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INTRODUCTION
All over the world railway systems play a 
significant role in hauling bulk commodities 
to ports, and transporting freight along 
major corridors. Transnet Freight Rail (TFR) 
is the agency that manages and operates 
two heavy-haul lines (i.e. the coal line from 
Mpumalanga to KwaZulu-Natal Province 
and the iron ore line from Northern Cape 
to Western Cape Province) in South Africa. 
Each year, a large portion of TFR’s budget 
is allocated to maintenance and renewal 
of track ballast materials to sustain per-
formance of the railway track system. A 
common problem in the rail industry is the 
degradation of ballast under cyclic loading, 
especially on these heavy-haul lines.

A typical track consists of super-
structure (rails, fastenings and sleepers) 
and substructure (ballast, subballast and 
formation). The function of the ballast is to 
transfer the load from the superstructure 
to the substructure. Unlike subbase/base 
layers in pavement structures, ballast 
particles tend to break down, powder and 
deteriorate under repeated wheel load-
ing from heavy freight trains (Moaveni 
2015). Performance of the track system 

depends on the effectiveness of the ballast 
in providing drainage, stability, flexibility, 
uniform support to the superstructure 
and distribution of the track loading to the 
subgrade, and facilitating maintenance. An 
increase in axle loads and traffic density 
increases the rate of settlement of the track. 
To thus keep settlement within permissible 
limits, stresses in the subgrade should be 
reduced suitably to ensure stability of the 
track (Li et al 2015).

Indraratna et al (2006) indicated that 
the maintenance cost of track ballast can 
significantly be reduced if there is a better 
understanding of the physical and mechani-
cal properties of ballast. Selig and Waters 
(1994) demonstrated that ballast contributes 
most of the substructure settlement, even 
though one of the functions of ballast is to 
maintain good track geometry. Given that 
ballast is responsible for nearly all the track 
settlement, every effort to reduce settlement 
is focused on the ballast layer.

Ballast is usually composed of blasted 
rock originating from igneous, meta-
morphic or well-cemented sedimentary 
rock quarries. Crushed angular hard rock 
having a uniform grading and being free 
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The performance of railway track structure is influenced by the ballast shape properties including 
roundness, flatness, elongation, sphericity, angularity and surface texture. The challenge is how to 
accurately measure the irregular shapes of ballast materials and directly link them to performance. 
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freshly produced crushed ballast and recycled ballast sampled from the heavy-haul coal line 
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of the ballast particles. The results obtained were used to develop a chart to classify ballast shapes 
and link these shapes physically with settlement determined from a triaxial testing programme. 
Based on the triaxial test results, new empirical models were developed to determine settlement 
on the route corridor of the heavy-haul coal line. It is anticipated that outcomes of this study 
would assist with quality assessments and railway ballast maintenance in the field.
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of dust has been considered as acceptable 
ballast material. The major challenge is 
that ballast particles have irregular and 
non-ideal shapes with variable surface tex-
tures. Improved techniques for measuring 
and analysing ballast shapes are, however, 
available to explore. Hayakawa and Oguchi 
(2005), and Tolppanen et al (2008) reported 
that digital modelling of gravel particles 
based on three-dimensional (3-D) laser 
scanning could be useful, reliable, repeat-
able and relatively fast to evaluate the 
properties of ballast material. In addition, 
Moaveni et al (2013) describe an image-
processing and analytical technique to 
better quantify particle shape. Moaveni 
(2015) modified and applied the Enhanced 
University of Illinois Aggregate Imaging 
Analyzer (E-UIAIA) to evaluate railroad 
ballast field degradation. In the E-UIAIA, 
aggregates are individually placed on a 
conveyor belt, with three orthogonally 
positioned cameras to capture the particle 
projections. E-UIAIA can distinguish 
flat and elongated aggregates, and auto-
matically calculates angularity and surface 
texture, as well as surface area and volume 
for a wide range of ballast particles. Recent 
studies in South Africa have strongly 
recommended the use of modern 3-D laser 
scanning and numerical modelling tech-
niques to improve measurements of the 
shapes of aggregates and ballast materials 
(Mvelase et al 2017; Anochie-Boateng et al 
2013; Mvelase et al 2012; Anochie-Boateng 
et al 2012). The use of laser improves accu-
racy and reliability of results. An accurate 
measurement of the shapes is important for 
the development and revision of specifica-
tions for quality control and quality assur-
ance of ballast.

This paper focuses on the effect of 
shapes determined from a modern 3-D 
laser scanning system on settlement of 
railway ballast. The selected ballast materi-
als are being investigated by TFR for their 
suitability in heavy-haul railroads in South 
Africa. The effect of ballast shape on settle-
ment performance was further investigated 
through triaxial testing.

BALLAST SHAPE PROPERTIES

Parameters of ballast particle shape
In order to describe the particle shape in 
detail, there are a number of terms, quanti-
ties and definitions used in the literature. 
Shape is a first-order property that reflects 
variations in the overall shape of a particle 

(Barrett 1980). The physical dimensions, 
surface area and volume have been used to 
compute index parameters commonly used 
to describe the shapes of aggregate and 
ballast particles (Anochie-Boateng et al 
2013). Although there are some differences 
in their precise definitions, the long, inter-
mediate and short dimensions of a particle 
are frequently used to summarise its shape. 
These three dimensions are sometimes 
referred to as the L, I and S diameters 
respectively. L, S and I can be obtained 
accurately from 3-D scanned models. It is 
possible to measure these dimensions man-
ually using callipers (Krumbein & Pettijohn 
1938; Krumbein 1941), although this is 
time-consuming, and any set of measure-
ments may be subject to user variation.

Kuo and Freeman (2000) defined two 
fundamental parameters to describe the 
shape of a rock aggregate as elongation 
and flatness ratios. Flatness ratio is defined 
as the ratio of the particle’s shortest to 
intermediate dimension (Equation 1: Sneed 
& Folk 1958). Elongation ratio is defined as 
the ratio of the particle’s longest dimension 
in the plane perpendicular to the interme-
diate dimension (Equation 2: Sames 1966). 
The shape factor of an aggregate particle 
can be related to flatness and elongation 
characteristics (Equation 3: Aschenbrenner 
1956). The sphericity in Equation 4 was 
described by Aschenbrenner (1956).

	 Flatness (F)	 =	
S

I
� (1)

	 Elongation (E)	 =	
I

L
� (2)

	Shape factor (SF)	 =	
SL

I2
� (3)

Ψ = 
12.8(F2E)⅓

{1 + F(1 + E) + 6(1 + F2(1 + E2))}
� (4)

Where:
	L	 =	� longest dimension of a particle
	 I	 =	� intermediate dimension of a particle
	S	 =	� shortest dimension of a particle
	Ψ	 =	 sphericity

Furthermore, Zingg (1935) proposed a 
classification for shapes, and established 
a terminology that separates flat, cubic, 
ellipsoid and elongated shapes with a value 
of 0.67. This chart is a graphical approach 
to relate particle dimensions. Lines of equal 
sphericity based on Equation 4 are added to 
the Zingg diagram.

Sphericity
Lim and McDowell (2005), and Hayakawa 
and Oguchie (2005) quantified sphericity 
based on the surface area and volume prop-
erties of the aggregate. Sphericity is defined 
as a function of the ratio of the surface area 
of the particle to its volume, as shown in 
Equation 5. Ballast particles have irregular 
and non-ideal shapes. It is therefore diffi-
cult to obtain a direct measurement of the 
surface area and volume properties using 
the traditional methods for quantifying the 
shape properties of aggregates.

Sphericity = 
3√36V 2

A
� (5)

Where:
	A	 =	 surface area
	V	 =	 volume

Among the shape indices described above, 
sphericity, flatness, elongation and shape 
factor were computed directly using the data 
obtained from a 3-D laser scanning device.

Current standard test to 
measure ballast shape index
Raymond (1985) reported that most speci-
fications restrict the percentage of flaky 
particles of which the aspect ratio exceeds 
3, and exclude particles with an aspect 
ratio exceeding 10. Flaky particles cannot 
be used as ballast given their long and very 
thin dimensions that can align and form 
planes of weakness in both vertical and 
lateral directions. The use of flaky particles 
appears to increase abrasion and breakage, 
increase permanent strain accumulation 
under repeated load, and decrease stiffness 
(Selig & Waters 1994).

Flakiness index test procedures are con-
tained in Technical Methods for Highways 
(TMH 1) Method B3 (TMH 1 1986). Under 
the new South African National Standards 
(SANS), the method will be replaced by 
SANS 3001-AG4 (SANS 2015). The test 
provides an indication of the flatness of 
ballast particles. The test procedure starts 
with performing grading analysis on the 
aggregate sample to be tested. Each ballast 
particle retained on a specific sieve size 
is then passed through a corresponding 
rectangular slot of a flakiness gauge. The 
particles passing the slots are regarded as 
flaky, whereas particles that do not pass are 
considered non-flaky. Flakiness index (%) is 
calculated by dividing the mass of ballast 
particles passing the slots by the total mass 
of the sample.
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In the TFR specification, flakiness index 
is defined as the ratio of the total mass 
passing bar sieve slots to the total mass of 
aggregate retained on three specific sieve 
sizes. Figure 1 shows a photograph of the 
flakiness gauge apparatus.

Mathematically, the flakiness index (FI) 
of a ballast material can be represented by 
Equation 6 as follows:

FI = ⎫
⎪
⎭

Mp

MT

⎫
⎪
⎭
 × 100� (6)

Where:
	Mp	 =	� total mass of aggregate passing a 

bar sieve slots
	MT	 =	� total mass of aggregate retained on a 

specific sieve size (grading analysis)

EXPERIMENTAL PROGRAMME 
AND TESTING

Material sourcing
Four recycled ballast samples from the 
heavy-haul coal line in South Africa were 
selected for this study. A fresh ballast 
sample from a quarry was included to act 

Figure 1 Current test method using a flat gauge (courtesy TFR)

Figure 2 Position of ballast sampling below the sleeper
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as reference material. Recycled ballast 
is referred to as reclaimed material that 
is re-used in the track structure during 
rehabilitation. The parent rock of recycled 
ballast remains mostly the same as that of 
fresh, crushed ballast. Because dolerite is 
the most commonly used ballast type on 
the heavy-haul line, preliminary testing for 
the reproducibility of tests was conducted 
using a dolerite obtained from a quarry in 
South Africa. The same dolerite was used 
in the main testing programme. The four 
recycled ballast samples were selected from 
the coal line section where repetitive bal-
last tamping and track geometry deforma-
tion (known as cant loss on curves) were 
noted by line maintenance managers of 
TFR. The site was chosen in consultation 
with the Maintenance Depot experts and 
was based on the goals of the research.

None of these selected curves were situ-
ated just before a signal, and no other rail 
surface defects such as locomotive wheel 
skid marks or ballast white spots were 
noted. Samples were taken below the sleeper 
with special focus on collecting rounded 
particles for the laboratory analyses on the 
sites provided by the maintenance depot as 
indicated in Figure 2. The visual examination 
indicated that about 90% of recycled ballast 
comprised semi-angular crushed rock frag-
ments, while the remaining 10% consisted of 

semi-rounded river gravels. These materials 
were chosen so that a comparison of their 
physical characteristics could be made.

The coal line is electrified to 25 kV AC 
and supports 26 t/axle loading. The test sec-
tion forms the southern part of the coal line, 
carrying mainly heavy-haul traffic with some 
general freight. Figure 3 shows the recycled 
ballast sample locations on the heavy-haul 
coal line between Vryheid and Richards Bay, 
as investigated in this paper. The recycled 
ballast was subjected to a traffic load of 2 738 
million gross tons (MGT). This is the total 
tonnage carried from the inception of the 
line in 1976, calculated based on 76 million 
tonnes handled by the Richards Bay Coal 
Terminal annually (Kuys 2011).

Properties of the fresh ballast
For the purpose of this study, physical 
property tests were performed on the fresh 
ballast, and the results were compared to the 
TFR ballast specification (TFR 2011). These 
tests were conducted in the geotechnical 
engineering laboratory of the TFR Track 
Testing Centre to determine whether the 
materials were suitable for use as railway bal-
last. Table 1 summarises the results of eight 
physical properties of the fresh ballast. These 
tests provide basic guidelines for accept-
ance of a given material as potential railway 
ballast. In general, ballast that satisfies the 

Los Angeles Abrasion Test is subjected 
to further tests to evaluate shape, surface 
characteristics, grading and unit mass. Based 
on the results presented in Table 1, it can be 
concluded that the tested sample was suitable 
for use as ballast in heavy-haul lines.

Selection of ballast particles 
for laser scanning
To establish whether the scanning technique 
would lead to a reasonable prediction of 
ballast characteristics, a quartering sam-
pling approach was used to select particles 
for scanning. Prior to quartering, grading 
analyses were conducted on the samples to 

Table 1 �Physical characteristics of dolerite 
ballast

Standard 
ballast tests 

South 
African 

specification

Test 
value

Void content > 40 43

Relative density > 2.5 2.7

Grading pass or fail pass

Flakiness index < 30 8

Los Angeles < 22 12

Mill abrasion < 7 6

Absorption < 1 0.6

Weathering < 5 1.2

Figure 3 Heavy-haul rail network between Vryheid and Richards Bay showing recycled ballast sample locations

Track segment
Stations
Towns
Km posts

Recycle ballast Km 9

Recycle 
ballast Km 17

Recycle ballast Km 32
Recycle ballast Km 31

Richards Bay Coal Line

26 t Achslast 25 kV 50 Hz ~

20 t Achslast Dieselbetrieb
20 t Achslast 25 kV 50 Hz ~
20 t Achslast 3 kV =
26 t Achslast 3 kV =
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determine particle distribution according to 
the TFR specifications. These samples were 
then quartered to obtain the number of par-
ticles that were suitable for the shape char-
acterisation. The samples were dry-sieved 
using a 465 mm diameter sieve set of 63, 53, 
37.5, 26.5, 19, 13.2 and 9.5 mm. The reduced 
samples were also washed and oven-dried for 
scanning purposes. Figure 4 shows the grad-
ing results fitted to the TFR specifications.

Scanning of ballast particles
The 3-D laser devices at the Council for 
Scientific and Industrial Research (CSIR) and 
TFR have been calibrated to determine shape 
and surface properties of different types of 
aggregate recycled ballast (Anochie-Boateng 

Table 2 Representative samples of scanned materials

Sieve size
Freshly crushed 

ballast
Recycled ballast Number of particles 

per sieve sizeKm 9 Km 17 Km 31 Km 32
9.5 mm 10 5 6 3 – 24

13.2 mm 7 6 10 2 3 28

19.0 mm 10 12 11 10 5 48

26.5 mm 10 30 28 14 22 104

37.5 mm 10 9 20 29 25 93

53.5 mm 10 3 1 1 1 16

63.0 mm 1 – 2 – 4 7

Scanned 58 65 78 59 60 320
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(a) Recycled ballast Km 9

Initial mass (kg) = 21.3
Scanned mass (kg) = 5.9
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(b) Recycled ballast Km 17

Initial mass (kg) = 21.5
Scanned mass (kg) = 5.7
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(c) Recycled ballast Km 31

Initial mass (kg) = 21.9
Scanned mass (kg) = 5.7
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(d) Recycled ballast Km 32

Initial mass (kg) = 21.7
Scanned mass (kg) = 6.6

Figure 4 �Grading analysis of samples of scanned ballast materials: (a) recycled ballast Km 9, 
(b) recycled ballast Km 17, (c) recycled ballast Km 31, (d) recycled ballast Km 32, 
(e) freshly crushed ballast

(e) Freshly crushed ballast

Initial mass (kg) = 44.4
Scanned mass (kg) = 7.3

Spec limits

Freshly crushed 
ballast

Freshly crushed  
ballast 
(scanned)

Legend (e)

Spec limits

Recycled ballast

Recycled ballast 
(scanned)

Legend (a)–(d)
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2014). All the ballast particles used for this 
study were scanned in accordance with the 
CSIR Guideline for Scanning of Aggregates 
and Ballast Particles (Anochie-Boateng 2014). 
The scanning system uses multiple scans to 
produce high reliability and complete 3-D 
representation of the particle being scanned. 
Generally, in-between scans, the ballast parti-
cle is oriented along a different axis to ensure 
that point clouds are obtained from as many 
different directions as possible; this ensures 
that data is obtained from all sides of the par-
ticle. After multiple scans are obtained, the 
individual scans are brought into a common 
reference system through a process that is 
usually referred to as alignment or registra-
tion. After the scans are registered, they are 
subsequently merged to create a complete 3-D 
ballast model of the ballast particle. The total 
number of 320 particles, with their corre-
sponding sieve sizes, are presented in Table 2.

Figure 5 shows a schematic representa-
tion of the process used for the scanning 
of the 3-D ballast models. Figure 6 shows 
photographs of actual crushed ballast and 
models of the scanned ballast. From these 
images it is clear that the laser-scanning 
technique is capable of producing models 
that are similar to the actual particle. It 
is therefore reliable to analyse the ballast 
particles to obtain an indication of their 
shape properties.

Ballast grading
QQ Sieve initial mass
QQ Sieve reduced mass
QQ Separate each 

sample retained on 
each sieve

Scanning
QQ Place prepared 

ballast particle on 
the laser turntable

QQ Select plane 
scanning mode

QQ Process scanned 
data

Merge  
align

Combine Merge
3D model 

ballast particle

Ballast 
sampling

QQ New crushed ballast 
(stockpile)

QQ Recycled ballast  
(track)

Figure 5 Process used for 3D laser scanning of ballast particles

Sample preparation
QQ Riffle sample to 

obtain approx 30 kg
QQ Quartering to obtain 

scannable mass
QQ Wash and dry 

reduced sample

(a) Actual crushed ballast

(c) Actual recycled ballast

(b) Modelled crushed ballast

(d) Modelled recycled ballast

Figure 6 �Actual particles versus 3-D laser modelled recycled ballast: (a) actual crushed ballast, 
(b) modelled crushed ballast, (c) actual recycled ballast, (d) modelled recycled ballast
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Discussion of flatness and 
elongation results
As presented earlier in Table 2, scanned 
particles involved about 320 particles 
between 9.5 mm and 63 mm sieve sizes. 
This data was used in the development of a 
classification system. Dimensions (longest, 
intermediate and shortest) of the individual 
ballast particles were obtained directly 
from the three-dimensional bounding box 
shown in Figure 7.

The following steps were followed to 
compute flatness and elongation ratios 
from the scanned results:

QQ The flatness ratio of an individual bal-
last particle was computed by dividing 
the shortest dimension by the interme-
diate dimension (Equation 1).

QQ The elongation ratio of an individual 
ballast particle was computed by divid-
ing the longest dimension in the plane 
perpendicular to the intermediate 
dimension (Equation 2).

QQ Furthermore, Zingg (1935) proposed a 
classification for shapes, and established 
a quadrant that separates the terms 
with a value of 0.67 to each other.

QQ The shape factor is computed by the 
ratio of flatness and elongation in 
Equation 3.

QQ The sphericity using elongation and 
flatness is shown in Equation 4.

Discussion of shape 
classification results
The classification methodology is based 
on measuring the shape characteristics of 
recycled ballast from four different positions 
and one freshly crushed ballast sample using 
a 3-D laser scanner. Scanned particles were 
visually classified as four shapes (cubic, 
flaky, elongated or flat and elongated). The 
chart shown in Figure 8 was used to dis-
tinguish these shapes. The sphericity value 
gives a very good indication on the propor-
tions of particle dimensions. However, one 
cannot determine whether the sample has 
flat, elongated or flat and elongated particles 
using sphericity alone.

When all scanned particles from the 
four shapes were combined, grouped 
samples had the highest occurrence of 
flaky particles, namely 122 in number, 
followed by the cubic particles (98), elon-
gated (57) and flat and elongated (43), as 
shown in Figure 8. The shaded area in the 
chart represents ballast shape with a limit 
of SF ranging between 0.67 and 1.5 and 
sphericity between 0.8 and 0.9. Therefore, 
the recommended average shape should 

be scattered within the shaded area. Any 
particle scattered below the shaded area is 
too flaky or flat and elongated, while any 
particle scattered above the shaded area is 
too spherical.

Several rock types may fracture to flat 
and/or elongated to cubic particles when 
crushed. It is easy to determine the main 
shape of the particles as cubic, flaky, elon-
gated and flat and elongated. A desirable 
ballast particle should have as many sides 
as possible (i.e. cubic). This will ensure 

that different ballast particles can interlock 
and remain in that stable position. Flaky 
particles, on the other hand, have large 
surfaces which reduce the void spaces and 
can break under load.

One can more easily evaluate the 
shapes of particles by plotting the ratios of 
dimensions, elongation ratio and flatness 
ratio. These do not present the size of the 
particles but purely the shape relation-
ship of each individual particle. Figure 9 
shows the total percentage of particles 
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Figure 7 Properties of a 3-D laser-based modelled ballast particle (courtesy CSIR)
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Figure 8 A shape classification chart for ballast material
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that fall into the four different quadrants, 
namely cubic, flaky, elongated or flat and 
elongated particles, at the sampling points. 
The sample with the highest percentage 
of cubic particles was the recycled ballast 
Km 31, followed by the recycled ballast 
Km 32, recycled ballast Km 17 and recycled 
ballast Km 9. This differed from the results 
of freshly crushed ballast where most of the 
ballast particles were found to be slightly 
flat and elongated, possibly due to the dif-
ferent techniques that the quarry uses to 
crush stone. This could be a reason why 
cubic particles are mostly preferred over 
flaky and elongated particles, which tend to 
break under load. Li et al (2015) preferred 
cubic particles for stable and strong ballast, 
whereas elongated, flaky, smooth shapes 
should be avoided.

Flat and elongated particles
The longest, intermediate and shortest 
dimensions of the ballast particles were 
used to compute the flat and elongation 
ratio using Equations 1 and 2. This means 
that the recycled ballast samples were 
expected to have higher flatness ratio val-
ues, greater than 0.66, compared to freshly 
crushed ballast. For equal dimensional 
ballast particles, the flat and elongation 
ratio approaches a minimum value of 1. 
The flat and elongation ratio statistical 
analysis for the five types of ballast studied 
are presented in Table 3. The average 
flatness ratio of recycled ballast Km 9 was 
the highest, followed by recycled ballast 
Km 32. The average flatness ratio of freshly 
crushed ballast was the lowest, followed by 
recycled ballast Km 17, Km 31 and Km 32. 
It can be seen that the flatness ratios of all 
four recycled ballast samples were compa-
rable to the fresh ballast, although a little 
bit more. However, elongation ratios of the 
four recycled materials were higher than 
the fresh ballast. This implies that broken 
particles become more elongated, which 
could affect the performance of the ballast 
layer. The distributions of the flatness ratio 
and elongation ratio of all the studied bal-
last samples are plotted in Figures 10 and 
11, respectively. The results indicate that 
the particles were slightly elongated and 
moderately flat.

Sphericity results
The surface area and volume of individual 
stone particles were used to compute the 
sphericity of the ballast materials using 
Equation 5. The sphericity approaches 
a maximum value of one (1) for round 
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Table 3 Statistical parameters for flatness ratio and elongation ratio

Sample description
Average Standard deviation

Flatness ratio Elongation ratio Flatness  ratio Elongation ratio

Recycled ballast Km 9 0.70 0.72 0.18 0.14

Recycled ballast Km 32 0.66 0.78 0.16 0.12

Recycled ballast Km 31 0.69 0.80 0.13 0.11

Recycled ballast Km 17 0.66 0.77 0.17 0.13

Freshly crushed ballast 0.65 0.66 0.21 0.16
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shaped aggregate particles. Figure 12 
shows the distributions of the sphericity 
computed using surface area and volume. 
The sphericity distributions are plotted for 
the 320 particles scanned. Included in the 
figure are sphericity values of 14 spherical 

objects. These spheres had different sizes 
and were manufactured using different 
types of material (steel, ceramic, rubber 
and plastic). All the spherical objects plot-
ted closer to a value of one (1). Recycled 
ballast Km 32 had relatively higher 

sphericity values, followed by recycled 
ballast Km 31, recycled ballast Km 9 and 
recycled ballast Km 17.

It was also observed that the distribution 
of sphericity values for different samples 
may differ significantly, despite their average 
values being closer to each other. Therefore, 
a single property such as flakiness index 
cannot accurately differentiate shape 
properties of the ballast samples. The use 
of the laser scanning technique provided 
more information required to distinguish 
the shapes of the different samples used in 
this study. The plots of sphericity, elonga-
tion ratio and flatness ratio presented in 
Figures 10, 11 and 12 indicate that the 
recycled ballast differs from freshly crushed 
ballast in terms of its shape.

Correlation of flakiness index 
with ballast shape indices
The flakiness index values were correlated 
with the average sphericity and flatness 
ratio (see Figure 13). A reasonably good 
correlation was found between the sphe-
ricity and flakiness index (R2 = 0.604). 
However, a poor correlation was found 
between flakiness ratio and flakiness index 
(R2 = 0.360). The recycled ballast samples 
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at Km 31 and KM 9 showed a higher flat-
ness ratio with a lower flakiness index 
and hence appear to contribute to the 
poor correlation.

TRIAXIAL TESTING PROGRAMME
A proper evaluation of the behaviour of 
railway ballast requires that the specimens 
must be prepared to the particle size repre-
sentative of the field conditions (Tutumler 
et al 2011). Repeated load triaxial testing 
was conducted in accordance with the TFR 
in-house triaxial testing protocol developed 
for granular material (Arangie 1995). The 
specimen dimensions, i.e. a height (H) of 
385 mm and a diameter (D) of 210 mm, 
corresponding to an acceptable H/D ratio 

of 1.85, were used for the triaxial tests. A 
210 mm diameter and 380 mm tall triaxial 
specimen yields a volume of 0.013 m3. 
The chamber was pressurised, carefully 
avoiding applying the full confined pres-
sure before removal of the vacuum. The 
vacuum pipe was ventilated to prevent any 
back-pressure.

In this study, a deviator stress of 
101 kPa and a confining pressure of 90 kPa 
were applied to the ballast samples to 
determine settlement. The cell pressure of 
90 kPa is representative of field conditions 
on the coal line in KwaZulu-Natal. The 
axial loading values were obtained based 
on Geotrack software (Arangie 1995) to 
represent axle loads of 26 ton (~ 94 kPa) 
and 34 ton (~121 kPa) for the current and 

the predicted axle load due to an increasing 
coal export market (Arangie 1995). The 
30-ton (~107 kPa) loading represents the 
locomotive axle load.

Repeated load triaxial testing was 
performed on the five ballast samples. This 
test closely resembles the load environ-
ment and failure mechanisms of ballast in 
track. All tests were conducted at the CSIR 
pavement materials testing laboratory. 
During testing, a repeated haversine load 
of 0.1 seconds followed by a 0.9-second rest 
period is applied to the ballast sample.

For the first stage, the samples were 
loaded at 90 kPa confining pressure and 
100 kPa axial loading with 0.1-second load 
duration followed by a 0.9-second rest 
period. This was immediately followed 
by increasing the repeated axial stress 
level to 140 kPa under the same confining 
stress condition of 90 kPa for an additional 
50 000 load application. The samples were 
loaded at 90 kPa confining pressure and 
100 kPa, then at 140 kPa axial loading.

DISCUSSION OF TRIAXIAL 
TEST RESULTS

First-stage settlement
Figure 14 shows that the highest settlement 
was found in recycled ballast Km 32, fol-
lowed by recycled ballast Km 17, recycled 
ballast Km 9, recycled ballast Km 31 and 
finally the freshly crushed ballast. A number 
of mathematical functions have been pro-
posed to predict the settlement behaviour 
of ballast (Selig & Waters 1994; Indrarantna 
et al 2006). Considering the trends of per-
manent strains with respect to the number 
of load cycles in the triaxial simulation of 
ballast materials in the laboratory, these 
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researchers found that semi-log and power 
functions better describe the behaviour 
of ballast material. The researchers also 
found the power function as presented 
in Equation 7 to be more accurate than 
the semi-logarithmic function regarding 
modelling the behaviour ballast settlement.

SN = aNb� (7)

SN = a(k log N + 1)� (8)

Where:
	 SN	 =	 settlement of ballast
	 N	 =	 load cycles
	 a	 =	 settlement at first cycle
	b & k	 =	 empirical constant

In this study a power function of settle-
ment and number of load repetitions was 
used to analyse the triaxial test results.

Second-stage settlement
As expected, a significant amount of settle-
ment occurred in the first stage of testing, 
due to the ballast particles being free to 
settle and undergo reorientation during the 
first-stage loading. Figure 15 shows that the 
highest settlement was found in recycled 
ballast Km 9, followed by recycled ballast 
Km 17, recycled ballast Km 32, recycled 
ballast Km 31 and freshly crushed ballast.

Table 4 presents total settlement of the 
tested samples computed using Equation 7. 
The power function R2 was used to assess 

the accuracy of the model in estimating the 
settlement of recycled ballast during tri-
axial testing. The sample with the highest 
settlement was recycled ballast Km 32, fol-
lowed by recycled ballast Km 17, recycled 
ballast Km 9, recycled ballast Km 31 and 
freshly crushed ballast. From Table 4 it can 
be observed that the recycled ballast expe-
rienced the greatest amount of settlement 
before the second-stage settlement.

Combined recycled ballast model
A close examination of all four recycled 
ballast settlement variables suggests that 
the individual databases could be combined 
for analysis. A simplified model to combine 
all data of the recycled ballast was therefore 
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Table 4 Settlement of tested materials using power function

Sample description
First-stage settlement (SN1) Second-stage settlement (SN2) Total settlement

SN (SN1 + SN2)a b SN1 R2 a b SN2 R2

Recycled ballast Km 9 0.92 0.08 2.37 0.98 0.01 0.04 0.74 0.96 3.11

Recycled ballast Km 17 2.22 0.04 3.69 0.98 0.02 0.35 0.64 0.96 4.33

Recycled ballast Km 31 0.62 0.10 1.88 0.99 0.01 0.35 0.46 0.93 2.34

Recycled ballast Km 32 2.72 0.03 3.86 0.94 0.01 0.38 0.85 0.93 4.44

Freshly crushed ballast 0.11 0.08 0.26 0.98 0.01 0.46 0.92 0.98 1.18



Journal of the South African Institution of Civil Engineering  Volume 64  Number 4  December 2022 27

developed to simulate ballast values that 
had been subjected to repeated loading and 
had undergone degradation. When ballast 
has been in service for a significant period 
of time, it becomes damaged and contami-
nated, resulting in a change in shape and 
size, which in turn leads to a reduction in 
performance. The developed first-stage 
model is shown in Equation 9 and the 
second-stage model for recycled ballast is 
shown in Equation 10.

Recycled Ballast Models

First stage		  SN1 = 1.10 N0.09� (9)

Second stage	 SN2 = 0.01 N0.36� (10)

EFFECT OF BALLAST SHAPE 
ON SETTLEMENT

Flatness ratio and sphericity
The threshold value of sphericity will 
be 1.0, as indicated by use of spheres in 
Figure 12. The flatness ratio and spheric-
ity determined from the laser were used 
to evaluate the effect of ballast shape 
on settlement. Figure 16 shows a plot of 
settlement against flatness ratio and sphe-
ricity respectively. There was no proper 
relationship observed. Ballast deteriorates 
due to many reasons, including break-
age of angular corners and sharp edges 
resulting in finer materials with minimum 
dimensions, as shown in Figure 4. Once 
the vertical alignment (track settlement) 
in the track reaches the allowable limit 

of ±3.5 mm, maintenance is necessary to 
return the railway track to its original posi-
tion, since differential settlement can result 
in many problems, including derailment 
(Zaayman 2013).

Flakiness index
Figure 17 shows the effect of the flakiness 
index with settlement. An overall good 
correlation was observed, with a good cor-
relation between the flakiness index and 
the settlement (R2 = 0.904) of the recycled 
materials. This shows that laser scanning 
is a versatile technique to determine the 
shape of railway ballast. The flakiness 
index increases linearly with increasing 

settlement, and therefore the performance 
of the rail track structure can be linked to 
ballast shape.

FINDINGS AND CONCLUSIONS
A modern 3-D laser scanning technique 
was used to determine shape properties of 
railway ballast materials, which were linked 
to the settlement performance of the mate-
rials. The 3-D laser technique was used to 
directly obtain the flakiness index, flatness 
ratio, elongation ratio and sphericity of 
ballast particles. Settlement of the ballast 
was determined in the laboratory from 
triaxial testing with conditions derived 
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from railway track field loading conditions. 
Based on the findings and results discussed 
in this paper, the following conclusions 
are drawn:

QQ Much-needed improvement in the 
measurement of the ballast shape has 
been successfully demonstrated in 
this study using the 3-D laser-based 
scanning technique. This implies that 
a more accurate measurement of the 
highly irregular shapes of ballast mate-
rials can be achieved through automa-
tion instead of the traditional methods 
that are susceptible to error.

QQ The findings presented in this study 
showed that railway ballast shapes 
can be adequately captured by a 
modern 3-D laser scanning system. 
Furthermore, these shapes can be linked 
with settlement results from triaxial 
testing to mimic field loading of the bal-
last materials.

QQ The desired particle shape should be 
distributed within the shaded area of 
the shape classification chart. Flaky 
or elongated particles have a specific 
dimension that is significantly greater 
than other dimensions and tend to 
produce preferential planes of weakness 
when present in large proportions and 
clustered together in the material.

QQ The results of cyclic loading of the 
tested materials confirmed that settle-
ment of good quality freshly crushed 
ballast was low when compared with 
recycled ballast material under the same 
field loading conditions.

QQ The power mathematical function bet-
ters the model settlement behaviour of 
recycled (degraded) ballast materials. 
This validates the existing classical 
power function that is commonly used 
to model permanent deformation (set-
tlement) of the behaviour of ballast 
materials.
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