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Abstract

Higher speed, more freight and frequent maintenance increase ballast degradation and reduce the
ballast lifespan. To reduce ballast degradation, crumb rubber used as buffering aggregates in ballast
bed is relatively unexplored and needs more studies, because using it has the advantage of reusing
the waster rubber and absorbing the noises. The effects of crumb rubber (CR) size and percentage on
ballast degradation reduction is studied in this paper, and the optimal CR size and percentage are
proposed. Three CR size ranges are utilised, i.e., 3~5 mm, 10~15 mm and 20~25 mm, and the
percentages are 0, 10, 20 and 30% by weight. Three kinds of ballast material with two size ranges are
utilised. The deteriorated ballast particles were generated using Los Angeles Abrasion (LAA) tests,
and the ballast degradation was evaluated with the 3D image analysis. The results indicate that
ballast abrasion can be alleviated by adding the CR, while the CR has few influences on the ballast
breakage. When CR size is close to ballast particle size, the effects of degradation reduction are not
obvious. The corner and edge loss are the main types of ballast abrasion, although different ballast
materials significantly influence the abrasion type and degree. Most importantly, the image analysis
method is proved to have the ability to present ballast degradation process and has great potential
for further degradation-related studies.

Key words: Los Angeles Abrasion test; Three-dimensional image analysis; Ballast degradation; Crumb
rubber

1 Introduction

Ballast track plays a significant role in the transportation infrastructure, and it is widely used
worldwide. As the main part of ballast track, the ballast bed helps to transmit and distribute wheel
loadings and vibrations from sleepers to the subgrade, providing water drainage, sufficient lateral
and longitudinal resistance, suitable resiliency and energy dissipation [1]. Although it is required in all
the standards from different countries that the materials for ballast should be hard, durable, and
unweathered, the ballast bed still deteriorates due to ballast breakage and abrasion/wear, inducing
the unacceptable track deformation, frequent tamping and finally ballast renewal [2].

To prolong the ballast service life, researchers have developed ample practical application of new
materials in ballast track in recent decades, such as under sleeper pads (USP), geogrid, and
polyurethane. Among them, the most favourite method is the USP. It reduces the ballast degradation
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by softening the sleeper-ballast interface, increasing the contact areas and the number of load-
bearing sleepers, and then diminishing the pressures to ballast [3-5]. Another method, the geogrid is
also widely used in the fresh and foul ballast to increase the shear strength and apparent angle of
shearing resistance [6], and it can restrict lateral displacement of ballast, reduce settlement as well
as minimise ballast degradation [7]. Bonding the ballast particles with polyurethane is popular due to
the effects of improving the strength and resiliency of the ballast bed and reducing permanent track
settlement, especially in some special areas (e.g. transition zones) [8, 9]. However, high costs are the
main limitation to the USP and the polyurethane, while the geogrid application is limited by the
construction and maintenance tasks, e.g. the tamping operation.

Towards these limitations, the reuse of waste rubber in ballast bed is proposed as a solution, but few
studies on this have been performed. This topic is necessary and worthwhile to study because it can
reduce the ballast degradation [10, 11], absorb noises [12-14] and dispose waste rubber (low costs).
However, due to the limited numbers of research, the studies did not always reach the same
conclusion. For instance, reducing the ballast degradation was proved in [10, 11], nevertheless, the
two studies reported different results on the optimal percentage of the CR. Both of them proposed
10% is the optimal percentage. Interestingly, the percentage is by volume in [10], whereas in [11] the
percentage is by weight.

Besides the optimal percentage, another research gap is the effects of the CR size on the ballast
degradation reduction. Some of earlier studies utilised the same Particle Size Distribution (PSD) as
the ballast [11, 15], while most of the other studies utilised smaller rubber sizes under 20 mm [10, 12,
16]. Even though the studies proved the addition of the CR can reduce ballast degradation and
absorb the vibration, the results can be more reliable and useful when the rubber size is confirmed.
Because the studies of sand-rubber mixture behaviour in [17] showed clear size effects of the CR on
the mechanical behaviour of the mixture. In addition, the mixture can influence the degradation
process. However, research on the degradation reduction of ballast-rubber mixture (size effects) is
still relatively unexplored until now.

In response to these research gaps, this paper aims to study the effects of mixing the CR with ballast
particles on the ballast degradation reduction. To achieve the aim, a set of LAA tests were performed
on three kinds of ballast (materials) mixed with a different amount of the CR (i.e., 0, 10, 20 and 30%
by weight). Additionally, the CR sizes used in this study are 3~5 mm, 10~15 mm and 20~25 mm. The
LAA test was utilised to produce impacts to the ballast for accelerating ballast degradation artificially,
and then the ballast degradation is evaluated by analysing the 3D particle images. The image analysis
is applied in this study, because earlier methods (based on sieving) may not sufficiently quantify the
ballast degradation.

Therefore, this paper focuses on using image analysis method to quantify the ballast degradation
(three kinds of material) mixed with various percentage and size of the CR, with the LAA test to
provide artificial impact to the mixes. The high-precision laser scanner is used to obtain the three-
dimensional (3D) images of ballast particles at different drum turns. Based on the images, the change
of the initial and final morphology can be calculated. Subsequently, the ballast degradation can be
guantified. These results can indicate using the CR is an effective method to attentive ballast
degradation, providing a lead application of waste rubber for railway engineering.

2 Materials and methods

2.1 Material properties

As shown in Figure 1, the ballast materials used in the present tests are from three primary rocks (i.e.
granite, sandstone, volcanic) from Qian’an, Tai'an and Lulong, respectively. The material can be
described as uniformly graded, hard gravel. Their physical properties are estimated with the Chinese



standard and British standard [18, 19], which concludes that the materials are suitable utilised as
railway ballast. The basic characterisations of the ballast materials are given in Table A.1. The CR used
for the test is a scrap railway product (i.e. rail pad), free of steel wires provided by Zhejiang Tiantie
Industry. Its elastic modulus is 8 MPa. All the ballast and rubber particles were washed, dried, and
cooled at room temperature before testing.

The ballast and rubber particles were sieved and selected to obtain the desired size ranges for the
tests. The samples subjected to the LAA tests were the mixtures of ballast and CR particles. Two size
ranges of ballast particles are 30~35 mm and 40~45 mm, mixed with one size range of the CR. Three
size ranges of the CR were used, which are 3~5 mm, 10~15 mm and 20~25 mm. The CR percentages
are 0, 10, 20, 30%.

The CR size and shape selection criterion is according to the following aspects: (1) the CR size should
be smaller than the ballast particles due to larger CR has less influences. In other words, when the
rubber particle size exceeds 25 mm, the effects on ballast degradation reduction is not obvious.
More importantly, when the CR size is too big, the ballast interactions are weakened by reducing
ballast interactions, which leads to more settlement in the real track. (2) Two CR particle forms
(irregular and cuboid) are respectively mixed with ballast particles, and the LAA tests were
performed on them. Their LAA loss results are approximately the same, thus, the easily obtained
form (cuboid) is chosen in this study. (3) The CR percentage selection is according to the references
[10, 11], furthermore, it is also considered that when the percentage is over 30%, all the ballast voids
are jammed. Consequently, the maximum percentage is selected at 30%. Afterwards, reducing the
percentage by 10% can have the three recognizable result differences. Particularly, when the
percentage differences are too small, the result differences are extremely hard to distinguish due to
the irregular characteristics (morphology, inside crack) of ballast particles.

L
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Granite Sandstone Volcanic

Figure 1 Ballast and crumb rubber particles



2.2 Method description
The LAA tests are combined with the laser scanning to compare the effects of various CR sizes and
percentages on the degradation reduction of ballast particles. The test flow chart is shown in Figure 2.

A. Scan, dye, and mark ballast particles B. Mix ballast with crumb rubber

Dyed ballast particles 3D ballast images Three rubber sizes Four kinds of mass perEentage

Lase scanning
D. Image analysis C. LAA test at various turns

N,

) e

Sharp
corner

ya
\l’

Original ballast Ballast image Degradation .
image after 1000 turns illustration LAA Test machine Inside of drum at 1000 turns  Sieving after test

Figure 2 Test flow chart (the image of laser scanning is reproduced from [20])

The first step includes scanning, dyeing and marking the ballast particles. With laser scanning, the
initial geometries of the ballast particles are recorded by their 3D images. Dyeing is coating the
ballast particles in ink and this means has been successfully applied in plenty of studies, e.g. [21, 22].
Marking is to number the ballast particles. Afterwards, five scanned/dyed/marked ballast particles
together with the other ballast particles are homogeneously mixed with the CR at the designated
percentage. The LAA tests are performed on the CR-ballast mixtures with various drum turns (i.e.
1000, 2000). After that, the samples are sieved and weighed, and the five scanned/dyed/marked
ballast particles in each sample are sought out and performed the second time laser scanning. Finally,
the image analysis is implemented with the 3D images.

2.2.1 Laser scanning

The FreeScan X5 laser scanner is a portable handheld 3D laser scanner, and its parameters are given
in Table 1. It has been optimised to satisfy the need of flexible and convenient scanning ballast
particles at high accuracy and stability. The reason for choosing this laser scanner is that it is efficient
to obtain 3D ballast images by scanning many particles at the same time (Figure 2A). The single shot
accuracy describes the error of one shot is within a value. The volume precision presents the
cumulative error when measuring large objects. The resolution describes the shortest distance
between two scanned points that can be captured. The scan depth is the largest vertical distance
that can be captured by the scanner.

Table 1 FreeScan X5 laser scanner properties

Property FreeScan X5
Weight 0.95 kg
'?L'T‘\J,’\}SLOS)S 130 x 90 x 310 mm
Single shot accuracy 0.035 mm
Volume precision 0.02 mm +0.08 mm/m
Resolution 0.1 mm
Scan speed 350,000 scan/s
Scan range 100~8000 mm
Working distance 300 mm
Scan depth 250 mm
Light source 10-line laser ray




The scanning operation was performed on some certain ballast particles before LAA tests. Limited
numbers of ballast particles were scanned instead of the whole sample because the scanning
operation and 3D image processing cost large amounts of time. Towards this issue, five typical ballast
particles for one sample (49 samples in total) were selected for scanning, and the five selected
particles are almost the same size but with different shapes (i.e. four cubic and one non-cubic), as
shown in Figure 3A.

A. Five selected ballast B. After dyeing and C. After LAA test
particles in one sample marking numbers (1000 drum turns)

---3Rimage.....

4.5166

3.8080

3.0993

2.3906

1.6819

0.9733

0.2646
.

D. Image analysis method
Figure 3 Five selected ballast particles in one sample and the image analysis method

The scanned ballast particles were marked and dyed (Figure 3B), in order to distinguish them after
1000 drum turns. After seeking them out, they were washed, dried and scanned again (Figure 3C).
The same procedure was performed again on the scanned ballast particles, including the dyeing,
marking, LAA test (1000 drum turns) and laser scanning. That is for analysing the ballast degradation
degree at different degradation stages. The 3D images of one particle were compared to quantify the
degradation using the image analysis method, which will be introduced in the Section Image analysis
method.

222 LAAtest

The LAA test is utilised in this study to generate artificial impacts on the ballast particles. The LAA test
is a classic method to measure resistance to toughness reduction or a breakage tendency of coarse
aggregate and the most widely used for aggregate qualification throughout the world. In the LAA test,
the mixture together with 12 steel balls is put into the LAA test drum. The rubber and ballast are
homogeneously mixed before putting into the drum. In Figure 2C, it shows 12 steel balls and drum
used for LAA test, and the drum is with the inside diameter at 71 cm and rotates around the
horizontal axis (30~33 rpm). The test configuration and machine meet the requirement of the British
Standard and Chinese standard [18, 19].

Regarding the methods to generate deteriorated ballast, several laboratory tests can be utilised, such
as micro-Deval abrasion test, ballast box test, as well as LAA test [23]. The LAA test is chosen in this
study because it can rapidly deteriorate ballast particles and have advantages over the other two. In
the LAA test, the ballast particles deteriorate rapidly, due to not only the attrition between rock
particles but also the impacts from steel balls [24]. As concluded in [24], the LAA test is better than
micro-Deval abrasion test to simulate the real material breakdown. Moreover, when tamping is
considered in ballast box tests, the LAA test results correlate well with the ballast box results [25-27].



Using the LAA machine for generating ballast degradation in this study has other reasons as well.

e Itis easier to control the degradation degree (by drum turns) in the laboratory tests than the
in-site tests. Additionally, the LAA test is easier to crush ballast particles than other
experimental tests, e.g., the micro-Deval test.

e A steel shelf in the drum and towards the axis is used for lifting and dropping the ballast
sample and steel balls, which produces the impacts.

* With the drum rotating, the wear and abrasion can be treated as the loading.

e It is much faster to obtain the deteriorated ballast particles than from the operating line,
which mostly needs years.

The LAA test was performed after laser scanning the certain ballast particles, and two times were
performed on the same sample with the drum turns of each time at 1000. After every 1000 turns, the
LAA loss is calculated with Equation 1. In the equation, M is the initial weight of tested ballast
particles, and the M is the weight of the tested ballast particles after the LAA test, which cannot pass
the 1.6 mm sieve. It needs to note that a sample was performed the LAA test without steel balls to
check the effects of steel balls on the ballast degradation. Because the impacts from steel balls may
dominate the degradation by crushing the ballast particles.

Equation1 LA=100 (M,-M,)/M,

Traditionally, the LAA test uses results from sieving for material quality evaluation or degradation
evaluation. The material quality is evaluated with the LAA loss (Equation 1), which is the mass
percentage that passes the 1.6 mm sieve compared to the original mass. The LAA loss can present
the size reduction due to impacts and attrition as concluded in [28]. Regarding the degradation
evaluation, almost all the methods are based on the particle size distribution (PSD). The PSD is a
curve presenting the mass percentage that could pass some certain sieve sizes.

However, it may not be accurate to evaluate the ballast degradation with the sieving methods,
because sieving does not essentially measure the size of any of the particles in the sample [28]. It
only presents the smallest particle projection that can pass the sieve mesh. The results are influenced
by particle shape and rely on the sieving duration in most cases [29]. Therefore, sieving is not an
accurate method for measuring how much the particles reduce in size or shape due to the LAA test.
In other words, it is not sufficient to evaluate ballast degradation.

2.2.3 Image analysis method

Ballast degradation has two types, abrasion and breakage. The method proposed in [30] is used for
abrasion analysis in this study, while the breakage is evaluated with a modified 3D image analysis
method.

Because of higher accuracy, the image analysis method was chosen in this study to evaluate ballast
degradation, and the ability to evaluate degradation has been verified in plenty of studies [23, 30, 31].
Ballast degradation is evaluated by quantifying the changes of the particle morphology. The particle
morphology is quantified with the particle geometrical properties (e.g. volume, surface area, three
axial lengths), and the geometrical properties are calculated by analysing the particle images.

Initially, 2D images are used for particle morphology evaluation [32, 33], and with the technical tools
developing, the 3D image can be obtained and analysed for more accurate morphology evaluation
[34]. With the particle morphology evaluation, ballast degradation can be quantified by comparing
the morphology and calculating the morphology changes during degradation. For example, the
change of a morphological index (Flat and elongated ratio) was used for degradation evaluation in
[23]. The index is calculated with the three axial lengths of the particle, and the lengths are obtained



by analysing one particle’s three images, which are taken with three cameras at orthogonal views, as
shown in Figure 4.

—————————————————————

__________________

...............................

: Xmax
b. The smallest rectangular box

a. Three orthogonal views of a particle

Figure 4 Each view of the 3 cameras for one particle (front, top, and side) and the box (framework) for
dimension determination (figure reproduced from [35])

However, there exist limitations when using the earlier image analysis methods. One limitation is
using 2D images is not accurate for morphology evaluation. For example, the particle volume (a
morphological index) is calculated with errors. As reported in [36], the average absolute error is at
11.5%. To reduce the error, it needs to use large amounts of 2D images for one particle [37], which is
quite time-consuming. Most importantly, the volume loss is utilised as an important index to quantify
ballast degradation in this study [30].

Another limitation is that the types of ballast breakage cannot be confirmed. It is significant to
confirm that because the breakage types have great influences on the change of the PSD, and further
influence the performance of ballast bed. The PSD change or checking the particles under some
certain size were utilised in most studies to quantify ballast breakage. Even though with the image
analysis the PSD can be measured more accurately, the breakage types can still not be confirmed.

Towards these limitations, 3D images are analysed to evaluate ballast abrasion in this study, and a
modified 3D image analysis method is utilised for ballast breakage. Analysing 3D images is accurate
to calculate the particle volume. As reported in [38], the error can be within 0.1%. The image analysis
method used in [30] can identify the ballast breakage, calculating the number percentage of broken
ballast particles. The new method is to modify it to obtain ballast breakage types.

Specifically, as shown in Figure 5, an example of a ballast breakage type is illustrated. After the LAA
test, the scanned ballast particles are easy to find out, and they are compared with their initial
images to match, according to the remained colour and marked numbers. Afterwards, the ballast
breakage type can be easily confirmed, and the ballast abrasion can be analysed with the Abrasion
Depth [30].

A. Particle image B. Particle image C. Ballast Particle
before LAA test after LAA test after LAA test

Figure 5 Example of ballast breakage type



The Abrasion Depth is the image analysis method (Figure 3D) that calculates the distances of two
images after alignment. In the figure, it can be observed the values (unit, mm) on the right side are
corresponding to the distances according to colours. Two types of Abrasion Depth were proposed,
the Maximum Abrasion Depth (MAD) and the Average Abrasion Depth (AAD). The MAD is the largest
distance between the two images, and the AAD is the average of all the distances. More explanations
can be found in [30].

The new method for ballast breakage quantification is based on the total surface area change. After a
ballast particle crushes into two or more pieces, its total surface area increases. The ratio of the total
surface area change to the product of intermediate and shortest dimensions is defined as the
breakage index (Bl), as shown in Equation 2. In the equation, A: is the total surface area after
breakage, and A; is the surface area before breakage; b is the intermediate dimension of the particle,
and c is the shortest dimension (Figure 4).

Equation2 Bl =(A -A,)/(b c)

3 Results and discussion

3.1 LAA loss results

3.1.1 Crumb rubber size and percentage

The LAA loss results of different CR size ranges (i.e. 3~5/10~15/20~25 mm) and percentages (i.e.
0/10/20/30%) are given in Appendix A (Table A.2). Based on the table, the results are compared and
illustrated in Figure 6. The ballast material is volcanic and the size is 40~45 mm in Figure 6 A~F.

From Figure 6 A/B/C, it can be observed that the LAA loss decreases with the increasing CR
percentage. For the CR size at 3~5 mm, the LAA loss of the percentage 10% is almost the same as
20%, while 30% has the lowest LAA loss. For the CR size at 10~15 and 20~25 mm, increasing CR
percentage over 10% (i.e. 20%, 30%) does not have a significant effect on the LAA loss reduction,
especially the drum turns from 1000 to 2000.

In Figure 6 D/E/F, the CR size at 3~5 mm has the lowest LAA loss, while the 20~25 mm has the
highest value. This discipline can also be observed in Figure 6G, and this figure also demonstrates the
LAA loss after the second 1000 drum turns is lower than that of the first 1000 turns. It needs to note
that from the results of different drum turns, the degradation of different stages (i.e. first and second
1000 drum turns) can be seen. When it comes to Figure 6 H&I, the degradation at the two stages of
some lines shows a different trend, which is that the second stage has higher LAA loss than the first.
That is for the reason that the ballast material illustrated in the two figures (granite) is easier to crush
than the volcanic. The breaking conditions of the two materials were observed during the LAA tests.
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Figure 6 Los Angeles Abrasion test results concerning crumb rubber size and percentage

According to Figure 6 G/H/I, it can be seen that either each range at 10% or the 30% 3~5 mm CR has
the lowest LAA loss. The each rang at 10% is the mixture of 10% 3~5 mm, 10% 10~15 mm and 10%
20~25 mm CR. Also, after comparing Figure 6G with Figure 6H, it can be observed that for the
difficult breakage material (volcanic), the 3~5 mm CR is better at reducing the LAA loss, while for the
granite (easily broken), the mixture of CR has a slightly better performance. However, when the
ballast particles are at the size range of 40~45, the 30% 3~5 mm CR has lower LAA loss than the other
three (Figure 61). That means the CR size should be different for different ballast materials and sizes.

Figure 6 J&K illustrate how the mixtures of different CR sizes influence the ballast degradation. In
Figure 6J, the mixture of 10% 3~5% mm and 10% 10~15 mm CR has approximately the same LAA loss



with the 20% 3~5 mm, but much lower than the 20% 10~15 mm after first 1000 drum turns. This
discipline can also be observed in Figure 6K, specifically, the 10% 3~5 mm, the mixture (10% 3~5 mm
and 10% 10~15 mm) and the mixture of each range at 10% have almost the same LAA loss after first
1000 drum turns. However, after the second 1000 drum turns, the two mixtures reduce the LAA loss
much more than the 10% 3~5 mm. Moreover, the mixture of 10% 3~5 mm and 10% 10~15 mm has
slightly higher LAA loss than that of each range at 10%. That is due to at the first 1000 drum turns,
the 10% 3~5 mm plays the significant role of reducing the LAA loss while adding the other two size
ranges (10~15, 20~25 mm) can reduce the value dramatically during the second 1000 drum turns,
especially the 10% 10~15 mm.

From the results, the CR size and percentage should be different for various situations. Although
adding more CR can reduce more LAA loss, however, when the percentage is over 10%, the LAA loss
reduction is not obvious. Moreover, the CR size at 3~5 mm reduces the LAA loss most compared with
the other two (i.e. 10~15, 20~25 mm). However, sometimes the CR mixture with different sizes has
better performance for some certain ballast particle sizes and materials. Therefore, the following
section is focusing on the ballast materials and sizes.

3.1.2 Ballast material and size, steel balls

Three kinds of ballast material were used in this study, and each of them has two particle size ranges
(i.e. 30~35, 40~45 mm). As shown in Figure 7 A/B/C, the effects of the CR on different ballast sizes
are different (after 2000 drum turns). From the figures, it can be observed that the large size ballast
particles have a lower LAA loss. Additionally, with the CR percentage increasing, the LAA loss
reduction of 30~35 mm is more obvious than that of 40~45 mm.
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Figure 7 Los Angeles Abrasion test results concerning ballast size, material and steel balls

In Figure 7D, it can be observed that the sandstone and volcanic LAA loss of the first 2000 drum turns
is higher than that of the second 1000 drum turns, while the granite is opposite. The mixed CR is each
range at 10%, 30% in total. However, in Figure 7E, this trend cannot be observed. That is due to the
CR size has great influences on the ballast degradation, the 30% 3~5 mm CR has better performance
than the other two sizes.



In most of the LAA tests, the granite was easy to crush during the LAA tests, while the other two were
not. Because most of the ballast particles lost the easily-lost parts (weak points, e.g. sharp corner,
edge) during the tests [30], and breakage will produce new sharp corners and edges. Most
importantly, different breakage types have significant influences on the numbers of weak points.
Because of that, the particle breakage type will be analysed in details in Section 3.2.4, Breakage
analysis.

The steel balls were considered in this study as a variable. Due to the steel balls, the LAA test is more
prone to crush particles than the other tests (e.g. micro-Deval test). From Figure 7E, it can be
observed that without steel balls, the LAA loss is much lower. The LAA test is more prone to abrade
and crush ballast and the contribution from the steel balls is quite nonnegligible. For example, the
steel balls are utilised in the micro-Deval test as well, but it rarely crushes ballast particles. More
importantly, during the drum rotates, the broken particles have more sharp corners and edges,
which are easy to lose weight (abrasion). In addition, ballast breakage produces more pieces of
ballast particles, which provide more contacts not only between the ballast particles themselves but
also between the drum/steel balls and the ballast particles.

According to the above results, some phenomena are easy to explain and as expected, while some
are anomalous. In most cases, that is due to the ballast particles in each sample are different, e.g.,
the morphology (size and shape). The two variables are extremely hard to control, and according to
[30], they have great effects on the results. Consequently, the individual ballast particles are analysed
using the image analysis method.

3.2 Image analysis results

3.2.1 Volume and surface area

The volume and surface area of the scanned ballast particles can be obtained with 3D image analysis
(given in Table A.3), as proposed in [34]. Based on the volume and surface area results, the volume
loss and surface area loss can be calculated and given in Table A.4 (Appendix A). The volume loss is
calculated by the ratio of the volume difference to the initial volume, while the surface area loss is
the ratio of the surface area difference to the initial surface area. The average volume loss and
average surface area loss are respectively calculated by averaging all the values in each group. It
needs to note that the broken ballast particles and large corner loss particles were not included in
the calculation.

From Table A.4, it can be seen that the volume and surface area of every individual particle reduce
after LAA tests. That is as expected because the broken particles were not included. When a particle
crushes into two or more pieces, the surface area will increase. This will be discussed later in Section
3.2.4, Breakage analysis.

According to Table A.4, it can also be observed that the average volume loss is mostly lower than the
LAA loss at the rate of 43/49 (after 2000 drum turns). That means 6 groups of 49 groups are higher,
and 5 groups of the 6 groups are the material, volcanic. Because the broken ballast particles were not
included in the calculation, it is easy to understand that the average volume loss is lower. The higher
average volume loss results from the scanned particles crushed and lost small parts after LAA tests,
and these parts were not found or picked out for laser scanning. As shown in Figure 2D, it can be
seen that one sharp corner of the particle is completely lost.

However, in the results of the second 1000 turns, only one group has higher average volume loss
than the LAA loss. That means the easily-lost parts have already been lost (hypothesized in the last
section). This can also be proved by that the average volume loss after the second 1000 drum turns is
lower than the first 1000 turns, as shown in Table 2.

Table 2 Average volume loss of 49 groups



Group 1 2 3 4 5 6 7 8 9 10 11 12 13
First 1000 turns (%) 299 | 356 | 287 | 661 | 3.71 | 291 | 3.02 | 361 | 285 | 3.37 | 557 | 5.74 | 8.07
Second 1000 turns (%) | 1.55 | 2.4 | 2.09 | 1.59 | 2.24 | 248 | 2.08 | 1.92 | 2.67 | 2.36 | 2.07 | 1.95 | 3.36

Group 14 15 16 17 18 19 20 21 22 23 24 25 26

First 1000 turns (%) 332 | 656 | 4.69 | 2.83 | 4.18 2.6 25 | 491 | 1351 | 841 | 599 | 5.2 | 893

Second 1000 turns (%) | 2.04 | 3.03 | 1.93 | 1.28 | 2.73 | 253 | 1.66 | 1.63 | 6.17 | 3.02 | 3.43 | 295 | 7.11

Group 27 28 29 30 31 32 33 34 35 36 37 38 39

First 1000 turns (%) 8.63 | 6.28 | 7.22 | 941 | 11.03 | 6.64 | 7.73 | 594 | 9.66 | 539 | 6.85 | 9.86 | 5.35

Second 1000 turns (%) | 4.44 | 434 | 3.28 | 419 | 3.59 5 344 | 349 | 339 | 273 | 524 | 404 | 441

Group 40 41 42 43 44 45 46 47 48 49
First 1000 turns (%) 834 | 511 | 658 | 572 | 571 | 546 | 351 | 486 | 5.78 | 4.26
Second 1000 turns (%) | 2.91 | 3.18 | 3.83 | 3.72 | 381 | 2.11 | 219 | 3.03 | 142 | 2.46

The average volume loss and average surface area loss are compared with the LAA loss, as shown in
Figure 8. From the figure, it can be seen that the average volume loss curve fits well with the average
surface area loss curve, but mostly, they do not have the same trend with the LAA loss curve, such as
Figure 8 C/E/F.
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Figure 8 Comparison of average volume loss, average surface area loss and LAA loss (ballast material,
volcanic)

This discipline is also discovered in the tests that used other ballast materials (i.e. granite), as shown
in Figure 9. Moreover, in this figure, a larger difference value between average volume loss (or
average surface area loss) and LAA loss can be observed. That is due to the granite is easier to crush
than the volcanic, and the small fragment cannot be found or picked out for laser scanning.

According to the result in Figure 8 and Figure 9, it was found that only using the average volume loss
or average surface loss for degradation evaluation is difficult to draw the conclusion. For example, in



Figure 8C, adding 10% 20~25 mm CR has a higher value than the group without CR. Also, in this figure,
it can be seen that the LAA loss at 30% is higher than the other three LAA loss values.

An important reason for this phenomenon is that the morphology (size and shape) of ballast particles
in every group cannot keep the exact same. Therefore, using the whole sample mass loss (i.e. LAA
loss) or the average volume/surface area loss for degradation evaluation is not accurate. Towards
this issue, the morphology of the scanned ballast particles are quantified first, and then the particles
with similar quantified values are compared to check the effects of CR on the ballast degradation
reduction.
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Figure 9 Comparison of average volume loss, average surface area loss and LAA loss (ballast material,
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3.2.2 Particle morphology evaluation

The particle morphology was quantified with morphological indices using 3D image analysis methods.
For the particle shape, it is described with three characteristics, including the form, the angularity
and the surface texture, which is the most widely-accepted description. Because each of them is
independent and can be different without influencing the other two characteristics [39]. For the
particle size, the volume, surface area or three particle dimensions can be utilised to quantify it. The
three dimensions can be defined as the particle lengths at three views, as shown in Figure 4. The
morphological indices for shape (three characteristics) and size are given below (Table 3).

In Table 3, the morphological indices for shape are calculated based on the volume, surface area and
the three dimensions, which can be measured with the 3D image analysis method proposed in [34].
The calculation methods for the 3D True Sphericity and the Roundness are given in the reference [30,
40], respectively.

Table 3 The morphological indices for size and shape

Characteristics Morphologlcal Value Morphologlcal Value range
index range index
3D True . Volume 35000-40000 (ballast size: 40~45 mm)
Shape Form sphericity | 070085 | SiZe e 20000-32000 (ballast size: 30~35 mm)
. Surface area 6500-9200 (ballast size: 40~45 mm)
Angularity Roundness | 0.10-0.13 (mm?) 4400-6200 (ballast size: 30~35 mm)




- Longest: 51-74
ballast size: o
Intermediate: 43-61
Three 40~45 mm )
Surface Surface . . Shortest: 32-55
. 1.35-4.12 dimensions
texture texture index o Longest: 41-65
(mm) ballast size: L
30~35 mm Intermediate: 35-48
Shortest: 29-44

The Surface texture index used in this paper is a modified method based on [32]. Because the
method in [32] is only for the 2D particle images. It utilised the erosion—dilation technique, and the
erosion—dilation technique has two steps. The first step is to remove pixels from the image based on
the number of pixels surrounding it with different colours. The second step is to add pixels to the
image. After the two procedures, the surface texture could not be restored, and then calculating the
area difference can quantify the surface texture.

Using this principle, but with the 3D images, the Surface texture index (STI) is defined as the surface
area difference after the 3D erosion-dilation technique, as shown in Figure 10. In Figure 10C, the red
image is the particle image before the erosion-dilation technique, and the green is the image after
the technique. The Surface texture index is quantified with the following equation.

Equation3 STI =(A -A)/A

In the equation, A; is the particle surface area before the erosion-dilation technique, while A; is the
surface area after the technique.

A. Before erosion-dilation technique B. After erosion-dilation technique C. Two images’ comparison
Figure 10 The erosion-dilation technique for 3D image of ballast particle

Using the introduced morphological indices, the morphology can be quantified and the quantified
values are given in Appendix A (Table A.5). Afterwards, the particles with similar values are selected
for the degradation analysis, and the ranges of the values are given in Table 3. As introduced in
Section 2.2.3 (Image analysis method), the abrasion is analysed with the Abrasion Depth, while the
breakage analysis is performed with the new method.

3.2.3 Abrasion Depth

The Abrasion Depth results (MAD, AAD) of all the scanned ballast particles are given in Appendix A
(Table A.3). Using this table and Table A.5, the abrasion values of the selected particles (with similar
morphology) were picked out for analysis, shown in Table A.6. It needs to note that the non-cubic
particles, large corner loss particles or the broken particles were not picked out. The large corner loss
particles are not picked out, because it is difficult to identify that is caused by sharp corner breakage
or abrasion.




According to the results in Table A.6, the correlation between AAD results and the CR
size/percentage is shown in Figure 11. From the figure, it can be seen that the CR can reduce the
ballast abrasion, in most cases. In addition, increasing CR percentage mostly leads to smaller AAD
value. However, when the CR percentage is over 10%, the percentage effects on the AAD value are
not significant (Figure 11 A/C). Interestingly, the CR size at the range of 20~25 mm has the least
influence on the AAD values of ballast particle size at 30~35 mm (Figure 11 B/D). That means when
the CR size is close to the ballast size, the CR has a slight influence on the ballast abrasion.
Concerning the ballast material, the 3~5 mm CR is better to reduce the abrasion of volcanic ballast
particles of than granite ones.

A. Ballast: volcanic, 40~45 mm B. Ballast: volcanic, 30~35 mm

(2

-
e

C. Ballast: granite, 40~35 mm D. Ballast: granite, 30~35 mm

Figure 11 Correlation between Average Abrasion Depth results and CR size/percentage

In Figure 11D, the marked point is analysed, because its value is anomalous. The value is calculated
with the average of the three particles’ AADs in Group 38, and all the three AADs are high. Five
particles in one group were scanned, but three particles were selected in Group 38 because the other
two particles are non-cubic and broken, respectively.

After the three ballast particles were checked (Figure 12), Figure 12 A/B shows that the high abrasion
part is not only the edge and corner but also the surface. That is due to a slice dropped during the
test because of the initial micro-crack. Additionally, in Figure 12C, the edge and corner are sharper
than particles in other groups, even though their Roundness values are similar. That means it is not
sufficient for some particular particles to use the Roundness for angularity quantification. However,
to date, no studies were found to quantify both the 3D angularity and the edge. Most importantly, it
cannot be judged clearly that the corner loss was caused by the abrasion or breakage. Therefore,
more studies should be performed on the particle morphology evaluation with 3D images. Also,
more research should focus on how ballast degradation relates to the initial condition of the ballast
particle, e.g. the initial micro-crack.



Aslice loss

A B C
Figure 12 Ballast particle abrasion in the Group 38

Figure 13 shows the correlation between Maximum Abrasion Depth and CR size/percentage. From
the figure, it can be seen that adding CR could reduce the angularity reduction in most cases
(presented as lower MAD value) except the 20~25 mm CR. In Addition, the particle size at 40~45 mm
has more MAD reduction than the 30~35 mm. The higher percentage of 3~5 mm CR can reduce the
MAD value more, however, the optimal percentage of the other two CR cannot be determined.
Because the sharpness of the corner was not fully quantified, and it has more effects on the particle
abrasion than the CR percentage, especially for ballast material at the granite.

A. Ballast: volcanic, 40~45 mm B. Ballast: volcanic, 30~35 mm

C. Ballast: granite, 40~35 mm D. Ballast: granite, 30~35 mm
Figure 13 Correlation between Maximum Abrasion Depth and CR size/percentage

As shown in Figure 14, the different ballast degradation stages are illustrated. From the figure, it can
be seen that after the first 1000 LAA drum turns, all the sharp corners are lost. Moreover, the first
1000 turns have severer abrasion than the second 1000 turns. Particularly, the part that suffers more
abrasion is not definite during the second 1000 turns. That means at the early stage, the ballast



particles lose the sharp corner and edge. Afterwards, even though the corner and edge still dominate
degradation, the surface texture becomes more significant, especially the bulge (large texture, Figure
14A).

LR S
\ %, N
N % N

A. Initial B. After 1000 drum turns  C. After 2000 drum turns

D. After 1000 drum turns E. From 1000 to 2000 F. After 2000 drum turns
drum turns

Figure 14 Ballast degradation at different LAA drum turns

3.2.4 Breakage analysis

The total volume and surface area of broken particles are given in Table A.7. According to the volume
and the surface area, the Breakage Index (BI) is calculated with Equation 3. In this table, the initial
images of the broken particles were checked to find out the relation between particle morphology
and breakage. Additionally, the images of broken particles were analysed to confirm the breakage

type.

From the table, it can be observed that after the particle breakage, the total surface area increases,
even though 1000 drum turns LAA tests were performed on the broken particle. Also, the Bl can
present the breakage degree and type. For example, as shown in Figure 15, three types and their Bl
values are given including the breaking into pieces, at the middle and corner loss.



Breakage Index: 0.92; Type: into pieces

Breakage Index: 0.34; Type: corner loss

Breakage Index: 0.78; Type: at the middle
Figure 15 Three types of particle breakage and their values of the Breakage Index

After analysing the BI results, it is found that adding the CR has few influences on the ballast
breakage. Also, the correlation between the CR size/percentage and the ballast breakage is difficult
to verify. Because the ballast breakage is more related with initial micro-cracks and particle
morphology. Additionally, the corner loss is difficult to distinguish as abrasion or breakage.

Regarding the correlation between morphology and breakage, the non-cubic ballast particles are
more prone to crush and usually break at the middle or into pieces, e.g. No. 3/8/10/12/17/20 in
Table A.7. The non-cubic particles have low 3D True Sphericity and Roundness values, however,
when checking the 3D True Sphericity and Roundness of the broken particles, no strong correlations
are found between the two indices and breakage.

Even though some particles are with higher values of the two indices, they were crushed because of
the weak point or initial micro-cracks. The weak point is the part that is easy to break, e.g. the sharp
corner (No. 4/32/37, Table A.7), while the initial micro-crack means the ballast particle has small
initial micro-crack before the tests, which are difficult to observe. However, to date, the weak point
cannot be evaluated accurately based on current image analysis methods. Additionally, the inner
micro-crack is difficult to detect, and few studies were found in this direction.

The results are compared with those from literature [10, 11], and it is found that the experimental
test type and test procedure have great influences on the results, especially for the ballast breakage
alleviation. In [10, 11], it is proved that the ballast particle breakage decrease with the crumb rubber
percentage increment. Whereas, the breakage alleviation is not obvious when increasing the CR
percentage in this study. Besides the difference of the experimental tests (LAA test, ballast box test),
other differences could also have great influence, such as the ballast material, ballast particle size
and crumb rubber size. Therefore, further studies can be in these directions.

Conclusion and perspective
Conclusion:



The present research focuses on the analysis of ballast degradation of the CR and ballast mixtures
with the aim of studying the optimal CR size and percentage. For this purpose, the LAA test was
performed for impacting the mixtures, while the 3D image analysis method is utilised for degradation
evaluation. Based on the results of this research, the following conclusions can be made:

e Ballast abrasion can be alleviated by adding the CR, while the CR has few influences on the
ballast breakage. When the CR percentage is over 10%, it does not have significant effects on
the ballast degradation reduction, especially for the larger size CR (approximates to ballast
size).

* The first stage of ballast degradation is at the corner and edge, afterwards, the surface
texture reduction becomes significant. With the CR, in the first stage (first 1000 turns), some
of the easy loss parts can be protected, however, the long-term effects on degradation
reduction (until 2000 turns) are not satisfactory.

e Ballast breakage type is more related to the initial micro-cracks and particle morphology, and
morphology evaluation methods based on image analysis can identify the weak points of
ballast particles.

Perspective:

« To perform other kinds of experimental tests on the CR-ballast mixture are considered as the
next research step, such as the cyclic triaxial test, ballast box test and field test. The ballast
degradation after these tests will be quantified and compared with the results in this paper.

* Morphological index for angularity and edge quantification with 3D images is requisite for
the ballast degradation-related studies.

e Using X-ray computed tomography combined with 3D images could evaluate and predict the
ballast degradation more convincingly because the X-ray computed tomography can detect
the initial micro-cracks. Although in this paper, the particle morphology is considered,
however, the initial micro-cracks before the tests were not tested or quantified. That also has
significant influences on the results.

e Discrete element method (DEM) analysis is necessary for the ballast degradation study,
because it can control variables. Some of the variables are difficult to control in tests, e.g. the
angularity. The breakage type will be utilised into a DEM model to present degradation more
reliably.
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