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Abstract

The main objective of this study is to assess the reuse of naturally old ballast that was removed from an operating
railroad. In order to verify the viability of its reuse, laboratory tests were carried out, based on the procedures and
parameters established in literature. The reuse of ballast would reduce costs, minimize the disposal of this material
and reduce quarry extraction. There are several standards regulations the ballast’s (gravel) properties, such as size,
shape, hardness, abrasion resistance and composition to provide better performance of the rail platform, due to the
wide variety of materials and environmental conditions to which they are subjected. Ballast specifications are based
on the execution of characterization tests and can be divided according to strength properties and geometric
properties. Thus, several specifications have been used by different railway organizations around the world to meet
the needs of their projects. One test used to analyze ballast quality is the Los Angeles Abrasion, which provides data
on resistance to fragmentation. The durability of the ballast depends on the quality of the gravel related to the original
rock composition. This is an important parameter that can be associated with railroad maintenance, which is
expensive. A series of tests were carried out to evaluate the ballast properties, as well as an analysis of the geometric
and mineralogical characteristics of the gravel, and the impact of the variation of these properties in the performance
of the ballast. The viability of reusing the ballast removed from an operating road was then evaluated, and it was
concluded that the material is still suitable for reusing, although its properties have undergone a few changes, without
modifying its main characteristics and functions.

Keywords: Ballast; Reuse; Mineralogical characteristics; Railroad.

Resumo

O principal objetivo deste estudo foi avaliar o reaproveitamento de um lastro desgastado naturalmente que foi retirado
de uma ferrovia em operacdo. Para verificar a viabilidade de seu reaproveitamento, foram realizados ensaios de
laboratério, com base em procedimentos e pardmetros consagrados pela literatura. O reaproveitamento do lastro reduz
custos, minimiza o descarte desse material e reduz a extragdo da pedreira. Existem vérias normas que regulam as
propriedades do lastro (brita), como tamanho, forma, dureza, resisténcia & abrasdo e composi¢do que proporcionaré
melhor desempenho da plataforma ferroviaria, devido a grande variedade de materiais e condi¢des ambientais a que
estdo submetidos. As especificacdes do lastro sdo baseadas na execucdo de ensaios de caracterizacdo e podem ser
divididas de acordo com as propriedades de resisténcia e propriedades geométricas. Assim, diversas especificagdes
tém sido utilizadas por diferentes organizagoes ferroviarias ao redor do mundo para atender as necessidades de seus
projetos. Um ensaio utilizado para analisar a qualidade do lastro é o Abrasdo Los Angeles, que fornece dados sobre a
resisténcia a fragmentacdo. A durabilidade do lastro depende da qualidade da brita utilizada em relagdo a composicao
original da rocha. Este € um parametro importante que pode ser associado a manutencao da ferrovia, que é onerosa.
Uma série de ensaios foi realizada para avaliar as propriedades do lastro, bem como uma anélise das caracteristicas
geomeétricas e mineralégicas da brita, e 0 impacto da variagdo dessas propriedades no comportamento do lastro. Foi
entdo avaliada a viabilidade de reaproveitamento do lastro retirado de uma via em operagdo, concluindo-se que o
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material ainda é adequado para reaproveitamento, embora suas propriedades tenham sofrido algumas alteragdes, nao
alteraram suas principais caracteristicas e funcdes.
Palavras-chave: Lastro; Reutilizacdo; Caracteristicas mineraldgicas; Ferrovia.

Resumen

El principal objetivo de este estudio fue evaluar la reutilizacién de balasto naturalmente desgastado que fue retirado de
un ferrocarril en funcionamiento. Para verificar la viabilidad de su reutilizacion, se realizaron pruebas de laboratorio,
con base en los procedimientos y parametros establecidos en la literatura. La reutilizacion de lastre reduce costes,
minimiza la eliminacion de este material y reduce la extraccién de canteras. Existen varios estandares que regulan las
propiedades del lastre (grava), tales como tamafio, forma, dureza, resistencia a la abrasién y composicion que
brindaran un mejor desempefio de la plataforma, debido a la amplia variedad de materiales y condiciones ambientales
que se encuentran disponibles. Las especificaciones del balasto se basan en la realizacion de pruebas de
caracterizacién y se pueden dividir segin las propiedades de resistencia y las propiedades geométricas. Asi, diferentes
asociaciones ferroviarias de todo el mundo han utilizado especificaciones diferentes para satisfacer las necesidades de
sus proyectos. Una prueba utilizada para analizar la calidad del balasto es Abrasdo Los Angeles, que proporciona
datos sobre la resistencia a la fragmentacion. La durabilidad del lastre depende de la calidad de la grava utilizada en
relacion con la composicion original de la roca. Este es un parametro importante que se puede asociar con el
mantenimiento del ferrocarril, que es costoso. Se realizaron una serie de ensayos para evaluar las propiedades del
balasto, asi como un analisis de las caracteristicas geométricas y mineraldgicas de la grava, y el impacto de la
variacion de propiedades en el comportamiento del balasto. Luego se evalud la viabilidad de reutilizar el balasto
retirado de una via en operacién, concluyendo que el material aln es apto para su reutilizacién, aunque sus
propiedades han sufrido algunos cambios, sus principales caracteristicas y funciones no han variado.

Palabras clave: Lastre; Reutilizar; Caracteristicas mineraldgicas; Ferrocarril.

1. Introduction

In accordance with the Brazilian Association of Technical Standards NBR 5564 (2014), the ballast dimension must be
in the range of 12 to 63.5 mm, however, there are several standard regulations that specify these characteristics, such as the
Canadian Pacific Railway EN 13450 (2002), AREMA (2012) and also researches carried out by Indraratna, Salim e
Rujikiatkamjorn (2011). This parameter does not have a single standard, the same happens with properties related to shape,
Los Angeles Abrasion and mineralogical composition, since the ballast specifications are prepared taking into account the
diversity of materials and environmental conditions the region of origin of the ballast.

Ballast is formed by granular materials that accommodate the sleepers and its most important functions are: drainage,
distribution of loads transmitted to the underlying layers and make resistance to lateral and longitudinal forces. The ballast
suffers a reduction in its drainage capacity when the layer reaches a high percentage of clogging, which is due to the presence
of particles smaller than 9.5 mm (Sol-S&nchez, Thom, Moreno-Navarro, Rubio-Gamez & Airey, 2015).

The efficiency of the ballast in performing its functions is verified through its physical state and the characteristics of
the grains in relation with size, shape, strength, among others. According to Oda and Iwashita (1999), the behavior of granular
materials is verified by the rearrangement and characteristics of the particles. Raymond (1985) emphasized that geometric
characteristics, such as shape and texture of aggregates, have great importance for the stability of the railway.

The EN 13450 (2002) evaluates surface texture as the most important factor and considers it as the key parameter for
track stability, and ensures that control must be stricter in relation with grain texture than form.

According to Selig and Waters (1994), particle rounding is related to the number of edges, while angularity is the
obtaining of these measurements, which is done by means of projecting images of the aggregates.

Jeffs (1989) concluded that ballast angularity is the most important parameter to be analyzed when analyzing plastic
deformations, more relevant than other parameters such as durability, maximum diameter and granulometric uniformity.
Therefore, the author recommends that the angularity analysis should be included in the evaluation of ballast material and also
suggests that a monitoring of the aggregate already applied on the track should be carried out, in order to monitor the process

of degradation and rounding caused by train traffic.
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Ballast suffers degradation along its life and this damage should be reduced so the railway is profitable, thus changes
in maintenance techniques are needed for a low cost and more efficient way to maintain road geometry.

The research of maintenance techniques aligned with the issue of environmental preservation has gained importance,
as environmental standards are increasingly restrictive in the search for methodologies that preserve the environment. One
cause of environmental degradation is the inadequate disposal of waste, and one way to avoid this is the reusing of materials,
which is also a way of reducing costs (John, 1997).

The objective of this study is to analyze the characteristics of a degraded ballast, removed from a stretch of a railway
in operation, and to assess through laboratory tests whether it is still proper for using, and if it meets the geometry and strength
specifications to be reused as ballast material. The assessment of the characteristics was carried out through an investigation of
the influence of the geometry and mineralogical composition of the gravel, as well as the representativeness of the sample and

the adequacy of the results in terms of variation in geometric properties and strength.

1.1 Degradation of Railway Ballast

The railway structure is intended to provide an efficient foundation for trains to operate at different speeds and axle
loads, as well as stability and safety for users. For that, the road geometry needs be inside the parameters established by the
standards, where each component of the structure needs to perform its operational and environmental functions correctly
(Indraratna et al., 2011).

When gravel deterioration begins to change the geometric parameters and mechanical behavior of the ballast layer, it
becomes necessary to carry out operations to return the geometry of the road, in order to ensure good performance and
maintain safety conditions within standards ideals (Sol-Sanchez et al., 2015).

Most ballast specifications prescribe that the gravel layer must contain a low percentage of fines, however, the
accumulation of traffic causes the degradation of the material causing fines to occur, changing the rigidity and causing the
instability of the railroad. The occurrence of fines in the ballast layer leads to maintenance operations in order to rebuild the
geometry of the road, and when the percentage of fines is high, it is necessary to replace all the ballast material (Muniz da
Silva, 2002).

The fine material that stiffens the ballast layer comes from the deterioration of the grains due to train traffic, ore
spillage, ascent of fine material from the sub-ballast and subgrade, which is called fines pumping. The main cause of ballast
breakage is the passage of train traffic, which causes a change in the rigidity of the track since the ballast is an influential

component in deformation (Raymond & Williams, 1978; Selig & Waters, 1994).

1.2 Case Study

The aim of this study is to evaluate the characteristics of a ballast used on a railway in order to obtain information
about its properties. The sample of degraded ballast was collected at yard do Arara - RJ (Figure 1 (a) and (b)), during a change
operation of the turnout type, which was in service for approximately 15 years. Both the degraded ballast (Figure 2 (a)) and the

new ballast (Figure 2(b)) come from the same quarry. Its particle size ranges from 5 mm to 63.5 mm.
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Figure 1: (a) geographic location of the Japeri quarry - RJ and (b) operation to remove ballast from the Arara yard — RJ.

(@) (b)
Source: MRS (2019).

Figure 2: (a) degraded ballast and (b) new ballast.

(@) (b)

Source: Authors.

2. Methodology

In order to reduce costs and minimize the inappropriate disposal of waste in the environment, it was necessary to
verify the viability of reusing degraded ballast on the railway. Thus, to evaluate ballast reuse, the following tests were carried
out on the new and degraded ballast, both from the same quarry: determination of the shape through the maximum and average
values of angularity, texture and sphericity; mineralogical composition from X-Ray Diffraction; and Los Angeles Abrasion

Test to assess the evolution of ballast’s deterioration.

2.1 Aggregates shape

According to Jeffs and Tew (1991) the shape of the ballast grains varies due to production process and nature of the
deposit of origin. According to the American Railway Engineering Association (1991), 5% of the composition must be formed
by lamellar or elongated particles. However, there is still a lack of definition regarding the admissible percentage of lamellar
particles (Jeffs & Tew, 1991). Raymond (1985) determined that cubic shaped particles are used in high quality ballast, which is
also supported by Jeffs and Tew (1991).

Standards ASTM D5821-13 (2017) and ABNT NBR 5564 (2014) indicate the appropriate shape for the aggregate to
be used as ballast material. The test is performed by analyzing the amount of fracture on each gravel’s face.
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According to Pazos (2015), the experimental procedures used to determine characteristics related to the shape,
angularity and surface texture of the aggregates have a certain degree of empiricism, which raises questions about the
repeatability of the tests used. To solve this problem, a test developed by Masad and Fletcher (2005) has been used to evaluate
the characteristics related to the shape, angularity and surface texture of the aggregates. The test was later improved by
Mahmoud, Gates, Masad, Erdogan, and Garboczi (2010) Mahmoud et al. (2010), resulting in the AIMS (Aggregate Image
Measurement System). The maximum dimension of the materials analyzed through digital image processing in AIMS is 25
mm.

Ibiapina (2018) carried out a study on Brazilian aggregates and from data of materials from different regions and
proposed a change in the classification limits of materials used in the AIMS, which have North American origins. The limits
proposed are shown in Table 1. Figure 3 shows the AIMS equipment and accessories used for image capture and Figure 4

shows the degraded ballast in AIMS tray.

Figure 3: AIMS and equipment details.

Source: Fengler (2018).

Figure 4: Degraded ballast — AIMS tests.

Source: Authors.
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Table 1: AIMS Limits.

Limits
Angularity Sphericity Texture
Rounded < 1260 Flat / Elongated < 0,5 Polished < 260
Sub-rounded: 1260 — 4080 Low Sphericity: 0,5-0,7 Soft: 260 — 440
Subangular; 4080 - 7180 Moderate Sphericity: 0.7 — 0.9 | Moderate Roughness: 440 — 600
Angular > 7180 High Sphericity > 0.9 Moderate Roughness: 600 — 825
- - High Roughness > 825

Source: Adapted from Ibiapina (2018).

2.2 Los Angeles Abrasion Test

The abrasion test follows ABNT NBR NM 51 (2001), ASTM C131 (2006) and ASTM C535 (2016) standards. The
procedure is to evaluate the reduction in the mass of aggregates that have suffered collisions, in relation to their initial mass
when placed inside a metallic cylinder with a horizontal axis. Cast iron spheres are placed together with the ballast, the objects
are subjected to rotations at a speed of 30 to 33rpm (Selig & Waters, 1994). The results obtained through this index help to
determine the useful life of the ballast layer.

To determine the wear by abrasion, Equation 01 is applied, which evaluates the reduction in the mass of aggregates

that suffered collisions in relation to their initial mass.

_ i"?’.‘l'—i"r.f

LA =

x 100 (01)

i"".J'

Where:

LA: Los Angeles abrasion wear of given diameter range of gravel, %;
m;: initial sample mass (dry), g;

myg: mass of material retained in sieve 1.7 mm after abrasion, g.

2.3 X-Ray Diffraction

The strength of the parent rock is a characteristic that must be taken into account when analyzing ballast degradation,
settlement and lateral deformation of the railway. The tensile and compression strength of ballast comes from the rock from
which it originated. When the material is exposed to loading, the more fragile particles suffer more degradation than the more
resistant particles. Despite such conclusions, the strength of the parent rock is not a criterion used in the specification of ballast
material, its strength is implied in the selection of the material, which includes the Los Angeles Abrasion test and in some
cases the petrographic or the X-Ray Diffraction test, which are two techniques used to determine the mineralogical
composition of materials, whose results help to estimate the useful life of the ballast (Vizcarra, 2015). In accordance with
Watters, Klassen and Clifton (1987), one way to facilitate the process of identifying the causes that lead to ballast deterioration
is the specification of the rock used.

For the analysis of X-Ray Diffraction after the crushing process, the material is quartered, ground and homogenized
(Silva, 2013). The X-Ray Diffraction test with powder material is the best technique available for the identification and
quantification of minerals present in rocks (Srodon, Drits, McCarty, Hsieh, & Eberl, (2001), which is an important tool in the

qualification of ballast, as it presents more conclusive results than those provided by other tests (Raymond & Diyaljee, 1979).
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The effects of abrasion are less observed in rocks composed of harder minerals, thus the hardness from the Mohs scale
and the mineral elements existing in the rock should be analyzed together (Raymond, 1979). According to this methodology
the percentage of mineral needs to be estimated at 5.5 or more from X-Ray Diffraction, which provides the mineralogical
composition of each mineral present in the sample. The result varies depending on the Los Angeles Abrasion Index (LAA) and
the percentage by volume of minerals with Mohs hardness equal to or greater than 5.5. Raymond (1979) proposed the
classification in Table 2, which determines the classes of ballast ranging from 1 to 6, where the smaller the class number, the

better the quality of the ballast.

Table 2: Ballast classification according to Mohs hardness and LAA.

Percentage by volume of minerals with
LAA Mohs Hardness > 5.5

0-25 25-50 50-75 | 75-100
0-10 3 3 2 1
10/15 3 3 2 1
15-20 4 4 2 2
20-25 4 4 3 2
25-30 5 4 3 2
30-35 5 5 3 3
35-40 5 5 4 3
40-50 6 5 4 4

Source: Raymond (1979).

3. Results
3.1 Shape

The shape of the aggregates was obtained using AIMS equipment. The test was performed both on new ballast and on
degraded ballast. The sample of each material consisted of 50 particles of the fractions retained in each of the sieves: 9.5 mm,
12.5 mm, 19 mm and 25.4 mm (Figure 5).
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Figure 5: New (a) and degraded (b) ballast separated by particle size for testing.

g =

Source: Authors.

The test was carried out to compare the average and maximum values of angularity, texture and sphericity obtained
through the tested aggregates. The first analysis performed was the angularity. The results found for the distribution of
maximum and average angularity of new ballast and degraded ballast are shown in Figure 6.

In the new ballast, there was a tendency to decrease angularity as the aggregate size increased, a phenomenon
observed in the distribution of maximum and average angularity, this fact may be related to the crusher used or even the
transport that can cause wear of the material if it comes from a less resistant rock.

Degraded ballast did not follow the same trend, the maximum angularity increased in the three largest aggregate sizes,
but in the 9.5 mm fraction it decreased. Considering the average values of angularity, the degraded material also suffered a
decrease in angularity as the size of the aggregate increased in the three smallest aggregate sizes, however, in the fraction of 25
mm the angularity increased. This could be explained by the wear suffered on the railroad. In accordance with the limits
proposed by Ibiapina (2018) in relation to angularity, degraded and new ballast were under-rounded.

Figure 6: Maximum and average angularity values.

6000
5000
%. s Degraded ballast -
£ 4000 maximum values
k- s New ballast -
5 3000 maximum values
e Degraded ballast -
average values
2000 e New ballast -
average values
1000
0

25 19 12,5 9.5

Sieves size (mm)

Source: Authors.

Figure 7 shows the results of the maximum and mean distribution of materials texture. The maximum texture
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variation of the aggregates does not follow a trend, however, when evaluating the average distribution, it is observed that the
degraded ballast had higher values, probably related to the presence of smaller grains compared to the new ballast. According
to the limits assigned by Ibiapina (2018) in relation to texture, the two ballast materials showed low roughness.

Figure 8 shows the distribution of the maximum and average sphericity of the aggregates. The degraded ballast has
higher values of maximum and average sphericity, which can be explained by the fact that the material has already been
exposed to traffic. Analyzing the mean sphericity obtained, and the limits imposed by Ibiapina (2018), the new and degraded
ballast presented moderate to low sphericity.

Figure 7: Maximum and average texture values.

1000
800 s Degraded ballast -
maximum values
600 we New ballast -
g maximum values
‘5 s Degraded ballast -
= 400 average values
e New ballast -
200 average values
0
25 19 12.5
Sieves size (mm)
Source: Authors.
Figure 8: Maximum and average sphericity values.
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0,50 maximum values
§' ’ == Degraded ballast -
0,40 average values
0,30 = New ballast -
0’ 20 average values
0,10
0,00
25 19 12,5 9.5

Sieves size (mm)

Source: Authors.
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3.2 Los Angeles Abrasion

The maximum Los Angeles Abrasion value allowed for using rail ballast is 30% according to ABNT NBR 5564
(2014) and DNIT ETM-002 (2016). According to AREMA (2012), the material has to fit in the range of 25% to 40% and
according to VALEC (2012) the limit is set at 40% maximum. The abrasion value of the new ballast was 36%, which is high,
but it is still within the standards established by AREMA (2012) and VALEC (2012). Degraded ballast, on the other hand,
presented greater resistance to fragmentation, with an abrasion value of 31.4%, since it was already submitted to stress in the
field.

3.3 X-Ray Diffraction

The characterization of the sample is conducted through comparison between the diffractogram of the tested sample
with reference standards, available in DRX databases. In this procedure, the most intense peaks of each crystalline compound
present in the database are compared to the peaks of the sample diffractogram. Once the search and comparison process is
finished, the values of the search results are displayed. The coincidence of values, or near coincidence, leads to identification
the mineral (Kahn, 1988; Silva, 2013). Figures 9 and 10 illustrate the likely substances present in the new and degraded ballast
samples. The characterizations of the samples were performed using the Panalytical High Score Plus software, by comparing

the generated diffractograms with reference standards available in the ICDD PDF2 database.

Figure 9: Possible substances in the new ballast.
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Source: Authors.

Figure 11 and Figure 12 shows the candidate minerals for characterization of the samples of degraded ballast and new
ballast respectively. Each crystallographic number refers to a mineral, and in the degraded ballast the minerals were: Silicon
Dioxide, Quartz, with 0.3%; Copper lodide, Marshite, 0.1%; Sodium Aluminosilicate, Albite, with 14.9% and Beryllium-Zinc
Silicate Sulfite, Genthelvita, with 84.7%. In the new ballast, the minerals were: Quartz, Silicon Oxide with 0.5%; Labradorite,
Sodium Calcium Aluminum Silicate with 4%; Cobalt with 58.4% and Langita with 9.2%.

Thus, through the correlation proposed by Raymond (1979), the degraded ballast had 99.9% of minerals with Mohs
hardness greater than 5.5, while the new ballast had 90.8% of minerals with Mohs hardness greater than 5 .5. For LAA in the
range of 30-40% and with 75-100% of volume with Mohs hardness > 5.5, both ballasts are classified as class 3.
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Figure 10: Possible substances in the degraded ballast.
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Figure 11: Minerals present on degraded ballast.
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4. Discussion

The value obtained in Los Angeles Abrasion Test of the new material was 36% and the degraded ballast 31.5%, this
was due to the fact that the degraded material had already been exposed to stresses on the road, thus the lamellar and elongated
particles (more prone to breakage) were already reduced in size, thus the cubic-shaped particles (more resistant to breakage)
were predominant, so when this material was exposed to abrasion it suffered less fragmentation effects than new ballast, which
had never been submitted to stress. This behavior was already observed by Raymond (1985), who states that the cubic-shaped
particles are used in high quality ballast.

The angularity, texture and sphericity values of the new and degraded ballast fit into the same intervals according to
Ibiapina (2018), however, comparing the results with each other, the main conclusions are:

- Jeffs (1989) proposed that the angularity of the ballast is the most important parameter in the control of plastic
deformations, and through the result of the angularity it was possible to observe that both the new and the
degraded ballast suffered a reduction in angularity as the size of the aggregate increased, however, the degraded
ballast presented smaller particle sizes in relation to the new ballast, and with this it is concluded that the
angularity was higher in the degraded material.

- Through the tests it was observed that the degraded ballast had higher texture values, and according to the
Canadian Pacific Railway (2002), texture is the key parameter for the stability of the road.

- Through the X-Ray Diffraction test it was possible to quantify the minerals present in the two materials under
study, and through the correlation proposed by Raymond (1979) it was observed that the two materials presented
the index 3, proving that the degraded ballast is still fit for reuse.

It is common knowledge in ballast material specifications that the gravel layer must contain a low percentage of fines,
however the increase in loading cycles leads to deterioration of the grains causing the appearance of fines in the layer, making
maintenance necessary. However, through this study it was observed that the material under charge for 15 years is still suitable
for reuse, considering the characterization and mineralogical tests. Thus, it is not necessary to replace the material, it is only
necessary to carry out an evaluation in order to discard the fines that impair drainage and can cause other damage to the

behavior of the layer.

5. Final Considerations

In this work, the viability of reusing ballast removed from an operating road was evaluated, and it was concluded that
the degraded material is still suitable for use, as its properties have been maintained and are still in accordance with the criteria
required by the ballast material specifications.

One criterion to be evaluated is the graduation of the ballast, and particles smaller than 9.5 mm can cause loss of
drainage efficiency and cause the layer to clog (Indraratna et al., 2011), however, by removing the fine material the ballast can
be reused.

In the present study, the geometric and strength characteristics were evaluated through the Los Angeles abrasion test,
a suggestion for future work (which is already in progress) is to carry out a study of the material's mechanical properties
through resilient modulus (MR) tests and permanent deformation (DP), in order to assess the degradation suffered by the

ballast with an increase in the number of loading cycles.
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