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Abstract

The use of railway transportation systems has been increased throughout the years. The conventional ballasted tracks
have been used widely in many countries around the world. Ballast material is the basic element of ballasted tracks.
Ballast degrades and deforms after service. Therefore, periodical ballast maintenance is needed which is a cost and time
expensive activity. Understanding ballast mechanical behavior leads to better design and efficient maintenance. From
the literature, experimental approach is used to understand the mechanical behavior of railroad ballast. Traditional
experimental tests provide inaccurate results due to the large ballast particle size with relative to sample size. Research-
ers used large scale triaxial and box tests extensively to understand the mechanical behavior of railroad ballast. The
target of this paper is to present a concise review of the extensive literature presented on the mechanical behavior of
railroad ballast using large scale triaxial and box testing. It discusses the various aspects of large-scale equipment such
as apparatus’set-up, size, material and shape, simulated load condition and test purpose. It presents the key findings of

the large-scale triaxial and box tests in understanding ballast mechanical behavior.
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1 Introduction

In many countries around the world, railways play a vital
role as a mean of transportation. Railways have many
advantages with relative to other means of transportation.
Railways cover long distances in high speed, cheap, safe,
efficient and environmentally friendly mean of transporta-
tion [1-3]. Moreover, railways are considered as a public
welfare for many countries around the world [4].

Li et al. [5] divided the railway infrastructure into four
main components (Fig. 1); track, structure, power, com-
munication and train control. Railway track is considered
as the basic element of railway infrastructure. Railway track
is the supporting platform that transforms the trains’loads
from track superstructure to track substructure. Trains run
on different railway track systems; ballasted and ballast-
less (e.g. slab and embedded track) systems [6]. The bal-
lasted tracks have the majority usage in the world due

to their low cost, besides, the greater gained experience
compared to new ballastless tracks [7]. Ballasted tracks
have been used in the beginning of railways and ballast-
less tracks have been introduced in 1960s [8]. A ballasted
track consists of two main structures: superstructure and
substructure [9]. The main elements of the two structures
of a typical ballasted track are shown in Fig. 2.

Generally, good knowledge of track superstructure is
gained through research and experience throughout the
years. However, the mechanical behavior of substructure’s
elements including ballast layer is not still fully understood
with relative to superstructure components. The substan-
tial role of ballast in railway track, besides, the needs of
periodic and costly [10, 11] ballast maintenance raise
the research interests on understanding the mechani-
cal behaviour of railroad ballast for better design and
efficient maintenance. From the literature, there are two
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Fig. 1 Railway infrastructure’s components reproduced from [5]

Fig.2 Cross section view of
typical ballast track [9]

Table 1 Large scale tests that
were used in the literature to
understand the mechanical
behavior of railroad ballast
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main approaches used to understand ballast mechanical
behaviour; experimental testing and modelling.

There are number of traditional experimental tests
used to identify the mechanical and physical character-
istics of granular material like conventional triaxial test,
conventional direct shear test, petrographic analysis,
crushing test and Los Angles abrasion test. Indraratna
et al. [10] recommended avoiding the use of conven-
tional tests for understanding the mechanical behaviour
of granular material as they rottenly produce confusing
results due to the large granular particles size relative to
test sample size. McDowell et al. [12] showed the need
of large scale equipment to experiment ballast strength.
This raises the need of the large-scale experimental tests
to be used in order to understand ballast mechanical
behaviour. From the literature, there are various large-
scale tests were used to understand the mechanical
behaviour of railroad ballast as given in Table 1. However,
the large-scale triaxial and box tests, which represent
the real field conditions, have been used intensively in

—P TRANSVERSE (LATERAL)
RAIL

( BALLAST

Large scale experimental test

References

Triaxial test

Box test

Plate test

Vibrating table test

Oedometer test

Pullout test

Direct shear test

Shaker test

Railway track facility

Full scale of ballasted track model
Half-track of ballasted track model
1/3th scale of ballasted track model
1/5th scale of ballasted track model

[10,17-23, 25,27-29, 31-39, 47, 64, 65, 76]
[9,89-100, 102, 104, 106-108, 112, 113]
[114]

[115]

[12,91]

[103,116,117]

[118-125]

[126]

[21,37,103]

[21,37,102,103,127,128]

[129]

[130]

[131,132]
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Fig.3 Estimated number of
publications from 1977 to 2019
related to large-scale triaxial
and box experimental tests,
obtained from the Scopus
using the following keywords:
Railroad ballast OR Ballast AND
Large scale triaxial test OR Box
test AND NOT Numerical AND
Simulation
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the literature to understand the mechanical behaviour of
railroad ballast throughout the years as shown in Fig. 3.

The aim of this paper is to summarize the main efforts
and concerns in the literature on understanding ballast
mechanical behaviour using large scale experimental
testing and the necessity of further future research work.

The rest of this paper consists of four sections. The
second and third sections reviews the literature on
using large scale triaxial test and box test respectively
in understanding ballast behavior. Finally, the conclusion
section which summarizes the key points of the paper
and the need for future work.

2 Large-scale triaxial test

Several studies from the literature used large-scale tri-
axial test to understand the mechanical behaviour of rail-
road ballast [10, 13-30]. The main purpose of large-scale
triaxial test is to get a rich understanding of the mechan-
ical properties of railroad ballast material. For example,
shear strength, angle of friction, shear stress—strain
behaviour and volumetric change behavior. It was used
also to study and understand the influence of different
parameters (e.g. ballast martial type, ballast particle size
distribution, inclusion of geotextiles and fouling degree)
on ballast mechanical properties.

This section discusses the different concerns and main
findings in the literature about large scale triaxial testing
that is used to understand ballast mechanical behaviour.
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2.1 Test type

There are three types of triaxial tests based on consolida-
tion and drainage allowance; consolidated drained, con-
solidated undrained and unconsolidated undrained. The
consolidated drained triaxial test is used for railroad ballast
applications as it represents the real conditions.

There are two types of triaxial tests that were conducted
in the literature based on the load application; monotonic
and cyclic tests. In the monotonic test the vertical load is
applied with a constant application rate (strain rate) in one
direction (compression).

In the cyclic test the vertical load is applied in an oscil-
lating manner. Cyclic test is more representative to the real
scenario where train passage results a number of loading
pulses on a track substructure due to the number of train
axles.

Nevertheless, both types are used to understand the
mechanical behavior of railroad ballast, besides, the influ-
ence of various variables on ballast mechanical behavior
like particle size distribution, fouling degree, inclusion of
geotextiles and initial ballast arrangement as discussed
below in Sect. 2.7.

From the literature, several studies on railroad ballast
was done using monotonic triaxial test [10, 29, 31-33].
Large number of publications in the literature studied the
mechanical behaviour of railroad ballast under cyclic load-
ing condition like [18, 22, 23, 25, 27, 34, 35]. Other studies
investigated the mechanical behavior of railroad ballast
under monotonic and cyclic loading conditions such as
[17,19-21, 28, 36-39]. In general, Monotonic triaxial test
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is used mainly to understand the short-term behavior of
railroad ballast. Cyclic triaxial test is commonly used to
understand the long-term behavior including permeant
deformation of railroad ballast.

2.2 Large scale equipment

As ballast particles are large in size, traditional triaxial test
equipment is not sufficient to be used in testing railroad
ballast as it may produces inaccurate results [10]. Large
scale triaxial apparatus is needed to understand the
mechanical behaviour of railroad ballast experimentally.

There are number of large-scale triaxle tests designed
and used to study the mechanical behaviour of railroad
ballast. For example, large scale triaxle equipment at Uni-
versity of Wollongong designed by Indraratna et al. [10]
and Indraratna [40] which was used later for other studies
related to railroad ballast [18, 24, 25, 27, 29], at the Univer-
sity of lllinois by Mishra et al. [23], at the Missouri Institute
of Science and Technology by Sevi et al. [20], at Norwegian
University of Science and Technology by Skoglund et al.
[41] which was used later by Nalsund et al. [22] and TAJ-
2000 (Tianshui Hongshan Testing Machine) used by Bian
etal.[28].

2.3 Sample size

Large scale triaxial tests samples have different sizes com-
pared to traditional triaxial test specimens. From the litera-
ture, researchers used different sample sizes to be used in
triaxial testing of railroad ballast as summarized in Table 2.

The size of the sample in the large-scale triaxial test
should be representative to obtain accurate results and
reduce the effects of sample size, especially that bal-
last aggregates have large particle size in the range of
10-50 mm [42]. There are two approaches used in the lit-
erature to identify the sample size of the large-scale triaxial
test.

Table 2 Sample size of triaxial tests used in the literature to under-
stand railroad ballast behaviour

Sample size (mm) References

419 dia x 864 height [20]

305 diax 610 height [23,31, 33, 35,39]

300 diax 600 height [10,18, 22, 25,27-29,
32,34, 38,64, 65,
76]

300 diax 450 height [21,37]

254 diax 645 height [17,36]

236 diax 455 height [19]

245 diax 508 height [471
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The first one is the “D/d, " ratio. Where “D" is the tri-
axial test’s specimen diameter and “d " is the maximum
particle diameter. From the literature, researchers used
different values of “D/d,,,,,” ratio to determine the sample
size used for large scale triaxial testing of railroad ballast.
For instance, 4.7 [19, 43], 4.8 [44], 5.7 [45], 6 [37], 7 [17]
and 8 [20]. Skoglund [15] recommended that representa-
tive sample size should have “D/d,,,,” ratio in the range
of 5-7. Fair [30] presented in his literature review that the
“D/d " ratio differed from 4.7 to 10. Marachi et al. [46]
and Indraratna et al. [45] recommended a value of 6 by
which the sample size effects are marginal and negligible.
Aursudkij [37] determined the sample size based on a“D/
dax ratio equals to 6.

The second one is the“H/D" ratio. Where “H" is the triax-
ial test’s specimen height. A number of researchers [10, 18,
22,23, 25,31, 33-35, 38, 39, 47] in the literature designed
their large-scale triaxle sample to have a corresponding
aspect ratio of “H/D” equal to 2. Other researchers used
a sample size with a “H/D" ratio of 1.5 [21, 37], 1.93 [19],
2.06 [20] and 2.54 [17, 36] in their studies. Bishop and
Green [48] recommended that H/D ratio should be 2 to
minimized the friction effects at sample ends which may
cause an inaccurate results. End friction influences the fric-
tion angle of the sample [49].

2.4 Sample compaction

Sample compaction is one of the key aspects in sam-
ple preparation prior to testing. In the field, ballast layer
undergoes a compaction process to reduce ballast initial
settlement before traffic operations. This is done by dif-
ferent methods like natural stabilization (number of train
passes at a slower speed of traffic trains), dynamic stabi-
lization (application of vertical load with lateral vibration
of rails using specialized equipment) or crib compaction
(vertical vibration of compactor plates placed at crib and
shoulder of ballast with application of vertical load using
specialized equipment) for new ballast [50]. For old bal-
last, compaction is done during ballast maintenance by
tamping or stone blowing processes using vibratory tines.

In large-scale triaxial test, ballast sample is compacted
by different approaches. From the literature, most of the
researchers compacted the ballast sample in different
number of layers.

Shenton [13] compacted his sample in four layers
using tamping tines. His compaction method was not
recommended by Kolisoja [51] as it is dependable on the
tamping equipment and it may introduce some particle
crushing in the sample. Indraratna et al. [10] compacted
their ballast sample manually using a standard Proctor
hammer. Each layer (50-60 mm) is exposed to 25 blows.
The authors used a 4 mm thick rubber mad to reduce the
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corners breakage during the compaction process. Suiker
etal. [17] used steel rod to compact the equally thick eight
layers of their ballast sample. Each layer is exposed to 40
blows. Mishra et al. [23], Qian et al. [39, 52] used electric
jackhammer to copmact ballast sample layers. The authors
applied four lifts to ballast sample with 4 s of compaction
time for each lift. Skoglund [15], Nalsund [22] and Ind-
raratna et al. [24, 32] used a vibrating plate compactor to
compact each layer of their ballast samples. Kashani et al.
[47] compacted ballast sample of eight layers using steel
rod and manual tamper.

Key [16] and Anderson et al. [53] did not recommend
the compaction of layers approach as it may be responsi-
ble for the uncommon orientation and leveling of ballast
aggregates. The authors introduced a new approach to
compact the ballast sample using a vibrating table which
was later used by Anderson and Fair [19], Sevi et al. [20],
and Aursudkij et al. [21]. It would be worthful to investi-
gate the effect of the compaction methods on the behav-
iour of railroad ballast through large scale triaxial testing.

2.5 Loading condition

This section discusses the various parameters of loading
condition used in large-scale triaxial testing of railroad
ballast. For instance, strain rate (monotonic triaxial test),
confining pressure, applied axial stress and frequency of
applied cyclic stress (cyclic triaxial test). The effect of these
parameters on the mechanical behavior of railroad ballast
is discussed in Sect. 2.7.

2.5.1 Strain rate

For large-scale monotonic triaxial test, there are differ-
ent values of strain rates used in the literature. The typi-
cal strain rate used in the consolidated drained triaxial
test for soil mechanics and geoengineering applications
is 0.0167% strain/second [52]. The consolidated drained
triaxial test is used for railroad ballast applications as it
represents the real conditions. The low used value of strain
rate allows the excess pore pressure results from mono-
tonic loading to dissipate.

From the literature, Qian et al. [39, 52] used a value of
strain rate of 0.0167% strain/second in their large-scale tri-
axial testing of railroad ballast. However, there are num-
ber of publications in the literature used a strain rate quite
close to the common value based on the equipment limi-
tation like 0.0197% [20], 0.0117% [10] and 0.00833% [32]
strain/second. Other researchers used very low strain rate
either due to equipment limitation like 0.00367% strain/
second [19, 21, 37] or to allow for full drained condition
of clay fouled ballast like 0.00153% strain/second [29].
Number of researchers [31, 33, 52] used a higher strain

rate equals to 5% strain/second to represent the high load-
ing rate from trains. The high strain rate approach is intro-
duced by Garg and Thompson [54] to simulate the high
loading rate form trains.

The strain rate value dose not influence the stress-strain
curve of railroad ballast under triaxial testing; however, it
is recommended to use low strain rate in large-scale tri-
axial testing of railroad ballast for safety concerns and bet-
ter laboratory control [52]. The better laboratory control
ensures the repetition and reproduction of test results [55].

2.5.2 Confining pressure

In the field, ballast layer is self-confined under certain pres-
sure at a range of 5-40 kPa as reported by Selig and Alva-
Hurtado [56]. Indraratna et al. [57] reported that ballast
confining pressure is infrequently exceeds 60 kPa; it is in
the range of 10-40 kPa is for a trains with an axle load of
20-30 t; and equals to 60 kPa and less for a trains with an
axle load of 40 t and more.

From the literature, number of publications used a con-
fining pressure values in the range 5-60 kPa in large-scale
triaxial testing of railroad ballast like [20-23, 25, 27, 29,
35, 39]. However, some researchers in the literature used
higher values of confining pressure (>60 kPa) which is not
the real condition at the real track [10]; to investigate and
do a parametric study about the effect of confinement on
railroad ballast mechanical behaviour using large-scale
triaxial [10, 18, 19, 31-34, 38]; the effect of ballast confine-
ment on the mechanical behaviour of railroad ballast is
discussed in Sect. 2.7.

Key [16] used variations of deviator stresses in his triaxle
test, between 12.5 kPa and 250 kPa. Suiker et al. [17] used
two different confining pressures of 41.3 and 68.9 kPa in
their study. Indraratna et al. [18, 34] used a broad range of
confining pressure from 1 to 240 kPa in their triaxial tests
to investigate the effect of confining pressure on ballast
behaviour.

Usually, the sample confinement in traditional triaxial
test is done either using thick rubber membrane or pres-
surized fluid control system. However, Indraratna et al. [10]
and Key [16] recommended to apply a confining pressure
instead of using a thick rubber membrane to confine the
railroad ballast sample in large scale triaxial test; as the
thick rubber membrane provides a marginal confinement
to railroad ballast sample compared to confining pressure.
The use of pressurized fluid control system is not recom-
mended to be used in large scale triaxial test; as it makes
the equipment heavy to require mechanical support [20].

From the literature, there are different approaches used
to apply the required confining pressure in large-scale tri-
axial testing. Number of researchers [17, 22, 23, 31] used
air pressure control system to apply a confinement to
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the sample via air pressure valve. Aursudkij et al. [21, 37]
used air and water control system to confine the ballast
sample; where the pressurized air is used to compress
the outer cell that consequences the water in the inner
cell to pressurized and results a confinement on the bal-
last sample as shown in Fig. 4. The same approach was
used by Trinh et al. [38] to confine ballast sample in a large
scale triaxial test developed by Dupla et al. [58]. However,
the use of fluid material for the confinement purposes in
large-scale triaxial test is not recommended by Sevi et al.
[20]; as it makes the assembly heavy and hard to handle
in case of mechanical support requirements. This led Sevi
et al. [20] to introduce a new alternative to be used for
railroad ballast sample confinement in large-scale triaxial
test. The used a backpressure to vacuum and confine the
sample (vacuum confinement). This done by having two
ports at the top cap to control and measure the vacuum as
shown in Fig. 5. The volumetric change for either air or air
and water control systems is measured by measuring the
inflow and outflow volumes; however, vacuum confine-
ment has limitations in measuring the volumetric change
of the sample. Nevertheless, Sevi et al. [20] introduced two
methods to measure the volumetric change of vacuum
confined sample using radial strain transducers inside the
sample and digital image analysis (Fig. 6).

2.5.3 Applied axial stress

The substructure of the railway track is exposed to dif-
ferent types of loads. Selig and Waters [9] classified the

Secondary
vacuum supply

Top cap

«— Primary vacuum
supply

Membrane
overlap

Rotary
potentiometer

Bottom cap

Fig. 5 Details of top and bottom caps used in large scale triaxial
instrument by Sevi et al. [20]

loads exposed to ballast layer into two main types; ver-
tical and squeezing loads (from tamping process). There
are other minor loads like lateral and longitudinal forces;
however, it is difficult to estimate the minor loads. The ver-
tical loads are static, cyclic (quasi-static) and impact loads
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Fig. 6 Large scale triaxial test-
ing instrument with the usage
of digital imaging built at the
Missouri University of Science
and Technology [20]

(Black HDPE Tent)

ital SLR Light
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(dynamic). Static loads are dead and live loads. Dead load
is the weight of railway track and live load is the weight
of a non-moving train which is commonly expressed in
terms of axle load. Static live load from train weight is more
considerable than static dead load. Dead load is consider-
able in analyzing and designing certain topics like slope
stability of track built on high embankment and subgrade
issues at a large ballast layer [5].

Li et al. [8] described the typical static dead load ranges
for each track component; rails weighted from about
45 kg/m to 75 kg/m, timber tie weighted about 110 kg
and concrete tie weighted 360 kg. They described the
typical track substructure density for ballast (1760 kg/m3),
sub ballast (1920 kg/m3) and subgrade (2240 kg/m?3). With
regards to static live load, Fryba [38] presented statistical
measurements of train operations in Czech Republic. The
author summarized that there are three major axle load
ranges; 180-200 kN for fully loaded freight cars and loco-
motives, about 100 kN for the passenger cars and partially
loaded freight cars and about 50 kN for empty freight cars.

A ballasted railway track is also exposed to cyclic loading
due to the train repetitive passages. A train consists of a num-
ber of train cars. Each train car has typically four axles with
different spacings. Each axle exerts a load on ballast layer.
For one train passage, the train applies a number of verti-
cal loadings on the ballast layer. This generates a number

Controlled Lighting Environment

Data Aquisition

Came '\

of loading pulses. Cyclic loading could be also classified as
quasi static loading for a frequency range of 0-20 Hz [59, 601.
Remennikov and Kaewunruen [61] defined the quasi-static
loading as an applied vertical loading with slow application
rate. Under static and quasi-static loadings track response is
governed by its stiffness only. Inertial forces are introduced
but they can be neglected as they are small due to the slow
rate of load application. Stiffness forces are based on the
track material properties. Inertial forces are based on the
mass and acceleration of track elements under loading. The
quasi-static loads typically are around 1.4-1.6 times the static
wheel load without the effects of unbalanced super eleva-
tion [62]. There are other minor quasi-static loads usually
introduced to the railway track like centrifugal force, gross
tare and cross winds [7]. For higher cyclic loading frequency
(>20 Hz) dynamic effects are introduced where the system
is governed by its stiffness and inertial forces.
Furthermore, track substructure is exposed to impact
loads due to rack and vehicle irregularities. For example,
irregular track stiffness, rail corrugations, rail discontinui-
ties (welds, joints and switches), wheel burns and wheel
flats [7]. Impact loads are considered as dynamic loading.
Remennikov and Kaewunruen [61] defined the dynamic
loading as a time dependent loading; where the applica-
tion rate of the dynamic load and between consecutive
pulses is very small as well as the load magnitude changes
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rapidly in a short period. Lee [63] pointed out that impact
loading exerted on railway tracks are applied within very
short periods of 2-10 us where dynamic effect is maxi-
mum. Remennikov and Kaewunruen [61] estimated the
dynamic loading due to the generated high frequencies
to be about 1.5 times the static wheel load. Under dynamic
loading the track response is governed by both stiffness
and inertial forces, where the forces are applied in a short
period of time. The track responses are governed by both
stiffness and inertial forces. Inertial forces are considered
as additional forces applied on the track and may cause
serious failure to the railway track [62].

In 1978, Shenton [13] found that the vertical stress at
the ballast sleeper interface was between 200 and 250 kPa
for an axle load of a passenger train equals to 100 kN as
shown in Fig. 7. Raymond and Buthurst [14] showed an
agreement to Shenton [13]. Lackenby et al. [18] high-
lighted that most of the triaxial testing on railroad ballast
used a value of axial stress below 750 kPa to represents the
typical stress on ballast layer.

Form the literature, most of the experimental research
works on railroad ballast using large scale triaxial test used
axial stress in this range of 200-250 kPa like [19, 22, 25, 27,
28] to represent the typical stress on ballast layer from a
passenger train. Other researchers, used a high value of axial
stress to represent a freight train like 1000 and 1250 kPa [18].

Number of the studies in the literature related to large-
scale triaxial testing of railroad ballast used an axial stress
as pure continuous sinusoidal [17-22, 25, 27, 28, 34, 36-38,
64, 65] or haversine [23, 35, 39, 66] loading to represent
train loading. The actual train loading is not a pure con-
tinuous sinusoid or haversine. Although, Li [67] recom-
mended that haversine can represents one single axle
loading only, number of loading axles cannot be repre-
sented by haversine. Train consists of number of cars. Each
car has number of axles with different spacing. Each axle
applies a vertical stress on track substructure. For better
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and accurate understanding of ballast behaviour using
large scale triaxial test, it is recommended to use a more
realistic loading application that represents train loading
including the impact loads (dynamic effects) generated
from track/vehicle irregularities.

2.5.4 Frequency of applied cyclic stress

The usual cyclic loading frequency for normal train is in the
range of 8-10 Hz, assuming an axle spacing of 2.6 m and
a train speed of 75-94 km/h [21, 37]; and for high speed
train it may extent to 30 Hz [21, 37]. From the literature
there are different ranges of the used frequencies in the
cyclic large-scale triaxial tests based on the simulated train
speed and axle spacing, besides, the equipment restraint
and capacity.

As discussed above, sinusoid loading is the most used
type of loading in the literature to represent the traffic
repeated loading. The frequency of the sinusoidal cyclic
loading is calculated by dividing the simulated train speed
by the axle spacing.

From the literature, there are number of publications
used low frequency values to represent low train speed
like 0.5 Hz [19], 1 Hz [20, 23, 28, 35], 4 Hz [21,37] and 5 Hz
[22, 38]. Key [16] and Shenton [13] used small frequen-
cies of 0.16 Hz and 0.1 Hz respectively to reduce the initial
deformation of ballast.

Other studies used high values of loading frequency
to represent high speed trains like 11 Hz [43], 20 Hz [18,
34] and 20-30 Hz [27]. There are a number of studies used
broad range of loading frequencies in large-scale triaxial
testing like 10-40 Hz [57] and 5-60 Hz [26] to study the
influence of loading frequency on the mechanical behav-
ior of railroad ballast via large scale triaxial test as dis-
cussed in Sect. 2.7.

2.6 Ballast material

Ballast aggregates are a result of crushed rocks. It is
important to know the type of the ballast parent rocks as
it affects ballast strength related properties like particle
size, shape, cleavage fracture, porosity and angularity [68].
Moreover, ballast parent rock characteristics influence the
mechanical behaviour of railroad ballast under real traffic
loadings [69, 70]. Ballast parent rock can be estimated by
petrographic analysis. Petrographic analysis is an evalua-
tion of the source, composition and nature of the hand-
sample material under microscopic vision of thin sections
of the specimen by an expert petrographer. Raymond
[71] considered petrographic analysis as an important
test in selecting ballast material and he concluded that
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Fig. 8 Railroad ballast parent rock classification by Sadeghi et al. [68]

petrographic analysis can be a valuable estimation to the
shape and porousness of railroad ballast.

Sadeghi et al. [68] classified the parent rock of ballast
aggregates into four classifications as shown in Fig. 8.
Extrusive igneous rocks (rheolite, andesite and basalt)
are the most sufficient parent rocks for railroad ballast.
Followed by metamorphic then sedimentary rocks and
finally slag as the weakest rock to be chosen for railroad
ballast. Indraratna [72] stated that the main parent rocks
that are used to derive railroad ballast are igneous or
metamorphic rocks and this why ballast morphology
usually consists of rheolite, dolomite, basalt, gneiss,
quartzite and granite minerals.

From the literature, there are various types of ballast
material used in the triaxial testing of railroad ballast.
For example, latite basalt [10, 17, 18, 25, 27, 29, 32, 34,
36, 64, 65], granite [19, 47], granite and limestone [21,
37] and limestone [23, 31, 33, 35, 39].

Nevertheless, there is low effort in the literature done
about investigating the influence of ballast material
type on the mechanical behavior of railroad ballast
via large-scale triaxial testing. A comparative study is
required to understand the influence of ballast mate-
rial type on the shear strength, volumetric change and
strain change of railroad ballast through large-scale tri-
axial test, besides, the recommendation for better mate-
rial type to be used and selected in ballasted tracks. This
has the potential to improve the performance railroad

Sedimentary Slag

Lime stone Iron Blast

1 b
Gneiss

P> Dolomite Steel

> Sandstone

> Quartz

ballast and reduce the financial requirements associ-
ated with maintenance operation.

2.7 Main findings of understanding ballast
behaviour using large-scale triaxial test

From the literature, large scale triaxial tests have been
used to understand the characteristics of railroad ballast
under triaxial loading condition like shear strength, fric-
tion angle, stress—strain behaviour and volumetric change
under triaxial loading conditions. Moreover, they have
been used to investigate the influence of other parameters
like ballast particle size, confining pressure, cyclic loading
frequency, ballast fouling and use of geotextiles on ballast
mechanical behaviour.

Ballast aggregates are narrow graded, large, angular,
free of dust and dirt, not disposed to cementing action and
derived from crushed hard rock material [73]. The Particle
Size Distribution (PSD) of railroad ballast has a significance
influence on ballast performance under real track condi-
tions. Ballast strength, deformation resistance and drain-
age properties are dependent on ballast PSD.

Ballast aggregate size gradations are commonly narrow
not broad. Broad graded ballast aggregates layer provides
shear strength and resistance to deformation with rela-
tive to narrow graded ballast aggregates layer; because of
the low void ratio and the dense arrangement of particles
[74, 75]. As observed by Indraratna et al. [10] that broad
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gradation enhanced the shear strength of railroad bal-
last due to the small particles interlocking; through their
experimental work using large-scale triaxial test under
monotonic loading condition. The authors used two par-
ticle size distributions for comparison purpose; the upper
and lower limit of Australian standards (T.S. 3402 -83,
1983) with coefficient of uniformity equals to 1.5 and 1.6
respectively.

There are number of studies in the literature that inves-
tigate the effect of PSD on the permanent deformation of
railroad ballast. Nalsund [22] concluded that broad gra-
dation results in a lower axial permeant deformation and
particle breakage. His conclusion was derived by compar-
ing the results from large-scale triaxial test under cyclic
loading condition between two different gradations; the
Norwegian railway ballast standards (EN13450, Category
E) considered as narrow gradation and the AREMA No. 4
considered as broad gradation.

Nevertheless, broad gradation provides low capacity for
fouling material to be stored and low drainage features to
the track [10] as well as challenges in material handling
and delivering due to the high chance of segregation dur-
ing construction. But narrow graded ballast aggregates
layer provides good void capacity for fouling storage,
good drainage capability of the track and easy handling
during construction as it is not exposed to segregation.

Selig [42] suggested that the perfect ballast particle
sizes are in the range of 10-50 mm with some aggregates
outside this range. However, there is no specific ballast
gradation to be used everywhere, as each railway associa-
tion has its own ballast gradation specification. However,
the most general used and recommended PSD of railroad
ballast with a particle size range almost of 10-60 mm. Ind-
raratna et al. [27] introduced a new particle size distribu-
tion that showed a lower ballast degradation and defor-
mation under high loading frequencies (20 and 30 Hz);
based on large-scale triaxial testing under cyclic loading
condition. Their proposed particle size distribution had the
following parameters: 1.8 < coefficient of uniformity < 2.0,
A=3.0-4.4 and E=0.375-0.376; where A is dimensionless
particle size distribution parameter and is and E is ellip-
soidness ratio. The authors classified the particle breakage
of railroad ballast under cyclic loading based on coefficient
of uniformity into two zones; high breakage and reduced
breakage zones. The authors observed that particle break-
age of railroad ballast can be reduced by using PSD that
has a corresponding Cu value of 1.8 and more. Sun and
Nimbalkar [76] observed through large scale triaxial test-
ing that particle breakage is influenced by relative density
of ballast in addition to PSD. The authors observed that
the higher ballast density the less particle breakage is
occurred for the same initial PSD of the samples.
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In 2017, Sun et al. [65] investigated the effect of PSD on
the permanent deformation of railroad ballast for different
PSDs. The authors suggested an optimal PSD for railroad
ballast using fuzzy mathematical analysis to accommodate
the increase of track speed and minimize particle break-
age with a median particle size of 36-41 mm, maximum
particle size of 53 mm and Cu value close to 2. Similar PSD
by Ref. [77] was also found with Cu=1.9.

There is a considered effort in the literature to study the
influence of particle size distribution from different rail-
way associations’ standards through numerical discrete
element method [78-80]. However, there is a low effort
in the literature about studying the influence of different
particle size distributions by railway associations on the
machinal behavior of railroad ballast through large-scale
triaxial test. This has the potential to select and recom-
mend the proper particle size distribution for railroad
ballast to be used worldwide instead of having a number
of different particle size distributions based on different
standards from various railway associations.

Confining pressure is considered as one of the main
parameters that influence the mechanical behavior of rail-
road ballast; however, it is usually underestimated in bal-
last track design and construction. This is because, there
is no design criteria highlights the importance of ballast
confining pressure [18]. Nevertheless, researchers used
large-scale triaxial test to understand and investigate the
influence of ballast confining pressure on its mechanical
behavior.

In 1998, Indraratna et al. [10] studied the effect of con-
fining pressure on friction angle of railroad ballast under
monotonic loading through large scale triaxial test. The
authors observed that as confining pressure increases, bal-
last friction angle decreases. The same observation was
observed for other rockfill material by Indraratna et al.
[45], Marsal [81, 82], and Charles and Watts [83]. Indraratna
et al. [10] found that after 400 kPa of confining pressure,
the influence of confining pressure on friction angle was
marginal.

Indraratna et al. [34] studied the influence of confining
pressure on the particle breakage (degradation) of bal-
last under cyclic loading. The authors divided the particle
breakage of ballast into three zones based on effective
confining pressure (o5): Dilatant Unstable Degradation
Zone (DUDZ) at 05 <30 kPa, Optimum Degradation Zone
(ODZ) at 30 kPa < 05 < 75 kPa, Compressive Stable Degrada-
tion Zone (CSDZ) at 05> 75 kPa. It was observed that at low
confining pressure ballast breakage is marginal as contact
between particles are minimum. However, as the confining
pressure increases the more ballast layer is compressive
and ballast breakage increases as contact between ballast
particles is maximum.
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Fig. 9 Effect of confining pressure on a axial strain and b volumetric change of railroad ballast at the 500,000 cycle [18]

Lackenby et al. [18] found that the degradation zones
are also dependent on the maximum deviator stress. The
authors recommended that DUDZ should be avoided for
ballast track due to the high resulted permanent defor-
mation. The authors found that ballast corner breakage
occurred mostly under low confining pressures while
splitting breakage occurred mostly under high confining
pressures. However, ballast breakage is reduced by using
an optimized confining pressure (ODZ). The authors found
that as confining pressure increases, axial strain of ballast
decreases (Fig. 9a). Ballast layer dilatancy which is unpref-
erable property to be found at ballasted track, as it influ-
ences the stability and vertical alignment of the track was
observed at low confinement pressure (less than 30 kPa)
as shown in Fig. 9b.

Briefly, there is an agreement in the literature through-
out large-triaxial testing about the significant of consider-
ing ballast confinement in the design and construction
processes. Ballast confinement has a significant impact
on reducing the vertical track settlement and raising the
stability and stiffness of the track. Indraratna et al. [34, 84]
recommended various approaches to increase the con-
finement of ballast layer like less sleeper spacings, higher
shoulder ballast, inclusion of geotextiles materials, winged
sleepers and using of periodic lateral resistant at different
zones of the track.

Large scale triaxial testing was used in the literature to
investigate the influence of cyclic loading frequency on
the degradation and deformation of railroad ballast. From
the literature, there is general agreement about the effect
of loading frequency on the permanent deformation of
railroad ballast via large scale triaxial testing; which is as
loading frequency increases, the permanent deforma-
tion of ballast particles increases. Nevertheless, this can
be reduced by optimizing PSD of ballast particles that
develops better shear resistance which results in a lower

permanent deformation of ballast particles at high loading
frequency [27].

Indraratna et al. [57] observed that corner breakage of
ballast particles occur at loading frequency in the range
of 10-20 Hz, while particle splitting of railroad ballast par-
ticles occur at loading frequency beyond 30 Hz.

Sun et al. [25, 26] introduced new classifications of
ballast particle breakage based on load frequency (f).
The authors observed that the higher the loading fre-
quency, the more breakage and permanent deformation
is occurred. This is due to the associated dynamic effects
associated with high loading frequency. The three ranges
are plastic shakedown (Range I) for f < 20 Hz, plastic shake-
down and ratcheting (Range Il) for 30 <f <50 Hz and plas-
tic collapse (Range Ill) for f > 60 Hz. Range | is acceptable to
be found in ballasted track as it produced less permanent
deformation compared to Range Il and Ill; where high pos-
sibility of track failure to occur, especially for train speed
above 220 km/h. In 2018, Sun et al. [76] studied the effect
of loading frequency and PSD on the resilience modulus
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Surface 3% 1%
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= Underlying Granular
Layer
13%
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Fig. 10 Sources of fouling material reproduced from [9]
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of ballast layer using large scale triaxial test. The authors
observed that as loading frequency increases, ballast resil-
ience modulus decreases aside from PSD effect.

Selig [42] considered the significant influence of fouling
on ballast layer when 10% or more of ballast aggregates
are fine size aggregates. Selig and Waters [9] found that
the fouling material sources for railroad ballast layer are
different as shown in Fig. 10 Sources of fouling material
reproduced from [9]. Selig and Waters [9] concluded that
breakdown of ballast has the highest contribution to bal-
last fouling in North America. However, in British railways
the biggest source to ballast fouling is external wagon
spillage and airborne dirt [9]; while in Australian railways
the coal infiltration is the main source of ballast fouling
[85].

Ballast fouling degree can be measured by fouling
index as well as it can be classified based on the fouling
index. There are various fouling indices used in the litera-
ture. Selig and Waters [9] defined the fouling index (Fl)
as the summation of the percentage of weight of fouled
material that passes through a 4.75 mm and 0.075 mm
sieves. lonescu [86] modified Selig and Waters' fouling
index to outfit used ballast material in Australia as Selig
and Waters defined their fouling index based on their
study in North America. The previous indices are based
only on the weight of fouling material. However, Feldman
and Nissen [85] introduced the Percentage Void Contami-
nation (PVC) ratio which include the variations of fouling
material’s specific gravity. PVC is the ratio of bulk fouling
material volume to the clean ballast voids volume. But The
authors did not consider the effect of particle size distri-
bution of fouling material in their ratio. Indraratna et al.
[87] introduced the Void Contaminant Index (VCI) which
include the influence of many parameters like void ratio,
specific gravity and particle size distribution of both foul-
ing material and ballast.

Qian et al. [66] studied the influence of fouled ballast
on the permanent deformation of ballast through cyclic
large-scale triaxial test. The fouled ballast layer consists of
ballast fine particles with FI=40. The authors found that

Fig. 11 Different shapes of
aperture geogrids a triaxial—
triangular and b biaxial—
square [31]

SN Applied Sciences

A SPRINGERNATURE journal

fouled ballast layer deformed by almost double value of
axial strain compared to fresh ballast layer; due to the less
contacts between large particles in fouled ballast layer.

Ngo et al. [29] studied the effect of clay fouling on bal-
last shear strength through monotonic triaxial testing. The
authors studied the effect of different clay fouling levels
(10-50% VCI) under three confining pressures (10, 30 and
60 kPa) on the shear behaviour of ballast. The authors
found that clean ballast has the highest friction angle
which decreases with the increase of clay fouling level
at the same confining pressure. The authors concluded
that fouling effect the volumetric behaviour of ballast.
The more ballast is fouled with clay particles, the more is
dilated under monotonic loading at the same confining
pressure level.

Kashani et al. [47] investigated through monotonic
large-scale triaxial test the influence of water content and
fouling degree on the mechanical behavior of railroad bal-
last. The found that as water content increases the shear
strength and elastic modulus of ballast decrease linearly
with a rate dependent on fouling degree. The authors
observed that fouling degree and water content influ-
enced the rate of particle breakage under different confin-
ing pressure; low rate of particle breakage versus confining
pressure for ballast with higher water content. The authors
concluded that under constant water content and confin-
ing pressure, the high fouling degree increase the friction
angle and strength of ballast layer. This is explained due
to the less voids and large number of contacts between
particles. The authors observe the same conclusion of Ngo
et al. [29] regarding the volumetric change, High degree
of ballast fouling, increase the dilation behavior of ballast
at constant confining pressure.

After service, the ballast layer fouled with fine broken
particles. The fouling condition decreases the performance
of ballast layer. Geosynthetics have been used as enhance-
ment element to increase the performance of ballast layer.
There are different types and shapes of geosynthetics used
to reinforce ballast layer. Form the literature, there is a con-
siderable effort of experimental research work using large

(b)
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scale triaxial test to understand the mechanical behavior
of ballast layer reinforced with geosynthetics and their
influence on the performance of the ballast layer, espe-
cially geogrids which are one of the most used geosyn-
thetics material in enhancing the performance of ballast
layer.

With regards to the role of the geogrid in enhancing
the ballast performance, there is a general agreement in
the literature about the positive influence of geogrids in
enhancing the performance of the ballast layer through
large scale triaxial testing. Qian et al. [33, 35, 88] did a
comparative study between biaxial and triaxial aperture
geogrids (Fig. 11) through large scale triaxial test. The
authors found that both aperture geogrids resulted in a
better performance of ballast layer under cyclic loading.
However, ballast layer reinforced with triaxial aperture
geogrid had lower permanent deformation compared
with ballast layer reinforced with biaxial aperture geogrids.
This is due to the high resistance of ballast particles in the
horizontal directions by triaxial aperture geogrid that
leads to lower vertical settlement.

With regards to the placement location of the geogrid
in the large scale triaxial test specimen, there are a variety
of the placement locations used in the literature. Qian et al.
[33, 35] placed the geogrid at the middle of the large scale

Fig. 12 Simulation area of box
test

triaxial test sample which corresponds to 305 mm. Mishra
etal. [31] observed through large scale triaxial testing that
the maximum shear strength of ballast layer is achieved by
using two geogrids at 254 mm from the top and bottom
of sample for both triaxial and biaxial aperture geogrids.
Similar observation was observed later by Qian et al. [88] in
large scale triaxial testing of railroad ballast reinforced with
geogrids using three configurations; one geogrid placed
at the middle of test specimen, two geogrids placed at
150 mm from the top and the bottom of test specimen and
two geogrids placed at 254 from the top and the bottom
of test specimen.

3 Large-scale box test

It is an experimental approach to simulate the real field
ballast behaviour and performance under traffic loading.
Box test is introduced in the early 1980s by Norman [89]
and Gillian [90] where small box portion of real track is
simulated by box test as illustrated by Lim [91] and shown
in Fig. 12. The main purpose of large-scale box test is to
get a rich understanding of the behaviour of railroad bal-
last under real field condition. For example, horizontal and
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vertical settlement behavior of ballast layer under and
away of the sleeper.

3.1 Large scale equipment

Although box test simulates a small portion of railway
track, it needs a non-traditional large-scale equipment to
be designed and developed. There are two main materials
used to build the box; wood [89, 90, 92] and steel [93-98].
Some researchers [91, 99, 100] used other transparent
material like Perspex sheet to be used in one side of the
steel box for better observation to the test sample during
testing.

In the literature there are various number of box tests
built and developed in a large-scale length to experimen-
tally study the mechanical behaviour of railroad ballast
under real traffic loadings. For example, box test built at
the University of Massachusetts [89, 101], box test build
by Gerald and Richard [102] as a part of collaborative
research between Queen’s University and Royal Military
College, box test developed by Selig and Waters [9], box
test build at the University of Nottingham [91, 103], box
test designed and built at the University of Wollongong
[95, 104] and box test designed and built by Al-Saoudi and
Hassan [99].

Table 3 Sample size of box tests used in the literature to under-
stand railroad ballast behaviour

3.2 Sample Size

The sample size of railroad ballast used in box test is the
size of the box. From the literature, the mostly used box
shape in the literature is rectangular prism with different
sizes as shown in Table 3. The size of the box depends on
the simulation area of the track which is specified by the
researcher based on the research resources. There are no
details in the literature about the selection standards of
box size compared to sample size used in large scale tri-
axial test. Most of the researcher used the width of the
box similar to the sleeper spacing (600-800 mm). Regard-
ing the height of the box, most researchers used the typi-
cal ballast height (300-450 mm). Other researches built
a higher box to consider the other components of track
substructure like sub ballast and sub grade. Regarding the
length of the box, there is a variety of box’s lengths used in
the literature; further investigation is required to study the
influence of box'’s length on the result accuracy.

3.3 Loading condition

As discussed above, track substructure is exposed to dif-
ferent types of loading; static, cyclic and impact loadings.
From the literature, most of the studies related to railroad
ballast testing through box test applies a pure continuous
loading (cyclic loading) with certain frequency as shown
in Table 4. The magnitude of the sinusoidal loading repre-
sents the axle/wheel load and the frequency represents

Material References the train speed. There are few studies applies a constant
lateral pressure that represents the self-confinement of
1000 x 800x 600 [93] . f
800X 600X 650 [95-98] ballast in the field through box test as shown in Table 4.
Alabbasi [105] studied the influence of simulated train
800 x600x 600 [94, 104, 106] . . . .
200X 300X 450 [91.100,113] loading on the mechanical behavior of railroad ballast
600X 300450 [995 ' using Discrete Element Modelling (DEM) through box
test. The author studied the mechanical behavior under
400x200x 300 [107] X . . L. .
300%600% 475 [9, 89, 90, 92] sinusoidal loading and a more realistic simulated train
T loading utilizing the Beam on Elastic Foundation (BOEF)
Table.4. Applied loading Vertical load Lateral pressure  References
conditions in box test for
railroad ballast Magnitude Frequency
Sinusoidal load of with magnitude 16.1 kN 6 Hz - [93]
Sinusoidal load with magnitude of 73 and 88 kN 15Hz - [104]
Sinusoidal load with magnitude of 73 kN 15 7 and 10 kPa [106]
Sinusoidal load with magnitude of 40 kN 3Hz - [100]
Sinusoidal load with magnitude of 477 kPa 15 7 and 10 kPa [94]
Sinusoidal load with magnitude of 10, 20, 25,30 and 40 kN 3 Hz - [99]
Sinusoidal load with magnitude of 200 kPa and 300 4 Hz - [107]
Sinusoidal load with magnitude of 225 kN 20 Hz 10 kPa [95-98]
Sinusoidal load with magnitude of 260 kN 10Hz - [108]
Sinusoidal load with magnitude of 30 kN 3Hz - [113]
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theory via DEM. However, further experimental investiga-
tions are required to understand the mechanical behavior
of railroad ballast under a more realistic train loading.

Nevertheless, the actual train loading is not a pure con-
tinuous sinusoid. The train consists of a number of cars.
Each car has typically four axles with different spacing.
Each axle exerts a load on ballast layer. The loading from
the train is not a pure sinusoidal and depends on differ-
ent parameters. For instance, car length, car weight, axle
spacing and time between passing trains. Therefore, it is
significant to test the ballast behavior through box test
under a more realistic train loading including the impact
loads (dynamic effects) generated from track/vehicle irreg-
ularities for better representation of field conditions and
results accuracy.

3.4 Ballast material

As discussed above Sect. 2.6 that ballast aggregates are a
result of crushed rocks, which is known as parent rocks. It
is significant to know the type and properties of the ballast
parent rocks which influences the ballast properties. There
are different types of ballast parent rocks as described pre-
viously. The most used parent rock for railroad ballast is
extrusive igneous rocks followed by metamorphic then
sedimentary rocks.

From the literature, there are various types of ballast
material used in the box testing of railroad ballast. For
example, latite basalt [94-98, 104, 106], granite [91, 100],
granodiorite [91, 107], dolomite [9] limestone [102], and
quartzite [108].

From the literature, there is low effort of research done
in studying and understanding the influence of ballast
material type on the mechanical behavior via box test. It
is significant to do a comparative study through box test
for different ballast materials to understand the influence
of ballast material type on the mechanical behavior (e.g.
settlement and particle breakage). This leads to better
material type to be implemented in ballasted tracks which
has the future potential to decrease the requirements of
periodical maintenance operation.

3.5 Main findings of understanding ballast
behavior using box test

From the literature, large scale box tests have been used to
understand the mechanical behaviour of railroad ballast
under a more realistic and closer to field condition, where
a box of track is simulated. Most of the studies related to
large scale box testing of ballast was used to understand
the deformation, degradation and displacement behav-
iours of railroad ballast with considering the effect of foul-
ing and reinforcement materials.

Fig. 13 Wooden box apparatus designed and built at the University
of Massachusetts [92]

In 1982, Norman [89] introduced box test as a labora-
tory approach to study the mechanical behaviour of rail-
road ballast under simulated traffic loadings. The author
designed and built a small wooden box test with steel
angle reinforcement at the University of Massachusetts
(Fig. 13). Crushed trap rock was used for ballast material.
Ballast confinement was simulated by using different types
and arrangements of rubber linings. The box was relatively
small. The purpose of the test was to understand the hori-
zontal ballast stresses developed under cyclic loadings.
In 1996, a new different box test is built at the same uni-
versity (University of Massachusetts) by Ref. [101]. It has
the same dimension of the previous one, but it was built
with different material using metal sheets and welded iron
angles as a reinforcement. Their purpose was to study the
mechanical behaviour of fouled railroad ballast under
large number of cyclic loading.

Selig and Waters [9] studied the effect of traffic loading
on ballast horizontal stress as shown in Fig. 14. This was
done by using number of horizontal sensors attached on
the lateral walls of the box. The authors observed by using
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Fig. 14 Effect of repeated load on horizontal stress in box test [9]

a dye on ballast particles that particle breakage is mostly
occurred under the sleeper.

Anderson and Key [93] built a large scale box model
consists of steel box and reinforced concrete sleeper
restrained by two arms (Fig. 15). The sinusoidal cyclic
loading was applied on the sleeper by a hydraulic ram.
The purpose of their model is to evaluate the mechani-
cal behaviour of two ballast layer bed after stoneblowing
maintenance approach under repeated loading. Where
two ballast layers are created from stoneblowing. The first
layer is the original dense ballast and the second layer is
the newly added particles by stoneblower. The authors
found that stoneblowing maintenance method is better
than tamping as it improves ballast performance under
cyclic loading.

Most of the previous box tests were not considered
the effect of ballast self-confinement. Indraratna and
lonescu [104] built a large scale box apparatus with mov-
able sides to simulate the triaxial condition applied on

Fig. 15 Large scale box equip-

ballast layer in the real track caused by the traffic load-
ing and adjacent ballast confinement. The authors called
their model as large prismoidal triaxial apparatus. The
authors used hydraulic actuator for the application of
normal stress and two hydraulic jacks for the application
of lateral stress as shown in Fig. 16. The authors studied
the influence of cyclic loading on ballast and capping
settlement in the long and short directions of sleeper as
shown in Fig. 17. The authors concluded that more than
60% of the total settlement was from ballast layer defor-
mation under cyclic loading. Salim [106] used the same
equipment to study the deformation and degradation
of fresh and recycled ballast under cyclic loading. The
authors showed experimentally the significance of using
three types of geosynthetics (geogrid, geocomposite
and woven-geotextile) as reinforcement for recycled bal-
last. The authors observed that recycled ballast exposed
more to particle breakage than fresh ballast under cyclic
loading. The authors concluded that all geosynthetics
decreased the amount of particle breakage. The authors
found that geocomposite is a recommended geosyn-
thetics material to be used in wet conditions compared
to others. Because it positively influenced the settlement
performance of recycled ballast behaviour under wet
condition more than others.

Indraratna and Nimbalkar [94] used the same appa-
ratus to study the influence of using geosynthetics
reinforcement on ballast deformation and degrada-
tion behaviours. The authors found that biaxial geogrid
reduced ballast degradation and deformation com-
pared to geotextile membrane, which was explained by
the authors that this is due to the strong interlocking
between ballast and geogrid. In 2014, the same appara-
tus was used to investigate the mechanical behaviour of
sub ballast reinforced with geocells by Indraratna et al.
[109] and Ngo Ngoc et al. [110] under different confining
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Fig. 16 Triaxial box test
apparatus designed and built
at University of Wollongong by
Indraratna and lonescu [104]
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Fig. 17 Settlement of ballast and capping layers across and along
the sleeper [104]

pressures and cyclic loading frequencies. The authors
observed a reduction in the vertical settlement (by
almost 12-25%) and volumetric strain of sub ballast layer
due to the offered confinement by geocells, especially
at low confinement (less than 15 kPa) and high cyclic
loading frequency (more than 20 Hz). The authors found
that the usage of geocell reinforcement for sub ballast
increases the allowable train speed by almost 5-25%.
Indraratna et al. [95] modified the large prismoidal tri-
axial apparatus to study lateral displacement of ballast
layers with and without geogrid. The authors called their
modified model as process simulation test apparatus.

150

|

T

|
300

150

|| S

Linear bearings system

Their modification included the introduction of five mov-
able plates at one side of the box as shown in Fig. 18.
Other studies [96, 97] used this apparatus to study the
influence of geogrid reinforcement on ballast lateral set-
tlement. The authors showed the significance of using
geogrid in reducing ballast lateral settlement.

Lim [91] and McDowell et al. [111] designed a box test
by which ballast degradation and deformation can be visu-
alized during the test. The box was built as a steel case
with one side (longer side) as reinforced Perspex (trans-
parent material) as shown in Fig. 19. Lim [91] did the test
for six different ballast material that matched to Railtrack
Line Specification (RT/CE/S/006 Issue 3,2000). The authors
observed that particle breakage occurred mostly beneath
the sleeper under cyclic loading.

Several researchers in the literature used large scale
box test to investigate the different reinforcement tech-
niques that are used to enhance the performance of
ballast layer under repetitive loading. McDowell and
Stickley [100] used the same apparatus of Lim [91] and
McDowell et al. [111] to investigate the behaviour of
railroad ballast with geogrid reinforcement. The authors
found that the size of geogrid aperture effect the behav-
iour of railroad ballast under cyclic loading. Sol-Sanchez
et al. [107] used the box test to show the advantage of
mixing rubber crumb resulted from used tires with bal-
last by different volume percentages (5%,10%,20% and
30%) in developing ballast performance under cyclic
loading (Fig. 20). The authors found that rubber crumb
influenced ballast vertical settlement, vertical stiffness,
energy dissipation and particle breakage. The authors
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East wall of the existing apparatus
that has been modified Five independently movable plates
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Server controlled actuators
connected to the modified wall

Fig. 18 Modified triaxial box apparatus a the modified side wall, b arrangement of five movable plate, ¢ setup of actuators used to apply
confinement on the five plates and d top view of the apparatus [95]

Fig. 19 Box test set-up a top
view and b side view [91]

recommended that optimum volume of rubber crumb  of rubber crumb > 10% of ballast volume enhanced the
should be 10% of ballast volume, where ballast verti-  vertical stiffness and reduced particle breakage of bal-
cal displacement and energy dissipation is minimum. last layer. However, large volume percentages of rub-
The authors observed that large volume percentages  ber crumb increased vertical displacement and energy
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Fig. 20 Different percentages
of rubber crumb mixed with
ballast and large scale box test
setup [107, 133]

5%

Fig.21 Completely reinforced ballast layer with rigid polyurethane
foam [108]

dissipation of ballast layer. Du Plooy and Grabe [108]
showed by number of box tests the advantages of rein-
forcing ballast with rigid polyurethane foam as shown in
Fig. 21. The authors studied the influence of reinforce-
ment volume percentages (0%, 50% and 100%) on bal-
last settlement behaviour. The authors concluded that
rigid polyurethane foam reinforcement reduced ballast
layer settlement significantly.

4 Conclusion

Ballasted railway tracks have been used intensively around
the world. Ballast is the basic component of a ballasted track.
Ballast layer deforms and degrades under repetitive traffic
loading. Therefore, periodical maintenance of the ballast

SN Applied Sciences

A SPRINGERNATURE journal



Review Paper

SN Applied Sciences (2019) 1:1592 | https://doi.org/10.1007/s42452-019-1459-3

layer is required which is costly and time-consuming activ-
ity. This raises the research interest in the literature about
understanding ballast mechanical behaviour for better bal-
last layer design and efficient periodical maintenance. From
the literature, large scale experimental testing has been used
intensively to understand the mechanical behavior of rail-
road ballast, more frequently through the large scale triaxial
and box tests. This paper reviewed the state of art of the
literature on the large scale triaxial and box tests that are
used to evaluate and understand the mechanical behaviour
of railroad ballast. The paper presented a review on the key
findings about understanding ballast behaviour from both
tests and the necessity for future work.

Large scale triaxial test is used to develop the understand-
ing ballast mechanical properties like shear strength, angle
of friction, shear stress—strain behaviour and volumetric
change behavior under a triaxial conditions. Box test is used
to get a rich understanding about the behaviour of ballast
under a more realistic field situation like vertical displace-
ment of the fresh and fouled ballast under and away from
the sleeper. Both tests provide a rich understanding of bal-
last mechanical behavior and are considered as the most
representative to real field scenario.

Further investigations are required to investigate the
influence of ballast material type on the mechanical behav-
ior of railroad ballast through large scale triaxial and box
tests for better ballast material selection and efficient main-
tenance. Moreover, it is recommended to use a more realistic
loading application that represents train loading including
the dynamic effects instead of pure continuous sinusoidal
or haversine, for better and accurate understanding of bal-
last behaviour using large scale triaxial and box tests. Fur-
ther research work is required to investigate the mechanical
behaviour under impact loads via large scale triaxle and box
tests. Furthermore, further large-scale experimental investi-
gations are required to optimize the long term behavior of
railroad ballast like system optimization of ballast grading
and energy absorbing foundation.
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