The development of
suitable cyclic loading
and boundary conditions
for ballast box tests
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Laboratory tests on ballast give insight into the behaviour and performance of the ballast layer

under passenger and heavy-haul traffic. It is important, however, to ensure that the simulation

of train loads on the ballast layer in the laboratory represents in-situ loading conditions.

Furthermore, the provision of ballast lateral confinement during laboratory tests should

model the confinement along the track. With adequate, representative loading patterns and
boundary conditions executed during laboratory tests on ballast, the overall response and
performance of the ballast layer can be estimated and predicted more accurately. This gives

an indication of an ideal response of the ballast layer in the field, as well as its impact on track

structure deterioration.

The objective of this study was to develop suitable cyclic loading and boundary conditions

for ballast box tests in the laboratory to represent similar conditions in the field. By conducting

box tests, the ballast deformation results revealed the suitable loading pattern that produced

a similar rate of ballast strain accumulation as the Field Loading (FL) pattern. Furthermore,
boundary condition results showed that decreasing the Level of Lateral Confinement (LoLC)
increased the permanent deformation of the ballast layer and the breakage of ballast. The
laboratory loading pattern developed in this research, as well as comparable laboratory and

field boundary conditions, could provide accurate predictions of the long-term behaviour of

ballast and support the planning for subsequent ballast maintenance interventions based on

realistic and accurate laboratory test results.

INTRODUCTION

Although ballastless track does exist,

the conventional track to date is by far

the most common and economical track
utilised. The design of railway track is
commonly based on axle load and wheel
spacing. Reducing the wheel spacing causes
the influence lines from each wheel load

to overlap, causing higher stresses, thus
increasing the vertical deflection of the
track. Therefore, the length of a train and
its wheel configuration are important
factors to consider when determining the
cumulative effect of cyclic loading on a
track structure, especially when conducting
laboratory test simulations.

Most laboratory box tests on ballast
employ haversine loads to simulate train
wheel loads. However, the effect of wheel
spacing, loading impulse (the area under
the load curve) and wheel load overlap is
not considered when choosing a loading
pattern. Furthermore, simulated train loads
and boundary conditions as used in ballast
box tests often do not correlate well with

real train loading. It is therefore important
to ensure that reasonable and practical
conclusions are drawn based on realistic
loading and boundary conditions employed
in the laboratory.

LITERATURE REVIEW

Cyclic loading, from a railway point of
view, is characterised by the shape, dura-
tion, magnitude of loading (stress) pulse,
time interval between consecutive load
pulses (a reflection of wheel spacing) and
the total number of load pulses. Powrie et
al (2007) and Li et al (2015) suggest that,
to determine the number of cyclic loading
applications for a laboratory test, 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 to
produce a single load cycle for the subgrade
layer. Selig and Waters (1994) presented a
conversion factor to convert the number of

load cycles to gross tonnage as follows:
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Figure 1 Haversine loading function (Huang 1993)
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Where:
C,, = the number of load cycles per mil-
lion gross tonne (MGT)
A, = the axle load in tonnes
N, = the number of axles per load cycle.

However, the above practice and equa-
tion vary depending on the coupler/axle
spacing of the train under consideration.
Huang (1993) and Li (1994) suggest that
the type and duration of cyclic loading
should simulate the actual occurring load-
ing pattern in the field, and recommended
the use of a stress pulse in the form of
haversine (Figure 1), triangular or trap-
ezoidal loading. Most laboratory tests on
ballast, either box or triaxial tests, employ
haversine loads (comparable to pavement
loading) to simulate train wheel loads
(Indraratna & Ionescu 2000; Ebrahimi

et al 2012). However, the effect of wheel
spacing, loading impulse (area under
loaded curve) and wheel load overlap is
not considered when choosing a loading
pattern. This loading condition for ballast
laboratory testing needs to be evaluated
and compared with multiple load pulses
per load cycle which is identical to field
loading conditions.

Field investigations using load cells
(Zakeri & Sadeghi 2007; Sadeghi 2008;
Sadeghi & Shoja 2012) and pressure cells
(Grébe et al 2005) reveal the loading
pattern of a train (comprising 1 800 mm
wheel spacing per bogie) at the rail seat of a
concrete sleeper and the changes in vertical
dynamic stress pulses at each layer with
depth, respectively (Figures 2 and 3(a)(b)).
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Figure 2 Measurements from a load cell embedded in a sleeper at the rail seat (Sadeghi 2008)

Many field and numerical studies
conclude that stress pulses decrease with
depth — where each passing axle is appar-
ent in the subballast layer, while the effect
of each adjoining pair of bogies is evident
on the surface of the natural ground. These
studies further conclude that haversine
loading is appropriate for subgrade tests in
the laboratory (Li & Selig 1996; Liu & Xiao
2010; Priest et al 2010; Razouki & Schanz
2011; Li et al 2015).

The frequency of loading is dependent
on the train speed, with typical track load-
ing frequency between 8 Hz and 10 Hz
(depending on the specified design speed
of the railway line and the wheel spacing),
according to Aursudkij et al (2009). Rest
periods in field train loading is a function
of axle wheel spacing and train speed,

which have a major influence on ballast
settlement (Qian et al 2011). Several stud-
ies conclude that continuous increase in
loading frequency yields an increase in
particle breakage, ballast axial and volu-
metric strains, stress and the deflection of
individual track layers (Sun et al 2014; Yang
et al 2009; Powrie & Priest 2011). Loading
amplitude also has a major effect on ballast
performance, where ballast permanent
strain increases with an increase in wheel
load (Stewart 1986; Selig & Waters 1994).
However, the rate of ballast deformation is
negligible at low cyclic stress levels, where
the response of ballast below this stress
level becomes almost elastic (Suiker 2002).

Although a continuous haversine load
pulse is commonly applied in cyclic box
and triaxial tests, the actual dynamic
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Figure 4 Effect of confining pressure on particle breakage, with degradation zones (Indraratna et

al 2005; Lackenby et al 2007)
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loading may have a loading pattern of vary-
ing pulse shapes, with rest periods (accord-
ing to the wheel spacing, wagon length,
and train speed) which may directly affect
the vibration and deformation of the track
structure (Huang et al 2009).

Permanent deformation of ballast in
railway tracks is in the form of settlement,
with the ballast layer being the main con-
tributor to track settlement. Ballast settle-
ment occurs due to particle rearrangement,
abrasion, and particle breakage. Factors
that affect ballast settlement (among oth-
ers) include stress level, principal stress
rotation, number of load applications,
moisture content, stress history, density
and load frequency (Knutson 1976; Selig &
Waters 1994; Lekarp et al 2000; Barksdale
1972; Shenton 1984; Lekarp & Dawson
1998; Indraratna et al 2010a; Sun et a!/
2014). Several ballast deformation models
have been established based on the rela-
tionship between the number of load appli-
cations and settlement of ballast. However,
these models do not consider sleeper
properties, ballast type, ballast depth or
shoulder dimensions (Abadi et al 2016).

Ballast breakage is a common phenom-
enon that occurs during load application.
Some factors influencing ballast breakage
include macroscopic (external) stresses,
size of the particle, coordination number
(i.e. number of contacts with neighbouring
particles), ballast properties (such as grain
texture, mineral composition, internal
bonding, etc) and loading conditions
(McDowell et al 1996; Hardin 1985; Lade
et al 1996; Shahin et al 2007). Lade et al
(1996) summarised commonly used break-
age indices which quantify the extent of
ballast breakage. Marsal’s breakage index,
B, is represented by the sum of positive
values AW, which are based on the differ-
ence in percentage retained on each sieve
before and after a test. Indraratna’s Ballast
Breakage Index (BBI), specifically for rail-
way ballast, is used to quantify the extent
of ballast degradation by evaluating the
change in area of the particle size distribu-
tion before and after testing (Indraratna et
al 2005; Lackenby et al 2007).

The influence of confining pressure on
the behaviour of ballast is not considered
a significant factor in rail track design.
Figure 4 shows the effect of confining pres-
sure on particle degradation using the bal-
last breakage index (BBI). Indraratna et a/
(2005) and Lackenby et al (2007) divide the
ballast degradation behaviour into three
zones (see Figure 4) following a series of
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Table 1 Comparison of track details from field experiments

——— ——

1065

Track gauge (mm)

Rails (kg/m) 60
Sleeper type

Sleeper spacing (mm) 650
Ballast thickness (mm) 300
Subballast thickness (mm) 200
Passing speed (km/h)

Axle load (ton/axle)

Wheel spacing (mm)

triaxial tests. These zones are (I) Dilatant

Unstable Degradation Zone (DUDZ),

(II) Optimum Degradation Zone (ODZ),

and (III) Compressive Stable Degradation

Zone (CSDZ). Most ballast degradation

is due to the breakage of angular corners

in DUDZ, attrition of asperities in ODZ

and particle splitting due to microcracks,
particle flaws and fatigue in CSDZ.

Furthermore, ballast axial strain decreases

with increasing confining pressure.
Although researchers have performed

numerous tests using the box test tech-
nique, the effect of different loading pat-
terns and load impulse on the rate of bal-
last degradation is not fully understood. In
addition, assessing the effect of confining
pressure on ballast breakage from a ballast
box test perspective under field loading
and boundary conditions has not yet been
investigated. This study therefore, seeks

to provide a suitable loading pattern and

boundary condition for laboratory ballast

box testing to accurately reflect field condi-
tions. To achieve these objectives:

B A suitable loading pattern was devel-
oped to reproduce an approximate
rate of ballast strain accumulation as
experienced in the field. This was done
by comparing different haversine load-
ing patterns with an FL (Field Loading)
pattern.

B The effect of varying LoLC (Level of
Lateral Confinement) on the permanent
strain and particle breakage of the bal-
last layer was investigated.

CHARACTERISING AND
MODELLING OF THE FIELD
LOADING PATTERN

A typical FL pulse (pattern) at the rail seat,
expressed as a load-time relationship, was
recorded by Sadeghi (2008) with a wheel
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spacing of 1 800 mm (Figure 2). Comparing
the shape of this load pulse with the stress
pulse obtained from in-situ pressure plate
readings at the subballast layer, recorded
by Grébe et al (2005) (Figure 3(b)) with a
wagon wheel spacing of 1 830 mm, reveals
some similarities in the pulse shapes —
especially in the upper region. Other track
and train details from the above-mentioned
publications are outlined in Table 1.

The stress pulse shape recorded by
Grabe et al (2005) was used as a reference,
because the focus of this study was on
replicating the loading pulse of a 4-axle

Table 2 Summary of variables used to
calculate the dynamic wheel load and
maximum rail seat load (q,)

I T TS

Axle load (heavy-haul) tonnes 26
Static wheel load, Py, ;i kN 127.53
Vehicle speed, V km/h 70
n 1.07
Track condition, 6 0.2
t 2
Dynamic impact factor, @ 1429
Dynamic wheel load, Py, kN 182.2
Sleeper spacing mm 650
Load distribution factor % 504
Maximum rail seat load, g, kN 92

train configuration (South African Coal
Line) in laboratory box tests. Hence, the
FL pulse used for the experiment takes the
shape of the stress pulse at the subballast
(Figure 3(b)). Although wheel load data
from strain gauges was readily available,
the load on the ballast was assumed to

be equivalent to the rail seat load due to
the load distribution. Therefore, for all
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Figure 5 Loading pattern on rail seat from train axle loads experienced by a sleeper
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Figure 6 Simplified field loading pattern simulated by the MTS hydraulic actuator
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Angle bar with steel 1
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Ballast

Figure 7 Schematic drawings of the (a) compaction and (b) test setup for Setup 1

experiments conducted, a maximum load
equal to the rail seat load was used.

To convert the stress pulse values to rail
seat loads, the equivalent force, f, from the
in-situ pressure plate, was calculated by
multiplying the pressure plate readings, o,
by the circular area of the pressure plate, a
(Equation 2).

fu=0,%xa ©2)

Where: n is the data point number and the
pressure plate radius is 30 cm.

To obtain the FL pattern (load-time
relationship), the ratio of maximum rail
seat load (g,) to maximum equivalent
force (max (f,,)) was multiplied by each
f,, value. The maximum rail seat load (g,)
was obtained by multiplying the dynamic
wheel load (den) by a load distribution
factor of 0.5 (Sadeghi 2008). The dynamic

Journal of the South African Institution of Civil Engineering

wheel load (den) was calculated using
the dynamic impact factor developed by
Eisenmann (1972). Table 2 provides a sum-
mary of the dynamic wheel load and maxi-
mum rail seat load (g,) calculation, with a
maximum rail seat load of 92 kN.

The FL pattern (Figure 5) was simplified
to eliminate irregularities. The following

aspects of the loading pattern were adjusted:

B Wheel load magnitudes (peaks): an
equal maximum wheel load of 92 kN
was set for all four-wheel loads repre-
sented by the loading pattern.

B Averaged load valleys between wheel
loads were equal.

B Wheel spacing: equal wheel spacing
for a load cycle was assumed, with a
negligible effect on the ballast material
tested.

The average load valley was calculated

as 55.2 kN. A relationship between load

Volume 61 Number4 December 2019

amplitude and load valley was established
using a factor of 1.667. Therefore, for any
min) and load

), the load valleys (Lvalleys)
between wheel load can be obtained using

minimum applied load (L
amplitude (Lamp

the following expression:

L
ampl (3)

1.667

Lvalleys =Ly +

The ability of the hydraulic load frame

to simulate this loading pattern was
investigated by obtaining a suitable
frequency and load amplitude to produce
an appropriate loading shape. This was
performed using the sleeper block and

a 500 mm x 500 mm x 350 mm steel

box containing ballast (300 mm depth).
Consequently, a scaled-down load was
determined. The Axial Command values
in the MTS load profile were adjusted to
reduce the load amplitude required to
achieve the desired simplified FL pattern
represented by the Axial Force values as
shown in Figure 6. A scaled-down (rail
seat) load amplitude, and a minimum and
maximum load of 10 kN, 5 kN and 15 kN
respectively, at 2.5 Hz, were obtained after
the Axial Command values were adjusted.

EXPERIMENTAL SETUPS

AND METHODOLOGY

Two experimental setups (1 and 2) were
considered. The experiment using Setup 1
was concerned with developing a suitable
loading pattern for laboratory box tests
with the boundary conditions remaining
constant (fully confined). The experiment
using Setup 2 was concerned with altering
the boundary conditions (decreasing the
lateral confinement) of a box test to inves-
tigate the effects on ballast settlement and
breakage.

Experimental Setup 1 -
simulation of loading patterns
This scaled-down model of a railway
track consisted of a 25 mm thick steel box
(500 x 500 x 350 mm) and a PY sleeper
block (228 x 185 x 170 mm). The setup
required regular ballast replacement, as four
different loading patterns were investigated.
Figures 7(a) and (b) show the schematic draw-
ings of the ballast compaction and experi-
mental arrangement for Setup 1 respectively.
The quartzite ballast used complied
with the S406 ballast specification (TFR
1998) for grading. The 450 mm x 440 mm

rigid compaction frame was constructed
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Table 3 Test procedure for Setup 1

Cyclic compaction

Loading pattern

Rest period (FL only)

| stage 1 | stage2 | stages | stage1 | stage2 | stages | stagea | stages | stagerr1 |

A

B 40kNat 40kNat  85kN at
5Hz 10 Hz 10 Hz
(5 000 (5000 (15000

C cycles) cycles) cycles)

D

to ensure limited flexural movement. The
rubber paddings placed between the actua-
tor piston and the rigid frame, and between
the ballast and steel sheet, were used to
prevent damage abrasion and reduce ballast
abrasion during compaction, respectively.
Track subgrade is commonly modelled as a
semi-infinite elastic half space, character-
ised by a soft or stiff foundation. The rubber
sheets at the base of the box were used to
replicate the slightly compressible effects of
the subgrade layer. However, the contribu-
tion of the rubber sheets to achieve this
subgrade provided by the load unit table in
a box setup is always a limitation compared
to the proper use of a semi-infinite elastic
half-space. After compaction, a high-density
polyethylene (HDPE) Pandrol pad was fitted
to the base of the sleeper block to prevent
progressive sleeper wear. The axial force
applied to the ballast sample was generated
using a 500 kN hydraulic actuator (MTS
component) regulated by servo-valves.

Methodology (Setup 1)

The comparison of alternative loading
patterns to the FL pattern was primarily
based on the rate of strain accumulation
of the ballast layer. Other loading aspects
that were investigated were the load cycle
impulse and load frequency (rest periods).
The FL pattern was compared with the
following loading patterns which can be
simulated in the laboratory:

B Conventional haversine loading (or
Laboratory Loading — Lab L): frequently
used in the laboratory to simulate train
loading, where a single load cycle repre-
sents four-wheel loads.

Impulse Haversine Loading (IHL):
modified Lab L, where the impulse of
the Lab L pattern is equal to that of

the FL pattern, and a single load cycle
represents four-wheel loads.

Haversine Loading (HL): four loading
pulses which represent four-wheel loads,
with the load cycle impulse equal to the
load cycle of the FL pattern.

64

FL1

LabL1 Lab L2
HL 1 HL 2
FL2 FL3
HL 1 HL 2
AHL 1 AHL 2

(0.4 second steps)

RP 1 Stage RP 2

0.8 to 0 seconds
(0.4 second steps)

0 to 0.8 seconds

Table 4 Alternative loading patterns compared with field loading based on selected load properties

Loading . Equal Equal load Load pulses
Equal impulse .
pattern frequency amplitude per cycle
No Yes Yes 1

Lab L
HL Yes
HL Yes
AHL Yes

B Adjusted Haversine Loading (AHL):
a modified version of the HL pattern,
where the load amplitude was reduced
to closely match the ballast deformation
caused by the FL pattern.
Table 3 shows a summarised methodol-
ogy for Setup 1. Each ballast sample was
compacted in three layers following the
rodding procedure outlined in the ASTM
C29 standard (ASTM 2017). Further
compaction was conducted in stages,
yielding a total of 25 000 haversine cyclic
loads. A preload of 1 kN was applied, with

No
No

No

Yes 1
Yes 4
No 4

a compaction load of 85 kN — which was
slightly greater than the calculated traffic
load to prevent excess ballast deformation
while simulating train operations. All sam-
ples were compacted to a void ratio of 43%
with a target ballast mass of 112.5 kg. Data
was captured at 100 Hz for all compaction
stages. Table 4 compares each alterna-

tive loading pattern with the FL pattern,
based on selected load properties. Graphic
illustrations of a load cycle for each loading
pattern are shown in Figure 8. Load appli-
cations (or load pulses), which represent

2.54

5049

75

Axial force (kN)

10.0 H

12.5 1

15.0

«=O= Field Loading (FL)
=O= Laboratory Loading (Lab. L)

Impulse Haversine Loading (IHL)

04 0.5

Time (s)

=O= Haversine Loading (HL)
=O= Adjusted Haversine Loading (AHL)

Figure 8 Shapes of the different loading patterns
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the influence of wheel loads, are contained
in a load cycle. Hence, the number of load
applications vary for each loading pattern
depending on their characteristics. After
compaction, 500 000 load cycles were
applied to each sample, with 100 000 load
cycles applied in each stage (Stages 1 to 5)
during the testing of the loading patterns

(Table 4). The effect of rest periods (bogie
spacing and time interval between trains)
on the permanent settlement of the ballast
layer was only assessed on Sample B using
the FL pattern at 2.5 Hz. The number of
cycles for each loading pattern (based on
the duration rest period) was kept constant
at 300 000 cycles.

(a)

377 x 150 x 150 mm
steel bar

230 % 35 %
35mm
steel bar

Hydraulic actuator
20 mm steel rod
Half concrete sleeper

LVDT
Steel gate handle

650 x 450 X 40 mm
steel gate

Steel sheet

300

I

\ Ballast

3 mm insertion rubber (2)

[ 395—=
100% 50% 0%
=100 ~+100~+-100~4 100 ~
75% 25%

(Level of lateral
confinement)

Experimental Setup 2 -

influence of confinement

This setup involved a full-scale box test with
an adjustable length to investigate the effect
of lateral confinement on ballast settlement
and breakage. The steel box, 1 630 mm long,
650 mm wide and 450 mm deep, was built
to represent a half sleeper bay of a typical
railway track, considering track longitudinal
symmetry and the minimum requirements
of the ballast layer for a 1 065 mm gauge
South African Coal Line (TFR 2012). A
uniform stress distribution was assumed to
occur at the base of the half sleeper (Talbot
1993). Schematic illustrations of the materi-
als, measuring devices, and equipment and
their locations, are shown in Figure 9. A mild
steel bar (377 mm x 150 mm x150 mm)

was used to link the sleeper to the hydraulic
actuator piston. The mild steel bar was
milled to form a bevelled edge (1 in 20 slope)
to level off the rail-seat slope on the sleeper.
Two mild steel bars (230 mm x 35 mm x

35 mm) were used to support 20 mm steel
rods passing through the fastener slots on
the sleeper. Two external HBM WA/50 mm
L-plungers were connected to the MTS con-
troller, which recorded the analogue signal of
the sleeper displacement.

0%

25%

50%

(b)

Figure 9 Schematic (cross section (a) and confinement (b)) illustration of experimental materials and instrumentation for Setup 2
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Figure 10 Compaction procedure for different LoLC - (a) steel gate placed at 50% confinement slot and (b) steel sheet separating the compacted

ballast from the ballast shoulder during the 0% lateral confinement setup

Methodology (Setup 2)

The experimental procedures for setup were
employed to quantify the breakage of ballast
and to measure the settlement of the bal-
last layer while varying the Level of Lateral
Confinement (LoLC). The term LoLC refers
to the percentage of the ballast shoulder
that is being confined in the lateral direc-
tion in the ballast box. The large steel box
was designed to accommodate five levels

of lateral confinement, namely 100% (fully
confined), 75%, 50%, 25% and 0% (full ballast
shoulder), as shown in Figure 9.

Fresh ballast samples were used for each
LoLC. Ballast breakage was assessed at two
locations in the ballast layer — at 100 mm
and at 300 mm from the base of the box.
Ten kilograms of ballast were painted spar-
ingly with red and gold paint at 100 mm
and 300 mm depths respectively, for each
sample, to retain the surface friction of
the ballast. The painted ballast was placed
unconfined in the region below the sleeper
loaded area, with the painted ballast at
300 mm, overlaid with normal ballast to
achieve ballast breakage due to interparticle

Table 5 Summary of ballast sample response
after compaction

Settlement | Stiffness | Modulus
(mm) (kPa/mm) (MPa)
A 16.5 324

108.0
B 15.6 108.8 32.6
@ 18.2 168.7 50.6
D 17.2 154.7 46.4

66

contact forces. Each sample was compacted
in three layers following the rodding pro-
cedure outlined in the ASTM C29 (ASTM
2017) standard. Further compaction was
conducted by applying 5 000 and 20 000
cyclic loads of 45 kN and 90 kN respectively,
at 10 Hz using the M TS hydraulic actuator.
For a 75%, 50%, 25% and 0% lateral
confinement, a 2.5 mm steel sheet (630 mm
x 460 mm) was placed against the gate
prior to compaction to maintain the com-
pacted state of the ballast layer at 100%

confinement. After compaction, the gate
was removed and placed at the required
confinement slot as shown in Figure 10(a).
Figure 10(b) shows the steel sheet separating
the compacted ballast and the ballast shoul-
der for 0% lateral confinement. The crib bal-
last was placed around the sleeper and rod
compacted. The AHL pattern was applied at
10 Hz with a load range from 2.5 to 91 kN.
The number of wheel load applications was
1300 000 cycles (325 000 load cycles). Sieve
analyses were conducted on the painted

0.2 -

0.4 1

0.6 1

Axial strain

Field Loading
(FL 1

Field Loading

Field Loading

(FL) 2 (FL) 3

Alternative LP 1
T T
200 000

0 100 000

e Sample B: FL + IHL

e Sample A: FL + Lab. L

Alternative LP 2
T T

300000 400 000 500 000

Number of cycles

Sample C: FL + HL
= Sample D: FL + AHL

Figure 11 Permanent strain accumulation for each sample during alternating loading patterns
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Figure 12 Axial strain accumulation of ballast layer (samples) for every 10.4 MGT - (a) FL and Lab L, (b) FL and IHL, (c) FL and HL, and (d) FL and AHL

ballast at 100 mm and 300 mm at the begin-
ning and end of the cyclic loading.

RESULTS AND DISCUSSION

Ballast compaction

A summary of the ballast response for each
sample after compaction is shown in Table 5.
Possible factors affecting the changes in bal-
last response include varying particle shape
and sizes and particle arrangement, among
others. It 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
identical for comparative testing, hence the
loading procedure in Table 3.

Loading conditions

Axial strain of ballast layer under
different loading patterns
Figure 11 shows the percentage strain of
each ballast sample subjected to alternating
loading patterns of FL and the other load-
ing patterns. Samples A and B exhibited
similar strain behaviour comprising a
significant increase in the rate of strain
accumulation after 400 000 cycles. Possible
reasons for this observation are:
B Both the Lab L and IHL patterns do not
have the same quantity of load pulses per
cycle when compared with the FL pattern.

W Darticle rearrangement or ballast breakage.

Considering the degradation zones estab-
lished by Indraratna et al (2005) (Figure 4),
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the zone that best describes the deformation
behaviour of each ballast sample is the com-
pressive stable degradation zone (CSDZ).

In this zone, the particle movements are
restricted with a high coordination number
due to the high level of confinement.

To compare the rates of strain accumula-
tion between the FL pattern and each alter-
native loading pattern after 100 000 cycles,
linear relationships between the percentage
axial strain and traffic in million gross
tonnes (MGT) were expressed. The number
of cycles can be expressed in terms of MGT
using Equation 1. Plots of percentage axial
strain against traffic for every 104 MGT
(100 000 load cycles) were created to observe
the strain accumulation rate between the FL
and alternative loading patterns in Figure 12.
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Two pairs of axial strains were com-
pared for each plot, namely: LabL 1 —
FL 2 and Lab L 2 — FL 3 as shown in
Figure 12(a). Linear regression lines were
fitted to obtain the rate of strain accumula-
tion (denoted as m — percentage strain/
MGT). For plots that indicate possible
particle breakage or rearrangement (such as
plot FL 3 after 4 MGT - Figure 12(a)), the
rate of strain accumulation for the gradual

portion, after breakage, was computed.

Sample A - field loading (FL) and
laboratory loading (Lab L) patterns
Common properties of the FL and Lab L
patterns include load amplitude and
frequency. Dissimilar properties of these
loading patterns include impulse and num-
ber of load pulses per load cycle (Table 4).
The Lab L pattern is a generic sinusoidal
waveform used to simulate train loading on
ballast in the laboratory.

Figure 12(a) shows the plots of percent-
age axial strains of the ballast layer induced
by the FL and Lab L patterns. It is expected
that the rate of strain accumulation would
decrease with traffic (number of cycles) for
ideal situations, except in the event of weak
spots in a track structure. However, there
is a significant increase in strain rate after
the transition from Lab L to FL for both
pairs of axial strain, as FL yields a higher
plastic strain of the ballast layer than Lab L.
It is evident that the Lab L pattern is not
capable of reproducing the strain under
field conditions on the ballast layer. A major
aspect of the loading pattern influencing
the rate of plastic strain is the number of
load pulses (or load applications). In this
study, the number of load pulses refers to
the number of load peaks within a load cycle
as illustrated in Figure 5. Therefore, for a
single load cycle, the FL pattern has four
load pulses, while the Lab L pattern has one
load pulse (which can also be referred to as
one load cycle). Therefore, the amount of
plastic strain produced per FL load cycle is
significantly more than the amount of plas-
tic strain produced per Lab L cycle.

Sample B - field loading (FL) and impulse
haversine loading (IHL) patterns
Common properties of the FL and IHL
patterns include load amplitude and load
impulse. Dissimilar properties of these load-
ing patterns include frequency and number
of load pulses per load cycle. IHL is a modi-
fied loading pattern from the Lab L pattern,
where the load impulse of the Lab L was
increased to match the FL impulse per cycle.
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Figure 13 Difference in axial strain between FL and alternative loading patterns after every 10 MGT

Figure 12(b) shows the percentage axial
strain plots of the ballast layer generated
by the FL and IHL patterns. The FL pat-
tern applied more load pulses than the
IHL pattern; therefore the ballast layer
deformed more under the FL pattern.
Similar ballast strain behaviour is observed
with Sample A (with the FL and Lab L pat-
terns — Figure 12(a). However, comparing
the plastic strains induced by the IHL and
Lab L patterns, there is a notable increase
in the rates of plastic strain due to an
increase in load impulse.

Sample C - field loading (FL) and
haversine loading (HL) patterns
Common properties of the FL and HL pat-
terns include load amplitude, load impulse
and number of load pulses per cycle. A
dissimilar property of these loading pat-
terns is the load frequency. The HL pattern
consists of four load pulses per cycle. Each
load pulse has equal load amplitude, as in
the case of the FL pattern.

Figure 12(c) shows percentage axial
strain plots of the ballast layer generated by
the FL and HL patterns. The HL pattern
in the first pair caused a higher strain rate
than the FL pattern. However, in the second
pair, the strain rate caused by the FL pattern
was higher than the HL pattern, due to
possible particle breakage or rearrangement.
The frequency and load amplitude of inter-
mediate 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

or rearrangement), 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
load pulse in the HL pattern. This increases
the stress level per cycle exhibited by the HL
pattern, which generates more strain defor-
mation than the FL pattern. Similar strain
responses with these loading patterns were

observed in preliminary tests.

Sample D - field loading (FL) and adjusted
haversine loading (AHL) patterns
Common properties of the FL. and AHL
patterns include load impulse and number
of load pulses per cycle. Dissimilar proper-
ties of these loading patterns include load
amplitude and frequency. The AHL pat-
tern consists of four load pulses per cycle.
After conducting several preliminary tests
with varying load amplitudes of the AHL
pattern, a final load amplitude of 8.5 kN
was employed. The frequency of this load-
ing pattern was determined based on the
changes to the load amplitude and impulse.
Figure 12(d) shows the plots of percent-
age axial strain of the ballast layer generated
by the FL and AHL patterns. Both pairs of
plots have slight differences in the rates of
axial strain, with a maximum strain dif-
ference of 2.2% per MGT. The absence of a
sudden increase in axial strain is possibly
due to the absence of ballast breakage or
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Figure 15 Axial strain deformation of the ballast layer at each LoLC

rearrangement, and equal amounts of stress
levels applied to the test sample which
eliminate potential rearrangement or break-
age of ballast particles. All the axial strain
plots were zeroed to quantify the extent of
axial strain after every 10 MGT. For each
axial strain plot pair of the FL and alterna-
tive loading pattern, the difference in strain

accumulation was computed. Figure 13
shows the percentage axial strain difference
between the FL and alternative loading pat-
tern after every 10 MGT. The AHL pattern
had the lowest strain difference, while the
Lab L had the highest strain difference in
relation to the axial strains induced by the
FL pattern. Although these results were
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obtained with a rigid bottom box, the settle-
ment trend across the different loading pat-
terns will be similar under ideal/actual track
conditions. Under ideal track conditions,
however, the magnitude of settlement will
be greater, as there will be settlement of the
underlaying layers, unlike the rigid bottom
used during the laboratory tests.

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 frequency of a single
Lab L cycle while maintaining a constant
load amplitude. The comparison of the
strain rates resulting from these loading
patterns (Lab L and IHL) is valid, as the
initial ballast layer response of each test
sample after compaction was relatively
similar (Table 5). Referring to Figure 13, the
effect of load impulse is clearly observed
from the decrease in strain difference
between FL-Lab L 1 and FL-IHL 1.

Effect of rest periods on ballast
permanent settlement

Figure 14 shows the ballast permanent
deformation caused by different loading pat-
terns characterised by varying rest period
intervals. Low permanent settlements were
obtained due to the nature of the subgrade
(rigid bottom of the box — possibly stiff,
rocky formation in practice), high levels of
confinement and ballast compaction. In
practice, ballast settlement can be measured
using multi-depth deflectometers placed at
each layer below the ballast layer.

For Stage Rest Period 1 (Stage RP 1), tak-
ing the settlement caused by an FL pattern
with no rest period as a reference, there was
an 83% and 86% reduction in settlement for
the FL pattern of 0.4 s and 0.8 s respectively.
For Stage Rest Period 2 (Stage RP 2), taking
the settlement caused by an FL pattern with
0.8 s rest period as a reference, there was a
10% reduction in settlement caused by the
FL pattern with 0.4 s rest period, while a
110% increase in settlement caused by an FL
pattern without rest period was recorded.

In summary, increasing the number of load
pulses per given time increases the rate of
ballast permanent settlement.

Boundary conditions

Permanent strain of ballast layer

Figure 15 shows the axial strain deforma-
tion of the ballast layer at each LoLC with a
constant deviatoric applied stress across all
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samples. The term “0%” confinement refers

to the percentage of the ballast shoulder

that is confined in the lateral direction by
the steel gate of the ballast box. It is impor-
tant to note that the number of cycles

(Figure 15) is represented as a quarter of

the number of load pulses (which were 1.3

million) due to a four-wheel configuration.

This adjustment to the number of cycles

agrees with the settlement 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 on ballast.

Discrepancies in Figure 15, such as
irregular axial strain plot of the ballast layer
at 0% confinement and similar final ballast
strain for 25% and 50% confinements, could
be due to slow deformation response after
compaction and uncontrollable variations
in ballast layer response (such as stiffness,
modulus, etc) respectively.

Ballast degradation behaviour under
cyclic loading for the various levels of lateral
confinement can be classified into the deg-
radation zones established by Indraratna et
al (2005) following the explanations below:
B Ballast degradation behaviour at 100%

confinement can be classified within

the compressive stable degradation
zone (CSDZ) where a high lateral
confinement significantly restricts
particle movement, reorientation and
rearrangement.

B Reducing the lateral confinement to 75%
increased the final ballast settlement by
19.3 mm — a 70% increase in ballast set-
tlement. This led to increased deflection
and permanent settlement per load pulse.

B For 50% lateral confinement, the ballast
layer had a permanent settlement of
57.6 mm — a 10.7 mm settlement dif-
ference (22.8% increase in vertical set-
tlement) compared to the 75% confine-
ment case. The permanent settlement of
the ballast layer at 25% and 50% lateral
confinement was similar at approxi-
mately 57 mm. Ballast degradation at
50% and 25% lateral confinement can be
described by the particle behaviour and
degradation that occur in the optimum
degradation zone (ODZ).

B High levels of ballast settlement were
observed and recorded for the ballast
layer at 0% confinement, with a vertical
settlement of 68.9 mm. The degradation
zone that best describes the behaviour
of particles under cyclic loading at 0%
confinement is the dilatant unstable
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Figure 16 Linear (a) and quadratic (b) relationships between final ballast settlement and LoLC

degradation zone (DUDZ). Ballast
particles in this zone are subjected to
low confining lateral pressures under
high deviatoric stresses which settle sig-
nificantly with time. Particles had more
room to displace, as the LoLC decreases
under the influence of constant loading,
leading to increased axial deformation
and particle breakage.

Figure 16 shows linear and quadratic
relationships between final permanent
settlement and LoLC after 325 000 cycles
(1.3 million load pulses). These relation-
ships clearly indicate a general increase in
ballast layer settlement with decreasing
lateral confinement from 100% to 0% by
150%. A quadratic relationship has a better
fit than a linear relationship.
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Considering the relationship between
BBI and the effective confining pressure
developed by Indraratna et al (2005)
(Figure 4), the quadratic relationship
between the permanent settlement and
LoLC matches the BBI at lower vertical
applied stress (q,,,,, < 230 kPa).

Ballast breakage

The difference in mass before and after

cyclic loading for each lateral confinement at

100 mm and 300 mm were compared as sug-

gested by Abadi et al (2016) (Figure 17). This

shows a clear indication that ballast breakage
is significant closer to the sleeper, as well as
for a ballast layer supported by a ballast shoul-
der without additional lateral confinement.

As expected, there was more particle
degradation at 300 mm (particles closer to the
sleeper) at 100% and 0% lateral confinement
than at 100 mm (Table 6). However, for 75%
to 25% lateral confinement there was more
particle breakage for particles at 100 mm than
at 300 mm, contrary to expectation.

Possible contributing factors to the
discrepancies in BBI values between levels
of confinement could be:

B Displaced painted ballast particles that
are not within the sleeper loading region
due to particle rearrangement during
compaction. This movement is assumed
to be more significant at 300 mm than
at 100 mm, as high inter-particle contact
forces decrease with depth (Han 2012).

B The probability of the same particle
passing through the appropriate sieve
during sieve analysis after testing might
be low in some instances. Furthermore,
Abadi et al (2016) stated that the degree
of particle breakage was not sufficiently
detected by comparing PSDs before and
after cyclic loading test.

B The number of ballast particles (overall
sample size) may not be statistically
significant and might have contributed
to the discrepancies in these results.

The most common forms of ballast break-

age, among others, are attrition of asperi-

ties and corner breakage. Other forms of
breakage are particle splitting along weak
planes, and particle fatigue. A major gov-
erning factor stimulating ballast breakage
is the fracture strength of individual ballast
particles. Therefore, to ensure limited
degradation of the ballast layer and track
structure, obtaining high quality ballast
particles on the railway track (especially
heavy-haul lines) is necessary.

CONCLUSIONS

Laboratory ballast box tests were conducted
on quartzite ballast to develop a suitable
cyclic loading pattern which produces similar
deformation rates as experienced in the field.
The effects of varying lateral confinement on
ballast layer strain and ballast breakage were
also investigated. The following conclusions
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Table 6 Ballast Breakage Index (BBI) at 100 mm
and 300 mm for each LoLC

Level of BBI

confinement
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

can be drawn from this study after the analy-

sis and discussion of results:

B The FL pattern had more load pulses
than the Lab L patterns, which con-
tributed to increased rates of axial
deformation. Employing the FL pattern
thereafter caused a significant increase
in the strain rate due to possible ballast
rearrangement or breakage under more
load pulses per cycle.

B Although the Lab L and IHL patterns
have a single load pulse, there is a nota-
ble increase in the rate of axial strain of
the IHL pattern compared to that of the
Lab L pattern. This increase in strain
rate is due to an increase in the impulse
(loaded area) of the Lab L pattern as
simulated by the IHL pattern.

B The rate of strain accumulation of the
HL pattern surpasses the FL strain rate
marginally because of the increased
loading effects of the second and third
load pulses in comparison to their cor-
responding load pulses in the FL pattern.

B By modifying different aspects of the HL
pattern, the AHL pattern was developed.
By decreasing the load amplitude of the
HL pattern, this loading pattern (AHL)
reproduced similar rates of strain com-
pared to the FL pattern considered in
this study. The AHL pattern is the most
appropriate and suitable loading pattern
to be implemented in 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 loading.

B The permanent settlement of the ballast
layer decreased with an increase in the
rest period interval between load cycles,
and increased with a decrease in the
rest period interval.

B Ballast settlement increased by 150%
when the lateral confinement in the
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ballast box tests was reduced from 100%
to 0%.

B A fully confined ballast layer prohibited
particle breakage to a large extent, while
significant ballast breakage occurred in
ballast layers with a shoulder profile.

B Ballast breakage indices were useful
in quantifying the degree of ballast
breakage by identifying changes at sieve
size levels. Alternatively, obtaining the
difference in total mass before and after
cyclic loading provided a broad perspec-
tive on the degree of ballast breakage.

B Obtaining high quality ballast particles
on the railway track (especially heavy-haul
lines) is necessary to limit track structure
degradation through ballast breakage.
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