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ABSTRACT

The am of this research is to develop a fuller understanding of the mechanical behaviour of the
sleeper/ballast interface, related in particular, to the forces applied by high speed tilting trains on
low radius curves. The research has used literature review, field measurements, and laboratory

experiments on a single seeper bay of track. Theoretical calculations are also presented.

Field measurements are carried out using geophones to record time/deflection for deepers
during passage of Pendolino trains on the West Coast Main Line. Calculations are presented to
quantify normal and extreme magnitudes of vertical, horizontal and moment (VHM) loads on
individual sleepers.

Results from laboratory experiments, on the pre-failure behaviour of the deeper to ballast base
contact area, show that lateral 1oad/deflection behaviour is load path dependent and relations are
determined for improved computer modelling of the sleeper/ballast interface. Further test results
are used to establish the failure envelopes for combined VHM loading of the sleeper/ballast base
contact area. Tests show that the deeper/ballast base resistance at failure occurs at a load ratio
(H/V) of about 045 (24°) a 2 mm of displacement tending to 0.57 (30°) at greater
displacements. In addition, measurements from pressure plates within the testing apparatus are
used to describe the development of confining stress within the ballast during 100 cycles of
vertical load. The development of confining stress is assessed with reference to afinite element
model of the laboratory apparatus and it is shown that the earth pressure ratio moves towards the
active condition for peak load and the passive condition at minimum load per cycle.

The contribution to lateral resistance of the crib ballast and varying sizes of shoulder ballast is
also established and it is found that the shoulder and crib resistance can best be characterised by
taking the mean resistance over a range of deflection from 2 mm to 20 mm. Calculations are
presented, supported by the experimental data, to quantify the resistance from different sizes of
shoulder ballast and a chart is presented which can be used as the basis for shoulder
specification in practice.



ABBREVIATIONS

BOEF
BS
CTRL
CWR
DFT
DSSS
DTS
ERRI
FTSM
FWD
LVDT
MGT
NR
RGS
TGV
uiC
VHM

Beam On Elastic Foundation

British Standard

Channel Tunnel Rail Link (recently renamed to HS1; High Speed 1)
Continuously Welded Rail

Department For Transport

Dynamic Sleeper Support Stiffness
Dynamic Track Stabilization

European Rail Research Institute

Flexible Track System Model

Falling Weight Deflectometer

Linearly Variable Displacement Transducer
Mega Tonnes of Traffic

Network Rail

Railway Group Standard

Train de Grand Vitesse

Union International des Cheminsde fer
Vertical, Horizontal, Moment

SPECIALIST TERMS

Cant

Cant deficiency

Maximum
design service
cant deficiency

Curving force

Dynamic load

Dynamic
Sleeper
Support
Stiffness
(DSSsy)

Lateral

Sleeper/ballast
interface

Track modulus

(k)
Trackbed

For the purposes of this document, cant is expressed as the design differencein level,
measured in millimetres, between rail head centres (generally taken to be 1500 mm
apart) of a curved track (compare with ‘crosslevel’). (Rail Safety and Standards Board
GC/RT5021, 2003)

The difference between actual cant and the theoretical cant that would have to be
applied to maintain the resultant of the weight of the vehicle and the effect of
centrifugal force, at anominated speed, such that it is perpendicular to the plane of the
rails. For the purposes of this document, cant deficiency is always the cant deficiency
at therail head, not that experienced within the body of avehicle. (Rail Safety and
Standards Board GC/RT5021, 2003)

The maximum cant deficiency at which atrain isdesigned to travel. For conventional
trains a cant deficiency of 6° is specified, for tilting trainsthisisincreased to
12°(Railway Safety GC/RC5521, 2001)

Centrifugal force horizonta to the Earth's surface

Vertically any load effect above the static |oad of atrain resting on the tracks and
horizontally any load above the wind load and when curving the centrifugal force load.

The peak load divided by the peak deflection of the underside of arail seat area of an
unclipped sleeper subjected to an approximately sinusoidal pulse load at each rail seat;
the pulse load being representative in magnitude and duration of the passage of a heavy
axle load at high speed.

The direction across the track whether horizontal or canted

All contact areas between the sleeper and ballast including base, shoulder and crib

Spring support constant, always evaluated for a single wheel load on half the track.

Sail layers below the sleeper base



Track
superstructure

Track
substructure

Track system

Low radius
curves

Rails, railpads, sleepers.

Similar to the trackbed, soil layers supporting the superstructure.

Refersto therails, pads, sleepers and trackbed

Referring to curves where the curving force approaches and reaches the peak
permitted. A lower limit for the radius of curvesin this category can be taken from
Railway Group Standards. These state that the maximum design limiting cant
deficiency of 300 mm for a Pendolino is reduced on curves less than 700 m in radius
(Rail Safety and Standards Board GC/RT5021, 2003). The upper limit depends on the
operating cant deficiency of the train and the cant of the track. For atrain travelling at
110 mph on 150 mm canted track the maximum radius of curve at which the vehicle
can maintain an operating cant deficiency of 300 mm is 760 m. In reality few curves
are of such low radius and curves evaluated on the WCML for this research had radii
of 1025 m and 1230 m with 150 mm cant present. The phrase low radius curve will
therefore be interpreted to incorporate curvesin the range 700 m to 1230 min this
report.

DEFINITION OF SYMBOLS USED

a

a
b

B

Cr
CL
Cs
Cr

AXTIT T T
«

kl to k4
Ka

1. Sleeper spacing
2. Speed of sound in fluid
Angle of cant of the track

1. Exponent

2. Sleeper width at base

Sleeper length

Dimensionless constant for wind loading
Dimensionless constant for lifting wind load
Dimensionless constant for sideways wind load
Dimensionless constant for rollover wind load
Frictional resistance angle at interfaces (e.g. ballast to sleeper)
Density

Shear force

Distance between railheads centre to centre
Operating cant deficiency in degrees

Strain in the ballast layer after N cycles of |oad
Strain in the ballast layer after cycle 1

Eccentricity

Y oung's modulus

Bending stiffness of therail

Stress state dependent vertical modulus (used by Geotrack)
Internal friction angle

Force/Force on body moving through fluid medium
Bulk unit weight

1. Reference height
2. Height of sleeper
Horizontal (load)

Second moment of area

Height of centre of gravity aboverail on level track

Foundation coefficient (N/m/m) (also referred to as track modulus)
Earth pressureratio

Experimental constants

Active earth pressure coefficient



Ko

a(x)

Vmax
w(X)
w(X)

Normally consolidated earth pressure coefficient”
Passive earth pressure coefficient”
Angle of heaped ballast

1. Sleeper width

2. Characteristic length for BOEF

3. Lateral

Characteristic length for wind loading

Viscosity

Moment

Lateral track modulus per metre of track

Lateral track modulus per sleeper spacing (=am)

Number of load cycles

Analogous to the bearing capacity factor found from Meyerhof formula

Bearing capacity factor

Lateral wheel load

Vertical wheel load

The sum of initial and incremental bulk stress (i.e. maximum bulk stress)

the angle that provides the least resistance and is found by trial and improvement
The variation in vertical load with longitudinal distance (x) which is replaced with Q,
the wheel load in the derivation process.

Density

Stress at failure

The reaction at the sleeper/ballast shoulder contact

The reaction on the base slip surface

Shape factor

Effective horizontal stress

Effective vertical stress

1. Sleeper spacing

2. Slope angle of the ballast asit falls away from the shoulder, the maximum value this
can takeis equivalent to the internal angle of friction for the ballast (estimated to be

45°
Tar?gent to failure surface on graph of V against H when V=0

Tangent to failure surface on graph of V against M/B when V=0

The torsional resistance of the sleeper rail fastenings, which may be evaluated per
metre run of track

Pore water pressure

Thelateral rail deflection at distance x from the applied load

Viscosity of fluid

1. Velocity

2. Relative velocity

3. Vertical (load)

Maximum bearing capacity

Rail deflection with respect to longitudinal direction

Rail vertical deflection at longitudinal distance x

Weight

The height of the shoulder above the level of the sleeper top

1. Thelongitudinal distance from the load

2. Extent of ballast shoulder adjacent to sleeper top
Yaw angle
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1. Introduction

“The Railways are a vital public service. They are an essential part of the transport
system, supporting a growing economy. Last year they carried over a billion passengers
for the first time since the early 1960s, they are carrying 45% more freight than in
1995.” Rt Hon. Alistair Darling, MP, Secretary of State for Transport (2004).

The loads currently experienced by railway track systems are more complex and
potentially damaging than in the past because of technologies such as tilting trains,
longer trains, and higher intensities of use. It is also possible that future freight axle
loads in the UK will increase from the current 25 tonnes to 30 tonnes on some sections
of track; some deepers, such as the G44 on the West Coast Main Line (WCML), have

been designed with this in mind.

The aim of the proposed research is to develop a fuller understanding of the mechanical
behaviour of the sleeper/ballast interface with particular emphasis to loading applied by
Pendolino tilting trains curving at high speed on the West Coast Main Line (WCML). A
secondary motivation is to look at the ultimate lateral force that may be available to
resist track buckling, an issue that may become increasingly significant if climate

change leads to increased seasonal and daily temperature ranges in the UK.
Chapter 1 includes brief sections on:

Context: The state of the railway industry in the UK, high speed rail routes in
general and high speed services on the WCML route.

The problem being investigated: A description of track loading and how this is
transferred to the sleeper/ballast interface.

Knowledge gap: Justification for the research.

The aim and objectives of the research.

Throughout this report the Pendolino train on the WCML is taken as the reference

whenever train or track data are required.



1.1. Context

The mgority of today’s railway track throughout the world consists in principle of the
same components as it did over 100 years ago. Rails are laid on deepers which are
themselves laid across some form of levelled, usualy artificially placed, soil (ballast,
sub ballast). The vehicles running on the track benefit from the minimal friction
interface between steel wheel and steel rail to run very efficiently at relatively high
Speeds.

What has changed since the first railway track was laid is the quality of the materials
used, as well as changes including refinements to the rail profile, the introduction of
longer rail sections which are welded together (continuously welded rails, CWR), the
specification of the formation and the quality of construction, as well as the greater axle

loads and maximum speeds of the trains using the track.

Although high speed rail has been operating in various parts of the world for severd
decades, even now technical advances are continuing to increase maximum possible
speeds. For example the high speed record for atrain on conventional rails was recently
advanced to 574.8km/h for a specially modified TGV, set in France on Tuesday 3rd
April 2007 (BBC, 2007).

1.1.1. High Speed Lines

There are two types of conventional high speed lines operating in the world today.

Dedicated
Dual purpose

French TGV's operate on dedicated lines and are able to operate normally at 300kmph
along relatively straight sections of track.

While some high speed train lines are specifically constructed dedicated lines, many,
usually older routes, are dual purpose. Dual purpose lines carry combinations of high
speed passenger trains, stopping services and slower freight trains. This has implications

for the design of the track, particularly on curves.



This project focuses on the type of high speed rail offered by tilting trains on dual

purpose lines.

For dual purpose lines the cant, which is the term for banking when applied to track and
is defined in Figure 1-1, cannot be optimised for a single train speed. In practice this
means that on curves a balance speed that is not optimal for al train types is chosen
such that the resultant force, through the centre of gravity of the train is normal to the
canted sleepers. The optimal cant angle for a chosen speed can be calculated from the
force diagram shown in Figure 1-1.

For example for a speed of 100 km/hr on a curve of 1000 m radius, the optimum cant
angle would be tari*(V?/rg) = 4.5° corresponding to a height offset of 1500 sin(4.5°) =
118 mm on standard gauge track assuming the rail centres are 1500 mm apart. In
practice the cant is also limited to a maximum value. On Network Rail track, the cant is
[imited to 150 mm.

Centre of Centrifugal mv
mass force

> mvz

—

r

mg

Af cant (a)

cant

Figure1-1: Calculation of optimal cant



When cant is not present, or is less than optimal for the speed of a conventional train;
the vehicles and the passengers travelling on curves experience a sideways force. If this
force becomes unacceptably large the train may be in danger of coming off the tracks
due to the wheels climbing the outside rail or the vehicle overturning. This will not
occur until long after the passengers tolerance limit is reached, and it is the latter that

limits the acceptable maximum speed of a passenger train when curving.

Higher mean journey speeds may be obtained on dual purpose track by tilting trains
because the tilt can compensate passengers for nonoptimal cant. Provided the
tilt/rotation is about a point close to the centre of gravity of the train, the global curving
forces due to radial acceleration on the train are largely unaffected by the tilt. The speed
of tilting trains on curves is then limited by safety considerations based on overturning
of the vehicle.

The maximum operating speed for atrain on a curve can be calculated by comparing the
maximum likely overturning loads including wind and dynamic as well as centrifugal
components with the rollover resistance of the train and incorporating a suitable safety

margin.

Calculating maximum speed in this way is carried out using a parameter termed the
operating cant deficiency. This is the angle away from normal to the (canted) track of
the resultant train force, including components of curving and (static) axle loads. It does
not include wind loading or other loading effects due to track misalignment and
wheel/rail defects.

For conventional trains and tilting trains the maximum operating speed is limited to a
cant deficiency of 6 and 12° respectively (Railway Safety GC/RC5521, 2001) under
normal conditions, although restrictions can be applied under severe climatic conditions.
Furthermore all trains are required to have a rollover resistance of 21°. This means that
for conventional trains the safety margin against rollover is at least 15° and for tilting
trains this reduces to at least 9°. These margins make allowance for potentia wind load
and loading effects due to misalignment of the track and wheel/rail defects. Because of

the lower safety margin on tilting trains, track and vehicles need to be maintained to

higher standards.



Note the inherent assumption that the track system is capable of safely supporting
loading up to rollover. A more detailed description of tilting train behaviour can be
found in Harris et al. (1998).

Because many rail networks are decades old and include low radius curves reflecting
the maximum operating speeds of bygone eras, many countries, including Italy
Germany, Finland, Switzerland, Czech Republic, Portugal, Spain, Slovenia and the
United Kingdom have introduced tilting trains (Alsthom, 2008) as a way to reduce

journey times on these “classic railway lines’.
1.1.2. Britain

In Britain today there is a great deal of pressure to improve journey times, capacity and
quality of train ride. Following the Hatfield rail eash of October 17" 2000, train
operating costs increased substantialy and it is a matter of public record (DFT, 2004)
that new reforms must reduce these costs so that the rail industry can operate within the

public finances available to it.

Despite the increased costs, there has been a significant increase in train passenger
numbers each year since 1995 (Green, 2005), with the likelihood that this will continue.
Record levels of investment are being made in the industry, with several major projects
recertly completed or currently underway including the Channel Tunnel Rail Link parts
one and two and the West Coast Main Line (WCML) modernisation, as well as high
profile projects such as Thameslink and Crossrail planned for 2008/9.

In this context it was decided to refurbish the dual purpose WCML with the intention of
introducing tilting passenger trains which would operate at speeds of up to 140 mph.
However, the work ran into a number of difficulties and it has been well publicized that
the cost, reported by the Office of Rail Regulation (2008) to be £7.4 billion by
completion in December 2008, is much more than the £2.4 billion originally planned
(Office of Rail Regulation & Railtrack, 2000). In addition, problems with the signaling
have meant that, so far, the tilting trains have been limited to a maximum operating
speed of 125 mph rather then the 140 mph of which they are capable. Notwithstanding
this, the opening of the first phase of the work in September 2004 resulted in a record

journey from London to Manchester in 1 hour 53 minutes, 15 minutes less than the
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previous record (BBC, 2004) with regular timetabled services currently covering the

journey in around 2 hours 10 minutes, 35 minutes faster than previoudly.

The route of the WCML was set out many decades ago and incorporates many relatively
low radius curves where the new tilting trains are travelling at greater speeds than any

trains before.
1.2 The problem being investigated

Figure 1-2 shows the way in which, during curving on canted track, loads from a
Pendolino train are transferred to the sleeper/ballast interface. Note that loading from

sources other than static, curving and wind is not included in the diagram.

The lateral forces due to curving or wind loading act at the centres of mass and pressure
of the vehicle respectively, and therefore a moment is applied to the track system in
addition to a purely latera force. The moment manifests itself in terms of an increased
vertical load on the outer rail and a reduced vertical load on the inner rail (Figure 1-2B).
Globa normal loads on the rails may also be increased when the track is canted because
the curving force can be resolved norma to the track; however, on canted track the
weight of the vehicle is no longer normal to the track and so cant also acts to reduce

force normal to the track.

Therail head is curved and the wheel rim is sloped so that contact occurs across a small
area. The size of the wheel/rail contact patch varies depending on the curvature of the
wheel and rail and their stiffnesses and may be estimated as about the size of a 5 pence
piece or a15/20 mm diameter circle. The sope of the whedl rim helps the vehicle to
steer and remain safely within the rails. Under ideal conditions the lateral load is
resisted on the railheads through the small frictional contact patches between the wheels
and the rails, but when necessary this lateral force is also resisted at contact with the
wheel- flange/outer-railhead. Flange/rail contact is undesirable as it leads to wear; such
contact can be eliminated by appropriate design geometry with compatible train speed,
i.e. operating at the balance speed on curved sections of track.

The loads on the rails cause them to rotate and deflect on their fastenings which in turn

transfers load to the sleepers and below. Differences between the vertical loads on the
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two rails lead to a moment acting on the deeper, which must be resisted at the
sleeper/ballast interface. Collectively there is a simultaneous vertical, horizontal and
moment (VHM) load about the base centreline of the deeper/balast interface (Figure
1-2C).

Note that for the Pendolino
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Figure 1-2: Transfer of forcesthrough tosleeper/ballast interface



The magnitudes of forces and deflections at particular locations within the track system
are related to the relative stiffnesses of the rails, the rallpads, the sleepers and the
trackbed support. These forces and deflections are extremely difficult to quantify
accurately at all locations in the track system, particularly within the geotechnical
layers.

The load at the deeper/ballast interface passes to three distinct contact areas: the
shoulder, crib and base (Figure 1-3). It is the behaviour of these three contact areas
individually and collectively to resist train loading on curved sections of track which
will be the main focus of the research.

Shoulder sleeper/ballast <—A Crib sleeper/ballast
contact area contact area
[ l’ \\ \\\ I
T, H el
089 R 0 Y, 0 e ¥ &%
.\ Q A Base sleeper/ballast 0
contactarea P
FRONT VIEW A END VIEW AA
4—

Figure 1-3: Thesleeper/ballast interface

1.3. Knowledge gap

Existing computer models used to evaluate train and track performance do not account
for individua components of lateral track resistance from each of the three
Sleeper/ballast contact areas. Different types of train/track-system models make
different simplifications, partly related to the type of model and purpose. The most
commonly used models within the rail industry are vehicle/track dynamic models, e.g.
Vampire (DeltaRail, 2006) which focus on the behaviour of the wheel/rail interface.
Vehicle/track dynamic models may be able to incorporate actual track alignment data
from NR track recording vehicles to smulate the behaviour that occurs as given types of
trains pass over track at certain levels of degradation prior to maintenance. The results
can show whether forces and displacements outside of those permitted may be
generated. Vehicle/track dynamic models can incorporate sophisticated representations

of train suspension systems and have the ability to evaluate track load from new trains,
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before they have been allowed onto NR track by inexpensive computer simulation
rather than expensive actual testing. However, such models smplify the behaviour of
the sleeper/ballast interface to that of alinear elastic spring both vertically and laterally.
Other types of computer models have been developed as design aids for trackbed
specification, e.g. Geotrack (Chang et a., 1980). Models such as Geotrack typically
represent short sections of track to evaluate the ability of ballast and deeper
geotechnical layers to cope with vertical load on straight sections of track. These types
of models can be used to specify appropriate depths of ballast beneath the sleepers so as
to attenuate cyclic vertical load to a level the subgrade can withstand on a long term
basis. However trackbed design models have not usualy accounted for lateral or
moment loading on canted curved sections of track, nor attempted to model the effects
of crib and shoulder ballast.

Much actual testing of the resistance of track to vertical and lateral loads has been
carried out; however, accessing such tests is problematic and there are limitations on the
test data available which will be discussed later in this thesis.

Acceptable loading of track can be considered from two standpoints:

1. Design of the track.
2. Acceptance of vehicles to run on the track.

Various track design methods exist within respective national codes, and design
methodologies have also been developed privately by individuals/organizations. The
design of the track tends to focus on the ahbility of the formation to cope adequately with
vertical loading from trains without considering lateral or moment forces.

From the perspective of acceptable loading of vehicles, in the UK, new track vehicles
are required to demonstrate certain levels of safety and codes then govern their
maximum operating speeds. In the UK, codes require new vehicles to meet two key
criteria for track loading in that they need to demonstrate:

No latera loads in excess of W/3 + 10 where W is the axle load in kN, this relation
is termed the Prud’ homme relation. (British Railways Board GM/TT0088, 1993).



An overturning resistance angle of at least 21° at al times. (Safety and Standards
Directorate Railtrack PLC GM/RT2141, 2000).

The overturning resistance is the only place within UK codes that a moment loading of
the track is considered. However it assumes that the track is able to cope with the load

and, within the practicalities of vehicle design, it applies no upper limit to such loading.

While research continues, vehicle and track design and maintenance rely on safety
standards in codes of practice which have evolved over many decades to become
increasingly complex e.g. see the quantity of codes listed online by the Rail Safety and
Standards Board (2008). Some of the track safety requirements such as the
Prud’ Homme limit for lateral track stability date back to the 1950's (Esveld, 2001); this
relation is being applied today to Pendolino trains operating on infrastructure which,
while still adhering largely to routes laid out many decades ago, has been wholly
replaced and modernised.

Chapter two elaborates on the points made within this section and provides more
detailed references.

1.4 Objectives

“The superstructure is separated from the substructure by the sleeper-ballast interface,

which is the most important element of track governing load distribution to the deeper
track section.” (Indraratna and Salim, 2005).

The aim of the proposed research is to develop afuller understanding of the mechanical

behaviour of the deeper/ballast interface, and specificaly to:

Quantify likely magnitudes of Pendolino train loading for normal and extreme
conditions by summing the effects of curving forces, wind load and gatic axle loads
on low radius curves of the WCML (Chapters 2 and 3).

Characterise the in-service (pre-failure) behaviour of the sleeper/ballast interface due
to likely Pendolino train loading (Chapters 5 and 7).
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Quantify the development of confining stress within the ballast at the end of an
initial 100 Pendolino axle loads on freshly prepared ballast and assess its impact on
sleeper/ballast interface behaviour (Chapter 6).

Characterise single sleeper interface properties (pre-failure) for use with vehicle/
track dynamic models (Chapter 7).

Quantify the failure envelope of the sleeper/ballast base contact for a single seeper
in combined VHM loading (Chapter 8).

Quantify the resistance available from the crib and shoulder deeper/ballast contact
areas both experimentally and by calculation (Chapter 8).

Address the implications of the findings of the research (Chapter 9).

The objectives will be achieved by:

The use of the beam on elastic foundation (BOEF) analogy to estimate likely
Pendolino track loading as it is transferred to the sleeper ballast interface (Chapters 2
& 3).

The use of geophones to measure real sleeper movements on curves of the WCML
during passage of high speed Pendolino trains (Chapters 5 and 7).

The development, validation and use of a testing apparatus to measure the pre and
post-failure lateral resistance available from the three sleeper/ballast contact areas,
and able to measure confinement within the ballast. A description of apparatus and
testing procedures are given in Chapter 4. In Chapters 5 and 7 a comparison is made
with geophone data to validate the ability of the apparatus to reproduce satisfactorily
actual track behaviour. In addition Chapter 5 examines the effect of loading rates on
the lateral cyclic behaviour of the Sleeper/ballast interface. Results for lateral
resistance tests for different arrangements of crib and shoulder ballast are presented
in Chapter 8.

Development of a finite element model of the testing apparatus to use as a tool to
interpret the measured confining gress in the laboratory experiments (Chapter 6).
The application of wider geotechnical principles to the problem of rail track loading,
in particular the effects of combined VHM loading on granular materials, and the
application of limit equilibrium principles to the resistance provided by the shoulder
ballast (calculations are presented in Chapter 8).
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The evauation of testing and field data in conjunction with the results from
geotechnical calculations, leading to an improvement in the fundamental
understanding of the behaviour of the dlegper/ballast interface (key points are made
in each chapter and all points are drawn together with conclusions presented in
Chapter 9).

Chapter 2 of this report provides an evaluation of current background knowledge to
identify gaps and support the current research Although Chapter 2 incorporates the bulk
of the literature review, much literature has been referenced and reviewed in later

Chapters where it isrelevant for comparison with results.
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2. Background: justification for the research

Much research has been carried out around the world to improve knowledge of the
behaviour of railway track systems e.g. Indraratna and Salim (2005), Esveld (2001),
Selig and Waters (1994) and Alias (1984). However, there are still gaps in our

knowledge, particularly from a geotechnical perspective.

Over the past century methods of modelling train/track interaction have advanced
greatly. From the late 1970's computer models were developed for design use. Early
computer models were often limited to two dimensions and provided results at only a
small number of key locations. These ssmplifications were in part due to the need to
limit the number of calculations and thus the computing time required. Today, there are
a large number of models reported in the literature giving insights into various aspects

of train/track interaction.

All track system models apply simplifications depending on what they are investigating.
Models have first focused on the behaviour on straight sections of track with the result
that the behaviour of the track system at the sleeper/ballast interface due to loading on
curved sections of track is one of the least well understood aspects of track system

behaviour.

By being familiar with the track system and the roles each conponent part plays in
supporting train loading, it will be possible to evaluate the relative sophistication of the
different types of model in common use. Such an understanding then provides a context
to review the way in which models represent simplified behaviour of the sleeper/ballast
interface to provide data for particular purposes. Later in this report comparisons will be
made between the real behaviour at the dSleeper/ballast interface and modelling
simplifications. The real behaviour is assessed by the geophone track measurements and
experimental measurements presented in Chapters 5, 6 and 7. In particular, it will be
shown that pre-failure behaviour is load path dependent and may also vary significantly
from deeper to sleeper; aspects of behaviour which no commonly used models take into

account.
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This Chapter includes sections on:

The track system: A look at the components that may need to be represented in a
track system mode.
Some of the more important train/track interaction models. Models included are:

0 Beam on eastic foundation (BOEF): the simplest and oldest model of the
track system, this static model offers insights into the load at the
wheel/rail interface and the effects of global track stiffness. This model
will be further used to estimate likely loading on the Sleeper for a
Pendolino on the WCML both in this chapter and Chapter 3.

0 Geotechnical static track system models (Geotrack), offering insights
into the behaviour of the ballast.

0 Dynamic train/track interaction models which provide data at the
wheel/rail interface. General principles and the basis for contemporary
vehicle/track interaction models commonly used within the rail industry

o Contemporary models (Vampire), widely used throughout the world and
able to incorporate real track alignment data from track recording
vehicles to run simulations of load response over great lengths of track at
the wheel/rail interface.

The current state of knowledge and design practice including alook at:

0 Load testing of the dleeper/ballast interface

0 Design practice for the trackbed

0 Acceptance of vehicles to run on the track
2.1. The track system

To investigate the effect of specific track loading, an appreciation of the roles of the
different parts of the system is required. Modern conventional track can be subdivided
into seven components (Figure 2-1) each of which has a specific role in supporting the

train load:

Rails
Railpads/fastenings
Sleepers
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Ballast

Geosynthetic
Subballast
Subgrade
FASTENINGS _ _
Anchors the pad to the Soil layer interfaces
rail and sleeper may be sloped to aid
drainage
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/

SLEEPER
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RAILPAD SUBGRADE \
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prestressed by prepared ground and natural GEOSYTHETIC(S), when used the

the fastening ground or wholly natural exact_ location depends on the purpose.
around Multiple layers are possible.

Figure2-1: General track cross-section, UK

The magnitude of deflection of the rail at the wheel/rail interface is key to providing a
stable track system able to support trains safely at their running speeds and collectively
all the components of the track system and their load/response properties contribute to
this. When arail deflects less than a certain amount under loading, damage will occur to
the wheel and suspension of a train vehicle as well as to the track; however, excessive
deflection also results in track and vehicle damage. Design of track requires
consideration of the load response behaviour of al components of the track system to
provide acceptable load response, optimum maintenance regimes and overall lifetime

performance.

We shall now briefly consider each of the rail track system components from the top

down:
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2.1.1. Rails

The basic stedl rail cross-section has been refined over time. It can be manufactured to a
high specification in terms of strength and geometry so as to provide as smooth a train
ride as possible. On today’s high performance lines, rails are welded together to create
continuously welded rails (CWR) thus eliminating a potential cause of dynamic load:
the discontinuity caused by traditional fishplate bolted joints. The length of rails has
also increased so that welds are spaced further apart. The mass per metre of rail is
known to contribute to the track stability and for high speed lines a mass of about 60 kg
per metre (Specification: 60 E1) is the norm in Europe (British Standards Institution BS
EN 13674-1, 2003) and is used on the WCML. The rails are placed on the seeper at
dightly inclined positions to point inwards, this aids the soped wheel rims to steer
within the rails and avoid flange contact. On a G44 deeper, the type used on the
WCML, the inclination is 1:20 (Tarmac, 2005). Throughout this report, rail section
properties through xx and yy axes will be considered to be sufficiently close to the
normal and lateral track axes. The wheel/rail interface has been extensively researched
and rolling contact theory is well developed eg. Kaker (1979). Typicaly rails
experience wear during service and require grinding to maintain a smooth running

service at regular intervals and, when necessary, replacement.
2.1.2. Pads/fastenings

A rail pad is placed between the rails and slegper and the rail is fastened to the sleeper
using a clip which may also pre-stress the pad. Research has indicated that the stiffness
of the pad makes a significant contribution to the everyday quality of ride and to track
service life and intervals between maintenance e.g. Fermer and Nielsen (1995). Without
a pad the train loads would be more concentrated through the rigid contact of the rail to
deeper, causing more damage to track and vehicle. The pad and fastening permits
limited vertical deflection and rotational movements of the rail relative to the sleeper.
On the WCML Pandrol fastenings and pads are used with properties tested and reported
on by Pandrol (2003).
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2.1.3. Sleepers

The deepers are often referred to as ties as they tie the rails together, preventing any
dangerous relative lateral movement and providing support for the rails. Sleepers are,
typically, made from reinforced, pre-stressed concrete and, again, their mass is known
to contribute to the stability of the track. Two types of concrete sleeper are commonly
used: mono or duo block sleepers. On the WCML type G44 mono block sleepers are
used weighing 310kg each (Tarmac, 2005). However it is not clear which type of
sleeper is most advantageous. Duo-block sleepers are used on TGV lines; here, concrete
ends supporting the rails are joined by stedl reinforcing rods permitting the omission of
the middle section of concrete sleeper. This may reduce the weight and aso improve the
consistency of ballast contact. For mono-block sleepers, ballast tends to settle during
service relative to the sleeper centre beneath both rail seats and periodic maintenance by
tamping is required to correct this. If thisis not done, ultimately “ failure to maintain the
track causes thetiesto break along the track centreline” (Turcke and Raymond, 1979).
This is known as centre binding. On the other hand, the lighter duo-block sleepers are
less able to stabilise dynamic load. Duo-block sleepers are aso considered to give better
lateral resistance because they have four ends vertically normal to the ballast on

horizontal track as opposed to the two ends of a mono-block.

The deepers then transfer the more concentrated loads from the rails to the larger
contact areas of the sleeper/ballast interface. However, it should be noted that the
sleeper is supported by a finite number of small discrete contacts with the ballast.

2.1.4. Ballast

The main role of the ballast is to attenuate the relatively high stress immediately beneath
the sleeper to an acceptable level that can be withstood on a long term basis by the
subgrade. The weaker the subgrade the thicker the ballast layer needs to be; athough if
the subgrade is too weak, implying an excessive ballast layer thickness, other measures
may need to be taken. When a subgrade is weak and/or the ballast layer is too thin,
repeated loading can lead to localised ballast penetration into the subgrade. In the case
of alow permeability subgrade (clay), water may accumulate in these pockets, leading
to the eventua failure of the ballast and track. Variation of layer thickness also leads to
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a variable track resilient response to load. A wide range of load response over a short
length of track will ultimately lead to early track failure (Hunt, 2000).

The ballast thickness in developed parts of the world is usually the main design criterion
for a contractor evaluating the design of a new section of track, as the type of ballast
material used has generally been incorporated into developed countries standards. The
choice of ballast material is based on its ability to provide uniform support to the rails
and permit rapid drainage. This leads to a conflict in the specification of ballast.
Uniform support may best be achieved by well-graded ballast whereas adequate
drainage is best achieved by uniformly graded ballast. Around the world the ballast used
may depend on the materials locally available. Various studies of rock types suitable for
ballast, e.g. Boucher and Selig (1987), Watters et a (1987), Klassen et a (1987) and
Raymond (1985b) have concluded that igneous or metamorphic rocks chosen for their
angular shape and relatively uniform grading and strength provide the best type of
ballast. More recently Indraratna and Salim (2005) compared current specifications of
ballast throughout the world and proposed a new optimum grading of ballast to meet the

conflicting requirements to provide uniform support and drainage.

Network Rail (Safety and Standards Directorate Railtrack PLC RT/CE/S/006, 2000)
requires ballast to be well graded with particle sizes mainly between 32 mm and 50 mm
in diameter and laid to a depth of 300 mm or more below the sleeper base.

Ballast is also piled up at the ends of the sleepers (shoulder) and between the sleepers,
(crib). The main purpose of shoulder ballast is to protect the track from buckling due to
temperature induced rail loads, with or without trains present. The crib ballast provides
pressure on the ballast below and at contact with the sleepers to increase the stability of

the track and prevent longitudinal movement of sleepers.

In the past ballast would rest on natural formation or fill material of varying quality and
this is believed to be the case on the WCML where conversations with track engineers
have indicated that the refurbishment work was carried out by removing the top 0.5m of
existing ballast and re-laying fresh ballast to support the new track.

18



2.1.5. Geosynthetics

Geosynthetics are the most recent addition to the track system; ballast can be
strengthened and various types of subgrade can benefit from the use of geosynthetics.
There are several sub categories of geosynthetic commonly used (Corbet, 2003) and

choice depends on function.

Geosynthetics in the form of geogrids placed within the ballast Byer but below the
depth of tamping may be used to improve the strength and service life of ballast as a
number of studies have indicated, e.g. Bathurst and Raymond (1987), Brown (1996),
Indraratna et a. (2004), and McDowell et a. (2006).

A geotextile may be placed between the ballast and subballast to provide filtration
and/or increased strength (Raymond, 1982). As a filter a geotextile acts as a barrier
against the migration of particles from the subballast/subgrade into the ballast while
still permitting drainage (Chrismer and Richardson, 1986). Fouling of the ballast by
subballast/subgrade migration is known as ballast pumping. It impairs ballast drainage
capabilities leading to along term decline in performance. Poor drainage leads to ballast
saturation and some studies have shown that settlement rates may increase in wet ballast
(Fair, 2003). Fouling is aso associated with the development of ballast pockets and

varied rates of settlement and resilient response.

Geosynthetics have also been used as a barrier locally to prevent groundwater from
infiltrating the trackbed to maintain safe levels of drainage (Lacy and Pannee, 1987).

2.1.6. Subballast

The subballast layer (sometimes known as the capping layer) works, either solely or in
conjunction with a geosynthetic, to prevent the relatively large sizes of ballast particles
from penetrating the subgrade or vice versa. The subballast layer will typically consist
of sand 100 mm thick and also helps to transfer the load evenly into the subgrade.

2.1.7. Subgrade

Ultimately all train loading reaches the subgrade. The subgrade may be the natural
ground or a combination of fill material and natural ground at depth. Selig and Waters
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(1994) wrote that the influence of traffic induced stresses may extend downward as
much as 5 metres or more below the bottom of the sleepers. This was supported by large
scale 3D finite element modelling of the track superstructure and substructure by Powrie
et a., (2007) in which it was shown that the vertical stress reduced to 3% of the
maximum stress between sleeper and ballast a 1.67S where S is the deeper length in
metres i.e the maximum surface stress reduced to less than 3% at a depth of ~4.1 m for a
typical 2.5 m long sleeper. Depending on the stiffness of the subgrade, the penetration
of stresses into the subgrade can lead to significant proportions of vertical dleeper

resilient deflection and plastic displacement originating within the subgrade.
2.2. Train/track system interaction models

With an understanding of the track system it is possible to examine some of the more
important track system models, and look at the insights some of these models give into
track system behaviour.

2.2.1. Beam on Elastic Foundation Model (BOEF)

The smplest representation of the track is referred to as the BOEF model; it provides
data at the level of the rail and allows calculations to be made based on tests that equate
the track deflection for a known force with a foundation coefficient. Although referred
to by some authors as a coefficient, the parameter has units of force per unit length of
track per unit deflection and may more accurately be termed a modulus. The equations

can be derived by considering Figure 2-2 and Figure 2-3.
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Figure2-2: BOEF Model
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Figure2-3: Beam element model

The most important equations that may be derived from Figure 2-2 and Figure 2-3 are
summarised below (note that the equations are valid only for x > 0):

SX 4 N Equation 2-1
W(X) :ieL Ei:os X +gn 24
kL & LH
4El _ Equation 2-2
T
XU Equation 2-3
M =- El n - COS—,
o gn i e
Where
4E| Equation 2-4
L=4 ”
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With notation defined:

El = Bending stiffness of therail

k= Foundation coefficient” or track modulus

w(x) = Rail vertical deflection at longitudinal distance x

D= Shear force

M = Moment

qx) = The variation in vertical load with longitudinal distance (x) which is
replaced with Q, the wheel load in the derivation process.

L= Istermed the characteristic length and arises from the derivation process.

Q= Wheel load

These types of relation appear in the literature at least as far back as 1927 (Timoshenko,
1927) and have more recently been presented in varied forms by Raymond (1985a) and
Esveld, (2001). A full derivation is presented in Appendix A which aso incorporates
additional track parameters (see Chapter 3).

When using these equations all the parameters should be known except for k which is
found from experiment. E and | are for the rail and should be available from design
data. Taking realistic values for a Pendolino train on the WCML (Table 2-1), agraph of
deflection (Figure 2-4) and moment (Figure 2-5) with distance from the wheel load can
be plotted.

Variable | Value Units Description Notes

Q 72,560 N Wheel load Pendolino train average 180% tare
(Harwood, 2005)

E 205,000 N/mn’ For Rail Assumed typical value for steel

I 30,383,000 mmi’ For Rail 60 E 1 (British Standards Institution
BS EN 13674-1, 2003)

k Varied N/ mm/mmm Track Range of values chosen based upon

Modulus literature e.g. Bowness et al (2005b)

measured 38N/mm/mm at Crewe UK.

Table2-1: Data used to create the graph of moment and deflection in the rail

! Hereafter referred to as track modulus, although in later chapters the term vertical track modulus may
be used to distinguish it from lateral track modulus. Verticaly, the track modulus will always be

evaluated for half of the track for a single wheel load, whereas horizontaly it is evaluated for the full
track by summing rail stiffness about the yy axis.
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Figure 2-4: BOEF model: Graph of deflection of therail for a Pendolino wheel load and varying
track modulus

Note the marginal uplift that occurs in the deflection before the rail returns to its normal
position as the wheel load passes. It is arguable whether this actually happens because
in the BOEF mode the self weight of the rails and weight of the sleepers attached to
them is ignored. It is perhaps more likely that the load at the Seeper/ballast interface
due to self weight locally reduces prior to and after the passage of a bogie. Such a
reduction in normal force on the slegper/ballast interface is potentialy dangerous as it
may lead to the occurrence of rail buckles when pre-existing track misalignment and

raised temperatures are also present (ERRI committee D202 report 3, 1995).
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Figure2-5: BOEF model: Graph of moment in therail for a Pendolino wheel load and varying
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track modulus

It is sometimes convenient to use the track modulus per sleeper spacing instead of per
unit length of track, k is then replaced by:

K= K, Equation 2-5
a
Where a = dleeper spacing as shown in Figure 2-6
With this substitution made it is possible to determine:
load per sleeper (railseat load) in relation to track modulus
deflection of deepers and track modulus,
as Raymond (19854) showed:
S X 4 N Equation 2-6
KgW(X) = aQ T T Gi:os— +gn XY
& LH
Q e N Equation 2-7

a . X
X) = COS— N —,
W) = dL 8 L LH
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Where x is evauated in multiples of deeper spacing, however note that no fundamental
change has taken place in the underlying assumptions of the BOEF model. All that has
been done is to evaluate the displacement at sleeper intervals. Provided the deepers are
reasonably close and the rails reasonably stiff this does not introduce significant error.
However, as the sleepers become further apart the discrete nature of the support renders

the BOEF model more and more invalid.

Wheel load (Q) above
centre of sleeper

\4 Rail

1 2 Sleepers | 3 4

| a = 650mm |
R — e

Figure2-6: Track diagram for evaluation of railseat loads and deflections

Figure 2-7 and Figure 2-8 show the railseat load (the load reaching the sleeper) as a
percentage of the applied load and the deflection on the first sleeper immediately below
the wheel and for three further deepers to one side. Sleepers on opposite sides of the

whed receive equa loading.
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The BOEF model can be useful when considering the vertical track behaviour at the

level of the rail. However, the geotechnical aspects of the railpad, the sleeper, the ballast
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and the subgrade are oversimplified, being lumped into a single linearly elastic variable:
the track modulus. Despite this simplification the BOEF model can be used to provide
estimates of load reaching the dleeper/ballast interface provided realistic deflection
ranges are known and can be used to set the track modulus to aredlistic level. In chapter
3 this model will be extended and used to examine the latera load reaching the dleeper.
An appropriate range of track moduli can be found by using geophones to measure
sleeper deflections during Pendolino passage as described in Chapters 5 and 6. With the
appropriate range of track moduli identified by the geophone measurements, estimates
of vertical and lateral load reaching the sleeper were used to inform the laboratory
experiments reported in Chapters 4 to 8.

2.2.2. Static Track System Models (Geotrack)

Static models of the track system can be constructed in two ways (O'Reilly and Brown,
1991):

1. Finite element methods, significant early examples include: SENOL (Brown and
Pappin, 1981), PSA (1968) reviewed by Adegoke et a (1979), ILLI-TRACK
(Tayabji and Thompson, 1976).

2. Layered elastic systems, significant early examples include: MULTA (Kennedy and
Prause, 1978), Geotrack (Chang et al., 1980), ARTS (Turcke and Raymond, 1979).

Perhaps the most well known static track system model is named Geotrack. Geotrack is
a design aid for railway track. It adopts an elastic multi-layered stress state dependent
approach to modelling the ballast, subballast and subgrade with beams representing the
sleepers and rails (Figure 2-9). Geotrack also permits separation of the sleeper from the
ballast and variation of slegper length, size and spacing.

Geotrack was developed at the University of Massachusetts, Amherst, USA in the late
70s and early 80s; considering the advances in computing since then it would seem that
Geotrack is somewhat outdated. However, despite its age in computing terms, a design
method for ballast layer thickness was published in the late 90s based on results from
Geotrack, (Li and Selig, 1998a) (Li and Selig, 1998b), which one group of reviewers
rated as the most analytically advanced in the world (Burrow et al., 2007a).
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Figure2-9: Idealization of Geotrack model

Geotrack provides outputs for forces, bending moments, stresses and displacement at
key locations including at the rail seats, between the ties and ballast and between the ties
andrails.

Geotrack was developed after consideration of the other programs available at the time
(1979) and grew from improvements to a program known as MULTA (Multi Layer
Track Analysis). Vaidation was provided by comparing Geotrack outputs with data
taken from tests carried out at The (US) Department of Transportation’s Facility for
Accelerated Service Testing (FAST) in Pueblo, Colorado, USA.

A key validation of Geotrack was its ability to reproduce test results of the pressure
distributions at the interfaces between sleeper and ballast, as shownin Figure 2-10, and
between ballast and subgrade.
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Figure2-10: Idealized pressure distributions sleeper/ballast interface after Kennedy and Prause
(1978), not to scale

The development of the w-shaped pressure distribution for a normal car occurs
theoretically when a flexible sleeper is supported continuously by an elastic layer of
uniform stiffness. In practice this is a gross smplification because sleeper support is
highly erratic due to the relatively large size of ballast particles and the development of
structure within the ballast. Shenton (1975) reported data from British Rail tests in
which pressure plates fitted to the base of the sleeper were able to identify a w-shaped
pressure distribution from alocally highly varied pressure line (Figure 2-11).

Axle load = 200kN

Pressure kN/m?2
|

Figure2-11: Pressure beneath sleeper, after Shenton (1975)
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Finite element modelling carried out as part of this research (reported in chapter 5)
idealising the ballast as an elastic finite depth layer on flexible elastic support aso
confirmed the development of the w-shaped distribution.

The w-shaped pressure distribution causes differential settlement of the ballast beneath
the slegper so that maintenance operations are required to restore the sleeper to ballast
contact beneath the railseats where the pressure is highest.

Geotrack utilizes the work of Burmister (1945) which put forward a general theory of
stresses and displacements in layered systems to set up the multiple layer stress
dependent eastic system. In conjunction with this the materia properties for each layer

are calculated based upon arelation in the form of:

E = lqkz Equation 2-8
Where:
E,- the vertical resilient modulus
q= the sum of initial and incremental bulk stress (i.e. maximum bulk
stress)

ki ko = Parameters determined experimentally

Many researchers specialising in pavement/highway engineering have endorsed a
relation of this form which is often termed the k-theta model (e.g., Gonzola (1981)).

The parameters in the k-theta relation are not dimensionless. Because of this Geotrack

modifies Equation 2-8 to the form:

ke Equation 2-9

Where:

Pa = atmospheric pressure
Soct = mean stress [defined in Chang (1980) as(S1 S2 S3)/3]
ks, ka = Parameters determined experimentally
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Since the model is elastic, Poisson’s ratio is also a required input parameter and because
the formulations require each layer of the system to have a single elastic modulus a
weighted average at the mid depth value for each layer is assigned. Such ssimplifications

reduce computing power requirements, albeit at the expense of accuracy,
2.2.3. Dynamic track system models

The word dynamic can easily be misinterpreted. For clarity it is useful to define what is

meant by dynamic loading in so far as this report is concerned:

Verticaly, any load effect above the static load of atrain resting on the tracks

Horizontally, any load above the wind load and when curving the centrifugal force
load.

Dynamic loads are due to accelerations which arise because of irregularities in the

geometry of the wheels and rails and variability in the load/response of the support.

Dynamic models of the track take a very different approach from static models.
Commonly, material properties are assigned to a track representation and an excitation
frequency function is applied to the system to represent a train passing. Different
loading functions can be incorporated to model the effects of rail corrugation, wheel
flats, gaps or dips in the track as well as missing slegpers. Damping functions are
assigned and properties such as acceleration, velocity and deflection at key locations
can be found during and after a train has passed. These models are often more
concerned with the performance of the train, and train representations include
suspension and roll properties while the track system is often modelled with spring

support.

Many examples of dynamic models can be found in the literature, Figure 2-12 illustrates
the way in which atypical dynamic model (Cox and Grassie, 1983) represents the track.
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Figure 2-12: Continuoustrack model by Cox and Grassie (1983)

In dynamic models the masses of the components as well as the bending stiffness are
important. In Cox and Grassie's model the ballast and sub-layers are represented by a

single layer of springs and dampers.

Although this model can provide data at the rail and Seeper, from a geotechnical
perspective it dso suffers from similar drawbacks as the beam on elastic foundation
mode; the behaviour of the geotechnical support is oversimplified and the model is not

capable of providing data within the supporting soil layers.
2.2.4. Contemporary dynamic models (Vampire)

There are many papers and reports on dynamic train/track interaction. The large volume
of published work isin part a reflection of the relative ease today with which a model
can be prepared using general FE software. The models often specialise in analyzing
train/track behaviour under specific conditions, for example train/bridge interactions
(Song et al., 2003), (Yau et a., 2000). Some models have attempted to anayze
behaviour when track parameters vary with length, for example Oscarsson (2002) varied

track structure parameters on the basis of real track data.
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Many of the models, particularly those which rely on finite elements, are CPU intensive
and it is not possible to model long lengths of track using real track alignment data
Because of this commercially available non finite element software packages have been
developed within the rail industry to focus the modelling effort on key track system
features. These are able to evaluate train/track interaction over many miles of track

using real track alignment data from track recording vehicles.

Network Rail and other companies worldwide commonly rely on a software package
known as Vampire (DeltaRail, 2006) which was originally developed by British Rall
and is now licensed and maintained by Delta Rail. Vampire is primarily a vehicle
dynamics package. Within Vampire, rea track data from track alignment recording
vehicles can be input and ssmulated vehicles, defined from real vehicle parameters, pass
over the track. Track recording vehicles are required to run across the track within set
time periods depending on the required maintenance standard of the particular track and
can identify how much the track has degraded from the design geometry using a number

of different measurement criteria. These may include measurements of variations in:

Vertical profile

Lateral alignment
Crosslevel/cant/superelevation
Dynamic crosslevel

Gauge

Curvature

Note that these measurements are generally specified every 35 metres and are in a sense
a rolling average, able to characterise the location of the rail profile but without

specifically identifying its location to the precise millimetre.
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Figure2-13: Track representation used within Vampire

Vampire lumps together the vertical stiffness of the rail pads with that of the ballast
while permitting relative lateral movement of the rails on the sleepers (Figure 2-13).
While useful for vehicle designers working to validate the maximum loads on the track
at the wheel/rail interface, this type of model cannot provide data on loading in the
trackbed. Also, it does not permit variation of lateral and vertical stiffness along the
length of the track athough that is something the developers (confirmed by telephone
conversation, 2006) are considering for the future.

2.3. Current knowledge sleeper/ballast interface behaviour

Having examined the different types of track system models that exist, how they
represent different parts of the track system and the strengths and weaknesses of these
models, attention is turned to current understanding of the way in which the
sleeper/ballast interface behaves. This section isin three parts

1. Testing: published results from tests on the behaviour of the sleeper/ballast interface
2. Design of the track: design criteriarelating to the sleeper/ballast interface.

3. Acceptance of vehicles to run on the track: the loads vehicles impart to the track.
2.3.1. Published tests of the sleeper/ballast interface

A great deal of strengthtesting of track has been carried out over many decades in many
countries. Internal reports of British Rail tests have been identified which date back at
least as far as 1958 (BR, 1958). However, poor archiving and the break-up of British
Rail means that finding such reports is problematic and in any case these early tests may
not be relevant to today’ s track and rolling stock. In addition, test results may be held by
research institutes and private companies and therefore not readily in the public domain.
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Notwithstanding this, there are a number of tests reported in the literature, although,
from the point of view of evauating the deeper/ballast interface, many have
shortcomings in methods and are not reported in a consistent way, making comparison
between tests problematic.

The behaviour of the dleegper/ballast interface is often tested and reported from a purely
vertical or purely lateral load standpoint and, whereas the vertical behaviour is often
tested for in-service non-failure behaviour, the lateral behaviour is often tested only for

static failure.

The behaviour due to vertical loading can be quantified in terms of aresilient deflection
from a Faling Weight Deflectometer (FWD) test. FWD data can be checked against
design requirements for specifications of track (Network Rail RT/CE/C/039, 2003) and
may also used to back calculate elastic moduli for subgrade soil layers (Burrow et al.,
2007b). In such a calculation the thickness of all soil layers must be known and arigid
boundary at depth identified (e.g. ballast, subballast, subgrade, bedrock). Without high
confidence in the location of soil layer boundaries and the likely strength of each layer
the success of such back calculations can be questionable as there are an infinite number
of possible solutions obtainable simply by varying layer thickness and strength

parameters.

Lateral Sleeper resistance tests are scarce in published literature and data are rarely
presented so as to isolate resistance due to base, crib, and shoulder contact areas. Tests
take different forms, and while some investigate the global resistance of the
sleeper/ballast interface others report data on the resistance provided by the track system
as a whole (including the ability of the rails to spread the load). In reported data it is
often impossible to isolate the resistance due to the 3 sleeper/ballast contact areas or to

be sure of the type of deeper and the arrangement and type of ballast.

Committee D202 of The European Rail Research Ingtitute (ERRI) carried out a review
of lateral pull tests. The committee had access to unpublished reports and reports held
by private companies and research organisations, the review provides a useful summary
of test types and data as follows:
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There are two types of lateral deeper test commonly in use (ERRI committee D202
report 3, 1995):

1. Single deeper push test: A deeper is detached from the rails pushed sideways by a
machine attached to the rails and its |oad/deflection response is recorded (e.g. Selig
and Waters (1994)).

2. The panel pull method: A section of in-service track is pulled sideways from the rail
head and its load/deflection behaviour is recorded. From this the individual sleeper
resistance can be estimated. It can be performed with the section either isolated (cut)
or attached to the rest of the line (uncut) (e.g. Esveld (2001)).

Individual push tests show a wide variation in load resistance, meaning that many tests
are necessary to characterise the resistance for a given sleeper/ballast arrangement. A
test on an uncut panel gives data from which it is difficult to obtain a characteristic
individual dleeper response as it is difficult to quantify the effect of the rails in
spreading the load. The cut panel pull test allows an averaging of individual sleeper

contributions.

Table 2-2 summarises the results of various lateral resistance tests accessed by ERRI.
Lateral resistance is reported per deeper, and is quoted for unloaded track (ERRI

committee D202 report 2, 1995). Tests report the maximum or peak lateral resistance
reached within a deflection of about 20 mm. However, the peak lateral resistance can be
mideading. Lateral resistance at the sleeper/ballast interface varies with deflection as
shown in Figure 2-14.

Peak lateral resistance/sleeper (kN) within 20 mm deflection

Minimum 20% lessthan 50% lessthan Maximum
L oose 4.2 5.2 5.9 6.9
tamped/relay
Just tamped 5.9 7.1 8.3 118
(undistur bed)
Trafficked 5.4 8.1 10.3 15.7

Table2-2: Summary of lateral resistance data on unloaded track on concrete sleepers (ERRI
committee D202 report 2, 1995)
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Figure2-14: Characteristic sleeper lateral resistance/disgacement response schematic not to scale
(ERRI committee D202 report 3, 1995)

In Table 2-2 there is an almost fourfold increase in resistance from the worst to best
case. This could be due to differences between test sites with different specifications
and levels of fatigue of ballast and/or sleepers. Some of the variation may be due to
differences between panel or single sleeper tests. ERRI committee D202 (1995)
reported that the lateral resistance per sleeper was often less when testing a panel of
sleepers; a result attributed to interaction between sleepers. It is also possible that some
of the panel tests incorporated hanging sleepers. Without access to the original test data
it is difficult to assess the quality of the results. However; Table 2-2 indicates that the
consolidation of the ballast by tamping and trafficking has a large influence.

The data provided in Table 2-2 for static failure of the sleeper/ballast interface relates to
large movements and is therefore more suited to evaluating resistance to buckling than
performance characteristics during in-service loading. In this context the data can be
interpreted in conjunction with other factors which influence the formation of rail

buckles such as;

Increased rail temperature
Pre-existing track misalignment

Vehicle passage
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Vehicle passage is included because bow and precession waves (ERRI committee D202
report 3, 1995) provide a vertical lift to the track in front of and behind vertical loads
(see Figure 2-4). The lifting force reduces the available frictional resistance at the
sleeper base, meaning that latera resistance from the crib and shoulder gain added
significance in resisting buckling forces.

The values quoted in Table 2-2 are not able to describe the behaviour under pre-failure
in service levels of loading, for which it is necessary to know the load/deflection

response in the pre-failure region of likely train loading.

From this short study of available Seeper/ballast interface data, it is concluded that
lateral sleeper/ballast behaviour tests are deficient in a number of factors. In particular it
does not appear that in-service lateral response of the sleeper/ballast interface has been
extensively investigated, while even static failure tests rarely report explicitly the:

Type of sleeper

Type of ballast

Spacing of sleepers

Presence of crib ballast

Presence and size of shoulder ballast

Quality of contact between sleeper and ballast.

This makes it difficult to assess the component of resistance from each of the three

sleeper/ballast contact areas.

In terms of the base contact area, it would be more logical to report the behaviour in
terms of a friction angle or a vertical to horizontal load ratio that would account for the
effect of vertical load. In contrast, the resistance from the crib and shoulder contact

areas should be substantially independent of vertical load.
This summary of available test data justifies the need for tests that:

1. Characterise the pre-failure load/deflection behaviour of the sleeper/ballast interface
using loading that represents likely in-service situations
2. Evaluate the contributions from each of the three sleeper/ballast contact areas and

make allowance for vertical load during static failure.
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Further comparisons with tests in the literature will be made in Chapter 8, after the

results from the tests carried out for this research are presented in Chapters 6, 7 and 8.

2.3.2. Design practice for the trackbed

British Rail developed a method of specifying an appropriate depth of ballast for the
subgrade strength based on measurements of the reduction in pressure with increased
ballast layer depth made in the 1970s (Shenton, 1975). The weaker the subgrade, the
greater the depth of ballast needed. The method essentially treated the ballast as a
continuum with uniform load transfer properties. In fact, the load transfer behaviour of
ballast is highly dependent on its structure due to the large particle sizes in relation to
typical sleeper footprint and ballast layer depth. The principles of this research survive
in Network Rail codes of practice today that specify the depth of ballast layers below
the deeper for existing lines based on the undrained subgrade modulus and a parameter
to describe the desired vertical stiffness of the track for different uses, where critical
velocity (i.e. where the train speed approaches the speed of sound in the subgrade) is not
likely to be a problem (Network Rail RT/CE/C/039, 2003). The parameter of stiffness
used is known as the Dynamic sleeper support stiffness” (DSSS). The DSSS is different

from the track modulus and is defined as;

The peak load divided by the peak deflection of the underside of a rail seat area of
an unclipped sleeper subjected to an approximately sinusoidal pulse load at each
rail seat; the pulse load being representative in magnitude and duration of the

passage of a heavy axle load at high speed.

The DSSS can be characterised by FWD tests, with stiffer track needed for higher speed

trains.

2 In practice the definition of DSSS is interpreted in different ways. It appears that FWD test data are sometimes interpreted to
determine the DSSS by taking the difference between the values of deflection at dO and d1000 (below the load and 1000 mm away).
The removal of the d1000 deflection may be intended to isolat e the deflection due to the ballast, i.e. it is considered the deflection
due to the subgrade. Although this method contradicts the NR code of practice this is explained by considering the code as an
advisory document rather than a standard. Furthermore it also appearsthat in thislight the “advice” that the DSSS be greater than
100 kN/mm for track where trains run in excess of 100 mph is not enforced and, in practice, measured values aretypically lower.
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For new trackbed layers the depth of ballast is not specified. Instead a desired vertical
DSSS is specified (Rail Safety and Standards Board GC/RT5014, 2003) and the factors
that a judtification for a design of trackbed must address are listed:

distribution of loads on the subgrade
prevention of overstressing of the subgrade
prevention of premature deterioration of the ballast and track components

provision of uniform, adequate sleeper support stiffness

This then permits the use of other methods to justify atrackbed design.

In addition to the vertical load deflection criterion (DSSS), track systems may be
required to resist certain other forces. On the WCML, the track system was required to

have performance characteristics capable of sustaining:

A maximum static axle load of 250 kN

A vertica dynamic force, generated by the static wheel load and the low frequency
dynamic forces of 350 kN per wheel and an occasiona isolated load of 500 kN per
wheel

A longitudinal force of 1200 kN per rail, to allow for train acceleration and braking,
and for thermal forces within the rail

A latera force generated by the train of 100 KN over alength of 2 m

(Rail Safety and Standards Board GC/RT5021, 2003)

The occasional 500 kN vertical load s to account for wheel flats. The length of 2 m
specified for the maximum lateral load of 100 kKN can alow for hunting forces
(developed as the train moves laterally relative to the rails) which have a short duration.
A 2 m length can incorporate 3 sleepers but the track has the potentia to spread the
resistance to a 100 kN load over a greater distance depending on the lateral stiffness of
the rails and pads and the ballast/d eeper response to loading.

The design process for new track changes the emphasis from meeting a coded
specification (e.g. the old BR method) to meeting performance requirements such as

vertical stiffness and ability to resist certain maximum loads. However, there remain
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aspects of the track design which are specified. In particular, minimum limits for the

size of shoulder ballast on curves are given as shown in Table 2-3.

Type of track Minimum width of shoulder Minimum height of
measured at the top of the shoulder abovetop of
sleeper (M) sleeper (M)

CWR straight track 0.375

and curved track over
2000m radius

CWR curved track 0.450 0.125in all cases
over 800m radius

CWR curved track less 0.525

than 800m radius

Jointed track 0.300 level

Table 2-3: Minimum ballast shoulder dimensions (Rail Safety and Standards Board GC/RT5021,
2003)

Such specifications incorporate and build on the results of many tests carried out over
many years, but it is difficult to determine how they were reached, or to understand why
they differ from those in other countries. The American Railway Engineering
Association (AREA) manua gives no specification for ballast above the level of the
sleeper top face for shoulder balast (AREA, 2003) but it does state that “ the condition
of the ballast section and the amount of ballast at the ends of the tiesis considered very
important to the lateral stability of the track” . The American approach seems to be to
widen the shoulder ballast without any additional ballast height above the sleeper
surface. This apparent inconsistency between the NR and AREA approaches raises

questions about optimum shoulder profile for maximum benefit to the track.

Research carried out for the Association of American Railroads (AAR) in the late 1990s
led to the publication of articles on railroad design (Li and Selig, 1998a) and (Li and
Selig, 1998b). The method was used by Ove Arup for the design of the Channel Tunnel
Rail Link (CTRL), and specifies a procedure for determining the granular layer

thickness after consideration of (amongst other things):

Axle load
Train speed
Annua tonnage

Cumulative tonnage
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Resilient modulus.

Burrow et al. (2007a) compared design procedures by British Rail, UIC, NR and West
Japan railways for the determination of granular layer thickness for the above criteria.
They concluded that Li and Selig's method was the only one to consider each category.
Although some differences between national design methods may be due to different
prevalent geologies, these discrepancies imply that design methods have yet to be
optimised internationally.

2.3.3. Acceptance of vehicles to run on the track

In the UK, Railway Group Standards require new rolling stock to meet acceptance
criteria on track loading before being permitted to operate on the network. The process
is easiest explained by taking the Pendolino as an example:

Prior to the arrival of the tilting train, standards had dealt with conventional, nontilting
trains, (British Railways Board GM/TT0088, 1993) (Safety and Standards Directorate
Railtrack PLC GM/RT2141, 2000). However, tilting trains can curve at greater speeds
and so new standards were developed to describe maximum operating speeds for the
Pendolino (Railway Safety GC/RC5521, 2001). Having established standards for higher
operating speeds (enhanced permissible speeds) it was then necessary to ensure that
these greater speeds remained within previous standards for safe loading of the track.
RGS's (British Railways Board GM/TT0088, 1993) state that a vehicle shall not subject
the track to lateral forces greater than \W/3 + 10) kN where W is the axle load in kN.
This simple relation is often termed the Prud’ Homme limit, it was originaly developed
in the 1950s by the SNCF and it is intended to guarantee the lateral stability of the track
(Esveld, 2001) (Prud’homme and Weber, 1973).

The Prud' Homme limit for car 6 of a Pendolinois:

Axlel 56.95kN
Axle2 56.84kN
Axle3 57.33kN
Axle4 57.74kN

(Dyson, 2005)
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To meet the loading acceptance requirements, testing, both by computer simulation and
practically was undertaken to quantify the likely lateral load from a Pendolino. Dyson
(2005) and (2006) gives the key results and conclusions from these tests which were as

follows:

Vampire simulations of Pendolino passes were prepared using measured track data.
Certain features of track misalignment were found to cause high lateral loads, but in all
cases the train (just) met derailment and overturning criteria in Vampire simulations on

track of lower specification to that intended to be experienced by a Pendolino on the
WCML.

In real track testing, 4rain gauge measurements from the rail were taken for a Pendolino
traveling at 125 mph on 150 mm canted track operating at a265 mm cant deficiency
(approx.) on curveswith radius of the order of 1200 metres. (Dyson, 2006).

This test gave:

30 kN on the outward rail

10 kN on the inward rail
These values are the peaks for the test run and do not occur simultaneously.

A centrifugal/centripetal force calculation (mv?/r) resolved into the sleeper plane for
150 mm of cant gives a 39 kN load outward for a 15 tonne axle; the cant means that
there is also a 15 kN resolved weight acting inward. The resultant force anticipated on
the sleeper is therefore 24 kN. The difference between the calculated 24 kN and the 30
kN measured is probably due to dynamic loads.

Further test runs in which wheelsets were instrumented and readings taken while the
train was travelling at 125 mph and a 265 mm cant deficiency (10°) gave a peak 2 m
sustained force of around 43 kN. This value probably incorporates some misalignment
of the track at a particular location, resulting in dynamic contributions to the overall
lateral load.

These tests did not take account of wind loading, and it can be considered that wind

loading was minimal in these tests. Wind loading is accounted for in other standards

43



(Railway Safety GC/RC5521, 2001), where considerations of local topography can be
used to apply speed restrictions when the wind speed reaches certain values.

2.4. Summary of Chapter 2

In Chapter 2, different aspects of the track system that models may need to incorporate
have been considered, and it has been shown that different track models use different
methods depending on the desired outputs. Furthermore, the most widely used track
system models make simplifications to the behaviour at the sleeper/ballast interface
which may either ignore latera behaviour or use linear elastic smplifications, and do

not consider the three contact areas (base, shoulder and crib) separately.

It has been shown that actual testing of the Sleeper/ballast interface has generaly not
considered pre-failure lateral behaviour and that lateral static failure tests do not share a
common framework for reporting the results.

Design of the trackbed does not explicitly consider latera and moment loading, but
design loading from vehicles assumes that the track will provide adequate support for

lateral loads from vehicles and moments up to rollover of vehicles.

We have also seen how a relatively simple model (BOEF) can be used to estimate the
proportion of vertical load reaching the deeper. In Chapter 3 this mode will be
extended and used to evaluate the lateral load passing to the sleeper.



3. An exploration of track loading

In this chapter we will calculate loads from a Pendolino train curving at high speed in
line with the first objective set out at the end of Chapter 1; i.e. to

Quantify likely magnitudes of Pendolino train loading for norma and extreme
conditions by summing the effects of curving forces, wind load and static axle loads

on low radius curves of the WCML.

The Chapter begins with a section to describe train loading and track behaviour on a
curve. Following this background, the Chapter is divided into three main sections, each

focusing on a particular aspect of train/track loading:

1. Maximum load on the rails due to wind and curving forces for level and 150 mm
canted track.

2. Normal® loads likely to reach a sleeper.

3. Lateral loads likely to reach a dleeper.

It will be shown that loading at the wheel/rail interface can be transferred to individual
deeper loading usng a BOEF anadogy adapted to both vertica and laterd
representations of the track. In doing so, key features of the interaction between the
relative normal and latera stiffness of the track system will be highlighted.

No account will be taken of dynamic load in this report, athough if needed dynamic
loads can be taken into account for track and trackbed design by relating the train speed,
and measures of track and train quality (including wheel diameter and trackbed
stiffness) to dynamic amplification factors. For example, using typical north American
track and train data and the relations set out in Raymond (1978) a dynamic
amplification factor for the load on sleepers of about 1.25 for a train travelling at 125

3 On horizontal track the vertical and normal planes coincide. However, because track is sometimes
canted the direction perpendicular to the plane of the track is not always vertical. Thus the term “normal”
will be used to apply to the (axis) perpendicular to the track. The term “lateral” will always describe the

direction across the track whether horizontal or canted.
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mph is obtained. More detailed consideration of dynamic effects can be found in Esveld
(2001).

The methods presented and the loads calculated in this Chapter will be used to inform
the laboratory testing methods detailed in Chapter 4 and to evaluate laboratory test

results and geophone monitoring datain Chapters 5, 6, 7, and 8.

3.1 Background: Description of train loading and track

behaviour on acurve

The transfer of load through the track system and how far the load spreads away from
an axle along the rails and into adjacent deepers is related to the global track system
stiffness and the relative contributions of the component parts (rails, pads, seepers,

trackbed) along the normal and lateral axes of the track

Verticdly, if the trackbed support stiffness (track modulus) is increased while the track
superstructure stiffness remains constant a greater proportion of axle load is transferred

into a sleeper immediately beneath an axle, as can be seen in Figure 2-7.

The potentia for lateral resistance of the deeper/ballast interface is due mainly to the
normal force at the deeper/balast base contact area. The normal force at the
deeper/ballast base contact area relative to the position of a wheel load on a rail is
determined by the vertical stiffness of the track system, including contributions from the
rails (xx axis), pads, seepers, ballast and subgrade. The potential for lateral resistanceis
therefore largely governed by the vertica stiffness of the track. In contrast to this the
lateral applied force is determined by the lateral stiffness of the track, including
contributions from the rails fyy axis), fastenings (rotations), and sleeper/ballast base
contact. This means that, if the track superstructure stiffness remains constant, a worst
case scenario for lateral track loading occurs when low normal trackbed stiffness
combines with high lateral trackbed stiffness. The implications of this are explored in
this Chapter.

To estimate the load transferred to individual sleepers immediately below and adjacent
to axles the BOEF model (detailed in Chapter 2) can be used provided the necessary

track component stiffnesses are known. The dtiffness of the track superstructure
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components can be calculated from manufacturer’s information and Standards. To
estimate the trackbed stiffness (track modulus) knowledge of the range of normal and
lateral sleeper movement can be used to back calculate appropriate ranges of track

modulus

Figure 3-1 shows data of sleeper displacements on the WCML & a Pendolino train
passes travelling at 110 mph around a 1230 m radius curve on 150 mm canted track. A
more detailed explanation of how these data were obtained together with more
comprehensive results is presented in Chapters 5 and 7. In Figure 3-1, nine carriages
comprising 36 axles pass; these can be identified in the peaks and troughs of the
deflection/time plots. The data show the range of vertical deflections at each end of the
sleeper and laterally. The deflections are about a zero millimetre average due to the way
in which geophones work. Also because of the way in which the geophone data are
processed it is common practice to neglect the first and final bogie sets in evaluating
track movement (Bowness et a., 2007). From Figure 3-1 it can be seen that as a
Pendolino curves the outer (high) end of the sleeper deflects vertically over a range of
about 0.8 mm, while the inner deeper (low) end only deflects over a range of about 0.3
mm. This difference is due to curving forces exerting a moment on the sleeper. The
lateral deflection is shown on the right- hand scale of Figure 3-1; thisis over a range of
approximately 0.5 mm. It is useful to keep these values in mind throughout Chapter 3 as

a comparison to the deflection ranges in the cal culations presented.
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Figure 3-1: Deflection/time graph for passage of a Pendolino train curving at 110 mph on a 1230 m
radius curve with 150 mm cant at Weedon, Northampton, February 2007

3.2. Maximum load on the rails due to wind and curving
forces

The maximum moment that a train may impart to the track occurs at rollover. On level
track this is reached when the moment is such that al the vertical force passes through
the outer rail, i.e. the moment is half the raill spacing multiplied by mg. For this to
happen a lateral load of sufficient magnitude and lever arm is required. If this force is
due to curving the lever arm passes through the centre of gravity of the vehicle.
However, it is more likely to occur due to a combination of curving and wind forces.
Wind forces have a different lever arm, corresponding to the centre of pressure on the

vehicle.

On canted track the cant acts to increase the rollover moment and to calculate the
rollover moment it is necessary to know the location of the centre of gravity of the train.
For a Pendolino train the rollover angle on level track is known to be 24.4° (Harwood,
2005), which (as shown later in Figure 3-4) may be used to calculate the centre of

gravity of thetrain.
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In the following subsection the objective is to calculate wind loading and curving force
in a severe scenario for a Pendolino train, and compare these loads to the maximum
rollover resistance. The calculation will be carried out for both level and canted track. In
carrying out these calculations it will be shown that rollover is a rea possibility given

moderately severe wind conditions.

3.2.1. Wind Loading

The force on a body moving through a fluid is a function of the size, shape and
orientation of the body and the density, viscosity and elasticity of the fluid. The
elasticity is also related to the fluid density and speed of sound through the fluid. Kuethe

and Chow (1998) provide a more comprehensive explanation of such loading.

F=f(,V,lma) Equation 3-1

Where:

F= Force on body moving through fluid medium

r = density of fluid

V= relative velocity

| = characteristic length dimension of body

m= viscosity of fluid

a= speed of sound in fluid

If it is assumed that a and mhave no influence on the force F it can be shown that:

F=05C.rV?2?2 Equation 3-2
- F
Where Cr is a dimensionless constant (note: 0.5 is sometimes included within Cg).

For a particular body the parameters of size, shape and orientation can be smplified into
a global characteristic dimension. It is possible to assign a characteristic dimension to a
body by means of wind tunnel tests. In the case of a Pendolino train the characteristic
dimension squared (1%) has been found to be 78.7 nt for the lead vehicle (Baker et al.,
2003). The Pendolino’s trailing cars have not been tested, but it is reasonable to take the
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value of a Mark 3 vehicle, for which extensive data exist, as 75.9 nf, (Baker et al.,

2003).

Equation 3-2 is further split into three versions which account for side force (S), uplift

force (L) (caused by the low pressure above the train), and moment (R) as shown in

Figure 3-2. In the last case the equation includes a reference height h (thus maintaining

consistency of units), which for aMark 3 vehicleis 3.36 m

S=05Cr V22
L=05C, rv2?

R=0.5C.rV?%h

4 A

Equation 3-3
Equation 3-4

Equation 3-5

A

TRAIN

Figure 3-2: Force diagram for wind load equations

The coefficients, Cs, C, and Cr are a function of the yaw angle (y ) defined in Figure

3-3. Rull scale tests have been conducted to produce charts relating the yaw angle to
each of the three coefficients based on the Mark 3 as a reference vehicle (Baker et al.,

2004).
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Figure3-3: Yaw angle

Although the wind imparts all of its force laterally when the wind direction is side on to
the train, this will not provide the greatest force unless the train is stationary. The force
is increased if account is taken of the relative motion of the train, and the worst case

depends on the wind and train speed and their relative orientation.

Complications also arise when atrain is on a curve. In this case each vehicle may be at a
different yaw angle. However, Railway Group Standards apply reduced values for
permissible limiting design cant deficiency for trains operating on curved track less than
700 min radius (i.e. the maximum speeds are reduced). The standard (Rail Safety and
Standards Board GC/RT5021, 2003) states that the exceptional limiting design values
for cant deficiency at enhanced permissible speed shall be:

150 mm for curves under 400 m radius (5.7°)
225 mm for curve radii less than 700 m but greater than or equal to 400 m (8.5°)
300 mm for curve radii greater than or equal to 700 m. (11.3°)

This means that the maximum overturning forces due to trains curving occur on curves
greater than 700 m in radius where trains are capable of reaching speeds that mobilise
the full operating cant deficiency. Therefore this research does not consider curves less

than 700 m in radius and, for curves greater than 700 m in radius, differences in
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orientation of the vehicles may be neglected due to the large radii compared to train

length.

It is difficult to quantify a likely maximum wind speed and hence resultant wind speed
(V). Railway group standards set out calculations to find maximum permissible speeds
based on probabilities of winds and train speeds with topographical features combining
to create an overturning moment greater than an acceptable level of risk (Raillway
Safety GC/RC5521, 2001). Within these standards a contour map of the UK indicates
that the maximum mean hourly wind speed with a 50 year return along the WCML
route ranges from 20 to 24 m/s. The standard sets out a methodology to find a 3 second
gust wind speed using the mean hourly wind speed with a 50 year return and applying
speed up factors for specific conditions of exposure. The 3 second gust wind speed is
then used along with considerations of the risk of overspeeding, deviation from design
cant and curvature of the track, and the minimum rollover resistance angle for the train
to decide on an appropriate allowable operating cant deficiency for an acceptable level
of risk. The calculation of the 3 second gust is complex and site specific. However, it
will be shown that relatively low wind speeds are sufficient to put high speed trains on

low radius curves at risk of overturning.

To carry out the calculation the following assumptions are made:

The coefficients Cs, C_ and Cr have been calculated by applying the approximate
relations inferred from design charts (Baker et a., 2004) shown in Equation 3-6,
Equation 3-7 and Equation 3-8 below. These relations are approximately true for
yaw angles in the ranges calculated and are considered adequate for estimating the

maximum wind load.

Equation 3-6

Cs = Oéo
0.08/ Equation 3-7

Co= 20
Equation 3-8

The density of air is approximately 1.22 kg/nt, and the characteristic dimension

squared (1) for a Pendolino lead car is 78.7 nt.
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The wind speed is assumed to be 24 m/s the highest mean hourly wind speed in the

UK with a 50 year return.
The train is at a speed of 56 m/s (125 mph) on a 1045 m radius curve. Such atrain

speed on a 150 mm canted curve corresponds to the maximum design service cant
deficiency of 11.3° for a tilting train (Railway Safety GC/RC5521, 2001). The

reason for choosing these magnitudes of speed and radius are explained more fully

later in the Chapter.

The calculation relies on trialling different wind angles to find the critical case. In Table

3-1, Table 3-2, and Table 3-3 the results are shown for a narrow range of wind angles

near to the critical.

Wind | Wind speed Resultant | Overall | Yaw | SideForce 0.5r VI | Side
angle | Toward | Side | relative Resultant | y coeff from Force
from train onto wind wind graph Cg S
train train | towards \Y (Baker et al.,

train 2004)
° m/s m/s m/s m/s ° Cs kN kN
60 12.00 20.78 | 68.00 71.11 17.00 | 0.23 242.72 55.00
70 821 22,55 | 64.21 68.05 19.35 | 0.26 222.34 57.37
80 4.17 23.64 | 60.17 64.64 21.45 | 0.29 200.61 57.36

Table 3-1: Side forcecalculation for wind speed of 24 m/s and Pendolino train speed at 56 m/s

Wind | Wind speed (m/s) | Resultant | Overall Yaw | Uplift Force | 0.5r V°I° | Uplift
angle | Toward | Side relative Resultant | y coeff from Force
from | train onto | wind wind graph Cs L
train train towards \% (Baker et al.,

train 2004)
° m/s m/s m/s m/s ° C kN kN
60 12.00 20.78 | 68.00 71.11 17.00 | 0.07 242.72 16.50
70 8.21 2255 | 64.21 68.05 19.35 | 0.08 222.34 17.21
80 4.17 23.64 | 60.17 64.64 21.45 | 0.09 200.61 17.21

Table 3-2: Uplift force calculation for wind speed of 24 m/s and Pendolino train speed at 56 m/s

wind | Wind speed (m/s) | Resultant | Overall | Yaw | Rolling 0.5r V?I° | Rollover
angle [ Toward | Side | relative Resultant | y Moment coeff | h moment
from | train onto wind wind from graph R
train train | towards \Y Cr(Baker et

train al., 2004)
° m/s m/s m/s m/s ° Cr kN kNm
60 12.00 20.78 | 68.00 71.11 17.00 | 0.17 81555 | 138.61
70 8.21 2255 | 64.21 68.05 19.35 | 0.19 747.05 | 144.58
80 4.17 23.64 | 60.17 64.64 2145 | 0.21 674.05 144.56

Table 3-3: Rolling moment calculation for wind speed of 24 m/sand Pendolino train speed at 56 m/s
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If the calculation of rollover R, shown in Table 3-3, has been carried out correctly it
should agree with the moment load that would be generated by applying the lateral and
uplift loads from Table 3-1 and Table 3-2. Therefore by taking moments about the lee
ral (Figure 3-2) it is possible to check for consistency within the calculation. However,
it is not known where the lateral wind load has been applied. The lever arm will
therefore be adjusted so that the rollover moment is in agreement with that found in
Table 3-3 and the solution considered for practicality.

Description Force(kN) | Lever arm | Moment | Notes
(m) (kNm)
Side 574 2.3 132 Thelever arm has been fixed to give the
(adjusted) right answer
Uplift 17.2 0.75 13 Assumerail contacts 1.5 m apart and
neglect cant
Total 145 Same as Table 3-3to nearest kN

Table3-4: Check on calculation

Therefore a lever arm for the side force of 2.3 m satisfies the calculation. Such a lever
arm is within the bounds of possibility being lower than the reference height h (3.36 m)

but above the midpoint (3.36/2 = 1.68).
3.2.2. Curving forces

Over the length of the train the maximum lateral curving force generated can be found
using the relation:

F = Equation 3-9

Where R is the radius of curve, m is the mass of the train and v is the velocity. The

curving force can then be divided equally between each axle.

The worst case values of train speed and curve radius are determined from the

maximum permitted operating cant deficiency of the Pendolino.

It canbe shown that the angle of operating cant deficiency (Ddegrees) Can be found from:



B Lémv°/RU .
DdegreEB =tan "g&/—-a Equation 3-10
¢ M 0
Or
2
a1 V .
Degrees = taN E- a Equation 3-11
Where:
R= Radius of curve
a= Angle of cant
V= Speed of train

By adjusting the speed of the train and radius of the curve it is possible to manipulate
Equation 3-11 to obtain the maximum operating cant deficiency (300 mm or 11.3°) on
150 mm canted track (5.7°). If this is done using the maximum permitted speed of the
train (125 mph or 56 m/s) a curve of radius 1045 m is required. Hence this judtifies the
train speed used to calculate wind loading and these values will also be used to calculate
curving force and rollover moment presented in the next section.

3.2.3. Calculation of rollover forces on a car due to wind and

curving forces

Harwood (2005) provided data on axle mass for the Pendolino train:

Axle mass (mass at wheel/rail interface

Minimum (kg) Average (kg) Maximum (kg)
Tare 11,521 12,944 14,919
180% Passenger 14,122 14793 15,306
load
240% Passenger 14,083 15,112 16,060
load

Table 3-5: Pendolino axle loads (Harwood, 2005)

It is not clear how these totals were calculated and obtaining further clarification has not
been possible. There is a significant variation in axle mass ranging from 11,521 kg to
16,060 kg. The risk of rollover due to wind loading is greater for lighter cars when the
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centre of gravity of the vehicle remains the same, however; greater absolute magnitudes

of lateral train loading due to curving forces occur for heavier cars.

For the lightest car the rollover resistance on level track is 339 kNm this is found by
multiplying axle mass by the number of axles on a car, by gravity and half the width
between rail centres (11521° 4~ 9.81° 0.5° 1.5). Similarly the rollover resistance for
the heaviest car is 473 kNm. On canted track the rollover moment increases because
increasing cant increases the horizontal distance from the centre of gravity to the high

rail. In this case the lever arm for rollover resistance can be shown to be:

/d AN
EE +H, tana Ecosa Equation 3-12
Or
0.5d cosa +H dna Equation 3-13
Where:
Hg= Vertical height to centre of gravity on level track
a = angle of cant (e.g. tan*150/1500)
d= Distance between centres of wheel/rail contact points (e.g 1500 mm)

The height of the centre of gravity of the vehicle measured vertically from the high
(outer) rall head is also atered by cant and this dimension is required to apply the
centrifugal force at the appropriate level. This can be found from:

H,cosa - 0.5dsna Equation 3-14

Alsthom (Harwood, 2005), indicated the normal distance above the railheads of the
centre of gravity (Hg) of aPendolino carriage varied:

a taretherange is 1.621-1.811 m and
at 180% passenger tare this can rise marginally t01.651-1.811 m.
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It is aso possible to back-calculate the centre of gravity from the rollover angle of 24.4°
also supplied by Alsthom (Harwood, 2005). This is done geometrically by drawing a
line at 24.4° from the railhead through the the train and then drawing a line verticaly
through the centre of the train (Figure 3-4). The centre of gravity is where these two
linesintersect and is found to be at 1.65 m vertically on horizontal track from the wheel

to rail contact.

/ TRAIN \

1.65m

0.75m ‘

Figure 3-4: Back estimate of centre of gravity

Taking a centre of gravity at 1.65 m above the wheel/rail contact the force diagram on

horizontal track is shown in Figure 3-5.
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Figure 3-5: Force diagram of curving and wind forces on horizontal track

Taking moments about the lee (outside curve) rail contact:

Description Force (kN) Lever arm (m) Moment kNm Notes
Centripetal 138 1.65 228 1045 m radius
(mv2/r) curve at 125 nmph
Sideforcefrom 57 23 131 Table3-4
wind ()

Self weight (mQ) -452 0.75 -339 4 axleload
Uplift from wind 17 0.75 13 Table3-4

(L)

Total overturning 372

Total resisting -339

Overall Moment 33 +ive: failed
Ratio of Moments 0.91 <l1failed

Table 3-6: Results of wind loading and curving for ce calculation for thelightest single vehicle on

horizontal track
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Description Force (kN) Lever arm (m) Moment KNm Notes
Centripetal 193 1.65 318 1045 m radius
(mv2/r) curve at 125mph
Sideforcefrom 57 23 131 Table3-4
wind (S)

Self weight (mg) -630 0.75 -473 4 axleload
Uplift from wind 17 0.75 13 Table3-4

L)

Total overturning 462

Total resisting -473

Overall Moment -11 +ive: failed
Ratio of Moments 1.02 <1failed

Table 3-7: Results of wind loading and curving for ce calculation for the heaviest single vehicle on

horizontal track

Table 3-6 and Table 3-7 show that, for the case of the lightest vehicle, the overturning

resultant moment is significantly greater than the resisting moment; whereas the

heaviest vehicle is marginally safe against overturning. However, it would only take a

small increase in the wind speed, or marginal deviation from design cant and radius to

overturn the heaviest vehicle.

The calculation has been for horizontal track, it can also be applied to canted track as

shown in Figure 3-6. Note that Figure 3-6 exaggerates the cant, which at 5.7° is much

less noticeable.
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Figure 3-6: Forcediagram of curving and wind forceson 150 mm canted track

Description Force (kN) Lever arm (m) Moment kNm Notes
Centripetal 138 157 217 1045 m radius
(mv2/r) curve at 125mph
Sideforcefrom 57 23 131 Table3-4
wind (S)

Self weight (mg) -452 091 -411 4 axleload
Uplift from wind 17 091 15 Table3-4

(L)

Total overturning 364

Total resisting -411

Overall Moment -48 +ive: failed
Ratio of Moments 1.13 <l1failed

Table 3-8: Results of wind loading and curving for ce calculation for thelightest single vehicleon

150 mm canted tr ack
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Description Force (kN) Lever arm (m) Moment KNm Notes
Centripetal 193 157 303 1045 m radius
(mv2/r) curve at 125mph
Sideforcefrom 57 23 131 Table3-4
wind (S)

Self weight (mg) -630 0.91 -573 4 axleload
Uplift from wind 17 0.91 15 Table3-4

L)

Total overturning 449

Total resisting -573

Overall Moment -124 +ive: failed
Ratio of Moments 1.28 <1failed

Table 3-9: Results of wind loading and curving for ce calculation for the heaviest single vehicle on
150 mm canted track

Table 3-8 and Table 3-9 show the important role the cant plays in ensuring the train
remains on the track, in particular due to the large increase in resisting moment that
results from increasing the lever arm for the axle weight from 0.75 m on horizonta

track to 0.91 m on canted track.
3.3. Normal loads likely to reach a sleeper

Having established that it is possible for loading to reach extreme levels which place the
trains at risk of overturning provided the track remains structurally sound, attention is
now turned to evaluating the proportions of load that are likely to be transferred to the
deepers. In this section the normal load on the deepers is considered, while the
following section will consider the latera load on the sleepers. By calculating
appropriate ranges of sleeper loading it will then be possible to test the sleeper/ballast
interface using the laboratory apparatus described in Chapter 4 to demonstrate the

ability of the interface to cope with both likely in-service and extreme levels of loading.

In Chapter 2 the BOEF model for track support was outlined. It is possible to use this
model to determine the normal load on a sleeper due to the axle load on the rails above,
provided the track modulus is known. Unfortunately evaluating the track modulus is
problematic particularly as it is not normally used to describe track properties within
Network Rail. Instead NR company codes of practice (Network Rail RT/CE/C/039,
2003) specify that new track for trains running in excess of 100 mph should have a

DSSS above 100 kN/mm per sleeper support end.
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Network Rail standards (Network Rail RT/CE/C/039, 2003) specify a method of
measuring the DSSS using a FWD. In summary: a seeper is unclipped from the rails
and a load pulse representing a mass of 12.5 tonnes is goplied to the sleeper and the
deflection recorded. A seating load, to ensure the slegper is in contact with the ballast
across its base, may also be present. This effectively assumes that the maximum axle
mass is 25 tonnes and the rails spread 50% dSleepers on either side. For a DSSS in excess
of 100 kN/mm per deeper end the deflection resulting from a 12.5 tonne mass on an
unclipped sleeper end should be less than (6.25 9.81)/100 = 0.62 mm. (Note that the
deflection is calculated for the load due to a 6.25 tonne mass, half of the 12.5 tonnes in
the test as the deeper stiffnessis per deeper end).

The DSSS is evaluated for unclipped sleepers, whereas the track modulus incorporates a
measure of the ability of the rails to spread the force over a deflection basin. With an

unclipped slegper this spreading of the load into a deflection basin does not occur.

Despite these difficulties, it is possible to estimate the track modulus corresponding to a
DSSS of 100 kN/mm per deeper end. In Chapter 2 it was shown that the sleeper
deflection could be plotted in relation to the track modulus for a specific axle load. If
this is now done for a load from a 25 tonne axle (12.5 tonnes per whedl), Figure 3-7
shows the deflection for different track moduli. Reading from Figure 3-7 the track
modulus for a deflection of 0.62 mm is then ~160 N/mm/mm. In fact this method of
back calculation is imperfect because such a track modulus would transmit about 52%
(not 50%) of the axle bad through to the Seeper immediately below the axle load
(Figure 2-7); however this is sufficiently close. Furthermore, no allowance for the
deflection due to the railpad has been made, which would increase the deflection at the
rail (by about 0.18 mm, Pandrol, (2003)) compared to that at the sleeper and lead to a
reduced overall track modulus and larger deflection from a BOEF calculation with the
trackbed and railpad stiffness lumped together.
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Figure 3-7: Track modulus and sleeper deflection for a 25 tonne axle load

For a given value of track modulus normal loads on an individual sleeper can be
estimated. In practice measurement of sleeper deflections on the WCML during
Pendolino train passage (Chapter 5 and 7) has shown a range in measured deflections.
The vertical load is unlikely to vary as much as the measured deflection, so thisimplies
alarge variation of track modulus between sleepers. It is therefore important to evaluate

the effect of avarying track modulus on the proportions of load reaching sleepers.

The effect of increasing the track modulus on the proportion of vertical load reaching
sleepers when an axle is placed immediately above a sleeper on horizonta track is
shown as a bar chart in Figure 3-8 for certain values of track modulus. Note that for a
given track modulus the total proportion of load reaching the sleepers must add to
100%. When adding the proportion of load on sleeper one to 2° the proportion of load
on sleepers two to six in Figure 3-8 it may appear that more than 100% of load is being
transferred. However, the BOEF model spreads small proportions of load along into
sleepers beyond seeper six and these small, often negative (uplift), proportions of load

ensure the summed proportions of load add to 100% in each case.
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Figure 3-8: Sleeper/ballast vertical load due to Pendolino load on horizontal track

Figure 3-8 shows that, athough the track modulus has increased eightfold, the
proportion of axle load reaching seeper one, immediately below the axles, is relatively
insensitive to this and shows a much less marked increase from 33% to 55% of axle
load.

So far only one axle has been considered but other axles also exert influence. These
effects can be summed to find the peak vertical load. The BOEF model can be evaluated

from areference axle as shown in Figure 3-9.
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Figure 3-9: Axlelayout for non-driving vehicles on a Pendolino train
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Figure 3-10: Vertical load expressed as a per centage of single axle force for mid section of two

Pendolino non driving vehicles

The dlight asymmetry about each wheel position is because the sleeper spacing and the

axle spacing differ.
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Comparison of Figure 3-10 with Figure 3-8 shows that adjacent axles have no
significant effect on the maximum vertical load experienced at the Sleeper level for the

range of track moduli evaluated.
3.4. Lateral loads likely to reach a sleeper

To estimate lateral loads due to curving a simple model will be adopted assigning lateral
load from curving forces equally to al axles. In Chapter 7 further consideration of
geophone data will describe more fully reasons for possible variation in lateral load

from axleto axle.

In asimilar way to that by which the vertical load was estimated on a single sleeper, an
estimate of lateral load can be made using a BOEF analogy. However, the track is more
complex laterally. Modifications to the BOEF model can account for some of the

increased complexity. To make these modifications it is assumed that:

The lateral supports are elastic and of constant stiffness.
The Pandrol fastclip fixings between the rails and sSleepers provide additional

torsional stiffness about a vertical axis.

|
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|

|
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|
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Figure 3-11: Lateral beam with elastic and torsional support
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Where:

By applying

the lateral load which may be evaluated at each axle and summed
for the carriages and train
the bending stiffness of the track in the lateral plane
the lateral track modulus assuming a linear lateral response to load
from the ballast/deeper interface made up from the base, shoulder
and side contacts.

= thelateral rail deflection at distance x from the applied load
the longitudina distance from the load
the torsional resistance of the sleeper rail fastenings, which may be

evauated per metre run of track

p(x)dx
D+ d—Ddx
dx
M A| Rails I;{,‘ B dM
0 M +—dx
< N dx
u mudx
u+ d—udx
dx

X _ dx

» (< >
Figure 3-12: Beam element model, plan view

a similar method to that used for the BOEF model, equations for the

deflection and moment when x > 0 can be derived (Appendix A):

M=—p " e'leéT; L5 - Lz]cosL )+ &L +L—i:s'n Ly Equation 3-15
Z () M- S
P e L, . 0
u(x) = ———3\€ WX ccos L,X +—29n L,x= Equation 3-16
4EI(L, L3 +L3) g L, p
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amEl -t

L, = Equation 3-17
4El
L. = m Equation 3-18
2
4E|

Using the values shown in Table 3-10 it is now possible to calculate a likely latera
bending moment in the rail and deflection of the rail and sleeper due to a lateral load.
For this calculation a lateral load of 30 kN will be used. This would correspond to a
train at 180% average passenger axle mass curving at 110 mph (49 m/s) on a curve of
radius 1070 m resolved into the plane of 150 mm cant (where axle weight would act to
reduce the latera load). This is smilar to stes on the WCML where field

measurements, reported in Chapters 5 and 7, were taken.

Symbol Description | Value Units Notes
E Young's 205000 N/mm?
Modulus 2.05E+11 N/nf
Calculated by adding both
Second rails for rail section
I moment of | 10,246,000 mn* 60E1(British Standards
area Ingtitution BS EN 13674-1,
2003)
Range adjusted to provide
Lateral realistic deflections (Chapter
m Elastic 10to 100 N/mm/mm of track | 5 monitoring data) and
modulus comprises both sleeper and
railpads |lateral stiffnesses
Tprsi onal 340249 Nmm/rad/mm of From manuf_acturer’ Stests
to stiffness of track (Pandrol Rail Fastenings
rail sleeper | 111 kNm/rad per Limited report No: 41174,
fastenings fastener 2003)
P Applied 30 kN Estimate of likely in service
lateral laod load on a sharp curve
a Sleeper 650 mm
spacing

Table 3-10: Lateral beam on elastic support model: values used

As with the vertical case, the lateral track modulus is unknown. However, from
monitoring data on the WCML a movement of about 0.5 mm Eigure 3-1) seems

reasonable.

Figure 3-13 and Figure 3-14 compare the effect of the torsional resistance of the track

for probable extremes of lateral track moduli.
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Figure 3-13: Track moments and deflections using the lateral beam model with a lateral stiffness of

Moment (MNmm)
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Figure 3-14: Track moments and deflections using the lateral beam model with a lateral stiffness of

100 N/mm/mm track
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It can be seen that the inclusion of torsiona resistance at the magnitude specified in
Table 3-10 has negligible impact on the resulting moments and deflections. To simplify
further calculations, the torsional stiffness will be ignored.

With this simplification the deflection may be evaluated for different lateral track

moduli:

|+ 10N/mm/mm track —&—=20N/mm/mm track & 50N/mm/mm track —#— 100N/mm/mm track

-0.5
—*
€
E
= 0.
§e]
©
Q2
©
@)
D 500 1000 1500 2000 2500 3000
1 1

2 1 1 1

Distance from load (mm)

Figure 3-15: Sleeper lateral deflection with varied lateral modulusfor 30 kN load on E1 60 rails

A lateral track modulus of about 50 N/mm/mm gives a reasonable match to the lateral
deflection shown in Figure 3-1. However, further field measurements reported in
Chapter 7 will show that the deflection range and hence lateral stiffness of the track can
vary significantly from sleeper to deeper.

Attention is now turned to the load reaching individual Sleepers. This is achieved by

simplifying and rearranging Equation 3-16 with t o of zero and m = my/a such that:

L=L =L, Equation 3-19

m, =am Equation 3-20
Substituting into Equation 3-16 gives:
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SeeperLoad = u(x)m, = %e‘ X (cosLx+sn Lx) Equation 3-21

Where a is the dleeper spacing and my is the lateral track modulus per sleeper.

It is then possible to plot the % of applied lateral load reaching sleepers from a single

axle load for different track moduli:

|I:| 10N/mm/mm track O 20N/mm/mm track Bl 50N/mm/mm track B 100N/mm/mm track

70

60

50

40 1

% of applied lateral load
w
o
I

20 1
10 1+
0 . L'l-_._u-—u——m . .

Sleeper perspective

Figure 3-16: Sleeper latera load asa % of applied axle force, sleeper spacing 650mm

Figure 3-16 indicates that for this simple model, within the range of lateral track moduli
evaluated, the maximum lateral load on a sleeper below an axle force will vary between
34 and 60 percent of the applied lateral load from one axle. By carrying out a further
calculation (the same as for the vertical load) the effects of axles from two carriages can
be summed as indicated in Figure 3-17.
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Figure 3-17: lateral load expressed as a per centage of single axle force, middle of two adjacent non-

driving Pendolino carriages

Asin the vertical case (Figure 3-10) the asymmetry in Figure 3-17 is caused because the
axles are out of aignment with the sleeper spacing and, by comparing Figure 3-17 with
Figure 3-16, it can be seen that adjacent axles do not have a significant influence on the

maximum load reaching the sleeper.

So far the BOEF analogy has been used to assess the pre-failure behaviour of the
sleeper. However it can also be used to assess the development of resistance at the

sleeper/ballast interface at the base contact.

The load required to cause failure at the sleeper/ballast base contact area is expected to
be proportional to the applied vertical load. Figure 3-8 shows that the lower the vertical
track modulus the lower the proportion of vertical load reaching a seeper immediately
beneath an axle and hence the lower the lateral resistance at failure. Figure 3-16 shows
that the greater the lateral track modulus the greater the proportion of load reaching a
deeper immediately below an axle.

Therefore failure is most likely when a low vertical track modulus and high lateral track

modulus are present. An illustration of thisis shown in Figure 3-18.
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OLateral load as % of applied load when lateral modulus = 100N/mm/mm
WVertical load as % of axle load when vertical modulus = 25N/mm/mm

70

50 T

40 1T

% of axle force
w
o
|

20 T

JHIN W .

sleeper sleeper Sleeper Sleeper Sleeper Sleeper
-10 one two three four five Six
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Figure 3-18: Comparison of load transfer vertically and laterally of axle load into sleepers

It can be seen from Figure 3-18 that the lateral load and vertical load are not equaly
distributed. The vertical load is dispersed along a greater length of track than the lateral
load.

This implies that, theoretically, in extreme cases it may be possible for localized lateral
faillure of a single sleeper to occur. However, it is important to note that if a sleeper does
tend to fail locally the load will be transferred to the rest of the system and global failure

may be far from imminent.

Ideally, design would ensure that lateral and vertical track moduli are identical so that

the failure resistance would remain at the same ratio to the actual load on each sleeper.

At this stage, beam on elastic support models have been taken as far as they can in
evaluating the load reaching the deeper/ballast interface. To develop fundamental
understanding further requires practical experiments and 3D models which account for

the effects of the component parts of the whole track system.
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3.5. Summary of Chapter 3

It has been shown that on a curve of 1045 m radius with moderately extreme wind
averaging 24 m/s, atrain travelling at 56 m/s on 150 mm canted track at 80° yaw to the
wind could be at risk of rollover. On horizontal track the ratio of resisting to overturning
moment could be as low as 0.91 and on 150 mm canted track the ratio could be as low
as 1.13 where aratio less than 1 indicates rollover. On canted track modest increases in
wind speed for a 3 second gust, and dynamic load are likely to mean that overturning

could occur.
It has been shown that over a range of possible track moduli:

The typical vertical load reaching a single sleeper immediately beneath an axle is
likely to be in the range 33% to 55% of the weight of the axle.

The lateral load reaching a deeper immediately adjacent to an axle may be in the
range 34% to 60%.

These percentages of load likely to reach a Sleeper will be used to justify laboratory
loads.

Vertical and lateral deflections for different track moduli were shown in Figure 2-4 and
Figure 3-15 where the ranges of moduli evaluated were chosen based on WCML field
data such as that shown in Figure 3-1. Further results shown in Chapters 5 and 7 will
support these ranges as typical. Note however that the WCML data incorporates

moment loading which was not considered in the BOEF anology.
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4. Test set-up

In Chapter 3, calculations were presented to estimate normal and lateral axle load and
the probable proportions of these loads reaching the sleeper during the passage of a
Pendolino train on a curved section of track. The calculations relied on elastic
assumptions about the behaviour of the track system, and assumed that the

Sleeper/ballast interface would support the loading.

To understand better the behaviour of the Sleeper/ballast interface, a testing rig was
designed and constructed, representing a slice of the track incorporating one sleeper bay

under (near) plane strain conditions.
The testing rig enabled tests to:

characterise the behaviour of the three dleeper/ballast contact areas, base, shoulder
and crib due to likely Pendolino train loading,

explore the failure envelope for a single sleeper in combined VHM loading,

measure the development of confining stress within the ballast during initial train
passage, and

characterise single sleeper interface properties (pre and post failure) for use with

dynamics models,
in line with the objectives set out at the beginning of Chapter 1.
In this chapter there are sections to:

describe the testing apparatus,
describe the test preparation procedures,
describe the method of cyclic loading, and

summarise the testing carried out.

Chapter 5 provides support to the testing procedures adopted by comparing results with
field data and by making comparisons with the literature.
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4.1. Description of testing apparatus

A dice of the track was re-created in the laboratory as closely as possible. A photograph
of the testing apparatus used is shown in Figure 4-1.

Figure4-1: Testing apparatus

Two vertica sides 5 metres long and 0.65 metres high were constructed from heavy
stedl sections and panels bolted together. These were held at a fixed distance of 0.65 m

apart, equal to one sleeper spacing on the WCML, by stedl ties at the base and at various
other locations as shown in Figure 4-2.
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Figure4-2: Laboratory track section, plan and side views, not to scale

77



The test rig was constructed from heavy dtiffened steel sections to prevent any
significant flexure of the rig during testing and maintain the test conditions as near as
practicable to plane strain.

Wooden and steel panels 500 mm by 650 mm were firmly attached on the inside walls
of the testing rig, using tapped countersunk bolts as shown in Figure 4-3. The wooden
fronts to these panels were removable to allow placement of pressure plates to measure

confining stress as shown in Figure 4-4.

The pressure plates, shown in Figure 4-5, comprised 10 mm thick load cells attached to
12 mm thick steel. Therefore the total thickness was nearly the same as for the 25 mm
thick wooden panels being replaced. The pressure plates did not fill the same area as the
wooden panels being replaced so this was made up with dummy steel panels where no
load cells were attached. Wooden battens 10 mm thick attached to the dummy panels
ensured they were flush and allowed cabling for the load cells to pass behind them.
Ideally the panels would all be of the same stiffness, however this was not possible and
it is recognised that the stiffness of the instrumented and dummy steel panels is greater

than the wooden panels.

During each test, four pressure plates were placed along the inside wall of one side of
the testing rig. The location of pressure plates was varied, initially these were placed as
shown in Figure 4-6. Each load cell consisted of a model 53, 250lb (1.1 kN)
compression load cell with +/-0.25% linearity purchased from RDP electronics Ltd
(RDP Electronics Ltd, 2008) and was connected to a data logger.
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Figure4-5: Photo of pressure plate showing theload cellson therear

Position of loaded rails, 1500 mm centres

Direction of l Dummy panels l
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Instrumented panels
Wooden panels

Figure4-6: Instrumented inside wall of test rig, view from inside the assembly

A double layer of plastic sheeting was placed on the inside walls of the testing rig to
minimise friction at the contact with the ballast. On the base a double layer of wooden
softboard was placed having a thickness of 20 mm to represent a slightly compressible

subgrade and ensure a frictional contact.

Although it was not an objective of this research to investigate the vertical resilient
behaviour, it was considered important that the testing apparatus should reproduce as
closely as possible actual track behaviour. The softboard, in addition to providing a
frictional contact also contributed to the vertical resilient deflection of the deeper
above. This was important because the majority of resilient deflection of actual track

can be from deflection within subgrade. The resilient deflection of the sleeper on the
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ballast in the laboratory experiments was evaluated to ensure the apparatus was able to
reproduce realistic levels measured on the WCML, the results of this comparison are
presented in Chapter 5.

Both the plastic sheeting and softboard are visible in Figure 4-7 in which ballast filling
has begun. The ballast is placed to a depth of 300 mm, a minimum thickness that would
be expected on actua track in the UK (Network Raill RT/CE/C/039, 2003). Ballast was
sourced from stockpiles at Southampton docks and was determined to be made up of
crushed granite. Sieve tests were also carried out prior to and during testing and these
proved that particle distribution conformed to Network Rail specification (Safety and
Standards Directorate Railtrack PLC RT/CE/S/006, 2000) with no measureable
difference in particle distribution occuring as a result of the tests carried out for this
research.

Figure4-7: Photo inside testing rig during ballast filling

After the ballast was placed and a level surface prepared, a G44 deeper with 0.4 m part
lengths of BS113A rails attached by Pandrol fastenings (Pandrol Rail Fastenings
Limited: Report No. 45111, 2000) was placed centrally on top. Finaly a loading beam
was placed across the railheads and hydraulic jacks were connected as shown
schematically in Figure 4-8.

The vertical hydraulic jack was capable of loading up to 250 kN either in tension or in
compression and had a stroke length of +/- 125 mm. The latera hydraulic ram was
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capable of loading at +/- 150 kN and had a stroke length of +/- 75 mm. Both rams were
manufactured by INSTRON and, athough the rams were decades old were controlled
using 2 No. recently purchased type 8400 INSTRON controllers, which in addition to
controlling the rams, provided continuous output for the load and deflection to the data
logger. According to INSTRON the accuracy of the ramsis to 1% of stroke length and
1% of actual load. The controllers were automatically tuned so that loading signals were

compatible with the response of the testing apparatus.

It had been intended to obtain E1 60 rails as used on the WCML. This proved difficult,
however, so BS113A rail sections were used instead. This was possible because the G44
sleeper can accept either specification provided the Pandrol fastenings are correctly set
up. BS113A rails are a British specification of rails weighing 56 kg/metre, dightly less
than the 60 kg/m of E 1 60 rails.
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Figure4-8: General arrangement of sleeper/ballast testing rig: Elevation
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The vertical loading ram was attached to a portal frame above by a hinge at a height of
approximately 1500 mm above the loading point. This allowed the vertical ram to
follow the vee loading point when the loading beam and sleeper were moved sideways
by the lateral ram. It was also possible to move the vertical ram aong the portal frame
to an eccentricity relative to the centre of the deeper 0 as to apply a moment loading.
The lateral load was transferred through the loading beam onto the inside flange of the
near railhead by a bolted steel section as shown in Figure 4-8.

After the ballast, deeper and loading arrangement had been set up, instrumentation to
measure the vertical and horizontal deflection of the sleeper during testing was installed.
The vertica movement of the sleeper was measured at both sides of either end during
testing by means of four LVDTs. These were fixed to brackets firmly clamped to the
sides of the testing rig and positioned so as to measure the vertical deflection of a level
plate glued to the sleeper (Figure 4-9). Therefore all measured movement of the sleeper
was relative to the testing apparatus walls.

Figure4-9: Photo of vertical LVDT on sleeper

The controllers for the hydraulic rams provided a continuous stream of |oad/deflection
data. However, as the rams were rot directly connected to the sleeper it was necessary
to use an LVDT to measure the eeper lateral movement as shown in Figure 4-10.
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Figure4-10: Photo of lateral LVDT on sleeper

All instrumentation was connected to a single data logging system consisting of a
Vishay 5100B scanner of two modules containing multiple channels on strain gauge and
high level cards. The load cells were connected to strain gage cards and the LVDT’s and
the hydraulic ram displacement and load were connected to high level cards. The
Vishay data logger was used at frequencies of 1, 5, 10, and 50 Hz.

The properties of the LVDTs used are described in Table 4-1. The data logger was able
to measure the signal to the nearest tenth of a millivolt and the accuracy of the data
logger is therefore taken as accurate to the nearest millivolt. The accuracy of these
LVDTs is then, in all cases, at least accurate to the nearest 67th of a mm and for the
shorter LVDTs s accurate to the nearest 333" of amm.

Range | Calibration Deflection per mV | Use
used
(mm) mV per mm (mm)
+/-50 64.74 0.015 Vertical
+/-25 194.05 0.005 Vertical
+/-15 293.12 0.003 Vertical
+/-15 306.96 0.003 Vertical
+/-75 65.07 0.015 Lateral
+/-15 292.75 0.003 Vertical and lateral

Table4-1: LVDTsused

The large range LVDT (+/~ 75 mm) was used to measure the lateral movement of the

deeper during failure tests. However because it has the lowest resolution, lateral
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measurements were also taken from a low range LVDT (+/- 15 mm) for latera cyclic

loading tests where the lateral deflection was small.
4.2. Testing Procedure

A range of tests was carried out to investigate pre-failure and failure behaviour of the
deeper/ballast interface for different arrangements of deeper/ballast. Initially tests were
carried out with only base ballast present, with later tests being used to assess the effect
of adding in different sizes of shoulders and c¢ib ballast on the behaviour of the
sleeper/ballast interface.

It was intended that tests would represent a condition of freshly laid track ballast. This
meant that to assess the variability of failure behaviour a number of different test set-ups
were required. This meant that after each failure test the sleeper was removed and the
entirety of the ballast within the testing rig was shovelled over to re-create aloose initia
unaltered state and the surface re-levelled for the (re)placement of the Sleeper. Levelling
of the top was achieved by use of a wooden board of smilar dimensions to the sleeper

footprint.
3 different phases took place within each test set-up:

1. Initial 100 vertical cyclic loads applied
2. Pre-failure cyclic loading tests, initially static and then at higher frequencies
3. A fallure test

Initially tests took place to justify the testing procedures; these were required to check

such things as:

Safety; to check that no unexpected behaviour occurred
LVDT data; to check that the LVDTs gave consistent and correct data
The effects of loading frequency on load/deflection response

It is also known that traffic can increase the lateral resistance of the seeper/ballast
interface (Esveld, 2001). Therefore the number of cycles permitted in lateral cyclic
loading tests was kept small, the largest number of cyclic lateral loads applied was 160
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in one test set-up, however in the subsequent failure test, no significant difference from

the other tests was observed

These preliminary tests, identified a number of apparatus issues and resulted in
modifications to the testing procedures which were incorporated into the tests that are

reported in Chapters 6, 7, and 8.

The following subsections detail:

justification of loading,
the general method of test preparation, and
the general method of lateral cyclic loading testing and failure testing.

Vadidation for the testing methods is presented in Chapter 5.

4.2.1. Justification of loading in tests

In Chapter 3 track loading was explored and it was shown that a train on a 1045 m
radius curve travelling at 125 mph mobilised its full operating cant deficiency of 300
mm (11.3°). It is equally possible to mobilise full operating cant deficiency on lower
radius corners at lower speeds or on higher radius curves at greater speeds when the
cant of the track is equal. Therefore the maximum loading from curving force may be
caculated solely from knowledge of the axle mass, the maximum operating cant

deficiency of the train and the maximum permitted cant of the track.

Restating Equation 3-10:

o 2€mVZ /RO

Degrees = tan WH- a Equation 4-1

Where Dgegrees IS the operating cant deficiency

Rearranging Equation 3-10, the maximum curving force F (mv?/r)is then:

F =mg tan(D e +2) Equation 4-2
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For an axle mass of 14793 kg (180% passenger tare) travelling on track of cant angle
5.7° (150 mm) at its maximum permitted operating cant defficiency of 11.3° (300 mm)
using, Equation 4-2, the maximum horizontal curving force is 44 kN. If this is resolved
into the plane of cant together with the vertical load and moments are taken about the
railheads (using the dimensions shown in Figure 3-6) the forces across and normal to

the railheads are as shown in Figure 4-11

» 30kN

Figure4-11: L oading magnitudesfor 180% average passenger tare at maximum operating cant

deficiency

For the case shown in Figure 4-11 the total normal load applied at the rail heads is 150
KN. In Chapter 2 it was shown that between 33% and 55% of normal load is transferred
to a sleeper beneath an axle. Therefore it has been decided that for all tests the peak
applied normal load at the deeper ballast interface will reach 80 kN (~50%). This also
includes the dead weight from the loading beam rails and sleeper of 5 kN (conmprising.
(310" 9.81)N from the sleeper, (56" 9.81)N from the rails and (42" 3.5 9.81)N from the
loading beam).

In the laboratory the deeper was placed level. Although actual track is canted,
reproduction of cant in the laboratory would cause significant experimental
complications for minimal benefit. Also, by maintaining the same ultimate normal load
on a level deeper the effect of moment can be more easily evaluated smply by
adjusting the eccentricity of the application point for the vertical load.

InFigure 4-11 the normal load on the railheads is in the ratio 42:108 or 1:2.5.

It is also desirable to test the deeper/ballast interface for rollover loading. At rollover
the normal railhead load is entirely through the outer railhead, however reproducing

such a situation in the laboratory is potentialy unstable. Therefore a compromise for
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safety reasons means that the tests carried out have the vertical ram placed either

centrally or at an offset of 0.5 m.

Using a simply supported beam analogy a vertical load at 0.5 m offset loads the
railheads in the ratio 250:1250 or 1:5.

In Chapter 3 the proportion of lateral load from an axle reaching a sleeper immediately
beneath was estimated to be in the range 34% to 60%. If the total lateral load is 30 kKN
this corresponds to a loading range of 10kN to 18 kN. However, this research is aso

investigating the failure behaviour, so latera load has been applied within this range and
above.

4.3. Summary of testing procedures

4.3.1. Method of test preparation

After careful consideration and some preliminary tests (some of which are reported in

Chapter 5) it was decided that all test set-ups would share the following common
features:

1. Zero readings for the load cells were taken prior to filling in the ballast.

2. The ballast was prepared to the desired dimensions (shoulder, crib) and the top
carefully levelled by hand with a wooden board to provide an even support.

3. The deeper was placed and allowed to settle until it stabilised (at least overnight).

4. The loading beam was placed and the hydraulic rams were attached to the beam via
their respective fixings. In some cases the lateral ram was connected later after an
initial 100 vertical load cycles were applied.

5. The LVDTs were placed and tested to ensure they were within range and had
sufficient travel in anticipated directions of movement during loading.

6. A vertica load was applied in increments (5, 40, 75) up to 75 kN and the assembly
monitored for safe performance.

7. A cyclic vertical load was applied from 5 kN to 75 kN for 100 cycles at a frequency
of 0.2 Hz or 0.3 Hz. A 5 kN dead load from the rails, deeper and loading beam was
also present. The vertical load was applied either centrally or 0.5 m to one side of

the centreline of the deeper on the side where the lateral ram was located.
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8. A minimum of 10 lateral load cycles at not more than 1/3 of the vertical load was
applied before further non failure combined vertical, lateral and moment load testing
was carried out (method of pre-failure cyclic load testing described in following
section).

9. Finaly the sleeper was pulled laterally in displacement control over a distance of at
least 80 mm while a vertical load was maintained. Different tests had different levels
of constant applied vertical load applied at different eccentricities from the
centreline of the sleeper.

During the failure latera pull tests the vertical loading ram rotated about a pin attached
to the portal frame as the slegper was pulled sideways so that the ram head reached a
lateral offset relative to the overhead pin. This meant that after 100 mm of lateral
movement of the sleeper, the vertical load reduced by approximately 0.2% while the
lateral load increased by 7% of the vertica load. The vertical reduction in load is
considered insignificant. However, the increase in the lateral load is significant and is

accounted for in al results included in this report.

Also note that the testing arrangement meant that for safety it was important to maintain
the vertical hydraulic ram in a compression only condition (i.e. no lifting). Thisiswhy a
seating load of at least 5 kN was maintained throughout the application of the vertical
cyclic loads.

The vertical loading cycles were applied at a frequency of 0.2 or 0.3 Hz. This avoided
dynamic effects such as resonant frequencies of the test rig and was practical because
0.3 Hz can be datalogged at 10 Hz satisfactorily.

The 100 vertical load cycles alow the deeper some opportunity to settle and stabilise
onto the ballast while remaining a relatively low and practical number to permit rapid
testing for the several dozen tests carried out in total. Although 100 might seem a
relatively small number of cycles of axle load compared to reality (where this might
occur in asingle day), it is well documented that vertical settlement in ballast follows a
logarithmic relation e.g. (Selig and Waters, 1994), therefore, the first 100 cycles are as
important as the following 9,900. Comparison will be made between expected and

actual vertical settlement in Chapter 5.
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4.3.2. Methodology for pre-failure cyclic loading tests

After the applicarion of the 100 vertical load cycles and prior to failure testing, tests
were carried where lateral and sometimes vertical load was cycled as follows:

1. Vertical load was carefully increased to 10, 25, 40, 55 or 70 kN and was maintained
throughout testing, in addition a dead load of 5 kN was present.

2. The lateral ram was adjusted to apply and maintain 2 kN in tension.

3. From 2 kN the lateral load was carefully increased to be equal to 1/3 of the total
vertical load either by adjusting the position of the ram slowly of by applying a slow
rate of loading up to the desired level (e.g. 2kN or 4 kN per second), so that the
maximum vertical to lateral loading ratio would be 15:5, 30:10, 45:15, 60:20 or
75:25 and cycled back to 2 kN.

4. A further 9 cycles were applied of increasing/decreasing load between 2 kN and 1/3
vertical load.

5. Following the application of the 10 pseudo static load cycles different combinations
of cyclic lateral load were applied using different wave brms either triangular or
sine. Usually this was with a vertical load held constant but some tests were carried
out with lateral and vertical load applied using sine wave forms simultaneoudly to

represent more realistic train loading.
4.4, Tests carried out

A total of 23 tests divided into 5 groups were carried out as shown in Table 4-2 . In each
test pre-failure and failure behaviour of the sleeper/ballast interface was assessed for
specific arrangements of |oad and ballast. Following test group X changes were made to
the arrangement of LVDT instrumentation; the lateral deflection data for test group X
have been neglected from the results presented in following Chapters.
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Test Group | Number of Main purposeto:

test set-ups

X 5 Check testing methods. (improvements were made to the
instrumentation after these tests).

A 3 Investigate behaviour of the sleeper base to ballast contact area
with vertical and lateral load.

B 4 Investigate behaviour of the sleeper base to ballast contact area
with moment load included.

C 9 Investigate behaviour of the sleeper base to ballast contact area
and the additional resistance to failure provided by the presence
of different sizes of shoulder ballast.

D 2 Investigate behaviour of the sleeper base to ballast contact area
and the additional resistanceto failure provided by the presence
of crib ballast.

Table4-2: Test groups

4.5. Summary of Chapter 4

In chapter 4 a testing apparatus has been described. Applied loads on the testing

apparatus have been justified with reference to the BOEF analogy set out in Chapters 2

and 3 and testing procedures have been outlined. Results from these tests will be

presented in Chapters 5, 6, 7 and 8.
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5. Validation of testing apparatus

The purpose of Chapter 5 is to demonstrate the validity of the testing equipment and the
procedures adopted by:

1. Determining that the vertical laboratory behaviour is realistic during the initial 100
cycles of applied vertical load compared with real track behaviour.

2. Jugtifying that the lateral cyclic loading procedures adopted optimise the
comparability and quality of the results obtained.

This Chapter will involve statistical comparison and detailed discussion of the
behaviour observed from the geophone field measurements and the laboratory testing

results.
This Chapter is divided into three main sections:

Geophone monitoring on the WCML; this section characterises vertica sleeper
movement on low radius curves of the WCML during passage of Pendolinos at high
Speed.

Vertical plastic and resilient response; this section examines laboratory data for
changes in the plastic strain and resilient response during the initial 100 load cycles
and makes a comparison with the geophone data and other reported track
measurements from the literature.

Evaluation of results of tests to assess the appropriate range of loading frequency
required to represent train lateral cyclic loading. The results of this evaluation were
adopted into the testing procedures presented in Chapter 4. This section includes an
assessment of the importance of stress relaxation (creep) in the test data.

At the end of the Chapter a summary draws together key points.

5.1. Geophone monitoring on the WCML
5.1.1. Background

The University of Southampton has developed two independent, innovative techniques

for measuring sleeper deflections. One system combines remote video monitoring with
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particle image velocimetry (PIV), usng a high speed digita camera and a small
telescope The second uses deeper mounted geophones that give a voltage output
proportional to the velocity of motion, which can be filtered and integrated to calculate
deflections. A full description of the monitoring systems is given in Bowness et d.,
(2007).

This section presents vertical geophone monitoring data obtained during site visits to
curves on the WCML, and characterises vertica sleeper movements caused by

Pendolino trains curving at high speed.
The lateral deflection data will be presented later, in Chapter 7.
5.1.2. Methods; geophone monitoring

Geophones are small seismic sensors that produce an output voltage proportiona to
velocity. The Sensor Nederland LF-24 low frequency geophones used have a sensitivity
of 15 V/m/s. Two variants of the geophone were used, one which may be aigned
vertically and one which may be aligned in the horizontal plane normal to gravity. This
meant that sleeper movement relative to the canted sleeper base was not directly
measured. However the minimal slope (~6°) meant that horizontal and vertical
movements provided sufficiently accurate indications of Sleeper lateral and normal

movement relative to the sleeper base.

The remote video monitoring technique uses a high speed digital camera to video a
target attached to the deeper end. The camera captures digital video directly to a laptop
computer at up to 150 frames per second. To avoid the video being affected by ground
borne vibration immediately adjacent to the track, the webcam is coupled to a telescope

and mounted on a tripod such that the target may be videoed from a distance.

The use of both PIV and geophone methods simultaneously to capture Sleeper

movements provides independent validation of the data obtained.

Both the video monitoring targets and the geophones were attached to an aluminium L-
bracket and an angled wedge plate to align them vertically and horizontally, which was
fixed to the deeper ends with fast setting glue as shown in Figure 5-1.
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Figure5-1: Geophone attached to a br acket glued to one sleeper end

The remote video monitoring data are not presented in this report for two reasons. First,
in this case, the data were subject to ground borne vibrations due to the difficulty of
locating the camera stand sufficiently far from the track and secondly, because it
operates at a lower frequency to the geophones the system is less able to produce high
resolution deflection/time plots for trains travelling at over 100 mph (Bowness et a.,
2005a). However, although no results are presented here, the data obtained corroborated
the genera trends shown in the geophone measurements. All data from the geophones
were gathered using a calibrated Campbell Scientific CR-9000 high speed datalogger
set to record at 500 Hz. Matlab was then used b process the data using methods
decribed in Bowness et a (2007), and deflection data were pasted into a spreadsheet to
produce the charts shown in this report. One limitation of using geophones is that the
deflection is always determined from the motion of the geophone, i.e. no motion or very
slow motion is not detected and the geophone always indicates it has returned to its at
rest position when motion has stopped. Therefore any relative movement of the sleeper
from its position prior to passage of atrain to its position after the train has passed is not

evident in the processed deflection geophone data.

The monitoring sites were located on a length of track of the WCML near Weedon Bec,
Northampton as shown in Figure 5-2. Three sections of track were monitored on a

length of track incorporating a reverse curve (i.e. an Sshaped curve). The geophones
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were located on two sections of constant curvature (i.e. not on transition zones),
labelled:

Site 1 (LEC1 69m40ch Dn, Curve radius=1230m; Cant=150mm),
Site 2a (LEC1 69m70ch Up, Curve radius=1025m; Cant=150mm)
Site 2b (LEC1 69m78ch Dn, Curve radius=1025m; Cant=150mm)

Site 1 had been tamped approximately 6 months prior to the data reported here being
taken. Site 2a and 2b were on the same curve.

Two monitoring trips were carried out at all three sites approximately 4 months apart,
November 2006 to February/March 2007, some of this data are reported in Priest et al.,
(2008). Since the current research is not concerned with comparing the elative data
from the two trips, only data from the second monitoring trip in February/March 2008 is
presented in this report.

W '|"\|-\'.=P
Elarie Hill
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" Whita Hall

Figure5-2: Location of monitoring sites at Weedon Bec (located in circle)
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Figure 5-3: Photograph of Pendolino curving at high speed near Site 23, thetilt isactive

Severa different arrangements of geophones were used to obtain deflections in different
orientations using up to ten data logging channels. All the different arrangements
indicating the number and the type of trains captured are shown in Appendix B. Each of
the 14 set-ups encompassed the passage of between 1 to 7 trains. In total, data from 47
trains were recorded. Most of the trains were Pendolinos travelling at approximately
110 mph, these are the data that will be presented here.

5.1.3. Results; geophone monitoring

To examine the vertical behaviour, selected characteristic results will be taken from site
1 which was tamped approximately 6 months prior to the data being taken and sites 2a
and 2b which are not thought to have undergone major maintenance for several years.
The data from site 1 are thought to represent more closely the initial state of ballast
represented by the laboratory results, presented in later sections.

Ideally, deflection/time results from different sleepers and opposite sleeper ends are
compared for the same train passage. However, comparisons of deflection/time results
are sometimes made using data from different Pendolino trains. This is necessary
because, with the limited number of geophones and data logging channels available, the
geophones had to be moved around to capture all the data of interest across a number of
deepers. The velocities for al the Pendolino trains were similar and the axle loads

would also be broadly similar. Therefore comparison of different geophone
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measurements between different Pendolino trains is not expected to introduce
significant error and this will be shown in this section. Figure 5-4 shows the key to the
site 1 data presented.

ABCDE FGH I JKLMNOPQRST U
A0 MMAM

Trains

TN DD DO

O Sleepers marked with paint for future identification High sleeper end

Figure5-4: Site 1 with sleeper labels, (Curveradius=1230 m; Cant=150 mm)

Figure 5-5 shows typical data of vertical sleeper deflections at the high rail end from
deepers E and G. The Pendolinos are set up in their nine car configuration comprising
18 bogies and 36 axles; these can be clearly identified in the peaks and troughs of the
time deflection plots which are about a zero deflection mean for the data set. In either
graph of Figure 5-5, reading from left to right, as the first axle approaches the sleeper
the geophone begins to record upward and then downward relative deflection. However,
the video monitoring data has shown that any upward deflection is minima and the
apparent upward deflection shown in the geophones is an artefact of the equipment and
the filtering methods. For the initial axle, the downward deflection appears larger than
for subsequent axles until the final axle produces a similar result. This is not the case,
however, when considering the absolute range of movement from the first positive peak

to the first negative trough which is no greater than subsequent absolute ranges of

movement.

To obtain a range of movement representing the resilient deflection for a single axle
load, the 71" axle is taken as typical. These are used to produce Figure 5-6 and Table 5-1
using the data from two Pendolino trains curving at ~110 mph.
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Absolute range of movement for axle 7
used to estimate sleeper resilient deflection
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Figure5-5: Vertical deflection data at high sleeper end during passage of a Pendolino train at 110
mph, sleepersE, G, set-up 1%, sametrain run

Sleeper
A C E G I

T

OTrain 1 W Train 2

O Q

Deflection range for axle 7 (mm)

15

Figure5-6: Vertical rangefor axle 7 for a single pass of a Pendolino travelling at ~110 mph, site 1,
set up 1, all geophoneslocated on the high sleeper end, train run 1 and 2

Minimum Maximum | Mean
(mm) (mm) (mm)
Train 1 0.63 134 0.89
Train 2 0.65 134 0.91
Mean 0.64 134 0.90
train 1 and
2

Table5-1: Summary of deflection range for high sleeper end for axle 7 across 9 sleepersat site 1

during two different Pendolino train passages

4 See appendix B for details of the geophone arrangements for each set up.

98



At site 1 it was relatively ssimple to set up geophones at the high sleeper end. However
gaining access to the low deeper end was more problematic due to the need to run
cables beneath the track. In addition although the key in appendix B may indicate that
geophones were present on both sleeper ends, the sensitivity of the equipment, the
difficulty of working on in-use track and the need to continually adjust the arrangement
of equipment in sometimes difficult weather conditions meant that some data was
inevitably found to be erroneous. For these reasons there were relatively few deepers
for which data on the low and high sleeper end were recorded simultaneously. Figure
5-7 shows the high and low end sleeper time/deflection plots for the same sleepers for
data from two train runs. Both train runs had one geophone position in common at the
high end of sleeper K, results from this geophone gave similar magnitudes of deflection
implying that both trains had similar axle loads as well as nearly identical speeds. The
speed can be estimated by dividing the length of the train (217 m) less the distance to
the first axle and from the last axle (2.725 m each) by the time from the first axle to the
last taken from the geophone deflection data. In each set of data shown here thisis very
close to 110 mph.

It can be seen in Figure 5-7 that the high end sleeper deflections are much greater than
those at the low end. Also, the high end sleegper movements can be used to identify more

clearly the passage of bogies and axles, with the low end deflections being more erratic.

It can also be seen in Figure 5-5 and Figure 5-7 that a common feature of the vertical
deflections of each sleeper end was that for each bogie the high sleeper end has a
tendency for the second axle to deflect more than the first axle, whereas, in contrast to
this, the low deeper end shows the reverse tendency. The reasons for this will be

explored further in Chapter 7.

Figure 5-8 and Table 5-2 compare the range of deflection for axle 7 as it passes two

different sleepers at the high and low ends a site 1.
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Figure5-7: Comparison of vertical deflection at opposite sleeper ends during passage of Pendolino

trainsat site 1 for runs1and 14
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Figure5-8: Slegper vertical deflections at opposite endsfor axle 7 of a Pendolino using data from

set up Ltrainrunsland 14, , trainstravelling at ~110 mph on a 1230 m radius curve
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Sleeper K Q Mean
end (mm) (mm) (mm)
L ow 0.28 0.56 0.42
High 0.63 133 0.98
mean 0.46 0.95 0.70
Ratio, low | 1:2.25 | 1:2.38 | 1.2.31
to high

Table5-2: Summary of deflection range data for both sleeper ends of axle 7 across 2 sleepers at site

1during Pendolino train passage, trainstravelling at ~110 mph on a 1230 m radius curve

Figure 5-9 and Table 5-3 compare the vertical range of deflection for axle 7 at either

end of a deeper each from site 2a and site 2b.

0.4

0.8 A

1.2 1

1.6 1

Displacement range for axle 7 (mm)

O High @ Low

Sleeper at site 2b

Sleeper at site 2a

Figure5-9: Sleeper vertical deflections at opposite endsfor axle 7 of a Pendolino using data from

sites 2a and 2b°, trainstravelling at ~110 mph on a 1025 m radius curve

Sleeper 2b 2a M ean
end (mm) (mm) | (mm)
L ow 0.72 0.66 0.69
High 147 171 159
M ean 110 119 114
Ratio, low | 4504 | 1:259 | 1:2.30
to high

Table5-3: Summary of deflection range data for both sleeper ends of axle 7 across 2 sleepersat site

2a and 2b during Pendolino train passage, trainstravelling at ~110 mph on a 1025 m radius curve

® Site 2b data from run 8, set up 3, channels 3 and 1. Site 2a data from set up 4 run 14 channel 6 and set

up 5 run 12 channel 10.
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5.1.4. Interpretation, geophone monitoring data

In Figure 5-6 the bars indicate the deflections for two trains. The Pendolino trains that
are recorded in the geophone data are travelling at similar speeds and are likely to be of
similar weight. Figure 5-6 and Table 5-1 show that for similar loading events individual
sleepers deflect over similar ranges but their behaviour in relation to nearby sleepers can
be quite different in range of deflection. Although it is not shown here data from dozens
more trains give the same characteristic behaviour. Site 2 also shows variation between
the two deepers instrumented, and athough no data is shown here, again seepers

showed consistent behaviour due to similar loading events.
Several trends are apparent from the geophone data shown from sites 1 and 2:

The range of movement for the same sleepers was consistent for different Pendolino
trains passing at ~110 mph.

There was a significant range in the deflection response between deepers over a
relatively short length of track. For the nine high end dleeper deflection data shown

in Figure 5-6 the movement range more than doubles from 0.63 mm to 1.35 mm.

Given that the cant of the track and speed of the trains is known and the load may be
estimated, the geophone data may also be compared to expected behaviour based on a
calculation of normal forces on the railheads.

For an average Pendolino car a 180% passenger tare the axle mass is known to be
14793 kg. Using the geometry shown in Figure 3-6 the lateral and normal forces on the
rail heads may be calculated. If this load is considered proportional to the deflection
beneath the sleeper, the ratio of deflection for a point 100 mm from either end of a
deeper (about where the geophones were located) may be estimated, the results are
shown in Table 5-4.
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Curvingforce Normal force Ratio of deflection
Site Curve | Horizontal | In cant Inner Outer Rails Sleeper
Radius plane railhead | railhead ends
m kN kN kN kN 15m 23m
apart apart
1 1230 28.9 14.2 59.8 89.5 1:1.50 1:2.29
2 1025 347 20.0 54.1 96.1 1:1.78 1:2.72

Table5-4: Proportioning of deflection to sleeper endsfor 14793 kg axle mass on 150 mm canted
track travelling at 110 mph

The geophone results for the four deepers, two from site 1 and one each from site 2

shown in this section are summarised in Table 5-5.

Ratio, low to high sleeper end
deflection

Site 1 2b 2a
Sleeper K Q
Measured from 1:225 | 1:2.38 | 1:2.04 | 1:2.59
geophone data
Calculated from an
elastic proportioning 1:2.29 1..2.72
of theload

Table5-5: Vertical deflection ratio from geophone data

The results in Table 5-5 show that the measured ratio of deflection is in reasonable
agreement to an estimate due to a proportioning of the normal force on the rail heads.
Although there is some variation in the data, i.e. the ratio for the deeper at site 2b is

lower than expected.

5.2. Vertical plastic strain and resilient range, laboratory
data
5.2.1. Background

The measured vertical deflection of the sleeper in the laboratory experiments included a
component from the softboard present at the base of the ballast. Therefore the measured
resilient response of the sleeper on the 300 mm ballast layer cannot be used to quantify
the resilient response of the ballast. However, if the deflection from the softboard is
assumed constant, the sleeper deflection may be used to evaluate plastic strain occurring
in the ballast layer and changes to the resilient range of movement over the 100 load

cycles.
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In this section the vertical deflection measurements from the laboratory experiments

taken during the first 100 load cycles are considered in respect of:

Vertical plastic strain

Changes to the resilient deflection range

It will be shown that the testing apparatus behaves in a similar way to real track in key

characteristics of behaviour.

5.2.2. Methods, laboratory data vertical strain and resilient range

In the laboratory, 21 tests in test runs X, A, B and C were carried out without crib
ballast present and are therefore appropriate for comparison of vertical deflection
behaviour. Note that the 5 tests in test run X are included as they are considered suitable
for comparisons of vertical behaviour, although they are not used to evaluate lateral
behaviour in Chapter 7 due to inadequacies in the instrumentation arrangement which
were corrected prior to the other test runs. Each test was prepared and the 100 cyclic
vertical loads applied as detailed in Chapter 4.

These tests examine the behaviour of the base sleeper/ballast only. However, it is
recognised that crib ballast would influence the vertical response athough this would

not be expected to have a significant influence on individual cylces of load.

For test runs X and A the rails were loaded equally, for test runs B and C the load was
placed at an eccentricity of 0.5 m from the centreline towards the sleeper end where the
sleeper was attached to the lateral hyrdualic ram. The railhead closest to the two ramsis
referred to as the "near end" with the opposite sleeper end referred to as the "far end".
(i.e. the near end received the greater vertical loading in the eccentric loading tests). The
vertical deflection was measured within about 100 mm from each end of the 2.5 m long
sleeper, so that the vertical LVDTs were in similar locations relative to the sleeper ends

as the geophones.
5.2.3. Results, laboratory data vertical strain

The plastic vertical strain in the ballast layer is defined as the change in the measured
vertical deflection of the Sleeper over a load cycle divided by the depth of ballast (300
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mm). The change in vertical deflection is evaluated as the load returns to the minimum
point in each sinusoidal load cycle (from 10 kN to 80 kN and back to 10 kN). Graphs
produced from some of the tests, considered to show behaviour representative of al
tests, are presented in Figure 5-10 with individual test strain data and a summary of
plastic strains after 100 load cycles in Table 5-6 and Table 5-7 respectively. Note that
N/A indicates that some inconsistency in the data or a mistake in test preparation and
execution resulted in the data being discarded, a negative strain indicates areduction in
ballast layer thickness.
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Figure5-10: Vertical strain®during 100 vertical load cyclesfor selected tests, the load iscycled from
10to 80 kN

®In test 2a the initial 7 load cycles were from 10 kN to 85 kN (not 10 kN to 80kN). When this error was
corrected a kink in the graph for the near and far end measurements occurs; this represents a differential
settlement at the sleeper/ballast contact. The mean plastic strain appears largely unaffected and the datais

considered sufficiently accurate for trends to be observed.
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Plastic strain (%)

Test Loading | Far Near M ean
1X Centra N/A N/A N/A

2X Central 1.62% 1.26% 1.44%
3X Centra 3.94% 2.05% 3.00%
4X Centra 3.60% 1.09% 2.34%
5X Centra 2.88% 1.33% 2.10%
1A Central 1.97% 2.53% 2.25%
2A Central 1.89% 1.58% 1.73%
3A Centra N/A N/A N/A

1B Eccentric | 0.99% 3.44% 2.22%
2B Eccentric | 2.01% 3.06% 2.53%
3B Eccentric | 0.64% 3.92% 2.28%
4B Eccentric | -0.28% 3.16% 1.44%
1C Eccentric | 0.13% 3.33% 1.73%
2C Eccentric | 0.45% 3.44% 1.95%
3C Eccentric | 0.49% 2.89% 1.69%
4C Eccentric | 0.57% 3.26% 1.92%
5C Eccentric | -0.15% 3.79% 1.82%
6C Eccentric | 0.24% 2.3% 1.32%
7C Eccentric | -0.22% 2.88% 1.33%
8C Eccentric | -0.42% 4.20% 1.89%
9C Eccentric | -0.64% 4.70% 2.03%

Table5-6: Vertical plastic strainsfor all tests over 100 cycles of load from 10 kN to 80 kN

Test run Far end plastic strain Near end plastic strain | Both sleeper ends mean
(%) (%) plastic strain (%)
(number of tests) | Max, | Min, | Mean Max, | Min, | Mean | Max, | Min Mean,
single | single| all single| single| all single | single| all
test test test test test test
X (5-1) -3.94 | -1.62 | -3.01 -2.05 | -1.09 | -1.43 -3.00 |-1.44 | -2.22
A (3-1) -1.97 | -1.89 | -1.93 -253 | -1.58 | -2.05 -2.25 | -1.73 | -1.99
B (4) -2.01 | 028 | -0.84 -3.92 | -3.06 | -34 -253 | -1.44 | -2.12
C(9) -0.57 [ 064 | -0.05 -4.7 -2.39 | -3.27 -2.03 | -1.32 | -1.74
All (21-2) -3.94 (064 |-1.04 4.7 -1.09 | -2.81 -3.00 |-1.32 | -1.92

Table5-7: Summary of vertical plastic strainsfor all tests over 100 cycles of load from 10 to 80 kN

Consideration of Figure 5-10, Table 5-6 and Table 5-7 reveals that the plastic strain
varies significantly from test to test. This is thought to have been due to the variability
of dructure within the ballast and variability in the consistency of the sleeper/ballast
contact.

" Tests omitted due to data inconsistencies/experimental error/human error: 3A, 1X
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5.2.4. Interpretation, vertical strain data

Following placement or maintenance, ballast initially undergoes rapid plastic settlement
(Selig and Waters, 1994). This is dearly identifiable in al the tests shown here. The
plastic strain during the first loading cycle in the laboratory tests was sometimes as great
asin the following 99 cycles (e.g. test 3B). By comparing the strain at each slegper end
in Figure 5-10 it can be seen that, across the full footprint of the Seeper, strain is often
highly biased to one end, even when the deeper is loaded centrally as in the case of tests
1A and 3A. When the deeper is loaded eccentrically as for tests 2B, 3B, 6C and 9C the
ballast beneath the “near” deeper end closest to the load strains by a greater amount.
Also, it is sometimes possible for the sleeper end farthest from the load to rise over the
course of the 100 loading cycles as indicated by a positive strain relative to its initial
level asin test 9C. The rise is probably caused partly by an inconsistent sleeper/ballast
contact. However, despite the differences in the plastic strain at opposite sleeper ends,
the mean plastic strain for both sleeper ends, regardless of whether the load was
centrally or eccentrically applied was more consistent. These trends are illustrated in the

box and whisker plots shown in Figure 5-11.
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The laboratory plastic strains can be compared with actual track measurements.
Following placement or maintenance the plastic strain in the ballast layer can be
represented by a power relation (Selig and Waters, 1994):

e, =e,N b Equation 5-1
Where:
NE strain in ballast layer after N cycles of load
= number of cycles of load
e, ballast strain after the first cycle
b= exponent

In this relation the number of load cycles may be changed to cumulative tonnes of load
(usually quoted in Mega Tonnes, MGT) and the values e; and b adjusted accordingly.

Provided some experimental data are available this relation can be used to estimate
ballast settlement with traffic. Selig and Waters (1994) reported that a particular granite

ballast’s plastic strain beneath a wooden sleeper (et) immediately after construction for
the first 300 MGT on atest track could be matched by a best fit power equation:

er =-0.026T 0.21 Equation 5-2
Where T is MGT of cumulative load

In the tests for this research 100 cycles of load for a 15 tonne axle correspond to a
cumulative load of 0.0015 MGT and applying Equation 5-2 gives -0.66% of plastic
strain after the first 100 cycles as shown in Figure 5-12 where the mean strain from test
3B is also plotted for comparison. -0.66% is about 1/3 of the mean result (-1.92%) from
all tests carried out for this research.
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Figure5-12: Comparison of plastic strain between that calculated from Equation 5-2 and the
measured mean strain from test 3B

The difference from the strain predicted by Equation 5-2 to the much greater strain
measured in the tests could be due to a combination of circumstances including that:

The test track had been previously loaded by construction traffic.
There are differences in the type of ballast.
The laboratory ballast was placed more loosdly.

The superstructure of the track was different.

Wooden slegpers may develop more consistent sleeper/ballast interface contact because
of the ability of particles to penetrate into the softer wooden base and transfer the load
through a greater number of initial contact locations. Also, any differences in track
component stiffnesses will give rise to a different track modulus and different
proportions of axle load reaching sleepers.

It isinteresting to note that fitting a power relation using a regression analysis to test 3B
et =-0.0518T%%% with R?=0.9936) resultsin an equation that implies an initially very
much greater magnitude of strain with loading cycles represented by the greater
coefficient (0.0518 as opposed to 0.026). However, the rate of plastic strain reduces
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faster represented by the lower power (0.1266 as opposed to 0.21). This is perhaps

because in the laboratory there is no contribution to strain from subgrade.
To end this section several genera observations can be made:

The laboratory behaviour shows similar trends to real track data but larger initial
plastic strains, probably due to alooser initial structure.

There is variation between the plastic strains measured at opposite sleeper ends and
between different tests for both central and eccentrically loaded tests. However, the
mean for both deeper ends is more consistent.

The 100 cycles of load in the tests carry out an important role in bedding in the
ballast so that by the end the ballast is more likely to correspond to freshly tamped
track ballast. This improves consistency and comparability between test set-ups for
ubsequent tests to investigate the effects of combined cyclic vertical lateral and

moment loading.

The procedures are therefore considered adequate.

5.2.5. Results; vertical resilient data

On red track the strain per load cycle in the ballast layer reduces very rapidly so that
after a certain number of load cycles the plastic strain per cycle is barely discernable
between individual and tens or hundreds of load cycles. Thisis a very important feature
of track system behaviour because if it didn't happen differential settlement between
deeper ends and relative to adjacent sleepers would necessitate maintenance at

uneconomic intervals.

While the plastic strain may vary little over many load cycles so that it is unimportant so
far as an individua train is concerned, there is a resilient range of deflection per load

cycle which is very important for the performance of the train.

In the laboratory experiments, the majority of the deflection during cycle one is non
recoverable. Therefore the resilient deflection per cycle is evaluated from the start of
load cycle two and is defined as the difference between the deflection at the peak of one
cycle and the deflection at the start of the following cycle. For some tests, the minimum

measured deflections for each cycle did not precisely correspond to minimum load at
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one deeper end. It was thought that this may have been due to inconsistent
sleeper/ballast contact resulting in an effective pivot point beneath the sleeper base,
active at the lower end of each loading cycle. The mean sleeper resilient deflection as an

average of the measurements taken at each sleeper end for al tests was more consistent.

Figure 5-13, Figure 5-14, Figure 5-15 and Figure 5-16 compare the resilient deflection
per cycle for the 100 load cycles for centrally loaded tests 1A and 2A and eccentrically
loaded tests 2B and 3B.
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Figure5-16: Resilient deflection for test 3B

Table 5-8 shows the resilient movement at cycle 2 and cycle 100 for al tests, Table 5-9

and Table 5-10 summarise the resilient range for cycle 2 and cycle 100 respectively for

the different test runs with means of comparable data runs also provided.
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Resilient rangecycle2 | Resilient range cycle 100
Test set-up | Loading far near mean | far near mean
1X Centra N/A N/A N/A N/A | N/A N/A
2X Centra 1.78 | 043 1.10 171 | 055 1.13
3X Centra 0.87 | 083 0.85 065 | 0.76 0.70
4X Centra 180 | 012 0.96 099 | 0.39 0.69
5X Centra 104 | 059 0.81 065 | 044 0.55
1A Centra 064 | 026 0.45 066 | 0.37 0.51
2A Central 185 | 0.68 127 0.90 | 0.85 0.87
3A Centra N/A N/A N/A N/A | N/A N/A
1B 0.5 meccentric | 0.33 | 1.03 0.68 024 | 0.79 0.52
2B 0.5 meccentric | 0.34 1.19 0.76 0.26 | 128 0.77
3B 0.5 meccentric | 0.16 1.99 1.08 014 | 226 1.20
4B 0.5 meccentric | 0.55 1.95 125 043 | 223 133
1C 0.5meccentric | 0.24 | 1.72 0.98 018 | 1.77 0.98
2C 0.5 meccentric | 0.18 | 1.46 0.82 011 | 187 0.99
3C 0.5 meccentric | 0.33 | 1.67 1.00 0.18 | 216 117
4C 0.5 meccentric | 0.25 | 159 0.92 015 | 187 1.01
5C 0.5meccentric | 0.24 | 155 0.90 022 | 165 0.94
6C 0.5 meccentric | 0.24 | 1.36 0.80 022 | 143 0.83
7C 0.5 meccentric | 0.25 201 113 0.07 | 269 1.38
8C 0.5 meccentric | 0.11 | 2.09 1.10 068 | 1.62 115
9C 0.5 meccentric | 0.28 | 1.48 0.88 019 | 1.72 0.96
M ax All 185 | 2.09 127 171 | 269 1.38
Min All 011 | 012 0.45 0.07 | 037 0.51
Mean All 064 | 125 0.93 049 | 142 0.93

Table5-8: Summary datafor resilient response cycles2 and 100 all tests

In Table 5-8 the cells of maximum, minimum and overall mean resiliert deflection for

cycle 2 and cycle 100 are shaded. These will later be used for comparison to the

geophone data.
Testrun | Loading Far end (mm) Near end (mm Both (mm)
max | min [ mean | max | min | mean | max min mean

X (5-1) Centrd 1.80 0.86 137 0.83 012 | 049 1.10 0.81 0.93
A (3-1) Central 18 | 064 | 125 068 | 025 |047 | 127 0.45 0.86
B (4) 0.5 m ecc. 055 | 016 | 035 199 | 103 | 154 | 199 0.68 1.24
C (9) 0.5 m ecc. 033 | 011 |024 209 | 136 |166 | 113 0.80 0.95
AX(6) Centrd 1.85 0.64 133 0.83 012 | 048 127 0.45 0.91
BC (13) 0.5 m ecc. 0.55 011 | 0.27 2.09 1.03 1.62 125 0.68 0.95
All (19) Both - - - - - - 1.27 0.45 0.93

Table5-9: Summary data for resilient response cycle 2
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Test run | Loading Far end (mm) Near end (mm) Both (mm)
max | min mean | max | min mean | max | min | mean
X (5-1) Central 171 | 0.65 1.00 0.76 | 0.39 0.4 113 [ 055 | 077
A (3-1) Centra 090 | 066 |0.78 084 | 037 | 061 087 | 051 | 0.69
B (4) 0.5 m ecc. 043 | 014 | 0.27 226 | 079 | 164 133 | 052 | 0.95
C (9) 0.5 m ecc. 067 | 007 |[0.22 269 | 143 | 186 138 | 083 | 104
AX(6) Central 171 | 065 | 093 084 | 037 | 056 113 | 051 | 074
BC (13) 0.5m ecc. 0.67 | 0.07 0.24 269 | 0.79 1.80 138 [ 052 | 102
All (19) | Both - - - - - - 138 | 051 | 0.93
Table5-10: Summary data for resilient response cycle 100
5.2.6. Interpretation; vertical resilient data

Figure 5-17 and Figure 5-18 show box and whisker plots for cycle 2 and cycle 100

respectively. It is important to bear in mind that these graphs represent relatively few

tests but some trends can be identified.
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Figure5-17: Box and whisker diagram of resilient response for centrally loaded tests
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Figure5-18: Box and whisker diagram of resilient response for 0.5 m eccentrically loaded tests

Although the terms near and far should have no meaning in the context of centraly
applied load, in centrally loaded tests (Figure 5-17) there is some indication that the
near sleeper end deflects over a lesser resilient range than the far eeper end but that the
difference reduced with load cycles. This could be caused by random variation in the
data or a systematic effect of the testing apparatus. The near sleeper end corresponds to
the location where the lateral hydraulic ram is connected and is also closer to where the
load cells were located on the inside walls of the testing apparatus in test runs X and A.
It is thought that these two non-symmetric features of the rig may have caused a small
attraction of the load towards the near sleeper end and/or a stiffer ballast response
despite the load being applied centrally.

Figure 5-18 shows the eccentrically loaded tests. As expected a greater resilient range is
apparent at the sleeper end receiving the greater proportion of load (the near end).
Furthermore, the range of response aso increases, whereas at the opposite sleeper end
the range narrows. Overal the mean resilient range increases dightly. The median ratio
of deflection for test runs B and C is 1:6.4 at cycle two and 1:9.2 after 100 cycles,
perhaps indicating that the higher proportion of load leads to a greater resilient response
with increasing load cycles. However further experiments of more load cycles would be
required to determine if this behaviour continued in the longer term.
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The purpose of evaluating the resilient response of the laboratory tests was to compare it
to the geophone measurements and to confirm that, although some differences exist
because of difficulties in reproducing field conditions in the laboratory, the general

behaviour is similar in key aspects.

The proportion of load on each railhead in the laboratory experiments and at the two
sites where the geophone data on the WCML was taken varied, therefore it is
considered that it is most appropriate to compare the mean deflection for both sleeper
ends. In the laboratory experiments the mean deeper deflection has been shown to be

consistent regardless of the eccentricity of the vertical load.

Restating the geophone results where data was available for both sleeper ends of the

same sleeper, site 1:

the mean deflection was 0.70 mm for deepers Q and K with individual sleeper
response in the range 0.46 to 0.95 mm (Table 5-2).

At sites 2a and 2b:

the mean deflection was 1.14 mm with all results in the range of 1.07 to 1.22 mm
(Table 5-3).

The laboratory tests showed a range of mean resilient deflection for both sleeper ends
from 0.45 mm to 1.38 mm with an overall mean of 0.93 mm (see Table 5-8). Thisis
considered to place the laboratory tests well within the bounds of possibility for actual

track.
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5.3. Effect of loading rate on lateral response in the
laboratory experiments
5.3.1. Background

It has been long known that train speed, i.e. the rate of loading, has an impact on
recorded vertical deflection behaviour of the deeper/ballast interface e.g. Raymond
(1978). It is dso well known amongst geotechnical researchers that amplitude of strain
and rate of loading influence the shear behaviour of soils, e.g. Hardin and Drnevich
(1972), Lo Predti et al., (1997).

The measured deflection of a soil medium subject to a shear force includes components
of plastic and elastic strain. However, it is difficult to make a distinction between the
magnitudes of each of these two components within globally measured deflections
(Hardin, 1978), and the issue is further clouded when creep (also termed stress

relaxation) is considered.

Kuwano (1999) showed that, for a sand, creep (d¢) obeys alog time (t) relation for shear

(t) so the longer a force is present and the greater that force the more creep. This may
be expressed:

d. = At In(t) Equation 5-3
Where A is a constant

This expression is only valid when the shear stress is maintained at a constant level; for
dynamic loading Equation 5-3 may be evaluated over small increments and the results

summed.

This research aims to characterise the latera pre-failure behaviour of the sleeper ballast
interface. To that end, it is important that loading rate effects, i.e. the contribution of
stress relaxation is assessed and testing procedures adopted to minimise any impact on
both the comparability and quality of testing results.

Since stress relaxation is a function of time, at higher rates of loading (i.e. train speeds)

stress relaxation has less time to develop. In this section the sensitivity of stress-
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relaxation to loading rate is investigated and appropriate procedures adopted so that its
influence on results is minimised and the applicability of results to the real track
environment with rapid rates of loading from high speed trains is optimised.

It is not possible to determine the magnitude of plastic and elastic strains from the
globally measured strains in the laboratory experiments. However the laboratory
experiments differ from the real track environment where, after train loading, restorative
forces in the form of tension in the rails may act to recover lateral displacement in
addition to restorative forces from the ballast. As such it is considered that the purpose
of this research is to prepare the way for further 3 dimensional models to be devel oped
which can couple the sleeper/ballast behaviour to the behaviour of the whole track
system.

5.3.2. Assessment of loading rate effects based on laboratory

tests

After the application of the vertical loading cycles, al test set-ups were subject to an
initial 10 pseudo static lateral load cycles as detailed in Chapter 4. Figure 5-19 shows a
typical deflection and load/time graph for this. The vertical applied load was maintained
at 70 kN (5 kN dead load is aso present) and the lateral load then cycled from 2 to 25
kN. The deeper deflection is re-set relative to zero when both the vertical load reaches
its maximum and a 2 kN lateral seating load have simultaneously been achieved. The
lateral load is applied through the railhead and the rail deflects relative to the sleeper
through the Pandrol fastening and pad. Both the rail and sleeper lateral deflection show
a drift over the loading cycles, this includes components of stress relaxation and plastic

strain.

Applications of aninitial 10 pseudo static cyclic loading tests on other test set-ups were
sometimes accompanied by sudden slips of the sleeper on the ballast, a potentially
dangerous behaviour. This behaviour did not usualy occur after the ten pseudo static
load cycles and this stage of test preparation was considered critical in ensuring that
subsequent tests were able to evaluate pre-failure behaviour without dangerous slippage

at higher frequencies of loading.
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Further justification for the application of an initial 10 cycles of load comesin that it has
been shown that the shear response of a granular medium stabilises after 10 cycles of
load (Lo Presti et al., 1997).
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Figure5-19: Deflection/time and load/time graph typical to all testsfor an initial ten load cycles
(set-up 1A)

To evaluate the contribution of stress relaxation to lateral sleeper deflection, three tests
were carried out on the same test set-up where the lateral load was maintained at a high
and then low constant level in the presence of a uniform vertical load of 75 kN on the
dleeper/ballast interface. The maximum lateral load was maintained for approximately 4
minutes and the load was then reduced back to 2 kN and maintained for 8 minutes to
observe any recovery. Load/deflection graphs are shown in Figure 5-20, Figure 5-21,
and Figure 5-22; and aload and displacement/time graph for one of the testsis shown in
Figure 5-23. The proportion of lateral to vertical load at failure will later (Chapter 8) be
shown to have occurred by aratio of lateral to vertical load of about 0.45 as an average
of a number of tests at 2 mm of deflection, therefore in these Figures the proportion of
load to failureis as shown in Table 5-11.
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Figure Vertical Load Likely Failure Maximum Maximum
on Lateral Load Lateral Load applied lateral
sleeper/ballast [0.457 vertical Applied (kN) load asa
interface (kN) load] (kN) proportion of

failureload (%)

5-20 75 A 10 29

5-21 75 A 15 43

5-22& 5-23 | 75 A 20 58

Table5-11: Proportion of lateral load to failureload in stress-relaxation evaluation tests
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Figure5-20: Lateral load/deflection graph to show creep, vertical load 75 kN, lateral load 2 to 10
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Figure5-22: Lateral load/deflection graph to show creep, vertical load 75 kN, lateral load 2 to 20
kN
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Figure5-23: Lateral load and deflection/time graph to show creep, vertical load 75 kN, lateral load
2to20kN

Table 5-12 shows the magnitudes of creep and the creep as a proportion of total
deflection at maximum load.

Creep at peak load
Peak Proportion | From To Range | Creep asa
lateral of failure proportion of
load (kN) load maximum deflection
20 58% 0.291 0.343 | 0.052 | 18%
15 43% 0.187 0.226 | 0.039 | 21%
10 2% 0.091 0.112 | 0.021 | 23%

Table5-12: Summary of creep data

The proportion of creep in relation to the maximum deflection is similar in al three tests

and appears insengitive to the changes in proportion of failure load.

After these relatively slow tests more rapid tests were carried out to ascertain if stress
relaxation was apparent at more realistic rates of loading using a sinusoidal lateral

loading waveform that could represent trains passing at slow speeds (although the loads
would be representative of trains curving at high speed). Figure 5-25, Figure 5-26 and
Figure 5-27 show load/deflection graphs for increasingly rapid rates of loading from 0.2
to 0.5 Hz where the vertical load is maintained at 75 kN and the lateral load is cycled
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from 2 to 20 KN over 5 cycles. Table 5-13 summarises the change in deflection at peak
lateral load between cycle 1 and cycle 5.

Note that in the cyclic tests carried out it is not possible to evaluate the magnitudes of
elastic strain, stress-relaxation and plastic strain separately although it is possible to

observe and measure their combined effects. This is partly because the lateral load has

not been cycled from 0 kN, instead, because the testing apparatus was designed only for
tension (pulling) lateral loading, a minimum lateral load of 2 kN is always applied.
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Figure5-24: Lateral load/deflection graph, lateral load cycled from 2to 20 kN in sineform over 10

cyclesat 0.2 Hz
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Figure5-26: Lateral load/deflection graph, lateral load cycled from 2to 20 kN in sineform over 5

cyclesat 0.4 Hz
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Figure5-27: Lateral load/deflection graph, lateral load cycled from 2to 20 kN in sineform over 5

cyclesat 0.5 Hz

The load/deflection graphs show hysteresis caused by energy dissipation. A large
difference in lateral deflection from the initial position to after the first cycle a 2 kN is

also apparent.

Direct evidence for stress relaxation can sometimes be seen in the load/deflection

graphs where the peak deflection for a load cycle occurs after the load has begun to

reduce from its maximum value.

Loading | First cyclepeak | Fifth cyclepeak | Timeinterval: first | Range: first cycle
rate (mm) (mm) cycle peak to fifth peak to fifth cycle
(H2) cycle peak (s) peak (mm)

0.2 0.349 0.369 20.0 0.020

0.3 0.300 0.317 133 0.017

0.4 0.281 0.302 10.0 0.021

0.5 0.283 0.299 8.0 0.016

Table5-13: Summary of sleeper movement for increasing loading frequencies between first and

fifth cycles

In producing Table 5-13 it was difficult to ascertain exactly the point at which the

displacement reaches a peak for given load due to atoo slow sampling rate. This error is

minimised when considering the greater deflections corresponding to the fifth cycle,
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where the dower tests have greater fifth cycle peaks indicating greater proportions of

stress-relaxation and plastic strain.

The geophone data shows that in-service Pendolino speeds of about 110 mph mean that
the 36 axles typically pass within 6 seconds, which is an average of one axle every 1/6
of a second or 6 Hz, with axles on the same bogie passing in ~0.05 seconds or 20 Hz.
Such high loading frequencies were not possible with the hydraulic rams available in
the laboratory, although some tests, not reported here, were carried out at up to 5 Hz. In
these tests the lateral ram was not able to apply the loading exactly, falling short over
each cycle by a small proportion (5 to 10%) of the maximum and minimum loads
commanded. However, these tests did confirm that little change in the load/deflection
response was apparent over individual cycles whether the loading rate was at 0.5 Hz or
SHz

Following these tests it was decided that the resulting behaviour would be comparable
to real track conditions and stress relaxation could be minimised for test data over single
cycles of load provided the loading rate was relatively fast (e.g. 3 0.5 Hz) and provided

al tests were at the same rate
5.4. Summary of Chapter 5

Geophone data were used to characterise the likely vertical range of resilient deflections
occurring on actual track at the high and low deeper ends as Pendolinos travelled
around relatively sharp curves on canted track of the WCML.:

A range of resilient movements was measured over a short track length of Sleepers,
identifying the variability of the resilient range of deflection.

The relative deflections of the high end and low end of sleepers were shown to be
significantly biased towards the end receiving the greatest load, similar to a
proportioning of load.

The test preparation procedure was validated by comparison to geophone data and
actual plastic strain data reported in the literature:
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In the field arange of resilient deflections was observed across different deepers and
in the laboratory different tests showed a range of results despite the similarity of
test preparation and the same depth of ballast.

The plastic strain in the laboratory was generally higher for each test than from a test
track in the USA. However general behaviour was similar, following a power
relation trend line, and differences can be explained by the mechanical preparation
procedure used on real track and differences in the superstructure and substructure
between the test track and the laboratory.

The rapid initial strain rates also showed the importance of an initia 100 vertica
load cycles to bed in the deeper/balast contact prior to cyclic lateral, vertical and

moment loading tests.

Lateral loading rate effects were also assessed and:

Appropriate loading frequencies and appropriate ratios of vertica and lateral load
were identified to minimise stress relaxation effects as far as possible and to

optimise comparability between different test results.

These practices were adopted in the methods set out in Chapter 4.
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6. The impact on confining stress within the ballast

from cyclic vertical loading
This Chapter relates to the objective set out at the end of Chapter 1 to:

Quantify the development of confining stress within the ballast at the end of an
initial 100 Pendolino axle loads on freshly prepared ballast and assess its impact on
deeper/ballast interface behaviour.

This Chapter is divided into two main sections:

1. A review of the known behaviour of ballast: this section provides a context of how
the results fit into known ballast behaviour and provides justification for the use of
pressure plates within the testing rig developed for this research.

2. Confining stress within the ballast layer, this section examines pressure plate
laboratory data during the first 100 load cycles and uses results from a finite element
model of the experiment to investigate changes in ballast earth pressure ratio during

load cycles.

At the end of the Chapter a summary draws together results from each section and links
in with the objectives set out in Chapter 1.

6.1. A brief overview of the known characteristics of ballast
material behaviour

In this section it will be demonstrated that while tests used on ballast to measure
material properties can be used to show that ballast behaves in a similar way to other
granular materials such as sand, typical soil mechanics tests have several drawbacks
when compared to the railway environment and, despite recent advances, e.g. Indraratna
and Salim (2005), are unable to adequately explain certain features of track lateral
behaviour.

It is well known that the lateral resistance of the sleeper/balast interface improves
during trafficking after placement or maintenance tamping e.g. Sussman et a., (2003);
Wood, (1993a); Wood, (1993b); Esveld, (2001); Selig, (1980); Selig and Waters,
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(1994). In some cases the loss of lateral resistance during tamping means that speed
restrictions are applied until sufficient traffic has restored lateral resistance to acceptable
levels. However, speed restrictions are costly to train operators and so Dynamic Track
Stabilisation (DTS) systems have been developed to simulate the effect of traffic to
reduce the need for speed limits. Esveld (2001) reported research by Deustche Bahne,
carried out in the 80s, comparing the lateral resistance for track where aDTS had been
applied to track where no DTS had been applied. Test data of mean individual sleeper
resistance indicated that a DTS could simulate the effect of over 100,000 cumulative
tonnes of traffic and typically increased individual mean sleeper lateral resistance from
just under 6 kN to just under 8 kN.

The reasons behind the increase in latera resistance are not clear. It may be supposed
that trafficking causes structural changes within the ballast layer enabling it to better
withstand lateral loads. It may further be deduced that these changes are driven by
vertical cyclic loading because increases in lateral resistance are reported on straight

sections of track where lateral cyclic load is minimal.

Structure in granular materials may be classified according to whether it results from
bonds between the particles (bonded structure), or from particle interlocking, as in the
case of ballast, when it is termed fabric structure (Barton, 1994). However, structural
changes to ballast do not sit well within elastic models of material behaviour, and
compared to other granular materials (clay, sand) ballast presents particular problemsin
commonly used tests to determine material properties due to the relatively large grain
size. Despite the difficulties, several researchers have used large scale triaxial tests to
show that the behaviour of ballast is highly influenced by stress state. Raymond and
Davies (1978) carried out triaxial tests on a tough dolomite railroad ballast, in a large
cell measuring 225 mm in diameter and 450 mm in height. Test samples were saturated,
drained and tests performed at a constant rate of strain. Grain sizes were from 4 mm to
40 mm with over 50% in the range 10 mm to 20 mm. This is finer than NR's UK
specification, (Safety and Standards Directorate Railtrack PLC RT/CE/S/006, 2000).
Findings indicated that the shear strength and tangent modulus varied significantly with
both confining pressure and density as shown in the scanned images reproduced as
Figure 6-1, Figure 6-2 and Figure 6-3.
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Figure6-1: Triaxial tests: Triaxial shear test resultsreproduced with permission from Professor

Raymond (Raymond and Davies, 1978)
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Figure6-3: Triaxial shear test, Mohr circlereproduced with permission of Professor Raymond
(Raymond and Davies, 1978)

The intercept in Figure 6-3 was attributed to dilatancy, changing friction angle or
particle interlock due to compaction. Similar findings were reported by Indraratna
(2002) who carried out large scale (300 mm ~ 600 mm) triaxial tests on ballasts used on

raillways in Australia
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Indraratna and Salim (2002) further proposed a mathematical model for the behaviour
of the ballast that accounted for particle breakage and dilatancy to explain changes to
the peak friction angle with increasing confining pressure. Figure 6-4 illustrates the
behaviour that the model accounted for, no precise data points are provided and no
absolute value may be scaled from the figure which is to show trends only. The
possibility that the internal friction angle of the ballast may increase at low confining
pressures has implications for the resistance that a shoulder of ballast can provide. This
will be further investigated in Chapter 7.

60 —
_ fp (peak friction angle)
%6 — / fip (includes breakage but excludes dilatancy)
Friction -
Angle -
f: Degrees i Dilatancy ™S ___-__.
Sati I I S~_Compression (-)
o | - I Particle Breakage

" \

fs (excludes particle breakage and dilatancy)

T T T T ] ] >
0 100 200 300 400
Initial effective confining pressure: kPa

Figure 6-4: Effect of particle breakage, dilatancy and confining pressure on the friction angle of
latite basalt (&g = 37.0mm) (I ndraratna and Salim, 2002)

Fair (2003) carried out drained monotonic, 100,000 cycle and post cyclic monotonic
tests on 236 mm diameter by 455 mm high specimens of wet and dry nominal 50 mm
sized ballast from (then) Railtrack stockpiles at Bardon Quarry. For cyclic load tests the
maximum load applied was 11 kN, or 250 kPa considered similar to real track
conditions. Some tests were also damped by means of a wooden disc on the top and

rubber plate at the base of the cylinder which was intended to simulate the railway
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environment. The resilient moduli® were calculated at key numbers of loading cycles,

results are presented in Table 6-1.

Specimen Cell Average Resilient Modulusfor Cycles (M Pa)
kP&
(kPe) 100 | 1k | 10k | 100k | 500k | 1M | 1.8M

T24 (dry) 40 211 | 259 | 313 | 298 - - -
T38 40 215 | 252 | 284 | 313 - - -
T57 40 197 | 221 | 272 | 364 - - -
T25 0 275 | 317 | 347 | 356 - - -
T36 0 301 | 326 | 354 | 378 - - -
T37 0 300 | 326 | 368 | 369 - - -
T61 140 353 | 379 | 398 | 385 - - -
T62 140 360 | 367 | 357 | 386 - - -
T64 140 350 | 386 | 410 | 432 - - -
T77 240 548 | 601 | 693 | - - - -
T65 140 357 | - - - - - -
T66 140 370 | 431 | - - - - -
T67 140 342 | 376 | 391 | - - - -
T75 0 318 | 335 | 361 | 403 385 316 | -
T42 0 273 | 295 | 327 | 373 385 258 | 233
T69 (damped) | 140 213 | 217 | 227 | 259 - - -
T80 (wet) 40 182 | 212 | 251 | 219 - - -
T83 0 230 | 262 | 305 | - - - -
T78 140 281 | 268 | 282 | 246 - - -

Table6-1: Vertical resilient modulusfrom cyclic triaxial tests (Fair, 2003)

Figure 6-5 takes the data presented by Fair (2003) shown in Table 6-1 and plots the

mean resilient modulus for each group of data with the same testing conditions (cell

pressure, wet/dry, damped).

8 The resilient modulus neglects plastic strain, Elastic track system models (e.g. Geotrack) commonly

assign the resilient modulus as the Y oung’s modulus as these models are not capable of allowing plastic

strain.
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Figure6-5: Vertical resilient modulus plotted against load cycles, mean of data from triaxial tests
reported by Fair (2003)

Figure 6-5 shows that the resilient modulus may vary with the number of cycles,
perhaps reflecting changing structure, and whether the ballast is wet or dry. Up to
100,000 load cycles the resilient modulus generally increases (so observed deflection
within the cycle would decrease) unless the specimen is wet in which case it has already
begun to lose some stiffness. After a certain number of cycles it is expected that the
ballast should become life expired and material behaviour begins to degrade, thisis only
apparent for samples T75 and T42 in Fair's data. The term life expired may be taken to
refer to the manifestation of a critical weakening of the particles due to the build up of
fractures within the particles caused by the repeated cyclic loading and an increase in

the rate of particle breakage.

Although these results are insightful there are significant differences between the
loading of the ballast in all these triaxial tests and train/track loading of ballast. The
triaxial cells confine the ballast at a constant stress in both horizontal axes. In contrast,
on actual track laterally away from the track the ballast is unconfined and as each axle
passes, vertical load and horizontal confining stresses vary in approximate proportion to
the vertica load. Furthermore the confining stresses applied in these tests are

substantially higher than on real track (as the results of the laboratory tests carried out
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for this research will demonstrate later) and ballast would probably be expected to
remain in service longer than the 1M to 1.8M cycles that apparently caused the ballast

to become life-expired in these tests.

Triaxial testing is a well established method of determining the properties of granular
materials and is usually sufficient in more traditiona civil applications where load is
static, long term and applied to a soil consisting of a large number of particles.
However, changes occurring in the structure of soil materials are more difficult to
quantify and such changes take on an increased importance when grain sizes are

relatively large in comparison to the volume occupied by the material.

The importance of fabric structure has been demonstrated for certain types of sands, for
example, the locked sand investigated by Cresswell and Powrie (2004) showed a peak
friction angle of 60° in triaxial tests at a confining pressure of 50 kPa owing to its fabric
structure. This is amost double the critica state friction angle (31°) of the unstructured
material. Similar behaviour has been observed in triaxial tests on ballast (Indraratna et
al., 1998); these showed a very non linear failure envelope, with a peak friction angle of
65° at 30 kPa and in excess of 80° at 1 kPa. Such very high peak strengths indicate that
the contribution of fabric structure to the behaviour of ballast is hugely significant.

However, it is very difficult to measure structural changes occurring on an inter-particle
scale within the ballast layer. In contrast deflection measurements at the boundaries of
the ballast layer can be made relatively easily and much research has focused on
evaluating the vertical plastic strain and resilient behaviour.

In addition to measuring vertical load/deformation behaviour, the testing apparatus
developed in this research was equipped with pressure plates n the inside walls to
record horizontal confining stress in a vertica plane across the track at mid Sleeper
spacing where it would not normally be possible to obtain data. In this Chapter,
amongst other things, the data from these load cells will be examined for evidence of

the development of structure with vertical loading cycles.
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6.2. Confining stress within the ballast layer, laboratory
and finite element data
6.2.1. Background

While we know that the lateral failure resistance improves with traffic, the fundamental
mechanism by which this occurs is not fully understood. It is thought that changes to

confining stress may reflect changes in structure that occur with load cycles.

To further investigate this, a description of the changes in the measured horizontal
confining stress and vertical to horizontal earth pressure ratio in the ballast layer during
the first 100 vertical load cycles common to each test is presented and an interpretation
of the data is made with the aid of afinite element model of the testing apparatus.

6.2.2. Methods

Methods: laboratory tests

Pressure plates were placed on the inside of the testing apparatus as shown in Figure 6-6
to measure the confining stress within the ballast during the first 100 vertical loading
cycles in each test.
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applied lateral
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B: Position of pressure plates for tests: C8, C9, D1

Figure 6-6: Position of pressure plates, elevation from inside the testing apparatus

Methods: finite edement model

A finite element model of the laboratory experiment was set up to evaluate vertical

stress as shown in Figure 6-7 and Figure 6-8.

The finite element model permits comparison of the experimentally measured horizontal
confining stress with the finite element calculated vertical stress. Hence, changes with
load cycles in the earth pressure ratio (earth pressure coefficient) can be deduced. The
earth pressure ratio is defined in Equation 6-1.

Equation 6-1

A

I
n|ln

|-

<

The finite element model was not used to calculate directly the horizontal confining

stress because the earth pressure coefficient is highly dependent on Poison’s ratio
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which, for a ballast has been shown to vary with stress state e.g. see Figure 6-2.
reproduced from Raymond and Davies (1978). Further complexity in the behaviour of
the earth pressure ratio is introduced if the soil is anisotropic; however, ballast particles
are angular and rotund and recently placed ballast on railway has minimal loading
history, and is consequently not bedded or laminated in any way that would imply
anisotropic behaviour.

Load applied as two pressures across 100 by 285
mm area at location of railpad. Initial load is set
so that 10 kN is on the sleeper/ballast interface
including the self weight of the sleeper.

Sleeper
The floor was assigned an
elastic foundation of 0.1 N/mn?
stiffness and the sideswere held rigid

Ballast

Figure6-7: Finite element model, general view showing partitions

Figure6-8: Finite element model, view showing mesh

Elastic material properties were assigned as shown in Table 6-2. The dimensions of the

component parts of the finite element model are shown in Table 6-3. The finite element
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model was evaluated for the four load cases shown in Table 6-4 using linear hexahedral
elements of type C3D8R (ABAQUS, 2007).

Material Young's | Poisson’s | Self weight per volume and as a total
properties modulus | ratio for the volume modelled
N/mm? N/mm?® kN
Ballast 300 0.3 0.000015 105
Sleeper 34000 0.3 0.000022 3.1

Table6-2: Material properties

The material properties were assigned after consideration of tests such as those by Fair
(2003), and finite element models such as those by (Grabe, 2002) and (Powrie et al.,
2007). A rigidly supported base was found to result in a vertical sleeper deflection of

0.11 mm therefore the base was assigned an elastic foundation so that the vertical

deflection would attain a realistic value (~1 mm).

Preliminary variations of the modelling parameters chosen demonstrated that the

vertical stress was largely insensitive to changes in Young's modulus and Poisson’s

ratio in the ballast layer over the probable range of material properties.

Dimensions | Width Height Length
(mm) (mm) (mm)
Sleeper 285 200 2500
Ballast top 650 300 3300
Ballast base 650 3900

Table 6-3: Dimensions of material components of model

L oad Pressure | Pressure | Load Load | Total load at Correspondsto

cases far pad near pad | far near sleeper base (there | laboratory tests (a5

evaluated | (N/mm?) | (N/mm?) | pad pad | isalsoa3kN kN dead load is

(kN) (KN) | weight of slegper) | present at the sleeper
(KN) base).

elasticl 0.123 0.123 35 35 7 5KkN centrally applied
laboratory |0ad

elastic2 1351 1351 38.5 385 7 75 kN centrally applied
laboratory |0ad

elastic3 0.041 0.205 12 5.8 7 5KN 0.5 m eccentric
applied laboratory load

elastic4 0.450 2.251 128 64.2 77 75 kN 0.5 m eccentric
applied laboratory load

Table 6-4: Load cases evaluated

Note that there is a 3 KN self weight sleeper load so that the load at the sleeper/ballast
interface varies between 10 and 80 kN as in the laboratory experiments.
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6.2.3. Results vertical and horizontal confinement stress,

experimental and finite element data
Results: Experimental

The confining stress has been measured at the minimum and maximum points of each
load cycle in the graphs presented in Figure 6-9 to Figure 6-20, as a mean across all four
pressure plates and individually. These Figures show results from selected tests (chosen
from the test runs shown in Table 4-2) to show characteristic behaviour. Summary data
from all testsis presented in Table 6-5 and Table 6-6.
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Figure 6-9: Comparison of cyclic minimum and maximum measured confining stress, as mean for

all plates when theload is central, platesin initial position, test 1A
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Figure 6-10: Comparison of cyclic minimum and maximum measured confining stress, for each

platewhen theload is central, platesin initial position, test 1A
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Figure6-11: Comparison of cyclic minimum and maximum measured confining stress, as mean for

all plates when theload iscentral, platesin initial position, test 3A
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Figure 6-12: Comparison of cyclic minimum and maximum measured confining stress, for each

plate when

theload iscentral, platesin initial position, test 3A
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Figure 6-13: Comparison of cyclic minimum and maximum measured confining stress, as mean for

all plates when the load is eccentric, platesin initial position, test 2B
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Figure 6-14: Comparison of cyclic minimum and maximum measured confining stress, for each

plate when the laad is eccentric, platesin initial position, test 2B

144



Confining stress (kPa)

30

25

20

15

10

——Mean minimum all pressure plates

——Mean maximum all pressure plates

80

0

20 40 60

Load cycles

100

Figure 6-15: Comparison of cyclic minimum and maximum measured confining stress, as mean for
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all plates when the load is eccentric, platesin initial position, test 3B
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Figure 6-16: Comparison of cyclic minimum and maximum measured confining stress, for each

plate when theload is eccentric, platesin initial position, test 3B

145



——Mean minimum all pressure plates

——Mean maximum all pressure plates

N
ol

Confining stress (kPa)
[
ul

N
o

10 feorerssogre {
5
0 T T T T
0 20 40 60 80 100
Load cycles

Figure6-17: Comparison of cyclic minimum and maximum measured confining stress, as mean for

all plates when theload is eccentric, platesin initial position, test 6C
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Figure 6-18: Comparison of cyclic minimum and maximum measur ed confining stress, for each

plate when the load is eccentric, platesin initial position, test 6C
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Figure 6-19: Comparison of cyclic minimum and maximum measur ed confining stress, as mean for

all plates when theload is eccentric, platesin secondary position, test 9C
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Figure 6-20: Comparison of cyclic minimum and maximum measured confining stress, for each

plate when theload is central, platesin initial position, test 9C
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Minimum Maximum | Mean of minimum and
mean (Pa) mean (Pa) [ maximum means (Pa)
Initial 10kN 3491 6643 4738
Initial 80kN 10706 17582 14195
Final 10kN 5242 10649 7104
Final 80kN 7997 14254 10790

Table 6-5: Summary of measured confining stress for centrally loaded tests, mean for all tests

pressure platesin initial position, (test runs X and A)

Minimum Maximum | Mean of minimum and
mean (Pa) mean (Pa) | maximum means (Pa)
Initial 10kN 2939 7022 4856
Initial 80kN 14046 23071 18425
Final 10kN 5581 12172 7982
Final 80kN 10141 19209 13428

Table 6-6: Summary of measured confining stressfor eccentric loadedtests, mean for all tests

pressure platesin initial position, (test run B, C1to C7)

Results: Finite edlement model

The vertical stress was evaluated in the finite element model aong the sides of the test

rig passing across the position of the pressure plates. Data at key depths is presented in
Figure 6-21, Figure 6-22 and Figure 6-23. Vertical stress contour plots are also shown
in Figure 6-24.
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B. Load case 1: 80 kN, centrally C. Load case 4: 80 kN, 0.5 m eccentricity

Figure6-21: Finite element modelled vertical stress acrossthetrack at key depthsalong the sides of
thetesting rig, O=ballast surface, 300=ballast base

In Figure 6-21, showing the vertical stress at key depths along the edge of the testing
apparatus, it is possible to discern the remnants of the w shaped stress distribution
immediately beneath the sleeper incorporated into Geotrack for the centrally loaded
cases 1 and 2. For load cases 3 and 4 where the load is eccentrically applied the increase

in stress to one side of the slegper dominates and no w-shaped distribution can be seen.

Figure 6-22 and Figure 6-23 show the vertical stress along a line vertically down the
middle of each plate, to the nearest 100 mm from the sleeper centre line (100 mm, 400

mm, 700 mm, and 900 mm) for all load cases and for both locations of the plates. These
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stresses have been averaged to produce the maximum and minimum stesses per plate

and as amean for al plates summarised in Table 6-7 and Table 6-8.

!

™. A A
Positionof plates: | 4 3 4 1
Central load
~plate 1 = plate 2 *plate 3 = plate 4
0
-5 \
g-_s? -10
< -15
[
5 -20
8 25
a 30
-35
-40 T T T T T
0 50 100 150 200 250 300
Depth (mm)
A.Load case1: 10 kN
*plate 1 = plate 2 *plate 3 = plate 4
0
| S
-10
T 20 T~
¢ % N
; \
5 -40 —
8 50
T 60
-70
-80 T T T T T
0 50 100 150 200 250 300
Depth (mm)

B. Load case 2: 80 kN,

|

Eccentric load

*plate 1 = plate 2 *plate 3 * plate 4

Pressure (kPa)

03

-5

@

-10

-15
-20

-25

-30

-35

40

0 50

100 150 200 250 300
Depth (mm)

C. Load case 3: 10 kN (plates near |oad)

Pressure (kPa)

~plate 1 = plate 2 *plate 3 = plate 4

c 4
_13 ?“\\\-\
N

-15 S —
20 \ \
-25

T —
gg ~.
s —
_50 T T T T T

0 50 100 150 200 250 300

Depth (mm)

D. Load case 4: 80 kN, (plates near load)

Figure6-22: Vertical stress over the depth of the pressure platesin their initial positions
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Figure6-24: Finite element model, vertical stress contour diagrams
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In Figure 6-24 the most rapid change in stress, identifiable by the close stress contours,
occurs as the load transfers from the railpads through the sleeper onto the ballast. Once
it reaches the ballast the load spreads and stress reduces rapidly with depth and width

from the deeper.
L oad case Plate 1 Plate2 Plate 3 Plate4 Mean
Pa Pa Pa Pa Pa
1, 10kN central load -4874 -5111 -5155 -5165 -5076
2,80kN central load -23034 -24487 -24513 -24264 -24075
3, 10 kN eccentric load -6080 -6047 -5814 -5337 -5820
4, 80 kN eccentric load -36276 -34762 -31749 -26142 -32232

Table6-7: Mean pressure per plate from finite element data, platesin initial position

L oad case Plate1 Plate 2 Plate 3 Plate 4 Mean
Pa Pa Pa Pa Pa

3, 10 kN eccentric load -4993 -4495 -4174 -3667 -4332

4, 80 kN eccentricload -22492 -17248 -14073 -9381 -15799

Table6-8 — Mean pressure per plate from finite element data, platesin second position

6.2.4. Interpretation, experimental and finite element data, vertical

and horizontal confining stress

In this section, general trends in the experimental measured confining stress with cycles
are highlighted and a comparison is made with the finite element calculated vertical
stress at the location of the pressure plates by evaluating the earth pressure ratio for

some of the tests.

In Figure 6-9 to Figure 6-20 it can be seen that measured stress for each individual
pressure plate varied significantly within each test and from test to test. However, taking
the pressure as a mean for all pressure plates in each test eliminates much of this
variation. For this reason, to identify general trends, the mean data across al pressure
plates will be considered. Figure 6-25 shows a box and whisker plot of all tests where
the load was centrally applied for the mean measured confining stress across al plates

for the initial and final loading cycles.
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Figure 6-25: Box and whisker plot of measured confining stress at cycle 1 and cycle 100 for

centrally loaded tests, pressure platesin initial position, (tests X, A)

Figure 6-25 demonstrates some trends:

The confining stress increases from its initial value at 10 kN of load from a median
of 4.8 kPa to 6.4 kPa after 100 load cycles.

The maximum confining stress when 80 kN of applied load is present reduces from
amedian of 13.0 kPato 11.7 kPa after 100 cycles.

Although not evidert from Figure 6-25, most of the changes in confining stress occur

during the first few loading cycles.

Figure 6-26 shows a box and whisker plot of data for the tests when the load was
eccentrically applied at a 0.5 metre offset, here the load is closer to the plates and the
confining stress is generally higher than in Figure 6-25. Figure 6-27 shows the same for
data after the plates have been relocated to the opposite side of the sleeper centre line
away from the eccentric load. There are only two tests in this data but the same broad
trends can il be seen at a generaly lower level of stress.
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Figure6-27: Summary statistics of measured confining stressfor eccentric loaded tests, pressure
platesin initial position, (tests C8 and C9)

The vertical stress calculated in the finite element analysis for each load case is plotted
against the measured horizontal confining stress in Figure 6-28, Figure 6-29 and Figure
6-30 for three characteristic tests representing the two loading cases and the two
positions of the pressure plates (for the central loading case the pressure plate results for
the two positions should be similar). The earth pressure ratio, at key numbers of cycles
during the load increase phase of each step (10 to 80 kN) is shown in Table 6-10. Also

shown on the Figures are lines to represent the active Ka) and passive Kp) earth
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pressure ratio as defined in Equation 6-2 and Equation 6-3 and shown in Table 6-9 for

friction angles of 40° and 45°.

_é-snf 'l‘:l Equation 6-2
® El+snfy
« - & +snf 'l;l Equation 6-3
P& dnfl
Friction angle | Kj Kp
40° 017 | 583
45° 022 | 460
Table6-9: Key earth pressureratios
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Figure 6-28: Finite element calculated vertical stress plotted against measured horizontal confining

stress as aver age acr 0ss pressur e plates (centrally loaded test 3A)
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Figure 6-29: Finite element calculated vertical stress plotted against measured horizontal confining

stress as aver age acr 0ss pressur e plates (eccentrically loaded test 2B, plates near to load)
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Figure 6-30: Finite element calculated vertical stress plotted against measured horizontal confining

stress as aver age acr oss pressur e plates (eccentrically loaded test 9C, plates away fr om load)
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Cycle | Ratioduring load step Ratio during load step Ratio during load step
3A 2B 9C
min max mean min max mean | min max mean
(Max | (Min (Max (Min (Max | (Min
load) | load) load) load) load) | load)
0 134 0.77 0.76
1 0.69 134 0.93 0.48 0.80 0.61 0.60 0.97 0.75
2 0.64 1.66 0.92 0.41 121 0.61 0.56 131 0.76
5 0.64 1.86 0.98 0.38 124 0.68 054 1.36 0.76
10 0.61 184 0.96 0.35 1.20 0.63 0.52 132 0.73
50 0.53 1.65 0.85 0.34 1.28 0.59 0.46 1.28 0.68
100 0.50 1.52 0.80 0.34 1.26 0.59 0.45 125 0.67

Table6-10: Summary of earth pressureratio at key numbers of cycles, tests 3A, 2B and 9C

The pressure plates for test 2B were located nearest to the eccentric load, so the vertical
finite element calculated stress and measured confining stress changed over the greatest
range. Because of this, trends are more clearly identifiable and Figure 6-29 is annotated;
the measured confining stress is shown at its lowest value when the test begins, as the
vertical load is applied, following the virgin loading line the confining stress reaches its
maximum. Subsequent cycles show the cyclic peak confining stress reducing whereas
the cyclic minimum changes little after the first five cycles of load. Similar behaviour

can be seen in Figure 6-28 and Figure 6-30.

These genera trends are reflected in the earth pressure ratio, the earth pressure ratio
appears to begin close to unity as each test begins and reduces over the initial loading
cycle manifested by a curving upwards of the initial load line in Figure 6-28, Figure
6-29, and Figure 6-30, thereafter this trend is reinforced with subsequent cycles having
an increasingly reduced earth pressure ratio at peak load i.e. it moves towards the active
condition. The earth pressure ratio at minimum load increases during the initial 5 cycles
moving towards the passive condition but then appears to stabilise with little change
occurring over the remaining 95 cycles. The behaviour a minimum load is in some
ways similar to known behaviour of over consolidated soils where it has long been
recognised that horizontal earth pressures can exceed vertical ones (Brooker and
Ireland, 1965). However, in contrast to tests carried out by Brooker and Ireland (1965)
in which normally consolidated reformed clays were consolidated in an oedometer
which was set up to prevent radia strain, the initial loading line in these tests is not
linear. This is perhaps because the ballast is able to strain horizontally in order to relieve

horizontal confining stress by moving towards the active case. In the experiments
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carried out by Brooker and Ireland it was demonstrated that the earth pressure ratio
increases with increasing over consolidation ratio, they further proposed that the value
of earth pressure ratio should curve to reach an asymptote with the passive earth
pressure as the OCR increases. If this were related to ballast, it may be reasonable to
expect that heavier axles would lead to higher unloaded earth pressure ratios. However,
the ability of the ballast to sustain higher earth pressure ratios is likely to be limited
because it is able to strain horizontally. It is also worth noting that within the paper by
Brooker and Ireland a reference is made to Jaky (1948) who put forward a relation for

the value of earth pressure coefficient (Ko) for normally consolidated soils.

Ko =1-d9nf’ Equation 6-4

Brooker and Ireland note that this relation applies better to cohesionless soils. Applied
to a soil with afriction angle of 45°, about that thought to be present in ballast this gives
a Ko vaue of 0.71. Although there is variation in the initial value of Ky shownin Table
6-10, this can be explained by an inconsistent sleeper/ballast contact which becomes

more consistent with loading cycles.

Stewart et al (1985) carried out a test to determine residual horizontal stresses in ballast
in a specially constructed rig. The ballast was confined within a steel box with plan
dimensions of 300 mm (ends) by 600 mm (sides) divided into four vertical tiers each
100 mm deep with instrumentation to measure the confining stress within each tier. In
the experiment an angular traprock (AREA No. 4 gradation) ballast was placed into the
steel box and a cyclic vertical load ranging up to 4000 |b (~18 kN) was applied through
a slegper segment of plan dimensions 225 mm by 290 mm. During the tests horizontal
pressures on side and end panels in each tier were measured over 10,000 load cycles.
Figure 6-31 and Figure 6-32 have been reproduced from similar charts produced by
Stewart (1985). The original figures are small and no absolute values are given so these

reproductions can only be considered accurate to the nearest 2 kPa.
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Figure 6-31: Horizontal stresseson side panels after Stewart (1985)
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Figure 6-32: Horizontal Stresseson end Panels after Stewart (1985)

In Figure 6-31 the pressure panels occupy approximately one third each in height of the
300 mm depth of ballast beneath the sleeper. Initially the upper of the two trend lines on
the graph for each tier represents the loaded case and the lower line the unloaded case,
these lines tend to converge with loading cycles. The end panels are further away from
the part sleeper. Thisallows the load some opportunity to spread and explains the lower
horizontal stresses measured in the end panels (Figure 6-31) than in the side panels
(Figure 6-32).

In Stewart’s tests the range of confining stress per loading cycle seems to stabilise at or

shortly after 100 load cycles, with limited convergence thereafter to 10,000 cycles. The
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confining stress in the tests for this research appears to undergo similar convergence
during the first 100 load cycles. However, Stewart’s tests differ from those carried out
for this research in that they confined the ballast from straining horizontally.

6.3. Summary of Chapter 6

Development of confining stress in the laboratory during the first 100 load cycles was

measured:

It was shown that the range of confining stress from minimum to maximum during
cycles narrowed with increasing numbers of cycles over the 100 cycles tests.

Comparison to finite element vertical stress showed that the earth pressure ratio
underwent changes during the 100 load cycles. In particular the data was conclusive
in identifying a reducing ratio at maximum load with movement towards the active
earth pressure ratio. At minimum load the earth pressure ratio increased during the

initial 5 cyclesin line with expected behaviour of over consolidated soils.

Although structure in ballast was not directly measured, the changes in measured
confining stress with loading cycles are considered powerful indicators that changes are
occurring to the structure of the ballast. These changes are thought to lead to the
increased lateral resistance measured on real track after trafficking. There is potential to

research this further and some of the recommerdations for further research at the end of
this report will address this.
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7. Characterising the pre-failure behaviour of the

sleeper/ballast interface

This chapter focuses on in-service behaviour due to combined cyclic vertical, lateral and

moment |loading with the objective to:

Characterise single sleeper interface properties (pre-failure) for use with dynamics
models eg. ADAMSRail (MSC software, 2008).

This Chapter is divided into two main sections:

Geophone monitoring on the WCML, characterising lateral d$eeper movement on
low radius curves of the WCML during passage of Pendolinos at high speed.

Lateral pre-failure response; examining laboratory data for pre-failure response for
different cyclic VHM loading regimes following the 100 vertical load cycles ard

making comparison with the geophone data.

At the end of the Chapter a summary draws together the findings from each section.

7.1. In-service behaviour of the sleeper/ballast interface:
Geophone measurements
7.1.1. Background & Methods

As described in Chapter 5, geophones were used to measure sleeper deflections on low
radius curves of the WCML. Five geophones were available to measure horizontal
sleeper movements; these were used to measure movement both along and lateral to the
track. The longitudina movements were much smaller than the vertica and lateral
deflections and are not considered relevant to the objectives of the current research. The

longitudinal results are not used in this report, athough some of these data are reported
in (Priest et a., 2008).

The geophones were only able to measure movement perpendiculuar to the direction of
gravity and do not give absolute lateral Sleeper movements in the plane of cant.

However, the difference is smal due to the low cant angle (5.7°) and so the
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measurements taken are considered to indicate pre-failure sleeper ranges of movement

in the plane of cant closely enough without correction for the effects of cant.

Site names and deepers are identified in accordance with the diagrams presented in

Chapter 5 and Appendix B.

7.1.2. Results

Four dleepers were identified across the three monitoring sites at Weedon where
measurements were taken of the vertical deflection at both the high and low deeper
ends as well as the latera movement, two seepers were at site 1 where the track rad
recently been tamped and a sleeper each from sites 2a and 2b where the sleepers were
inspected and appeared to be in good contact with the surrounding ballast in the crib,
and shoulder. 1t should be noted however, that some sleegpers near to those monitored at
sites 2a and 2b were observed to be in poor contact with the crib and shoulder ballast.
Again, as with the vertical data reported in Chapter 5, some data are taken from
different Pendolino trains but the difference in speed and weight of the different trainsis
minimal and does not introduce any significant discrepancy into the results. However,
the small differences in speed do mean that the peaks and troughs sometimes do not

align when plotted on the same deflection/time graph.

Figure 7-1 to Figure 7-6 show the deflection/time data in graph form. Two different
pairs of graphs are shown for the two sleepers at site 1 for different trains over the same
two seepers (train 1 and train 2), and there is one graph each from sites 2a and 2b. To
make comparison easier the data has been adjusted to the same train speed,
approximately 110 mph in each case. Also, the scale on the x and y axes is identical for
all reported data to make visual comparison easier. The lateral deflection is reported on
the right hand scale and offset lower in order to make the graphs clearer.
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Figure 7-1: Deflection /time graph for passage of a Pendolino train at site 1, sleeper K, set up 3,
datafrom set up 3, run 14, channels6, 4, and 8
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Figure 7-2: Deflection /time graph for passage of a Pendolino train at site 1, sleeper K, data from
set up 3, run 17, channels 6 and 8 with high end deflection from run 1, set up 1, channel 4
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Figure 7-3: Deflection /time graph for passage of a Pendolino train at site 1, sleeper Q, data from

set up 3, run 14, channels 2 and 7, with high end deflection taken from run 1, set up 1, channel 1.

1 2.5
Train 2
0.5 2
0 e 1.1-""/ 1.5
= Low end
E High end E
-E- 05 ﬂ.— I 1 E
8 [
=1 = ]
E 1 0.5 2
= |
Lateral
-1.5 L o= 0
-2 0.5
25 -1
1] 1 2 3 4 5 (-3

Time (s)

Figure 7-4: Deflection /time graph for passage of a Pendolino train at site 1, sleeper Q, data from
set up 3, run 17, channels 2, 7and 9
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Figure 7-5: Deflection /time graph for passage of a Pendolino train at site 2a, data from set up 5,
run 14, channels 2 and 6 with the low end data from setup 4, run 12, channel 10.
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Figure 7-6: Deflection/time graph for passage of a Pendolino train at site 2b, data from set up 3, run

8, channels 1, 2, and 3

165



7.1.3. Interpretation

Figure 7-1 to Figure 7-6 share some common features. In particular if the variation in
lateral deflection with timeis examined it can be seen that the second axle of each bogie
has a greater deflection than the first axle, often by a significant proportion. Recovery

between axles of the same bogie is aso not full.

The variation in vertical deflection with time of the high sleeper end also shows the
same genera behaviour athough the tendency of the sleeper to deflect more under the

second axle is less pronounced.

In contrast the low end sleeper deflection with time shows a reverse tendency in that the
vertical deflection for the first axle on each bogie is greater than the second axle. This

would seem to suggest that the forces are not distributed evenly into each axle.

The use of vehicle/track dynamic interaction models can explain this behaviour. Bezin
(2008) has shown, by means of computer simulation, that the observation can be
explained as a direct consequence of the bogie yaw rotation stiffness resistance

(secondary suspension) and the axles yaw stiffness (primary suspension) :

While curving, due to the wheel-rail contact conicity, the axles naturally tend to shift
away from the central position on the track, to a shifted equilibrium position where
contact forces are balanced. The bogie steering resistance reacts to this natura
behaviour and produces unequal lateral forces at the wheel-rail contact between the
front and rear axles of the bogie explaining the difference in measured seeper latera
deflection between axles on the same bogie. Additionaly, the axles latera movements
mean that the rolling radius increases on one side (contact towards the flange of the
wheel) while it reduces on the opposite side (contact towards the outside of the wheel)
this compresses the primary (axle) suspension on one side and uncompresses on the
other, explaining the differences for the measured vertical deflections. Since the front
and rear axles have been rotated by the secondary suspension onto opposite rails the
higher peak in vertical deflection occurs on opposite sides of the track for the two axles

of abogie.
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These trends can more clearly be seen taking the deflection/time plot for a two bogies

on adjacent cars as shown in Figure 7-7.
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Figure7-7: Close up of deflection/time plot for two bogies on adjacent carstaken from passage of a

Pendolino train at site 2b, data from set up 3, run 8, channels1, 2, and 3

Figure 7-8, Table 7-1 and Table 7-2 summarise the deflection/time data for axle 7 from
each of the four sleepers shown in Figure 7-1 to Figure 7-6. It should be noted however,
that axle 7 is the first axle of a bogie and the deflections shown are for the range of
movement from the trough prior to axle 7 to the peak deflection for axle 7. Larger
ranges of movement may be obtained by considering the trough prior to bogie passage
and the peak during bogie passage (i.e. axles 7 and 8 together).
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Figure7-8: Bar chart to compare displacement range for axle 7 at sites 1, 2a and 2b

Deflection for axle 7 (mm)

Sleegper K Sleeper Q
Train 1 2 1 2 Mean
High 0.62 0.63 132 1.39 0.99
L ow 0.31 0.36 0.55 0.42 041
Ratio H/L | 2.00 175 2.40 331 2.37
Lateral 0.17 0.18 041 04 0.29

Table7-1: Summary of displacement rangesfor axle 7 on sleepersK and Q atsite 1

Deflection for axle 7 (mm)

Site2a Site2b | Mean
High 171 147 1.59
L ow 0.66 0.72 0.69
Ratio H/L | 2.59 204 2.315
Lateral 0.23 0.4 0.315

Table 7-2: Summary of displacement rangesfor axle 7 on sleepersat sites 2a and 2b

Examining the combined vertical and latera deflection behaviour shows that the lateral
behaviour shows the same trends previously outlined in Chapter 5, sleepers give

consistent magnitudes of deflection for different Pendolino trains travelling at the same
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speed whilst comparison of seepers seemingly subjected to similar loads can have

varied response.

Restating the results from the static analysis of forces on the railheads at sites 1 and 2
previously presented in Chapter 5 Table 5-4:

Site | Cant | Radius | High rail Low rail Lateral
(mm) | (m) vertical vertical (kN)
force (kN) | force (kN)
1 150 1230 R 56 14
2 150 1025 ) 49 20

Table 7-3: Forceson therailsnormal to thetrack and lateral to thetrack relative to the plane of

cant

It is clear that significantly more lateral load would be expected to reach the sleepers at
site 2 than at site 1. However, as with the vertical deflection thisis only partly reflected
in the lateral deflection from the geophone data. Sleeper Q at site 1 shows a higher
lateral deflection than the dleeper at site 2a despite the lower likely load. This means
that the general trends described in Chapter 5 can also be applied to the lateral sleeper

deflection behaviour.

7.2. Pre-failure behaviour of the sleeper/ballast interface:
Laboratory results
7.2.1. Background

In this section results from laboratory tests relating to the pre-failure response of the
sleeper/ballast base contact area to cyclic vertical, horizontal and moment loading are

presented.

In addition, by examining the load/deflection behaviour of the laboratory data a
mathematical relation is proposed to describe the pre-failure behaviour, which has the
potential to be used in a train/track interaction model such as ADAMS/Raill (MSC
software, 2008).

However, before the laboratory results are presented it is useful to review the known
behaviour of granular materials subjected to shear loads and consider how closely
elagtic theory is able to model this.
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Consider an element of ballast in contact with the sleeper across its top surface (Figure
7-9) where the z-axis is along the length of the track, the x-axis is laterally across the
track, the y-axis is vertical and d corresponds to the sleeper lateral deflection due to

shear stress alone.

A
v

dx

Figure 7-9: I dealised sleeper/ballast interface element in pure shear

The symbol g denotes shear strain and t shear stress.

The element isin plane strain therefore:

The lateral deflection on the sleeper would then depend on the shear modulus G so that
the shear force and shear strain would be related by:

— Equation 7-1
t,=CGg, aq

To determine G for a material in plane strain, tests are required to measure the
deflection at the top of the element d for a known shear force such that the shear strain

may be determined:
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If D isthe depth of ballast, and the shear strain is small:

g. = d Equation 7-2
¥ D

In a linear elastic medium, G would be constant and the relationship between shear

strain and shear stress would be linear.

However, G is known to vary with strain in granular materials as shown in Figure 7-10.

It is aso highly probable that G varies with depth of granular medium.

Very Small strains Larger strains
small

G strains

Go

»
»

Shear strain (log scale)

Figure 7-10: Idealized stiffness/strain curve after Atkinson & Sallfors (1991)

To make use of the relationship shown in Figure 7-10 both G and a function for the

reduction in shear modulus (G) with shear strain are required.

Go, theinitial value of the shear modulus at very low deflections, is thought to be related
to the mean effective confining pressure p’. Many researchers have developed equations

of the form:

G, = A p™ Equation 7-3
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Where A and ng are dimensionless constants for a particular material. Different versions
of this equation may be traced back in the literature for a number of decades e.g. Hardin
(1978). Furthermore it can be shown, using Hertzian contact theory, that for an
assembly of spheres in contact with linear elastic properties the bulk modulus is related
to a one third power of the pressure (Wroth and Houlsby, 1985). For a linear elastic
material the bulk modulus may be considered to behave similarly to the shear modulus
so that only the constant Ap would change in Equation 7-3 and the power n could be
1/3. For angular particles n is suggested to be 0.5 (Wroth and Houlsby, 1985).

Rampello et a, (1994b), in areport of a conference panellist discussion stated that many
researchers have included the void ratio and the over-consolidation ratio of the medium

into Equation 7-3:
G, = S.f (OCR*p™™ Equation 7-4

Where, S, k and ng are constants, f(e) is a function of the void ratio, OCR is the over
consolidation ratio. The OCR and f(e) are arguably both measures of the quality of
inter-particle grain contacts; therefore Rampello et a. (1994a) proposed that the void

ratio can be eliminated so simplifying the expression:
G, = SOCR"p" Equation 7-5

For a medium such as railway ballast the void ratio and over consolidation ratio may be
considered as more or less constant for a particular type of ballast after being freshly
placed. Therefore Equation 7-3 is sufficient to describe expected ballast shear behaviour
for the particular ballast used in the experiments since no comparison is made to other
types of ballast or compaction method. Furthermore a value at or near 0.5 for n should
be expected.

One way to model the variation of G with shear strain is to use a hyperbolic function
(Hardin and Drnevich, 1972), (Diakoumi, 2007), i.e.

1 Equation 7-6
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Where A and B may be found experimentally such that the general form of behaviour of
reducing G with strain matches Figure 7-10.

Train loading causes changes in mean effective stress (p’) while ssmultaneously causing
shear strains at the sleeper/ballast interface. Thus for a ballast undergoing train loading,
G would be expected to vary as shown in Figure 7-11.

Gy increases

with p G varieswith

train loading

Small strain range increases
with increasing p’

»
>

Path of G dueto train
|oading (unknown)

v

Shear straing (log scale)

Figure7-11: Stiffness/strain graph to show conceptualization of the effect of train loading

Initially as the train approaches a sleeper neither vertical load nor lateral deflection are
present. As the train nears the sleeper, vertical load and lateral 1oad are transferred to the
deeper/ballast interface in proportions which depend on the relative vertical and lateral
stiffnesses of the track system. This means that the behaviour crosses over different
lines of expected behaviour of G vs. g for fixed vaues of p’. The increase in vertical
load acts to increase the value of G whilst the deflection due to increasing lateral load
acts to reduce the value of G. Exactly how the proportions of these two effects interact
to give the measured vaue of G has been investigated by cyclic load tests in the
laboratory.
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Simpson (1992) suggested that the reduction in G with log strain might be proportional
to the plastic strain, in effect placing an inverse scale from 0 to 100% plastic strain from
Go to the fina limiting value of G. However, most researchers have considered that the

very small strain region shown in Figure 7-10 corresponds to fully elastic behaviour.

It has been suggested that the strain levels dividing the very amall, small, and larger
strain levels in Figure 7-10 would be around 0.001% and 1% respectively (Atkinson and
Sallfors, 1991). Lo Presti (1995) suggested an elastic limit of 0.001% for any kind of
uncemented soil. In the tests reported here it was not possible to obtain reliable
information for strains below 0.001% (corresponding to 0.003 mm of movement). For
the track system, tension in the rails acts to return displaced deepers to their starting
position after axle passage so other factors are involved in determining the proportion of
plastic strain remaining. Determining plastic strain goes beyond the scope of the current

research.

7.2.2. Methods and Results, pre-failure laboratory tests

Laboratory tests were carried out in accordance with the methods set out in Chapter 4.
In this Chapter the data for single load/unload cycles of lateral vertica and moment load

are presented.

Cyclic tests were not carried out on all test set-ups partly due to difficulties in tuning the
hydraulic rams. Consequently most cyclic data is from the later test set-ups. The test
results presented are intended to cover a variety of loading conditions and demonstrate

key aspects of behaviour.

Figure 7-12 to Figure 7-15 present graphs of lateral load plotted against lateral
deflection on different test set-ups to compare the effect of cycling the lateral load with
different magnitudes of vertical load and moment load present. Because failure is likely
to occur near to a particular ratio of vertical to lateral load all tests were carried out so
that the peak lateral load was not more than 1/3 of the constant vertical load considered
safely below the likely failure ratio. In later sections graphs of stress ratio (equivalent to
loading ratio) against deflection are plotted.
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Figure 7-12: L oad/deflection graph vertical load central (1A), first load/unload cycle only
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Figure 7-13: L oad/deflection graph for eccentric vertical load (7C), first load/unload cycle only
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Figure 7-14: L oad/deflection graph for eccentric vertical load (5C), first load/unload cycle only
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Figure 7-15: L oad/deflection graph for eccentric vertical load (8C), first load/unload cycle only

Table 7-4 and Figure 7-16 summarise the peak deflection and the deflection at the end
of cycle 1, termed the residual deflection, shown in Figure 7-12 to Figure 7-15.
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Test set-up | Load (Vertical:Lateral) and mm of deflection

75:25 | 75:2 45:15| 45:2 155 | 15:2

Peak | Residual | Peak | Residual | Peak | Residual
1A 0.544 | 0.205 0.333| 0.116 - -
5C 0.683 0.287 0.453 | 0.179 0.141| 0.023
7C 0.717 0.344 | 0432| 0.185 0.158 | 0.062
8C 0.933 0.446 0522 | 0.192 0.173| 0.056
max 0.933 0.446 0.522 | 0.192 0.173| 0.062
min 0.544 | 0.205 0.333| 0.116 0.141| 0.023
range 0.389 0.241 0.189 | 0.076 0.032 | 0.039
mean 0.719 0.321 0.435| 0.168 0.157 | 0.047

Table 7-4: Summary of cyclic deflection data

—8—1APeak —®-5CPeak —€—7CPeak —4—8CPeak
= 8= 1A residual - &= 5C residual = ©= 7C residual = A= 8C residual
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Figure 7-16: Deflection/load plot for vertical load held constant during each test

It is clear from these data that there is a significant variation between tests, for the tests
at 75 kN vertical load and 25 kN lateral 1oad, the minimum peak deflection is just below
60% (set- up 1A) of the maximum peak deflection (set-up 8C). Thisis entirely consistent
with the geophone measurements, where it has been shown that the lateral deflection
varies significantly from sleeper to sleeper even though loading is expected to be
similar. In Figure 7-8 it can be seen that deeper Q deflects more than twice as much as
deeper K due to the same train loading i.e. that sleeper K’s lateral deflection was less
than 50% of Sleeper Q’s.
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It is considered coincidental that the lowest peak lateral deflections occur for the only
pre-failure testing with centrally applied load (1A). More data would be required to
determine whether the lower recorded values compared to the tests with moment load
were due to moment load or whether they can be attributed to variation between test set-
ups. In this report the presence or lack of moment load and its possible influence on the
pre-failure behaviour of the sleeper/ballast interface will not be further explored. In
Chapter 8 it will be shown that the failure behaviour of the sleeper/ballast interface due

to possible magnitudes of train loading is not influenced by moment load.

So far al the graphs have shown tests where the vertical load was maintained at a
constant value. However, true train loading varies both the vertical and lateral load.
Therefore two tests, shown in Figure 7-17, were carried out at 0.1 Hz where the vertical
and lateral loads were applied in a sinusoidal wave form for one cycle. The dower rate
and single cycle were imposed due to safety considerations. Table 7-5 shows the
loading regimes imposed for these two tests. The ratios of load were selected so that the

vertical load would never exceed four multiples of the lateral load.

= Test 1 =test2

N N
o ol

Lateral load (kN)
|_\
o1
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0.0 0.2 0.4 0.6 0.8 1.0
Deflection (mm)

Figure7-17: Testswhere vertical and lateral load were simultaneously cycled. Test 1 was carried
out on set up 1A with the vertical load centrally applied, test 2 was carried out on set-up 8C with

the vertical load applied at a 0.5 m eccentricity.
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Test Vertical load | Lateral load
kN kN

1 Eccentric load on set-up 8C 10:85 2.5:20

2 Central load on set-up 1A 15:75 2:20

Table 7-5: Loading regimesimposed for the two tests where vertical and lateral load were

simultaneously cycled

Figure 7-17 shows markedly different load/deflection behaviour to that observed when
the vertical load was constant (e.g. shown in Figure 7-15). In particular the load
deflection lines during the increasing load phase are almost linear. Test 2 shows some
evidence of a small dlip near to 0.5 mm of deflection on the loading line which perhaps
helps to explain the larger final deflection at the end of the test. Test 1 shows better
recovery at the end of the loading cycle.

7.2.3. Interpretation
Comparison of laboratory experimental measurements withtrackside geophone data

The geophone measurements at sites 1, 2a and 2b gave arange of lateral deflections for
lateral loads at the railhead which were estimated to be 14 kN and 20 kN at sites 1 and 2
respectively (Table 5-4). In Chapter 3 the proportion of lateral load reaching a sleeper
was estimated to be in the range 34 to 60%. Taking the median load proportion of 47%
and the summary deflection data from Table 7-1 and Table 7-2 and the mean wheel to
rail forces shown in Table 7-3, an estimate of the deflection and corresponding load can
be made:

At site 1 a mean deflection of 0.29 mm for a probable mean axle load of 7 kN was

measured

At site 2a and 2b a mean deflection of 0.32 mm for a probable mean axle load of 10

kN was measured

In the laboratory, the two tests where the vertical and lateral loads were simultaneoudly
cycled are considered the most appropriate for comparison to the geophone data, for
these tests:

Test 1 gave a deflection of 0.7 mm for aload step of 17.5 kN
Test 2 gave 0.8 mm for aload step of 18 kN
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Taking the load/deflection behaviour to be linear during the loading phase the gradients
of the geophone and laboratory tests can be compared as shown in Table 7-6.

Data source Deflection | Load step | Gradient
(mm) (KN) (KN/mm)
Sitel 0.29 7 24.1
Site2 0.32 10 313
Laboratory simultaneouscyclictest 1 0.7 175 25.0
Laboratory simultaneous cyclic test 2 0.8 18 225

Table 7-6: Comparison of gradient over initial load step geophone and laboratory data

The mean gradients of the load/deflection lines shown in Table 7-6 are similar, and
confirm that the behaviour in the laboratory is reasonably representative of track

behaviour.

Evaluation of test data in context of known behaviour of granular materials

In the results section, the behaviour seen in the laboratory tests was described. To help
further interpret this behaviour, in this subsection the apparent shear modulus, G, is
evaluated with respect to stress and strain in the laboratory data. The behaviour of G is
then compared with that for a linear elastic medium and aso with the known behaviour
of granular materials. Data used are shown in Table 7-7. These data were chosen as
representative of all the loading cases tested and because they were carried out on the
same test set-up. In this section a relationship between shear modulus and load path is
fitted to the experimental data and is presented for potential use in train/track dynamic

interaction models.

Sour ce data Lateral load | Vertical load | Duration of Gtan evaluated
loading step | over
Figure7-15 210 25kN 75kN 1s 0.1s
Figure7-15 210 15kN 45kN 1s 0.1s
Figure7-15 2to5kN 15kN 1s 0.1s
Figure7-17 Test 1 | 2.5t0 20kN 10 to 85kN 5s 0.5s

Table 7-7: Selected tests evaluated in this section and evaluation of Gip,

Figure 7-18 shows two different methods used to evaluate the shear modulus. The
secant shear modulus G relates the current shear stress and shear strain to the intial
values whereas Giap IS an estimate of the instantaneous shear modulus and is estimated
from test data over small increments of change in shear stress and shear strain as shown

in Table 7-7.
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Figure 7-18: Key to calculation of shear moduli

To evauate the shear modulus the lateral force is converted to a shear stress by
dividing it by the area of the footprint of the sleeper ¢aken as 2500 nm ~ 300 mm
athough the sleeper base width is in fact dightly less at 285 mm not 300 mm (Tarmac,
2005)), and the deflection is converted to a shear strain by dividing by the depth of
ballast (300 mm). The shear modulus is only evaluated over the loading step. It is dso
acknowledged that the shear stress and shear strain will spread with increasing depth
below the deeper base. The method of evaluating shear modulus is therefore an
approximation.

Figure 7-19 plots the shear stress against deflection for the chosen cycles of load. These
lines are identical to the lateral/load deflection lines previoudy shown with the vertical
scale adjusted. Figure 7-21 shows the secant shear modulus against the shear strain and
Figure 7-21 shows an estimate of Gian With shear strain.
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Figure 7-19: Shear stress/deflection graph
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Figure 7-20: Shear strain/secant shear modulus graph
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Figure7-21: Shear strain against estimate of tangent shear modulus

At very low strains approaching 0.001% (0.003" 100/300) the LVDTSs do not provide
accurate data. Thisis evident in Figure 7-20 and Figure 7-21 where the initial values of
Gsc & very low strains move both up and down with increasing shear strain before
settling into a trend of more or less linear change in Ge With logarithm of increasing
shear strain. The value of Gg in both graphs follows expected behaviour in that it is
higher for tests where the initial vertical loading is greater (i.e. proportional to a power
of p'). For the test where the vertical and lateral load were ssmultaneously cycled
(denoted V and L varied in the legend), initialy there is little vertical stress present, Go
islow and Ge and Giap, alter little during the loading phase, consistent with the linear

load/deflection observed previoudy (Figure 7-17).

These graphs fit well with the known shear behaviour of granular materials shown in
Figure 7-10. It appears that the tests place the behaviour in the very low and low shear
strain categories (below 1%). However, the very low shear strain behaviour is on the
limit of the accuracy of the LVDTs used (a 0.001% shear strain corresponds to 0.003
mm of movement) and therefore the values of Go implied by the graphs can only be

considered approximate.
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Recalling Equation 7-3 which relates the value of Gp to the mean effective stress, ', if

itisassumed that p’ is proportional to s, Equation 7-3 may be rewritten:
G, =As,™ Equation 7-7
0 \

and the values of Go obtained in the current research using the G method fit

reasonably well using an equation:

GO = 29% VIO.76 Equation 7-8

Where the constants have been evaluated using regression analysis and the R? vaue is
0.992 indicating a strong fit to the data. Note that although there are only three data
points from the laboratory experiments an additional point of (0, 0) is implied by
equation 7-7.

Using the same regression analysis method Giap, can be fit using a relation:

G, =220s V'°-68 Equation 7-9

and an R? value of 0.993 again indicates a close fit top the data.

The values of G for both Ggc and Gian are similar and may be summarised as shown in
Table 7-8 where the value of Go has been caculated as the mean for al the
measurements up to 0.005% strain from the data for Ge (corresponding to 0.015 mm)
and as a mean up to 0.0025% strain for the data corresponding to Gian.. The estimates of
Go thus obtained differ dightly because of the calculation methods (which are both
likely to underestimate Gp at low strains) and the inaccuracy of the LVDTs at low
strains. Using Equation 7-8 the values of Gy obtained are also shown in Table 7-8. The
powers of 0.57 and 0.76 compare with the power of 0.5 proposed by Wroth and
Houslby (1985) for angular particles. Equation 7-8 and Equation 7-9 imply that for Test
1 shown in Table 7-5 where the vertical and lateral load were cycled simultanesoulsy
and vertical load began at 10 kN, aninitial shear modulus of 11 MPaand 12 MPa would
be expected using each equation respectively. The first measurements of Gian and Geee
shown on figure 7-20 and 7-21 imply a Go of just below 10 MPa. However, the |ateral
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and vertical load has already increased by the time any estimates of Go can be made
using the methods described.

Test Vertical stress, s,’, (N/mm?) | Go by secant | Gy by tangent | Go by Go by
(sleeper footprint taken as | modulus modulus 290s,%7° | 220s,°%
2500 mm ~ 300 mm) (MPa) (MPa)

V =75kN 0.1 48 45 50 46

V =45kN 0.06 36 35 A4 32

V =15kN 0.02 15 15 15 15

Table 7-8: Comparison of estimates of Gy by secant method, tangent method and fitted formula

Now that Go has been estimated it is also acknowledged that the previous value of
Y oung's modulus used in the finite element model of the experiment shown in Table 6-2
(300 MPa), although justified from the literature, is probably an overestimate of the
value. For example given a Poisson's ratio of 0.3 the Young's modulus for an elastic
medium with a shear modulus of 50 MPa would correspond to 130 MPa [E=2G(1+n)].
However, this would have negligible impact on the assessment of vertical stress

previoudy carried out.

From the graphs produced so far, it is clear that the measured sleeper deflection is
highly load path dependent, higher constant vertical loads give rise to greater values of
Go which then reduce at different rates with deflection. Increasing vertical and lateral
load simultanesouly at a similar ratio gives significantly reduced Go which then appears

to remain similar with deflection.

For the specific case of train loading of sleepers it would be advantageous to capture
more precisely the behaviour of G with load path by means of formulae that might then
be used in track system models to represent accurately the lateral response of the
sleeper/ballast interface.

A graph of the ratio of shear stress to vertical stress (equivalent to lateral load divided
by vertica load both at the deeper ballast base contact area) and measured deflection is
shownin Figure 7-22:

185



——V=75kN —V=45kN +V =15kN =V and L varied

0.4
n 03 N
8
n 9@
5®
o
o >
= O
& -
0.1
O T T T T T
0.00 0.20 0.40 0.60 0.80 1.00

Deflection (mm)

Figure7-22: Stressratio/deflection graph, comparison of different tests over initial loading cycle

Figure 7-22 shows that the shape of the load/unload lines of stress ratio/deflection are
similar when the vertical load is held constant. However they vary in terms of
deflection. The true train loading is more likely to follow a path with a more or less

constant stress ratio, similar to that shown in Figure 7-22 for the V and L varied line.

Figure 7-23 shows a graph of the tangent shear modulus against the ratio of shear stress

to vertical stress.
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Figure 7-23: Ratio of stresses/estimate of tangent shear modulus during loading step

Figure 7-23 shows that Gia, appears to follow a similar path when plotted against stress
ratio for the constant vertical load tests. For the test with L and V varied Figure 7-23
shows that there was a dlow reduction in Giany Over the course of the loading step,
although for most of the loading step this remained close to the value crossed over by
the other tests at the same loading ratio.

Figure 7-23 may be modified by inverting the ratio of stresses as shown inFigure 7-24.
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Figure7-24: Inverted ratio of stresses/estimate of tangent shear modulus during loading step
From inspection of Figure 7-25 it is proposed that:

s Equation 7-10

Where A is a constant having units of force per unit area.

Given that:

_ Ddt . Equation 7-11
Gtan - dd

It is possible to relate the deflection d to the way in which the sleeper/ballast interface is
|oaded:

Ddt S Equation 7-12

Rearranging:
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Equation 7-13
_ Dt yZdt vz q
As,

dd

For specific cases where s is a known function of t,, some useful relationships can be

found:

When the vertical stress is constant:

Dt yzz Equation 7-14

2As

When the vertical stressis always 3 multiples of the shear stress:

Dt Equation 7-15

d=—2X*
6A

In the general case Equation 7-13 may be solved by summing small increments of

loading:

d = Dt,t,-t,) Equation 7-16
' As

q. = Dt,t,-t,) +d Equation 7-17
2= 1
As ,,

_Dt.t,- Equation 7-18

d3 t2)-'-dz
%vz

And soon...

Using this method of summing small increments of loading it is possible to make

predictions and compare with actual behaviour:
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Figure 7-25: Stressratio/deflection graph, fit of proposed relationship to actual data part 1, thick
black lines show the estimates
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Figure 7-26: Stressratio/deflection graph, fit of proposed relationship to actual data part 2, thick

black lines show the estimates
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The constant A has the value 2 in Figure 7-25 and Figure 7-26. A was determined by a
visual trial and improvement method. For dimensional consistency this has units of mn?
per N.

7.3. Summary of Chapter 7

Geophone measurements have characterised combined vertical high and low end and
lateral sleeper movements and confirmed that the lateral behaviour shows the same
trends as observed in the vertical behaviour described in Chapter 5. i.e. individua
sleepers show consistency of response to comparable loading events but sleepers nearby

show varied ranges of deflection.

Compared to the behaviour of actual track (geophone measurements), the laboratory
experiments have shown similar ranges of seeper lateral movement and also identified
variation between different set- ups compatible with variations over a number of nearby

deepers shown in the geophone data.

Laboratory experiments have shown that pre-failure lateral behaviour is load path
dependent. This is important because it was identified in Chapter 2 that current track

vehicle interaction models do not account for load path dependency.

The pre-failure behaviour of the sleeper/balast interface in the laboratory has been
assessed by converting the measurements to shear moduli. The relationship between
changes in shear modulus with shear strain has been shown to be comparable to that

reported for granular materials in the literature.

A relationship has been proposed that could be used in a train/track interaction model
for the increasing lateral |oad/deflection behaviour of the interface, which would have
low requirements for computing power and takes into account load path dependency.
Unloading behaviour is more complex but it would be possible to further present an
equation of unload behaviour fitted to the laboratory data to model the hysteresis.
Further refinements to account for unload/reload behaviour when loading does not
return to zero between axles could be achieved by switch functions. It is recognised that
in reality the deeper/ballast lateral behaviour may also be influenced by depth of ballast,
and some inherent variability of the deeper to ballast contact. Also, the relationship
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proposed is not supported by theoretical modelling; further work to use fundamental soil
models to derive load path dependent shear behaviour goes beyond the scope of the
current research. However, the current research does demonstrate that there are
applications for such research and supports the case for future research into the pre-
failure behaviour of granular materials subject to dynamic loading events.
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8. Failure of the sleeper/ballast interface, experimental

results and geotechnical calculations

In this Chapter, the load at failure of the sleeper/ballast interface is investigated through
laboratory experiments and the contributions from each of the three contact areas are
assessed. This Chapter addresses the research objectives set out at the end of Chapter 1

which were to:

Quantify the failure envelope of the sleeper/ballast base contact for a single seeper
in combined VHM loading.
Quantify the resistance available from the crib and shoulder seeper/ballast contact

areas both experimentally and by calculation.

To assess failure at the sleeper ballast interface it is necessary first to define what is

meant by this. Failure at the sleeper/ballast interface can be defined by different criteria:

Unacceptable lateral deflections of the track during in-service loading may be
considered as any that give rise to long term trends of plastic deflection.
Track may also buckle and in this case deeper/ballast resistance is important over

greater deflection ranges.

The level of deflection which would give rise to long term trends of plastic deflection is
likely to depend on a number of variables including sleeper, rail and ballast type. Esveld
(2001) reported research by Netherlands railways where actual track had been displaced
laterally by a tamping machine up to 5 mm in the presence of the self weight of the
tamping machine. These tests identified a point beyond which displacement became
nonrecoverable. Although Esveld did not identify a value for this he goes on to use a
value of 2 mm in a numerical smulation. In Chapter 7 it was identified that the lateral
response is load path dependent. In the smpler cases, where the vertical load was
constant during lateral cyclic loading tests, the range of movement with a lateral load up
to 1/3 of the vertical load increased with increased vertical load. When the lateral l1oad
was cycled in an approximate 1/4 proportion to the vertical load, greater deflection
ranges were observed for the same peak vertical load. The laboratory experiments were

not able to identify non recoverable ranges of movement because they differed from real
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track in that there were no continuous rails to help return the sleeper to its original

position.

In this Chapter, faillure at the deeper/balast interface will be considered to have
occurred for sleeper movements of more than 2 mm relative to the initial position of the
deeper with the 2 kN lateral seating load and appropriate vertical load present. 2 mm is
chosen because it is beyond the range of movements measured by the geophones on the
WCML and is beyond the range of pre-failure movements measured in the laboratory
under the loading regimes investigated as defined in Chapter 4 and 7. In reality 1 mm of
movement might be taken to indicate failure. However, for assessing the resistance at
failure it is more important to be certain that failure has occurred than to precisely
identify the deflection at which failure occurs because resistance is not expected to alter

significantly within afew mm from the actual point at which failure occurs.

The primary cause of rail buckling is a rail temperature above the installation
temperature causing longitudinal compression forces. Track misalignment and lifting
forces prior to and after train axle loading can also influence the occurrence of buckles
(ERRI committee D202 report 3, 1995). When assessing the buckling behaviour of
track, knowledge of lateral resistance at the sleeper/ballast interface over a range of
movement encompassing likely actua movements is desirable. An appropriate range of

movement is considered to be about 100 mm.

Therefore it would be of interest to learn the lateral resistance of the sleeper ballast

interface in the range of movement 2 to 100 mm.

In this Chapter the resistance of the sleeper/ballast interface is assessed over a deflection
range of up to 90 mm. Thisis because in some tests the initial positioning of the sleeper
and the fact that the ram had a travel of only 150 mm meant that deflection up to 100

mm was not always possible.
The Chapter is divided into 3 main sections:

1. Base contact: experimental results are presented and failure is assessed for combined
VHM loading
2. Shoulder
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3. Crib

In sections 2 and 3 on the Shoulder and Crib the increase in measured resistance
compared with the mean resistance for base contact only tests is presented, and
geotechnical calculations are developed, these are then compared to each other and

results from the literature.

At the end of the Chapter a summary draws together relevant findings.

8.1. Base contact, VHM failure
8.1.1. Background

Butterfield and Gottardi (1994) presented an empirically derived equation relating the
resistance of a granular medium to foundation loads from combinations of latera,
vertical and moment load. Their results showed that vertica and moment loads could
reduce the lateral resistance so that it may be less than the normally assumed case of

linearly increasing lateral resistance with vertical load.

In this section laboratory experiments of the resistance with deflection for a single

sleeper on ballast with no shoulder or crib ballast are presented.

Using parameters defined from these tests the formulae proposed by Butterfield and
Gottardi are applied to the case of a railway deeper on ballast. The calculated failure

envelopes are then compared with the experimental results.
8.1.2. Methods

Following the experimenta methods described in Chapter 4, all tests set-ups were
ultimately subjected to a constant vertical load while the lateral load was applied to pull
the sleeper across the ballast at a specified rate of movement.

The vertical load was applied at either zero or 0.5 m eccentricity to produce a moment
and the sleeper was pulled at a rate of 0.25 mm/s or 0.5 mm/s. During the test, data were
logged at 10 Hz so that a data reading was taken at least every 0.05 mm of deflection at
the railhead where the load was applied.
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It is known that traffic increases the lateral stability of the track and leads to the peak
resistance being reached after only a small deflection (ERRI committee D202 report 3,
1995); this state may take many cumulative tonnes of traffic to develop. Exactly how
many tonnes of traffic is not clear but evidence from data reported by Esveld (2001)
points to it being in the hundreds of thousands. In the tests carried out for this research
the intention was to evaluate the resistance for an initial condition of freshly laid/tamped
track ballast; therefore there was a concern that cyclic lateral testing would alter
load/displacement behaviour making comparison between test set-ups impossible
because different test set-ups had had different numbers of lateral cyclic loads applied.
However, as will be seen in the results reported, there is no evidence that the relatively
few rumbers of applied cyclic lateral loads have had any discernable effect over the
range of cycles used across al the test set-ups. In the most extreme case a test set-up
had had 160 lateral load cycles applied whereas other tests, had had only 10 static lateral
cycles applied.

8.1.3. Results

Results for six tests are reported covering a range of VHM loading combinations. Tests
1A, 2A and 3A were for a centrally placed and maintained vertical load and tests 1B, 2B
and 3B were for a vertical load applied at an offset of 0.5 m from the centreline of the
sleeper toward the direction from which the lateral actuator applied its pull. The rail
heads are 1.5 m apart so that the vertical load in test run B was applied at 2/3 of the
maximum possible offset. Also, because the lateral load was applied onto the railhead
there is an additional moment load in all the tests due to the height of the railhead above
the sleeper/ballast interface. This was measured to be at a vertical eccentricity of 0.33 m
relative to the sleeper base incorporating the sleeper, the BS113A rail, and the pad. Note
that the rail was inclined at 1:20 so the loading beam and bracket made contact at most

eccentric locations vertically and horizontally normal to the railhead.
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Test | Vertical load | Position of
(KN) vertical load
1A 75 Central
2A 45 Central
3A 15 Central
1B 45 0.5m offset
2B 15 0.5m offset
3B 30 0.5m offset

Table8-1: Key to testsreported

Figure 8-1, Figure 8-2 and Figure 8-3 show the lateral load/deflection graphs over
different deflection ranges for each of the tests. The text on the right side of each
load/deflection line indicates the test 1.D and the vertical load. Table 8-2 and Table 8-3
show key values from these load/deflection graphs.

50
1A:75kN
40
=
f..- *
530 1B:45 kN
S 2A:45 kN
B
g 4 Yy 3B:30 kN
" w
3A:15kN
10
2B:15 kN
0 . . . .
0 15 30 45 60 75 90

Displacement {mm})

Figure8-1: Lateral load/displacement graph up to 90 mm
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Figure8-2: Lateral load/ displacement graph up to 20 mm
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Figure8-3: Load/ displacement graph up to5 mm
Test | Vertical | Lateral load (kN) on sleeper at:
load 0.5 1mm [ 2mm | 3mm | 5mm | mean 2 | mean 20 peak 2 to
(kN) mm t0 20 to90mm | 90 mm
1A 75 215 | 26.6 304 |[319 (347 |365 39.4 43.0
2A 45 12.0 175 21.7 219 23.7 24.7 254 27.6
3A 15 5.7 6.2 6.4 6.5 7.0 7.1 7.2 7.8
1B 45 138 | 17.8 212 | 226 |239 | 255 26.1 28.2
2B 15 6.1 6.8 7.3 7.5 7.5 7.1 8.9 10.2
3B 30 9.2 11.2 124 12.7 13.6 15.6 17.0 188

Table8-2: Load at key displacements
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Test Vertical Ratio (lateral load/vertical load) at:

load 0.5 Imm | 2mm | 3mm | 5mm | mean 2 | mean 20 peak 2 to

(kN) mm t0 20 to90 mm | 90 mm
1A 75 0.29 0.35 041 043 0.46 0.49 0.53 0.57
2A 45 0.27 0.39 0.48 0.49 0.53 0.55 0.56 0.61
3A 15 0.38 041 0.43 0.43 0.47 0.47 0.48 0.52
2B 15 0.31 0.40 0.47 0.50 0.53 0.57 0.58 0.63
3B 30 0.41 0.46 0.49 0.50 0.50 0.48 0.59 0.68
1B 45 031 0.37 041 0.42 0.45 0.52 0.57 0.63
mean 0.33 0.40 0.45 0.46 0.49 0.51 0.55 0.61
median 0.31 0.39 0.45 0.46 0.48 0.50 0.57 0.62
max 0.41 0.46 0.49 0.50 0.53 0.57 0.59 0.68
min 0.27 0.35 041 0.42 0.45 0.47 0.48 0.52

Table 8-3: Ratio at key displacements

In Figure 8-1 it is possible to identify some variability in each load/displacement line.
Occasionaly large reductions in the load accur, followed by rapid return towards the
previous value of load. These are thought to be due to ballast breakage or rearrangement
events; that is, particles of ballast fracturing or crushing, rolling or diding. During tests
noises likely to be associated with such breakage/movement events accompanied the

large reductions in load.

Figure 8-2 and Figure 8-3 show that initially, over a small range of deflection, the
load/displacement graphs do not exhibit any behaviour that might be associated with
breakage/rearrangement of particles. The load/displacement lines initially show a rapid
rate of increase in load with displacement with this rate reducing with further increasing
load/displacement as the load appears to tend towards a limiting value with increasing
deflection. Tests with higher vertica load have greater movements before
breakage/rearrangement events are evident in the load/displacement graphs. The first
evidence of breakage/rearrangement events muld be considered to be where failure
occurs, i.e. a displacement beyond which al further displacement is nonrecoverable
and these locations have been tentatively marked for some of the load displacement
linesin Figure 8-3. These points are below the 2 mm limit previoudly ascribed to the

pre-failure zone.

Figure 8-4 and Figure 8-5 show the loading ratio (L/V) plotted against displacement for
different displacement ranges for all 6 tests. Individual tests are not identified due to the

difficulty in distinguishing the data points. However, some clear trends can be seen.
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Figure 8-5: Loading ratio/displacement graph up to 5mm, all six tests

In Figure 8-4 it can be seen that all 6 tests move towards a limiting (failure) loading

ratio regardless of the magnitude of the constant vertical load and its eccentricity.

InFigure 8-5 the initia loading ratio at zero displacement varies between different tests.
This is because while the lateral load is aways initially 2 kN the vertical load is varied
between tests and the displacements measured from a zero datum at the initial applied
load. However, even alowing for this small difference it is still the case that tests with
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larger vertical loads have larger pre-failure displacements with increasing loading ratio.
Figure 8-6 illustrates this behaviour.
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Figure 8-6: Loading ratio/displacement graph up to 1.2 mm, all six tests, loading ratio has been
migrated to 0.15 for zero displacement in all teststo permit easier comparison of the loading

ratio/displacement behaviour at low displacements

In Figure 8-6 all the tests have been migrated to a common zero displacement at a
loading ratio of 0.15. In Figure 8-6 the two tests carried out a 15 kN vertical load
deflect less at lower loading ratios and reach higher loading ratios sooner than the tests
carried out at 45 kN and 75 kN of vertical 1oad.

These tests appear to indicate that the lateral load at failure is insengtive to the
eccentricity of the vertical applied load, i.e. that the moment component of loading has a
negligible effect on the ultimate lateral failure load within the range of load cases
investigated.

To further characterise the likely behaviour of the sleeper/ballast interface, an average, a
minimum and a maximum |oad/displacement line may be produced from all the tests. In
Figure 8-7 the data are sampled every 0.05 mm from each test and the mean, maximum

and minimum loading ratio from all tests are plotted.
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Figure8-7: Loading ratio displacement graph, mean, maximum and minimum up to 90mm

Figure 8-7 demonstrates that, although all tests appear to converge towards the same
limiting value after 2 mm of displacement there is significant variation at specific
displacements. The range from maximum to minimum can vary by as much as

approximately 30% in the extreme case from these tests.

8.1.4. Interpretation of test data and comparison with

calculations

Based on these tests and the cyclic loading tests reported in Chapter 6, the
Sleeper/ballast base contact has a pre-failure behaviour zone that increases with
increasing constant vertical load. In all tests the range of this zone in terms of deflection

does not extend beyond 2 mm.

At 2 mm of deflection the median ratio of vertical to lateral load is about 0.45 or 24°
(Table 8-3).
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The ratio of vertical to lateral load then tends to a limiting ratio at larger deflections of
about 0.57 (median value at 20 to 90 mm mean, al tests Table 8-3).

Sudden falls in the load/deflection graphs gppear to be due to breakage/rearrangement
events with the overal trend quickly reasserting itself.

The ultimate failure load can be calculated using the equations proposed by Butterfield
and Gottardi (1994) giving the failure of a shallow foundation under combined \ertical
(V), horizontal (H) and moment (M) loading. The main equations are summarised

below and al the symbols used were described at the beginning of this report:

e M H u
, 2 \2 éZC——U . a2
a /Vm(l:l +§M/va(g - & e Vma(u oY & % Equation 8-1
S L L
2 i
V. =s' BL= Ngsg (0.5gB - Du)BL Equation 8-2
H_V(V.-V) )
t_ _V— Equation 8-3
h max
M/B _V -V
" = (V\n}a( ) Equation 8-4
Where:
— tanf Equation 8-5
N, =K, & q
A+9nf'o Equation 8-6
K, = <
P 1- d9nf 'g
t, =tand Equation 8-7
N, :(Nq - Dtan(1.4f ') (Meyerhof, 1963) Equation 8-8
S, =1+0.1K (B/ L) (Meyerhof, 1963) Equation 8-9

For afuller explanation the reader is referred to Powrie, (2004).

By estimating the relevant material parameters, it is possible to plot the failure envelope
for a G44 deeper on Network Rail specification railway ballast. The main difficulty in
using these equations is in deciding on a value for ty,, which corresponds to the initial
tangent to the failure surface on the graph of V against M/B (Figure 8-9). The difficulty
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arises because t,, can only be found experimentally and the tests so far carried out
indicate that not enough moment loading has been applied to cause a moment loading
failure and hence to determine the value of t.. Therefore it has only been possible to
indicate a minimum value for ty, by ensuring that all test results reported here fall aong
the edge or within the failure envelope. This may represent a significant underestimate
of tm.

The calculations to plot the failure envelopes are not fully set out here but the parameter
values used are summarised in Table 8-4 and the failure envelopes, which do not
incorporate any factors of safety, are illustrated in Figure 8-8 and Figure 8-9. Table 8-5
shows the values of combined vertical, horizontal and moment loading present in the
laboratory tests, these are also plotted onto Figure 8-8 and Figure 8-9. Note that the
horizontal load also contributes to moment loading at the base of the sleeper due to the

vertical offset of the load application point (see Figure 4-8).

Symbol Value adopted Units Description

B 25 m Sleeper length

L 0.285 m Sleeper width

g 16 kN/m3 | Bulk unit weight of ballast

u 0 - Pore water pressure

f 0.785 radians | Friction angle of ballast (45°)

kp 5.828 - Passive pressure coefficient

N q 134.87 - Bearing capacity factor

Ng 262.74 - Analogous to the bearing capacity factor
found from Meyerhof formula

6.112 - Shape factor taken asthe value for s;from

Meyerhof formula

d 0.431 radians | Measured angle between soil and structure
here taken as the 2 mm median (tan0.45
or 24°)

th 0.45 - Tangent to failure surface on graph of V
against H when V=0

tm 0.259 - Tangent to failure surface on graph of V
against M/B when V=0
Taken as alower bound from these tests

V max 9154 kN Maximum bearing capacity

Table 8-4: Valuesused in Butterfield’s equations
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Test | Vertical Horizontal Horizontal Vertical Moment M/B
load (V) | eccentricity | load (H) eccentricity | (M)
kN (m) (kN) (m) (kNm) (kN)
1A 16 0 30.41 0.33 10.03513 | 4.014051
2A 45 0 21.66 0.33 7.149393 | 2.859757
3A 15 0 6.39 0.33 2.10903 0.843612
1B 45 0.5 21.18 0.33 29.49005 | 11.79602
2B 15 0.5 7.33 0.33 9.917367 | 3.966947
3B 30 0.5 12.37 0.33 19.08124 | 7.632496

Table8-5: VHM combinationsat failurefor thelaboratory tests, the horizontal loads shown arethe

actual loads from thetest at 2 mm of deflection

|—Fai|ure ¢« 1A 4 2A © 3A = 1B = 2B e 3B

1200
H=Vtand (gradient =ty)
1000 A
V=Vax
800 - Failure
. in bearing
p
< 600 1
T
400 A
Region of likely train loadin
200 4 eg y g

8000

9000

0 1000 2000 3000 4000 5000 6000 7000
V (kN)

Figure8-8: Vertical, horizontal loading failure envelope

10000
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Figure8-9: Vertical, moment loading failure envelope

The value of Vnax IS highly sensitive to the the internal angle of friction of the ballast,
for example at 40° Vmax reduces to 2688 kN from 9154 kN at 45°. However, even for a

lower internal angle of friction of 40°, the following observations are valid.

Figure 8-8 confirms that the vertical to lateral loading ratio for diding failure remains
more or less constant for any likely magnitude of train-applied vertical load. In Figure
8-9 it can be seen that even with the lower bound estimate for ty, from these tests, the

failure envelope remains close to linear in the likely regionof train loading.

The lower bound estimate t, from these tests may also be compared to a range of
possible values: A minimum value for t,, may be estimated by assuming that there is no
effect from moment loading when the eccentricity of a vertica load V on a strip
foundation of width B from the centre is less than B/6. This corresponds to the well
known middle third rule where, provided a vertical load remains within the middle
third, pressure is distributed across the full width B with no contact logt. It then follows
that by replacing M with VB/6 in Equation 8-4, at low vaues of V, the minimum value
for tm is 0.167. A maximum value for t, may then be estimated by assuming that the
maximum eccentricity of a vertical load isB/2. Similarly M may be replaced with VB/2

in Equation 8-4, hence, at low values of V, the maximum vaue of ty, is0.5.
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The lower bound value determined in these tests of 0.259 then places the true value of
tm inthe range 0.259 to 0.5.

8.2. Shoulder
8.2.1. Background

If a sleeper moves into the shoulder ballast under the action of an applied force (Figure
8-10 & Figure 8-11) there is a resistance to movement. This resistance is difficult to
guantify as it is necessary to know properties of the material, the volume of ballast
involved in resisting an applied force, the size of any movement required to mobilise the

resistance and the mechanism of potential failure

Extent of shoulder |« >

Slope of shoulder

Figure8-10: Elevation to show shoulder ballast involved in resisting applied lateral load and the
terminology used in thisreport

Figure8-11: Plan to show shoulder ballast involved in resisting lateral load

To evauate the effect of different sizes of shoulder on lateral resistance, experiments
have been carried out in which the size of shoulder is varied. In this section, the results
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of these tests are presented and then interpreted by comparison with limit equilibrium
analyses carried out on the shoulder using widely accepted principles in the field of
geotechnical engineering.

8.2.2. Methods

Nine tests were carried out with shoulder ballast present as shown in Table 8-6.

Test set up | Extent of Shoulder M easur ed Vertical load
shoulder (mm) | height (mm) slope of applied (kN)
shoulder
1C 400 0 41.5° 15
2C 200 0 45.0° 15
3C 200 0 42.8° 45
4C 600 0 42.8° 15
5C 400 125 45.9° 15
6C 400 62.5 40.9° 30
7C 400 0 43.9° 15
8C 300 0 41.4° 15
9C 400 125 37.6° 15

Table8-6: Key to shoulder ballast testscarried out

The extent of shoulder column in Table 8-6 shows the lateral extent level with the
sleeper top and, if present, the height of any heaped ballast above the sleeper top. When
ballast was heaped above the sleeper top level the shoulder was profiled so as to have an
isosceles triangle shape and the dimension given is for the height at the middle of the

isosceles triangle. These definitions are shown in Figure 8-10.

Images of some of the shoulders prior to testing are shown in Figure 8-12. In all cases
the ballast was permitted to fall away at its natural angle of repose from the lateral limit
of each shoulder. The natural angle of repose of the ballast was measured for each test
and found to be within the range 37.6° to 45.9° with a mean of 42.4°. The measured
angles were considered to underestimate fractionally the true angle of repose due to the
tendency of fallen ballast to roll out at the toe. Once each shoulder had been prepared a
vertical load was applied and maintained whilst the sleeper was moved under position
control into the shoulder for a distance of at least 80 mm on al tests at 0.5 mmy/s. The
load and displacement of the sleeper were recorded at 10 Hz giving a resolution to the
nearest 0.05 mm, the accuracy limit for the large range LVDT used was 0.015 mm.
Most tests were carried out with a vertical load of 15 kN.
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Figure8-12:(a) Test 5C before (b) Test 2C before (c) Test 7c before

The testing apparatus measures the total applied lateral load. To assess the shoulder
resistance, an estimate of the ratio of lateral to vertical load when only base balast is
present was made using the results from test series A and B in which no shoulder (or
crib) ballast was present. This was then subtracted from the measured loading ratio for
tests in which shoulder ballast was present to eliminate the contribution from base
contact. The remaining ratio is multiplied by the vertical load for each test to estimate
shoulder contribution.

Due to localy irregular load/deflection response within tests, this can result in highly
varied estimates of shoulder resistance over the full displacement range. This variation
isthought to be largely caused by the noise level from the base contact resistance and is
not a true reflection of variations in shoulder resistance. Using the lowest practical

vertical load (15 kN) minimises noise error. Different vertical loads are not expected to
influence shoulder resistance.

8.2.3. Results

In most of the tests as the sleeper displaced into the shoulder, ballast was observed to
fall down the natural dlope of ballast beyond the lateral extent of the shoulder.
Exceptions to this were tests 4C and 9C. In test 4C the lateral extent of 600 mm
appeared to have passed a threshold beyond which up to 100 mm of shoulder
displacement was accommodated by hunching of the ballast as shown in Figure 8-13. In
test 9C the angle of ballast repose was particularly shallow at 37.6 and this rather low
value meant the ballast remained stable despite the displacement of the sleeper. This test
also gave a comparatively high estimate of shoulder contribution. It may therefore be
deduced that there are potential benefits to placing the ballast at less than the angle of
repose.
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Figure 8-13: Photos of test 4C before and after. Hunching is clearly visible. The length of level
beyond the sleeper end is 600mm in both photos

Figure 8-14, Figure 8-15, and Figure 8-16 show the mean increase in resistance plotted
against sleeper displacement® at every 0.05 mm of displacment tests for the same
shoulder size have been averaged (see Table 8-6).
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Figure 8-14: Low displacement range shoulder resistance/displacement graph to comparetests with

different sized shoulders

® The term displacement implies a permanent movement whereas the term deflection has been used to

describe the pre-failure range of movement
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Figure8-15: Medium displacement rangeincrease in resistance/displacement graph to compare
testswith different sized shoulders
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Figure8-16: Large displacement rangeincreasein resistance/displacement graph to compare tests
with different sized shoulders
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In Figure 8-14, Figure 8-15, and Figure 8-16 atrend for larger shoulders to give higher
resistance is apparent. In Figure 8-14 the largest shoulder size (600 mm), shows the
greatest loading ratio over the deflection range O to 5 mm. Evauating shoulder
contribution at greater displacement becomes more difficult. At larger displacements the
shoulder becomes progressively less effective as its lateral extent is reduced by ballast
falling off the end. This is illustrated in Figure 8-16 where at greater deflections

different tests converge and cross over.
8.2.4. Interpretation
Test Results

Calculating the increase in resistance due to the presence of a shoulder is sensitive to the
displacement at which the calculation is made. However, this sensitivity is probably
more a result of variations in the resistance due to base resistance than to actual
variation in the shoulder resistance though shoulder resistance would perhaps be

expected to decrease with increasing displacement as ballast falls from the shoulder.

Given the difficulties in evaluating the shoulder resistance it was decided that a
characteristic value of shoulder resistance was most meaningful when calculated by
taking the mean increase in loading ratio (Lateral load/vertica load) over the
displacement range of novement from 2 mm to 20 mm and multiplying this by the

vertical load. This has advantages of:

Eliminating variation due to ballast breakage, rearrangement or slippage events.
Eliminating the pre-failure range of movement of the slegper on base contact below

2 mm.
Avoiding the fall-offs in resistance that occur at deflections generally beyond 20 mm
due to ballast falling off the shoulder.

Table 8-7 summarises the increase in shoulder resistance at key displacements and as a

mean over the displacement range 2 to 20 mm.
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Increasein resistance (N) compared to mean of test seriesA and B

Shoulder | Mean2to 5 10 15 20 30 50 80 Test(s)

size 20

200 899 136 635 1671 420 321 -52 -1574 | 2C and
3C

300 2150 2513 | 2119 | 1670 796 -7 508 2009 | 8C

400 1973 2117 | 2015 | 2016 | 2071 | 1336 | 1670 | 1567 | 1Cand
7C

600 2317 2608 | 2305 | 2389 1692 [ 1485 | 1934 | 2337 | 4C

400 by 3092 3358 | 3239 | 3477 | 2010 | 1290 | 2335 | 3235 | 6C

62.5

400 2976 3414 | 3175 | 2854 | 1610 | 2258 842 1387 | 5C and

by125 9C

Table8-7: Summary of key increasesin resistance for shoulders, means of same size shoulder tests

Tests 3C and 6C contain greater degrees of uncertainty due to the effect of the greater
vertical load applied during testing.

Figure 8-17 shows the increase in shoulder resistance from 2 mm to 20 mm.

|+ 200 = 300 — 400 — 600 —~ 400 by 125 + 400 by 62.5|
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Displacement (mm)

Figure8-17: Increase in resistance/displacement graph to compar e effects of shoulder over range

considered most relevant for evaluation

Figure 8-18 shows a bar chart of increase in shoulder resistance at key displacements

and as the mean increase from 2 mm to 20 mm for different shoulder sizes.
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Figure8-18: Bar chart to show increasein resistance dueto shoulder (from Table 8-7)

Inspecting Figure 8-18, it can be seen that trends are partly obscured by variability in
the tests. In particular it is inconsistent that the 300 mm size of shoulder appearsto give
a greater resistance than the 400 mm size at lower deflections. This is most likely
caused by base ballast resistance contribution varying from the estimate of mean base
ballast contribution. Tests with a 400 mm shoulder were carried out twice with a low
vertical load of 15 kN and the mean estimates of shoulder resistance from these tests are
considered the most reliable. In general it can be seen that increasing the shoulder extent

and height increases the resistance.
Calculated shoulder resistance

A caculation will now be set out to quantify the shoulder resistance. The calculation
follows the well established limit equilibrium method with the assumed mechanism of
failure shown in Figure 8-19. Initially the calculation will be carried out as for plane
strain, but modification for the finite area of the deeper end and sideways spread of the

mechanism is then required.
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Angleof side
ways spreading

Sleeper end moves into ballast

Figure8-19: Diagram of shoulder failure wedgein 3D

Figure 8-20 shows the simplified geometry of the assumed failure mechanism and the
symbols used which are then described below.

Idedlized
Shoulder

_________________________________

Sleeper
Height, h

Figure 8-20: Assumed failure mechanism of shoulder ballast in plane strain

Where:

the weight of the wedge

the reaction at the sleeper/ballast shoulder contact

the reaction on the base of the slip surface within the ballast

angle of heaped ballast

Slope angle of the balast as it fals away from the shoulder, the
maximum value this can take is equivaent to the internal angle of
friction for the ballast (estimated to be 45°)

the height of the shoulder above the level of the sleeper top

extent of ballast shoulder adjacent to sleeper top
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h= height of sleeper
qw=  the angle that provides the least resistance and is found by tria and

improvement
f Internal angle of friction within the ballast
d= the angle of friction between the slegper and the ballast

In Figure 8-20 the reaction forces on the dip surfaces represent the combined normal

and shear force for each surface.

The forces shown in Figure 8-20 can be represented in force diagrams as shown in

Figure 8-21 A and B. wheref istheinternal angle of friction of the ballast.

Rw

A. Force diagram when q < 90°

B. Force diagram when g > 90°

Figure8-21: Force diagram for wedge failure mechanism when wedge angle < 90° and > 90°
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The cases A and B occur because as the wedge angle passes 90° the direction of wall
friction reverses. If the wall friction angled is afixed vaue this leads to a discontinuity
in the calculated forces as the wedge angle q approaches and passes 90°. This would
represent a sudden and unnatural reversal in the direction of forces. To accommodate a
smooth trarsition it is proposed that as q increases to 90°, d will reduce to zero at g = 90
before again increasing as g passes 90°. The rate at which d changes as a function of q
is unknown. To resolve the forces d will be taken as 0.5 (90-q ) until it reaches its
maximum value of 24° (Tan'0.45). In fact it will be shown that, for the shoulder sizes
evaluated, the failure wedge angle is so close to 90° that were the failure to occur at 90°
the force would be similar, in this regard the need to accurately find the true angle of
wall friction when the wedge angle is close to 90° is trivialised because at 90° there is

no wall friction.

The force diagrams can be solved using the sine rule because one side W) and all
angles ( ,d, g) are inputs to the calculation. The lateral force on the deeper is then
Rwcod.

Note that the maximum ballast/deeper friction interface angle (24°) has been taken as
equivalent to the sleeper base/ballast angle found in these experiments as the median at

2 mm of displacement. However, the sleeper base is rougher than the sleeper ends as it
is the deeper base that is the open face during the pre-cast concrete fabrication process,
again this has limited influence on the resultant forces calculated because the wedge

angleis so close to 90°.

Consideration of the force diagrams shown in Figure 8-21 reveals several limitations on
the validity of the shape of the wedge. The calculation is invalid when the following

inequalities are true:

gEf+d
g3 90+f

Both limiting inequalities correspond to the physical situation that all forces are vertical

and so no laterd force is generated.
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In addition to the forces in the lateral plane of movement shown in Figure 8-20 forces

are also present on the sides of the wedge as shown in Figure 8-22.

Sleeper

Figure8-22: Plan view of failure wedge

Inthe case wherea =f the side force(s) Rs are normal to the direction of movement and
therefore do not contribute to lateral force on the sleeper/ballast shoulder contact area.
This assumes that al friction will be mobilised laterally on this interface with no
contribution to vertical forces. In any case it will be a conservative assumption in that

the side forces will not contribute to the calculated resistance.

It is now possible to use the method to find a shoulder resistance for deeper movement
on horizontal track. The calculation can be solved by careful discretisation of different
areas of cross section for a range of failure angles g to determine the volume of ballast
of density r involved in the failure wedge and hence to determine the weight W of the
wedge. Two different types of cross section have been evaluated as shown in Figure
8-23.
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Sleeper

Geometry case 1

Sleeper

Geometry case 2

Figure 8-23: Geometries evaluated to calculate shoulder resistance
A complex discretisation of the 3D spreading of the failure wedge is also necessary.

The values used to calculate the forces are shown in Table 8-8.
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Symbol Values Description Units Notes
h 021 Height of m 0.21 at end (Tarmac G44)
sleeper
w 0.29 and width sleeper m 0.20 top to 0.29 base (Tarmac G44)
0.65m and sleeper
spacing
ry 1,500 Density of kg/nt 1,600 value for granite gneiss
ball ast (Chang et a., 1980)
X 0.2t00.6 Extent of m Based on values used on Network
shoulder base Rail (RGS, 2003, pp.table 1).
y 0t00.125 Height top m
d Oto24 Angle friction ° Permitted to mobilise equal to
ballast/sleeper 0.5 (90-q )until it reaches its
maximum value of ~24° found
from tests of base ballast L/V ratio
q Varied Angle wedge ° adjust for mininmum resistance
for shoulder
I 0to 32 Angle of heap ° Set for each test
f 45to 55 Angle friction ° M easured angle of repose lab tests,
ballast to maximum including dilation
s 45 and 34 Slope angle ° Inthelab teststhiswas allowed to

be at the natural angle of repose of
the ballasy ~45°. Additionally an
angle of 34° has been evaluated
corresponding to aslope of 1V to
1.5H

Table 8-8: Valuesused to calculate shoulder resistance

For a ballast internal friction angle of 45° the force diagrams in Figure 8-21 are valid

only when 60°< q <135°. This means that most cases evaluated are for geometry case 2

because the crossover angle is close to or less than 60°.

The variations of shoulder resistance with angle of wedge for an internal ballast friction

angle of 45° and a shoulder slope angle of 45° are shown in Figure 8-24 and the

minimum resistance values and corresponding angles are shown in Table 8-9. The

calculations are to the nearest 5° for qu.
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Angle of Wedge (degrees)

Figure8-24: Angle of wedge failure mechanism plotted against failureload for afriction angle and

sideways spreading angle of 45° and a slope angle of 45°

Extent (x) Heap (y) | Angle load Geometry | Geometry
case Cr ossover
angle

(mm) (mm) (N)

200 0 100° 530 2 55.0°
300 0 95° 856 2 43.6°
400 0 90° 1244 2 63.2°
600 0 75° 2002 2 70.9°
400 125 100° 1445 2 63.2°

Table 8-9: Results of shoulder resistance calculations, friction angle and sideways spreading angle

45°, slope angle 45°

The friction angle was estimated to be 45° based on the natural angle of repose of the
ballast. However, evidence to justify a geater value was presented by Indraratna and
Salim (2005) who carried out triaxial tests on a ballast with a basic friction angle of 44°.
They found that at low confining stress an apparent friction angle of 55° was obtained
from measurements which was attributed to dilation. Therefore the shoulder resistance
calculation has been carried out again for a friction angle of 55° to test the sensitivity of

the calculated resistance; results are shown in Figure 8-25 and Table 8-10.
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Shoulder resistance (kN)
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Angle of Wedge (degrees)

130

Figure8-25: Angle of wedge failure mechanism plotted against failureload for afriction angle and

sideways spreading angle of 55° and a slope angle of 45°

Extent (x) Heap (y) Angle load
(mm) (mm) (N)

200 0 100° 919
300 0 95° 1513
400 0 95° 2244
600 125 85° 4019
400 62.5 100° 2595

Table 8-10: Results of shoulder resistance calculations, friction angle and sideways spreading angle

55°, slope angle 45°

In addition to varying the angle of friction calculations were carried out for a reduced
slope angle (s) of 34°. This would correspond to a 3 aong to 2 down slope. Results of

these calculations are shown below:
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Shoulder resistance (kN)
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65 75 85 95 105 115 125

Angle of Wedge (degrees)

Figure8-26: Angle of wedge failure mechanism plotted against failureload for a friction angle and

sideways spreading angle of 45° and a slope angle of 34°

Extent (x) Heap (y) Angle load
(mm) (mm) (N)

200 0 95° 721
300 0 90° 1068
400 0 85° 1439
600 125 75° 2025
400 62.5 90° 1721

Table8-11: Results of shoulder resistance calculations friction angle and sideways spreading angle

of 45° and a slope angle of 34°
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Figure8-27: Angle of wedge failure mechanism plotted against failureload for afriction angle and

sideways spreading angle of 55° and a slope angle of 34°

Extent (x) Heap (y) Angle load
(mm) (mm) (N)

200 0 95° 1266
300 0 90° 1933
400 0 90° 2696
600 125 85° 4374
400 62.5 90° 3146

Table8-12: Results of shoulder resistance calculations friction angle and sideways spreading angle

of 55° and a slope angle of 34°

The bar chart shown in Figure 8-28 compares al the calculated resistances for each size
of shoulder.
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Figure8-28: Bar chart to compar e calculated shoulder resistance for friction anglesof 45° and 55°

and slope angles of 45° and 34°

Figure 8-28 demonstrates the large differences in calculated shoulder resistance that
occur when the friction angle is increased from 45° to 55°. A small increase is also
apparent when the dope angle is reduced from 45° to 34°. It is aso noted that reducing
the slope angle can force the wedge failure angle @Qw) to reduce, but perhaps more
importantly a reduced slope angle is likely to have the additional benefit of maintaining
the magnitude of shoulder resistance with displacement because ballast will be less
likely to fall from the shoulder.

Comparing the estimated shoulder resistance from the laboratory tests to the

calculated shoulder resistance

In comparing the test results to the calculated results there is an issue that if the angle of
sideways spreading is too great then the edges of the wedge hit the sides of the testing

rig. For example, for a = 45° this occurs after 0.5" (0.65-0.285) = 0.1825 m of shoulder
lateral extent.
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It could perhaps be argued that a contribution in frictional resistance from the sides of

the testing rig compensates for a loss of resistance due to reduced size and hence weight
of afailure wedge.

In Figure 8-29 a bar chart compares the experimental results to the calculated shoulder
resistance for different sizes of shoulder. The calculated results are for a shoulder slope

of 45°, similar to the shoulders tested.
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Figure 8-29: Comparison of experimentally measured shoulder resistance asa mean over therange

2 mm to 20 mm of displacement with calculated values of shoulder resistance

In Figure 8-29 the calculated shoulder resistance values show an increasing resistance
with shoulder size, the experimental results show the same genera trend. The
experimentally estimated shoulder resistance is usually within the range of calculated
values for the estimated possible range of friction angles with a side slope of 46°.
Exceptions to this, as previously mentioned, are possibly due to shallower than usual
dope angles in the tests which could have accounted for small increases in measured

resistance. All the experiments incorporate a level of uncertainty due to the variability in
the sleeper base contribution.
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8.3. Crib
8.3.1. Background

Crib ballast is present on either side of the sleepersin areal railway track. The width of
the crib ballast varies depending on the size of the Sleeper and the sleeper spacing.

Resistance to movement of the sleeper is due to the frictional contact between the
sleeper and the crib ballast and within the crib ballast itself. The horizontal and vertical

stresses within the ballast provide the normal force on the deeper and within the ballast
to mobilise the frictional resistance. If the sleeper is forced to move lateraly, two modes
of failure for the crib ballast can be identified. Either the sleeper/ballast crib contact area
failsin diding or a dlip plane develops within the ballast, probably level with the base of
the dleeper as shown in Figure 8-30 and Figure 8-31. It islikely that at a particular width
between adjacent sleepers the modes of failure cross over from failure of sleeper/ballast
contact to failure within the ballast with narrower spacing being required for the latter.
Note that in both failure cases the base contact ballast is assumed to fail in diding with
the sleeper.
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Figure8-30: Crib contact area
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Figure8-31: Thetwo possible slip surfacesidentified

Assuming that confining stress within the ballast and at the sleeper/ballast crib contact
may be similar, it can be deduced that cross over between the two failure modes occurs

when:
(s-b) tanf =2h tand Equation 8-10

Where s is the deeper spacing, b is the deeper width at the base, h is the effective
height of the deeper, f isthe angle of shearing resistance within the ballast and d is the

angle of shearing resistance between the sleeper crib surface and the ballast.

Therefore when (s-b) tanf < 2h tan d failure would be within the ballast and when (s-b)
tanf > 2h tand failure would be at the sleeper/ballast crib contact area.

From the previous tests on the base deeper/ballast contact area it is known that the
angle of shearing resistance between the sleeper base and the ballast is 24° and that the
angle of repose for the ballast considered to be the same as the angle of internal shearing
resistance is about 45°. However the Seeper surface contact with the crib is smooth
concrete rather than the roughened underside of the sleeper and the friction interface

angle will be less than 24°.

In reality the stresses on the sleeper and within the ballast may differ. Compaction of the
crib ballast may lead to greater horizontal confining stress than would be expected from
the purely geostatic case. In addition the presence of shoulder ballast beyond the crib
may further complicate such a smplistic approach. However, in the tests reported in this
section no shoulder ballast is present.
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Taking values of s, b and h of 0.65 m, 0.285 m and 0.2 m respectively for G44 sleepers
on the WCML, (s-b) tan 45° = 0.365 and 2h tan 24° = 0.18. (Note that while elsawhere
avaue of 0.3 mis taken for b, the deeper width, here it is more appropriate to use the
value accurate to the nearest mm). Therefore, in the tests reported here, failure would be
expected by the development of a dip surface between the deeper and ballast crib

contact area.

8.3.2. Results

Results are presented for two tests in which crib ballast was placed adjacent to the
sleeper on either side up to the level of the Sleeper top surface. No shoulder ballast was
present. The sleeper base is flat but the top surface is raised at either end, so the level of
ballast is dightly lower adjacent to the middle of the sleeper compared to the sleeper

ends.

To confirm the type of failure occurring, paint was sprayed across the crib ballast and
Sleeper top surface in lines so that any movement of sleeper relative to ballast would be
identifiable in photographs taken before and after each test. Photographs from one of the
tests to show the characteristic behaviour are shown in Figure 8-32, Figure 8-33 and
Figure 8-34.

Figure 8-32: Photographs befor e lateral pull test, middle of sleeper
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Figure 8-33: Photographs beforelateral pull test, middle of slegper, close up

Figure 8-34: Photographs after lateral pull test, middle of sleeper, close up

The photographs confirm that the sleegper has moved relative to the ballast by
approximately the same distance the sleeper was pulled laterally (~90 mm). This is
taken to confirm that failure occurred by the sleeper diding against the crib ballast.

Figure 8-35, Figure 8-36 and Figure 8-37 show graphs of the increase in

resistance/displacement over different ranges of displacement.
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Figure8-35: Low rangeincreasein resistance/displacement graph for testswherecrib ballast is

present
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Figure 8-36: Medium rangeincreasein resistance/displacement graph for testswherecrib ballast is

present
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Figure8-37: Largerangeincreasein resistance/displacement graph for testswherecrib ballast is

present

These graphs confirm the increase in resistance due to the presence of crib ballast but
again, as with previous tests, highlight the locally highly erratic response of the
dleeper/ballast interface.

8.3.3. Interpretation

The mechanism (though not necessarily the magnitude) of crib resistance, in contrast to
the shoulder resistance, should be largely independent of sleeper movement over the
range tested. Figure 8-38 shows a bar chart of the increase in resistance due to the

presence of crib ballast for both tests and as a mean for both of these tests.
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Figure 8-38: Comparison of measured crib resistance as a mean over a range of deflectionsand at

specific deflections

By inspection of Figure 8-38, it is clear that there is some variation when the increase in
resistance is evaluated at different deflections with a trend of dlightly reducing
resistance beyond 15 mm notwithstanding individua results which contradict this at
specific deflections. This reduction in magnitude of crib resistance is thought to be due
to destructurisation of the ballast contact matrix as the deflection of the Sleeper

increases.

Table 8-13 gives the values used in the bar chart shown in Figure 8-38.

Increasein resistance (N) compared to mean of test series A and B

Test Mean 2 5 10 15 20 30 50 80
to 20

Crib 1D 2339 2588 2258 1926 1736 2327 -323 2459

Crib 2D 3531 3689 3823 3721 2683 1833 2156 2892

Mean 1D and 2935 3138 3040 2823 2209 2080 917 2676

2D

Table8-13: Increase in sleeper resistance dueto crib ballast

Given the known size of the crib slegper/ballast contact area and the angle of friction
between deeper and ballast from previous base seeper/ballast tests, it is possible to
estimate the horizontal confining stress in the crib ballast. This can then be compared to

the mean geostatic vertical confining stress and a stress ratio deduced.
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The experimentally determined resistance values in Table 8-13 are converted to
horizontal confining stress as shown in Table 8-15 taking the contact area of the crib
sleeper/ballast as 2nf (2.5 0.2 2) and the sleeper/ballast friction ratio as tand = 0.45.

Estimate of horizontal confining stressin crib ballast (N/nf)

Test Mean 2 5 10 15 20 30 50 80
to 20

Crib 1D 2543 2813 2454 2094 1887 2530 -351 2673

Crib 2D 3839 4009 4156 4044 2916 1993 2344 3144

Mean 1D and 3191 3411 3305 3069 2401 2261 996 2908

2D

Table 8-14: Estimated horizontal confining stressin crib ballast

The mean geostatic vertical stress in the crib can be approximated by taking a unit
weight of 15 kN/n? for the ballast and a mean depth of 0.1 m so that s, = 1.5 kPa.
Therefore the earth pressure ratio can be calculated to be as shown in Table 8-15.

Earth pressureratiosy/sy
Test Mean 2 5 10 15 20 30 50 80

to 20
1D 1.70 188 | 164 | 140 | 126 | 169 | -0.23 | 1.78
2D 2.56 267 | 277 | 270 | 194 | 133 | 156 | 210

mean 2.13 227 | 220 | 205 | 160 | 151 | 066 | 194

Table8-15: Summary data for ratio of vertical to horizontal confining stressin the ballast

According to this calculation, the horizontal confining stress in the crib is the major
principal stress and is approximately twice the mean vertical geostatic stress as a mean
from 2 to 20 mm of displacement. The greater horizontal stress compared to the
geostatic case is thought to be caused during testing; as the sleeper moves relative to the
ballast the particles in contact with the sleeper are rotated and lock into place. It is aso
relevant to note that in Chapter 6, where the horizontal stress due to vertical cyclic loads
was evaluated, a locked in earth pressure ratio of 0.5 developed after 100 load cyclesin
test 3A. In test 3A the major principle stress was vertical and there was no crib ballast
present so the ballast was open at the surface level with the top of the pressure plate
used. These findings indicate that the major principal stress may not be more than twice
the minor principal stressin alayer of ballast open at the surface.
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Having deduced the likely earth pressure ratio it is now possible to revisit Equation 8-10
which may be modified to include the maximum likely earth pressure ratio Kmax=Sh/Sv
=2.0.

(s-b) tanf =Kmnax 2h tand Equation 8-11

Therefore in these tests (s-b) tan f = 0.365 and Knax 2h tand = 0.356. Thisis (just)
consistent with a failure mechanism of sleeper on ballast. The spacing would need to be
reduced such that (s-b) tan45°<0.356 for a dip surface to develop within the ballast, i.e.
the sleeper spacing would need to be reduced to 0.64 m or less. A more redlistic value

for d, which is currently overestimated based on the interface friction angle of the

roughened base of the sleeper, would reduce further Kinax 2h tand.

8.4. Comparison with previous sleeper/ballast lateral
resistance tests

Lateral sleeper resistance tests are scarce in published literature and data are rarely
presented so as to isolate resistance due to crib, shoulder and base sleeper/ballast contact

areas.

Most tests tend to focus on individual sleeper resistance on unloaded track. Typically a
globa value of resistance is quoted and then it is often suggested that the shoulder
accounts for a certain proportion of this resistance, e.g. Lichtberger (2007a) & (2007b).

Investigations have been carried out into the effects of type of Seeper type, sleeper
spacing, and sizes of crib and ballast shoulder. However, many research findings are
confined to internal reports with only second-hand or anecdotal accounts finding their
way into freely available published literature. For example ERRI (1995) reported that
the dleeper crib and base ballast contribute approximately 1/3 each to the lateral
resistance of the sleeper on unloaded track based on an unpublished BR report by
Shenton (1973).

Lateral resistance tests take different forms, and while some investigate the resistance of
the sleeper/ballast interface (Selig and Waters, 1994) others report data on the resistance
provided by the track system as a whole (Esveld, 2001).
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Computers have also been used to try and quantify ballast shoulder resistance, Kabo
(2006) carried out finite element modeling of a sleeper bay of track of dimensions very
similar to that in the laboratory tests carried out for this research Kabo reported
resstance in the presence of a 15 kN vertical load for different sizes of shoulder as a
peak resistance within up to 50 mm of deflection; however no test data was reported for
shoulder absence so it is difficult to infer absolute values for shoulder contribution.
Kabo's tests showed that increasing the lateral extent of the shoulder significantly
increased the resistance but that increasing the height actually reduced the resistance.
Kabo's results are more likely to highlight difficulties in applying FEM techniques to
model ballast than any real effects of changing shoulder height.

In this section, where possible, published data have been taken for physical tests on
freshly laid ballast. There follows a summary of selected published results with the most

relevant compared to the test data from this research for shoulder and crib contribution.
Shoulder

ERRI (1995) reported data from an ORE report of 1976 (ORE D 117/RP 8, 1976).
These data were presented as a graph of the % change in resistance due to increasing
shoulder size (100% is assumed to be the resistance when no shoulder is present). A
sketched reproduction of this graph is shown in Figure 8-39.

It is possible to estimate the shoulder resistance for increasing shoulder lateral extent
provided that a base sleeper/ballast contact resistance value can be estimated to apply to
the percentage increases in resistance that can be read from Figure 8-39. This has been
achieved by taking a global sleeper resistance value of 8.3 kN corresponding to the 50%
less than value in the summary table of lateral resistance for just tamped ballast (shown
in Table 2-1, ERRI, 1995a) and assuming this corresponds to a 300 mm shoulder. For
the 300 mm shoulder the resistance is calculated by dividing the total resistance (8.3
kN) by the median total % (estimated from Figure 8-39, e.g. 120% for 300 mm
shoulder), then multiplying by 100 to obtain the non shoulder contribution. The
shoulder contribution is then the difference between the global and nonshoulder value.
Similarly the contributions from different sizes of shoulder can be estimated. These
assumptions result in 6.9 KN of resistance for a deeper with no shoulder present and is

assumed to include crib as well as base sleeper/ballast contact area contributions.

236



Increasein 4 [ %
resistance (%) — \
200
P

\ h =100 to 150 mm
p— ?

150 4
h =100 to 150 mm

100 | | | | | |
100 200 300 400 500 600
Shoulder lenath x (mm)

Figure8-39: % increasein shoulder resistance against shoulder sketched from ERRI (1995a)

The definition of heaped shoulder ballast shown in Figure 8-39 is different from the

definition adopted in this research; this means that comparison of experimentally

measured heaped shoulder resistance to ERRI’s reported data is more problematic. To

obtain an estimate of shoulder contribution it will be assumed that x-h in Figure 8-39 is

equivalent to thex in this research, thus an estimate for a shoulder size of 125 mm heap

is possible by reading off the % increase in shoulder resistance within the shaded region

for h =100 mm to 150 mm at the x point 275 mm (400 - 125).

Results of these calculations are shown in Table 8-16.

Increase dueto shoulder presence | Resistance (N)

scaled from graph (%)
Shoulder size Median Min M ax Median Min M ax
200 114 106 118 968 415 1245
300 120 110 128 1383 692 1937
400 126 114 138 1798 968 2628
600 138 122 158 2628 1522 4012
400 by 125 141 130 155 2836 3804 2075

Table 8-16: Inferred shoulder resistance
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A bar chart shown in Figure 8-40 shows the inferred maximum and minimum ERRI

values of shoulder resistance and compares them with the results from the tests for this
research.

[ Maximum estimated from ERRI B Minimum estimated from ERRI
O Tests for this research

N w B
1 1 1

Resistance (kN)

[5=Y
1

il

200 300 400 600 400 x 62.5 400 x 125
Shoulder size (mm)

Figure 8-40: Comparison of experimental shoulder resistance with values extrapolated from ERRI

(1995a) and calculated values.

In Figure 8-40 it can be seen that the laboratory tests gave shoulder resistance within the

range of those inferred from the ERRI report except for the test at 300 mm of resistance
which is dightly higher.

Figure 8-41 plots the inferred ERRI sleeper resistance with the theoretically calcul ated
shoulder resistance for friction angles of 45° and 55° and ballast slopes of 1:1 and 1:1.5
for increasing lateral extent of the shoulder level with the top of the sleeper.
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Figure8-41: Comparison of theoretically calculated shoulder resistance with resultsinferred from
ERRI (1995a)

In Figure 8-41 the theoretical values of shoulder resistance are generally within the
region of ERRI results and these also show that changes in internal angle of friction of
ballast and side slope of ballast can explain the variation within the ERRI data. Also
note that the theoretical lines are not quite linear because the wedge block angle changes

dlightly as the shoulder extent increases.

In addition to using experimental data to assess shoulder resistance by using a mean
estimate of the contribution of base contact resistance, estimates of the maximum and
minimum possible base contact contributions can be used from tests runs A and B to
quantify the potential uncertainty in the experimental values of shoulder resistance. This
isshown in Figure 8-42 for increasing lateral extent of shoulder (no heaped results are
included).
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Figure 8-42: Resistance/shoulder extent graph showing possible range of shoulder resistance

inherent in laboratory tests

Figure 8-42 shows the high level of variation possible associated with the resistance
contribution from the base contact from the experimental data. The large potential
variation for the 200 mm shoulder is partly caused because of the larger vertica load
present in one of the two tests at this shoulder size (test 3C).

Crib

Crib resistance from the ERRI data may be estimated by applying the 1/3 rule from the
unpublished BR research (Shenton, 1973) to the same estimate of typical sleeper
resistance in the ERRI data outlined previously of 8.3kN. This corresponds to an
estimated crib resistance of 2.76kN.

A further estimate of crib resistance can be made from research carried out in the USA.
Selig and Waters (1994) reported typical data from lateral tie push tests (LTPT). LTPTs
involve detaching a deeper from the rails and using a reaction beam connected to the
rails to push the sleeper a st amount, typically 1 to 6.4 mm laterally and recording the
resistance. Selig and Sluz (1978) show a graph that indicates 3000 N to 4000 N
produces a lateral movement of 0.1 inches for an unloaded wooden sleeper subject to a

horizontal load after maintenance of the track (Selig and Sluz, 1978). Selig and Waters
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(1994) show a graph that indicates crib resistance is approximately half the tota
resistance, and shoulder resistance is approximately one quarter of the total resistance
on freshly laid unloaded track (Selig and Waters, 1994, pp.8.13). In the USA shoulder
sizes are typically 300 mm level with the Sleeper top (AREA, 2003). Therefore it may
be deduced that the maximum shoulder resistance for a 300 mm lateral extent may reach
1000 N and the crib resistance may be at most 2000 N.

In the current research, the mean crib resistance for two tests was found to be 2993 N.
This compares favourably with the estimate from the ERRI data and appears somewhat
higher than the estimate made using American based research. However, the American
research was for wooden deepers which may aso have been smaler in size and on

significantly different ballast and will have different interface properties.

8.5. Summary of Chapter 8

8.5.1. Base resistance

In test runs A and B the ratio of vertical to lateral load of centrally and eccentrically
loaded deepers was found to be the same. Justification for this finding was made using
the Butterfield failure envelopes where it was shown that train loading was likely to fall
within the linear egion of the combined VHM failure envelopes However, care is
needed in applying this finding to specific cases of train loading where, in addition to
the exact combination of vertical, horizontal and moment loading to be considered,
arrangement and types of ballast and sleepers may also differ.

8.5.2. Shoulder resistance

Test run C comprised 9 tests with varying shoulder size. Tests gave varied results over
the full range of deflection up to 90 mm. A mean resistance derived by taking the mean
loading ratio from 2 mm to 20 mm of deflection was found to be advantageous in
eliminating test variability inherent when resistances were calculated from loading
ratios at specific deflections.

A calculation was presented which appeared to provide a reasonable estimate of

shoulder contributions to resistance by comparison with shoulder resistance inferred
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from ERRI data and the experimental data. The calculations were used to present a chart

which has the potential to be used for the specification of shoulder sizes (Figure 8-41).

8.5.3. Crib resistance

Two tests were carried out to quantify the crib sleeper/ballast resistance and a mean
value of 2935 N was obtained. This compared favourably with estimates from the
literature. Furthermore cal culations showed that an inferred earth pressure ratio of 2 was
consistent with the measured earth pressure ratios found in vertical loading tests where
the magjor and minor principal stress planes were reversed. The earth pressure ratio of 2

was a so consistent with the observed failure mechanism of sleeper/ballast dlip.
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9. Conclusions and further research

9.1. Conclusions

The aim of this research was to develop a fuller understanding of the mechanical
behaviour of the sleeper/ballast interface. Specific objectives were set out at the end of
Chapter 1; these are reprinted in italic below and addressed in turn:

To quantify likely magnitudes of Pendolino train loading for normal and extreme
conditions by summing the effects of curving forces, wind load and static axle loads
on low radius curves of the WCML (Chapters 2 and 3).

Calculations have identified likely normal and extreme magnitudes of load transferred
to individual deepers on low radius curves for Pendolino trains travelling at their
current maximum operating cant deficiency. In the course of this the importance of the

relative stiffness of the normal and lateral axes of the track system was aso identified.

To characterise the in-service (pre-failure) behaviour of the sleeper/ballast interface

due to likely Pendolino train loading (Chapters 5 and 7).

The behaviour of the sleeper/ballast interface during in-service pre-failure loading has
been characterized using geophone field data and laboratory testing. Analysis of these
results has shown that while the resilient response of individual sleepersis consistent it
may differ in magnitude from different experimental test set- ups and nearby Slegpers on
real track where the sleepers are apparently supported by similar arrangements of
ballast and loaded similarly.

To quantify the development of confining stress within the ballast at the end of an
initial 100 Pendolino axle loads on freshly prepared ballast and assess its impact on
sleeper/ballast interface behaviour (Chapter 6).

Changes occur to the confining stress within the ballast during cyclic vertical loading.
Using experimental and finite element modelling it was shown that the earth pressure
ratio moves towards the active case at peak load and the passive case at minimum load
with increasing loading cycles. This behaviour alows the sleeper to bed into the ballast
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and is evidence that long term changes to the structure of the ballast are occurring with

load cycles.

To characterise single sleeper interface properties (pre-failure) for use with vehicle/

track dynamic models (Chapter 7).

Individual Sleeper interface properties have been evaluated by laboratory experiments
and it has been found that the pre-failure behaviour of the dleeper/ballast interface is
load path dependent. A relationship has been fitted to the experimental data that has the

potential to be used in vehicle/track dynamic interaction models.

To quantify the failure envelope of the sleeper/ballast base contact for a single
sleeper in combined VHM loading (Chapter 8).

Combined vertical, horizontal and moment loading failure envelopes have been plotted
for the sleeper/ballast interface and moment loading has been shown to have negligible
impact on the failure of the deeper/ballast interface within the likely range of train
loading.

To quantify the resistance available from the crib and shoulder sleeper/ballast

contact areas both experimentally and by calculation (Chapter 8).

Experimental results for the failure of the sleeper/ballast base contact have found that
the mobilised friction angle at 2 mm of displacement as a median of all testsis24°, asa
mean of the resistance from 20 to 90 mm this tends to 30°. The contribution to lateral
resistance from the shoulder and crib has been shown to be dependent on Seeper
displacement and an evaluation of changes in resistance with displacement has
concluded that at specific displacements results can be highly varied due to ballast
breakage/rearrangement events. However, the resistance is most consistent when taken
as a mean from 2 to 20 mm of displacement. A method to calculate the contribution to
Sleeper lateral resistance from different sizes of shoulder ballast has been presented and
results proven to be reasonable by comparison with the experimental results in this
research and results in the literature. A chart has been presented which has the potential
to be used as the basis for shoulder size specification. Contributions to sleeper |ateral

resistance from crib ballast have been measured and observations of the failure
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mechanism have permitted calculations to deduce the earth pressure ratio at failure and

hence the minimum spacing for the failure mechanism to develop.

To address the implications of the findings of the research (Chapter 9).
Two key implications of the research are identified:

1. The ahility to calculate the lateral dleeper/ballast resistance from the shoulder has the
potential to bring scientific method and design to shoulder specification rather than
stated shoulder sizes for given circumstances such as those currently incorporated
within Network Rail codes. A chart was presented in Chapter 8 which could be used
for this.

2. Comparison of shoulder and crib resistance to literature was hampered by a lack of
published and freely available data and inconsistency in methods of reporting
sleeper resistance from the three contact areas. Therefore it is recommended that a
universal method of reporting sleeper lateral resistance tests be adopted which
identifies the shoulder and crib ballast dimensions, the type of slegper and ballast
and differentiates where possible between contributions from the three
sleegper/ballast contact areas. The vertical load present should also be included so
that a coefficient of friction of the Seeper to ballast may be calculated. Averages
should be taken at key deflections and ranges of deflections. In this research the
resistance at 2 mm, the mean from 2 to 20 mm and the mean from 20 to 90 mm were

found to be important ways to characterise sleeper lateral resistance.

9.2. Further research

Consideration of the behaviour of the track system has shown that in relation to awheel
load applied to the rail, the latera resistance of an individual sleeper depends on the
vertical load present. However, the lateral load present depends on the lateral stiffness.
Investigation into the globa latera and vertica stiffness of the track system are
recommended. Improved understanding of the interaction between the globa vertical
and lateral stiffness and the contributions from the component parts of the track system
could enable designers to specify rail sections, pads and sleepers which contribute to an

optimum vertical and lateral globa <iffness for lateral resistance. This would
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potentially minimise the occurrence of rail buckles and may have implications for the
design life of ballast.

It has been found experimentally that the sleeper/ballast interface mobilised friction
angle is about 24° a 2 mm of deflection thisis less than the internal angle of friction of
the ballast and therefore there is a potential to increase the lateral failure resistance of
the Sleeper ballast interface by roughening of the sleeper base. Currently the type G44
sleeper (and others) is cast into an upside down mould leaving the base open to the
atmosphere. This has the effect of roughening the base in comparison to the top surface
of the deeper which is flattened by the mould. It is suggested that further roughening
could be achieved by incorporating ridges into the casting of the sleeper base. Further
research is recommended into different ways of achieving this and on the implications
for balast life.

It is known that the lateral resistance of the deeper ballast interface improves with
trafficking and it was shown experimentally that changes in the earth pressure ratio
occur with loading cycles. Therefore research is recommended into the changes in
structure that occur within ballast during cyclic loading over the full life cycle to
improve fundamental understanding of the mechanical behaviour of ballast. During the
current research ideas were developed within the infrastructure research group at the
University of Southampton, and a research project is due to start shortly (University of
Southampton, 2008).

Over the course of this research findings were made that, with hindsight, could have
altered testing arrangements and tesing procedures. In particular it was shown that the
contribution from sleeper base contact to global sleeper resistance is highly variable and
this presented difficulties in calculating the contribution from shoulder and crib from
measurements of global deeper/ballast lateral resistance. Tests could be planned which
eliminated this source of potential variation, for example by replacing the base contact
ballast with a material of consistent frictional response. Such tests would be valuable in
deducing the true variation present in the contribution to sleeper latera resistance of

given sizes of shoulder and crib ballast.

Further research to reproduce load path dependent behaviour using constitutive models

of soil in finite element or other analyses methods would be of benefit in validating
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either the relation proposed as part of this research or in developing further relations that
could be used to take account of load path dependent behaviour. More accurate
modelling of load path dependent behaviour in rain/track interaction models (e.g.
Vampire, ADAMS/rail) could be used to carry out investigations to better understand
the relative importance of the relative lateral and vertical stiffness of the track system
and variations therein on sleeper loading and to investigate the behaviour of track

systems with the incorporation of track flaws such as hanging sleepers.
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Appendix A: Lateral beam model

Derive Differential Equation

000 [ 00 [AAAO
| [
t EIIH—H

m

P is the lateral load which may be evaluated at the level the axle and summed for the

carriages and train.

El is the bending stiffness of the track in the lateral plane, both rails are lumped together

m is the latera stiffness coefficient assuming a linear lateral response to load from the

|| |
ige
LA P

u(x)

LN

Figurel: Lateral beam model

ballast deeper interface made up from the base, shoulder and side contacts.

u(x) isthe lateral rail deflection

X is the longitudinal distance from the load

t is the torsiona resistance of the deeper rail fastenings, this may be evaluated per

metre run of track.



p(x)dx

D +d—Ddx
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X > < dx »
Figure2: beam element model
From the diagram resolve horizontally,
dD
p(x)ax +&dx = mudx Equation 1
dD _
p(X) +& =mu Equation 2
Take moments about A,
é dD | du dm

M +8D+&dX€X+tO&dX— M +de Equation3
Neglect dx’ terms

du/dx is the gradient of the track

D is the shear force

M is the moment

Simplify:

du _dm
D +t 2w :K Equation 4



Re-arrange:

D :dﬂ_ tod_u
dx dx

From structures elastic theory it can be found:

d?u

M =-El
dx?

Substituting Equation 6 into Equation 5:

d3u du
= El—-t,—
dx® % dx

Therefore substituting Equation 7 into Equation 2:

d*u d?u
X)- El —-t,—=mu
P(x) dx*  ° dx?
Rearrange
d*u déu

p(X) = Elw"'t Oy'i' mu

Equation 5

Equation 6

Equation 7

Equation 8

Equation 9

Because there is no distributed load p, only a point load P for x > 0 this equation can be

equated to zero and the governing differential equation is:

du,, diu

El t,—+mu=0
dx* % dx?

Equation 10

This differential equation isidentical to the vertical case when tg is taken as zero. With

the inclusion of the torsional resistance term we would reasonably expect the deflection

to be lower.

Solution

Use D-operator method
3



EID* +t ,D*+m=0

Find the complementary function

Use the quadratic equation
D2 = t,+/4mEl - t 2
2El

Taking redlistic values for t ¢ and 4El the rooted term will be negative so,

DZ_-toi«/jﬂ/tg- AmE]

2El

This means that D must be a complex number of the form
D=a+ib

And

D? =(a”- b?)+2iab

By inspection

t
a2_ b2 =_0
( ) 2El

and

. Jt2- amEl

=

Now find aand b,

AmEl - t
4E|

Equation 11

Equation 12

Equation 13

Equation 14

Equation 15

Equation 16

Equation 17

Equation 18



4mE] +t

=+
4El
Check one
2 o SVAMEL -t (U €VAmEl +t (U
a’-b" =e¢ a- é a
g AEl g & 4El 4]
22 p? = 4mEl  t, J4mEl t,
4El 4El 4El 4El
az_b2:'2to:'to
4E1  2El
Check 2
‘?/ 4mEl-t, U é/«/4mEl +t, U
abh=¢/———— U _Uu
8 4El H & 4El H
2,2 GJAMEI -t U éJ4mEl +t U
a’b” =¢ u é U
g AEl g & AEl 0

Finaly

5 _+\/«/4mE “t, +i\/«/4mEI +t,
T AE]

With both roots negative the complementary function is of the form:

u=e'*(acosl ,x+bsnl ,x)+e'*(ccosl ,x+dsnl ,x)

Substituting the roots (I )
5

Equation 19

Equation 20

Equation 21

Equation 22

Equation 23

Equation 24

Equation 25

Equation 26

Equation 27

Equation 28

Equation 29



NAmEl - -to,
I +t, I +t, =
u=e' 4 Qaco 1/ 1/
Equation 30
JAmEl -t
g (; ’ mEl +t , / El +t, =

Factorize:

[ AmE-to JamEl-to / 0
u=Ae' 48 + Be 4Bl QC 1’ I o Dsn \/%X:
4]

Equation 31

It is now necessary to find the constant terms A, B, C, & D.
Use particular integrals to find constants

When x tends to infinity u is zero therefore A = O, (B does not because e to a negative as

X increases tends to zero).

4mE

[ VAmEL +t, o [JamEl +t, O
u=Be Dsan TX+ Equation 32

To differentiate to find other functions for boundary conditions, we need to use product

rule

Ify=uv then:

dy _ dv, 6 du

& _u&+vd_x Equation 33
Say

|_1 = % Equation 34



L = AmEl +t Equation 35
2 1 2E] quation

u=Be “*(CcosL,x+Dsn L,x) Equation 36
Use the product rule to find U’

u'=- Be **(L,Csn L,x- L,CcosL,x)

+Be " (L,D cosL,x - L,Dsin L,x) Equation 37
Apply the condition u’ (0) =0
0=- B(' Llc) + B(Lz D) Equation 38
)
_-CL
D= L Equation 39
2
Substitute into U’
u'=- Be'"*(L,Csn L,x- L,CcosL,x)
L . 0 -
+Be gf_lCcostx - LCsn Lz Equation 40
I—z (4]
The cosine terms now cancel and this leaves.
] - le& - Li - O
L, p

Take C and 1/L, outside the brackets and consider BC a combined constant E

v=-Ete LlX(Lg snL,x+L7sn sz)
2

Equation 42



Continue differentiating:

u'= Ee' (- L2cosL,x +L,L,8n L,x)+
3

& L . 0 :
Ee’ leg- L2 cosL,x+—~sn L,xz Equation 43
L, o
e Lu. 0
u'= Ee “X%T- L3 - Lf]cosL2x+ al,L, +=Lgsn Lox= Equation 44
e 20 7}
Continue differentiating
u'= Be (L3 + L2L, Jsin Lx +|L, L2 + L3Jcos L, x) +
2 1=2 2 12 1 2
é ‘U . 0 i
Ee legiﬁ_g L, + Li]costx - éL2L12 +%ggn szz Equation 45
e 2U g
éle_ll_'g +213 |cosLxd
unl: Ee- Lix e /RN - .
Q+ ng ] igs.n Lx - Equation 46
g e L, @ 7]
Use u'"’ (0)=P/2El
Sine terms vanish
P
= E([2L1L22 + ZLi]) Equation 47
2El
So
E = - P .
2E1([2L, L% +213) Equation 48
Now take advantage of the engineers bending formula
- EIP Lx ’ 2 e Lu. 0
M = 0 ne TG&l- L5 - LyJcosL,x+al, L, +—(9n L,xT ;
2El (I_ZLlLZ2 +2LfJ) gaf 2 1] 2 g 12 LzH 2 : Equation 49



M-—(—)'P 'HXBT L2 |_2] L +é|_|_ +L§@' L 0
_4L1L22+Lf e é 5> - Ly |cosL,x glz L—zgsn ZXB Equation 50

It could be said that Ly and L, will be close to identical given that 4mEl is >>>>> t.
Let L = Ly=L, by approximating t as zero

M =£e‘ le([_ 2|_2]cosL2x+[2L2]sjn sz) Equation 51
M :ie' “*(cosLx- sn Lx) [
i Equation 52

Return to original equation for deflection

u=Be **(CcosL,x+Dsn L,x) Equation 53
_-CL
D= L Equation 54
2
=] & L 0
_ - L 1l -
u= fr ne Y ecosL,x+—9n L,x= i
AE] (I_LILZZ T LTJ) g 2 |—2 2 p Equation 55
Again consider Ly and Ly as L
= e *(cosLx +sn Lx) Equation 56

8EIL®

Explanation of Boundary Conditions

Boundary conditions for x>0 are:

1 u(p )=0

2 u'(0) =0

3. u”’ (1 )=0 (not useful)
4.  u(0) =P/2El

Condition 1 is intuitive; condition 2 implies that the gradient below the load is zero.
Condition 3 that the curvature is zero at great distances from the load



Condition 4 can be demonstrated by considering that adjacent to the horizontal load the
shear force D is simply half the lateral load P so using Equation 5 and substituting for
D.

Note: u is deflection, u” gradient, u”’ curvature which is a related to moment, U’’’ shear

force.

Since (from Equation 4)

P du _dm

E to& ‘K Equation 57

Recall Equation 6 and re-arrange:

-1 d2u Equation 58

El  dx?

Differentiate Equation 58 and substitute Equation 57:

-16P duu _ d?u
ESE+ o &H_ﬁ Equation 59

Set x= 0 and this gives:

-1é U
ESEH ot (O)E]_u (O) Equation 60

It has already been observed that u’ (0) is zero so the equation reduces to the boundary
condition 4 stipulated.

10



Appendix B: Key to geophone data

Site 1 Site 2a Site 2b

Run Setup Train Run Setup Train Run Setup Train

1 1 Pendo 1 1 Pendo 1 1 Pendo

2 Pendo 2 Pendo 2 Pendo

3 Pendo 3 3 class 3 Pendo
66

4 Pendo 4 Pendo 4 Pendo

5 Pendo 5 Pendo 5 2 \ oyager

6 Pendo 6 Pendo 6 Pendo

7 2 Pendo 7 2 Pendo 7 Pendo

8 Pendo 8 Pendo 8 3 Pendo

9 Pendo 9 Pendo 9 Pendo

10 \ oyager 10 3 Pendo 10 Pendo

11 Pendo 11 Pendo 11 Pendo

12 Pendo 12 4 Pendo 12 Pendo

13 Pendo 13 Pendo 13 4 \ oyager

14 3 Pendo 14 5 Pendo 14 Pendo

15 Pendo 15 Pendo

16 \ oyager 16 Pendo

17 Pendo

Table 1: Geophone data obtained
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