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Abstract:

Ballast track is the most widely used track for the railway transport, and ballast bed plays a significant role to
provide resistances during train operation. Generally, the ballast bed consists of crushed stones. To achieve the
mitigation of ballast degradation, the first priority is to describe the degradation development and to study its
effect factors.

The influence of ballast morphology (particle size and shape) on ballast degradation is examined here using the
Los Angeles Abrasion (LAA") test in combination with 3-D image analysis. LAA tests are used to obtain the
deteriorated ballast. Then, based on the 3-D images, the changes of ballast particles after the tests were
analysed. To quantify the ballast degradation (abrasion and breakage), the Abrasion Depth based on the
analysis of 3-D images were proposed, while ballast breakage was estimated using the broken particles ratio.

The results have shown that ballast degradation is directly related to the ballast morphology. The proposed
image-based procedure can effectively be applied to assess ballast degradation. The results can be used for
ballast material standardization, modelling of ballast degradation process and maintenance cycle prediction.
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1 Introduction

Ballast bed used in railway track design (Figure 1) traditionally consists of crushed hard rocks with
average particle size range of 20 mm—65 mm under the sleeper, with high density, toughness,
hardness, and high resistance to weathering. Ballast shear strength is influenced by ballast compaction,
particle state and particle size distribution, and generally fresh ballast particles contribute more to
ballast resistance .

LAA test: Los Angeles Abrasion test

LAA loss: Los Angeles Abrasion loss

DEM: Discrete Element Method

FI: flakiness index

El: elongation index

AAD: Average Abrasion Depth

MAD: Maximum Abrasion Depth

SLAV: Single LAA loss calculated with volume
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Figure 1 Traditional railway track

A main problem of the traditional railway tracks is geometry deterioration, which is mainly related to
the track settlement. Most of the settlement is caused by the permanent deformation of the ballast layer
[1], which results from densification or dilation, distortion, and degradation, as concluded in [2].
Because ballast undergoes gradual and continuing degradation due to the cyclic loadings and the
maintenance operations, researchers keep developing methods (examples in [3-5]) to study ballast bed
degradation. Nevertheless, some issues are still controversial, such as the effects of shape and size on
degradation and deformation.

As the research in [2, 6], it was demonstrated that the particle’s shape and roughness influences the ballast
resistance and shear strength, and comparing to the rounded particles, the angular ones contribute to lower
permanent deformation [7]. However, higher particle angularity is related with the increasing of breaking
strain and the reduction of the ballast stiffness. Another study on particle shape shows that flaky or
elongated particles at a limited percentage could increase the shear strength, and reduce the settlement
for the lower rate of settlement accumulation [8]. However, it was also reported that flaky or elongated
particles would lead to increased particle degradation and higher deformation [9]. Likewise, there is no
general consensus on the effect of particle size [10]. It was found that particle size has little influence
on shear strength in [11]. Yet, it was concluded in [12] that the shear strength increases when the
particle size reduces. Conversely, the shear strength increases as the particle size increasing according
to the research in [13].

It is difficult to obtain unified principles of ballast study for it is granular material. Plenty of effect
factors will contribute to the final results causing no trends, if the ballast is only treated as a whole
sample. For instance, when studying how the ballast size influences the shear strength, the compaction
and bulk density might be the key factors [14]. However, during the adding normal stress or the
shearing process, the ballast breakage will change the compaction and also the contacts. It may
become a key factor, if ballast breakage is very severe [15]. For that, it needs to study from the
granular level other than analysing the trends according to the test results of the whole sample.
Therefore, it is significant to develop a method to estimate individual ballast particle degradation, and
based on that, the effect of the factors, such as the shape, and the size, could be quantified accurately.

In order to obtain the deteriorated ballast the Los Angeles Abrasion (LAA) test was used. Generally, it
is used for measuring toughness of grain materials .For this part, several laboratory tests, for instance,
the Los Angeles abrasion test(LAA), mill abrasion test, Deval abrasion test, were used for the studies
of ballast degradation and generation of fouled ballast [5, 16]. However, the mill abrasion test cannot
simulate the impact during train passing. And the abrasion results after the micro-Deval tests did not
exerts any relationship with the degradation of ballast under repeated loading [17]. Although LAA test
may not fully simulate the effect of field loading conditions [18], it was found that results of LAA test
are well-correlated with ballast box test results when tamping was considered in their experiments [19,
20].

During the test the material samples and a set of steel spheres are tumbled inside a closed, hollow,
steel cylinder (Figure 2), which is rotated around a horizontal axis. The LAA test is an effective and
simple way to obtain deteriorated ballast and the fouling, and for this purpose it was used in [21-23].



Figure 2 Los Angeles Abrasion (LAA) test machine

A comprehensive tests were performed in [17], finding that the LAA results correlated fairly well with
ballast breakage of the full scale track model test. It also concluded that the LAA test can distinguish
high-quality material and the poor material clearly. It was proposed in [24] that, the sieve analysis that
is used in the LAA test for determining how the particles reduce in size, is not precise enough to
estimate the ballast degradation, especially for the purpose of numerical simulations e.g. using
Discrete Element Method (DEM).

Recently, ballast degradation was studied and determined from the digital or X-ray images system by
various researchers [21, 25-27]. Detailed measurements of particle’s shape and roughness using the
image analysis method have been successfully used for quantifying particle morphology [28, 29].
Ballast particle abrasion and breakage by LAA tests with fouling index, and a relationship between the
fouling index and the flakiness and elongation index change, sharp corner loss and surface texture
reduction of the ballast particles, and the ballast shape factors evolution in different LAA test stages
were studied in [21]. However, how individual ballast particles with various morphology deteriorate
have not been systematically studied. Moreover, the digital or X-ray image is a cross section of an
individual particle, and reflects the morphology of ballast particles roughly. As proposed in [27], only
when the number of cross-sections is sufficiently large, the morphology of ballast particles can be
more accurately accessed, however, it is quite time consuming.

As a consequence, this paper describes a study to measure and evaluate how an individual particle
morphology (size and shape) changes during degradation. It is studied with LAA tests, as well as 3-D
image analysis. Based on the 3-D images, quantifications of individual particle changes in detailed
parameters are proposed and studied. 3-D image analysis is an ideal and accurate tool for quantifying
particle size and shape properties in a rapid, reliable and automated fashion when compared to
traditional manual methods, confirmed in [25, 26, 30-32]. Ballast images from laser scanning are
utilized to record initial ballast morphology, afterward the LAA test was conducted to obtain the
deteriorated ballast particles. Comparing the images before and after LAA tests can reveal the changes
on form, surface texture and sharp corner of ballast particles [33], as well as ballast breakage, and then
demonstrate the main form of ballast degradation. In addition, based on the image analysis method, the
effect factors were studied, such as particle shape and size. Using image analysis to study ballast
degradation could estimate ballast bed condition, so that can provide guidance on maintenance.
Moreover, the 3-D images can be applied in the DEM models as the particle templates to simulate the
irregular shape and sharp corners in the future research.



2 Analysis of ballast degradation

In this section, the detailed test procedure to analyse ballast degradation is introduced, including
sample processing, the LAA test and laser scanning. In addition, the methods applied to estimate
ballast degradation are described.

2.1 Test planning

With the aim of studying the ballast degradation, the test procedure is designed, as shown in Figure 3.
Also, the goal of the test was to verify the assumptions that the ballast degradation mainly results from
sharp corner loss, and that the flaky or elongated particles are more prone to break.

Prepare samples at three particle size ranges (25~35 mm, 40~50 mm
and 50~60 mm) with different shies (Flaky or elongated and cubic)

Choose typical ballast particles (different size and shape), which are
used for laser scanning to record initial morphology, afterwards they
are painted and marked for distinguishing after LAA test

Perform LAA test to obtain deteriorated ballast particles

|

Scan the ballast particles again to compare the particle images

Figure 3 Test flow chart
2.1.1 Samples processing

In order to study effect factors of ballast degradation, the ballast particles were categorized by their
shapes as flaky or elongated and cubic, according to the flakiness and elongation index suggested in
[34-36]. By their size, three particle size ranges are categorized, namely 25~35 mm, 40~50 mm and
50~60 mm.

The flakiness and elongation index is quantified with the lengths of the three representative axes: the
longest axis with the length L, the medium axis with the length / and the shortest axis with the length
S. The medium axis length / is treated as the sieve size, which was proposed in [21, 25, 35, 37, 38].
After measuring the three axes of each particle, the flakiness index (#7) and elongation index (£7) for
each particle are obtained as follows:

Equation1 FI =S/1

Equation 2 El=1/L

As shown in Figure 4, the ballast particles with F/ smaller than 0.6 or with E7 above 1.8 as the flaky or
elongated ballast particles, according to [36]. Ballast particles that are neither elongated nor flaky are
considered as the cubic ones.
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Figure 4 Flaky (left) and elongated (right) ballast particles in particle size range of 25~35 mm

The ballast material used in the tests was crushed granite as shown in Figure 5. The ballast particles
were washed with fresh water, and then dried in open air for 3 days. After that the particles were
selected and measured to calculate the flakiness and elongation index. The ballast particles were
sieved into 3 groups at the size range of 25~35 mm, 40~50 mm and 50~60 mm respectively, and each
group weighs 5 kg, including cubic, flaky or elongated particles.

The scanned (will be explained in the next Section 2.1.2), flaky or elongated and cubic particles were
painted into three different colors and each particle is marked with a certain number, for being
distinguished after the LAA test. To be more specific, the cubic particles are red, the flaky or elongated
ones are black, as shown in Figure 5b.

Figure 5 (a) Sample preparation; (b) Sample particle size ranges: 50~60 mm (left), 40~50 mm (middle), 25~35 mm (right)
2.1.2 Scanning ballast particles

In order to study how the shape of ballast particles influences ballast degradation, some of the particles
were scanned for subsequent analysis using the laser scanner. The scanned ballast particles, chosen
from the 3 different size ranges, contain flaky or elongated and cubic ones. In order to be distinguished
from the ballast particles that were not scanned, they were painted using blue color (Figure 5b). The
Capture Mini Scanner used here (Figure 6) has been optimized to meet the needs of product
development and engineering professionals to obtain the most effective and reliable way to acquire 3-



D measurements of physical objects. The scanner parameters are listed in Table 1.

Figure 6 Capture Mini Scanner '

Table 1 Capture Mini Scanner properties

Property Capture Mini
Weight 1.04 kg
Dimensions

155 x 109 x 49 mm

985,000 points/scan
(0.3 sec per scan)
0.080 mm at 157 mm

(L x W x H)
Data Capture Rate

Resolution 0.100 mm at 227 mm
Accuracy 0.034 mm
Stand-off Distance 157 mm
Depth of Field 70 mm
Field of View 87 x 68 mm (near)

88 x 87 mm (far)
The scanning process is as follow: firstly, a ballast particle is placed on a black turntable, which can
spin during scanning process to get images of every particle side; secondly, the laser light reflected
from particle surface is captured by coupled device camera; thirdly, about 500,000 vertices are
transmitted to the computer, and three consequent images are used to form one triangular plane.
Finally, all small triangular planes constitute the 3-D ballast particle image (Figure 7).

After getting the 3-D images, the next step is to reduce the noise and cover small holes resulting from
data deficiency. The areas of all the triangular planes are summed up, to calculate the surface area of
the 3-D particle, whereas the volume is obtained by summing up all the tetrahedral meshes. The
method for calculation of volume and surface area is described in [37].

As suggested in [39], the highest resolution of 0.080 mm, is used during the scanning process for
better analysis of ballast surface texture change [33]. Three images of one ballast particle with various
resolutions are shown in Figure 7. From this figure it can be seen that the highest resolution can better
present the surface texture.



Figure 7 Images of one ballast particle with 3 resolutions: low (left); medium (middle); high (right)

2.1.3 LAAtest

The dynamic behavior and deformation of rock particles subject to train loading can be generally
studied by the cyclic triaxial and resonant cylinder tests, and parameters from these tests are
commonly used as the indices of ballast degradation [2, 40, 41]. A common test for particle abrasion
and fragmentation is the LAA test. It mainly causes fragmentation due to impact from steel balls, and
more rounding shape of particles result from abrasion, as proposed in [17].

Generally, the LAA tests are used to analyse durability and strength properties of granular materials.
For instance, in [42] the correlation between the material loss (also called LAA loss that will be
described in Section 2.2.1) and some physical properties, including bulk density, hardness, and point
load index. In [43], 35 different rock types were utilized to study the correlation between the LAA loss
and uniaxial compressive. These studies focused on the correlation between the LAA loss and
mechanical properties. LAA tests can also be used to obtain deteriorated ballast, confirmed in [16, 22,
23, 44]. With this method, the deteriorated ballast particles are produced.

The LAA machine has revolving speed at 31~33 r/min, and is filled with samples and steel balls.
According to [36], the drum was set to rotate 1,000 turns. However, it was halted every 250 turns
during the test, in order to make sure the painted particles were still with colors. After conducting the
test, small particles with diameter below 1.7mm were sieved out.

After that, the particles were separated into 3 groups according to the remained color (red, black and
blue) and marked number, and all particles in each size range were washed, measured and weighed.

2.1.4 Laser Scanning after LAA test

After the LAA test, the ballast particles with blue color were scanned again, as shown in Figure 8.
Afterwards, the particle changes during LAA test can be studied. The ballast particles before and after
the LAA test could be matched by the shape, size and marked numbers.
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Figure 8 Scanned ballast particle and image; From left to right: initial ballast particle, initial image, painted particle, particle
after test, particle image after test

2.2 Degradation estimation

In Figure 9, the main properties of the ballast particle shape are shown. They are form, sharp corner
and surface texture, and their definitions are explained in [33]. They are used to characterise the shape,
because each of them is essentially independent properties of the shape, and can be varied without
affecting the other two properties, as proposed in [35]. More importantly, they are among the
properties of ballast particles that have great influence on the performance of ballast bed (durability,
shear strength and stiffness), by influencing mutual contacts [10, 45]. Another significant factor
affecting the performance of ballast layer is the ballast breakage. Because it has correlation with the
strength, modulus, bulk density and internal friction [12, 15]. Consequently, an extensive study is
necessary to clarify the ballast degradation mechanism, including the sharp corner loss, breakage, and
surface texture reduction, applicable to railway ballast.

N
Angularity > \\

Form

Figure 9 Shape properties of ballast particle

However, most of research studies focused on quantifying ballast shape properties. A limited number
of studies were performed on investigating the changing of the shape properties with 2-D images
analysis [23]. To date, no studies has yet reported to use 3-D images for analyzing the shape property
changing of individual ballast particles. More importantly, to study the ballast breakage, various
indices were proposed, such as B,, B,, BBI, B. Their methods are to measure the percentage of some
certain sieve sizes, or to estimate the change of Particle Size Distribution (PSD) [15, 41, 46, 47].
However, that costs large amount of time, and also the results are not accurate for they are based on
sieving, which always provides fluctuating results due to personal equation. Therefore, new methods
are proposed as follows to study the ballast degradation.

Based on the 3D images of ballast particles, ballast degradation was estimated using the following
parameters, and their definitions will be explained in the following sub-sections:

1. LAAloss (%) - the overall sample degradation estimation;

2. Broken number rate — ballast breakage



3. Image analysis
a. Average Abrasion Depth — estimating individual ballast particle degradation
b. 3D True Sphericity [48] — estimating form change (particles become more rounded)
€. Maximum Abrasion Depth - estimating sharp corner change (sharp corner loss)
d. Abrasion Depth — estimating roughness change (surface texture reduction)
2.2.1 LAAloss

The LAA loss (%) is a vital parameter characterising abrasion resistance of grain materials, as
described in [42]. It is defined as the weight loss rate:

Equation 3 |_A:(|\/|1_|\/|2)/|\/|1

In the Equation 3, M, is the initial weight of tested material, and the M, is the weight of tested material
after the LAA test.

2.2.2 Broken particles ratio

To obtain the correlation between the shape/size and ballast breakage, for the scanned particles, the
broken ballast particles are counted. To be more specific, after picking out the scanned particles
according to color, they were compared with their initial images. However, some of the particles
cannot match any of the initial images, because they were broken during the test (Figure 10). Ballast
breakage can be assessed by the broken particles ratio defined as the ratio between the number of the
broken particles and the initial number of the particles.

Figure 10 Example of broken ballast particle that cannot match any of the initial images

2.2.3 3D True Sphericity

During the LAA test, the ballast particles deteriorate with the form changing to more rounded. In order
to quantify it, the “3D true Sphericity”, proposed in [48], was used in this study. Obtaining this
parameter includes three steps: the first step is to measure the volume of a ballast particle (V;), which
is used to calculate the radius 7 of the sphere with equivalent volume from

4
Equation 4 V, = §7rr3

Then the radius 7 is used to calculate the surface area of the sphere, S:
Equation 5 S = 4zr?

Finally, the “3D True Sphericity”, v, is calculated as the ratio between the surface area of the sphere,



S, and the surface area of ballast particle, S,.
Equation 6 yr =S /[ So
2.2.4 Abrasion Depth

The Abrasion Depth is calculated by comparing the two images to obtain the difference values, as
shown in Figure 11.

Cross section of
/1\\ N ."‘/——" < ballast particle image
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Figure 11 Explanation of Abrasion Depth calculation

As shown in Figure 12, the Abrasion Depth result shows the degree of abrasion in different zones,
including sharp corners, edges, and flat surfaces.

Sharp corner loss
Surface texture reduction
Edge change

5896

5006

a7

128

1] ]
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Figure 12 Abrasion Depth (in mm) of one ballast particle obtained from 3-D image analysis

Based on the Abrasion Depth, an alternative method, the Average Abrasion Depth (44D), is proposed
to evaluate individual ballast degradation. The 44D is calculated by averaging the summation of all
the Abrasion Depth of one ballast particle. This parameter can be utilized to present the deterioration
degree of an individual ballast particle, which will be verified in the Section 2.2.5.

Another parameter, the Maximum Abrasion Depth (MAD), is used to estimate the sharp corner loss of
ballast particles. It is also based on the Abrasion Depth. As shown in Figure 12, the maximum value of
the Abrasion Depth is at the sharp corner that is around 5.90 mm (dark red color). It is defined as the
MAD.

As shown in Figure 12, it can be seen that the green part corresponds to the Abrasion Depth in the

range of 0.0~0.57 mm. It generally occurs at the flat surface, which is treated as the surface texture
reduction.
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2.2.5 LAA loss of single particles

The LAA loss is for the whole sample (overall ballast particles) and is not suitable for degradation
analysis of individual ballast particle. Therefore, the Single LAA loss parameter is introduced. It is the
material loss of every individual ballast particles after the LAA test. It can be calculated on the basis of
mass or volume of a ballast particle (Equation 7 and Equation 8). In the equations: M; is the initial
mass, V; is the initial volume; The M, and V, are mass and volume after the LAA test respectively.

Equation 7 SLAM = (M, —M,)/ M,
Equation 8 SLAV = (V, -V,)/V,

Volume is also available from image analysis, and it is more accurate than mass measurement,
confirmed in [24, 49]. The Single LAA loss calculated with volume (SLAV) is used to verify if the
AAD can be utilized to estimate ballast degradation. The correlation between the 44D value and SLAV
is shown in Figure 13. It can be seen there is a linear relation between the 44D and SLAV.

24 ~

22

SLAV (%)

L L L L L L L L L L )
02 04 06 08 10 12 14 16 18 20 22 24
AAD (mm)

Figure 13 Average Abrasion Depth versus SLAV (Single LAA loss calculated by volume)

3 Results and discussion

In this section, all the results on degradation estimation are listed in detail. The LAA loss of two shape
groups (cubic and flaky or elongated) are compared. After that, the scanned ballast particles (Defined
in Section 2.1.2) are analysed, as follow.

Firstly, the broken condition is analysed, showing how shape and size influences the ballast particle
breakage.

Additionally, comparing the value change of the “3D true Sphericity” in different size range helps
obtain how particle size influences form change of ballast particle (more rounded).

Finally, the MAD and AAD are utilized for the analysis of particle sharp corner loss and individual
degradation respectively.

3.1 LAAloss results

Table 2 shows the LAA loss results of three particle size ranges according to Equation 3. The results of
flaky or elongated as well as the cubic particles are compared. From the results, it can be observed that
the LAA loss of flaky or elongated particles is higher than of the cubic particles, which predicts the
flaky or elongated ballast particles deteriorate more seriously.

Table 2 LAA loss of three particle size groups; the flaky or elongated and cubic LAA loss

11



Particle size 50~60 mm | 40~50 mm | 25~35 mm
Flaky or elongated 15.10 19.28 16.17
Cubic 4.15 5.37 11.67

3.2 Breakage analysis results

By counting the broken particles ratio (defined in Section 2.2.2) of scanned particles, the results are
listed in Table 3. From the table, it can be concluded that flaky or elongated particles are more prone to
crack than the cubic particles. In addition, bigger ballast particles crack more easily. The explanations
are listed below:

1. The broken particles ratio of cubic particles are 0% (25~35 mm), 25% (40~50 mm) and 50%
(50~60 mm), which are lower than the flaky or elongated particles at 41.7% (25~35 mm),
58.3% (40~50 mm) and 77.8% (50~60 mm).

2. When it comes to the particle size, the total broken number rate of three groups are 31.3%
(25~35 mm), 50% (40~50 mm) and 69.2% (50~60 mm) respectively, from which it can be
concluded that the bigger particles are more prone to fracture.

Table 3 Number and ratio of broken ballast particles at three particle size ranges

Particle Total Scanned | Broken | Broken
size (rlnrn) broken Shape particle | particle | particles
rate(%) number | number | ratio(%)
cubic 4 0 0.00
25~35 31.30 flaky or 12 5 41.70
clongated
cubic 4 1 25.00
40~50 50.00 flaky or 12 7 5830
elongated
cubic 4 2 50.00
50~60 69.20 flaky or 9 7 7780
elongated

3.3 3D true Sphericity analysis results

Based on the data (volume and surface area) in Table A.l at appendix, the data in Table 4 can be
obtained. Table 4 presents the average “3D true Sphericity” value before and after the LAA test at two
particle size ranges (25~35 mm and 40~50 mm). The particle size range 50~60 mm was not used for
analysis, because it only has 4 unbroken particles left after the LAA test, which influences a lot on the
“3D true Sphericity” value.

According to the data in Table A.1, the volume and surface area of every particles decrease after the
LAA test, while, the “3D true Sphericity” values increase. It was proposed in [48] that the “3D true
Sphericity” value is in the range of 0.000~1.000, and the value is closer to 1.000 for the more rounded
particles. The increased “3D true Sphericity” value indicates that the LAA test can cause significant
changes of the particle form, which means ballast particles became smoother and more rounded.
Rounded particles will lead to less stable particle interlocking than the fresh ballast.

Table 4 Average “3D true Sphericity” value before and after LAA test

Average 3D true | Average 3D true
Particle size Sphericity Sphericity Value change rate (%)
before test after test
25~35 mm 0.747 0.806 7.89
40~50 mm 0.728 0.806 10.63

From Table 4, it can be seen that the value change rate of particle size range at 40~50 mm is 10.63%,
which is bigger than 7.89% (value change rate of particle size range at 25~35 mm). It indicates that

12



particle size influences ballast degradation during the LAA test, which means bigger particles are more
prone to become rounded.

3.4 MAD and AAD analysis results

From the Figure 14, it can be seen that the most serious abrasion zone occurs at the sharp corner, so
the MAD value can be used to quantify sharp corner loss, as described in Section 2.2.4.

It can also be observed that the serious abrasion zones mostly occur at sharp corners and edges, and
that less Abrasion Depth appears at the flat surface with the value within 1.00 mm. The image analysis
results are consistent with cyclic triaxal tests in [41], identifying that most ballast degradation is
primarily the consequence of sharp corner loss.
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e
.
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Figure 14 Abrasion Depth (in mm) of ballast particles

Figure 15 shows the average MAD and average AAD value at two size ranges (25~35 mm and 40~50
mm). The two size ranges (25~35 mm and 40~50 mm) are used for analysis, because the particle size
range 50~60 mm has only 4 unbroken particles left after the LAA test, which influences a lot on the
average value.

As shown in Figure 15, the flaky or elongated particles have higher average A4AD and average MAD
than the cubic particles, indicating that flaky or elongated particles deteriorate more seriously and lost
their sharp corners more easily.

In addition, the particle size range 40~50 mm shows higher average 44D and average MAD than the
size range 25~35 mm, proving that bigger ballast particles deteriorate more seriously and lose sharp
corners more easily.

13
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Figure 15 Test results: Average MAD and average AAD value for different particle size and shape

4 Conclusions and perspective

Proposing a new method (Abrasion Depth) to quantify ballast degradation, obtaining the ballast
degradation mechanism, as well as obtaining the effect factors of ballast degradation are the main
purposes of this study. To achieve that, the LAA test was used to artificially obtain deteriorated ballast
particles. Afterwards, the image analysis method was used to assess ballast degradation. The form
change, breakage, sharp corner loss and surface texture reduction of the ballast were quantified by

analysing the MAD, AAD, LAA loss and the “3D true Sphericity” parameters.
Conclusions on methodology:

- The method employed, consisting of the LAA tests and the 3-D image analysis, allows the
guantified assessment of the ballast degradation, especially in cases of abrasion degradation of

individual ballast particle.
Based on the results of the analysis, the following conclusions are drawn:
The ballast morphology (particle size and shape) influences the ballast degradation:
Comparing to the cubic ballast particles, the flaky or elongated ballast particles loss more

volume and loss sharp corners more easily.
b. The flaky or elongated ballast particles are more prone to crack than the cubic particles.

a.

Since both contribute to ballast pollution and degradation of the ballast bed, the presence of
flaky and elongated is not desirable.
- The main form of ballast degradation is sharp corner loss, so the ballast particles with corners
which are not very sharp should be used more in ballast bed.

- As expected, the volume and surface area of every particle decrease during the LAA tests. The
bigger ballast particles become more rounded and are more prone to crack. Since rounded

14



particle and particle breakage are not desirable in ballast bed, the proper particle size should
be used in ballast bed.

Perspective:

- The results obtained here together with the 3-D image analysis will be used in the detailed
numerical simulations using DEM to analyse the degradation mechanism of ballast.

- In addition, the method based on the 3-D image analysis to quantify ballast degradation could
be used to assess the ballast bed condition and to predict the maintenance cycle.
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Appendix

Table A.1 Shape, condition afier test, AAD, MAD, SLAM and SLAV of the scanned particles

Particle size: 25~35 mm

. . Initial o . surface
arked | g, | Conditon | Ute | gme | e | T |t | et | TR | ey | SUAM | savge | AD | D
) (mm?) (mm?) Sphericity (9) (mm?) (mm?) after test
2 elongated broken 38 13260.21 3922.41 0.691 - - - - - - - -
4 elongated | unbroken 70 24661.63 5525.73 0.741 65 22944.42 4934.10 0.791 7.14 6.96 0.52 4.88
13 elongated broken 77 26882.24 6038.07 0.719 - - - - - -
49 cubic unbroken 44 15938.72 3961.24 0.773 39 14102.81 3517.96 0.802 11.36 11.52 0.77 6.10
50 elongated | unbroken 63 22067.62 5230.34 0.727 57 20175.21 4596.38 0.780 9.52 8.58 0.68 4.43
52 elongated | unbroken 83 29006.67 6045.01 0.755 77 26907.42 5360.34 0.810 7.23 7.24 0.67 4.88
54 elongated | unbroken 64 22639.56 5429.95 0.713 57 20220.98 4572.14 0.785 10.94 10.68 0.92 5.93
56 flaky broken 52 29006.67 6045.01 0.755 - - - - - - - -
65 elongated broken 81 28163.33 6658.16 0.672 - - - - - - - -
67 flaky broken 26 8881.64 3063.06 0.677 - - - - - - - -
69 flaky unbroken 34 12113.18 3531.29 0.722 30 10271.73 2825.09 0.809 11.76 15.20 142 7.80
84 cubic unbroken 47 16691.34 4026.51 0.784 43 15115.91 3491.40 0.847 8.51 9.44 0.74 4.97
95 flaky unbroken 35 12523.22 3554.92 0.734 30 10380.76 2826.39 0.814 14.29 17.11 143 12.61
96 flaky unbroken 41 14063.60 3796.77 0.742 35 12563.19 3281.91 0.796 14.63 10.67 0.84 5.19
100 cubic unbroken 36 12701.29 3556.74 0.740 34 11768.93 3115.48 0.803 5.56 7.34 0.60 4.62




100 | cubic | unbroken | 43 | 15457.93 | 379502 | 0791 | 40 | 1465411 | 347033 | 0834 | 698 | 520 | o036 453
Particle size: 40~50 mm
Marked Condition Ini_tial Initial sILTrift;acle Initial 3D Weight Volume a?:ar\f:?tir 3D T.ru.e SLAM AAD MAD
number Shape after test W(Eg)’ht \E?T:lrjnn;)e area2 Sp:l—gll:liii ty aft(?g)t est alztnirmt%s t tes‘[2 Sa%?;r;g's? (%) SLAV (%) (mm) (mm)
(mm?) (mm?)
2 elongated | unbroken 172 60142.38 | 10397.04 0.714 150 52367.88 8670.56 0.781 12.79 12.93 141 8.60
3 cubic unbroken 75 26470.34 5313.76 0.808 71 24917.33 4863.00 0.848 5.33 5.87 0.46 5.23
5 flaky broken 57 20032.02 | 5009.33 0.712 - - - - - - - -
6 flaky unbroken 62 21638.11 5436.82 0.691 47 16767.06 4076.96 0.777 24.19 2251 2.16 12.75
7 elongated broken 108 37872.39 | 8129.07 0.671 - - - - - - - -
8 flaky unbroken 70 24583.02 5999.08 0.682 55 19727.41 4511.04 0.783 21.43 19.75 1.70 11.39
10 cubic unbroken 108 37768.54 | 7074.91 0.769 97 33816.26 | 5985.98 0.845 10.19 10.46 0.94 6.91
13 flaky broken 36 12739.04 | 4550.35 0.580 - - - - - - - -
14 elongated | unbroken 107 37839.32 | 8321.05 0.655 89 31316.50 | 6355.09 0.756 16.82 17.24 1.88 13.14
15 flaky broken 55 19623.54 5133.40 0.685 - - - - - - - -
26 cubic unbroken 80 27990.60 5649.72 0.789 73 25633.70 4962.24 0.847 8.75 8.42 0.76 6.00
47 flaky broken 45 15716.10 | 5393.46 0.563 - - - - - - - -
48 cubic broken 90 31865.52 | 7305.84 0.665 - - - - - - - -
50 flaky broken 77 27074.40 | 7335.95 0.594 - - - - - - - -
51 flaky broken 79 27910.41 7701.22 0.578 - - - - - - - -
53 elongated | unbroken 98 35236.68 7221.27 0.720 87 30767.91 5853.42 0.811 11.22 12.68 1.25 14.79
Particle size: 50~60 mm
Marked | o Condition | IMitia! Initial sILTrlftz:m?:le Initial 3D |~ Weight | Volume a?s;f:%eer 3DTrue | g Am AAD MAD
number ape after test weight vqun;e area Tru_e_ after test after tsest test Sphericity %) SLAV (%) (mm) (mm)
(9) (mm°) (mm?) Sphericity (9) (mm?) (mm?) after test




3 elongated | unbroken 200 69971.16 | 11285.79 0.728 179 62764.29 | 9496.89 0.804 10.50 10.30 1.25 10.77
5 elongated broken 192 67405.30 | 11864.53 0.675 - - - - - - - -
7 cubic unbroken 143 49907.64 9073.55 0.722 133 46506.57 8040.24 0.778 6.99 6.81 0.59 6.64
8 flaky broken 166 58522.91 | 10654.38 0.684 - - - - - - - -
10 cubic broken 195 67959.02 | 10711.46 0.752 - - - - - - - -
11 flaky broken 88 30733.13 | 7572.80 0.627 - - - - - - - -
13 elongated | unbroken 166 58711.16 | 9951.62 0.734 154 54154.11 | 8692.18 0.796 7.23 7.76 0.73 6.53
25 elongated broken 214 75179.01 | 12866.36 0.670 - - - - - - - -
29 flaky broken 96 33616.68 | 9015.33 0.559 - - - - - - - -
30 flaky broken 97 33827.11 7764.89 0.651 - - - - - -
33 cubic unbroken 166 58431.71 | 9202.25 0.791 155 54039.37 | 8050.58 0.859 6.63 7.52 0.79 474
34 cubic broken 163 57554.06 | 8635.02 0.835 - - - - - - - -
35 flaky broken 69 24448.11 | 6311.03 0.645 - - - - - - - -




Table A.2 LAA loss of three groups: the flaky or elongated, cubic and scanned LAA loss

50~60 mm 40~50 mm 25~35 mm
Design Initi Weight | LAA " Weight | LAA . Weight | LAA
variance nitial Initial Initial
- after test loss . after test loss . after test loss
weight (kg) (kg) %) weight (kg) (ko) %) weight (kg) (kg) (%)
Scanned 1.955 1.671 14.53 1.319 1.074 18.57 0.834 0.731 12.35
Flaky or 2.066 1754 | 15.10 3.102 2504 | 19.28 2.467 2068 | 16.17
elongated
Cubic 0.988 0.947 4.15 0.559 0.529 5.37 1.705 1.506 11.67
oy - 0.024 ; . 0.107 . - 0.139 -
ragment
total 5.009 4.396 12.24 4.98 4214 15.38 5.006 4.444 11.23




