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Laboratory tests on ballast give insight into the behaviour and performativebafllast layer under
passenger and heavy haul traffit.is important howeverto ensure that the simulation of train loads

on the ballast layer in the laboratory repres@msituloading conditions With adequatgrepresentative
loadingin the labortory, the settlement, stiffness, modulus and overall perfocmaf the ballast layer

can be estimated and predicted in the futidewever, a review of current laboratory tests on ballast
reveals that thesgo not employ the approximate in situ loading conditions. Furthermore, adequate
ballast confinemenin laboratory tests should model the confinement along the trathsagives an
indication of anideal response of the ballast layer in situ as wellt@snipact on track structure

deterioration.

The objective of this study waisereforeto develop suitableyclic loading and boundary conditions for
ballast box testin the laboratory whiclwould represent similar conditions in the field.iterature
studes reveal the typical train loading pattern at the rail seat (referredthe &eld loading (FL)
pattern\which comprises of four load pulsedth frequencydepending on the wheel configuratiorhe

FL pattern was compared with foalternativehaverie loading patterns namely Laboratory Loading
(Lab. L), Impulse Haversine Loading (IHL), Haversine Loading (HL) and Adjusted Haversidabo

(AHL) patterns.As a result of the complex shape of the FL pattern, a suitable alternative loading pattern
wasdetermined by comparing the rates of axial deformation caused by the FL pattanadathative
loading pattern. It was fodnthat the AHL pattern caused a simitate of strain accumulaticms the

FL pattern Furthermorejncreasinghe rest periodnterval between load cycletecreases the rate of

ballast settlement.



Suitable boundary conditions for the ballast layer were assessed by varying the level of lateral
confinement while monitoring the rate of strain accumulation and the degree of badlside. A

fully confined ballast layer (10% lateral confinement) produced limited axial deformation and less
ballast breakage in comparison to a ballast layer with no lateral confineBallast settlement
increased by 150 % when the laterahfinement in the ballast box tests were reduced from 100 % to
0%. The changes in vertical pressure at the base of the ballast kenginvestigated at diffrent levels

of confinement. Average vertical pressures~-4800 kPa was observetbr 0% laterdly confined

ballast, while average vertical pressures3800 kPa was observed farfully confined ballast layer.

Thelaboratoryloading pattern developed this researchould provide accurate predictions thie long
term behaviouof ballast as welhsaiding theplamingfor subsequent ballast maintenance interventions
based on realistic and accurate laboratory test results.
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INTRODUCTION

The increasing demand and supply of naturally occurring raw materials and other commodities
from one geographical locatida another continues to pose challengesi@avy haul railway

lines and railway agencies The structural integty of heavy haul tracks determines the
operation capacity required to transport these raw materials and other products. Factors that
affect the structural integrity of heavy haul track include higher axle loads, variation in track
stiffness due to differentialetlement at different layers of the track, ballast fouling and

degradation and inadequate lateral confinement of the ballast shoulder.

Laboratory tests on track components are conducted to investigate factors that affect the
condition of the track structe in a short time frame. Furthermore, laboratory tests provide an
avenudo assess factotBatcould improve the performance of railway lines. Laboratory ballast
box tests provide various ballast layer responses which are used to prediochghterm
behaviour of trackballast subjected tarain loading. However, simulad train loads and
boundary conditionas used idaboratory tests on ballast materidten do notcorrelatewell

with real train loading It is thereforemportant to review curred@boratory practicet® ensure

that reasonable and practical conclusions are drawn based tmgierm conditions of a
railway track

This study seeks to review current laboratory practices conducted on railway bakssks
to provide suitableloading and boundary conditions for laboratory ballast box tegting
represent field conditions.

OBJECTIVES OF THE STUDY

The objectives of this studwereto develop suitable loading and boundary conditions for
laboratory testing with the ballast box #ccuratelyreflect field conditions. Further

investigations conducted under each objective are outlined as follows:

1. Development ofa suitable alternative loading pattern in the laboratmrgproduce an
approximate rate of ballast strain accumulatiomxserienced inhe field Thiswas

done bystudyingdifferent haversine loading patterns.

0 Analyse the modulus of the ballast layer under the different haversine loading

patterns.

0 Investigate the effect of rest periods between load cycles on the permanent

settlement of the ballast layer
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2. Develop suitable boundary condit®nsing ballast box tesby varying the level of

lateral confinement of the ballast layer

o0 Investigate the effect of varying levels of lateral confinement on the permanent

strainand braekageof the ballast layer

0 Investigate the effect of varying levels of lateral confinement on the vertical

stress at the bottom of the ballast layer

SCOPE OF THE STUDY

This experiment simulated the region below the rail seat using a small box tefitassanealf
full-scale test considering a portion of a heavy haul track consisting of half a sleeper and the
ballast shoulder. The test box for the fdiale test was adjustable to account for changes in
boundary conditions. It also followed the trag&sign requirements specified by Transnet,
South Africa. Only the ballast layer was considered in this experiment. The loading cendition

werebased on heavy haul railway lines.

To develop a suitable loading pattern for laboratory box tests, four bsHlagtles were
subjected to 50000 cycles of alternating loading patterns. Properties of each |oaalitegn

and their influence ondblast axial strain, stiffness and modulus were examined.

To develop suitable boundary conditions for laboratory boxz,tdst developed loading pattern
was used to assess the axial strain and breakage of ballast pariiblerarying levels of
confinement. Furthermore, the vertical stress at the base of thmr8Qfallast layer was

assessed for varying levels of latarahfinement.

METHODOLOGY
The methodology followed is described below:
Suitable Loading Pattern

The ypical loading pattern of ballast in situas assessed from literature. This lagghattern,
termed asheField Loading(FL) pattern inthis study sened as a control to compare the four
alternative loading patterns. Fdoallastsamples were used, each subjected to0&@0load

cycles of alternating loading patterns of Field Loading and an alternative loading pattern. The
rates of strain accumulatidrom both loading patterns were compared for each sample. The
loading pattern which produde strain rate close$o the Field Loading was identified as the

suitable loading pattern.
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Suitable Boundary Conditions

The suitable loading pattern was usednweestigatethe effects of varying levels of lateral

confinement on ballast permanent strain and breakage. Five délatleral confinement were

used for this experiment namely 1%) 75%, 50%, 25% and (% lateral confinements. Each

ballastsample vas compacted at 108 lateral confinement, after which a portion of the ballast

shoulder was added depending on the level of confinement required. To quantify the degree of

ballast breakage, ballast particles were painted and placed mM @md 300nm dcepths of the

ballast layer. Sieve analysis and weight measurements were performed before and after testing

for each level of lateral confinement. Each ballast sample was subjectedXo(3@&d cycles.

ORGANISATION OF THE REPORT

This dissertatioongsts of the following chapters:

1
1

Chapter 1 discusses the importance, the scope and methodology of this study.

Chapter 2 contairs literaturestudyexplaining track loading, ballast layer performance
and factors affectingpallast layerbehaviour as well as previous ballast box tests
conducted in the laboratory.

Chapter 3 describes the test materials and equipment used for the experiment.

Chapter 4 presents the results. Further analysis and discussion of results and validation

arealsooutlined in this chapter.

Chapter 5 provides a summary of results, the conclusions drawn from the study and

recommendations for future studies.

A list of referencess included at the end of this dissertation.
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2 LITERATURE REVIEW

A synopsis of different railway track structures and their components will besdest briefly
in this chapter.

This chapter will focus mainly on previous literature studies and reseasdnwkey aspects
relating to heavy hayballastedyailway track structures. These aspects include track loading

conditions, load and stress distribution, deformatiotheballast layer and particle breakage.

Laboratory loading patterns arukteffect of lad resperiodson ballast permanedeformation

are reviewed from previous researdfurthermore, material properties and requirements such
as gradation, compaction, appropriate densities and moisture content for indivickieytesis

will be highlighted

2.1 TRACK STRUCTURE

Railway track structureare divided into two types: blsted and ballastless traclRecent
literatureonrailway tracks showthatballastless trackould be morecononical than ballasted
track This is the case when their lifig/cle costand the extent of traffic disruption during

maintenancearetaken into consideration.

2.1.1 Ballasted Track

Ball asted track, al so call ed c¢onyv etmtrack n a l tr
superstructurand thetrack substructure.The tack superstructure consists of a sysidm
componentsupported by the ballast. Tdezomponenténcludethe rail, resilient rail padshe

sleeper and the fastening system. These components support train loads by decrdaging the
concentrated stsses at the whemdlil interface to a level bearable for the track substructure

layers. The track substructurensistof theballast, subballast and subgrade which collectively

serve as a foundation to support the track superstrudtigare2-1 shows the componentsath

constitute a ballasted track structur@he track superstructure is separated from the track

substructure by thgleepetballast interface.

Rails are longitudinal higstrength steel members that guide and support the passing train
wheels. The stiffness of rails must provide enough support to transfer concentrated train loads
without excessive deflection betweeateepes (Selig and Waters, 1994)Jmprovemerd in the
connection of steel rail sections by using continuous welded rails (CWR)raswked in

significantsavings through reduced maintenance costs, improved riding quality, reduced wear
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on rolling stock ad limited damage of the substructure; as opposediltaonnectios using

fish-plated joins or bolted joints.

The discontinuity of bolted rail joints cassadditional

dynamic impact loads and vibrations which damage rail joints. Other functions of the ralil

highlighted by Esveld (2001) include its ability to conduct electricity and signal currents as well

as distributing acceleration and braking forces bgmseof adhesion.

Superstructure
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Figure 2-1: Ballasted track structure and associated components (Selig and Waters 1994)

The purpose of the fastening system is to retain the rails against the sleepers and to iist verti

lateral, longitudinal and overturning moments of the rail. The connections between the sleeper

and the rails have disparities as the choice of the fastening system depends on the properties and

structure of the sleepemRail pads placed at the rasleeper interfaceare responsible for the

insulation of sleeps against electrical currentMost heavy haul lines in South Africa use
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elastic fastener@-igure2-2), such as Fist or Pandrol fasteners, which aitatde for concrete

sleepers.For wooden/timber sleepers, steel plate and cut spike fastenemyar®nly used.

Front arch Clip toe

Insulator

cons f ()
)

23

Heel seat Rear arch '
Shoulder /

Figure 2-2: Components of a Pandrol 'e' series clip (Infraset 2009)

Sleepers serve as a support for the rails and fastening system. They can frermtaer,
concrete, steel and limited cases frontomposite or plastic. Wooden sleepers are mostly
common in the United States, often because of lower cost compared to othar tsieepand
theirresilient behaviour (Li et al., 2015). However, wengleepers are susceptible to rot and
decay which tend to inhibit properainage. Most heavy haul lines use concrete sleepers which
provide a much stiffr and secure fastening systefasveld (2001) states specific advantages of

concrete sleepessich as

Heavy weight (200 300 kg)- useful in connection with stability of CWiRack

1
1 Long service life- if fastenings are good or can be replaced easily
1 High freedom of design and construction

1

Relatively simple to manufacture
Some disadvantages of concrete sleepers include:

9 Less elastic and resilient than wood

i Susceptible t@orrugation and poor quality welds
1 Risk of damage from impacts

1

Dynamic loads and ballast stresses can be up % @bmore
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Steel sleepers are expensive compared to other sleeper types and are only used in special
conditions. A greener concept ofanufacturing sleepers has led some companies to offer
sleepers made of recycled plastic material. Plastic sleepers are suitable in harsh climate
conditions and are environmentally friendlyDue to their imperviousess they have an
extended service lifeompared to wooden sleepers. Like wooden sleepers, recycled plastic
sleepers exhibit properties such as damping of impact loads, lateral stability and sound
absorption. However, plastic sleepers have gained limited acceptance due to the speed of mass
production of stronger concrete sleepers (Indraratna et al., 2011).

Ballast forms the top layer of the track substructure. The sleemeesrdredded in the ballast
(referred to as boxing a term used to describe the behaviour of the shoulder and cristhalla
Good ballast materials are angular, crushed hard stones and rocks, uniformly graded, free of
dust and dirt, and not liable to cementing actibhe most important functions of ballast include

(Li et al., 2015):

1 Supporting the raifastenersleeperrack panel by providing adequate vertical, lateral,
and longitudinal resistance

I Transmitting trairloads to the foundation

1 Facilitating surface and lining operations (i.e. adjusting the track geometry)

1 Providing immediate drainage of water

1 Providing resilence and damping of dynamic wheail forces

The general performance dfallast under train loading isharacterised by the physical

properties of individual ballast materials. These physical properties include patrticle size, shape,

angularity, hardnessurface texture and durability. In addition, tdfifuhe ballast functions,

there must be adequate ballast layer thickness, proper particle size and gradation.

The subballast layer is located between the ballast and the subljracks as a sefationlayer

by preventingnterpenetation of subgrade and ballast. hiesls water and permits drainage of

water from the ballast and subgrade respectiv8lybballast materials comprise lmfoadly

graded gravel and sand, ase:durableto satisfy thefilter/separation requirements for ballast

and subgrade. Other materials exist that can provide siunitdrallastunctions eg. cement,

lime, asphalt concrete layers and geosynthetic materials such as geomembranes, geogrids and

geotextiles (filter falics).

The sibgrade (or formation) is the platform on which the track structure is placed. It may consist
of either soil or rock. Its main function is to provide a uniform, adequate and stable foundation
for the subballast and ballast layer&ccasionally, the subgrade may be divided into two
categories; namely natural ground (formation) and placed soie@cially whemneplacenent

of an unsuitable existingoil layeris requiredandor to raise thesubgrade levelb the required
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elevatilm. Requirements of the subgrade inclusigfficient bearing capacity, reasonable

settlement behaviour and proiwid adequate drainage of rain and ground wgisveld 2001)
The main advantages of ballasted track are (Indraratna et al., 2011):

Relativelylow construction cost and use of indigenous construction materials
Ease of maintenance works
High hydraulic conductivity (drainage) tfetrack structure

Simplicity in design and construction

= =4 -4 A -

Good elasticity and good damping of noise
Notable disadvantages ballasted track also stated by Indraratna et al. (2011) are:

1 Degradation and fouling of ballast requires frequent track maintenance and routine
checks
Disruption of traffic duringhe maintenance operation
Reduction in drainage capabilities due toclogging of voids by crushed particles and
infiltrating fines from the ballast and subgrade respectively
Pumping of subgrade clagnd siltsize particles
A ballasted track structurie generallythicker and heavigihan a ballastless structure
which requres a stronger and larger foundation in cases of viaducts and bridges (Michas
2012 Esveld2001).

2.1.2 Ballastless Track

There areseveralreasons for the deviation from the conventional trackgdet alternative

track designs. One reason is lihe costof maintenance (up to 2@ to 30% of the maintenance

cost of ballasted tracljwing tothe absence of ballast deterioration, increased service life and
reduced structural height and weight. Ballastless or slab track is mostly used fspéégh

lines anl light rail structures (such as trams). It uses concrete, gravel or asphalt support in place

of the standard ballasted support.

Esveld (2001) outlined two different approaches of slab superstructure design; these are discrete
rail support and continuousil support Slab track systems vary in stiffness. The choice of
track stiffnesglow or high flexural) totally depends on the bearing capacity and stiffness of the
soil. For soft soils, which deform easily under pressure, a high flexural slab syseitable

to act as a bridge across weak spots and local deformations in the track bed.
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TRACK LOADING

The design of a resiliemailway track considers the wheel load and load transmission through
the track structure as essential parameters which mustdagstood and quantified. Loads on

a rail track are unevenly distributed and are divided into static and dynamic loads.

Static Loading

Static loadingona railway track is divided into two components: 1) live load, which is the train
weight and 2) deabbad, which reresents the weight of the track components, lagedihe
subgrade The dominant component of the static load is the train weight (equally distributed to
each wheel).Esveld (2001) refers to static loads as uséatic. Quasstatic loads take into
account the static wheel load, the increase in wheel load on the outer rail in curves due to

centrifugal force and the increase in wheel load due to wind (Equgtion

O O O O (1)
where O = static wheel load
O = increase in wheel load on outer rail in curves due teaumnpensated

centrifugal force
O = increase in wheel load due to cross winds

The design othe track foundation is commonly based on train axle load and wheel spacing,
especially for heavy haul freight trains which generate significant stresses in the track structure
Table2-1 shows the particulars of heavy haul freight trains around the wdHd.length of a

train (number of wagons) and frequency of trains are important aspects of train loading required

for detemining the cumulative effect @fyclic loading on a track structure and its performance.
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Table 2-1: Typical heavy haul freight trains around the world (modified from Li et al., 2015)

Country Axle load Train length
(tonnes)  (number of wagonsg

South Africa 267 36 20071342
United States and Canad 33 13071 140
Australia 357 40 20071 240
Brazil 27.51 32.5 330
Sweden 30 68
China 251 27 210

2.2.2 Dynamic Loading

Dynamic loads occur as either short durafiorces or long duration forces. Short duration
forces are typically high frequency impdaads arising from wheel discontinuities (such as flat
wheels or out of round wheels) or rail discontinuifigsch as dipped joints, rail corrugatson
and misalignd jointg. Long duration forces are produced by track geometry irregularities

possibly due to stiffness variations in the track substructure.

The dynamic load component of a wheel is roughly estimated by multiplying the static wheel
load with a dynamic apiification factor (also known as dynamic impact factBiF) (Esveld,
2001). Jeffs and Tewl991) listed major factors that affect the magnitude of dynamic loads,

which are:

Speed of train
Static wheel load and wheel diameter
Vehicle unsprung mass amdhicle condition

Track condition €.g.track joints, track geometry and track modulus)

= =4 4 A -

Track construction aspects and properties of ballast and subballast

Empirical formulae exist for determining the design vertical dynamic wheel load and are used

by different railway organisations. Transnet Freight Rail in South Africa employs the

Ei senmannds approach to determine the magnit
suggested that the rail bending stress and deflection are normally distributéde andan

values can be calculatdtbm the beam on elastic foundation (BOEF) model. This normal

distributionis illustrated inFigure2-3 for both ral stress and rail deflection values.
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Figure 2-3: Normal distribution of rail bending stress and deflection with speed effect (adopted

from Indraratna et al. 2011)

The mean rail stressi{ and itscorresponding standard deviation (s) can be expressed as:
i o - (2)
wherd = track condition factqorand— = vehicle speed factor

The value df is determined based on the track qualiith values 0.1, 0.2 and 0:&presenting

a very goodrack, good track and a poor track condition respectively.

The value of- is basedn the vehicle speed)(km/h), with—  p for avehicle speed less than

60km/h. For avehicle speed between @&d200km/h, Equation 3 is sugested to calculate
the— value

W QT

pT T

3)

The product of and- is referred to as the coefficient of variation. The corresponding

maximum applied load (or rail deflection) is given by
®w o i o 4)
where @ = maximum applied load or deflectiomnd 6 = value depending on the upper

confidence limits (UCL) which define the probability that the maximum appliad Vaill not

be exceeded, with values ranging from 0O to 3.
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Considering the assumed linearity between the applied load and rail strassxthim rail
stress (or rail deflection§y can be defined by the simple relationship:

® e*of ®)

Combining Equation 2 andahdcomparing with Equation,3hedynamicimpact factor { ) is

expressed as:

Other methods for derminingthedynamicimpact factor(DIF) are shown irTable2-2 below.

The envelope defined byisenmand surve of impactactor for good and very good track
conditions incorporates both themerican Railway Engineering and MaintenatndeNay
Association AREMA) andthe Office of Research and Experime@&RE) impact factor curves

that havebeen derived for average track conditionSonsequently Ei s e dymeanicn 6 s
impact factor is more reliable as it takes into account more track parantétsvsver,the use

of this formula in practice is only reliable when the parameters are accurately known (Sadeghi,
2008). Hence, more simplified equations used in Ameri¢eREMA (2006), South Africa
Frohling (1995), etc.which consider only train speed and/or wheel diameter are used to
determine the dynamic impact facts shown irFigure2-4. Typical impact factors for heavy

haul freight lines range from 1 to 1.9 depending on the track condition and confidence limit.

Cyclic Loading

Cyclic loading,from arailway viewmint, is characterised by the shape, duration, magnitude of
loading pulse, time interval between consecutive pulses (a reflection of wheel spacing) and the
total number of load pulses. Further characterisation of cyclic (or repeated) loading can be done
by conducting cyclic loading tests (usiag hydraulic actuatoor triaxial apparatysin the
laboratory to evaluate material properties and quantify the track structure performance (Li et al.,
2015).

Powrie et al. (2007) and Li et #2015) suggest thatip determine the number of/clic loading
applications for a laboratory test, a common practice is to assume that two axle loads from a
bogie are considered to produce one load cycle for the ballast layer and four axles from two
bogies are considered tapiuce a single load cycle for the subgrade layer. Powrie et al. (2007)
concluded that both magnitude and the number of load cycles during train passage reduce with
depth. Equatioi presented by Selig and Waters (1994) provides a conversion factor to convert

the number of load cycles to gross tonnage.
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Table 2-2: Equations for Dynamic Impact Factor (modified from Sadeghi 2008)

Standard Equation
AREMA (2006) L8
. p 'O
Eisenmann (1970) e p 1 -0
ORE (1987), UIC (2004a) * p | f r
DB (Doyle 1980), German ® 2 T®d0 PRI
P omnnn P p T p T
BR (Fredrick and Newton 1977), 500
British . W& 4 T[~ Lo 5
v Q
India (Saxena and Arora 2004) . w
P30 P 1Q8
South Africa (Féhling 1995) P8 wxg
° p ’O
Clarke (1957) . o P o
Ouv
WMATA (Doyle 1980), Washington « p o® ¢ pm @ 8
Sadeghi (Sadeghi and Yoldashkhar e CHPT W OHPT W QP W
2005 Sadeghi 2008 Iranian , . & O®
gnt 2008 ppm w pghe p —o—

NB: UIC, Union Internationale des Chemins de Fer; DB, German Railway Research; BR, British Railway
Research; WMATA, Washington Metropolitan Area Transit Authority; V, velocity of train (km/h); D,

diameter of the wheel (mn)); factor dependent upon the traglu al i t vy ; d, veaefadtocl e spe:¢
related to the chosen upper confidence limits (UCL)andi relate to mean value of the impact factor

andl to the standard deviation of the impact factor; | , total rail joint dip angle (radian)j,

static wheel loadQ, track stiffness at the joints (kN/mm);, unsprung weight at one wheel (kN); g, the

gauge width (mm)Q track modulus (MPa)), modulus of the rail support system (MPa).
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Figure 2-4: Graphical comparison of DIF from different methods and standards (Sadeghi 2008)

5 L 0
ovuv

whered is the number of load cycles paiillion gross tonneNIGT); 0 is theaxle load in

tonnes and0 is the number oéixles petoad cycle

However, the above practice and equations vary depending on the coupler/axle spacing of the

train underconsideration Axle spacing and bogie length affect the deflection and influence
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depth (in terms ofteesses) of a track structur@s the distance between two bogies increases,
the total deflection of the track deases due to tladsence of overlapping stresiuence lines
induced bythewheel load on the track (Li et al., 2015).

Cyclic loadsare taracterised by the shape and the duration of load pulses applied to the
materialunderconsideration. Two types of load (or stress) pulses are usetyati@loading

tess. They are the haversine pulse and the trapezoidal pEigere2-5 shows a haversine
loading function.Huang (1993) pointed othat the type and duration of cycl@ading $iould
simulate the actualccurringloading pattern in the field and recommended the use of a stress
pulse in the form of haversine or triangular loadifgstudy by Li (1994) suggested that the
loading pulse by a single axle can be approximately represented by a haversine pulsekfor a trac
structure. However, for two axles under the same wagon or four axles under two adjacent

wagons, the loading pulse shape is sinida trapezoidal pulse.

0.8

0.6

0.4

0.2

Loading function, L{t)/q

0 1 2 3 4 5 5] 7 a 9 10
Dimensionless time [t/d]

Figure 2-5: Haversine loading function (Huang B93)

2.2.4 Load and Stress Pulse

The magnitude as well as thkape of loadnd strespulses on a railway track depend on the
track component conditiongeometry of the traifsuch as the wheel spacing per bogie, bogie
pair spacinyand axle load Figure2-6 shows a load pulse of a bogie obtained from a load cell
installed on the rail seat of a concrete sledpeing a field investigation b¥akeri and Sadeghi
(2007), Sadeghi (2008and Sadeghiand Shoja (2012) The geometry of thpassingfreight

train consisted o£800mm wheel spacing per bogie a@20 mm wheel diameter.

Powrie et al. (2007) investigated the stress changes in the groundileltbasted railway track
during train passage ugj ABAQUS and concluded that the stress changes, in response to
individual axle loads, decrease with depth. Yang et al. (2009) also conducted a study to

investigate the vertical dynamic stress changes in the subballast layer and the subgrade during
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the pasage of a thre@agon freight train, by means of aditnensional dynamic finitelement

analysis. Itwas concluded that the passing of each axle is apparent in the subballast layer, while

the effect of each adjoining pair of bogies are evident on tli@csuof the natural ground.

—Load cell 1

Load (ton)

0 T T T 1
0 02 0.4 0.6 0.8

Time (s)

Figure 2-6: Measurements from a load cell embedded in a sleeper at the rail seat (Sadeghi 2008)

Field measurements of vertichinamicstressemduced by axle loadsere measured by Grabe

et al. (2005). Five in-situ total stress (pressure) cells were plaoediop of each layefthe
subballast layer being the firsgt the centre ofhe track. Figure 2-7 (a) and (b) showthe
positionof the insitupressure cells arttie plottedstress (or pressurdataat each layer induced

by 4-axleloadsfrom 2 wagos respectively The stress pulses Figure2-7 (b) agree with the
conclusions made by several researchers regarding the shape or waveform of load and stress
pulses. The load and stress pulse on subgrade layers can be represented byapsamial

or haversinavave consisting of 4ixle loads (depemag on the train configuration) due to the

less prominent influence of axle loads with depth.
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Figure 2-7: (a) Position of insitu pressure cells and (b) &rtical stressplots at each layerof the
track substructure (modified from Gr abe et al. 2005)
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It can hereforebe concludedhaversine or sinusoidal load patterns are appropriate for
subgrade tests in the laboratoky &nd Selig, 1996Liu and Xiao, 2010; Priett al., D10; Li
et al., 2015; Razouki and Schanz, 2011).

2.2.5 Loading Frequency, Rest Periods and Amplitude

According to Li et al. (2015the effect of thdoadingfrequency(i.e. the rate of loading)n the
strength and stiffness properties of granular materials (ballast and subizatfastjnal, unless
the granular materials are saturagewl under undrained conditionsThe consideration of
loading rate effestis generally meaningful for subgradeils only. Frequency of loading is
dependent on the train speed. Typical loading frequency of taffibie track is normbl

8 Hz - 10Hz (depending on the specified design speed of the railwayahi the axle wheel
spaing) according toAursudkij @ al. (2009). Several studies have been conducted to
investigate the effect of the frequendyl@ading on ballast behaviouShenton (1978carried

out cyclic loading tests with varying frequencies frort 19z to 30Hz while the confining
pressure anbhd amplitudevereconstant. Shenton concluded that the frequency of loading
does not significantly affect the a@efmation behaviour of ballasSun et al. (2014) conducted
cyclic triaxial tests to investigate the effect of loading frequency on palielekage and
volumetric strain of latite basalt aggregatEm(re2-8). As observed fronrigure2-8, as the
load frequency increases, the particle brealkamgkvolumetric strain of ballast increases. This
leads to rearrangement of ballast particles and further permanent deformééing. et al.
(2009) andPowrie & Priest (2011assessed the effects of train speed on thede&mmation
response of track foundation usindinite element analyseand field measurementIt was

conduded thathe stresand defletion of each layeincrease again speedncreass.

Rest periods in field train loading is a function of axle wheel spacing and train spebdgloa
frequency). At a constant speed, the rest period for a wider wheel spacing will be greater than
the rest period of a narrow wheel spacing. Furthermore, considering a fixed wheel spacing, the
rest period for a train moving at low speed will be gretitan the rest perioof a fastmoving

train. Thefixed wheel spacin@g a common scenario employed in laboratory ballast t€sts

et al. (2011) concluded that rest time between dynamic load pulses had a major influence on

ballast settlement.

Al t hough heavy haul trains often operate at
wheel loads still have a significant effect on particle breakage as well as volumetric strain.
Hence, the effect of loading amplitude has been studied. Ste®8f)(and Selig and Waters

(1994) performed a series of tests where the load amplitude was varied to investigate the effect

on ballast deformation. Ballast permanent strain increases significantly with an increase in load
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amplitude. However, at low cyclistress levels, the rate of plastic deformation of ballast is
negligible (i.e. the response of ballast below this stress level becomes almost elastic, known as
6shakedowné) (Suiker, 2002).
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Figure 2-8: Breakage and volumetric strain behaviour of ballast as a function of loading
frequency after 500 000 cycles (Sun et al., 2014)

Although a continuous haversine (or sinusoidal) load pulse is commonly applied in cyclic
triaxial and box testsyccording to Huanegt al. (2009)the actual dynamic loading may have

different loading patterns of varying pulse shapes with rest periods (according to the wheel
spacing, car length and train speed) which may directly affect the vibration and deformation of

the trak strudure.

Load Distribution

The transfer of wheel loads, stresand strais to/on the track foundation depesan the
strength and stiffness properties of the track substructure. Li et al. (2015) used GEOTRACK, a
threedimensional (3D) multilayer model, ibustrate the distribution of a single whdehd

from the wheelail interface to the subgrade layer. It was observed that the wheel load influence
extends only to the fourth sleeper. The tramnsisting of concrete sleepehmad a reduced

maximum \ertical stress at the ballast surface due to its load spreading ability over a
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considerable distance as opposed to a wooden sleeper. Furthermore, the distribution of vertical

stress across the track at different depths is more uniform for a concrets tlaeq

An estimate ofthewheel load on an individual sleeper was computed in previous publications
and recommendations by railway authorities (e.g. Network Rail, Standards Australia) using the
beam on elastic foundation (BOEF) model. The outcohtbis workreveals that the transfer

of 50% of the total load onto a sleeper, directly below an axle, is a reasonable asstfonption
the static case (Abadi et al., 2016). Aursudkij et al. (2009) used the loading pattern of Awoleye
(21993) which simulated a train running over three sleepers witha 60the wheel load on the
middle sleeper and Z% of the wheel load on the adjacent ples. However, Watanabe
(Profillidis, 2000) conducted a finitelement analysis showing that the sleeper under the wheel
loadcarriedupto 40 % of the total load, 2%6 by the adjacent sleepers anb by the outermost
sleepers. These load distributiare shown irFigure2-9.

100%
(@) %
o ]
257 S0% 5%
100%
(b) *
]
77 23% 40% 237 7

Figure 2-9: Wheel load distribution suggested by (a) Awoley€1993) and Watanbe (Profillidis
2000)

Sadeghi (2008) conducted a comprehensive field investigation to assess the accuracy of the
assumptions of current methods of railway sleeper analysis and design. A model was proposed

to calculate the rail seldad based on the design wheel load and sleeper spacing (Equation 8).
n ™xpaRy Modn O -0 ®)

wheren is the maximum rail seat load (where the axle is directly above a sleeper)YisN);
thesleeper spacing (mJ; is thedesign vheel load (kN)D is thestatic wheel load (kN); and

is thedynamic coefficient factor
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A summary of load distribution models to calculate the maximum rail seat load is presented in

Table2-3. These models are based on the properties of the rail, sleeper spacing and sleeper

support stiffness, which combine to define the track modulus.

Table 2-3: Comparison of various rail seat load models

Maximum rail
seat load (kN)

Proportion of
total load (%)

Model/Methods

n
n

T T
@ X
T8 0
TEp 1§

TE 1)
&

50

57

43

60
65
31

Three adjacent sleeper method (Talbot 193:
Awoleye 1993)

Load-cell embedded sleepgiSadeghi 2008)

Beam orElastic Foundation formula (768m
sleeper spacing)

AREMA method (760mm sleeper spacing)
ORE method (76nm sleeper spacing)
GEOTRACK (Li et al. 2015)

2.2.7 Vertical Stress Distribution

Several solutionémodels)have been established to calculate the vertical stress distribution as

a function of ballast depth. These solutions are essential to know how the vertical stresses

induced by sleeper loadings are distributadugh the ballast layer onto the formation (Doyle

1980) Table2-4 shows the types of vertical stress solutions and their equations.

B o u s s i alastis thhebry (also referred to as siAlgiger elastic theory) assumes that the

ballast and subgrade layers form a seffinite, elastic, homogeneous and isotropic half space.

It considers the rail seat load to be uniformly distributed over a ciratgar equivalent to the

assumed contact area at the sle¢per|l | ast

nterface. Ei senmmar

increase in vertical stress at any location under a sleeper. This theory is based on Mohr circle

stress considerations, with the sleeper aereid as a uniformly loaded strip of infinite length.

Semiempirical solutions are based on load spread methods. Clark (1957) assumed that the load

is distributed vertically with a load spread slope of 45° and a uniform stress distribution at any

given phane below the surface. Schramm (1961) used a method based on the angle of internal

friction of ballast which is the actual load spread angle of ballast material. Typical friction

angles for wet and dry ballast aepproximately 30° and 40° respectively.

Empirical solutions relate the vertical pressurat deptha (m) to the uniform contact pressure,

~

0 at the ballassleeper interfaceTal bot & s

equati on6dvad30nthev el op ¢

sleeper and is relevant to standard br@hdgaugetracks. Furthermore, it agrees moderately
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with observed field results except for ballast depths less tham@006r greater than 76am.
Equations of Horikoshi and Okabe (1961) were developed by the Japanese National Railway
(JNR) for narrow gauge track conditi® (witha sleeper length of 210@).

Table 2-4: Types of solutions to calculate the vertical pressure distribution with ballast depth
(modified from Doyle 1980)

Type of

: Method Equation (vertical stress) Reference
solution
Theoretical Simplified for . &
case of a ” OV p ———% Boussinesq (1885)
circular area W
Strip Load | U— — — g Ol OK Eisenmann (1970)
. - - 060
Semiempirical  Load Spread " qu — ; Clarke(1957)
0O ca U Ccq
- P a QO
Load Spread " v — — Schramm (1961)
ca Q 0 gOA+
- Field 5 p
Empirical experiment ” 0 ToE Talbot (1919)
Empirical " 0 —5 Horikoshi (JNR)
p T P TAT
Laboratory 5 ouTm Okabe (1961}
experiment " ¢T T p AT 8 Broken Stone Ballas!
Laboratory 5 pcu Okabe (1961}
experiment K Tt p g8 Gravel Ballast

NB: , , vertical stress (kPap , average uniform pressure over loaded area (KP&gllast depth (m);
@ radius of circular loaded area (m); and—, angles (degrees§;, width of sleeper (m)j, effective
length of sleeper under the rail seat (t)sleeper length (m)Q distance between rail centres (my;

angle ofinternal frictionof ballast(degrees).

McHenry (2013) measured thectual pressurelistribution at the ballastleeperinterface
characterised by individual ballast particle contact points andunidorm pressuresising

Matrix Based Tactile Surface Sensors (MBTS$Hesults from laboratory ballast box tests
revealed onsrvative estimates of peak pressure under a typical wheel load on new ballast
averaged 997kPaand4 688kPaon fouled ballast. These estimates are termed conservative
due to the addition of rubber protection needed for the MBTSS system. ThusketyigHat

higher pressures would be measured without a rubber protection IBigrne 2-10 shows

typical pressure distributions for different ballast gradsgpjected t@ 45kN applied load.
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(b) New Ballast (b) Moderate Ballast (c) Fouled Ballast

(d) Pea Gravel (e) Sand

Figure 2-10: Typical pressure distribution of different ballast gradings under a 45 kN applied
load (McHenry 2013)

2.2.8 Principal Stress Rotation

Principal stresses are normal stresses (perpendicular to the plane of the particle) where the shear
stress is equal to zer@heprincipalstresgsrotate to resist the applied baf a moving wheel,
hencethé¢ er m fiprincipal stress rotationo. As a
stresses develop on the horizontal and vertical planes. These shear stresses reverse direction
afterthe train wheel moves away from tharticle This reversal action of shear stress tends to
affect the soil behaviour.However the magnitude of these stressesieswith depth, as
explained earliem Section2.2.4 Following this, the influence of the change in shear stress

does not affedhe subgrade layer significantlg aompared to the ballast layer (Li et al. 2015).

Studies conducted bgrabe (200LandGrabe and Clayto(003,2009) discussed the effects

of principal stress rotation (PSR) on the permanent deformation behaf/ioack formations.

The study revealed that PSicreags the rate of permanent straind has a significanand
harmful impact on the permanent deformation of certain foundation materials. It was also
concluded that the use of more realistic testing methods such as the cyclic hollow cylinder
apparatus is required to provide good estimates of thetéwnyg perfemance ofa rail track
foundation. Further research Byébe and Clayton (20)3nvestigated the effect of PSR on

the resilient behaviour of track foundation materials and concluded that PSR reduces the
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resilient modulus of théestmaterialto a greateextent,comparedo cyclic loading without
PSR. The degree to which PSR affects the resilient modulus is dependent on the stress state,

soil type and the physical staikthe soilunderconsideration.

Ishikawa et al. (2011) concluded that the ballastudative settlement caused by singleint

loading is much smaller than the cumulative settlement caused by a mdwiedload mainly
because of the absence of principal stress rotation. Howsane(2004) noticed the absence

of principal stress rotatiofor ballast particles near sleepers. Due to traffic loads being more
concentrated near the sleeper, the major principal stress of the ballast near sleepers suddenly
increases as the wheel is directly above the sleeper and rapidly decreases as thraavbeels
away from the sleeperHowever, the principal stress rotation tends to increase with depth
depending on the load spreading capacity of the ballast.

2.3 SUBSTRUCTURE MATERIAL REQUIREMENTS

This sectionwill review the propertiesand specificationsof railway ballast. Various tests to
verify ballastproperties (such as strength and durabdityong othefsas well as compaction

requirements for heavy haul freight lines will be discussed.

2.3.1 Tests and Specifications for Ballast

Tests and specifications exist ensure good ballast quality for proper performaoicéhe

railway track and to determine the mechanical and physical piegpef the ballast particldn

South Africa, the S406 specification for the syppf stone [Transnet Freight Raill998)is

used to select the appropriate ballast material, which complies with the SABS 1083 standard.
Ballast grading curve specifications, with lower and upper liffitheavy kaul lines(in South

Africa) are shown irFigure2-11. The limits specified by the SABS 1083 standard for other
ballast particle properties are outlinedliable2-5.

Common measures of gradation are the uniformity coefficiegt 48d the coefficient of
gradation (or curvature) @CThe uniformity coefficient is a measure of how the material will
compact and how stabitewill be in place. It is defined as the ratio ofoo Dio (Equation 9).
Soil is classified as well graded whepi€greater than 4, and uniformly or poorly graded when
Cuis lessthan 4. The coefficient of gradation can be obtained using Equatiénéll graded

soil has a gvalue between 1 and 3.

" O
0 o )
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whereO is the particle size at 19 finer, O s the particle size at 3 finer, andO s the

particle size at 6@ finer.
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Figure 2-11: S406 ballast grading specification for heavy haul lines

Table 2-5: S406 Specification for ballast material properties

Ballast property Transnet limits Standard
Weathering (Soundness) Loss in mass should nc
exceed 3% after 20 cycles
LosAngelesAbrasion (LAA) O 2%2 ASTM C131i 89 grading B
Plasticity index of fines from <6
LAA
Flakiness index O %0 SABS 1083
Voids O %0 SABS 1083
Relativedensity 0 2.5

Mill Abrasion 0O % Mill abrasion Test
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PROPERTIES OF THE BALLAST LAYER

Ballast layer performance is defined in relationatdimiting deformation criterion. The
deformation of thdvallast layer develops from the combination of different deformation modes

of ballast particles such as settlement and particle rearrangement, ballast fracture or crushing
and ballast fatigue (Li et al. 2015Cyclic loading behaviour is one of the pringdactors that

affect ballast performancand will be addressed later in this studyigure 2-12 shows the
Mohr 6s ci r-€oummbafailde eMeldpe. The ultimas&ength of ballast can be
related to its frictiorangle. Table2-6 showsthe typical friction angle range and other properties

of clean ballast.

>

Shear stress, T

0 Gy /{ Gyt :

P= (Gl +03)/2 —

Normal stress, ¢

Figure 2-12: Mohr's circle and Mohr -Coulomb failure envelope

Table 2-6: Properties of clean ballas (Li et al., 2015

Ballast properties
Friction a 40° 55°
Ko 17 10
Resilient modulus, M 14071 550 MPa

Poi ssonobs 0.3

The MohrCoul omb failure envel ope falgre. tEquatigreInt t o

shows the relationship between the normal seadsshear strength.

t w , O0AI (12)
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wheret is theshear strength is theapplied normal stress is thesadl friction angle and®

is thesoil cohesion

The ratio of lateral stress to vertical stress in the ballast is known as the coefficient of lateral
earth pressure @K The magnitude of residual stressetheballastiayerrelates to the cohesion
intercept in a Mohr Coulomb diagram which is typically zero for ballast due to its non
cohesiveness. However, after compacting ballast to achieve a more dense material, interparticle
forces are induceby cyclic loading which generates a cohesive compon8etig and Waters

(1994) states that an increase in the residual stress can producalaekof 10 or greater.

BALLAST FOULING

Ballast fouling is the term used to describe tharse and fine particles (0.0@%n to 19mm)

that fill up the void spacesisually expressed as a percentagéhefcleanballast material.
Ballast life can be defined in terms of the amount of traffic that produces ballast mechanical
wear and generation of foul material which fills up the ballast voids. The most commoa& sourc
of fouling material is the breakdown of ballast froyelic loading and tamping. Other common
sources include (Selig and Waters 1994 binet al. 2015)foreign material lsipped or mixed

with the ballast while it is handled or installedaterial dropped or spilled on the track during
train passagewindblown materigl il penetrating the ballast from the subgraae $eeper

wear or deteriorittg track materials Fouledballast is gaggraded and the fouleghaterial
contributes to ballast drainage problems, ballast settlenkéguré 2-13, with the fouling
category defied as follows: 0% clean; 10% moderately clean; 20% moderately fouled;
30% - fouled; 40%- highly fouled, high rates of track geometry degradation and increased

track maintenance.
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Figure 2-13: Effect of ballast fouling levels on the rate of ballast settlement (Han and Selig 1997)

BEHAVIOUR OF THE BALLAST LAYER UNDER CYCLIC LOADING

The deformation ofhe ballast layerunderone cycle oftraffic loading is characterised by a
recoverable (resilighdeformation and aesidual (permanent) deformati¢fiigure2-14). The

ballast layer strain develops rapidly and partially recovers to its original poaftiembeing
exposed to the first load cycle. The continuous application of load cycles contributes to more
increments of plastic/permanent strain. The magnitutieegfiastic strain increment generally
decreases with the number of cycles as the ballast layer densifies (Selig and Waters 1994).
Previous research (lonescu 2004; Sun et al. 2014; Sun et al. 2016) has shown that the ballast
layer on a railway lin@xhibits time-dependent elastolastic behaviour which is independent
onthe test conditions, grain characteristics and level of compaction. This section discusses the
factors that affect the permanent strairhef ballast layer
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Figure 2-14: Strain in ballast layer during one cycle of traffic loading (Lekarp et al. 2000)

Permanent deformation of ballast in a rail track is in the form of settleat&iitutableto
particle rearrangement, abrasion, and parbiobakage.Previous research hawestigatedhe
factors that promote the accumulation of permanent simagranular layersindercyclic
loading. These factorgamong othersre $ress levelprincipal stress rotatigmumber of load

applications moisture contentdress historydensityand Iad frequency

2.6.1 Stress Level

The cumulative plastic deformation characteristics of balimsmostly affected by the
magnitude of the vertical and lateral applied stresses. Permanent deformation of ballast is
function of the cyclic deviator streasid confining pressur@nutson 1976Selig and Waters

1994) Permanent strain accumulated aftexverakyclic loads is directly related to the ratio of
deviator stress (q) abthetessmti wheicengressratioef@® ( 0)
causes larger permanent strain than a 20/5 stress ratio even though both correspond to a ratio of
4 (Figure2-15).
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Figure 2-15: Effect of increasing stress ratio on permanent strain (Selig and Waters 1994)

2.6.2 Principal Stress Rotation

Accordingto Lekarpet al. (2000, the effect of principal stress on granular materials is still
unclear. However, severatesearches (Section2.2.8 concludel that samples subjected to
principal stress rotation show an increased rate of permanentcstnarared t@amplesvhere

principal stress rotatiois nonexistent

2.6.3 Number of Load Applications

The number of load applications is also consida®d very important factor when analysing
the growth of permanent deformation in granular materials uryddic loading, as each load
cycle contributes a small increment to the accumulatiguiastic strain. Barksdale (1972) and
Shenton (184) observed that permanent deformation is a linear function when plotted against
the logarithm of the number of load cyclétowever, the rate of permanent strain accumulation
has generally been founddecrease with increasing number of load cycles. This stabilization
is only achieved when low stress levels are applied (Lekarp and Dawson Ha9&)ver high

stress levels cause a continuquséase in permanent strain.
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2.6.4 Load Frequency

Shenton (198) found that loading frequency has no effect empanent deformation of ballast.
However, Indraratna et al. (20H) and Sun et al. (2014) conducted cyclic triaxial tests to
understand the lonatgrm response of railway ballast under different load freqas(imetween

5 Hz and 60 Hzand concluded that three different deformation mechanisms exist according to
loading frequenciesT@ble2-7).

Table 2-7: Different deformation mechanisms with increasing cyclic frequency (Sun et al. 2014)

Range Deformation mechanisms Load frequencies

I Plastic shakedown "Q ¢ 1Oa
Il Plastic shakedown and ratchetin o TOa "Q v TOq

11 Plastic collapse "Q @ 1O

Furthermore, it was noted that as the frequency and number of load applications intheased,
ballast permanent straiparicle breakageand volumetric straiincreased alsoF{gure 2-16
andFigure2-17).
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Figure 2-16: Axial strain at various frequencies with increasing number of load cycles (Indraratna
et al. 201@)
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Figure 2-17: BBI for various frequencies at specift number of load cycles (Indraratna et al. 2018)

MODELS FOR PERMANENT DEFORMATION BEHAVIOUR

Ballast permanenstrain @eformation under cyclic loading often accounts for the largest
portion of track settlement of all layers that make up the track substructure. Therefore, ballast
settlement usually controls the need for regular track geometry checks and maintenance. The
ability of ballast to r&ain a stable track geometry depends mainly on material quality, physical
state and load magnitud®ased on numeroustudies the relationship between the number of

load applications and settlement of ballaas been found to b®nlinear. According b Selig

and Waters (1994) ard et al. (2019, the fundamental equatigBquation 2) used for vertical

ballast plastic strain is:

- -0 (12)

where- is the plastic strain aftef load cycles- is the first cycle plastic strain amdlis a
consant exponentThis power equation (Equatio)lwas obtained as a best fit to ballast strain
data from field and laboratory test$.indicates a rapid initial settlement followed by a gradual

reduction in the rate of settlement with increasing number of load cycles.
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Anothercommonmathematical model for calculating the permanent deformation of ballast was
developed by AlvaHurtado and Selig (1981). The permanent strain @fter a number of

cycles (0 , can be closely related to the permanent strain after one eycl®y Equation B:
- - p ol 1 UQ (13)

whered is a dimensionless constant controlling the rate of deformation. Selig and Waters (1994)

suggested typical values forranging from 0.2 to 0.4.

Hettler (1984) observed that the settlement of ballast wasopional to the logarithm of the
number of load cycles and expressed the results by the lognormal model as (Btoason
14):

Y O Yp QID (19
where the factoro has values between 0.25 and 0.58though, the initial settlement

might be a no#inear function of the load amplitud&), from measurement8y was estimated

from Equationl5:
Y {08 (15)

wherei is a scaling factoand the settlement aftenany load cycles is dependent on the
settlement of the first cycleThis model(Equation #) is comparabldgo Alva-Hurtado and

Sel i gbs model ,modelsweresseaih tdrhes bftsdttlermebdt instead of strain.

Shenton (1984suggested a settlement law based on field amdd#dry experiments (Equation
16) where he settlement of ballass proportional to the fifth root othe number of load

applications, which corresposidell with site measurements up to°16ad cycles.

'Y 0068 00 (16)
where constants andl are selected to make the secondnt&ecome significant only for
values of load cyclegi( larger than 19 These constants depend on axle load, rail section,

sleeper spacing arichck and foundation stiffness.

Thom (2006 kstablished a relationship between settlement and load cycles based on laboratory
test results from the fulicale Railway Test Facility (RTF) at the University of Nottingham.

Equation {7) was found to be a reasonable fit to the RTF data.
Y 11T @d 8 17
wherel represents the number of loagtkes of the track. Additionally, Thom (2006) proposed

thatthe settlement at arlpad level and variatiom subgrade can be described according to
Equation(18a):
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where,, is the stress under the slegp@is the modulus of subgrade reaction, which is the

constant of proportionality between the contact pressure of a foundati@n( the settlement

of the foundationY, defined as:

Q (18b)

_<~| CA

Apart frommodelling granular permanent deformation with respect to number of load cycles,
other research focusing on the relationship between permanent deformation and stress condition

as well aghe granular shakedown effed¢tave been conducted.

PARTICLE BREAKAGE AND QUANTIFICATION

McDowell et al. (1996) stated factors that govern the survival probability of a particle in an
aggregate subjected t@ onedimensional commssive load. These factors arppked
macroscopic (external) stressaze of the particleand cordination number (i.e. number of
contacts with neighbouring particleshn increase in external applied stress will increase the
probability of particle fractureVariatiorsin soil particle strength exist due to the disgon of
internal flaw &zes. McDowell andBolton (1998)proposed that yielding of a particle subjected

to onedimensional compression was due to theme®ncement of particle fracture.
Furthermorethe yield stress of an aggregate is préipoal to the average tensile strength of

the constituent grainsThe probability of fracture will decrease with a decrease in particlg size
as larger particles will exhibit a low average tensile strength due to more and larger internal
flaws. Angularparticles break easily because stresses tend to concentrate along weak areas
(Hardin 1985 and Lade et al. 1996).

A higher coordination number (number of surrounding particle contacts) will decrease the
chances of particle fracturéigure2-18illustrates theeffect of higher coordination number in
reducing the induced tensile stress for a round particle and an angular paticteding to
McDowell et al (1996), a higher coordination number will effectively reduce the induced tensile

stress for a rounded partided the oppositeor an angular particle.
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Figure 2-18: Effect of coordination number onparticle shape (McDowell et al. 1996)

Shahin et al. (2007) summarised the main factors that mdtudallast breakage which are
ballast propertieshat are related to parent rock characteristics (such as hardness, toughness,
specific gravity, grain texte, mineral composition and internal bondietg), physical
properties associated with individual ballast partéoie other factoreelating to the assembly

of particles and loading conditions

Lade et al. (1996) summarized the most widely used paltielgkage indices. All breakage
indices are based on changes in patrticle size after loading. Some indices are based on change

in a single particle size, while others are based on changes in overabigeatfistribution.

Marsal (1967 proposed an indexf particle breakaged() after conducting largecale triaxial

tests on rockfill materials. This method is based on the difference in percentage retained
Yo oo @ on each sieve before and after a test, wtieres the percentage retained

on a specific sieve before the test and is the percentage retained on the same sieve after the

test for a given ball asto , ssarepmesested by tHdasumsod | 6 s

positiveY® values, expressed as a percentage. This breakage index has a lower Iiit of 0

indicating no ballast breakage and an upper limit of%b0Adicating that all particles are broken

down to sizes below the smallest sieve size used.

Indraratna et al(2005)and Lackenby et al. (200)troduced a new Ballast Breakage Index
(BBI) specifically for railway ballasto quantify the extent of degradation by evaluating the
change in area of particle size distribution before and aftengessi illustratedh Figure2-19.

Using a linear particle size axiheBBI can be determined from Equation:19

19



2-33

00 O+——
0O O
where0 is a shift in the PSD cunagter tesihg andd is the potential breakage or area between

the arbitrary boundary of maximum breakage and the final d&iDed inFigure2-19.

Lee and Farhoomand (1967) proposed a breakage indicator expressing the change in a single
particle size’'© ) during an investigation on the effects of particle crushing on the plugging of

dam filters.Hardin (1985) introducedralativebreakage inde& ( 6 j 6 ) consisting of two
guantities: the breakage potential and total breakagé , based on changes in graize
distribution This particle degradation indicator requieasumerical integration technique for
computingd and® . Miura and Ghara (1979) used the changes in grain surface ¥r§a$

an indicator of particle breakage. This was based on the idea that new surfaces could be
generated as the particles were broken, hence, the changes in surface area could be used as a
measure of particle breakagée gpecific surface arefor each particle size (i.e. sieve size) is
computed assuming all grains are perfectly spherical. Sieving data before and afteatitk tes

specific surface area can bsed to calculate changessimrface area/"Y

Ballast breakage in a box test usually occurs in the area beneath the sleepecyailicing
loading. Ballast degradation tests conducted by Lim (2004) in a box test showed that ballast
degradation in areasvayfrom the sleeper area wasgligible. Selig and Waters (1994) dyed

the ballast under the sleeper to aid ballast breakage detection. According to Abadi et al. (2016),
the degree of grain breakage was not sufficiently significant to detect by comparing PSDs before
and after dynanai loaded tests. Therefore, the ballast below the sleeper was painted, and
weighed prior to and after testing to determine the percentage weight loss due to ballast

breakage.
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Figure 2-19: Ballast Breakagelndex (BBI) (Indraratna et al. 2005)

EFFECT OF CONFINING PRESSURE ON BALLAST BREAKAGE AND
DEFORMATION

The effect of confining pressure on the behaviour of ballast is not considered as a significant
factor in rail track design.Figure 2-20 shows the effect of confining pressure on particle
degradation using the ballast breakage index (BBI). Indraratna et al. (2005) and Lackenby et
al. (2007) divies the ballast degradation behaviour into three z(figare2-20) following a

series of triaxial testsThese zones are the (I) Dilatant Unstabbgiadation Zone (DUDZ),

(I) Optimum Degradation Zone (ODZ), and (lll) Compressive Stable Degradation Zone
(CSD2).

The confining pressure is low ( 30kPa) in DUDZ where rapid and considerable axial and
expansive radial strains acted on the sampleciwigiads to an overall volumetric increase or
dilationas shown irFigure2-21. Considerable degradation occurs via shearing and attrition of
angular projections. Due to the application of small confining pressures, specimens in this
degradation zonarecharacterised by a limited -@ydination number as well as relatively small
particle-to-particle contact area. Most degradation in this zone is due to breakage of angular

corners or projections, with very little particle splitting observed.
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Figure 2-20: Effect of confining pressure on particle breakage, with degradation zones
(Indraratna et al. 2005; Lackenby et al. 2007)

The axial strain rate is considerably decreased due to an apparent increase in stiffness as the
confining pressure approachéhe optimunzone ODZ: 30kPa 75kPa). The overall
volumetric behaviour is slightlgompressive. In this zonearticles are held together with
sufficient lateral confinement to allow for an optimum distribution of contact stress and
increased inteparticle contact areas. This wld decrease the risk of breakage associated with
stress concentration. A further increase in confining pressurewtrds the CSD zone

(s 75kPa) forces particles toward each other, with lirditgpace for sliding and rolling.

Some particle splittingakesplace through lanes of weakness such as microcracks and other

flaws and the fatigue of particles gnminent

Although there is no direct measure okitu confining pressurét is expected that the effective
ballastconfining pressuresless han 20kPa (DUDZ). To prevent rapid settlement and promote

a high degree of uniform track stiffness, track confinement can be increased by:

1 Reducing the sleeper spacing

Increasing the height of shoulder ballast

1
1 Including a geosynthetic layer (geocell}la ballasisubballast interface
1 Widening the sleepers at both ends (winged concrete sleepers)

1

Using intermittent lateral restraints at various track sections
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1 Decreasing the ballast shoulder slope (Abadi et al. 2016).
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Figure 2-21: Variation of axial and volumetric strains with confining pressure (Lackenby et al.
2007)

2.10 BALLAST COMPACTION

The process of ballast compaction involves the interlocking of ballast particles fimioea
arrangement with increasingimber ofload cycles This is dondo increase the ballast layer
stiffness by increasing the particle interlpblkence limiting the stresgansmited to underlying

track layers.Furthermore, proof rolling is a common praetperformed during construction of
railway lines and buildings to compact the old exposed formation layer on which the new track
will be constructed. This is done to reveal weak spots that require excavation, replacement,
reinforcement or drainage. Pfawlling is also performed tensure adequate compaction in
railway applications such as heavy haul and {sigéed lines, as well as critical locatisrie.g

bridge transitions) (Li et al. 2G)L

According to Selig and Waters (1996), two different mdtghaf compaction are available:
1) lateraland verticatrack vibration using Dynamic Track Stabilizer, and 2) crib and shoulder

surface compactionThe Dynamic Track Stabilizer is designed specially to provide quiek on
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track ballast compaction followingallast tamping. The stabilizer grips the track laterally,
applies a vertical forcéup to 356kN) and vibrates the trlachorizontally at a frequencyf
25Hz1 45Hz to rearrange and compact the ballast. Howdheramount of compaction
determined bythe amplitude and frequency of vibration and the magnitude of vertical force
provided by the stabilizeris not generally known and is difficult to estimdlié¢ et al. (205).

Selig and Waters (1996) reported that one pass of the track stabilizervialeguto the
trafficking compaction effects of between 1000 and 70@00 tonnes of normal traffic, to
restore vertical track stabilityfSussmann et &120031 also reported that the compaction using
the track stabilizer is generally more uniform amhtrolled compared to ballast compaction

from traffic.

Surface compactors apply a vertical vibratory force to pads pressed down onto the ballast
surface by a vertical static force. Ballast in the cribs are compacted in the zones penetrated by
the tampingools. Pressure plates are often used on the ballast shoulder slopes to prevent lateral
flow of the ballast during vibration.Surface compactor parameters are static down force,
generated dynamic force, vibration frequency and duration, with valuéagdrgm 7.6kN to

9.8kN, 4.9kN to 30.7kN, 25kN to 75Hz ard 2 to 4 seconds respectively.

Many researchers have used the density (or void ratio) to quantify ballast initial compaction
condition in the field to obtain an appropriate ballast settlemeimabour during laboratory
tests. Tutumluer et al. (2011eported that an appropriate and convenient method to quantify
the ballast compaction level or density in the field is not readily avail&leever, a detailed
approach was established to asgbssinitial compaction condition (void ratio) of a newly
constructed ballast layer to accurately predict field settlements using Discrete Element
Modelling. It wasfound thatthe void ratio for field compacteballast was between 33 and

44 %.

LABORATORY TESTS ON BALLAST

Laboratory tests provideom for controlling tesand materialvariablesas opposed to field
testing It also providesan avenue to accesise influence of these variables ardtablish
detailed relationships between various ballasparameters and expected performance.
Laboratory tests produce results in the shortest time possible by accelerated testing of
construction materials These results areakdatedwith field test results Several &boratory

tests on ballashave been peosfmed to investigate different factors that tend to affeet th
behaviour of ballast. Laboratory testing techniques sudiorgestsand triaxial test§ the

most common tests conducted on railway ballaste discusselriefly in this section.
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2.11.1 Ballast Box Tests

A box test simulates ballast behaviour and performance under field conditions for a track
section. Various boxes have been created for laboratory tests to simulate the-blelégstr
interface. Al-Saoudi and Hassan (2014) summarised prevausratory box tests conducted

on ballast as shown ifiable2-8. The dimensions of the box for laboratory testing are usually
determinedased on the simulation area of the track see®oitiustrated irfFigure2-22.

Table 2-8: Ballast box test setups (modified afterAl-Saoudi and Hassan, 2004)

Model/Box size Material type and

Reference (mm) size (mm)

Seup

Panuccio (1979) 482 diameter and Crushed limestone 127 mm diameter

305 high ranges (2€88) surface plate
Morgan and 1200 x 1200 x 700 Crushed limestone, 1< Vibrating table
Markland (1981) deep single size grading equipment
Harry et al. 300 x 600 x 475  Angular traprock, Laboratory box testing
(1985) deep Conform to AREA device

No.4 gradation

Dave (1998) 900 x 200 x 330  Roundedlenstone 193.5 cm2 air pressur:

deep ceramic particle, 3 loading piston

single size grading

William et al. 1000 x 800 x 600 Angular medium Sine wave loading
(2000) deep gravel, 50 single size unloading cycle
between (2.118.2) kN

Lim (2004) 700 x 300 %450 Granodiorite and Sleeper sin wave load

deg granite, conform to of 40 kN on boxtest
(RT/CE)

Khawla (2007) 600 x 300 x 450  Limestone, conform to Repeated loading
deep (IRR 2000)

Du Plooy (2015) 2408 x 600 x 400 Quartzite, conform to Laboratory box test,
deep S406 specifications  sine wave loading of

260 kN

Bennett et al. (2011) investigated the influence of the box type, material and associated
measurements to ensure that the influence of significant parameters can be measured within the
limitations of thebox. It was suggested that bigger box is generally suitable to limit the
influence of the box edges. This however, will require more sample preparation, setup, and

applied load (Li et al. 2015)In addition, ballast box designs must consider thens$i$ and
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frictional resistance of the sides to ensure reasonable conformity with field performance

observations.

ﬁ700mm+

+ Sleeper
y

Rail

.
300mm— L?OOmn‘rJ Simulation Area

Figure 2-22: Track section represented by test box dimensions (Lim 2004)

Box tests are alsadaptable as different results can be obtained such as sleeper settlement
(ballast deformation), ballast stiffnedsallast modulushorizontal stresses in the ballastd

ballast breakageThe sleeper settlement (ballast deformatisrdommonly measured using a
Linear Variable Differential Transducer (LVDT)Ballast stiffnessp, can be calculated by
dividing the applied deviator stress by the resilient displacement of ballast per cycle
(Equation20):

0 — 20
. 1 (20)
where,, and, are the maximum and minimum applied stress, respectively, and
and are the maximum and minimusieepr displacement, respectively. The ballast

stiffness obtained from ballast box tests is caraple to the resilient modulus.

Selig and Waters (1994) and Abadi et al. (2016) measured the horgtoesah the ballast by
installing stress sesors along the inside wall. Selig and Watdyserved that both horizontal
stresses of ballast at theaded and unloaded states (at maximum and minimum load cycles
respectively) eventually reach 30 kPRurthermore Abadi et al. observed that the constant

horizontal stress in any test varies between 15 kPa and 32 kPa.

According to Li et al. (2025 although ballast box tests provide evidence that hanging sleepers

damage track and cause more settlement than well supported sleepers, the real benefit of box
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tests is that it provides the ability to quantify damage. This damage assessment and

quantificationcan support the planning asdpport for maintenance of railway lines.

2.11.2 Triaxial Tests

Triaxial tests closely resemble the load environment and failure mechanisms of ballast in track.
Cyclic triaxial loading tests are recommended for ballast evaluatiahctinsiderballast
performance parameters relating to strength such as stiffness and deformation. Furthermore,
triaxial tests are used to characterize balfatgrms of strength, which provides both the friction
angle and stiffness of the ballast. Deye conditions can be coolted during triaxial testing.

However,most triaxial tests do not consider the effect of wheel configuration when employing

a loading patterrfindraratna and lonescu, 2000; Ebrahimi et al. 20I)e loading pattern
commonlyused in triaxial tests are based on pavement loa(fiagersine). Furthermore,

testing large granular materials in a conventional triaxial apparatus can lead to vague results
caused by disparity between equipment size and the particles being testeefor&éhégsts
involving large aggregates are done in a laggge triaxial apparatudt is recommended that

the diameter of the aggregate sample being tested should be at l¢a3tties greater than

the largest individual particle gizaccording tASTM standards (Li et al. 2015).

2.12 SUMMARY

This chapter focussed primarily on ballasted (conventional) track. Although ballastless track
do exist, the conventional track to date is by far the most coramaconomical track utilized.

The design ofailway track is commonly based on axle loads and wheel spacing. Reducing the
wheel spacig causes the influence lines fraeach wheel load to overlap, causing higher
stresses, thus increasitige vertical deflection of the track. Therefore, the lendth train and

wheel configuration are important factacsconsider whewetermining the cumulative effect

of cyclic loading on a track structure, especially when conducting laboratory test simulations.

According to research conducted (Powrie et al, 200¢@t al., 2015), the loddg magnitude
and shape of loaig pulses changes with depth. Consequently, thdrigazhttern (or shape)
and influence of individual train wheel load is more prominent on the ballast |eevever,
current laboratory tests es single load cycle comprising 4 wheel lodgdssimulate train
loading on the ballast layevhich iscontrary to the fact thahe load shape and influence of
individual wheel loads diminish significantly at the subgrédehere a single load cycle

compises 4 wheel loads which take the shape of a single trapezoidaFigace@-7).
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Most laboratory tests on ballast, either box or triaxial tests)@nifaversine loads to simulate

train wheel loads. However, the effect of wheel spacing,ingdthpulse (area under loaded
curve) and wheel load overlap are not considered when choosing a loading pattern. Common
practice for laboratory tests on ball&sto assume that a single haversine load cycle represents
the 2 wheel loads or 4 wheel loads depending on the wheel configuiratibith does not

depict field loading conditionsHaversine loading was used for subgrade materials in previous
research pulrations. Current ballast loading practices use haversine loading without applying

a controlled number of load pulses. This loading condition for ballast laboratory testing needs
to be evaluated and compared with multiple load pulse per load cycldsisvidenticato field
loadingconditions as there are no test procedures or protocols addressing appropriate loading
patterns for a given train configuratioRurthermore,dctors affecting ballast particle breakage
include applied macroscopic stresses, particle size and coordination nuAgsessing the

effect of confining pressure on ballast breakage from a ballast box test perspective has not yet
been investigated.

In conclusion, althougiesearcherbave performed box tests usingversine loading pattesn

a closer look at the effect of laad patterrand impulse on the rate of ballast degradation and
establishmenof a aiitablecyclic loading patterii which considersrain wheel configuration
for laboratory box testss important. Also, areview of the effect of lateral confinement on the

ballast layer behaviour using a ballast box apparatus is also doraraaestigaton.
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3.1.1

EXPERIMENTAL MATERIALS AND SETUP

A series of box tests were conducted to address the obgatitres study. This section of the
dissertation focuses dhe asumptions made during the design of the test box to complement
field loading and boundary conditiai&hematerials required for the experimetieequipment
and measuring devices to simulate train loading and record deflection data respastivelly

as theexperimental setupre discussed

MATERIALS

This section lists and explains materials usethe experiments conductedesign aspects
related to thenateriab and other experimentadmponentsirediscussedvith reference toheir

influence orthe experimental precision and accuracy.

Ballast

The ballasused in the laboratory tesims obtained from Ferro quarfgperated by Afrisam)
situatedin the northern region of Pretoria, 10 km from the University of Pretdrfee ballast
material isquartzite- a nonfoliated metamorphic rockFine particles around the surface of the
ballast stoneswere removed by washing the ballast prior to particle size distribution
determinatiomandothertests. This was don¢o eliminate the influence of fouleshaterial on

the behaviour of the ballast material during cyclic loadiPgnfakoon et al. 20)4

The particle size distributiowas compared with the lower and upper limit of the S406 Ballast
Specification as shown iRigure3-1. Generally, the ballast material fell within the specified
grading envelope, therefore complying with the S406 ballast specification for gratimey.
coefficientof uniformity, G, and coeficient of curvature (shape of PSD curvejp€the ballast,
were assessedlhe graded ballast is uniformly graded with av@lue of 1.60 (< 4) and well
gradedwitha@©v al ue of 1.<8).Durdbility, specific gravit@yoidsand flakiness

index tests were conductadd their results comply with the S406 ballast specification.
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Figure 3-1: Particle size distribution of ballast compared with S406 specification grading limits

3.1.2 Steel Box

To simplify the test setup amdtain a high level of practicality, a steel box was built to represent
half a single sleeper bay oftgpical railway track. The design of the steel hwasbased on
the track dimensions of the Coal Line in South Afri€mly half a sleeper was modelled due to

longitudinal tracksymmetry In this studya uniform stress distributiomasassumed to occur
at the base of the sleep€@idure3-2).

| | I
[ i 0
TTTTT T T T 0T

Figure 3-2: Uniform ballast-sleeper contact pressure (Talbot 1933)

The steel boxwasdesigned according to the minimum requirements of the ballast layer for a
1065mm gauge track, specifiday Spoornet (2000).A ballast shoulder slope of 1:1.5 was

incorporated into the design length of the steel box. The design width of the steel box is



3-3

650mm, which represents the sleeper spacing on the South African Coal LimeedeSign
height of the steel box is 4%0m consisting of a ballast height of 3®n and a 100nm
clearance for the crib ballast and faén extra allowance. The joints of the steel box were arc
welded using 6310 electrode welding rodsthfeedimensionadrawingand plan viewof the

steel box is shown iRigure3-3. Table3-1 shows the selected dimensions of the box.

, 395 |
100% TSn S0% 5% 0%
100 == 100 - 100 == 100 =

Figure 3-3: 3D drawing of steel box

Square hollow sections (SHS8 x 38 x 3nm, weae used for the box frame and served as
vertical braces to prevent lateral buckling of thrar2 mild steel sheets around the b&2 mm
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steel sheet was placed at the base of the box. M12 links to &id 6ftthe box were placed

along the length of the steel box. 80n long angle bars (25 x 255mm) were used to create

four (4) slots to adjust the lateral confinementhd# ballast. A steel framed gatesfiown in
Figure3-4) consisting of 38 x 38 x @im square steel tubes aa@ mm thick steel sheet was
made to fit into the slots. The dimensiongiu# gate are 650 x 450 x Atm. The average
distance of 1785nm was calculated between the sides of the sleeper and the wall of the steel
box. To achieve a fully confined setup (termed as 100% lateral confinement), the distance from
the end of the sleeper to the steel gate was set tma5The distance betweerethteel gate

and the end of the steel box (toe of ballast shoulder) was divided into 4 portions to represent
75%, 50%, 25% and 0% lateral confinements (with a full ballast shoulder representing 0%
lateral confinement).3 mm thick neoprene sheets wejleed to the vertical sides of the steel

box and gateThin sheets (258m thick) of AntiTermite DampProof Course were glued onto

the neoprene sheets on the vertical sides of the box as well as the gate.

Table 3-1: Dimensions ofthe ballast box

Property Value
Length- Internal (mm) 1630
Width i Internal (mm) 650
Height (mm) 450
Spacing of vertical square 230
tubing (mm)

In addition to thdateralresistance provided by the slots, four holes were driliedugh the

2 mm steel sheet at the base of the steel box where a welded steel rod prétousithe base

of the gatdits. A flat steel plate was welded to the top surface of the gate to stippbekscan
handle The box was painted with red oxide. The weight of the steel box and gate without
ballast material is 7g.
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Figure 3-4: Steel gate and associated features

3.1.3 Sleeper

A 1065mm gaugeconcretePY sleepemeighing280kg was cut in halfising a diamond disk.
This cutting action wat meet the test box design requiremestéded in Bction3.1.2 This
type of sleeper idesigned for heaviaul lines with a maximum axle load of 30 tonnEgjure

3-5 shows the cutting details of the sleeper
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Figure 3-5: PY concrete Sleeper (dimensions and cutting details)Side and Top view
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3.1.4 Rail Piece (sleeper - actuator piston support)

The sleeper was fixed temporarily to the actuator pigidimit any lateraimovement. In this

regard amild steel bar (377 x 150 x1%0m), weighing 40kg, was used to link the sleepamnd

the actuator piston. The steel bar was milled to fotme\selled edge with a 1 in 20 slofe

level offthe railseatslope on the sleeper. The mild steel bar was also used to represent a section

of a railplaced orthe sleeperTwo 230 x 35 x 35 mm mild steel bars were used to support two

20 mm st eel rods passing through the Pandr ol
join the man components of this connection to establish a temporary and flexible setup.

3.1.5 Rubber Base

A double layeredinsertion rubber was placed at the bottom of the boermlate the
compressibility of theubstructureEach layer of rubber sheetingais3 mm, producing a éhm
thick rubber basi total The two layers oinsertion rubber also sead to protecthe Tekscan

pressure sensors (pitin between) against puncture

3.2 TEST EQUIPMENT AND INSTRUMENTATION

This section focusses on the equipment and instratientised for the tests conductethese
include the hydraulic actuator, forcand displacementdnsducers, Tekscan pressure mat as
well as data analysis tools.

3.2.1 Hydraulic Actuator

A hydraulic actuator was used to apply dynamic loads to the ballast samples. The hydraulic
actuator formed part of the components ofitfael wnit (Figure3-6). In addition to the hydraulic
actuator, the load frame is a basic compostratture providing the reaction mass for the force
train, havingan overall system stiffness of 7.4 >®kBI/m. The load frame and other hydraulic
components mounted to it collectively create the load Umitill be referred to atheMaterials
Testing System (MTS) in this reporthe hydraulic actuator hag@ce rating o600kN anda

stroke (displacement) length of 160n. It includes an LVDT which measures the displacement

of the actuator.Servovalves regulate the amount of hydraulic fluid to and from the hydraulic
actuator, as well as the speed anddiiioa of piston rod movement. The differential pressure

across the piston forces the piston rod to move.
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3.2.2 Transducers

The transducers used include the force transducer, an internal linear vdifédsiential
transformer (LVDT) located in the actuatordatwo external LVDTs. The force transducer
(also called load cell or force sensor) with a load capacity okBO@as used to measure the
amount of compression applied to the ballast sample-liNearity of the load celvas0.15%

of the full scale anthysteresisvas0.2% of full scale. The calibration of the actuator LVDT

was done after setting up the load unit. Two external HBM WAIBBL plungers were used

to measure the displacement of the sleeper. They were connected to the load framercontrolle
which recorded the analog signal inputs.

3.2.3 Tekscan Pressure Mats

Tekscan pressure mats were used to record the vertical and lateral stresses during the cyclic
loading of the ballast layer in the large steel bdke dimensios of eachpressurenatwere

500 x 500mm. Three pressure mats (A, B and C) were useds A and B were placed the

bottom of the boxwhile mat C was placeatjainst the gate. The pressure mats were equilibrated

to compensate for areas on the sensor that are less responslaédn te higher responsive

areas.
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Figure 3-6: Load Unit (MTS) and components

3.2.4 Analysis Tools

3.3

A MATLAB code was written to extract upper and lower bands of deflection and axial load
data to be used for filver analysis in a spreadsheet. Sigmaplot software was used for data
filtering and smothing as well as plotting graph3ekscan Industrial Sensing$car) software

was used to analyse the recorded pressure data.

EXPERIMENTAL SETUP AND PROCEDURES

Thissection focuses on characterising and modelling of thérgaeétterrimposed by a typical

set of train wheels on a sleeperinc® this experiment seettto develop a suitable loading
condition for ballast box tests and investigate the effect of lateral confinement cesgeynse
elementsand behaviour of the ballast layer, two experimental setupsceesiderednamey
Setup 1 and Setup 2Additionally, the experimental procedure for Setup 1 and Setup 2 are
provided in this section.
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The experiment for Setup Was concerned with developing a suitable lwadpattern for
laboratory box tests with the boundary conditions remaining constant (fully confirffda)
experiment for Setup &asconcerned with altering the boundary conditions (decreasing the
lateral confinement) of a box teti investigate the effects on key elements of the ballast

response such as settlement, stiffness, modulus and ballasideeak

Characterization and Modelling of the Field Loading Pattern

A typical field loading pulse (pattern) at the rail seat, in terms of-limael relationship, was
recorded by Sadeghi (2008) with a wheel spacing of B@®Gas discussed in Secti@?2.4
(Figure2-6). Comparing the shape of this load pulse withdiness pulse obtained fromsitu
pressure plate readings at the subballast layer, recorded by Gral§2@a%)| Figure2-7) with

a wagon wheel spacing of 1880n, reveals some similarities in thalseshapsi especially

at the upper regionThe stress pulse recorded by Grabalg2005) was generated under a 4
axle wagon configurationThe stress pulse shape presented by Grabe et al. (2a863ed as

a reference because the focus of this experimasbn replicating the loading pulse of aatle
train configuration (South Afren Coal Line) in laboratory box tests. Hente, field loading
pulse used for this experiment takes the shape of the stress pulse at the subigaitatT).
Multiplying the stress pulse by an influence area (whidomstant) wuld produce the desired
load pulse- which issimilar to the loadpulse recorded by Sadeghi (200&\Ithough wheel
load data from strain gauges were readily availdhkJoad on the ballast was assumed to be
equivalent to the rail seat loatlie tothe load distribution. Therefore, for all experiments
conducted, a maximum load equal to the rail seat laalwsed.Table3-2 shows mordrack
details on the field studies conducted.

Table 3-2: Comparison of track details from field studies

Track details Grabe et al.(2005) Sadeghi (2008)
Track gauge (mm) 1065 1435
Rail (kg/m) 60 UIC 60
Sleeper type PY concrete B70 prestressed concrete
Sleeper spacing (mm) 650 760
Ballast thickness (mm) 300 300
Passing speed (km/h) 407 50 40
Axle load (ton/axle) 20/26 22.5
Wheel spacing (mm) 1830 1800
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To convert the stress pulse values to rail seat lohdsequivalent forcéQ from the insitu

pressure plate was calculated by multiplying the pressure plate regdifiyshe circular area

of the pressure platé)(Equation 2):

o

&

(21

where n is the data point number @hdpressure plate radius3§ cm.

To obtain the field loading pattern (lotiche relationshipps shown irFigure3-7, the ratio of

maximum rail seat loadj( to maximum equivalent forcé (A @) was multiplied to each

"Qvalue. The maximum rail seat loagl ( was obtained by multiplying théynamic wheel

load 0

by a load distribution factor of 0.5The dynamic wheel load (

was calculated

usingthe dynamic impact factodeveloped byEisenmann (1972)Section2.2.2. Table 3-3

providesa summary of the dynamic wheel laatd maximum rail seat load () calculation. A

maximum rail seat load of 9N was determined, using thead distributiormodel (Equation

8) of Sadeghi (2008) in Sectidh2.6

Table 3-3: Summary of variables used to calculate the dynamic wheel loahd maximum rail seat

load (a,)
Variable Unit Value
Axle load (heavy haul) Tonnes 26
Static wheel load) kN 127.53
Vehicle speedp km/h 70
— 1.07
Track condition 0.2
0 2
Dynamic Impact Factos, 1.429
Dynamic wheel load) kN 182.2
Sleeper spacing mm 650
Load distribution factor % 50.4
Maximum rail seat loady) kN 92

The Field loading patternKigure3-7) was simplified to eliminate irregularities. The following

aspects of the loamy pattern were adjusted:

i.  Wheel load magnitudes (peakan equamaximum wheel load of 9N was set for all

four wheel loads representbdthe loadng pattern.

i.  Averagedoadvalleysbetween wheel loadsere equal
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iii.  Wheel spacing: gqual wheel spacing for a load cycle was assymti a negligible

effect on the ballast material tested.

The average loadalley was calculated as 5%Rl. A relationship between load amplitude and
load valley was established using a factor of 1.667. Therefore, for any minimum applied load

(0 ) and load amplituded( ), the load valleys{( ) between wheel load can be

obtained using the following expression:
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Figure 3-7: Loading pattern on rail seat from train axle loads experienced by a sleeper

Figure 3-8 shows the simplified field lding pattern, where the maximum rail seat load was
rounded off ® the nearest KN (from 92 to 9kN) and thdoad valleyswith a value of 5&N.
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The ability of the hydraulic load frame to simulate this loading pattern was investigated by
finding asuitable frequency and load amplitude to produce an appropriate loading $hape.
was performed using the sleeper block and the 500 x 500 mB6§teel box containing ballast
(300mm depth) described in SectiBrB.2 Consequently, a scaleldwn load was determined
based on the theoretical stress at the badlasfper interface under field conditiongvhich
should be equal for both cases (field and laboratonditions). The Axial Command values

in the MTS load profile were adjusted toedue the load amplitudeequired to achievéhe
desiredsimplified field loading patterrepresented by the Axial Force valassshown ifrigure

3-9. A scaleddown (rail seatjoad amplitude and a minimum and maximum load okNQ
5kN and 15kN respectively, at 2.6z, were obtained after the Axial Command values were
adjusted.

100
= 80 A
<
o
o
()
Q 60 -
(%)
o]
o
©
I
O 40 ~
@
]
(2}
‘S
X 20 -

O T T T
0.0 0.1 0.2 0.3 0.4

Time (sec)

Figure 3-8: Simplified Field Loading pattern
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Figure 3-9: Simplified Field Loading pattern simulated by the MTS hydraulic actuator

3.3.2 Experimental Setup 1

The first experimental setup involved a scalledvn model of a railway track consisting of a
steel box having inteal dimensions 500 x 500 x 3&im, with athickness of 2%nm, and a
sleeper block placed on ballagecause several alternative diogy patterns were investigated
in this stage of the experiment, this setup wsesd to enable easy hamgjiof the ballast material

andsleepebblock.

The schematicsetup for compacting the ballastshown inFigure 3-10. A 3mm thick steel
sheet (480 x 48Mhm) was placed on the ballast. The 4&M0mm rigid compaction frame
was constructed to ensure limited flexural movement. The rubber @heet between the
ballast and steel shewtas usedto reduce ballast abrasion during compaction. Prestick (a
reusable adhesive) was placed between the Lydiigerand steel plate to prevent unwanted
vibration of the LVDTplunger Therubberpaddingplaced in between the actta piston and

the rigid frame was tpreventdamageabrasion.
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Hydraulic actuator

LVDT

LVDT plunger
..  — Rigid frame (8 IPE 100 sections)

Insertion rubber

3 mm Steel sheet

Steel box (500 x 500 x 350 mm)
Ballast

3 mm Insertion rubber (2)

Figure 3-10: Cross section through the compaction setup for the small box te€betup 1)

Track subgrade is commonly modelled as a safmite elastic half space, characterised by a
soft or stiff foundation.The insertion rubber sheets at the base of the box werecussalitate

the slightly compressible effects of the subgrade laiwever, the contribution of the rubber
sheets to achieve this subgrade behaviour is almost insignificant. Thetaefoaeknowledged

that an artificial rigid subgrade provided by the load unit table in a box setup is always a
limitation compared to therpper use of seminfinite elastic half spaceFigure3-11 shows the

final setup for the loading pattern experimeAfter compaction, aligh-DensityPolyethylene
(HDPE) Pandrol pad was fitted to the base of the sleeper block to prevent progressive sleeper
wear. The cutout sectionwas at the middle of thBY sleepedength. The sleeper block
dimensionsvere228x 185x 170mm. The LVDTs were suppted by a setup consisting of
magnetic bases arektensionclamps. The bobundary conditions for this test setwas fully

confined.
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Figure 3-11: Final experimental setup for Setup 1

3.3.3 Simulation of Loading Patterns through Setup 1

Comparison of alternatiieadng patterngo the Field Loading pattern was based on the rate
of strain accumulation of the ballast layer. Other loading aspects that were compaiedd
cycle inpulseandload frequencyrest geriods) Impulse is the integral (area) of fonuetted

as a function otime. The Field bading (FL) patternKigure 3-8) was compared with the

following loadng patternsvhich can be simulated in the laboratory

1 Conventional haversine loadirfgab. L): Frequentlyused in the laboratory to simulate
train loading where a single load cycle represdotg wheelloads

1 Impulsehaversine loadingHL): Modified conventional laboratory loading, where the
impulseof the laboratory loading pattern (Lab. is)equalto that ofthe Field loading
patternand a single load cycle represents four wheel loads.

1 Haversine loaithg (HL): 4 loadingpulses represeibur wheel loadswith theimpulse
of the loading equal to that tfe Reld loading pattern

1 Adjusted haversine loany (AHL): A modified version of the haversine laag (HL)
where the load amplitude was reduced to closely match the ballast deformation caused
by the Field loading pattern.

The terms haversine and sinusoidal are often
used in literature and research pulilmas, refers to pure compression loading (with minimum
and maximum stress levels) of the test sample. In other words, the waveform, which is

sinusoidalin shape is used to describe tbading pattern. However a typical sinusoidal
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waveform might compsie both tension and compression regions.clearly indicate that the
|l oading type, though sinusoidal in shape, i

used, where the minimum loadgeeaterthan or equal to zer@ompression)

Table 3-4 shows a summarized experimental procedure for Setup dch BEamplewas
compacted in three layers following the rodding procedure outlined in the AB\tandard.
Each laye(100mm) was rodded 25 times. Further compaction was conductappbyinga

total of 25000 haversinecyclic loads. The target ballst mass for eackamplewas 112.5g.

A preload of 1kN was applied.The compactioforceapplied(85 kN) was slightly greater than

the calculated traffic load so that excess ballast deformatoid not occubecause ad higher

load during train operation. All samples were compacted to a void ratio %t 43ata was
capturedat 100Hz for all compaction stagesTable 3-5 compares each alternative loading
pattern with the FL pattertased on selected load properties. Graphical illustrations of these
loading patterns are shownhigure3-12.

After compaction, each test sample w@aded (monotonically) to 2KN. Table 35 provides

the number of load applications for each loading pattern.0800oad cycles were applied on
each sample. 10000 load cycles were applied for each loading pattern. The number of load
applications Table3-6) variedfor each loading pattern depending orirtieharacteristicsRest
periods were not included when transitioning to the next loadittgnn as well as within the

process of applying a loading pattern.

The effect of est periods (bogie spacing and time interval between trains) on the permanent
settlement of the ballast layer was only assessed on Sample B using the Field Loading pattern
at 2.5Hz. The number of cycles for each loading pattern (based on the duration rest period)

waskept constant at 30000 cycles.

S



3-17

Table 3-4: Test procedure for Setup 1

s | Cyclic Compaction Loading Pattern Rest Period (FL only)
ample
P Stage 1 Stage 2 Stage 3 | Stagel Stage?2 Stage3 Stage4 Stage5 Stage RP 1 Stage RP 2
A Lab. L1 Lab. L 2 - -
B 40kNat ~ 40kNat  85kN at HL 1 HL 2 0t0 0.8 seconds 0.8 to0 seconds
SHz 10Hz 10Hz FL1 FL 2 FL3 | (0.4 second steps (0.4 second steps
(5000 (5000 (15000
c cycles) cycles) cycles) HL 1 HL 2 ) )
D AHL 1 AHL 2 - -

Table 3-5: Alternative loading patterns compared with field loading based on selected parameters

Loading Equal Equal Equal Load Load pulses
Pattern Impulse Frequency Amplitude per cycle
Lab. L No Yes Yes 1
IHL Yes No Yes 1
HL Yes No Yes 4
AHL Yes No No 4
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Figure 3-12 Shapes of the different Loading Patterns

Table 3-6: Number of load applications (pulses) for each loadg pattern

Loading Number of load applications (pulses)
Patterns FL1 Alt.loadl FL2 Altload2 FL3
A FL +Lab.L 400 000 100 000 400 000 100000 400 000
B FL + IHL 400 000 100 000 400 000 100 000 400 000
C FL + HL 400 000 400000 400000 400000 400 000
D FL + AHL 400 000 400 000 400000 400 000 400 000

Sample

3.3.4 Experimental Setup 2

The secondexperimentl setupinvolved a full-scale box test with an adjustabldength to
investigate the effect of lateral confinement on baliesponse The internal dimensionsf the
boxwere163 x 650 x 450nm. A schematic illustration of the materials, measuring devices

and equipment and their respee positions are shown ifigure3-13.
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Hydraulic actuator

20 mm Steel rod
Half concrete sleeper

LVDT

Tekscan Adaptor

377 x 150 x 150 mm Steel bar
230 x 35 x 35 mm Steel bar

Steel gate handle
650 x 450 x 40 mm Steel gate
Steel sheet

Tekscan pressure mat C

Pressure Mat A Ballast

Pressure mat B

Tek deptor shield
3 mm Insertion rubber (2) skscan adeptor shie

Figure 3-13: Schematic (cross section) illustration of experimental materials and instrumentation

The section of track simulated by this testup is shown ifrigure 3-14 (not to scale).Steel
shields were made to protect the Tekdoandlesplacal at the base of the boRubber sheets
at the base of the box provided protectionthe pressure matagainst ballast penetration and
emulated the compressibility of the subgrade layer in the field.
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Figure 3-14: Track section represented by the fullscale adjustable steel box

The setup for ballast compaagtiovolved a 5mm thick steel sheet (1190 x 64tn) and a steel
frame made of IPE 100 sections welded along the flamgeath the internal dimensions of
the large steel boxFigure3-15 shows the arrangement filre compactiomf the ballast For

each samplghe gate was placed at a fully confined position to obtain relatively uniform ballast
responsafter compaction.Ballast was placed around the half sleeper to therdi®mark,
forming the crib ballast. Severdifferent setups exist for this box test due ttee length
adjustmentthat simulatel the effect of varying confinement dahe ballast layer response.

Figure3-16 shows a typical setup for the different tests conducted for this experiment.

Influence of Confinement using Setup 2

The experimental proceduresnciucted using SetupWere concerned with the measurement

of two parameters namely ballast breakage and ballast settlement. The steas li@signed

to accommodate fivievels of lateral confinement namely 1290(fully confined), 7%%, 50%,

25%, and % (with ballast shoulder) levels of lateral confinement. A new ballast sample was

used for each level of confinement.
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Figure 3-16. Experimental setup for Setup 2
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Ballast breakage was assessed at two latafio the ballast layer: at 100m and at 300nm

from the base of thikeox. 10kg of ballast wergainted vith redand goldpaintat L00mm and
300mm depthsrespectively for each sampleFigure3-17 shows the red paietl ballast and
their position in the box. To retain the surface friction of the ballast stones, the paint was applied
sparingly using a brush as opposed to dgigphem in paintSieve analysewereconducted on

the painted ballast before placing in thex. The painted ballast at 360m was overlaid with
normal ballast to prevent sleeper contact, since ballast breakage due particle inteviasking
the focus. The painted ballast was placed in the region below the sleeper loaddfaatea.
sample wasampacted in three layers following the rodding procedure outlined in the ASTM
C29 standard. Each layer (100n) was rodded 55 times. Further compaction was conducted
by applying 5000 and 2@0O0 cyclic loads of 48N and 90kN respectively, at 10 Hz.

For a 75%, 50%, 25% and 0% level of lateral confinement, a 2tbm steel sheet (630 X
460mm) was placed against the gpt®r to compactioto maintain the compacted state of the
ballast layer at 108 confinement After compaction, the gatwas removednd placed at the
requiredconfinement sloas shown irfrigure3-18. Figure3-19shows the steel sheet separating

the compacteddilast and the ballast shoulder fo¥0lateral confinement.

The experimental procedures following compaction for the different leveldatefal

confinementaredescriled as follows:

1 The sleeper was lowered into the box just above the compacted ballast. Crib ballast
was placed around the sleeper and rod cotepa

1 External LVDTs were placed abth ends of the half sleeper to record the permanent
settlement of theallast layer

1 A vertical monotonic load from 0 to KN was applied t@achsample Qubsequently,
the AHL pattern wasapplied at 1MHz with a load range from 2.5 to &N.

1 The number of wheel load applications wei@0D 000 cycles Therefore, 32®00load
cycles were applied, with a load cycle representing 4 wheel,Ibaded on the wagon
wheel configuration o the SA Coal Line.

9 Vertical and lateral pressure readings were recorded at the start and aft@58@0y
cyclesto observe stresianges dung cyclic loading.

1 Sieve analyses were condied on the painted ballast atiléim and 300 mrat the end

of thecyclic loading



Figure 3-17: Painted ballast (left) and painted ballast placed at 100 mwithin the sleeper base area
(right)

Figure 3-18 Gate placed at 50% confinement slot
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Figure 3-19: Steel plate separating the compacted ballast from the ballast shoulder durirthe

0 % lateral confinement setup

RAW DATA FROM TESTS

This section shows selecteiv data extracted after each tdsigure3-20shows the axial force
against time plotted fahe first 5 seconds of Sample-EL andHL tess. For the same test,
Figure3-21 shows thd VDT 1 and 2 outputlata The first frame ofPressureMats A and C
(lateral) for a 1006 confinement at 9800 loadcyclesare shown irFigure 3-22 and Figure

3-23respectively
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Figure 3-23: Stress contours on Mat C (1006 lateral confinement) at 380 000 load applications
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ANALYSIS AND DISCUSSION

The analysis and discussion of experimaimesultsare dividel into threesubsectionsnamely
loadng pattern resultsboundary condition results and ballast layer stress resulise
subsection on lodwlg pattern comparethe responsef each ballast sampbdter compaction

It also compares the rate of ballast strain accumulation durindjffeeent loading pattern3he
subsection on boundary conditions compares the ballast permanent settlechduat|ast
breakage at different levels of latei@nfinement. The subsection on ballast layer stress
discusseshe stress changes along different levels of lateral conénée

LOADING PATTERN RESULTS

The responseof each ballast samplduring compaction and the rate of strain accumulation
obtained fromdifferentloadng patternsarecompared and discussed in this sectidbable3-4
shows asummaryof theloading procedures performed using the small stee(®etup 1) The
deformation behaviour that resulted from Field loading (FL) pattern was compared with the
behaviour that resulted frofollowing loadng patternsLaboratory loading(Lab. L), Impulse
Haversine bading(IHL), Haversine lbadng (HL), andAdjusted Haversine dadng (AHL).

Ballast Compaction

Figure4-1 below shows ballast settlement with number of cycles for each ballast sample. The
conventional (laboratory) haversine loading was used to compact all test samples. Rapid
settlement occurredithin the first 10 cycles as shown kigure4-2 due to the rearrangement

of ballast as cyclic loads of 4N were applied. The rate ofsettlementcould have been
increased by increasing the load, however, thisild haveresuled in undesired ballast
breakage in the compaction stadée effect of an increase in frequency on strain accumulation
was not clearly identified, as the number of cyslese not sufficient to compare the rate of
strain accumulation within the first 10 000 cycles. AODOD cycles, the compactive force was
increased to 85 kN which caused rapid increase in permanent strain and possible particle
breakage Figure4-1). There was a continuous decrease in the rate of permanent sthain wit
increasing number of cycles thereaftefhe stress applied to the ballast sampleindur
compaction between 1MO7T 20000 cyclesvasequivalent to the stress at the sledpatast

interface (below the rail seat) induced by atd3ne wheel load.
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Figure 4-1. Permanent settlement of ballat for each sample during three stages of compaction
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Figure 4-2: Rapid ballast settlementduring the first 10 cycles for eactballast sample



Ballast stiffness pecycle, as shown ifrigure 4-3, was calculatedor each samplaising
Equation D (Section2.11.]) while the ballast modulus was calculateitheratio of applied
stress to ballast straifTherewasa generaincrease in stiffneswith the number cycles for
each test sampleDifferences in stiffness might be due to particle sizes and gradatioelh
as particle arrangementlnevenstiffnesspathsoccurred at transitions betweigcrease inoad
frequencies and applied vertical loa8imilar increass in ballast modulusvas observedor

every load cycle
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Settlement, stiffness and modulus values for éatlastsample after compaction are shown in
Table4-1. It is important to note that although equal loading parameters and frequency values
were applied to each ballast sample, their final respalifered. Factors affectinghechanges

in ballastresponseénclude \arying particle shape and sizasd particle arrangemenamong

others.
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Figure 4-3: Ballast stiffness per cycle for each ballast sample




4-4

55
50 N T~ - - —= - -
' T~ -
R
”
< 45 1
o
=3
B 40 -
=
ES)
o ”
= 35
17
('_U v _’__'——— han|
(-_5 - /, T — s s —
m 4
30 1= - -
’// — — — - Sample A
—— ‘ Sample B
n o
25 1 - - Sample C
Sample D
20 T T T T T
0 5000 10000 15000 20000 25000
Number of cycles

Figure 4-4: Ballast modulus per cycle for each ballast sample

Table 4-1: Summary of ballastsampleresponseafter compaction

Sample Settlement Stiffness Modulus
(mm) (kPa/mm) (MPa)
A 16.5 108.0 32.4
B 15.6 108.8 32.6
C 18.2 168.7 50.6
D 17.2 154.7 46.4

Despite theextremecare taken to produce ballast samples fofaheratory testing with similar
stiffness (or modulus) after compactjoinh is clear from the results that even though the
compaction resulted in similar total settlement, the final stiffness values differed too much to
regard the samples as identifial comparative testing. Instead of applying one loading pattern

to each sample, it was therefore decided to alternate two loading patterns on the same sample
for comparison. As a result, the FL pattern was alternated with one of the four Laboratory
patterns a each individual sample. This procedure enabled accurate comparisons between the

settlement and strain behaviour resulting from the different loading patterns.



4.1.2 Comparison of Loading Patterns

This section compareelements of each load) pattern, theaate of ballast axial straidue to
varying loading patterns anlgallast modulus initiated by each |dagl patternto obtain a
laboratory loathg pattern that is guitable representatiarf field loading conditions Using
Table 3-5 as a referencélable 4-2 shows the properties of the thag patterns use in this
study. Figure4-5 shows the ballast deflection bowls associated with each loading pattern.
wasexpected thahe AHL pattern wold producethe smallest deflection due toeduced load
amplitude. Maximum deflections of otherohdng patterns differ da to varying sample
propertiesuch as stiffness

Table 4-2: Properties of various Loading Patterns

Property FL Lab. L IHL HL AHL

Load amplitude (kN) 10 10 10 10 8.5
Impulse (kN) 4.63 4 4.62 4.62 4.63
Frequency (Hz) 2.5 251 2.17 2.17 2.32
Maximum deflection (mm) 0.46 0.41 0.42 0.37 0.33

Deflection bowl area (mrs) 0.14 0.08 0.10 0.08 0.07
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Figure 4-5: Deflection bowls for each Loading Pattern

4.1.3 Ballast Layer Axial Strain

Figure4-6 shows thepercentage straiaf each ballast sample subjected to alternating loading
patterns of FL anthe otherchosenoading pattern. This loading method was used to assess
the rate of shin accumulation induced by each loading pattern. Although each loading pattern
could have been performed on individual test samplesethst samplgwould not have similar
ballast responsafter compactionThe shakedown period to reach linearitgarred between

0 and 10M00 cycles whichagreeswith studies conducted by Lackenby et al. (2007) and
Kashani et al. (2017)Samples A and B exhibited similar strain behaviour comprising of a
significant increase in the rate of strain accumulation 488000 cycles. Possible reasons for

this observation are:

1 Boththe Lab. L and IHL patterns do not have the same quantity of load pulses per cycle
when compared to the FL pattern

9 Particle rearrangement or ballasebkage.

Considering the degradation zmestablished by Indraratna et al. (2005), the zone that best
describes the deformation behavioof each ballast samplés the compressive stable

degradation ane (CSDZ). In this zone, the particle moverseaterestrictedwith a high
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coordination numhredue to the high level of confinementypical forms of breakagmm this
degradation zonclude attrition of asperities amdrner breakage

0.0
0.2 A _—— = Sample A FL + Lab. L
— — — +  Sample B: FL + IHL
0.4 - Sample C: FL + HL
' Sample D: FL + AHL
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”0 (FL) 1 Alternative LP 1 (FL) 2 Alternative LP 2 (FL) 3
0 100000 200000 300000 400000 500000

Number of cycles

Figure 4-6: Permanent strain accumulation foreach sampleduring alternating loading patterns

To compare the rates stirain accumulatiobetweerthe FL patternand each alternative load
patternafter 100000 cycleslinear relationships between the percentagal strainandtraffic

in million gross tones (MGT) wereexpressed. The number of cycles caph@essed in terms
of MGT usingEquation 7 $ection2.2.3 presated by Selig and Waters (1994)herefore,
every 100000 loadcyclesof an equivalent 26 toreaxle loadrepresent0.4 MGT andb00000
load cyclesrepresent2 MGT. Plots ofpercenageaxial strain against traffic for every 10.4
MGT were created to observe the strain accumulation rate betiwediL and alternative

loadng patterrs in Figure 4-7 to Figure 4-10, and are discusseddividually in the sections
which follow.

Sample AT Field Loading (FL) and Laboratory Loading (Lab. L) patterns

Common properties othe FL and Lab. Lpatternsinclude load amplitude and frequency.

Dissimilar properties of these laad patterns include impulse and number of load pulses per
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load cycle(Table3-5). ThelLab. L pattern is a generic sinusoidal waveform used to simulate

train loading on ballast in the laboratory.

Figure4-7 shows the plots of percegaial strainsof the ballast layeinduced bythe FL and

Lab. L patterns.Two pairs ¢ axial strains were compared, namely: Lab.41FL 2 and Lab. L

271 FL 3. Linear regression lines were fitted to each plot to obtain the rate of strain accumulation
(denoted ast - percentage strain/MGT). For plots indicating possible particle breasag
rearrangement (such as plot FL 3 after 4 MGT), the rate of strain accumulation for the gradual

portion after breakage was computed.
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Figure 4-7: Axial strain accumulation of ballast layer (Sample A) during alternating loading
patterns of FL and Lab. L

It is expected that the rate of strain accumulationld decrease with traffic (number of cycles)
for ideal situations except in the event of weak spots in a track structure. Howe\ers ther
significant increase in strain rate after the transition from Lab. L to FL for both pairs of axial
strain ag-L yields a higher plastic strain of the ballast laylean Lab. L. It is evident that the

Lab. L pattern is not capable @producing thetrainunderfield conditionson the ballast layer.
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As mentioned earlier, the rapid plastic strain between 4 and 5 (BGB) is possibly due to
corner breakage and attrition of asperitiegarticle rearrangementAspects of the loading

pattern influencing the rate pfastic strairare:

1 Number of loadbulses(or loadapplication$: In this report, the number of load pulses
refers to the number of load peaks within a load cycle as illustratEdyume 3-7.
Therefore for a singleload cycle, the FL pattern has 4 load pulses while thie. ILa
pattern has 1 load pulgehich can also be referreaxs 1 load cycle) Therefore, the
amount of plastic strain produced per FL load cycle is significantly more than the
amount of plastic strainrpduced per Lab. L cycle.

1 Load impulseThe influence of load impulse on the rate of ballast layer strain for this
test sample isat clearlyidentifiable However,a comparison of the Lab. L and IHL

patterns is considered in Sectibi.4

Sample Bi Field Loading (FL) and Impulse HaversineLoading (IHL) patterns

Common properes of the FL and HL patternsinclude load amplitude and load impulse.
Dissimilar properties of these Idad patterns includ&equency and numbef mad pulses per
load cycle. HL is a modified loathg pattern fom the Lab. L pattern where the load impulse
of the Lab. L was increased to match the FL impulse per cycle.

Figure4-8 shows thepercentagexial strain plots of the ballast layer generatedhsyFL and

IHL patterns.This sample experienced a higbrease in strain due pmssible particle breakage

or rearangement The FL pattern appliechore loadpulseghan the HL pattern, therefore, the
ballast layer defored moreunderthe FL pattern. The levelled off portioof the FL 3 plot
(after 3 MGT) was used to compute the rate of plastic strairBimilarballast strain behaviour

is observed with Sample A (with the FL and Lab. L pattefrigure4-7). However, comparing

the plastic strains induced byelHL and Lab. L patterns, there is a notable increase in the rates
of plastic strain due to an increase in load impulse (discussed in Sedtidn
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Figure 4-8: Axial strain accumulation of ballast layer (Sample B) during alternating loading
patterns of FL and IHL

Sample Ci Field Loading (FL) and Haversine Loading HL) patterns

Common properties dheFFL and HLpatternsnclude load amplitude, load impulse and number
of load pulses per cycleA dissimilar propertyof these loading patterms theload frequency
TheHL pattern consists 4 load pulses per cycle. Each load pulse has equal load amplitude

in the case dthe FL pattern.

Figure 4-9 shows percentaggxial strain plots of theallast layer geerated byhe FL and HL
patterns. The HL pattern in the first paicauseda higher strain rate thahe FL pattern.
However, in the second pair, the strain rate caused by FL pattern was highke thlapattern

due topossibleparticle breakager rearrangementThe strain ratef FL 3 was computedfter

4 MGTs. The frequency and load amplitude of intermediate load pulses per cycle differentiate
these two loading patterns. It is important to note, however, that in a perfect scenario (i.e.
absence of possible ballast breakage oraegement), the strain rate caused by the HL pattern
marginally exceeds the strain rate caused by the FL pattern for the second pair. The driving
factor for this behaviour is the effect of the additional load amplitude provided by the second

and third lod pulse in the HL pattern. This increases the stress level per cycle exhibited by the
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HL pattern which generates more strain deformation th@nFL pattern. Similar strain

responses with these loading patterns were observed in preliminary tests.
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Figure 4-9: Axial strain accumulation of ballast layer (Sample C) during alternating loading
patterns of FL and HL

Sample Di Field Loading (FL) and Adjusted Haversine Loading AHL) patterns

Common properties eheFL and AHLpatternsnclude load impulse and number of load pulses
per cycle. Dissimilar properties of these loading patterns inthadieamplitude and frequency.
TheAHL pattern consistsf 4 load pulses per cycléfter condicting several preliminary tests
and comparing the rates of strain accumulation generated by FL and AHLdiffelentload
amplitudesof the AHL patterna final load amplitude of 8N was employed The frequency

of this loading pattern was determinigased orthe changes to tHead amplitude and impulse.

Figure4-10 shows theplots of percentagaxial strain of the ballast layer generatediogyFL
and AHL patterns Both pairsof plots have slight differences in the rates of axial strsith a
maximum strain difference of 2% per MGT. The absence of a sudden increase in axial strain

is possibly dug¢o:

1 the absence of ballast breakageearrmagementand
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1 Equalamounts of stress levelpplied to thetest sample which eliminate potential

rearrangement or breakage of ballast particles.
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Figure 4-10: Axial strain accumulation of ballast layer (Sample D) during alternating loading
patterns of FL and AHL

All the axial strain plots were zeroed to quanthg extent of axial strain after evet MGT.

For each axial strain plot pair of the FL and alternative loading pattern, the differen@gnin st
accumulation was compute#figure4-11 shows the percentage axial strain difference between
the FL and alternative loading pattern akeeryl0 MGT. The AHL pattern has the lowest
strain differencevhile the Lab. L had the highest strain difference in relatidhdaxial strains
induced bythe FL pattern. Therefore, from the assessed loading patterns, the AHL pattern is
the most appropriat@ading pattern to be implemented for laboratory tests when considering
axial ballast strain. Employing this loading pattern will produce accurate and realistic results to
predict ballast layer behaviour and track structure response during field loddieg.ab. L
pattern is therefore not a suitable loading pattern to be used in the labata¢oripading based

on a 4wheel train configurationlt is assumed that a major influence on the settlement trends
of the ballast layer from these results can dsoaiated with the rigid bottom (subgrade) of the

box
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Figure 4-11: Difference in axial strain between the FL and alternative loading patterns after
every 10 MGT

4.1.4 Effect of Load Impulse on Plastic Strain of Ballast Layer

Increasing the loaded area of the Lab. L pattern to match the FL pattern involved reducing the
load freqency of a single Lab. L cycle while maintaining a constant load amplitude. Test
results fran Samples A and B were comparefihe comprison of the strain rates resulting

from these loading patterns is valid as the initial ballast layer response of each test sample after
compaction were relativelgimilar.

Referring toFigure 4-11, the effect of load impulse is clearly observed from the decrease in
strain difference between Hlab.L 1 and FEIHL 1. Although there was a decrease in load
frequency as characterised by the IHL pattiris,not quite clear a® apossible reason for an
increase irthe rate of strain accumulatiotdowever,it can be concluded that the loaded area

of a loadingpattern (or frequencyihfluencegshe rate oplasticstrain accumulation.
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4.1.5 Ballast Layer Modulus

There is ageneral increase in ballast layer modwdigsoss ballast samplas shown irFigure

4-12. There are possible reasons that justify tapid changes in moduli at loading transitions,

these include:

1 Specified commantlased values in the profile which are read and simulated by the
MTS to form the FL pattern as opposed tirlt control signals or parameters which

perform predefined susoidal waveforms

1 The average maximum deflection of the FL pattern: the 4 deflection troughs generated

by the FL pattern were averaged as well as the corresponding number of cycles and load

values.

1 Nonuniform loading of the FL pattern: At random loagcles, the minimum and

maximum loads were less tharkl§ and greater than 18N, respectively This also

affected the average value of the 4 troughs of the deflection bowl.

T Rebound effect of the rigid bottom of the box could alter the ballast masigiposed

to the absorbing nature of a semiinite half space.

204 — — — Sample A FL + Lab.L
_—— Sample B: FL + IHL
Sample C: FL + HL
Sample D: FL + AHL
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Figure 4-12: Ballast layer modulus per load cycldor each sample
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Therefore, these factors might have contributed to the reduoddlus of tet samplesluring
the FL pattern. A more consistent FL patteould be obtained when testing at lower
frequencies (<2.51z). Table4-3 shows ballast modulus values at T8B® and 35@00 cycles
together withthe increase in modulus for each ldagl pattern. The highest ballast modulus
recorded at 35M00 cycles was 258IPafor the HL pattern while the lowest Hakt modulus
was 228VIPa forthe lHL pattern.

Table 4-3: Ballast modulus at 150 000 and 350 000 cyclesth percentage increasdor each
loading pattern

Property Lab. L IHL HL AHL

Modulus at 15@00 cycles (MPa) 225 232 248 229
Modulus at 35@00 cycles (MPa) 231 228 256 241
Increase irmodulus(%) 2.6 -1.5 3.1 5.5

Effect of Rest Periods on Ballast Permanent Settlement

Figure4-13 (a) showstheballast permanent settlement contribution of eachihggzhtternwith
increasing interval between load cycl&sgure4-13 (b) shows the ballast permanent kesttent
contribution of each Flpattern with decreasing rest intervals between load cycles. Axial
deformatios from FL patterns with rest perigtf 0.8sand 0.4s were similar, with sement
values of 0.021 and 0.08m respectively Figure4-13 (b)).

Looking at rest periods from the aspect of loading frequency, loading a ballast sampknusing
FL pattern with no rest period exposes the particles to more load pulses in a given time. This
results in more inteparticle abrasion which leads to corneeditage, thus resulting ia
considerable amount of ballast deformatidtowever, increasing the number of rest periods

for the same amount tdad pulses gives room for possible ballast recovery.

Figure 4-14 gives a summary of ballast permanent deformation caused by different loading
patterns characterized by varying rest period intervals. For Segi®dRiod 1 (Stage RP 1)

taking the settlement naed by a FL pattern with no rest period as a reference, theranwas
83 % and 86% reduction in settlement for the FL pattern of §ahd 0.8s respectively. For

Stage Rest Period 2 (Stage RP 2), taking the settlement caused by a FL patternsaieht0.8
period as a reference, there wal0&6 reduction in settlement caused by the FL pattern with
0.4s rest period, while 810% increase in settlement caused by a FL pattern without rest period
was recorded. The reason for a decrease in settlemenaffb8s rest period to a 0glrest

period for Stage RP 2 is unclear. In summary, increasing the number of load pulses per given

time increases the rate of ballast permanent settlement.



4-16

(a) StageRP 1

Permanent settlement (mm)

—@— No Rest Reriod
0.10 A Vv - 0.4 s Rest Reriod
—14— 0.8 s Rest Reriod

012 T T T T T T
0 5000 10000 15000 20000 25000 30000
Number of cycles
(b) Stage RP 2
0.00
0.01 -
1S
E
g 0.02
g o
K}
=
@
w
T 0.03 -
2
@
E
(] .
O Goad | T 0.8 s Rest Period
’ ¥ 0.4 s Rest Period
—®&— No Rest Period
005 T T T T T T
0 5000 10000 15000 20000 25000 30000
Number of cycles

Figure 4-13: Permanent settlement of the ballast layer due tocreasing(a) and decreasing(b)

Rest Periods betweethoading cycles
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Figure 4-14: Final settlement of the ballast layer &er increasing and decreasing intervals of Rest
Period

Generally it is expected that the duration of rest periodseasesvith decreasingrain speed

For heavy haul conditions with low train speeds (typicallyk®h on average or less), rest
periods can be more prominent between load cycles depending on bogie spacing (under constant
train speed). Therefore, it is important to identify and executaghepriateduration of rest

period fordifferenttrack loading parameters (such as passing sjegik spacing anaiheel
configurationy during laboratory testing-urther studies on rest periods are required to identify

the appropriateest periodor differenttrack loading parametersThus,laboratory specimen

testing under heavydul conditions is notealistic if the appropriateuration ofrest period is

not considered

INFLUENCE OF BOUNDARY CONDITIONS

This setion focuses on the results from theeriment conducted ing the half (fultscale)box
with stepwise decrease in lateratonfinement(Setup 2) Results of ballast permanent
deformation and the amount of ballast brealdgeto varying lateral confinemearie discussed
in this section.The loading pattern used for this experimgasthe AHL pattern.A maximum
load of 90kN was calculated, however, considering the properties of the AHL paatévad
amplitude of 88.%N was applied across all samplds. addition, a preload of KN was also

applied.
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4.2.1 Permanent Deformation

Figure 4-15 shows the axial strain deformation of the ballast layer at eaah bf lateral
confinement with a constant deviatoric applied stress across all samples. Although a relative
amount of lateral constraint is provided by the ballast shoulder (which was not considered in
this wor k)%6 tcloen fti enrermedlisenae efflatenal condtraint prdduced by
the gate of the ballast boxt is important to note that the number of cyclEgy(re4-15) is
represerdd as a quarter of the number of load pulses (which was 1.3 million) where a load cycle
represents 4 wheel loads (to matblke wheel configuration of CCR 11 wagons used on the
South African Coal Line). This adjustment to the number of cycles agreehwisiettlement
trends of the ballast layer as it is expected that at a million cycles the settlement trend would
have levelled off significantly where gradual degradation occurs with time as seen from
previous research conducted ballast in the literature

Traffic (MGT)

S
c
8
»
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<
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— — —&— —— 50% confinement
e 75% confinement
30 4| — — — + 100% confinement (fully confined)
T T T T T T
0 50000 100000 150000 200000 250000 300000 350000

Number of cycles

Figure 4-15: Axial strain deformation of the ballast layer at each level of lateral confinement
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Discrepancies in Figure-#5, such as irregular axial strain plot tbe ballast layer at ©
confinementand similar final ballast strain for 26 and 50% confinements could be due to
slow deformation response after compaction and uncontrollable variations in ballast layer

response (such as stiffness, modulug e¢spectively.

Ballast degradation behaviounder cyclic loading for the various levels of lateral confinement
can be classified into the degradation zones established by Indraratna et al. (2005) following the

explanations below:

i Ballast degradation behaviour at 19@0confinement can be classifiedithin the
compressive stable degradation zone (CSDZ) where a high level of lateral confinement
significantly restricts particle movement, reorientation and rearrangement according to
Indraratna et al. (2005). Final ballast vertical settlement for thedoihfined (100%)
ballast layer was 27.6m.

1 Reducing the level of confinement to #&increased the final ballast settlement by
19.3mm - a 70% increase in ballas¢ttlement This reduction in lateral confinement
further increased particle movementorair voids and particle reorientation due to
continuous vertical load pulsesThis led to increased deflection and permanent
settlement per load pulse. The ballast behaviour & €bnfinement can be classified
in the initial portion of theCSDZ.

1 For50% lateral confinement, the ballast layer had a permanent settlement airs7.6
- a 10.7mm settlement difference (228 increasén vertical settlement) compaaito
the 75% confinementase The permanent settlement of the ballast layer at 256
50% lateral confinement was similar at approximaf&tynm. Ballast degradation at
50% and 25% lateral confinement can be described by the particle behaviour and
degradation that occurs in thaptimum degradationzone (ODZ) established by
Indraratra et al. (2005).

1 High levels of ballast settlement were observed and recorded for the ballast l&yer at 0
confinement, with a vertical settlement of 6&f. Comparing the amount of
settlement at 2% and 0% confinement, vertical settlement increased20y9%
(12.9mm) with a decrease in lateral confinement. The degradation zone that best
describes the behaviour of particles undgelic loading at @ confinement is the
dilatant unstable degradation zone (DUDZ). Ballast particles in this zone getedb
to low confining lateral pressures under high deviatoric stresses which settles
significantly with time. Particles had more room to displace as the level of lateral
confinement decreases under the influence of constant loatliigleads to inciesed

axial deformation and particle breakage.
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Figure 4-16 shows a linear relationship between final permanent settlement and level of
confinement afteB825000 cycles (1.3 million load pulses)his clearly indicates a general
decrease in ballast layer settlement with increasing level of lateral confinemer #ota
100%. There is a good fit of the regression line to the settlement values asaddigaa high

coefficient of determinationiY ) value of 0.893.

Permanent Deformation Models

Published ballast settlemefiY ) and strain{ ) models from previous research in the literature
were compared with test settlement and strain degpectively as a function of number of
cycles () and other related parameters. These published models are summaretad4ns.
Certain paramets were kept constant as indicated in the footnofalte4-4. The remaining
parameters in the models weletermined byitting aregressiorto the experimental data using
the method of least squares in Microsoft ExcEable4-5 presents the final fitted parameters

of each ballast permanentfdenation model which provided the best fit.

20
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2 @ 75% confinement
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g
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8 70 A =
< S.c = - 0.37 LoLC + 70.1
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0 25 50 75 100

Level of lateral confinement, LoLC (%)

Figure 4-16: Linear relationship between final ballast settlement and level of lateral confinement
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Plots of permanent settlemeiY, and strain- against number of cycles for 190 lateral
confinement are shown iRigure 4-17 and Figure 4-18 respectively. From Figure 4-17, the

following conclusions can be drawn:

1 Settlement deformation models established by Selig & Waters (1994) and Sato (1995),
which are power functions, produced similar settlement trente ésdt data settlement
with final settlements of 27.3 and 28 respectively in comparison to the test
settlement data of 27r@m after 32300 cycles (1.3 million load pulses

1 Log linear models of Stewart & Selig (1984), Neidhart (2001), etc. yordelictedthe
settlement.

1 The settlement model of Thom & Oakley (2006) is a logarithmic function of solely the

number of cycles. Hence, it provides a poor prediction obaflastsettiement during

the test.

Table 4-4: Deformation models of settlement and strairas a function ofnumber of cycles

Deformation model Reference
5
Y 0 o ™ W e’ & & pm 0 Shenton (184)
Y i'0O8p D Hettler (1984)
Q Qp O6110c Stewart & Selig (1984)
Y no Selig & Waters (1994)
Y 117¢0 ¢8 Thom & Oakley (2006)
Y [ p Q ro Sato (1995)
Y VY — Neidhart (2001)
p QA Iug
Y'Y O Indraratna et al. (2007)
Y O QiD Indraratna et al. (2011)
Y O Yp O D mdl D Indraratna & Nimbalkar (2013)
- mMiyeTmeT o ,
R ORE (1970
p TEI IUC ( )
- - p O1IT Q@ Shenton(1978
i T Tyl UG- Alva-Hurtado & Selig (1981)

- mdtuv T8t b 10C
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Selig & Waters (1994)

0 (average axle load) = 26 tonnés(tamping lift) = Q € (porosity) = 0.3

FromFigure4-18, the following conclusions can be drawn:

9 Strain deformation models established thg Selig & Waters (1994) power model

provides a good prediction of the axial strain deformation a4 @0rfinement.

1 Log linear models of ORE (1970) and Shenton (1978) updsdict the finalaxial

strain of the test data.

T Ava-Hur t ado

& DmwVidesg @osr estimatk eflaxial strain deformation.

Table 4-5: Parameter values used to obtain best fit curves for permanent deformation models

using the method of least squares

Varied Parameter values for each LoLC
Model reference
Parameters 100 75 50 25 0
Shenton (184) - Y 0 1.91 3.51 4.21 4.61 5
Hettler (1984) i 5.2x10% 9.6x10% 7.6x10% 9.5x10* 7.3x10*
) 2.31 2.33 3.54 3.13 4.33
Stewart & Selig (1984) Q -1.44 -3.33 -9.28 -2.66 -5.73
g 6 105 08 031 142 066
Selig & Waters (1994)"Y n 0.073 0.72 0.5 2.4 0.06
g r'] 047 033 037 0.25 0.56
Thom & Oakley (2006) - - - - - -
[ 8.5 21.9 24.3 36 79.2
Sato (1995) | 1.8x10* 1.3x10* 1.1x10* 7.2x10° 7.1x10°
i 6.3x10° 8.2x10° 1.1x10* 7.1x10° 0
Neidhart (2001) Q 4.05 7.62 10.15 9.73 10.91
Q 0 0 0 0 0
Indraratna et al. (2007) (%) 0.22 0.2 0.13 0.24 0.19
Indraratna et al. (2011) @ 0 0 0 0 0
' Q 1.64 3.03 3.62 4 4.25
Indraratna & Nimbalkar () 0.52 0.41 0.15 0.71 0.33
(2013) & 0.52 0.41 0.15 0.71 0.33
ORE (1970) . (kPa) 44.6 0 0 0 0
Shenton(1978 - - 0 242 19 0.7 3.27 1.51
Alva-Hurtado & Selig (1981) - - - - - -
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Selig & Waters (1994) -

0.47

2.4x10" 2.4x10° 1.7x10°
0.33

0.37 0.25

8.0x10°

2.0x10
0.56

Coefficient of determinationY ) values were determined for each model for all levels of lateral

confinement as shown ifable4-6. The'Y values provide more information on theatjty

and

goodness

of fidt of

each model 6

s rel

ati

Permanent deformation models with high across all levels of lateral confinement include
Shenton (1984)°Y, Selig & Waters (1994)"Y, Sato (P95), and Selig & Waters (1994) .
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Figure 4-17: Ballast permanentsettlementmodels fitted to the settlement test data of 10%

confinement

on
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Figure 4-18: Ballast permanent strain models fitted to the strain test data of 108 confinement

Table 4-6: Goodness of fit ofmodels for each LoLC based on the coefficient of determinatiory

Model reference Coefficient of determination,q for each LoLC
100 75 50 25 0

Shenton (1984) “Y 0.82 0.95 0.91 0.99 0.73
Hettler (1984) 0.48 0.62 0.58 0.74 0.40
Stewart & Selig (1984) 0.46 0.61 0.51 0.73 0.38
Selig & Waters (1994)°Y 0.96 0.99 0.99 0.997 0.96
Thom & Oakley (2006) -2.53 -7.53 -7.07 -11.8 -3.91
Sato (1995) 0.99 0.97 0.99 0.98 0.98
Neidhart (2001) 0.51 0.66 0.65 0.77 0.44
Indraratna et al. (2007) 0.79 0.90 0.71 0.996 0.64
Indraratna et al. (2011) 0.49 0.63 0.58 0.75 0.41
Indraratna &Nimbalkar (2013) 0.46 0.61 0.51 0.73 0.38
ORE (1970) 0.34 -0.15 -0.92 -2.36 -0.88
Shenton (1978) - 0.46 0.60 0.51 0.73 0.38
Alva-Hurtado & Selig (1981) -5.03 -6.71 -1.27 -12 -2.46
Selig & Waters (1994) - 0.96 0.99 0.99 0.997 0.96
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4.2.3 Ballast Breakage

Two ballast breakage indicesmong othersyere used to quantifihe breakage othe painted
ballastparticlesin the ballast layer (placed at 160n and 300nm fromthe base of ballast
layer)afterloadingfor each level of lateral confinementhese two breakage indices incldde
Ma r s lardakage indexMarsal 1967)andthe Ballast Breakage Index (BBI) introduced by
Indraratna et al. (200%)s explained in Sectidh8. Results of ballast breakage indices for each

level of confinement are discussed in this section.

Mar sal 6s br,eH|akage i ndex

Figure4-19 and Figure4-20 shows the difference in percentage retainéi at each sieve

size for the paintd ballast placed at 100 and 3@0n respectively, for each lateral ballast
confinementevel. PositiveYey values would be expected for large sieve sizes because less
ballast was retained on the larger sieves after grading. Furthermore, n¥gativalues would

be expected on the smaller sieve sizes as panitlieh have broken off from the larger pieces

fall through the large sieve sizes and are retained on the smaller sieve sizes. These trends are
evidentatthe 22mm and 38nm sieves for 100 and 3@m depths.Due to increased loading
influence on ballast particles at 300 miFigure 4-20), significant breakage is observed,

especially orthe50.8 mm particles.
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Figure 4-19: Difference in percentageretained on different sieve sizes for the painted ballast at

100mm from the ballast layer basefor each level of lateral confinement
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Figure 4-20: Difference in percentage retained on different sieve sizésr painted ballast at

300mm from the ballast layer base for each level of confinement level

Figure4-21shows aar charbftheMa r s ladakage inde& for the painted &llast particles
at 100 and 30thm from ballast layer base at each lesEballast lateral confinementAt
100mm there is a general increase in the breakadleedsallast particles with a decrease in
lateral confinenent. At 300mm, more ballast breakage was observed &b S0nfinement.
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Figure 4-21: Marsal's breakage index of painted ballast particles placed at 100 and 300 mm from

the base of the ballast layer for ach level of lateral confinement

|l ndraratnadés Bal,BBIst Breakage | ndex

Sieve analysewere conducted before and aftach test at different levels abrifinement to
evaluate the degradation of ballast using the BBI technifigure4-22 (a) and(b) shows the
particle size distribution dhepainted ballast at 100 and 3080n before and after the test for a
fully confined (100% confined) balladfyer.
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Figure 4-22: Particle size distribution for painted ballast at (a) 200mm and (b) 300mm from the
base of the ballast layer before and after 10% level of lateral confinement test
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Table4-7 shows the BBI resudt As expected, there wasone particle degradation at 36t
(particles closer to the sleeper) at 260@nd 0% lateralconfinement than at 200 mm. However,
for 75 % to 25% lateralconfinement, there was more particle breakage for particles at 200 mm
than at 300 mm. This is contrary to expectation.Possible contributing factors to the

discrepancies in BBI values between levels of confinement could be:

9 Displaced painted ballast particles that arewititin the sleeper loading region due to
particle rearrangement during compaction. This movemeassismed to be significant
at 300 mm than at 100 mm as high inparticle contact forces decrease with depth
(Han 2012.

1 The probability of the same particle passing through the appropriate sieve during sieve
analysis after testing might be low at soms&tamces. Furthermore, Abadi et al. (2016)
stated that the degree of particle breakage was not sufficiently detected by comparing
PSDs before and afteyclic loading test.

1 The number of ballast particles (overall sample size) may not be statisticaificaign

and might have contributed to the discrepancies in these results.

Table 4-7: Ballast Breakage Index BBI) at 100 mm and 300 mnfor each level of confinement

BBI
Level of confinement (%) At 100 mm At 300 mm
100 0.0019 0.034
75 0.166 0.073
50 0.084 0.048
25 0.097 -0.023
0 0.086 0.251

The difference in mass befoand aftecyclic loading for each lateralonfinement at 100 mm

and 300mmwerecompared as shown Figure4-23. This method was suggested by Abadi et

al. (2016). A clear indication that ballast degradation is significant closer to the sleeper as well
as for a ballast {gr supported by a ballast shoulder without additional lateral confinement is
provided inFigure4-23. The change in mass at 3®on for the 7%% confnement is considered

an outlier.
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Figure4-24 shows different forms of ballast breakagleich consists o€orner breakage, with

particle fatigue and particle splitting along weak planes (such as onaxks and flavs).

Figure4-24 (a) shows particle corner breakage aftaic loading at 100% lateral confinement
Attrition of asperitiegFigure4-24 (d)) and corner breakage afe foremost kind of breakage
across all levels of confinement. However, according to Indraratna et al. (pa06gle
splitting thraugh planes of weakness and particle fatigue become more prominent under fully
(100%) confined conditions (in the CSDZ).

Figure4-24 (b) shows particleplitting occurring in the ballast layénaterally supported by a
full ballast shoulder profile (2 confinement). Thesegticles were situated 160m from the
base of the ballast layer. This indicates that the-jpdeticle contact forces increased with
number of cycles due &xtensive settlementausing significant particle degrdida to lower
lying particles of the ballast layer.

Figure4-24 (c) shows a split ballast particle bounded by the steel box wall and neighbouring
ballast particles following #75% lateral confinement test.

Figure4-24 (d) areimages of paintetdallast placed at 100 and 300n from thebase of the
ballast layer afteloadapplications White patches on each painted ballast particle reveals the
contact points of neighbourirzallast particlesduring load application which resiilt attrition

of asperitiesi{nevenness or roughness)

Figure 4-24 (e) shows particle splitting aftayclic loading onthe ballast layeri laterally

supported by a 2% level of confinement.

Figure 4-24 (f) and (g) show images @farticle breakage along weak plarfeach as micro
cracks and flawsand patrticle splitting (or corner breakage) respectively, that occurtbe
ballast layer subjected to viEal load application, supported with a %blevel of lateral

confinement.

In general, the most common forms of ballast breakage, among others, are attrition of asperities
and corner breakage. Other forms of breakage are particle splitting along wesk el
particle fatigue. A major governing factor stimulating ballast breakage is the fracture strength
of individual ballast particles. A particle with a high fracture strength will experience attrition

of uneven surfaces and slight corner breakagehaadhe capacity to tolerate high stress levels

and higher load applications. However, a particle with a low fracture strength, characterised by
micro cracks and flaws, will experience particle split at low stress levels and low number of

load cycles. Terefore, to ensure limited degradation of the ballast layer and track structure,
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obtaining high quality ballast particles ¢ime railway track (especially heavy haul lines) is

necessary.
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Figure 4-24: Forms of ballast breakage
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BALLAST LAYER STRESS RESULTS

Figure 4-25 shows he layout of theTekscanpressure matis the steelbox. To analyse the

overall effect of stress on the substructure rather than point stresses generated by individual
ballast particks Figure4-26(a) ), t he O&éAveragingdé option was
s e n speessdresvalue to reflect the value of neighbousigsels This action was performed

for eachPressure mat (A, B and CJigure4-26 (b) illustrates the changes after the averaging

function was applied to the raw data.

Mat B Mat A Half Sleeper Mat C Steel gate at 100%
confinement slot

75 % confinement slot
Steel box Rail seat 50 % confinement slot

25 % confinement slot

Figure 4-25: Plan view of steel box and layout of Tekscan pressure mats

The pressure data for the horizontal pressure mats (Mat A aattB3 bottom of the ballast

layer were analysed by separating their areas into two portions:

9 Portion 1 (red rectangle iRigure 4-27) considers theressuresacting in the area
projected vertically down from the base of the sleeper, while
91 Portion 2 (green square Figure4-27) considerghe presste over theentire surface

area of the pressure mat.

The analysis of the laterally placed Tekscan mat (Mat C) omhsidereda total height of
400mm to include the pressures from the crib ballast as sholigume4-28. Sensel pressure
values from each pressure mat was saved as an ASCII file. For all pressure mats, the average
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pressures in each portion considered was determined by dividing thefsalimpressures

bounded by each portion with the total number of pressure sensels within each portion.
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(b)

Figure 4-26: 3D solid view of (a) pressure contours for selected ballast particles and @yeraged

pressure contours at the base of the ballast layer

4.3.1 Matrix Based Tactile Surface Sensors: Mat A

Figure4-29 shows the averaged sensel presswvithin the sleeper and pressure mat region at
the bottom of the ballast layer recorded at everY@b cycles for 1006 and 0% lateral
confinement. Pressure data for®Gonfinement was not obtained as there was a misalignment

between the sensor atite handleafter the ballast was placed in the box
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Figure 4-27. 2D viewwindow with ared rectangleand a green squareto assess pressure values

below the sleeper region and over the pressure mat surface area
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Figure 4-28 2D view window for lateral pressure mat witha rectangle to assess pressure values

up to the crib ballast
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There is a general increase in pressure as the number of cycles increase. As depth is a function
of stress, the stress at the bottom of tléabt layer increases as the sleeper moves closer to the
base due to axial strain deformation duriyglic loading. Figure 4-30 shows the average
vertical pressure at 10® and % lateral confinement in the sleeper region and over the
pressure mat surface area. These pressures were determined by computing tlee averag
maximum pressure for every 680 cycles Figure 4-29). It is expected that the pressures
directly below loaded sleepers will be greater than tleadvpressure (or stress) experienced

by the underlying layers.
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Figure 4-29: Average maximum pressure on Mat Afor every 65000 cycles withinthe sleeper
region and over the mat surface area at the bottorof the ballast layer for 0% and 100% lateral

confinements

Matrix Based Tactile Surface Sensors: Mat B

Figure4-31 shows the average sensel pressures on Mat B for pressures below the sleeper and
the pressure mat surface area at everY(&b cycles for @, 50% and 100% lateral
confinement High pressugs are experiendet the bottom of the ballast layer fof®lateral
confinement comparedith 50% and 100% lateral confinementhich have similar pressure
magnitudes at the bottom of the ballast layer. These pressures increase with continuous traffic

which leads to increased rates of deformationraferlying layers Thus, the level of lateral
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confinement plays an important role in limiting vertical stresses at the bottom of the ballast

layer.
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Figure 4-30: Average vertical pressureon Mat A within the sleeper region and over the mat

surface area for 106 and 0 % lateral confinements

Figure 4-32 shows the average vertical pressure of Mat B for %0060% and (%
confinements for the sleeper region and for the mat surface area. These pressures were
determined by computing the average maximum pressure for evefpGfyclesftigure4-31).

Itis not clear as to the seemingly equal pressures for th&X0@ 50% lateral confined ballast

layers. However, a clear difference in pressures aerebd from an unconfined ballast layer.
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Figure 4-31: Average maximum pressure on Mat Bor every 65000 cycles within the sleeper
region and over the mat surface area at the bottom of the ballast layer for@, 50% and 100%

lateral confinements
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Figure 4-32 Average vertical pressures on Mt A within the sleeper region and over the mat

surface area for 100, 50% and 0% lateral confinements
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4.3.3 Comparison of Test Vertical Pressure Values to Vertical Stress

Distribution Models

Table4-8 shows vertical pressures at 30én ballast depth frorthetest conducted as well as
from vertical stress distribution model§at A and B pressures ihable 4-8 were obtained
from the region below the sleeper at 306 depth as the vertical stress distribution models
predict stresses below the loaded sleeper. However, these pressesefraatuMat A and B
over predict the stresses at 38t ballast depthThe high pressurealues on Mat A could be
because ofhe positioning of Mat A directly below the rail seat while low pressures on Mat B

represent pressure values towards the midpditite sleeper.

As mentioned in Chapter 2, McHenry (2013) assessed the pressures at theslbelbest
interface and recorded a conservative average pressur®9atk®a becauseof the rubber
protection. Therefore, sindbe vertical stress in the baltalayer decreases with depth, the
pressure values on Mat A of 3BBPa and 481 kPa (for 100% and (% lateral confinements)
at 300mm ballast depthTable4-8) seemd be reasonable pressure valués comparisorto

9 997kPa at the ballastleeper interface.

Table 4-8: Vertical pressures at 300 mm bllast depth from test data and vertical stress

distribution models

Test Reference / Stress Model Vertical Pressure (kPa)
Mat AT 100% LoLC 383
Mat AT 0% LoLC 4801
Mat Bi 100% LoLC 1945
Mat Bi 50% LoLC 1950
Mat BT 0% LoLC 2197
Boussines1885) 330
Clarke (1957) 444
Schramm (1961) 456
Talbot (1919) 680
Horikoshi (JNR) 475
Okabe (1961) Broken stone ballast 662
Okabe (1961) Gravel ballast 519

4.3.4 Matrix Based Tactile Surface Sensors: Mat C

Figure4-33 showsthe average maximum lateral pressures fo¥5&8nd 10 % confinementor

every 65000 cycles Lateral pressures were not recorded f&6 QoL C. The buildup of lateral
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pressuresluring cyclic loading occurs due to lateral movement and rearrangement of particles
in response to theertical applied stressFigure4-34 shows the average lateral pressures on
Mat C which were 9.%Pa and 3&Pafor 50% and 100% lateral confinementespectively
Theaveragdateral pressurat 100% lateral confinement can be compared with findings from
previous research conducted undémilar boundary conditions.Lackenby et al. (2007)
obtained a range of confining pressures between 15 k®&%or a deviator stress of 2BPa
during a cyclic loading triaxial test. In addition, Selig and Waters (1994) recorded fluctuating
horizontalpressuresf between 2&Paand 60kPa in a fully confined ballast box test. These
pressures eventually levelled off to I8@a. Therefore, the 38a lateral pressure obtained for
the fully confined ballast layer in this experimappearvalid.
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Figure 4-33. Average maximum lateral pressure on Mat C for every 65 000 cycles for 36 and

100% confinement
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Figure 4-34: Average lateral pressureon Mat C for 50 % and 100% confinement


















