unsprung mass which
contributes to the transfer function in proportion to the square of the frequency. In the lateral direction
the coherence is somewhat lower. The shape of this estimate has a peak at about 16 m wavelength,
remains more or less constant between 13 and 14.5 m and then increases progressively for shorter
waves. Although the theoretical transfer functions presented in Figure 6.28 and Figure 6.30 refer to
much lower unsprung masses, the shapes resemble the estimated transfer functions quite well.
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“ i k A ’Yzyﬂ“x
(\FIE NU)
E &
2 | =
A 1.0
320 14 ]
0.8
7 ] G33 alignment i
240 43 3
0.6 A
160 42 %! 0.4
Gyy car body
80 1 X response § 0.2
14 4
{ .
O T T T T o OO T T T T T -
0 1 2 3 4 fm 0 8 16 24 32 40 A[m]

Figure 6.50: Example of lateral response for MAY freight car

MAV freight car lateral acceleration
¥=0.8
RSD =0.28

— calculated
——measured

Figure 6.51: Comparison between measured and calculated response based on the data in Figure 6.50

149



6 DYNAMIC TRACK DESIGN

Modern Railway Track

Uppsala - Brunna (Sweden),  V = 130 km/h
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Figure 6.52: Estimated transfer function for the Q and Y forces of an SJ locomotive

Measuring wheelsets in order to determine Q and Y forces

When measuring Q and Y forces with the aid of measuring wheelsets, use is made of strain gauges
from which the respective forces are deduced. The required relationships between strains and forces
are determined experimentally on a roller test rig. Here, the variation in strain versus distance
covered is calculated for one force component which is then kept constant. This is in fact a static cali-
bration which restricts Q and Y force measurements to quasi-static phenomena [228]. Such a system
gives incorrect values for real dynamic phenomena at frequencies between 2 and 150 Hz. As a mat-
ter of fact, strain gauges do furnish a signal in this frequency band, but the transfer functions between

strains and forces are unknown. These transfer functions could be estimated using MISO during cali-
bration on the roller test rig.

Static calibration requires that the number of strain measuring points are equal to the number of
forces to be measured, since the experimental test arrangement only enables the relation between
force and strain to be determined; the relationship sought in the reverse direction then follows from

this by matrix inversion. The dynamic relationships in the frequency domain offer a similar picture,
though all the magnitudes are now frequency-dependent.
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STRAINS STRAIN

X -—-Vbhm

x2 P hi42

, + F
E X3 | hi s
: X, >l by
F2 F4 [
Measuring principie.in the Calibration of wheel-set
frequency domain - via MISO

Figure 6.53: Principle of
force measuring by means Fy(f)=Hy(H X,(F) MISO > Hyl(f) > (1)
of a wheelset .

Figure 6.53 shows the arrangement of the strain gauges and the forces acting on the measuring
wheelset. The conventional quasi-static approach remains invariably valid and must be considered

separately from the dynamic calibration.

In order to estimate the transfer functions between the strain gauges and each force component, the
forces exerted by the test rig on the wheels must be varied randomly in the frequency range of appii-
cation. If sampling is carried out as a function of distance or revolution, these realisations should be
repeated at different running speeds. Using these measurement series, the different transfer func-
tions can be estimated for each speed by means of MISO by considering the strains as input and
each force as output, as indicated in Figure 6.53.

During actual measurements the Q and Y forces can be derived from the strains in real time by apply-
ing the estimated transfer functions. These should be continucusly adapted to the actual running
speed by interpolation.

6.6.7 Comparison between transfer functions estimated by MISO and calculated with
models

In section 6.5 a simple vehicle model was discussed which was used to derive transfer functions,
amongst other things, between level and vertical car body acceleration. These results, presented in
Figure 6.29, have been compared with the estimated transfer functions using MISO, depicted in
Figure 6.42. Both results for the same speed and running direction are displayed in Figure 6.54.
Clearly there is quite good agreement between both functions:.

The practical advantage of the model approach is that additional estimates for different speeds can
easily be made, whereas in the case of MISO a test run should be carried out for each speed. MISO
has of course the big advantage that all important natural frequencies are automatically taken into
account.

In practice, a hybrid solution may be feasible in which a MISO estimate is made for one or two
speeds. After adapting the model parameters in such a way that the MISO estimates are approxi-
mated as well as possible, the transfer values at other speeds can be obtained by means of caicula-
tion.
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In 1988 the computers of the NS track
recording system BMS were replaced by

8.7 Vehicle response analysis in real time
{H|  [m/s#mm] V=120 km/h
02 ,
0.16 s}

il \_ /
0.06 7 i

600
500
400
300
200
100

Figure 6.54: Transfer function between leve! and car body acceler-
ation for NS recording car estimated by means of MISO and calcu-
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{ated with models

one powerful computer system. Progress in
both information technology and railway
vehicle dynamics, as described earlier in this
chapter, allowed the development of a Vehi-

cle Response Analysis (VRA) system using -

a state-of-the-art Array Processor in combi-
nation with a central minicomputer system:

The central minicomputer is a Digital PDP
11/53 minicomputer connected to an Ana-
logue Devices AP 500 Array Processor. The
software for the PDP 11/53 was developed
under Digital's RT11 real time operating sys-
tem. The combination of a modern PDP 11/
53 under RT11 with the AP 500 Array Proc-
essor gives a state-of-the-art real time sig-
nal-processing system.

The sampling interval of the 5 analogue
BMS-1 signals. is 0.25 m. At the maximum
speed of the measuring vehicle of 45 m/s (=
162 km/h) the sampling rate is 180 Hz. For
BMS-2 the 8 channels are sampled at a con-
stant rate of 250 -Hz. While the on-line sam-
pling is performed continuously for- both
systems, all 200 m block calculations have
to be done by the system within 4.4 sec-
onds.

From the BMS-1 signals cant, level, align-
ment, and gauge in the 0 - 25 m waveband
and alignment in the 0 - 70 m waveband
VRA calculates the vehicle reactions indi-
cated in Figure 6.55. For 3 types of rolling
stock and 5 speeds the horizontal and verti-
cal car body acceleration, weighted accord-
ing to 1SO 2631, and the vertical and
horizontal track load are computed.
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IO

Figure 6.55: Vehicle reactions calculated by VRA

The calculation flow in VRA is shown in
Figure 6.56. The track geometry data of a
600 m block, represented by a 1024 point
complex array, is transformed to the fre-
quency domain using the FFT (= Fast Fou-
rier Transformation) capabilities of the
Array  Processor.  All - communication
between the computer and the Array Proc-
essor is performed using a high-speed
DMA (= Direct Memory Access) channel.

The 600 m record is composed of the cur-
rent 200 m section preceded by a section
of 350 m and followed by a section of 50 m.
The section of 350 m should cover the
attenuation of the vehicle, i.e. the length of
the unit impulse response. As far as BMS-1
is concerned, the longest wavelength in the
analysis is 70 m and consequently the pre-
ceding section should be a number of times
this wavelength. The section of 50 m takes
the part of the vehicle ahead of the measur-
ing point into-account.

At the systems power-up, the transfer func-
tions of three representative railway vehi-
cles at five different speeds are loaded into
the ~Array Processcr. The frequency
domain responses are calculated by multi-
plying the transformed signals with the cor-
responding transfer functions.

ISO weighted

Wheel/rail
forces

Calculation of vehicle reactions

in real time for:

- 3 vehicles: locomotive ,
passenger coach

freight car
- 5 speeds: 40-160 m/h

Car body accelerations - 510 jations via array processor:

- Fourier transform of 4 geometry signals

- Computation of vehicle reactions via

240 transfer functions

- Determination of largest variance per

speed range: these decisive 12

values are printed

- Back transformation of selected 12

responses

- Recording resulting in 9 response signals

- - Vectorial summation of car body
4_/% accelerations

- Determination of exceedences

Track recording System

¥

Y

Anajog to Digital Convertor

Collect samples over 200 metres

i

Build up 800 metre samples

v

FFT of input signals

¥

Multipty with Transfer Functions

v

Add and invert FFT result

Calculate variance for 60
resulting vehicle reactions

L\

Locate exeedences

1

—

Print and store variances

and exceedences

Figure 6.56: Calculation flow VRA
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Figure 6.57: VRA-calculated forces versus track geometry per 200.m
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Figure 6.58: VRA-calculated accelerations versus track gecmetry per 200 m

- tion levels

These results are then trans-
formed  back "into the -time
domain, i.e. per vehicle and
response component & sig-
nals for 5 different speeds.
Next the variances for the
current- 200 m section, and
also the force and accelera-
which are
exceeded are calculated. Per
vehicle and response compo-
nent the maximum is taken
for the 5 speeds. Both vari-
ances are added for the car
body accelerations.

By taking the square root,
standard deviations are
obtained and these  are
printed, if desired, after hav-
ing been normalized.

At the time VRA was com-
pleted not all the required
transfer functions were avail-
able. Although the final aim is
to provide the Array Proces-
'sor with transfer . functions
estimated by means of MISO,
it was decided that the trans-
fer functions calculated for
the model of section 6.5
would first be implemented.
Regarding this "implementa-
tion' Figure 6.57 _shows. a
comparison between : track
geometry and vehicle reac-
tions produced by VRA.

Per 200 m the standard devi-

ations. of Q-force. and vertical-

car body acceleration are
plotted against the standard
deviation of level. Figure 6.58
presents the same informa-
tion in the lateral direction.

Obviously, large variations in vehicle reactions are found for the same geometry values. It will be evi-
dent that the dynamic responses of railway vehicles are by far a better criterion for the actual mainte-
nance status of a railway track than the pure track geometry. From this point of view itis expected that
VRA will contribute to significantly better control of the track maintenance process.
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6.8 Relaticn between Sperling's Ride Index Wz and ISO-weighted
accelerations

The Wz Ride Index introduced by Sperling is the classical way of evaluating vehicle ride quality and
passenger comfort [100]. Using modem analysing tools, the Wz factors are evaluated by multiplying
the power spectral density function of the acceleration G(f) with the squared modulus of the weight-
ing function H(f) and integrating this result over the frequency range of interest to obtain the variance
in that band according to:

F
6% = j G, (F)H(F)ar (6.207)
(]

Finally, the Wz factor follows from:

wz = 1647 (6.208)
In this expression ¢ has the units cm/s . For passenger comfort in the vertical direction:
2 2,2
H(f) = Hg, = 0.588[ 91+ (0.257) . 2} (6.209)
(1-=0.277 f)+ (1.563 - 0.0368 1) .
In lateral direction:
H(f)y = Hg = 1.25 Hgy (6.210)

For vehicle ride quality, the weighting in vertical and lateral directions is the same and reads:

[(1-0.056 F3)% +(0.645 f*)2](3.55 %)
[(1=0.252f2)2 + (1.547 f- 0.00444 f3)21( 1 + 3.55 f?)

. 12
H(f) = Hgy = Hg = 744[ } (6.211)

The transfer functions are represented as a function of frequency in Figure 6.59 and Figure 6.60. The
evaluation scales for the Wz factors were constructed based on vibration tests on people and were
supplemented by other test results.

The assessment can be summarized as follows:

Wz passenger comfort - Wz vehicle ride comfort
1 Just noticeable 1 Very good
2 Clearly noticeable 2 Good
2.5 - More pronounced but not 3 Satisfactory
Unpleasant 4 Acceptable for running
3 Strong, irregular, but still tolerable 4.5 - Not acceptable for running
5

3.25 Veryirregular
3.5  Extremely irregular, unpleasant,
Annoying,; prolonged exposure
Intolerable
4 Extremely unpleasant; prolonged
xposure harmful

Dangerous
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A |H W, comfort horizontal

vertical = 0.8 horizontal
= 90 km/h

“ 120 km/h
= 140 km/h
= 160 km/h
------ 200 kmvh

B
/A [1/m]

Figure 6.59: Transfer functions used to determine Sperling’s ride index Wz for-comfort

— 90km/h.
~ 120km/h
— 140km/h
— 160km/h
200km/h

g\ H . W, ride

0.2 4

Figure 6.60: Transfer functions used to determine Sperling’s ride index Wz for ride

0.64
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Figure 6.61: Relationship between Wz and ISQO obtained from VRA simuiations
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To get a better under-
standing of how the 1SO-
weighted car body accel-
erations should be inter-
preted, the  Sperling
weighting functions were
also  stored temporarily
in . VRA. In this way it
was possible to produce
standard deviations per
200 m section for the
{SO-weighted accelera-
tions and the accelera-
tions weighted according
to the Sperling transfer
functions for. comfort.
The latter have subse-
quently - been treated
according to (6.208).

Figure 6.61 shows the
results obtained per 200
m section with the corre-
sponding regression
lines. !t should be stated
here that in the vertical
direction the ISO and Wz
weighting functions are
quite similar. In the lat-
eral direction Wz weight-
ing  deviates strongly
fram the ISO character-
istic. In fact, the Wz
weighting is not appro-
priate for evaluating pas-
senger comfort in the
lateral direction. For this
purpose the 1SO. frans-

fer function' is now com-

monly used.
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6.9 Applications of advanced dynamic models

8.9.1 Introduction

In the preceding chapters we discussed how to model and analyse dynamic track problems. Many
methods were related to single degree of freedom (SDOF) systems, Sometimes more complicated
systems were discussed. These methods are valuable in that, with the limited support of some com-
puter power, they are easy to handle in a design process. The disadvantage is that the structure and
loadings are sometimes oversimplified and much experience is required to interpret, if still possible,

the results in a meaningful way.

The application of much computer power

makes it possible to apply 3D finite ele- ~ Simple models

Linear theory

ment method (f.e.m.) models_. HQweyer, Limited number of parametersk
the use _of 3D f.e.m. models is very time odel D 5 5
consuming, both of computer power and Analysi SDOF beam models | FEM models | FEM models
manpower. The time necessary to pre- Lincar Sesion Eth I
pare, to execute, and to interpret one ctatics esign metnods
single problem is prohibitive in a design CWERRI
process. Unknown material properties Dynamics R .
and lack of homogeneity limit the mean- CRAIL T 4 |GTSTRUDL
ingfulness of a 3D analysis.
Non-linear ANSYS

On the other hand, the support of com-
puter power makes it possible to apply Non-linear | : ABACUS

C . + .
more sophisticated models than were LD’ynamics _ ; DIANA

used before. Here an example is given of

such a model, called RAIL, in addition to

the models discussed in section 6:3. The

position of RAIL in the field of track mad-

els is indicated in F|gu_re 6.62. : Figure 6.62: Overview of available soffware and railway track models for
Static and dynamic. calculations

Complex models
Complex theories
Unknown material parameters

6.9.2  The RAlL-model

To assess the vertical dynamic behav- .
iour of railway track due to moving rail-
way vehicles, an integrated model called
RAIL was developed at Delft University
of Techhology. The model was built up of

gul Secondary suspension

SRR B RIS T SR B og ie

two structures, namely the moving train 5 L .
and the railway track. : T | Primary suspension
The coaches were schematised by rigid. E’“ﬁ — _ I o
bodies, pivoted at the bogies by springs ERERENNENN B LT
and dampers. Bogies and wheelsets b g e

MR W NNGE

were also modelied as rigid masses con-
nected with springs and dampers. The
vehicle mode! and the track model are
schematically depicted in Figure 6.63. Figure 6.63: Model of moving vehicle on track structure
Only vertical forces and displacements ‘

stc. are considered.

Rail and track irregularities are one of the most important sources of dynamic loads generated by a
moving train. In the RAIL model the loads were introduced by means of Hertzian springs travelling
along a sine-shaped or irregularly shaped rail and track surface as explained in Figure 6.64.
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The equations of motion were formulated on the basis of the discussed structural models and were
evaluated according to a direct integration procedure, based upon the concept of time-space ele-
ments. During a time step At the train moves over a distance Ax, which is dependent on the train

velocity v, and 'crosses' the time-space elements as indicated in Figure 6.65.

—-——> Velocity v Time space elements

Moving wheel mass / /

Path.moving loads

N
\ "
N N
N .
» \
~ s
1y
N g
Ty .
z .
> D
v

Figure 6.65; Calculation: principle of moving trains

._...Rail surface

Figure 6.64. Modelling of wheel/rail loads

6.9.3 A comparison of several different track types

in order to study the effect of several different track types maximum elastic rail deflection, wheel rail
contact force, and vertical body accelerations were .investigated. In the underlying example it is

shown how the properties of both vehicle and track are integrated into one complete model that takes
the fult interaction between the two structures into account.

The investigated structures consist of a Thalys train {special type TGV) which travels at different
speeds on either a classic ballast frack or an embedded rail structure (ERS). The ERS track is sup-
ported either by a rigid slab or a flexible slab which is itself discretely supported by a rigid pife- founda-
tion. The loads between track and vehicle are introduced by a sine-shaped surface deformation of the
rail. Different wavelengths are investigated for their impact on the results. Three subjects are investi-
gated: the elastic displacement of the rail head under the wheels, the contact forces between wheel

and rail, and, finally, the vertical accelerations of the body, referring to the passenger coach or the
locomotive.

The entire model is built up of two structures, namely, the moving train and the railway track. Each
structure is modelled separately. During the dynamic analysis, that is the numerical integration proce-
dure, the interaction of the two structures will be taken into account.

| |
R e e e
51T 14 5.3 187 |1 187 |1 187 [TB31[ 14 |15
3 3773 3 3 3773 3

Figure 6.66: Dimensions of a (short) Thalys train as applied in the mbde/
The train modelled here (short Thalys, see Figure 6.66) consists of five vehicles. It is typical for Tha-
lys that bogies between twao coaches are shared. The {otal length between the first wheel and the last

wheel is 99.7 m. Rigid bodies, supported at the bogies by springs and -dampers, schematise the

coaches. Springs, dampers, and rigid bodies also model bogies and wheels. Only vertical forces and
displacements are considered.

Regarding the Thalys we applied the following data:

~ Mass (per item): coach 27140 kg, locomotive 54280 kg, bogie 2791 kg, wheel 1013.5 kg;

~ Primary suspension spring (per wheel): K=1150 kN/m, C=2.5 kNs/m;
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— Secondary suspension spring (per bogie): K=600 kN/m, C=4 kKNs/m;
— Wheel radius: 0.42 m;

— To the coach next to the locomotive an additional lumped mass of 13570 kg. This equals all static
wheel foads to 85 kN. ‘

For our analyses we investigated the following track structures (Figure 6.67):

3 Moving

Moving

P

S Rajl pad g P R — »
4| - Sleeper = | = : _
) i s senna | Slab [ e et
Foun'da.ti‘oh I T “F..d‘uridétidn:' o T Piles -A-
Classic track structure Embedded rail on rigid slab ERS on piles

Figure 6.67: Analysed track structures

a A classic ballast track, using sleepers, rail
pads, and an elastic ballast bed.

b An embedded rail structure (ERS) in
which the rail, embedded in a fill material,
has been-put into a through in the rigid
supporting concrete slab.

i 4l -
RS

¢ A comparable embedded rail structure
(ERS) with ‘a more flexible concrete slab
and supported by - concrete piles
(Figure 6.68).

For the analysis of the track we only took
one rail into consideration assuming both
rails and both sides of the train would show
equal and synchronous behaviour.

Figure 6.68: ERS with piles as foundation

The following data have been used for the classic ballast track:

Rail: UIC-60;

Rail pads (per rail): K=100 103 kN/m, C=15 kNs/m;

Sleeper (per rail): mass 150 kg, spacing 0.60 m, width 0.15 m;

Ballast bed (distributed per rail):
k=180 10° kN/m2, c=82 kNs/m< or per sleeper: K=27 10° kN/m, C=12.3 kNs/m.

For the ERS we applied:

- Rail: UIC-54;

— Fill material: k=52.5 10% kN/ m?, c=4.98 kNs/ m?;
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~ Slab rigidly supported (structure b);

— Slab supported on piles (structure ¢): A=0.765 m2, IZZ=O.02746'm4;
— Concrete properties: E=3.1 107 kN/m?, v=0.30, p=2500 kg/m>;

— Pile distances: 3.0 and 6.0 m.

We considered a track length of 150 m for the analysis.

The surface geometry of the rail is one of the most important sources of load applications to a moving
train. The extremes occur with short surface waves and high speeds. We considered three surface
shapes z/{(x) given by the algebraic formula:

Zi(x) = A/-(7 = cos%) | (6.212)
where we substituted the following data:
— shape 1: 1;=3.0 m, Aj=1.5 mm;
— shape 2:1;=12.5m, A;=3.0 mm;
— shape 3: L; =50.0 m, A =6.0 mm.

The moving train has been analysed with regards to the speeds v=30 m/s, 60 m/s, and 90 m/s.
The analysis has been performed

with 1000 rail track elements of 0.20 T
0.15 m each and time steps At = - B 28 22
0.0015s. Dependent on the rail 015
surface wavelengths, we applied : . = Somis
1600 time steps (2.40 s) for shape Eigen period
1 and 4000 time steps (6.00 s) for 0.10
shape 3.
0.05
The railway. dynamics problem
has been formulated by the equa- by
tions of motion and the initial con- 0.00;

ditions. This means that, starting
at t=0, a steady state solution will
be obtained after damping of the
initial disturbances. This requires
some time.

-0.05

-0.10

Vertical body acceleration [m/s?]

l

This can be seen in a comparable 015 !

: s I
;i[cél}lsgo;tcg 2#"1%0";?[95;222/: O[: Initial disturbed period Time-invariant period
Figure 6.69 the vertical body -0.20 T ‘ i '
accelerations of the first Thalys 0.0 0.5 10 13 2.0 2:5
vehicle are depicted for shape 1 Time [s]
rail surface geometry. The time-
invariant period appears after
almost 1 second of simulation. Figure 6.69: \/e/T[ca/bodyacce[erationsofthe first vehicle of
Moreover, the eigen period of the Thalys at 3 different speeds
vehicle body is clearly present
and lasts almost 1.5s.
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To study the velocity parameter
and the dynamic response follow-
ing our numerical process, the
results for “displacements and
contact forces between t=1.8 s
and t=2.4 s regarding the Thalys
travelling - at three different
speeds on an ERS are shown in
Figure 6.70 and Figure 6.71. As
the speed increases, the varia-

tion in displacements and in con- -

tact forces alsoincreases.

Displacements railhead under wheel 8
ERS on rigid slab, L=12.50 m, A=3.0 mm

—- time =30 m/s

Minimum Maximum

; 1.08™™ 1.07
1.00 mor s T s ~60m/s  1.01 1.15
%ﬁg! , -90m/is 078 1.39

Contact forces wheel 8

ERS on rigid siab, L=12.50 m, A=3.0 mm Mi“‘m“mkN';"aX‘m“m

i > time —30m/s -87.2 827
U 60mis -92.3 779
200) ~90mis -111.0 594

Figure 6.70: Displacements and contact forces between t=1.8s and t=2.4 s

When comparing different track structures, ERS on a continuously supported slab or a slab with smail
pile distance (3.00 m) performs much better than the classic ballast track or an ERS track on a slab
with large pile distance. Continuously supported ERS shows a factor 2 between static and maximum
dynamic contact forces, while the classic ballast track and an ERS on a widely spaced pile foundation
(6.00 m) show a factor 3. For the elastic displacements of the rail head under the wheels, the size of
the variations is even more distinct: here the classic ballast track shows the poorest performance as

well.

The performed analyses confirm,
of course, many  observations
that are made by intuition or by
simple hand calculations. The
analyses .make it possible to
compare - the performance of a
classic ballast track with respect
to the ERS track, and the effect of
pile spacing on an ERS track
support. Certainly with respect to
the contact forces and the rail
head displacements, the ERS
track performs better than the
classic ballast track.

Besides full train simulations, a
simpler. approach is- also availa-
ble within RAIL. Moving loads or
moving lumped mass models can
be a suitable simplification of a
train® while running over prede-
fined surfaces and structures of
rail and track (see Figure 6.72).
This gives e.g. vertical body
accelerations in . Figure 6.73,
which are comparable to those
already - shown  earlier  in
Figure 6.69. Please note that the
track structure is different from
that previously mentioned.

Maximum displacements of railhead under wheel
v=90 m/s, L=3 m, A=1.5 mm

2

%ML.JZILJO&__B_ZJ 5 4 3 2 1 _wheel
N M static displacements _________________
2.000 ERS rigid
3000 ERS piles 3.00 m ™%

ERS piles 6.00 m

o

Maximum contact forces
v=90 m/s, L=3 m, A=1.5mm

1815 1413 1211 109 87 65 43 2 wheel

static contact forces

ERS rigid -

e
ERS piles 3.00 1
ERS piles .00 m

Figure 6.71: Maximum displacements and contact forces

It is obvious that not all of the possible applications of the integrated model of track and vehicle have
been explored completely. It is also obvious that the integrated model offers many new possibilities
for an integrated investigation of track and vehicle properties. For example, further applications of the
RAIL program can be found in Chapter 13 and Chapter 14.
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Eigen period

Figure 6.72: Simplified lumped mass vehicle
model in RAIL

&
o
[

| body acceleration
=)

j
o
=)
~

ica

Verl

Initial disturbed period - Time-invariant period

Figure 6.73: Vertical body (upper lumped mass) accelerations at differ-
: ent speedson L =3.0mand L =6.0mand A =23.0 mm rail surface
i i geometry

6.9.4  Transitions in railway track on embankments and bridges

Experience has shown that the transition
between bridge and plain. track (see
Figure 6.74) often causes problems.
Immediately after the track is laid, in par-
ticular, the plain track is subject to rela-
tively high subsidence, at a rate different
to that of the bridge. These transitions
have been shown to cause problems,
both in theory ([254], [127]) and in prac-
tice.

Figure 6.74: Principle of train response at a transition

For the theoretical soiution, finite ele-

E = 100x10% N/m? ment routines are available since a cer-
tain time, enabling to. model and
p = 2000 kg/m? calculate ‘the behaviour of trains at a
E = 25x10° N/m? v=02 transition.

The ~change in - stiffness = causes
increased dynamic forces, the extent of
which is determined by speed, stiffness
ratio, damping and the length of the tran-
sition. In [254] a study is described into
the effects of changes in vertical stiffness

37.5m

-
u

180 m .
o —k on the dynamic response.

Stiffness transition of finite length

Figure 6.75: Stiffness transition of finite length
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Figure 6.75 defines the stiffness tran-

\ sition between a soft soil (clay) and a 12.0 T

L stiff soil (sand), with a linear stiffness 11.0 L e ¢ =30 M5 dalf = 1.21 i
transition of length L. Figure 6.76 i CfCrsoft meum = 0-46

j shows the dynamic amplification fac- 10.0 B — =59 m/s daf =251 1

ar tor for two situations. If the ratio | 9.0F Y - C/Ct soft medim = 0-90 -
between train speed and Rayleigh sol ‘ 1

" speed is low, an asymptotic D.AF..

i value of 1.21 is reached after a rela- = 7.0r =
tively short length of about 8 m. Ifthe & ¢,4L i

m train speed is close to the critical %

[ speed, a much larger asymptotic value = 501 7
of 2.51 is found, which is reached ata  « 4p} 4
transition length beyond 25 m. So it ° ’
obvious to stay far from the critical 301 daf =251 7
speed. The change in track geometry 2.0 i‘ - daf=121 ]
resulting from subsidence thus causes {0 F s R
increased dynamic forces. ’

ool b
0.0 5.0 10.0 15.0 20.0 25.0

Like large changes in subgrade stiff-
bise ness, changes in the vertical align-
M} ment of the track lead to increasingly
pronounced vertical accelerations in
the vehicle, which may mean that the
criteria for passenger comfort or maxi-
mum dynamic track force are no
longer met.. A marked increase in
forces leads to accelerated deteriora-
tion of the track geometry and hence
to additional maintenance.

Length of stiffness transition (L) [m]

Figure 6.76: Dynamic amplification within the stiffness trénsition

e

B

The dynamic effects at the transition
between bridge and plain track is a
typical part of research into the prob- : shaped vertical unevenness of 30 mm over 30 m.
lems of high-speed rail systems. TU
Delft has carried out a study [243],
which have revealed that the effects of-
-a change in height are generally more
significant than those of a change in
. stiffness. Figure 6.77 shows an exam-
ﬂ ple of the car body accelerations cal-
il culated for a discrete event (change.in
height) of 30 mm, over a length of 30
m. Parametric studies have been car-
ried out on the basis of the model
; . described in [127], enabling accelera-
: tions and vertical wheel loads to be

Vertical vehicle acceleration when passing a cosine-

el R T

13

Vertical acceleration [m/s?}

derived for various lengths of event

~and changes in height, at 300 km/h.
Figure 6.78 shows the differences . in
height.that are acceptable for H3L roll-
ing stock for a given length of event,
on the basis of a maximum permissi-
ble dynamic wheel force Qg of 170
kN and a vertical car body accelera-
tion a, of 1.0 m/s?.

Figure 6.77: Calculated car body acceleration at transition-
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70

50

Admissible veArtical i
imperfection, based on: 4

Height of imperfection h [mm]

30
' -Q,., =170kN
Quimax = 1 m/s? —
-V =300 km/h !

10 - TGV rolling stock g

e i R

10 30 50 .70
Length of imperfection L [m}]

Figure 6.78: Design graph for a transition
structure

6.1¢  Track response to a moving axle load

In railway transport, the continuous demand for capacity increase as well as for more extensive
mobility networks automatically requires critical assessment of the effectiveness of currently opera-
ting and newly built railway lines. In order to meet the high standards regarding effectiveness, in many
countries train cruising speeds of 200 km/h and more have been employed. As a result of such high
train velocities, the track response in these high-speed lines has a typically dynamic character.

In order to reliably predict track safety and track deterioration, it is necessary to develop and utilise
appropriate track models that cover the relevant vibration effects and wave propagation phenomena.
In this section, the influence of the train velocity on the dynamic response of a railway track is consid-
ered. Accordingly, some models are discussed that consider the elasto-dynamic wave propagation
under a moving load. These models provide further insight into the dynamic behaviour of a railway
track, revealing typical effects that can only be captured by means of advanced analyses.

6.10.1 Track response at the critical train velocity

The analysis of the instantaneous response of a

A Vy homogeneous railway track to a moving train axle
\/—5’ ~commonly occurs by employing moving load
A Bedr =44 . models. In these models the train axle is modelled

- by a force of a constant (or a harmonically varying)

- Winkler springs Halfspace amplitude F that moves with a velocity v, over a

; configuration representing the railway track. The

compound system. of rails, sleepers, and ballast,

Figure 6.79: Beam-spring configuration and beam-halfspace ~ KNOWN as the superstructure, is thereby often mod-

configuration subjected to load F that moves with velocity v,. ~ elied by a beam, while the supporting subgrade,

' known as the substructure, is modelled by either

discrete Winkler springs ([263], [52], [98]) or by a

continuous halfspace ([95], [154], [50], [254], {163],
[148]), see Figure 6.79.
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in the current section it is illustrated what kind of results can be obtained from a moving load model
and how these results relate to railway practice. First, the model presented in [255] will be discussed
which considers a Timoshenko beam supported by a two-dimensional halfspace and subjected to a
moving load with a constant force magnitude. Here, the Timoshenko beam simulates the elastic
bending and shearing behaviour of the superstructure, while the halfspace simulates the elastic
response of the subgrade. It is reasonable to assume that the structure behaves elastically, since the
response of a railway track during the passage of an individual train axle is almost completely revers-
ible (see for instance [247]). - '

in order to analyse the wave propagation in the beam-halfspace system, in [254] the corresponding
boundary value problem has been elaborated on. This elaboration was based on combining the
equations of motion of the system with the boundary conditions. By searching for harmonic solutions,
the characteristic waves in the system have been computed where two body waves (compression
wave, shear wave) can be distinguished and a wave that propagates along the surface of the track
system (surface wave).

The surface wave commonly conveys the largest part of the energy generated by the train. When the
velocity of the surface wave is of a similar magnitude as the velocity of the train, the generated energy
remains close to the train. This leads to accumulation of energy under the train as time progresses.
This phenomenon can be identified as resonance. Because this resonance may result in large track
amplifications, the train’s velocity is often designated as 'critical' when resonance occurs.

Although several critical velocities may be identified for a specific track configuration (see for
instance, [50], [254]), the lowest critical velocity is the most important since this is the first one to be
met by an accelerating train. vehicle. As confirmed by 'in-situ' measurements, rail deflections can
increase to more than three times the static deflection when a train reaches the lowest critical velocity
([126], [164]). Itis easily understood that for reasons of safety and limitation of train/track deterioration
such track amplifications can not be tolerated.

The main features of a train that reaches the critical regime will be illustrated by assuming the half-
space in Figure 6.79 to be softer than the Timoshenko beam. Accordingly, the railway superstructure
is considered to be supported by a relatively soft formation of clay or peat. In the model [254], the load
starts to move from zero velocity and accelerates up to a velocity larger than the lowest critical veloc-
ity.

The analysis of the response has been performed by means of a finite element mode! with dimen-
sions b x h =180 m x 37.5 m, see Figure 6.80. The moving character of the load is simulated by
means of a set of discrete pulses which act successively on the element nodes at the surface along
which the load is supposed to propagate. Furthermore, the half-infinite character of the halfspace is
simulated by means of viscous damping elements that are connected to the artificial mode! bounda-
ries (energy-absorbing boundary). By providing the damping elements with dynamic impedances that
are similar to that of the adjacent continucus medium, the energy of the waves which encounters the
artificial model boundaries is (almost completely) absorbed. For more details on the finite element
model, see [254].

F
sz Timoshenko beam
E
Halfspace o

N~

[ap]
Figure 6.80: Moving load F subjected to a Timashenko beam- \ Energy-absorbing boundary
halfspace configuration. Waves arriving at artificial model
boundaries are absorbed. 180 m

e
™~
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in Figure 6.81, the stroboscopic develop-
ment of the dynamic ampiification of the
normal stress in vertical direction, g,,, is
depicted. The dynamic amplification
relates to a point at 5.68 m below the
surface, and has been computed by
dividing the dynamic stress by its static
counterpart. The total horizontal distance
of 180 m plotted on the horizontal axis
reflects the total width of the finite ele-
ment model. The load starts to move at a
! ; horizontal distance of 20 m from the left-

Subcritical ; Supercritical side model boundary -at which the
e . slEle  stale, dynamic amplification equals 1.0, thus
2040 60. 80 jOO 120 140 160 180 corresponding to a static response.

Horizontal distance [m]

1 ' ( ' '
- N W B
LI A D ]

Dynamic Amplification Factor (d.a.f.) [-

T 1

o] AT N s o

(ew)

Figure 6.81: Stroboscopic development of the dynamic Due to the fact that the load velocity
amplification factor (d.a.f) under an accelerating load. increases with increasing horizontal dis-
Timoshenko beam is supported by a relatively soft half- tance, the dynamic amplification grows
Space. in a monotonic manner. At a horizontal

distance of 140 m from the left-side
model boundary, a maximum of about 4 times the static response is reached. At this stage, the load
velocity has approached the shear wave velocity c® of the halfspace and the system behaves criti-
cally. After this critical stage has passed the response becomes super critical.

Obviously, in the supercritical range the system response decreases under increasing load velocity.
This is because the load propagates faster than the energy transmitted by the radiated surface
waves. Correspondingly, the energy can no longer accumulate under the load.

When the load velocity is strongly super critical, the amplitude of the response appears to be of the
same order of magnitude as that of the static response. The characteristic behaviour sketched in
Figure 6.81 is, actually, similar to that of an aeroplane passing the sound barrier. This results from the
fact that the phenomenon of an aeroplane catching up with a.sound wave is completely analogue to

that of a train catching up with surface waves.

In order to study the response at the crit-

s _ ical stage in more detail, in Figure 6.82
e | V=08 the dynamic amplification has been plot-
© 3f :ﬁji:?g | ted for a load velocity (v,) in between
%Q: Vv /eS =120 4 l'p' 0.88 and 1.20 times the shear wave
3t ) j A velocity (cs) of the halfspace. Obviously,
g \ { at v,=0.88cs the response is still approxi-
Sop ’;; mately symmetric. For larger load veloci-
:3 1k 1 ties, however, the response becomes
= increasingly asymmetric. This s the
<E< ZF result of the appearance of oscillating
£ 3[ ’ ] Mach waves upon reaching the critical
% 4+ regime. These Mach waves have also
el been monitored during ‘in-situ’ track
60 80 100 120 140 160 180 deflection measurements [164], thereby
Horizontal distance [m] revealing a maximum upward deflection

Figure 6.82: The dynamic amplification factor (d.a.f.) under 2fri2?::n$n:r2r:;;§:§§eﬂgfnz gar!:rr?xt‘)(;i:g

an accelerating Joad in the velocity range 0.88 ¢S < v, < 1.20

¢®. Timoshenko beam is supported by.a relatively soft half-
space. -

the front train axle.
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For obvious reasons, the generation of Mach waves may have a detrimental effect on both the track
and the train. It may, in addition, cause the train to derail. This can be motivated from the supercritical
response at v, = 1.20c® which shows that the response directly below the I6ad position (I.p.) acts in a
direction opposite to the loading direction. In other words, the train axle is lifted up by the surface
waves.

The analysis above has illustrated that in the case of a railway track built on a relatively soft sub-
grade, the critical regime is reached when the train velocity is near the shear wave velocity of the sub-
grade. The magnitude of the shear wave velocity is determined by material properties, as computed
from

c® = Ju/p ' (6.213)

where (tis the shear modulus and p is the density of the material.

For a subgrade of soft clay or peat, the shear wave velocity commonly lies in between 150 and 250
km/h. 'In-situ’ track deflection measurements in Great-Britain [126] and Sweden [164]) confirmed that
the track response may become critical in this velocity range. For a railway track resting on a sub-
grade of relatively soft clay, the measurements demonstrated that the track response is amplified to

more than three times the static response when the train reaches a velocity of about 200 km/h.

Track amplifications are decreased when the soft subgrade is replaced by a stiffer structure such as a
sand embankment of considerable thickness. Accordingly, the shear wave velocity of the supporting
subgrade can be increased to a value that lies outside the velocity domain of the high-speed train
vehicle. An alternative solution is to disconnect the railway superstructure from the soft subgrade by
means of a pile foundation. The soft subgrade then will not affect the track response anymore, since
the piles convey the generated waves into the stiff soil layer that supports the piles. Another option is
to leave the soft subgrade as it is and limit the train velocity to a level at which the track amplifications
are acceptable. However, this option is certainly not preferred as it may considerably increase the
transportation time on the specific railway line.

As already pointed out in Figure 6.79, moving load models may be divided into two categories: beam-
spring models and beam-halfspace models. Because the analysis of a beam-halfspace model is con-
siderably more complicated than the analysis of a beam-spring model, there may be a strong prefer-
ence to use beam-spring models when examining wave propagation phenomena in a railway track.
Nonetheless, it should be realised that a discrete spring support is not able to transmit waves. As a
consequence, incorporation of the commonly accepted spring properties for modelling the track sub-
grade results in an inadequate description of the track dynamics. In fact, the dynamic amplification
predicted by a beam-spring model then becomes significant only for velocities far beyond the range of
operational train speeds. This may lead to the misconception that the dynamic track amplification
caused by the train is generally negligible.

6.10.2 Dynamic response of a ballast layer

For a railway track supported by a soft £

subgrade the wavelength of the surface Vi

waves is usually relatively fong, typically \L

ranging from 5 to 20 meters for a peat or

:lraey formation. These long wavelengths o ,,\Ba”ast ayer
caused by the soft nature of the sub- ‘0<

grade. When the superstructure is sup- Reflection of wave:\ SHff substraturm

ported by a stiff substratum, such as a

rock formation, a concrete bridge, or a  Figure 6.83: Ballast layer supported by a stiff substratum. Multiple reflec-

concrete tunnel, the waves which prop- ~ fion of waves.

agate at the surface of the track are not

necessarily restricted to the domain of

long wavelengths.
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This is because a stiff substratum reflects body waves of all- wavelengths back into the superstruc-
ture, see Figure 6.83. Consequently, a ballast layer on a concrete bridge or tunnel acts as a
waveguide, conveying waves of both long and short wavelengths.

The shorter waves in the ballast layer can have a wavelength of the order of magnitude of the ballast
particle size which may perturb the individual particles. In order to model relative motions by the bal-
last particles, it is necessary to incorporate the particle size intc a mechanical track model. This can
be done either by employing continuum models that are derived from the micro-mechanical particle
behaviour ([256], [257]), or by using discrete particle models ([258], [259]). In these models the parti-
cles are assumed to have an ideal spherical shape. The interaction with neighbouring particles is pre-
scribed at particle contact points by means of a contact law. Moving load analyses carried out with
these models have demonstrated that a ballast material consisting of large particles increases the
intensity of the wave radiation, especially when the damping capacity of the ballast is low. Hence, to
suppress such effects, the damping capacity of a ballast material should be sufficiently high.

The damping capacity of ballast generally depends on two effects: the inter-particle friction and the
distribution of particle sizes. As far as the first effect is concerned, when the friction between the par-
ticles is high (i.e. a coarse-grained ballast) a relatively large amount of energy is dissipated at the par-
ticle contacts, thus causing the ballast to have a high damping capacity. The second effect stems
from the fact that a wide particle size distribution excludes a dominant appearance by large particles
that may act as a resonator. Accordingly, a ballast material with a random distribution of various parti-
cle sizes has a better damping capacity than a ballast material which consists of identical particles of
a relatively large size.

In general, dynamic amplifications are not only caused by the train velocity, but also by impact loads
such as those generated by the sleeper distance effect or by other track irregularities. In the case of a
ballast layer supported by a stiff substratum, the energy transmitted by the track vibrations remains
for a large part inside the ballast layer as a the result of (multiple) wave reflections at the stiff substra-
tum, see Figure 6.83.

Consequently, reflected waves may interfere with other (reflected or non-reflected) waves. This
causes the amplitude of the response either to increase or to decrease depending on the motion
characteristics of the interfering waves. When superimposing the dynamic amplification by load
impacts on that by the train speed, it may appear that the track response becomes 'critical’ at a con-
siderably lower velocity than the critical velocity which relates to the effect of train speed only ([98];
[257], [259)).

The extent to which this occurs depends on the characteristics of the impact loading (e.g. frequencies -

and duration of the impact loading) as well as on the geometry and material properties of the track
structure (e.g. thickness and stiffness of the ballast layer). An adequate way of reducing the dynamic
amplification by load impacts is to apply ballast mats between the ballast layer and the stiff substra-

tum. In fact, the damping characteristics of the ballast mats will reduce the wave reflection depicted in
Figure 6.83.

6.10.3 Stiffness transitions

Stiffness transitions emerge when a relatively soft substratum of clay or peat changes into a relatively
stiff substratum of sand or concrete (or vice versa). Such transitions appear nearby concrete railway
bridges or railway tunnels, but also when the characteristics of the natural soil formation {i.e. the sub-
structure) change abruptly. Stiffness transitions form the basis for the emergence of differential settle-
ments, which, once initiated, may grow considerably as time progresses.

The growth rate of differential settlements is governed by the dynamic properties of the train, i.e. the
mass and velocity of the train in combination with its spring and damping characteristics. The mecha-
nism of growing differential settlements can be explained as follows. A stiffness difference increases
the dynamic loading on the track. As a consequence of the increased dynamic loading, differential
settlements may emerge. Differential settlements activate additional train vibrations which cause the
dynamic loading to become larger the next time the train passes the stiffness transition. Accordingly,
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E =100 MPa

37.5m

Figure 6.84: Stiffness transition L in an elastic halfspace o \ Eriergy-absorbing boungiary
comprising a relatively soft medium (E = 25 MPa) and a rela- . 180 m

tively stiff medium (E = 100 MPa).

N
Y

the differential settlements grow further and the above mechanism repeats itself.

Since differential settlements may cause excessive track detericration, they should be controlled as -
much as possible. Therefore, it is of practical importance to understand how the dynamic response of
a stiffness transition, which forms the basis for the emergence of settiement differences, is influenced
by a passing train axle. This is demonstrated by means of a finite element model, see Figure 6.84,
that has been discussed previously in [253].

The model consists of an elastic halfspace comprising a relatively soft material of E=25 MPa (e.g.
clay) and a relatively stiff material of E=100 MPa (e.g. sand), in which E represents the Young's mod-
ulus of the materials.

The stiffness transition L between the soft and the stiff material occurs in a stepwise manner, with a
step-size equal to the transition length divided by 0.75 m (= element size). The modelling of the mov-
ing load and the absorption of the wave energy at the artificial model boundaries occurs in the same
manner as explained for the model in Figure 6.80.

For an ideal homogeneous halfspace, the critical velocity is equal to the Rayleigh wave velocity ¢’
which has a magnitude close to that of the shear wave velocity [1]).

The influence of the load velocity v, on the dynamic stress amplification at the transition L has been
examined by considering a relatively low load velocity and a relatively high load velocity. Here, the
low load velocity v,=30.0 m/s is about half the critical velocity of the soft medium, while v,/c" S°F

medium = ( 46 . The high load velocity v,=59.0 m/s is very near the critical velocity of the soft medium,
VX/Cr‘ soft medium — 0.90.

12,07
0L —— v, =30.0mis (V,/ crsottmedim = 0.46)
10.0F\ —— V, =58.0 mis (V,/ crsof medum = 0.90)

d.a.f. transition [-]

Figure 6.85: Dynamic ampilification factor (d.a.f.) versus the
length of the stiffness transition. Moving load with a relatively

low velocity (v,/c" SR medium = 46) and a refatively high
velogity (v, /cl et medium. = g go).

Il TS S R RO T S
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0.0 5.0 10.0 15.0 200 250

Length of stiffness transition (L) [m]
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The effect of the transition length L on the dynamic stress amplification has been depicted in
Figure 6.85. Clearly, for both load velocities the dynamic amplification factor (d.a.f.) at the stiffness
transition decreases with an increasing transition length. As for the previous analysis, the dynamic

amplification factor has been computed by dividing the dynamic stress 6., at 5.68 m below the sur—
face by its static counterpart.

For the high load velocity v,=59.0 m/s, the dynamic amplification appears to be significantly larger
than for the low load velocity v,=30.0 m/s The depicted horizontal lines d.a.f. =1.21 and d.a.f. = 2.51
represent the dynamic amplification for v,=30.0 m/s and v,=59.0 m/s in case the halfspace would be
homogeneous, with E=25 MPa. Hence, these lines act as asymptotes to which the dynamic amplifica-
tion factor approaches when the transition length increases. Obviously, for the low load velocity
v,=30.0 m/s the asymptote is reached much faster than for the high load velocity v,=59.0 m/s.

From the current analysis two important conclusions can be drawn. Firstly, in order {o adeguately
reduce the dynamic amplification at a stiffness transition, the length of the transition should be suffi-
ciently large. Al a certain stage, a further increase of the transition length will no further reduce the
dynamic amplification. Secondly, railway lines constructed for fast(er) trains require a large(r) transi-
tion length to reduce the dynamic track amplification. Apart from these two effects there is ancther

~effect that influences the dynamic ampilification: the magnitude of the stiffness difference. Trivially, an

A

increasing stiffness difference increases the dynamic ampilification at the stiffness transition so that a
large stiffness difference should be bridged by large transition length L. The quantitative effect of the

magnitude of the stiffness difference on the dynamic ampilification is exemplified in [253] by means of
finite element analyses and energy cons1derat»ons

6.10.4 Brief discussion

The models presented in this section have provided insight into some important features of the
dynamic response of a railroad frack to a moving axle load. It is possible to extend the models in
several ways in order to provide a more realistic representation of an 'in-sifu’ railway system. Here,
one may think of replacing the moving load by a mass-dashpot-spring system that accounts for the

train vehicle dynamics, or of adding the influence of ground water and frictional sliding to the ballast
and subgrade behaviour.
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7  TRACK STABILITY AND LONGITUDINAL FORCES

7.1 Introduction

In conventional non-welded tracks the rails are connected by means of joints to allow for length
changes caused by temperature fluctuations. Using joints prevents the development of axial forces
and the consequent risk of track buckling at high temperatures. However, the penalty for this is the
care for maintenance-intensive joints which generate high dynamic loads during train passage. These
loads are responsible for many problems like rapid deterioration of vertical track geometry, plastic
deformation of the rail head, dangerous rail cracks as well as damage to sleepers and fastenings.
These problems increase progressively as speed increases. As a rule, joints have a very considera-
ble negative effect on the service life of all track components.

Tracks with continuous welded rails (CWR)
do not possess the above drawbacks. Owing
to the absence of joints the quality of the
track geometry is better by an order and this
results in a substantial decrease in the total : S
life cycle cost. CWR does not, however, only ' -
have advantages. As was pointed out in
Chapter 5, the stresses resulting from the
plane strain situation may be of the order of
100 N/mm? and should be added to the
residual rail stresses and bending stresses
caused by train loads which are of the same
order of magnitude. Temperature stresses
especially are responsible for failure of
welds with small imperfections at low tem-
peratures. On the other hand, lateral stability
should be sufficiently great to. resist com-
pression forces developing at temperatures above the neutral temperature of 25°C, as buckling may
otherwise ‘occur as, for example, ‘illustrated in Figure 7.1. The principle of this phenomenon is
sketched in Figure 7.2 showing the compressive forces and the resistance forces on the track and the
resulting typical buckling shape. '

L3

et AR A RE KSR S S

Figure 7.1: Example of track buckling

A

v

Figure. 7.2: Typical buckling shape

On bridges and viaducts the deformation regime deviates from the plain track situation. The rails fol-
low the construction which can undergo large displacements with respect to the adjacent track. With-
out adequate measures this would result in high rail stresses. To avoid these stresses expansion
joints are-applied.

This chapter is devoted to track stability and track longitudinal problems which, in the case of com-
pression forces, are strongly interrelated. For both fields analytical and finite element modelling
approaches are presented with examples. The last section discusses recently developed advanced
models which describe safety considerations about track buckling or deal with more general or com-
plicated track systems.
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7 TRACK STABILITY AND LONGITUDINAL FORCES Modern Railway Track

7.1.1 Straight track and elastic lateral resistance

In order to analyse this basic problem the track is
modelled as a straight bending beam with a length

L". The beam is loaded by axial compressive Ié,,’“‘“%z
forces and is elastically supported by a laterally T k4
distributed resistance which is proportional to the P' T?j k4 Yo
s 4 = R P
lateral deflectlon. e \ i
> X "\‘%\ \v’g‘.
T = Bv (7.1) . Vel > %\ A
where  is a constant-and v(x) = lateral deflection. Ty

-
|
!

P
ek |
Tl
In view of the treatment of the rail buckling prob- - 73 Buoki  straiaht th elastic lateral
lem, -a continuous sinusoidal shape will be 94 7.3: Bucking of straight beam with elastic latera

. resistance
assumed. Only one wavelength need to be consid-
ered in Figure 7.3. The energy method will be used

to solve the problem because it not only gives the equilibrium equation, but also the nature (stable or
unstable) of the equilibrium. The total energy consists of three parts:

1. Bending energy of the beam:

L .
Uponrm = %fE/v”de (7.2)
0

where v"2 is d2v/dx2.

2. Deformation energy lateral pressure, with (1-1):

L
Upross = % [Bvax (7.3)
0

3. Work done by the compressive force:

L
W, = szpv'zdx (7.4)

0

Figure 7.4: Rail'element in buckling

While the first two energies are obvious, the last one may need some explanation. Referring to
Figure 7.4 the elementary energy can be written as: :

dWp = Pdu = P(dx- Jdx2—dv?) = Pdx(1- JT-v?) (7.5)
where P is assumed to be constant and axial deformation is neglected. Linearisation gives:

dWp = %Pv'2dx : (7.6)
which explains equation (7.4).
The total energy is then:

Utot = Ubeam + Upress_ WP . (77)

1. Not 1o be confused with the same symbol L used for the characteristic length of the track
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Modemn Railway Track 7 TRACK STABILITY AND LONGITUDINAL FORCES

Giving as solution:

v(x) = vos/niix (7.8)

the total energy per wavelength becomes, after inserting (7.8) in (7.2),(7.3), (7.4), and using symme-
try considerations: : ‘

2
_ Volr_ romy? 2m?
U = 4 {E/(_L_) +B_P(_L—J ] (7.9)
. o o AU o
The equilibrium follows from setting the partial derivative 5 0, resulting in:
. aVvy
2 2
p - 4nEl BL (7.10)
2 2
L 4r

As an example the relation between the buckling load P and the wavelength L is given in Figure 7.5
for EI = 8000 kN/m? and for some values of B in the range 10 to 200 kN/m=.

The maximum value of the buckling load
is restricted to 2500 kN in Figure 7.5
because higher values are unrealistic.
For instance, in the case of UIC 60 rails
and an extreme temperature increase of
65 °C, the maximum normal force which
can occur in CWR track amounts to 2414
kN (=2210e5+76.9¢"4*1.15¢75*65).
e . : aQUrot

Stability is ensured if —— >0, hence
if: Vo

2 2
4n"El, BL
P< ‘”—‘LZ + 4 5 (7.1 ) Figure 7.5: Buckling diagram in case of elastic resistance
T

This shows that each equilibrium point on the surface is indifferent with respect to stability.

From the condition giz = 0 the following critical quantities are determined:

L2crft = 4K2«/E/ ‘ : (7.12)
B _
Ferie = 2BEI (7.13)

T
his relation between L, B, and P has been indicated in Figure 7.5 with a thick line.

iy

If there is no lateral resistance (B=0), then (7.10) will reduce to the well-known expression for the
Euler buckling load for straight free beams, second mode:

2
p=irEl | , (7.14)
L“ .

This curve is also drawn in Figure 7.5 and is marked with small circles.
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7 TRACK STABILITY AND LONGITUDINAL FORCES Modern Railway Track

7.1.2  Track with misalignment and constant lateral shear resistance

If applied to rail track situations, the value of Py in (7.13) is only significant when the lateral ballast
resistance is very low and approaches the Euler buckling load. However, this situation is not repre-
sentative for railway track, for in the elastic model there is always sufficient resistance and according
to the above-mentioned example unrealistic high values of the buckling load would be calculated.
With respect to railway track two important factors should be taken intc account.

First, the lateral resistance, which is caused by

the shear resistance between track panel and "> FEgT1on vert = 0] Long = d
ballast bed, has a limiting value. Secondly, real £
track is. never perfectly straight, but shows » ™
some form of geometrical imperfection or mis- 210 /_ — PR
alignment. Therefore, in this section a more 2 7
realistic model for rail track will be used. g

35
In Figure 7.6 a recent measurement of the lat- g
eral shear resistance characteristic of a track ®

0

: T . .
panel in ballast bed is given, expressed in force 20 40 a0 20 100
per sleeper. The curve could, fqr instance, be Lateral displacement v [mm]
approximated by a bi-linear function, but for our

purpose here we will approximate the curve by

a constant plastic shear resistance which Figure 7.6: Lateral resistance measurement -

opposes the axial displacement and therefore

can be defined as: ‘

o

T = 1,8ign(v) | (7.15)

The bending stiffness El is represented here by the horizontal bending stiffness of the track panel.
This stiffness incorporates the bending stiffness of the rails, the sleepers, and the rotational resis-
tance of the fastenings. It is assumed that this bending stiffness is constant. The straight track is sup-
posed to possess an initial sinusoidal misalignment in the unloaded situation {(Figure 7.7), given by:

f= fosing{—)—( (7.16)

It is also assumed that the additional bending
curve has the same relationship as the mis-
alignment due to the buckling load P:

v = v,sin 28X (7.17)

Finally, the buckling force P and the wavelength
L are assumed to remain constant during the
buckling process.

Under these conditions the energy parts can be

) : Figure 7.7 Lateral buckling of track panel with plastic lateral
calculated analogous to the scheme in the first  shear resistance

example.

1. 'sign’ refers to the mathematical function signum meaning here: sign (v) returns 1.if v>0, 0 if v=0,and -1ifv <0
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Wodern Railway Track 7 TRACK STABILITY AND LONGITUDINAL FORCES

1. Bending energy of the beam:

L4

. ngE//gn"l 718
Ungarn = 2 [ Elv"2ax = =5 (—L—) (7.18)

0

where v"2 is d2v/dx?.

2. Deformation energy of lateral shear resistance, with (7.17):

L4
21yv,l
Uns = 4 Jrovdx = “ToVor (7.19)
I
0
3. Work done by the compressive force (modified to include the effect of f(x)):
L/4 )
Va2 w2y 4o _ PL 2. 21
We = 2 [Prov+F)? - ax - —Z[(v0+f0)2—f0](T) (7.20)
0
The total energy per wavelength in this case becomes:
Uy = A[VZE/(@\)4+BTOVO—P[(V +f)2~f2](@>2J - (7.21)
tot 4 0 L. T 0 0 0 L
' . . L OUy,
The equilibrium follows from setting the partial derivative o T 0, resulting in:
, Vo
2 ) 2
p = Yo (4nEl, T(il— (7.22)
V0+ fO 1_2 TEQVO

From %’E = 0 the following critical quantities can be determined:

i _
f,El

L = 2 /=2 (7.23)
4]

T E]
Pcr:’t = ;j)f (724)
0
Vg .
2 =g 7.25)
(f()) crit (

The critical value of Py is the smallest load of the compressive force P, with corresponding wave-

_length, which causes buckling. 22U '
The stability criterion of the equilibrium can be determined by checking the inequality ;‘” >0,
which gives the condition for stability: » I

2
P<4Tc 2E/ (7.26)
L ' : :

This means that for a stable equilibrium the axial load P should be less than the Euler buckling load.

178



7 TRACK STABILITY AND LONGITUDINAL FORCES Modern Railway Track

In Figure 7.8 the graphical result is given of

an example based on the following parame- P [kN]
ters:

g =10 kN/m;

El = 8000 kNm?;

f,  =0.025m.

The critical values can be calculated using
(7.23) and (7.24):

Lt = 12.51 m;
Peit = 2018 kN.

The critical value of the compressive load
lies well within the range of possible values
(under rather extreme conditions, see former

) Figure 7.8: Buckling diagram in case of plastic resistance and mis-
section). alignment

7.2 Track stability: finite element modelling

7.2.1 General considerations

In the 1950's and 1960's ORE Committee D14 investigated the stability of tracks with CWR under the
influence of temperature loads on various geometrical imperfections [208], [209]. For this purpose
analytical models were developed as described in reference [19]. Although these mathematical mod-
els had been verified by many field tests, several limitations and assumptions still had to be accepted
in some areas. One of these limitations was that the mathematical model was only allowed to -be
applied to curve radii greater than 500 m. It is a fact that in tight curves an increase in temperature is
followed by a lateral displacement over the total curve fength. This decreases the axial compression
force in the track. In such a case the longitudinal ballast resistance forces play an important rolg,
especially in transition curves, and this aspect was lacking in the analytical models.

The above-mentioned limitations do not apply to calculations based on the finite element method

(FEM). Using the model described in [115], the stability of a number of track structures under the influ-
ence of a temperature load was analysed. The non-linearities in this process require an incremental
approach in which temperature loads are increased step by step. Moreover, the model allows for any

design geometry for the track, including geometrical deviations. Boundary conditions ‘are no ionger a
limiting factor.

7.2.2 Finite element model

The railway track is considered to be an elastically supported beam with a constant bending stiffness
» (E1) and a torsional resistance of the fastenings at the sleepers. The ballast resistance is represented

by springs in the lateral and longitudinal directions. Displacement occurs in the two-dimensional, hor-
izontal plane.

Each of the three spring types mentioned has a specific bi-linear characteristic according to
Figure 7.9. This means that in the first part of the diagram the resistance increases in proportion to
the displacement and in the second part the resistance is constant with displacement. This is known
as the plastic phase.
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Modern Railway Track 7 TRACK STABILITY AND LONGITUDINAL EORCES

The mathematical model permits an elastic spring A soina
. piing rorce

reaction on removal of the load when the spring Plastic phase (loading)
has already reached the plastic phase. The beam / i
element length is constant for the overall track / /

construction and corresponds to the sleeper spac-
ing. As indicated in Figure 7.10, the joints possess
three degrees of freedom u, v, and ¢ and are con- Elastic phase
nected to two ballast springs and one rotation (unioading)

spring. /

. I Elastic phase .
The equations of equilibrium for the track construc- (loading) Displacement

tion, composed of the beam elements, provide a »
system of equations in terms of the unknown dis- Y
placement . increments. according to the matrix

pl

Figure 7.9: bi-linear spring characteristic

equation:

[Si{Aav] = [AF] (7.27)
where:
[S] = tangent stiffness matrix [N/mmj;

[Av] - = displacement increment vector [mm];

[AF] = load increment vector [N].

The tangent stiffness matrix [S] consists of the fol-
lowing components:

Element stiffness matrix [Sy]:

The beam element used in the FEM consists of a
combined truss-bending element. Therefore, the
matrix [S4] contains the strain and bending stiff-
ness constants. The linear relation between dis-
placement [v®] and forces [F®] of a beam element
is defined according to the matrix equation:

Figure 7.10: Beam element applied in FEM

[S,1v°] = [F° o (7.28)

in which the displacement vector [v®] contains the three degrees of freedom u, v, and $ per joint.
The displacement field u of the truss element is governed by the differential equation:

EA== =0 | (7.29)
which has the solution:

U(X) = Cy+cp= U+ )Z((ug- us) ' (7.30)

- The displacement field is presented in Figure 7.11.

The bending part in the displacement field, associated with v and ¢, is based on what are known as
shape functions. These are third degree polynomials in x which satisfy the differential equation:

EITY =0 ' (7.31)
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with the solution:

V(X) = C;+ Cox+ c3x2+ C4X3 (7.32)

‘The constants ¢4 to ¢4 are dependent on the joint displace-
ments. This makes it possible to express v(x) in the degrees of
freedom according to:

VIX) = og (V7 + (005 +as(0vs +a,x)e;  (7.33)

The shape functions are presented in Figure 7.12 and can be Figure 7.11: Displacement field of truss ele-

expressed by: ment
o1 XN,y
o {197 "5
(1.1 x\?
o, = (§+Z)(§‘Z,) L (7.35)
(1AL X
oy = 2(§ ¥ Z) (1-%) , (7.36)
. ) i e
T X\ (1 x )
=-=Z)l==-2| L 7. ‘
e (2 L>(2 J (7.37)
/e,
Z/' 1 M\m
bV x
Stiffness matrix [S5]: : , 4 04 :
This matrix takes the geometrical non-linearity based on the e P
second order theory for small strains and large displacements o X
into account and is derived by using the strains from the dis- - Y x
placements. As depicted in Figure 7.13, the strain e is related 4 o
to the displacements u and v by the following expression:
_du, 1N X
e = Sov3(5y) (7.38) T A
\w—r“"y/

With this theory, the stability of the equilibr_ium of the two _ . _

dimensional beam constructions can be investigated according  Flgure 7.12: Shape functions of bending
. . . S . . element

to the principle of virtual work. There is equilibrium if the varia-

tion in potential energy equals zero, or:

BE ., = jJLGSedV~ HFavdx -0 | (7.39)

)

Assume that due to the load q the axial forces Np and bending moments M, are present in the con-
struction. If variations du and dv are applied to the displacements u and v, with an unchanged external
loading, the following variation in the potential energy of the construction will emerge:

< ~ 7 o 7
0 o = J-[NOOE; + M8k + édNSt + EC/MSK - %5V]dx (7.40)

I

1 2
IS} Epor +0 Epo,
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The first term:

ou

. gdu . 375V u+——dx
075,30[ = ﬂ:NoT))—(—~MO—é—X—2—q06v}dx (7.41) P dx > ox
describes the equilibrium of the internal forces with the external
load. The second term describes the strain energy and is split k4 ‘ _V+3_de
up into a linear and a non-linear part: ' ‘ v ox
8% ot = 8 Epor,1+ 0 Epor 2 (7.42)
» wy
In this expression the linear and non-linear parts are respec- dx J 1{3_\/}2“
tively: — 2| ax
2 . . . .
2 3 1 ASu 2 1 F)ZSV Figure 7.13: Axial strain due to displace-
O Eper s = 3 -’-EA (7;) dx +§ J-E/(-a7) dx: (7.43) ments u and v
T, e.T e e
= 5[v°) [S71v°) | (7.44)
1 0oV 2 ‘
5 Epoz = 3 j/vo(fa—xj dx | . (7.45)
1. e T <e e
= 5V IS5100v] (7.46)

e

The matrix [S7] is the symmetrical element stiffness matrix. The matrix [S;] contains factors which

depend on the normal force. It creates the extra part in the matrix [S] which expresses the geometri-
cal non-linearity.

Spring stiffness matrix [S,I:
The bi-linear springs at the joints contribute to the total construction stifiness. However, they do not

add extra degrees of freedom to the system. As long as a spring is in the elastic phase, the matrix
relation for a linear spring applies according to:

u F
C vi= | F, (7.47)

o} M,
or:

[SJIv] = [F] : (7.48)

As shown, the matrix [S,] contains the stiffness of ballast and fastenings which are placed on the
matrix main diagonal. After having reached the plastic phase, the spring force no longer increases but
remains constant with displacement. The spring's contribution to the track stiffness equals zero for
the next loading increment.
By direct summation of these three matrices the tangent stiffness matrix [S] is formed. The support

conditions are taken into consideration when reducing the matrix [S]. The caiculating process is as
follows:
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After applying the temperature foad and solving the static
equilibrium equations, the displacement vector [Av] is
 Coce F KA found. After that a new (rotated) tangent stiffness matrix
[S] is drawn up with the help of the new total displace-

(v*+Av) until the desired accuracy has been reached.
This process, schematically presented in Figure 7.14, is

—»  often described as the Newton-Raphson iteration proc-
Displacement ess.

&
e - C? /'\ f‘ & ment (v°+Av) and the internal stresses. Back substitution
4F b of the same displacement vector [Av] gives a new load
20 N T vector [AF*]. The difference between the original load
A 1 [
Eo vector [AF] and the load vector {AF*] serves as a new
| voE load vector in the new total displacement situation
’ L
i [
I [
! (-

{
|
1
]
i
|
1
]
|
1
1
t
|
1
I
v l

1
i
|
{
1
]
i
i
I
1
1
Tt
4

Figure 7.14: Newton-Raphson iteration process

The load on the track construction can consist of two
components, namely:

Temperature load

This load is due to a temperature rise which causes compressive forces in the frack. One of the con-
sequences can be lateral track instability (buckling). This load is active along the total track. Accord-
ing to Section 7.3.2, the following formula (7.54) for the normal rail force N due to a temperature
change AT with respect to the neutral or initial temperature is found: '

N ooy = —EAQAT : (7.49)
Hence, the compression force on the track (two rails) is:
P = 2EAQ|AT] ' : (7.50)

in which:

P = compressive force on the track, taken as positive value in subsequent calculations [NJ;
E = Young's modulus for the rail [N/mm?);

A = total cross-sectional area of one rail [mm?];

a = coefficient of expansion [/°C];

AT= Tacwal = Theutrat ['Cl-

External joint loads

The possibility of applying individual joint loads in the lateral and longitudinal directions is created.
This was done in order to verify the mathematical model by means of data from lateral resistance
measurements described in [73]. :

Both load types can be applied individually or in combination.

7.2.3 Results

After a thorough and comprehensive verification of the mathematical mode! and computer program,
efforts were made to reproduce the results presented in [19]. In order to do this, the necessary input
data were derived from the measurement data originally used. The results are presented in
Figure 7.15 and show a high level of similarity. The same figure also indicates the existence of a criti-
cal wavelength which refers to a minimum buckling force in the relation buckling force/buckling length
(= half wavelength L). It also refers to a lower critical compression force (buckling force) when the
amplitude y of the misalignment is larger.
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In the calculations published in [19] a sinu-
Buckling force P [kN] I % | G soidal initial displacement, i.e. geometrical
1 Lt ’ imperfection of the track, was assumed. At
different wavelengths, with the wavelength
being twice the buckling length, the buckling
force was determined for different initial
conditions. In practice, wavelength and geo-
metrical deviation magnitude are strongly
correlated. Starting from some tenths of a
millimetre -at wavelengths of a few metres
and some millimetres at wavelengths of 10
to 20 m, the amplitudes can become much
larger than 10 mm for longer waves.

7500 —

5000 —

2500 —

In order to take this correlation into.account,
y 5 3 4 p 5 two sections of about 30 m length were
: Buckling length L {m} selected for the calculations on the basis of
Figure 7.15: Buckling force versus buckling length accord- BMS recordings. Both sections form part of
ing to Bijl and calculated with FEM a 200 m section with a standard deviation of
1 mm for alignment, which corresponds
approximately to the maintenance intervention level on NS rail. The geometrical deviations in the lat-
eral direction (alignment) are presented. in Figure 7.16. For both initial deviations of the track geome-
try the differential temperature, with respect to the neutral temperature at 25°C at which the track’
becomes unstable, was calculated. This value amounts'to 140 - 150°C {89].

Subsequently; these calculations were repeated by increasing the amplitude of the initial geometrical
deviation in proportion to the standard deviation of alignment per 200 m section. Buckling forces and
differential temperatures for standard deviations of 0.5, 1, 2, and 4 mm are presented in Figure 7.16.
The analysis results show that only in extremely poor tracks differential temperatures are attained
which will lead to instability. '

The NS have carried out many lateral resistance measurements with an adapted tamping machine

[73]. To simulate this loading process with an FEM analysis, two point loads were applied to straight
track in the lateral direction. Figure 7.17 shows some results of lateral resistance measurements car-

Amplitude alignment BMS [mm]

A AT [°C] A o ‘
. LLocal situation which
Axial o
force may occur within-a
[kN 200 m section with
‘ ] 3 12.5 —1 o alignment=1mm
i‘% |
N\ .
— 120 3 7.5 —
3600 —| 3 ' : ™
3 /N
. ~ 7
o1 AN~
2400 — ol W -Vf’?
— 60 <2.5 7 /Jy \\..-\J
j\ i
1200 — W 7/
<30 ) -7.5 %;\J ‘g;’lj —— Short wave
Y
Alignment BMS i = Long wave
T T ] 1 > -125 T T T T >
0 1 2 3 4 ‘ 0 5 10 15 20 25 30
Stability CWR track ¢ 200 m [mm] Track geometry Track length [m]

Figure 7.16: Buckling force versus track quality
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Moadern Railway Track

ried out on NS UIC 54 track and on RET (Rotterdam Metro) NP 46 track. The FEM approximation and
relevant parameters are also indicated. The correspondence between the measured and calculated

value is quite good.

A {ateral load [kN]

60—

NS UIC 54
50 — Q-

40 - @//—

" w——— Approximation via FEM
® NMeasured values

RET NP 46

NS UIC 54 RET NP 46

18 kN/mm 22 kKN/mm
05 mm 0.35 mm
1 kNm/mrad 3 kNm/mrad
3 mrad 3 mrad

Coanast
V.

i Cy
] ('™

20

nonowon

Disptacement [mm]

\ 4

T T T T T T
0 0.5 1.0 1.5 20 25 3.0

Figure 7.17: Approximating lateral resistance measurements
by FEM

'y
Lateral load H [kN]

€60 Consolidated track

501

40

Non-consolidated track

0+ | NP 46
— UIC 54
20 :
c baliast Vpl c [ o pl
N/mm | mm |[Nmmi/rad rad
10 Non-consolidated | 8,000 | 0.5 [1:109 0.003
Consolidated 16,000 | 0.5 1-108 0.003
o-t T 7 T T T T 7 [EE] T -
0 1 2 3 4 5 8 7 8 9 10

Displacement [mm}]

Figure 7.18: Force-displacement characteristics for different
railtypes and different stifiness coefficients

To illustrate the influence of different spring characteristics, the load-displacement diagram is plotted
in Figure 7.18 for tracks with NP 46 and UIC 54 rail profiles. The influence of the rail profile is rela-
tively low. The consolidated and non-consolidated characteristics are FEM approximations of the lat-

eral resistance measurements mentioned earlier.

A
1 Displtacement [mm]

UiC 54
Ballast spring plastic at v, = 0.5

Caicuiated via FEM

On the basis of the non-con-
solidated - characteristic  in
Figure 7.18," the relationship
between lateral displacement
and differential’ . temperature
has been calculated for differ-
ent curve radii. The bi-linear
ballast spring force has a maxi-
mum value of 8.5 kN which is
attained at a displacement of v

Vo1 = 0.5 mm. The FEM anal-
ysis was carried out with up to
about 1 mm lateral displace-
ment.

100 200

Figure 7.19: Lateral displacement versus differential temperature for different curvé radi

> The- post-buckling behaviour
AT[C was investigated for only a few
cases. The results, presented
in Figure 7.19, reveal that the
tighter the curve the more
gradual the transition to- the
post-buckiing phase develops.
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Regarding NP 46 track, the "™ ST
curve radius versus differential . track
temperature, at which the track % Non-consolidated /  np ‘ / RS
starts to displace permanently, s0d frack / ; P

was also determined for consoli-

dated tracks. For .both NP 46~ 00

and UIC54 tracks the load-dis-

placement curve for the NP 46 300- /
track, shown in Figure 7.17, was a0 /}’/
applied. The analysis results are ,;:’
shown in Figure 7.20. These 100 ,«/'
values indicate that consoli- /
dated tracks in curves with a S U SO S R
radius of 200 m will start to 20 40 60 80 100 120 140 160 180 200 220 240 260
develop permanent lateral dis-
placements at differential tem-
peratures above 80°C for UIC54
and 100°C for NP46. Non-con-
solidated tracks start to displace permanently at about half this value. It should be mentioned that the

occurrence of a limited permanent displacement should be considered as permissible.

v

AT [°C}

Figure 7.20: Curve radius versus temperature at which permanent track displace-
ments start to occur

7.2.4 Continuous welded switches

In the case of continuous welded switches, the axial forces in the rails connected to the common
crossing should be relieved by the sleepers so that they have vanished at the start of the switch
blade. Depending on the sleeper stiffness, these forces are partly transferred to both continuous rails
and partly to the ballast bed. Sleeper loads and corresponding displacements have been measured

. by DB for a 1:12 switch. These results, obtained from reference [146), are presented in Figure 7.21.

As a result of the reaction forces exerted on the continuous rails the axial compression force in these
rails is reduced in the vicinity of the common crossing. Near the front end of the switch blades the
axial compression forces in the continuous rails increase. According to Figure 7.21 this increase may
amount to approximately 40%. DB have also carried out measurements at 1:12 crossovers. Owing to
the limited transition length, an increase in axial compression force of only 7% was found. -

Sleeper loads due to

\Li transfer of CWR forces P [kN]
flection | T
Sleeper deflection | ) 400
T P o R
\'\., 200‘1 f L 5
T 0 | Lo
R R
Displacements _ | j o :
P - - 3 -5 \. S 1 : : _p
P—p r—g——0 T ] 4P
; “ i 0 —p
N | (—p
P [kN]J .’ ! ; !
600 | | i
400 —- Q37P
: P = 400 kN
Figure 7.21: Forces in 200 7 At=25°C
CWR 1:12 switch meas- 0
ured by DB | 24m . . | 18.m | 15 m |
I ! ; ! )
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7 TRACK STABILITY AND LONGITUDINAL FORCES Modern Railway Track

7.3 Longiiudina! forces: analytical modelling

7.3.1 General considerations

In the previous section lateral track stability under the influence of longitudinal compressive forces
was discussed. These forces consisted of temperature loads. There are, however, also other types of
track load in the longitudinal direction. These loads originate from braking and acceleration forces. On
bridges and viaducts differences in temperature between track and fixed installation may also occur.

Obviously, rails respond much faster to temperature changes than solid concrete and steel construc-
tions do causing relative movements between the parts.

From the point of view of track design, two load classes may be distinguished: longitudinal compres-
sion forces at high temperatures combined with traction forces which can introduce track buckling;
longitudinal tensile forces, associated with low temperatures, in combination with traction forces

which may easily lead to rail failure. In the design of bridges and viaducts the tensile load cases are
normally the determining factor.

7.3.2 Axial rail model

As was already remarked in Chapter 4, free expansion or contraction of the rail due to temperature
differences does not occur. A longitudinal resistance force distribution emanating from the rail fixation
limits the rail displacements, but may cause high forces.

To investigate this problem, a simple yet instructive model is presented to determine the axial dis-
placement of the rail under temperature load as well as ‘a shear force distribution representing the
longitudinal resistance.

In Figure 7.22 a small rail element is given which is subjected to a temperature increase AT with
respect to the neutral or initial temperature, as well as a shear force t(u)dx which opposes the dis-
placement u(x). The longitudinal force in the rail is N(x).

Equilibrium demands:
dN = (x)dx . : (7.51)
The total strain is the sum of temperature strain and strain according to Hooke's law:

du N
du - AT+ N 7.52
ax 22T Ea (7.52)

in which:

E = Young's modulus for the rail [N/mm?];
A = total cross-sectional area of the rail [mm?);
o. = linear expansion coefficient of rail steel [/°C];

AT= change in temperature (defined as AT= T a1 - Tinitial)-
du
ey || + = d

ax X

) . v . dN

N e = aAT - ,———-®N+&dx
B
dx
} Figure 7.22: Differential rail-element meant to
_ X dx study the temperature effect
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Viodern Raitway Track 7 TRACK STABILITY AND LONGITUDINAL FORCES

in general, tis a function of u, which in turn, is a function of x. Using the formulas (7.51) and (7.52),
the following differential equation can be derived:

Eff_L_/~ () _ g 7 : (7.53)
dx? EA

Once the displacement function u(x) is found, the normal force follows from (7.52):

N = EA(d“ 0.AT) (7.54)

In the case of continuous welded rail (CWR), the length of the rail is so great that a plane strain con-
dition exists in the central part of the rail preventing axial displacement of the rail completely. The
force caused by a temperature increase is, according to (7.54):

N__ = -EA0AT (7.55)

max

which means that a temperature increase results in a compressive normal force, as could be ex-
pected. ‘

Special case 1: Plastic shear resistance

Sometimes it may be assumed that the shear resistance is constant while the sign of the resistance
depends only on the sign of the displacement:

T = 1,8ign(u) (7.56)

At the point of transition from CWR to jointed A
track, according to Figure 7.23, the CWR
force is reduced over the so-called breathing
length. From (7.53) and (7.56), it follows for

A N.u

Normal force
INmax| . Axial displacement Uy,

[ L

x > 0 that: = - '
EAoAt ~700 kN | = VopAT(,~ 20 mm
2
ThX ‘
uix) = 22X (7.57) . 5 ‘
2EA ! " X
which satisfies the transition conditions at x *____._1 Eo?g Egsllﬁﬁn:ce "
= 0. With (7.54) the normal force in the Confinad fenati |
onrined tength: Breathmg length 0~ 70

breathing length zone is: _ (theorsticallys)

niim -t

N = 1,x—- EA0AT (7.58) Figure 7.23: Distribution of temperatdre force and displacement in
CWR (plastic shear resistance)

At the free end of the rail (x = /) there is no
force, hence the breathing length:
N
p = —max (7.59)
To
' The expressions for the maximum normal force and maximum axial displacement are also indicated

in Figure 7.23.

The results in this case are very plausible and may in fact be deduced heuristically. This is the solu-
tion often found in text books.

As the plastic resistance characteristic is inherently non-linear, residual stresses remain at the rail
ends if the rail system is subjected to more than one temperature cycle, e.g. consecutive warming up/
cooling down periods. In this case the rail end displacement follows a hysteresis loop.
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7 TRACK STABILITY AND LONGITUDINAL FORCES Modemn Railway Track

Special case 2: Elastic shear resistance

In the case of elastic rail fastening systems the assumption of a linear shear resistance is more ap-
propriate:

T = ku (7.60)
Substitution in (7.53) resulits in the differential equation:

Z;’;_E“Zu:o (7.61)

The solution of (7.61) which satisfies the bbundary conditions: x=0=>N=0and x = e =>u=0can
be written as:

40./3 T - (7.62)

in which:

_ |k .
)= | (7.63)

The normal force according to (7.54) becomes:

N = —EAcAT(1-e™"") (7.64)

The expressions: for the maximum

.normal. force and maximum axial {\ N.u

displacement ~ are indicated in Nmaxl = EAGAT

Figure 7.24. Theoretically, there is -~ |77

no- distinction here between . the /
breathing length and confined length N

as was the case with the plastic /
shear resistance. Practically, though,

the large central part of the rail may 7

be regarded as being in a plain
strain situation. As this solution is
linear elastic, no hysteresis effects
are taking place when the system is
subjected to consecutive tempera-
ture variations. In the next section
the more complex case of tempera- [Umael = AT /U
ture effects in the combined system

track/viaduct will be examined. : Figure 7. 24:' Distributior? of temperature force and displacement in
. CWR (elastic shear resistance)

c

7.3.3  Modelling of the longitudinal interaction problem-

In Section 7.3.2 the effect of temperature forces in rails was examined using a simple model
(Figure 7.22). To assess the complex temperature effects in the system track on a bridge or a viaduct,
we will use a more generalised model, shown in Flgure 7.25.
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Wodern Railway Track 7 TRACK STABILITY AND LONGITUDINAL FORCES

Although there may be more than one track
fixed on the bridge, we here only consider one

= u > u+du
continuous welded rail on a corresponding part
of the whole bridge.

N, g Rail 3 N +dN
In analogy with the theory in Section 7.3.2, we —
can write down the following mixed equations Tdx
taking into account the interaction of the longi-

tudinal  shear resistance between rail and
bridge:

d?uJr Uy —u) _

du, WWp—Uu)_ 7.65
ax?  EA (7.65) > u, > b
X dx
d2L,b T(Uy—u) 0 (7.66) - L
T T e T )
dx (EA), Figure 7.25: Rail and bridge element
du ‘
N = EA(QY_ AT 7.67
(dx * ) ( )
Ny = (EA), (%— (“‘AT%) (7.68)
b ° dx ‘
in which: ’
U, Up = displacement of the rail and bridge, respectively;
N, Ny = normal force in the rail and the bridge, respectively:
T=T{Up-U)

= axial shear resistance, depending on the difference of the displacements;
EA, (EA), = axial normal stiffness of the rail and bridge, respectively;

oAT, (aAT)y= temperature strain of the rail and bridge respectively.

To simplify matters only elastic displacements are assumed:

T= k(uy - u)

(7.69)
Moreover, it is assumed that the normal stiffness of the rail is much less than the corresponding part
of the bridge: ~
EA«(EA), (7.70)

In this case the bridge exhibits an almost uniform axial expansion or shrinking and the general solu-
tion of (7.65) and (7.66) can be written as:

u = C,;sinhpux+ Cycoshux+ C,+C .
1 2 3t Ly (7.71)
u, = Cyx+Cy

in which:

(7.72)
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7 TRACK STABILITY AND LONGITUDINAL FORCES Modern Railway Track

Consider two special cases:
case 1. C3=0:Cq=0 => up=0; Np = Nayx = (EACAT),

In this case the bridge is confined completely and the solution of the rail is, with appropriate bound-
ary conditions, identical to the solution (7.55).

case 2: Cy=(0AT)y; C4=0=> ub=(0AT)x; Ny =0
The bridge now has a fixed point (support) at x = 0 and can for the rest expand freely.

In this case the complete solution for the rail part of the system follows from (7.71) first equation, and
(7.67):

u = Cysinhux+ C,coshux+ (aAT), x (7.73)

N = EAn(C,coshux+ Cysinhux)+ EA(uAT)b EAo AT (7.74)

The last term on the right side in (7.74) represents the normal force in the confined continuous welded
rail: the other terms represent the modification of the rail force due to the bridge interaction.

Several bridge configurations have been studied with appropriate boundary conditions using the
equations (7.73) and (7.74). As an example we will examine the case of a continuous welded rall

fixed on an ever repeating system of short bridges subjected to a temperature decrease.
The boundary conditions are in this case, because of continuity:

x=0 =>u(0)=u(r); N(O)=N(#)

The solution of (7.73) and (7.74) is therefore:

= ¥ (0AT), f[cosh ux - cothZzutsinhpx] + (0 AT),x (7.75)
N = BEA(cAT), uf[sinh px!-— cothVslécoshux) + EA(cx,AT)b— EAaAT (7.76)
In Figure 7.26 a numerical example is
given using the following parameters: ) CWR
L ]
E =21108 kN/m3 : ———x -
A =6010¢% m2 Bridge span. _ [
o =1.1510° 1/°C; O 4 . ONANEN
AT =40 °C; —~ : -
AT, =10 °C; 6 - -
K =7636  kNm? T sl Vo | 28mm
L =487 m. E ;
, , i 2 ‘I 2.8 mm
If no bridge interaction existed, the 0 - "
0 10 20 30 40 50

normal force in the rail would be Ny o«

- inter- = ~500;
580 kN. However, due to the inter _—'—: 60 kN

action the normal force at the support -600 \—

amounts to 142 kN (24 %) which s // No= -580 kN\\ ‘ 142 kN
quite substantial. The maximum rail '700

displacement is half of that of the —800O 10 50 30 20 50

maximum bridge displacement. —_——

Figure-7.26: Longitudinal displacement and force in CWR
track on a repeating bridge configuration
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Modern Railway Track 7 TRACK STABILITY AND LONGITUDINAL FORCES

7.4 Longitudinal forces: finite element modeliing

7.4.1 General considerations

The relatively simple analytical approach, as discussed in Section 7.3, of the longitudinal problem is
instructive in order to understand the temperature effects in the track. it should be noted, however,
that the modelling used there is based on a number of limitations and assumptions, viz.:

- lateral bending stiffness Elis constant;
- lateral shear resistance is constant;

- compressive force P = constant;

« - no vertical loading;

- no longitudinal resistance;

= no axial strain;

+  misalignment sinusoidal;

+ additional bending sinusoidal;

= no curves.

7.4.2 Finite element model

To obtain a more realistic description of the problem, a finite element model, called PROLIS [281],
has been developed to calculate longitudinal track forces in a similar way to the model described ear-
lier regarding track stability: This model comprises track elements, ballast elements, and elements
representing the bridge construction including abutments and pillars. The model allows for an arbi-
trary number of parallel tracks. Figure 7.27 shows the element composition which can be used to
model a track/bridge construction.

The ballast spring is, as in the case of the stability program discussed in Section 7.2.2, also modelled
as a bi-linear spring according to Figure 7.28. The maximum force, i.e. the force at which yielding
starts, depends on the current vertical track load. Two variants have been investigated to describe the
plastic behaviour. The first one is sketched in Figure 7.29 and assumes that the elastic limit always
coincides with a fixed displacement ug;. This means an increase in ballast stiffness in accordance with
a growing vertical track load. This assumption does not exclude discontinuities from occurring in the
spring force if vertical loads are added or removed. The second variant, shown in Figure 7.30, con-
sists of a spring with constant stiffness in relation to the vertical track load. In this case, the displace-
ment at which plastic deformations start grows linearly with the track load. From the physical point of
view this approach is more consistent. However, simulation tests have shown that there is no signifi-
cant difference between the results of both methods as the displacements in.the areas of interest are
often substantially greater than uy,.

t

9 Joint ' B ¢ Ballast element with Coulomb friction
t  Track element (2 rails) s Support element
te Element representing infinitely long track - p  Pillar element

Figure 7.27: Finite element mode/ for calculation of axial forces in tracks and on bridges
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L
i ballast [ N/ ]

i
baliast '

m ’— 4 3;' . 1T Frn1 3"—! — -
/ / Vertical load 1
ﬁ; 3
7
j .

|

1

f

/ i
4 > ufmm)
|

5

i

;

5

|

i

A
u F 4
Pt / T Fm2

"
Vertical load 2 b

> u
Uy =2.8mm
2uy, ) W
‘- i
Figure 7.28: Bi-linear ballast element Figure 7.29: Ballast spring with stiffness proportional to the

vertical track load

Both the maximum spring force and the relationship with vertical track load, of course, depend on bal-
last and sleeper type for ballasted tracks and on the type of fastening if a direct fastening system is
used. The values used’in the NS calculations are summarized in Figure 7.31 for ballasted track and

direct fastenings. The loads are given in kN per metre track. Additionally, some DB values published
in [116] are presented.

F allas
A A F, [kN/m]
NS: Direct fastening
= Fa DB: Rallast
Vertical load 1
- NS: Ballast

™
-
-
"
-

T

Vertical load 2 104

Vertical track load [kN/m]

.
»

0 } 80

t

Figure 7.30: Ballast spring with constant stiffness relative-to

Figure 7.31: Maximum longitudinal force versus vertical
the vertical track load

track load

The loads consist of temperature loads which can be specified separately per element for track and
bridge as the differential temperature relative to the neutral temperature and as braking and accelera-
tion forces. The NS apply a braking load of 25%: of the vertical track load. For D4 traffic this means
20kN/m. The acceleration force is 1000 kN over 30 m, i.e. 33 kN/m over 30 m.

The finite element calculation is basically the same as described previously for the stability analysis
and, therefore, any further discussion here is superfluous.
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7 TRACK STABILITY:AND LONGITUDINAL FORCES Modern Railway Track

In" the second variant, the elevated ballast
u [mmiji , . . .
40 - stiffness of track 2 is applied immediately
: _ when the temperature load is raised. it was
W ~shown that this case leads to an underestima-
30 1 " Track 2 tion of the displacements of the order of 37%
and an overestimation of the force of the
20 - & 6, 8 order of 3%.
O@s %@ ?'9@ r . '
10 - 7\95\ N In order to simulate a brittle rail failure, upon
| Track 1 ALY el x[m] raising the temperature load track 2 was first
N I e T considered to be long-welded without expan-
0 40 80 120 180 . 200 sion joints. When applying the braking loads,
the rails of track 2 were assumed-to be bro-
F [kN] ken, i.e. having expansion joints. The results
Ny deviate by ‘less than 1% from the earlier
2000 o Track results presented in Figure 7.33. Dynamic
T e effects due to rail fracture- have not been
| o T “taken into account.
1200 B .
. Utrecht flyover bridge
800 | , '
] Sy This example concerns a 100 m long flyover
&, g , . .
400 @,% 09@9 3 bridge carrying a single long-welded track.
4 (3 x [m iti i -
. ] 7 e [m] The support conditions of the bridge are pre

sented in Figure 7.34a while Figure 7.34b

0 40 80 120 180 200 shows a picture of the bridge. The track is

Figure 7.33: Track forces and track displacements resulting subjected to a temperature load of AT = -
from the loads specified in Figure 7.32 : 45°C and the bridge to AT=- 25°C.

X In this case 6 alternatives were considered

—{Ballast fastening or direct fasteningl—— which are described in Table 7.1. They con-

Fo =12kN/m F, =48 kN/m sist of CWR without expansion joints, CWR

Ballast

e , Ballast With expansion joints ‘at the left end of the

—1 bridge, and the expansion joints replaced by
g 1mww W":"C’)‘ka/mm fasten}ngs with teflon pads allowing for a rela-

tive displacement between rails and sleeper

k- 100 m - overa short length of track. For the maximum

a ' . longitudinal force, referred to as F,, frozen

..... e RTRTI ballast, normal ballast and direct fastening

conditions were considered.

%t The results of these calculations are pre-
sented in Figure 7.35 and Figure 7.36, show-
 ing the axial rail forces and the axial rail
displacements  respectively. The: peak
' stresses and displacements are summarized
in Table 7.1. Without expansion joints the fro-
zen ballast, combined with direct fastenings
= on the bridge, causes ‘the highest rail
; v stresses of the order of 180 N/mm?2. This

b . means an increase of over 60% compared to
Figure 7.34: Utrecht flyover bridge the undisturbed temperature stress. In the

, case of normal ballast conditions and direct
fastenings on the bridge, the maximum stress drops 8% compared to the frozen situation. Obviously,

a continuous ballast bed smooths the peak stress substantially as is demonstrated in.load case 4.
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7.4.3  Exampies of longitudinal force calculations

Bridge in Amsterdam West Branch

This construction consists of 3 bridges with a tength of 20 m each. The bridges carry 2 ballasted

tracks. The tracks are continuous welded although track 2 is provided with-expansion joints at the

beginning of the first bridge. The temperature loads consist of AT= — 45°C for the tracks and AT= -
25°C for the bridge. A braking force of 8kN/m is applied to track 2. The situation is sketched in
Figure 7.32. The maximum ballast force for the non-loaded tracks is taken as 12 kN/m and for the
loaded tracks 36 kN/m'is used. It is-assumed that the temperature loads are first applied during which
all tracks have the same ballast yield force. Subsequently, the ballast yield force for the loaded part of

track 2 is raised and the braking loads are applied.

The resulting track forces and track displacements are presented in Figure 7.33. Obviously, the larg-
est displacements are achieved at the expansion joints in track 2. At this location, by definition, the
longitudinal force is zero in track 2 and has its maximum value in track 1. The longitudinal force of
track 2 has been partly transferred to track 1 by means of the ballast and bridge elements. This effect
shows great similarities to the force transfer observed in the switch discussed in Section 7.2.4.

The calculation was repeated for two variants.-In the first variant the spring characteristic, according
to Figure 7.29, was replaced by a ballast spring with constant stiffness as described in Figure 7.30.
Comparing the results for the displacements of track 2 and the forces of track 1 revealed that the
spring characteristic with respect to the vertical load does not influence the calculated forces. The dis-

placements are 6% higher.

Track 1, UIC54, ballast resist. = 12 kN/m '
. : : Top view
Track 2, UIC54, ballast resist. = 12 kN/m .

Track 2, braking load,
Ballast rest. = 36 kN/m

xpansion joints

EAya = 2.91 108 kN

— D> >~ D> —D -

Bridge
¢ 3 Side view

mmr Stiffness brake pillar
300 kN/mm

EAurigge = 1.31 10 kN

Stiffness support
blocks 15 kN/mm

1st loading step : temperature Joad tracks
At'=-45 °C, bridges : 4t =-25 °C

2nd loading step : braking load 8 kN/m on track 2

above the bridges, ballast resistance under vertical
load = 36 kN/m

Figure 7.32: Loads on bridges in Amsterdam West Branch
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.

‘ j loading: track: AT = -45°C  bridge: AT =-25°C
. load axial yield force computational results
case
uwn\;'
I 3 plain track bridge maximum maximum
b rail stress differential
‘ . [N/mm?] displacement
Wum’ [mm]
i
E 1 24 KN/m 48 kKN/m | 181 -
i (frozen ballast)- '
i 2 12 KN/m 48 kN/m | 167 8%
same as 2, but with teflon sliding 163 10%
] facilities over 7.5 matx = 0
i 12 kN/m 12kN | 138 24%
as 4, but with expansion joints at x = 0 113 37% 74
:1 as 2, but with expansion joints at x =0 94 48% 69
: Table 7.1: Different alternatives and results for Utrecht flyover bridge.
. . . .
o The stress overshoot is reduced by about 50% compared to the direct fastening system. The penaity,
- of course, is-a greater construction height and increased dead weight.
'ﬂ In the case of expansion joints, according to load cases 5 and 6, the axial forces by definition drop to
™ zero at the joints. However, the displacements are quite considerable, namely of the order of 70 mm.
The rails on the continuous ballast bed displace by about 7% more than in the direct fastening solu-
il tion. One of the major drawbacks of the use of expansion joints is the introduction of high detrimental
(" impact loads. As an alternative, sliding facilities between rail and sleeper were created over 7.5 m.
From load case 3, which refers to this situation, it can be deduced that the peak stress is reduced by
ey about 1% per metre of released track.
B i . -
-
Gy [N/MM?]
ﬁ A _ 4 Displacement [mm]
ol Attrack -45°C
: At bridge - 25 °C ” 7 )
= 7 -
. _ R \\ 5
H ;,.\\ 30 - LﬁExpansionjoints
Mg [
(™ #" Undisturbed
temperature stress
S 112 N/mm?
; B 0 50 100
. o i
B -20 -
] L / ;‘”‘gBridge 100 m | 30 o %6
— ™ pey 1
™~ ™. ——=— Expansion joints for'5 and 6 - g
H T xim ] ’

0 50 100

Figure 7.35: Rail stresses due to temperature load in the
case of continuous ballast bed, direct fastening, and expan-
sion joints

Figure 7.36: Displacements due to temperature load in the
case of continuous ballast bed, direct fastening, and expan-
sion joints
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The major parameter influencing the stress

increase at the bridge end is the length of g;argz G N/Mm? |

the bridge. In the previous example the [ 200 Rail grade 1300 N/mm? Direct fastening,
length was 100 m. The analyses were 40009 ! froozen ballast
repeated for 50 m and 200 m and the results 2501100 N/mm? _ Direct fastening,

. . - . | Normal ballast
are pre;ented in Flgure./.37. The _ rail - 30001 50 000 N/mmz/ = Normal bal
stresses increase linearly with the logarithm -~ | =72 -

bailast
of the bridge length. To achieve the total 20007 150 ﬁféfﬁ
stress, the values in Figure 7.37 should be L 100 = Temperature stress,
increased by about 6% to take account of *OOOJ_ 50 Points colculated with undisturbed situation
the braking ioad: about 100N/mm? for the ' Fgl{\r/llfjrcoag(r::nfe i Bridge length [m]
vertical track-load and 150 to 300N/mm? for o 1oro 2(’)0 ?oo ,
the residual rail stresses. On the basis of

these assumptions, the permissible stresses

Figure 7.37: Peak stress versus bridge length
for several rail grades are also indicated.

To conclude this section on longitudinal forces, it is worthwhile to mention that, in the case of com-
pression loads, both finite element programs discussed here can be used in cascade. The longitudi-
nal force program can determine the load distribution along the track or in a switch. This distribution

can be used as input in a subsequent analysis using the stability program to verify whether or not the
lateral track resistance is exceeded.

7.5 Advanced numerical models of track buckling
7.51 .lntroduction

The above-mentioned examples help to understand the mechanism of track buckling using simple

mathematical means. It should be noted, however, that the theory is based on a number of limitations
and assumptions; viz.:

— lateral bendéng stiffness El is constant;
— lateral shear resistance is constant;

— compressive force P =-constant;

— no vertical loading;

— no longitudinal resistance;

- no a%ial étrain;

— ‘misalignment sinusoida!;

— additional bending sinusoidal;

- NO curves.

in order to get a more accurate assessment of the safety limits of CWR track, a lot of research has
been carried out recently by the ERRI Committee D202, 'Improved knowledge of forces in CWR
frack’. The theoretical part of this research consisted of a finite element method called CWERRI
(acronym for continuous welded (Rail); European Rail Research Institute). This program was devel-
oped at the TU Delft and describes the mechanical behaviour of the railway track much more realisti-
cally and can cope with comptlex situations. The program was based on a discrete element program
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/5 |
i wwwwwm;@%www
oW W1~L“1\L“1Kb
a ) b

Figure 7.40. Classical track on bridge (a) and its FE model built using CWERR (b). Load:ng cases: tempe/arwe variation and
braking of train .

The rails and bridge are modelled by beam elements, whereas the longitudinal behaviour of ballast
and fasteners is described by spring finite elements (stiffness - ). Since the bridge itself can also
move in the longitudinal direction, spring elements under the bridge (stiffness K, ), representing the
longitudinal stiffness of bridge supports, have been introduced. It should be noted that other track
structures such as slab track with direct fastening or embedded rail structure on a bridge can be mod-
elled as well by adjusting the spring stiffness K.

The effect of the train's braking/accelerating is modelled by distributed loads which are applied to the
rails over the length of a train as shown.in Figure 7.40. in order to simulate the behaviour of the struc-
ture caused by a temperature variation, thermal loads are applied to the rails and bridge. Another fea-
ture of the "track on bridge’ model is the possibility to take the effect of eccentricity in the top and
centre of the bridge deck into account as shown in Figure 7.41.

Figure 7.42 shows numerical results of a study

case regarding a classical track on a concrete

Rail bridge (Figure 7.40).The bridge has a length of

125 meters and is subjected to the vertical loads
- due to braking of a train (along the track length of
~tanpxh 20 meters) and temperature variation (35° C for

\\M Ih rails and 20° C for a bridge). The results in
SR Figure 7.42 contain longitudinal displacements of
¢ rails and bridge as well as normal forces occurring
/ in rails. By analysing the resulting displacements

' and stresses, i.e. checking whether the maximum

allowable values of displacements and stresses of
rails and other components of a track have been
Figure 7.41: Eccentricity of top and centre of bridge deck exceeded, the quality and acceptance of a track
design can be estimated. Practical applications of

such a model include analyses of flyover bridges in
Utrecht and Maartensdijk in the Netherlands [282]

276 Step 1 Displacements in X Step 1 Beam conditions Extension X Step 1 Displacements in X
ﬁ% F 0.00
& i/ =3 & -
S 1.80 ;*3 < 600 {.\ 23.00 /,,
= { j =
X /] S0t %54
o j 3 [ous oX /'7
2 0.90 A £ { 2
a v § < -18.00 7 a /
i i i i 1.00 F
FERE -24.00— / <
0.00 - : 0.00
-0.50 3.50 7.50 11.50 -0.50 3.50 7.50 11.50 45.00 50.00 -55.00 © 60.00 .. 65.00
X{102] X[1012] X[10M)
a b c

Figure 7.42: Longitudinal displacement (a) and force (b).in rail, and fongitudinal displacement of bridge (c) caused by tempera-
ture variation and braking of train
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Wiodern Railway Track 7 TRACK STABILITY AND LONGITUDINAL FORCES

TB,MAX

TB,MIN

Temperature increase

Figure 7.46: Buckling response characteristic Lateral dlSp‘acement

All the equilibrium configurations corresponding to points along BS (branch 2) can be shown to be
unstable, and along SC (branch 3) as stable. The path BC indicates a possible snapthrough from the

pre-buckling to the final post-buckling position.

e minimum point S will be defined as the lower buckling temper-
ature increase Tg wn- [0 contrast, the temperature at the maximum point B will be called the upper
buckling temperature Tg max. The significance of the point S is that it is the lowest buckling tempera-
ture at which the track can buckle out from the point' A if it is given sufficient external energy or distur-
bance at the point A, Likewise, the track can buckle at any point between A and B. This requires less
energy than the temperature increase from A to B. The track will buckle out at B with no external
energy, as the theory and experiments have shown. Such a degree of stability is of no use in engi-
neering, and, therefore, it is not possible to operate safely on CWR tracks at Tg max-

The temperature corresponding to th

that the rail force drops in the buckled zone com-

An important feature of sudden explosive buckles is
e large lateral displacement contributing to the rail

pared to the pre-buckled value. This is caused by th
extension that releases some of the load.

7.5.7 Approach in order to determine the allowable temperature Tap

The buckling response curves provide the basis for the allowable temperature. The allowable tem-
perature Tpy can be based on either the Lower Critical Temperature, Tgmin: Oron a ternperature
above Tg mn (but less than Tg max) depending on the "Levels of Safety desired”, i.e.: :

« Level 1 Safety:Ta L = Te MmN

. Level 2 Safety:Ta . = Temin + AT

| evell tends to be more conservative, i e "safer", than Level 2. The choice or determination of the AT
value is determined based on safety considerations and is not a trivial matter, for buckling potential
increases rapidly with temperature above the Tg v value. This is based on research which shows
that the buckling energy sharply decreases from a maximum value at Tgwn tO Z€ro at Tg max-
Figure 7.47 illustrates the buckling energy decrease as a function of temperature above Tg min-
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AT (°C)

AT(°C)
120 120 —
Ewn=0
100 100 =

50% Buckling Energy

Temperature (BET)
80

BC

60

60

40 40 /7
I Enmax

20 ¢ . ' 20 T
F |

0 41(1|4L1J»lllLIrlJ]Jllth:il;: 0 llLll!Lll I[l(lLi))

0 100 200 300 400 500 600 700 800 0 200 400 800 800 1000
Lateral Deflection, mm

Buckling Energy (Joules)
Parameters: Rail: UIC60; Sleeper type: Concrete; Torsional resistance: Medium:

Longitudinal resistance: Medium; Misalignment: 12 mm in 8 m; R = 300 m: Axle loads: UIC/D4.

Figure 7.47: Buckling energy concept ilfustration

» Approach 1 for determining AT

In this approach, the buckling energy versus temperature increase relationship is used as a criterion
for choosing AT, e.g. Level 2. Safety is based on an allowable temperature which corresponds to a
temperature at which a finite buckling energy exists that is larger than zero but less than the maxi-
mum value at Tgpn. Determination of the buckling energy is based on a program called CWR-

BUCKLE from US DOT (Department Of Transportation). Research to date suggests using the 50%
Buckling Energy Level (BEL):

TacL = TsowseL

Approach 2 for determining AT

If the CWR-BUCKLE model is not available for determining the buckling energy, an alternative defi-
nition of AT may be based on the model prediction of TB,max and Tg yyn- The program CWERRI can

be used to determine these levels. This safety concept was recently incorporated into UIC Leaflet 720
through ERRI D202. The resuilts can be summarized as follows:

For all CWERRI calculations: first calculate AT = Temax - TBMIN:

i AT > 20 °C: Tar = Ta i + 25% of AT
if 5°C < AT <20°C: TALL = TB,MIN;

it 0°C < AT< 5°C: Tart = Temin - 5 °C;

if AT < 0°C: Not allowable in main lines.

In'the last case progressive buckling (PB) occurs which means that elastic and plastic lateral defor-
mation easily fade into each other. PB is common in low ballast quality structures.

Modern Railway Track
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] Figure 7.48: Study case: stability of tram curve track

3

7.5.8  Study case: Stability of tram track

o

In the following example the stability of a tram track on curve is investigated (see Figure 7.48). A tram
track turn is characterised by a relatively small radius of curvature. Therefore, in case of loss of stabil-
ity, a progressive buckling of a track occurs. To analyse the track structure, the model given in
Figure 7.43 has been used. The parameters of the model are given in Figure 7.49. The effect of some
of a track structure's properties, such as quality of ballast (Fp), radius of curvature (R), and amplitude
of misalignment (h), on its stability is shown in Figure 7.49. From these results it can be deduced that
quality of ballast, which is defined by the degree of compactness of ballast particles, is crucial for
track stability. As expected, the chance of buckling is higher on sharper (smaller radius of curvature)
curve tracks for ballast of the same quality. Misalignment of the rail also has a negative effect on the

track stability.

3 £ i e

- E

"
Effect of ballast quality
" ; Track geometry © 90 PR TR——
i 8 ~ ]—0—- a p=/kNm),
| R=50m A=8m h=00Tm 5 oo T {
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Figure 7.49.; Effect of track parameters on its stability
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8 BALLASTED TRACK
8.1 Introduction

This chapter deals with the principles according to which ballasted track, also called ‘classical track’
or ‘conventional track’, is constructed. A detailed discussion of every type of track structure and its

variants is beyond the scope of this book. Only a few examples will be given with the main intention of
illustrating the principles.

The classical railway track basically consists of a flat framework made up of rails and sleepers which
is supported on ballast. The ballast bed rests on a sub-ballast layer which forms the transition layer to
the formation. Figure 8.1 and Figure 8.2 show the construction principle of the classical track struc-
ture. The rails and sleepers are connected by fastenings. These components and other structures

such as switches and crossings are all considered as part of the track. The particulars of switches
and crossings are-discussed in Chapter 11.

,Fasfening

Sleeper
Ballastbed A _ / P
Sub-ballast 45 |

Figure 8.1: Principle of track structure:

' r
cross section Subgrade

Rail

Fastening
/Sleeper

- 30 cm ballast (crushed stone 30/60)

<10 cm gravel
Figure 8.2: Principle of track structure: i R o
longitudinal section . 'SUbgrade

Since the beginning of the railways, the principle of the ballasted track structure has not changed sub-
stantially. Important developments after the Second World War include: introduction of continuous
welded rail, use of concrete sleepers, heavier rail-profiles, innovative elastic fastenings, mechanisa-
tion of maintenance, and introduction of advanced measuring equipment and maintenance manage-

ment systems. As a result, the traditional ballasted superstructure can still satisfy the high demands,
as demonstrated by the TGV-tracks in France.
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8 BALLASTED TRACK : ‘ Modern Railway Track

The main advantages of ballasted track are:

proven technology;

— relatively low construction costs;

— simple replacement of track components;

— relatively simple correction of track geometry (maintenance);
— small adjustments-of track lay-out (curves) possible;

~ good drainage properties;

— good elasticity;

— good damping of noise:

The type of structure chosen depends not only on the expected axle loads and speeds, but also on
the required service life, the type and amount of maintenance, local conditions, and availability of
basic materials. This means that the choice of track system is a technical and economical question
which has to be answered according to each individual case. Of great importance here is the relation

between costs for laying and costs for renewing the track, not forgetting the continual maintenance
costs. The eventual aim is to arrive at minimum costs for total maintenance and renewal, or in other

words, minimum total life cycle costs.

Due to certain disadvantages of ballasted track which are becoming more and more prominent in
modern railway operation, slab track design is.evolving into a very competitive alternative. The dis-
cussion whether slab track should prevail over ballasted track is discussed separately in Chapter 9,
as well as the technological details of the slab track design. :

The important track component "rail’ is also discussed separately at some length in Chapter 10.

In the following sections the respective track components are discussed.
8.2 Formation

The substructure or subgrade consists of the formation Which includes slopes, verges, ditches, and
any structures within them.

The formation must have sufficient bearing strength and stability, must show reasonable settlement
behaviour, and must provide good drainage of rain and melted snow from the ballast bed. If the exist-
ing subgrade cannot meet these requirements properly, the soil can be improved by either digging a
trench, consolidating the ground by mechanical means, or stabilizing the ground by chemical means.
In Chapter 5 a classification system is presented for the quality of soils.

The formation must be well consolidated and must have adequafe bearing strength. Furthermore, the
profile must not differ too greatly from the design profile.

Globally the following requirements apply:
— minimum bearing strength CBR > 5% (Ey/» > 35 MN/m?);
— compaction 97% Proctor;

— deviation from design subgrade profile less than 10 mm.
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To promote good filtering action an intermediate layeris placed between ballast bed and formation.
This consists of a layer of gravel ballast about 10 cm thick with a grain size of 5/40 mm. The function
of the intermediate layer is to separate the coarse-grain ballast from the fine sand. This layer also
contributes to better load distribution and provides protection against frost. The global requirements
for the sub-ballast layer are: ‘

bearing strength CBR > 25% (EV2 > 100 MN/m?);

compaction 100% Proctor,;

~ ~maximum deviation from design subgrade less than 10 mm.

In conjunction with an intermediate layer use can also be made of a fabric made of a synthetic mate-
rial (geotextile). Its function is primarily to prevent finer particles from getting through. In order to pre-
vent damage, it is necessary to insert a fine-grain protection layer below and above the fabric.

8.3 Baliast bed

The ballast bed consists of a layer of loose, coarse grained material which, as a result of internal fric-
tion between the grains, can absorb considerable compressive stresses, but not tensile stresses. The
bearing strength of the ballast bed in the vertical direction is considerable, but in the lateral direction it
is clearly reduced.

The thickness of the ballast bed should be such that the subgrade is loaded as uniformly as possible.
The optimum thicknegss is usually 25 to 30 cm measured from the lower side of the sleeper.

In addition to its load distribution function and provision of lateral resistance, the ballast bed’s draining
effect is important as its storage capacity during downpours is an aspect which should not be under-
estimated.

When finishing the subgrade and installing the layers of ballast, great attention must be paid to detall
in order to prevent differential settlements with deviations -which are limited to 10 mm.

Contamination of the ballast bed may have external or internal causes, such as attrition and weather-
ing of the ballast material or upwards penetration of fine particles in the form of a clay (loam) mixture
referred to as slurry.

A contaminated ballast bed hinders water drainage which results in reduced shear resistance and
freezing during frost. The most important requirements to be met by the ballast material are hardness,
wear resistance, and good particle size distribution. The particles themselves must be cubic and have
sharp edges.

Some of the more commonly used types of ballast are:

— crushed stone: broken, solid, or sedimentary rock such as porphyry, basalt, granite, gneiss, lime-
stone, sandstone, etc. Grading is 30/60 mm for main lines and 20/40 mm for switch and crossing
work and level crossings. Generally speaking, crushed stone has many favourable properties.
Some properties are, however, susceptible to weathering, giving rise to the possibility of mud for-
mation.

— gravel: obtained from rivers; 20/50 mm grading. Gravel is very hard, but is made up of round
grains which means that a gravel ballast bed has a low internal friction level.

— crushed gravel: obtained by breaking up large pieces of gravel; 20/40 mm grading. The shear
resistance of crushed gravel is greater than that of normal gravel.
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Grading of Ballast 32/50

1 [ e— T

00! f
| Baliast may also be controlled |,
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% Weight through sieve
i<

| v

0 ' > ¢ ’
16 224 315 40 45 50 B

|
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Dimension of rectangular hole sieve'in mm &~ QObligatory limit

*Ballast after transport to-construction site < 5% oo Recommended fimit

Figure 8.3: Ballast specification

8.4 Rails

3.4.1 Functions

Figure 8.3 shows  the
result of a comprehen-
sive study into ballast
specification carried out
by ERRI (Eurcpean Rail
Research Institute), Com-
mittee D182, and issued
by the CEN.

According to- the ERRI
findings, ballast cleaning
is required if the contami-
nation, expressed as the
weight ‘which passes. the
rectangular hole sieve
22.4, s greater than 30%.

The rail can be seen as the most important component of the track structure and has the following

functions:

transferred to and distributed over the sleepers and supports;

adhesion;

— it acts as an electrical conductor on an electrified line;
— it conducts signal currents.
8.4.2°  Profile types

Figure 8.4 shows some of the different types of rail profile:

it accommodates the wheel loads and distributes these loads over the sleepers or supports;

it guides the wheel in a lateral direction, any horizontal transverse forces on the rail head being

it provides a smooth running surface and distributes accelerating and braking forces by means of

flat-bottom rail. This is the standard profile used as a general rule in conventional track;

non-standard profile. This type differs from the flat-bottom rail in that the web thickness is greater

in order to cater for switch and crossing components, expansion devices, etc;

grooved rail. This type is used in enclosed track structures such as roadways, yards, etc.
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flat-bottom rail. construction rail - grooved rail block rail crane rail [

. o ) standard rail  manufacturing of railway track  railway track in- heavy load
Figure 8.4 Rail profile types track switch parts in pavement  concrete slab  hoisting cranes r
18

T

The block rail is part of the Nikex-structure. The crane rail is designed to support hoisting cranes with
high wheel loads. In order to reduce the noise emitted by rails, new rail designs are nowadays pro-
posed which are very compact and are used as embedded rails in slab track.

8.4.3 . Geometry of flat-bottom rail

The Vignole rail (or flat-bottom rail) is derived from the I-profile in which, for the purposes of support
and guidance, the upper flange is converted to form a rail head. Rail profiles which are used exten-
sively in Europe include the 54 E1 (UIC 54) and the 60 E1 (UIC 60) which are shown in Figure 8.5
and Figure 8.6. The numbers refer to the rounded weight in kg per meter.

72 mm

120 mm

E 3

Figure 8.5: Vignole type rail profiles Figure 8.6: 60 E1 (UIC 60) profile

From the point of view of function, flat-bottom rail can be divided into three parts:

rail head: the form szt be such that good contact with the wheel tire profile is ensured. The
dimensions of the rail head must be sufficient to provide a high wear margin;

rail web: the thickness of the web is determined by the requirement for adequate stiffness against
bending and buckling, even when affected by corrasion. In jointed rails the holes for the joints are
made in the web. To allow fish-plating, the areas of transition to rail head and rail foot, known as

the fishing surfaces, are inclined. The fillet radii must be greater than 6 mm in order to prevent
stress concentrations,

rail foot: the width of the rail foot must be large to provide for the stability of the rail profile, load
distribution to the sleeper, and the required moment of inertia in the lateral direction.
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8 BALLASTED TRACK Modern Railway Track

The rail foot also serves to fasten the rail either directly or indirectly to the sleeper. When replacing

the rail with another profile, it must not be forgotten that different foot widths cannot always simply be
accommodated by the existing fastening.

Shape and dimension deviations in rail profiles, which arise during the manufacturing process, must

not exceed certain limits as these may cause problems during processing and can result in high
dynamic forces.

When building the track it is also recommended to use rails from the same batch and to assemble
these rails in the same rolling direction. For this purpose, the rails are marked with a coding system.

The metallurgical, wear, and failure aspects of rails are dealt with in the special Chapter 10.

8.5 Rail joints and welds
8.5.1 Introduction

Joints and welds are used to form a connection between separate lengths of rail. Geometrical devia-

tions must be small enough to limit dynamic effects. Strength and stiffness must be approximately
that of the complete rail. The following options exist:

— with the possibility of expansion:
< fishplated joints in non-continuous frack;
joints and expansion devices;
+ bridge transition structures.
— without the possibility of expansion:
metallurgical welds, such as flash butt welds, thermit welds, and electric arc welds;

+. glued insulated joints.

In order to be distinguished from metallurgical welds, the other types are described as fishplated
joints.

8.5.2 Fishplated joints

Fishplated joints are used to connect rails in jointed track. The joint is made by means of fish-platées

and fish bolts as shown in Figure 8.7. Axial displacements as a resuit of changes in temperature must
be accommodated.

On account of the high impact effect, fishplated joints are often fitted to double sleepers, i.e. two cou-
pled sleepers. Although the load is distributed over two sleepers, the joint still requires a great deal of

maintenance. Moreover, the different sleeper pattern demands extra attention during mechanical
tamping.

In view of the large amount of extra maintenance required, fishplated joints are used as little as possi-
ble.
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Figure 8.7: Fishplated joint on double sleepers

8.5.3 Expansion joints and expansion devices

These features serve to keep certain structures stress-free if the track on the structure is subject to
large displacements as a result of temperature differences or creep.

il

On some railways, like BR, expansion joints are made from suitably machined standard rails. The
expansion joint, shown in Figure 8.8, is constructed from a non-standard rail and allows a maximum
axial displacement of 120 mm. Expansion joints are expensive and are only used in jointed track near
the moveable bearings of fairly large structures, at the end of CWR firack, or at changes in structure
such as switches, crossings, and bridges.

Gap width

Guides

»

Figure 8.8: Expansion joint

The expansion device consists of a fixed stock rail and a blade, as illustrated in Figure 8.9; which can
move parallel to the stock rail over a maximum distance of 220 mm. This device is used on CWR
track on structures with a large expansion length.
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8.5.4  Bridge transition structures

These structures take account of the lifting or turning movement of the bridge. A distinction.is made
between two types. The transition structure with a skew joint is used in bridges which move vertically
and is similar to the expansion joint. The filler-type fransition structure, depicted in Figure 8.10, is
used in bridges which cannot be raised such as bascule bridges. In this case, the wheel rests partly
on the filler which can be pushed back before the bridge is opened.

Figure 8.10: Bridge transition
with filler

8.5.5 . Insulated joint

In order to separate track circuits. when operating the automatic block system, insulated joints are
used. Such rail joints must be used exclusively to insulate each adjoining rail, for the mechanical
properties of the plain rail must be maintained as much as possible. The joints are made of fish-
plates, bolts, and insulating material.

For the most part a distinction is made between two kmds of insulated joint:

—~ non-glued insulated joint

This joint includes a 6mm nylon end post in the gap between the rails and :a synthetic lining
between the fish-plates and rails. The fish bolts and the fish-plates are insulated too. Since large
longitudinal forces cannot be withstood, this structure is not suitable for CWR track.

— glued insulated joint

This joint is made in a similar way to the non-glued joint except for the linings. The insulating effectin
this case, as shown in Figure 8.11, is obtained by using synthetic adhesive. This joint is capable of
transferring forces in CWR track of up to about 1000 kN. These joints can either be made in the work-
shop or can be prefabricated in a piece of rail which is then later thermit welded into the track. On NS
rail the electrical resistance (impedance) must be at least 10 Q at 100 kHz.

Nylon 66 bar

Spacer
Lined thread

Reinforced
fishplate

Synthetic glue

F/gure 8.11: Glued insulated joint
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Flash butt weld

Flash butt welds are generally produced in welding depots with stationary welding machines. In terms
of quality, flash butt welds are better than thermit welds which will be discussed below. Mobile flash
butt welding machines also exist, sothat these welds can be made on the track.

The metallurgical weld quality, as represented by the fatigue strength, produced by the mobile
machine is equivalent to that produced by the stationary machine. The difficulty is, however, to
achieve good geometrical properties. .

in brief, the procedure is as follows:

— rail ends are shot-peened;

— rails are positioned;

- electric voltage is applied:

~ electric arc brings rail ends to forging temperature;

— rail ends are upset under high pressure;

- weld collar is stripped and ground;

— welds are cooled, straightened, and finish-ground.

Further details are given in Section 10.4.

Thermit weld

Thermit welds were developed to enable a good metallurgical weld to be made in the track using rel-
atively simple equipment. The method makes use of 2 mixture of aluminium powder and iron oxide
which at a high temperature is converted to alumina and steel. The heat released causes the temper-
ature to rise to about 2500 °C [185]. The process, which for as far as the specific welding part is con-
cerned lasts about 15 minutes,.is basically as follows:

— rail ends are aligned;

— mould is installed around the joint;

— “crucible is installed;

- - rails are pre-heated to about 800 °C using propane burners;

~ mixture is ignited; reaction: 2Al + Fe,0g -> Al,Oy + 2Fe + 850 kJ:

— crucible and mould are removed;

weld collar is stripped and ground.
Further details are given in Section 10.4.

Electric arc weld

In the electric arc welding process the weld is built up from the rail foot inside a copper "césing" using
electrodes. The procedure lasts 15 to 20 minutes and is basically as follows:

~ place casings in position;
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i

pre-heat up to 200 to 250 °C using propane burners;

— weld gap from the botiom to the top;

!

remove casings.

On account of its poor quality, this type of weld is only used if it is not possible to make a thermit weld.

3.6 Sleepers

8.6.1 Introduction

In ballasted track the rails rest on sleepers and together form the built-up portion of the superstruc-
ture. Timber and concrete sleepers, and to a limited extent steel sleepers, are used. The advantage
of the concrete sleeper is that climatic influences have little effect. Its service life is expected, under
certain conditions, to be significantly higher than in the case of timber sleepers. These conditions
entail that formation and ballast bed are of good quality as are also the rail and weld geometry. Con-
crete sleepers are susceptible to impact loads, especially in the 25-300 Hz frequency range.

The general functions and requirements of sleepers are:

— to provide support and fixing possibilities for the rail foot and fastenings;

— to sustain rail forces and transfer them as uniformly as possible to the ballast bed;

~ to preserve track gauge and rail inclination;

— to provide adequate electrical insulation between both rails;

— to be resistant to mechanical influences and weathering over a long time period.

Y

To ensure stability, it is desirable that

xr I R R S the sleeper is only supported in the
T i lTrn~—Trrﬂ areas beneath the rails. In the case
il P LA TV of prismatic sleepers such as the tim-

ber sleeper and the monoblock con-
crete sleeper, this is achieved by only
e & packing- this area and leaving the

— /

11 R YDy centre portion free as depicted in
R RN ~Figure 8.12. In the case of twin-block
concrete sleepers, this is™ achieved
Correctly packed sleepers Uncorrectly packed sleepers by the actual structure.

Figure 8.12: Sleeper packing )
Furthermore, .it must be ensured that

the sleeper does notrotate under the

, rails as a result of the vertical load,

for'this can cause gauge to become narrower or to widen and it changes rail inclination. This happens
if the sleeperis supported too close to the inside or outside as a result of incorrect tamping.

To ensure that the available ballast resistance in both longitudinal and lateral directions-is put to opti-
mal use, the ends and sides of the sleeper must be fully embedded in the ballast. The distance
between sleeper centres is usually 60 cm. In lightly loaded CWR track, this value may be increased to
75 cm.
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8.6.2  Timber sleepers

The timber sleeper is prismatic in shape, 15
c¢m high and 25 cm wide. The length is 2.60 -
2.70 m and it weighs about 100 Kg, which
means - that the timber sleeper can be
replaced by hand.

As an example, Figure 8.13 shows a type of
timber sleeper reinforced with a baseplate.

Use is made of the following varieties:

- softwood sleepers (pine-wood). As the
compressive strength perpendicular to
the wood grain in.the case of softwood is - :
not great, a.steel baseplate has to be Figure 8.13 Wooden sleeper + baseplate
placed between. sleeper and rail to
spread the load over a greater area. In

the long term, however, the baseplate cuts into the sleeper wood, causing a gap into which water
can penetrate (pumping effect) resulting in rapid deterioration of the gquality of the fastening. This
phenomenon is slowed down by treating the bearing surface of the sleeper with a synthetic mate-

rial. This procedure, which is followed by the NS, increases the service life of the -sleepers, gener-
ally speaking, by 50%;

- hardwood sleegers (beech, oak, tropical varieties). This type is stronger and has a longer service

life. Hardwood sleepers are used, for instance, in switches and crossings and where fastenings
are applied without baseplates.

Switch and crossing sleepers, called bearers, have a normal cross-section yet are longer, up to 5.50

m, and should be completely flat to accommaodate switches. Bridge sleepers are specially dimen-
sioned timber sleepers for use on steel bridges,

Once delivered, timber sleepers have to undergo a number of treatments, as described below, before
they can be laid in the track:

— “drying period of at least 9 months until the moisture level has fallen to 20 - 25 %, relative to the dry
weight of the wood;

—~ processing such-as:
= notching (milling) of the bearing surfaces;
* drilling of holes to accommodate the fastenings;

+  binding using a steel band to limit cracks.

creosoting (conserving) timber sleepers against biological attack (fungi, insects etc.). The creosote

is impregnated into the wood under high pressure after which some of the oil is recovered by
applying a vacuum;

—. fixing the fastening system.

The total service life in years of some types of timber sleepers is: pinewood 20 - 25, beech 30 - 40,
and oak 40 -60. ‘
in contrast to other types of wood, beech-wood can, and must, be creosoted through and through.

This accounts for the long service life. If left untreated beech-wood is very quickly affected by fungi
and will decay. , , ’
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On the whole, the service life of treated sleepers does not depend on weathering but on mechanical
effects.

8.6.3 Concrete sleepers

The developrﬁent and use of concrete sleepers beCarﬁe significant after the Second World War owing
to the scarcity of wood, the introduction of CWR track, and the improvements in concrete technology

and pre-stressing technigues.

Specific advantages and drawbacks of concrete sleepers are:

Advantages:

— heavy weight (200-300 kg), usefullin connection with stability of CWR tréck;
— long service life provided fastenings are good or can be replaced easily;

~ great freedom of design and construction;

— relatively simple to manufacture.

Drawbacks:

— less elastic than wood. On poor formation, pumping may occur;

—~ susceptible to corrugations and poor quality welds;

— risk of damage from impacts (derailment, loading/unioading, tamping tines);
— dynamic loads and ballast stresses can be as much as 25% higher;

— residual value is negative.

There are two basic types of concrete sleeper:

— twin-block sleeper. This type consists of two blocks of reinforced concrete connected by a cou-
pling rod or pipe. Until about 1990, NS made use of the UIC 54 concrete sleeper, shown in
Figure 8.15 with DE fastenings. The blocks are connected by means of a synthetic pipe filled with
reinforced concrete. The upper surface of the blocks has a 1:40 inclination which corresponds with
the rail inclination. The weight is approximately 210 kg. Figure 8.17 shows a TGV track on SNCF
with concrete twin-block sleepers provided with Nabla rail fasteners (Figure 8.26);

Figure 8.14: Paris-Est TGV track with twin-block con-
crete sleepers and Nabla rail fasteners

214
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— monoblock sleeper. This is based on the shape of a beam and has roughly the same dimensions
| as a timber sleeper. Since 1990, the NS has used this type of sleeper in new lines and renewals
| because it is considered to endure the higher and intensive loadings better than the twin-block -
| sleeper. This pre-stressed sleeper, coded NS 90, is shown in Figure 8.16. The rail is fastened
1\ using Vossloh clips. Figure 8.17 shows an example of a track fitted with pre-stressed concrete
f sleepers. The rail is fastened using Pandrol clips.

3

Inclination 1:40 Tube & 110 mm, synthetic
material filled with concrete
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