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LIST OF SYMBOLS

Letters
A = shift in the PSD curve after the test
AL = area of the hysteresis loop
At = area of the triangle
B = area between the arbitrary boundary and the final PSD
curve
a, b = Duncan and Chang model parameters
ar, bi =  parameters associated with E;
B, = Marsal’s breakage index
c = cohesion
C. = coefficient of curvature
Cy coefficient of uniformity
D = damping ratio
Dpax » Dmin =  maximum and minimum particle size
D: = relative density
d dilatancy
E = secant modulus
E; = initial tangent modulus
E, = tangent modulus
E,, = unloading modulus
Ecg = secant modulus at 50% of the qpeqax
E,4 = strain energy density
E, = normalised strain energy density
E',; = dissipated energy per cycle
e = void ratio
er = void ratio after the end of the test
e; = void ratio at the beginning of the test
€o = void ratio after the conditioning phase
F = Mohr-Coulomb failure envelope
f = frequency
F; = shear yield function
G = specific gravity
Gg, G, G, = specific gravities of ballast, rubber, and RIBS respectively
Gy = specific gravity of fouling material
g = plastic potential
ki, ko = parameters associated with R,,
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p
q
Acyc
Acyc,max
qcyc,min
s
Qpeak
Quit

distance between two axles

mass

mass of ballast

critical state stress ratio

mass of fouling material

resilient modulus

mass of solids

number of cycles

percentage passing through 4.75 mm sieve (No 4)
percentage passing through 0.075 mm sieve (No 200)
mean effective stress

deviator stress

cyclic deviator stress

maximum cyclic deviator stress

minimum cyclic deviator stress

deviator stress at failure

peak deviator stress

ultimate deviator stress

rubber content

ratio between qf and gy,

modification factor of hardening soil model
tonne

time

parameters associated with the permanent axial

deformation model
distortional energy

train speed

total volume of the specimen

volume of fouling material

volume of voids

percentage retained by weight in each sieve before test
percentage retained by weight in each sieve after test



Greek letters

a, B

aq, Ay, ﬁla ﬁz

a,, ﬁ,
Y
Ya

parameter associated with ¢, model
parameters associated with k;and k-,
parameter associated with distortional energy model
shear strain

dry unit weight

shear strain up to the peak shear stress
unit weight of water

hardening parameter

rate of plastic shear strain

Total permanent axial deformation

elastic axial strain

plastic axial strain

elastic lateral strains

axial, volumetric and radial strains respectively
axial deformation after first loading cycle
axial deformation after monotonic conditioning phase
deviator strain

recoverable strain

plastic volumetric strain

rate of plastic volumetric strain

stress ratio

peak deviator stress ratio

parameter associated with ¢, model
poisson’s ratio

normal stress

effective confining pressure

shear stress

friction angle

critical state friction angle

friction angle at phase transformation state
effective friction angle

mobilised friction angle

peak friction angle

dilation angle

mobilised dilation angle

dilation angle at peak stress ratio
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Abbreviations

AC
ARTC
AREMA

BBI
DAQ RIBS
DAQ REF
DEM
ELT
FI
FEM
IMRT
LAA
LVDT
MDD
MGT
NSW
PSD
PTZ
RC
RIBS
R &D
TS
TDA
TINSW
USP
VCI
WA

Aggregate Crushing value
Australian Rail Track Corporation

American Railway Engineering and Maintenance of
Way Association
Ballast Breakage Index

Data Acquisition of RIBS Section
Data Acquisition of Reference Section
Discrete Element Modeling
End-of-Life Tyres

Fouling Index

Finite Element Modeling

Iran Ministry of Roads and Transportation
Loss Angeles Abrasion value

Linear Variable Differential Transducer
Maximum Dry Density

Million Gross Tons

New South Wales

Particle Size Distribution
Pan-Tilt-Zoom

Rubber Crumbs

Rubber Intermixed Ballast System
Research and Development

Traffic Classification T5

Tyre Derived Aggregates

Transport for New South Wales
Under Sleeper Pads

Void Contamination Index

Wet Attrition value
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ABSTRACT

Quarried natural rock aggregates are the most demanded type of railway ballast
worldwide, attributed to their favourable physical, geotechnical and mechanical
properties. After a certain period of operation and fatigue under repeated loading,
degraded ballast requires replenishment with freshly quarried ballast, which is one of the
most expensive items in track maintenance schemes. Given the current environmental
issues, as well as the challenges in obtaining very large quantities of ballast, railway

authorities have now looked for other alternatives.

This doctoral study promotes the concept of using rubber granules from waste tyres as
elastic aggregates appropriately blended with traditional ballast aggregates for enhanced
performance of rail tracks, i.e., a Rubber Intermixed Ballast Stratum (RIBS). During the
course of this study, large-scale laboratory experiments were conducted to examine the
geotechnical characteristics of RIBS under monotonic loads, and an acceptance criterion
was established to determine the rubber content required to optimise the performancep.
The outcomes demonstrate that the proximity of 10% rubber granules by weight in the
blended assembly, can significantly reduce dilation, control the degradation of the
deformation modulus as well as reduce the breakage of natural rock aggregates. However,
much higher rubber contents (>15%) may overly reduce the shear strength of the granular
mix and also induce relatively large initial settlements. More significantly, replacing the

ballast size fraction with rubber particles ranging from 9.5 to 19 mm with similar

XiX



angularity is certainly advantageous as they also reduce the breakage of load-bearing

coarse aggregates, thus effectively controlling ballast fouling.

The study was further extended to evaluate the characteristics of RIBS subjected to typical
cyclic loads by conducting large-scale triaxial tests following a monotonic conditioning
phase. The results indicate that irreversible rearrangement of grain configurations during
the conditioning phase was pronounced in RIBS leading to a reduction in deformation
during cyclic loading. It was also demonstrated that RIBS increases the energy absorption
capacity and damping properties compared to fresh ballast, and reduces ballast breakage
while maintaining an adequate resilient modulus. Moreover, a constitutive model for
rubber-mixed ballast has been developed to explain fundamentally the stress-dilatancy
behaviour of RIBS. In a practical perspective, the application of RIBS in real-life tracks
is elucidated to encourage railway asset owners and R&D stakeholders to adopt and
implement RIBS given its proven sound geotechnical and mechanical properties. Finally,
salient considerations of track design and construction are discussed in relation to the use

of RIBS while recognising its limitations.
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