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1. Introduction

The West-East Integration Railway (FIOL, in Portuguese) 
is a cross-country infrastructure project currently under 
construction in the states of Bahia and Tocantins, Brazil. 
With an approximate length of 1,527 kilometers, the railway 
will connect the municipality of Figueirópolis (junction 
with the North-South Railway), in the state of Tocantins, to 
Porto Sul, located in the municipality of Ilhéus, in Bahia. 
The FIOL project is designed to facilitate integration and 
socio-economic development between the Northeast, North 
and Central-West regions of Brazil. The railway will enable 
the transport of agricultural, mineral, and industrial products 
via an efficient export route. Due to the importance of this 
project for Brazil, numerous researchers have studied the 
behavior of the materials that comprise the infrastructure 
layers of the FIOL (Santos et al., 2022; Gomes et al., 2023b)

The ballast layer of the FIOL will consist of a limestone 
aggregate. According to Selig & Waters (1994) and Raymond 
& Diyaljee (1994), the primary lithologies used in a railway 
ballast layer include limestone, gneiss, basalt, quartzite, 

granite, rhyolite, and dolomite. Recently, recycled materials 
such as steel slag have been the subject of extensive research 
as an alternative to crushed rock aggregates for use in 
ballast layers (Delgado et al., 2019; Esmaeili et al., 2019; 
Esmaeili et al., 2020; Chamling et al., 2020; Jing et al., 2020; 
Guimarães et al., 2021; Indraratna et al., 2022; Gomes et al., 
2023a). Despite this, the technical standards established by 
international institutions to guide the use of materials in the 
ballast layer prohibit the use of limestone (sedimentary rock) 
and alternative materials (REFER, 2015). The most recent 
Brazilian standard for railway ballast (ABNT, 2021) permits 
the use of various types of limestone and other lithologies. 
However, there is considerable concern regarding the efficiency 
of the limestone ballast to be used in the FIOL project.

The use of crushed rock in the ballast layer is one 
of the most demanding applications for these materials 
(Paixão et al., 2016). The stresses imposed by the passage 
of trains present the greatest challenge to the understanding 
and application of the materials that make up the ballast 
layer. Railway deterioration is primarily attributable to the 
permanent deformation of the ballast layer resulting from the 
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passage of trains and track maintenance operations (Guo et al., 
2018). A precise understanding of this matter helps to prevent 
accelerated deterioration and premature failures that can lead 
to interruptions in railway operations (Indraratna & Ngo, 
2018). According to Delgado et al. (2022), there has been 
a noticeable increase in demand for ballast materials that 
can withstand cyclic loading of up to 40 tons per axle. This 
is mainly due to the growing interest in trains with heavier 
axle loads and longer train compositions, particularly in 
countries with heavy-haul railway operations. In order to 
achieve greatest efficiency in the FIOL rail operations, it 
is necessary to assess the level of cyclical stresses that the 
limestone ballast can withstand. Laboratory methods that 
can predict the shear strength of the crushed rock aggregate 
provide a valuable resource for evaluating ballast effectiveness 
and enabling more cost-effective designs.

The plastic behavior of ballast is influenced by the 
cyclic stress ratio (n) as defined in Equation 1 (Suiker, 2002). 
Suiker et al. (2005) found that for low values of the cyclic 
stress ratio, n < 0.82, the rate of permanent deformation at 
1,000,000 load cycles becomes negligible. In other words, 
the cyclic response of the ballast becomes almost elastic, a 
phenomenon known as “shakedown” (Werkmeister et al., 
2001). Therefore, it is essential to determine the shear 
strength of the ballast in order to characterize the level of 
cyclic stress to be used in repeated loading tests. This allows 
for the prediction of whether the response of the material 
will remain in the shakedown regime.

 = cyc

f

q
n

q 	 (1)

where: qcyc is the range of cyclic deviatoric stress to be applied 
in the repeated load triaxial tests and qf is the deviatoric stress 
at failure obtained from the monotonic triaxial tests under 
the same stress path.

A comprehensive understanding of the mechanical 
behavior, physical properties, and individual characteristics 
of the particles, including the crushing strength of the grain 
and the morphological characteristics of the aggregate to 
be used in the ballast layer, is essential for the successful 
implementation of this project. Laboratory research was 
conducted to verify that the material meets the specifications 
of the Brazilian standard for railway ballast (ABNT, 2021). 
Moreover, an estimate of strength and characterization of the 
level of cyclic stress to be imposed by the passage of trains is 
carried out to ensure that the resulting permanent deformation 
rate is negligibly small. This research represents a novel 
approach to estimating the behavior response of limestone 
ballast from monotonic triaxial tests. The methodology draws 
upon the shakedown phenomenon (Werkmeister et al., 2001), 
the stresses frequently observed in heavy-haul railways 
(Delgado et al., 2021) and the cyclic stress ratio (n) concept 
proposed by Suiker et al. (2005).

The present study involved a comprehensive laboratory 
investigation with the objective of evaluating the efficiency 
of limestone aggregate for use in the ballast layer of the 
FIOL. The mandatory tests specified in NBR 5564 (ABNT, 
2021) were performed, in addiction to some optional tests. 
In addition, the individual characteristics of the particles, 
including tensile strength and morphological properties 
(Figure 1), were analyzed using grain crushing tests and an 
advanced digital image processing technique, respectively. 
Finally, the shear strength of the material was evaluated 
using monotonic triaxial tests. The results were used to 
determine whether the cyclic stresses frequently observed in 
heavy-haul railways (Delgado et al., 2021) meet the cyclic 
stress ratio limit for the material to remain in the shakedown 
regime (Suiker et al., 2005). Finally, the conclusions drawn 
from the experimental approach are presented, along with 
a discussion of its limitations.

2. Materials and methods

2.1 Material description

The ballast used in the laboratory investigation is 
composed of crushed limestone particles. Ballast is produced 
by crushing rock and sieving it to obtain the desired particle 
sizes. The grain-size distribution of the ballast material is 
depicted in Figure 2. The ballast meets the gradation specified 
in AREMA No. 4 in the Manual for Railway Engineering 
(AREMA, 2020). The ballast is classified as poorly graded 
gravel, in accordance with the definitions of the Unified Soil 
Classification System (USCS) and the Brazilian standard 
NBR 6502 (ABNT, 1995), as evidenced by the values of the 
coefficient of uniformity (Cu) and the coefficient of curvature 
(Cc) of the particle size distribution PSD curve, which were 

Figure 1. Shape characteristics of ballast particle (reproduced 
from Guo et al., 2018)
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1.61 and 0.98, respectively. The primary rationale for using 
the AREMA Nº 4 ballast standard was its use in main railway 
lines, thus allowing triaxial tests to be conducted without using 
the parallel gradation technique. This is because the use of 
scaling-down techniques still has limited acceptance among 
several authors (Indraratna et al., 1998; Klincevicius, 2011).

A series of characterization tests were conducted to 
ascertain the physical properties of the ballast, including 
particle shape, the number of non-cubic particles, apparent 
specific mass, apparent porosity, water absorption, weather 
resistance, the unit mass limit in the loose state, powdery 
material, clay lumps, the Los Angeles abrasion index and 
Treton shock resistance index. All tests were conducted 
in accordance with the recommendations of the Brazilian 
standard (ABNT, 2021), which establishes specifications and 
test methods for railway ballast. The results were compared 
with the limits established by both the Brazilian standard and 
the AREMA Railway Engineering Manual (AREMA, 2020). 
Only the quantity of non-cubic particles exceeded the limit 
allowed by both ballast specifications, as shown in Table 1.

2.2 Specimen preparation

The preparation of the ballast specimen involved 
the placement and compaction of four layers of equal 
thickness via vibration within a tripartite mold. Initially, a 
latex membrane of 2.0 mm thickness was manually placed 
against the wall of the compaction mold. The thickness of 
the latex membrane was necessary to prevent puncturing 
of the membrane by the sharp edges of the ballast particles. 
The specimen compaction process involved the application of 
vibration to each layer for a period of one minute, followed 
by a fifth vibration cycle of two minutes, using a vibrating 
plate. Once the compaction process was complete, the test 
specimen was adjusted manually to ensure that the particles 
were optimally positioned at the top of the specimen.

To regularize the top surface of the specimens, a layer 
of gypsum plaster was applied, and the surface was smoothed 
with the use of a glass plate coated with petroleum jelly. 

Finally, to correct the parameters of the PSD, the excess 
material was sieved and weighed, with the resulting mass 
subtracted from the initial mass. After 24 hours, the specimen 
was placed in the triaxial apparatus. Subsequently, the top 
cap was attached, and the tripartite mold was removed 
while maintaining a temporary internal vacuum to support 
the specimen (Figure 3). A similar procedure for preparing 
the specimens was carried out by Silva (2018), Rosa et al. 
(2021), Cescon (2021), and Gomes et al. (2023a).

Specimens prepared following the same experimental 
procedure exhibited consistent void ratios. The void ratio of 
the ballast specimens was found to be 0.83, 0.79 and 0.82. 
The process of compacting the test specimen was considered 
to be effective, as the resulting values for the initial void ratio 
(e0), coefficient of uniformity, and coefficient of curvature 
were comparable to those reported by Indraratna & Salim 
(2003), Indraratna et al. (2007) and Anderson & Fair (2008) 
for ballast materials with uniform particle size distributions.

The tripartite mold used to prepare the ballast specimens 
has a nominal height of H = 300 mm and a nominal diameter 
of D = 150 mm, yielding an aspect ratio of H/D = 2.00, a 
recommended ratio to minimize the effects of friction at the 
ends of the sample (Bishop & Green, 1965). The maximum 
particle diameter (dmax) in the uniformly graded ballast material 

Figure 2. PSD curve of limestone ballast.

Figure 3. Specimen prepared for monotonic triaxial tests.
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is 25 mm, as illustrated in Figure 3. This corresponds to a ratio 
between the specimen diameter and the maximum particle 
diameter of D/dmax = 6. Skoglund et al. (2000) recommended 
that a representative sample size should have a D/dmax ratio 
in the range of 5-7, and Indraratna et al. (1993) proposed 
a value of 6 at which the scale effects become negligible.

2.3 Experimental setup of monotonic triaxial tests

The shear strength of ballast under monotonic loading 
was investigated using a large-scale triaxial apparatus. Constant 
confining air pressure was applied to the acrylic chamber 
through an air compressor. A series of three isotropically 
consolidated drained triaxial tests (CID) were conducted, 
with constant confining pressures (σ’3) of 40, 55 and 70 kPa. 
The confining pressures employed were maintained within the 
realistic range of 10-70 kPa, following the recommendations of 
Indraratna et al. (2013a). The strain rate used in the monotonic 
triaxial tests was 0.83 mm/min, which is consistent with 
the strain rates employed by Anderson & Fair (2008) and 
Aursudkij et al. (2009) in their respective tests.

In this type of test, failure is not easily defined due 
to the constant fluctuation in the deviator stress resulting 
from the “stick-slip” processes between individual ballast 
particles. In other words, the ballast particles that are in contact 
slide over each other, resulting in an irregular movement, 
characterized by brief accelerations with interruptions. These 
local instabilities are observed at the level of the specimen 
due to the large ratio between the average size of the ballast 
particles and the size of the specimen. Similar behavior was 
reported by Suiker et al. (2005), Anderson & Fair (2008), 
and Chamling et al. (2020).

The instrumentation consisted of a potentiometric 
displacement transducer installed on the top of the triaxial 
cell, a 2-ton load cell, a pressure gauge, a data acquisition 
system, and a notebook computer. Pressure regulation was 
provided through an external pressure control system. 

The potentiometric transducer allowed displacements of up to 
100 mm, which proved sufficient for the large deformations 
required. The experimental data was collected automatically 
every second, ensuring precise stress-strain curve definition 
during the tests. Unfortunately, it was not possible to measure 
the volumetric change during the tests, since the specimens 
were not saturated, and no instrumentation was used to 
measure the radial displacements.

All vertical and lateral stress measurements were corrected 
for the membrane effect in accordance with the methodology 
outlined in the standard procedure ISO 17892-9 (ISO, 2018).

2.4 Particle morphology analysis

Particle morphology has a direct impact on the 
performance and deformation of granular material layers, 
such as railway ballast (Saint-Cyr et al., 2009). However, 
the traditional methods employed for particle morphology 
evaluation are inadequate, resulting in inconclusive test results 
and controversial conclusions (Tafesse et al., 2012; Ionescu, 
2004). Consequently, advanced digital image processing 
techniques have been developed (Tutumluer et  al., 2009; 
Greer & Heitzman, 2017). These methods are more efficient 
than traditional methods and provide more accurate particle 
morphology evaluation and corresponding morphological 
properties, such as particle size distribution, volume, surface 
area, form (flat or elongated ratio, sphericity), angularity 
index and surface texture index (Mvelase  et  al., 2012). 
The advantages and disadvantages of different apparatuses 
used to assess morphological properties are presented by 
Guo et al. (2019).

In this study, the Aggregate Image Measurement System 
(AIMS) was used (Figure 4). The AIMS provides a means of 
quantifying morphological properties, including sphericity, 
angularity, and surface texture of the particles, through digital 
evaluation of a set of particles using bidirectional images 
correlated with the field of view depth (Al-Rousan, 2004). 

Table 1. Ballast properties in comparison with international standard limits.
Property Studied Limestone NBR 5564 (ABNT, 2021) AREMA (2020)

Average particle shape Cubic Cubic Cubic
Non-cubic particles (%) 18 < 15 < 5
Apparent specific mass (kg/m3) 2,703 > 2,600 > 2,600
Apparent porosity (%) 0.17 < 2 -
Water absorption (%) 0.06 < 2 < 2
Powdery material (%) 0 < 1 -
Clay lumps (%) 0 < 0.5 < 0.5
Unit mass limit in the loose state (kg/m3) 1,385 > 1,250 -
Los Angeles abrasion index (%) 22 < 30 < 30
Treton shock resistance index (%) 12.3 < 25 -
Weather resistance (%) 4.75 (63.5 to 38 mm) < 10 < 5

1.90 (38 to 19 mm)
3.47 (19 to 12.5 mm)
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The apparatus is composed of one camera and two distinct types 
of illumination for capturing images with varying resolutions. 
The particles are initially deposited in a compartment of a 
rotating circular lighting table. The image capture software 
then carries out three asynchronous measurement cycles on 
the perimeter of the particles (Delgado et al. 2022).

AIMS quantifies sphericity through the three 
dimensions of the particle under analysis. According to 
Fletcher et al. (2003), the camera and microscope assembly 
provide projections of the particles, which are used to 
measure the longest, shortest, and intermediate dimensions 
of each particle. The Sphericity Index (SP) value varies 
within the range of 0–1, where an SP of 1 indicates that 
a particle has equal dimensions. Angularity is defined as 
the measure of the presence of sharp corners in particles 
(Masad, 2003). The AIMS software quantifies angularity 
through the gradient technique, whereby a higher gradient 
value indicates a higher angularity. The software estimates 
the changes in the inclination of the gradient vectors and 
returns an average Angularity Index (AI) value, ranging 
from 0 to 10,000, where a perfectly rounded particle has 
an AI of 0. Surface texture is defined as the irregularity of 
the particle surface on a very small scale that is not affected 
by the general grain shape (Al-Rousan, 2004). The AIMS 
software quantifies the particle surface texture through the 
wavelet method, which employes three separate images to 
provide details of the texture in the horizontal, vertical, and 
diagonal directions. The Texture Index (TI) value varies 
within the range 0–1,000, with TI equal to 0 corresponding 
to a completely smooth particle surface. Further details on 
the methods and techniques used by AIMS to determine 

the morphological properties of particles can be found in 
Fletcher et al. (2003), Al-Rousan (2004), and Delgado et al. 
(2022).

The AIMS was compared against other test methods 
that measure aggregate morphology properties and the results 
were found to be satisfactory. The comparison was conducted 
based on statistical analysis in terms of accuracy, repeatability, 
reproducibility, costs, and operational characteristics (ease of 
use and interpretation of results). The analysis incorporated 
aggregates from different geographic locations, rock types 
and shape characteristics (Al-Rousan, 2004). In recent 
years, the AIMS has been employed by numerous Brazilian 
researchers engaged in the investigation of the morphological 
properties of their respective railway ballast (Rosa et al., 
2021; Cescon et al., 2021; Delgado et al., 2022).

The morphological properties of the limestone aggregate 
were quantified through three sets of 50 particles with different 
nominal diameters (12.7, 19.0 and 25.4 mm) that comprise 
the PSD curve of the specimens. The criteria used to define 
the ranges for morphological properties classification were 
derived from the Ibiapina et al. (2018) proposal, as it is a 
classification system developed with aggregates obtained 
from various regions of Brazil.

2.5 Fracture strength of ballast grains

It is well established that particle fracture (tensile 
strength) plays a significant role in the behavior of crushable 
aggregates (McDowell & Bolton, 1998). The tensile strength 
of rock grains can be indirectly measured by diametral 
compression between two flat plates (Jaeger, 1967), as 

Figure 4. Aggregate Image Measurement System (AIMS).
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illustrated in Figure 5a. In their respective works, Lee (1992) 
and McDowell & Bolton (1998) describe the characteristic 
particle tensile strength (σf) as follows:

2  σ = f
f

F

d
	 (2)

where: Ff is the maximum load corresponding to the fracture 
of the particle and d is the initial particle diameter.

In their 2001 study, Festag & Katzenbach distinguished 
between two primary mechanisms underlying grain crushing: 
grain fracture and grain abrasion. Grain fracture, which occurs 
under conditions of high stress, involves the separation of 
grains into parts of nearly the same size. In contrast, grain 
abrasion is an independent process that occurs at any stress 
level, resulting in detachment of very small particles from the 
grain surface. When the stress level is low in comparison to 
the particle strength, grain fracture may be limited. However, 
grain abrasion persists as a continuous phenomenon (Festag 
& Katzenbach, 2001).

As stated by Indraratna & Salim (2003), ballast 
degradation is a complex phenomenon influenced by multiple 
factors, including amplitude, frequency, number of load 
cycles, aggregate density, angularity of particles, confining 
pressure, and degree of saturation. However, the authors 
emphasize that the fracture resistance of the particles is the 
most significant factor that controls the breakage of ballast. 
The tensile strength of the particles has a direct inverse 
relationship with the degradation of the ballast.

The single particle fracture strength of limestone ballast 
was measured in the laboratory to evaluate the relationship 
between tensile strength and particle diameter under comparable 
loading and boundary conditions. For these tests, a uniaxial 
loading frame was used, with a strain rate of 1.27 mm/min. 
Since the ballast met the gradation specification of the AREMA 
standard No. 4, thirty-five particles with a diameter of 10-
50 mm were selected for testing. Each particle was positioned 
between the top and bottom plates of the compression machine, 
allowing for the initial particle diameter to be determined 

prior to the start of the test (Figure 5b). The maximum load 
corresponding to the fracture of the particle was recorded, 
and the tensile strength was estimated using Equation 2, 
which is consistent with the definition of tensile strength of 
concrete in the Brazilian test.

A larger number of tests were conducted, but many 
were subsequently excluded due to the following issues: 
i) particle breakage along a preferential plane due to the 
presence of discontinuities; ii) the breaking of grain edges 
which did not represent crushing rupture.

3. Results and discussion

3.1 Morphology of limestone particles

A qualitative analysis of the morphological properties 
was initially performed using three surface microscopy images 
and three 2D images of angularity obtained from the AIMS 
(Figure 6a and 6b, respectively). The images shown are of 
particles randomly selected from those analyzed. In terms 
of surface texture, the microscopic images appear to show 
different characteristics. Larger diameter particles appear 
visually smoother than smaller diameter particles. However, 
in terms of angularity, the different particle diameters do not 
appear to exhibit distinct characteristics.

After qualitative analysis of the images, the initial 
assumptions were validated by measuring the morphological 
properties of the limestone aggregate using the AIMS software. 
The results of the sphericity, angularity, and texture of the 
three sets of 50 particles from each of the nominal diameters 
that comprise the PSD curve of the specimens are shown 
in Figure 7.

Figure 7a illustrates the relationship between particle 
diameter and sphericity. It demonstrates that as particle 
diameter decreases, sphericity also decreases. This finding 
is consistent with that of Rosa (2019). However, despite 
this finding, the majority of the particles were classified as 
having low sphericity, with only a small number of particles 

Figure 5. Single particle fracture strength test. (a) Test set-up (Indraratna & Salim, 2003); (b) Limestone ballast particle under test.
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in the moderate sphericity range. Approximately 30% of 
the particles with a diameter of 12.7 mm were classified as 
flattened/stretched.

As noted in Al-Rousan (2004), sphericity values provide 
an effective indication of the proportions of a particle’s 
dimensions. However, sphericity is insufficient for assessing 
the lamellarity of particles. Therefore, the F&E correlation, 
shown in a Zingg (1935) diagram, is necessary. In this 
correlation, the flatness ratio (F) is calculated as the ratio of the 
particle’s shortest dimension (S) to its intermediate dimension 
(I), while the elongation ratio (E) is determined as the ratio 
of the intermediate dimension to the largest dimension (L). 
The Zingg diagram provides a comprehensive understanding 
of the lamellarity level of the particles and can serve as a 
valuable tool for establishing limits on the morphological 
characteristics of ballast particles (Delgado et al. 2022).

The F&E correlation for the limestone ballast is shown 
in Figure 8, along with the maximum acceptable F&E limits 
for ballast particles indicated in the Brazilian standard (ABNT, 
2021) and the American standard (AREMA, 2020). Although 
the limit required by the Brazilian standard is more restrictive 
(1:2) compared to that indicated by the American standard 
(1:3), a wider tolerance range is allowed in Brazil (15%) 
than in the USA (5%), as shown in Table 1.

As illustrated in Figure 8 the majority of the particles 
analyzed in the AIMS exhibited a markedly variable shape, 
with a considerable dispersion of values in the Zingg diagram. 
A significant number of points fell below the recommended 
normative limits. The shape of the particles is not suitable 
for use as ballast material, as non-cubic particles tend to 
align themselves in a preferential direction (vertically or 
horizontally), forming planes of weakness, as well as being 
subject to greater wear due to abrasion and particle breakage.

The angularity of the particles was observed to be 
nearly identical, with the curves practically overlapping 

(Figure 7b). This indicates that the angularity of the limestone 
ballast is not influenced by the different particle diameters, 
confirming the assumptions made in the qualitative analysis 
of the 2D images (Figure 6b). The angularity of the particles 
can be classified as subrounded in almost all cases, with a 
few particles in the subangular range.

Among the morphological properties measured, it 
is evident that the surface texture was most significantly 
influenced by the variation in diameters analyzed. There is a 
discernible tendency for the surface texture to increase as the 
particle diameter decreases (Figure 7c). As with the angularity 
of the particles, the Texture Index measurement conducted 
by AIMS corroborated the assumptions made through the 
surface microscopy images (Figure 6a). The majority of the 
particles analyzed were classified as low or moderate texture.

3.2 Tensile strength of ballast grains

Grain crushing is promoted by angularity, coarseness, 
uniformity of gradation, low particle strength, stress level and 
anisotropy. However, according to Indraratna & Salim (2003), 
the grain resistance to fracture is the most important factor. 
Figure 9 shows the tensile strength of thirty-five limestone 
ballast particles, with a diameter of 10-50 mm. There is 
considerable dispersion in the tensile strength results. It is 
important to note that tensile strength decreases with increasing 
grain size. This trend has been similarly documented by 
McDowell & Bolton (1998), Nakata et al. (2001), Indraratna 
& Salim (2003) and Delgado et al. (2021), for a variety of 
materials. This phenomenon can be attributed to the fact that 
larger particles tend to contain a higher number of flaws or 
defects, thereby increasing the probability of a defect being 
present in the particle that will break (Lade et al., 1996).

The lower tensile strength obtained in the particle 
crushing tests suggests that the larger diameter particles 

Figure 6. (a) AIMS surface microscopy images; (b) AIMS 2D images.
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are subject to more pronounced grain breakage. This can 
be quantified after the long-term permanent deformation 
tests. However, this premise cannot be evaluated due to 
the impossibility of conducting repeated load triaxial tests, 
which is a limitation of the current study.

3.3 Monotonic triaxial tests

A series of three isotropically consolidated drained triaxial 
tests were conducted with constant confining pressures of 40, 
55, and 70 kPa. Based on the test results, the shear strength 

Figure 7. AIMS particle morphology measurement: (a) Sphericity; (b) Angularity; (c) Surface texture.
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parameters of the limestone aggregate were determined, and 
the shear strength of the ballast was compared with the stresses 
frequently observed on heavy-haul railways. Consequently, 
the resulting cyclic stress ratios were evaluated to ascertain 
whether they fell within the limit value of 0.82, as proposed 
by Suiker et al. (2005), to ensure that the ballast remained 
in shakedown regime. As stated by Delgado et al. (2022), 

the cyclic deviatoric stress (qcyc) values of 280 and 350 kPa 
are representative of heavy-haul freight trains with 32.5 and 
40 t/axle, respectively.

The shape of the grains affects contact tensions. Due to 
the typical particle size of ballast, grain-to-grain contact is 
very intense, as there is no matrix of fines to reduce these 
contacts. The high concentration of non-cubic particles in 

Figure 8. F&E correlation for limestone ballast particles presented in a Zingg diagram.

Figure 9. Single particle crushing strength test results.
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the analyzed limestone ballast suggests that the shape of 
the grain may influence the macroscale behavior. However, 
this effect has not been fully modeled and will be verified 
in future research.

The stress-strain curves, measured at each confining 
pressure, have been plotted in Figure 10a. Initially, it was 
found that the behavior of the ballast during shear was non-
linear. As the confining pressures increased, the deviatoric 
stress also increased. Additionally, ballast softening was absent 
during shear, which is attributed to the loose arrangement of 
ballast particles due to the uniform character of the particle 
size distribution adopted (AREMA N. 4, see Figure  1). 
A comparable result was reported by Suiker et al. (2005), 
who also conducted tests with a PSD curve that met the 
specifications of AREMA N. 4.

The observed lack of smoothness in the curves may be 
attributed to the occurrence of “stick-slip” during shearing, 
breakage of the ballast, or a combination of both. Anderson 
& Fair (2008) also reported this phenomenon when they 
conducted monotonic triaxial tests on granite ballast of uniform 
granulometry with confining pressures varying between 
40 kPa and 140 kPa. Chamling et al. (2020) observed the 
same phenomenon in tests with steel slag ballast specimens 

and granite ballast with confining stresses varying between 
40 kPa and 80 kPa.

Despite the stress-strain curves exhibiting a lack 
of smoothness, stabilization of the deviatoric stress was 
considered for large deformations (≥ 17%), when it was 
close to a horizontal trend. This stabilization was considered 
indicative of the material having reached the critical state, 
given that it was not possible to measure the volume change 
of the specimens during shearing.

Figure 10b depicts the Effective Stress Path (ESP) and 
the Critical State Line (CSL) for the three tests, plotted in the 
p’ – q plane. Table 2 provides a summary of the monotonic 
triaxial test results. The friction angle at the critical state 
(φ’cv), which is an intrinsic parameter of soils and granular 
materials, and the critical state friction coefficients (M), 
which were obtained for limestone aggregate, were 50.7º 
and 2.08, respectively. Aursudkij et al. (2009) also conducted 
monotonic triaxial tests with limestone ballast, using PSD 
curves characteristic of uniformly graded granular materials, 
a similar D/dmax ratio, comparable bulk density (Table 2) and 
similar strain rate. The results presented by those authors 
align with those obtained in the present research, particularly 
when the confining stresses were equivalent.

Figure 10. Monotonic triaxial test results of limestone aggregate: (a) stress-strain curves; (b) CSL envelope.

Table 2. Experimental characteristics and monotonic triaxial tests results.
Test σ’3 (kPa) Density (kg/m3) e0 qf (kPa) M Φ’cv (º)

MT 1 40 1,475 0.83 300
2.08 50.7MT 2 55 1,507 0.79 355

MT 3 70 1,486 0.82 481
Note: MT = Monotonic triaxial; M = p’/q = Critical state friction coefficient; p’’ = mean effective stress; q = deviatoric stress.
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The cyclic stress ratio (n) was estimated using Equation 1, 
based on the deviator stress at break obtained in the monotonic 
triaxial tests and the cyclic deviator stresses representing heavy-
haul freight trains with 32.5 and 40 t/axle, as proposed by 
Delgado et al. (2022). The results are shown in Table 3. As can 
be seen, for the cyclic deviatoric stress representing the 32.5 t/
axle train, both the cyclic stress ratio for the test with 55 and 
70 kPa of confining pressure yielded values below the limit of 
0.82 proposed by Suiker et al. (2005). In other words, in these 
two cases, the permanent deformation rates are expected to be 
extremely small and therefore the material would be in shakedown 
regime. However, the same behavior was not obtained when 
considering the cyclic deviatoric stress representing the 40 t/axle 
train. The cyclic response of the ballast would be considered 
almost elastic only for the cyclic stress ratio of the test with 
70 kPa of confining pressure. This phenomenon illustrates the 
significance of methodologies designed to increase the horizontal 
stresses that confine the ballast and, consequently, increase the 
stability of the track. Such methodologies include the use of 
geogrids (Indraratna et al., 2013b).

The results indicate that extreme caution should be 
exercised when the cyclic stress ratio exceeds the 0.82 limit, 
given that long-term behavior under cyclic loading can lead to 
a progressive plastic creep regime (Werkmeister et al., 2001). 
However, the long-term behavior of limestone ballast remains 
unproven due to the unavailability of repeated load triaxial tests.

4. Conclusion

Laboratory experiments were conducted to evaluate the 
efficiency of the limestone aggregate for use in the ballast 
layer of FIOL. The physical properties, tensile strength, 
morphological properties, and shear strength of the ballast 
were evaluated. In these experiments, all specimens were 
prepared in the same way, and the results demonstrated that 
the methodology used was effective. The specimens were 
classified as poorly graded gravel, and the PSD curve complied 
with the specifications of AREMA No. 4. The initial void 
ratio, coefficient of uniformity, and coefficient of curvature 
were comparable to those observed in previous studies using 

different compaction procedures (Indraratna & Salim, 2003; 
Indraratna et al., 2007; Anderson & Fair, 2008).

Among the physical properties of the ballast, it was 
determined that the quantity of non-cubic particles exceeded 
the established limits set forth by the international standards 
analyzed. With regard to the morphological properties, the 
surface texture was found to be most influenced by the variation 
in diameters analyzed, with smaller particles exhibiting a higher 
Texture Index. Additionally, it was noted that smaller particles 
exhibited greater tensile strength. The findings suggested that 
smaller particles tend to show a reduced incidence of grain 
breakage after long-term permanent deformation tests.

The monotonic triaxial tests were conducted up to large 
deformations, allowing for the determination of the shear 
strength parameters and the critical state line. The cyclic stress 
ratio (n) was identified as a critical parameter in predicting 
ballast behavior. Therefore, the increase in axle loads of trains 
traveling on railways is a phenomenon that must be carefully 
assessed. The results suggest that the shakedown phenomenon, 
which is characterized by an almost elastic behavior, occurred 
in the case representing the 32.5 t/axle train, when the confining 
pressures were 55 kPa and 70 kPa. Conversely, for the 40 t/
axle train, the shakedown regime was reached only at the 
highest levels of confining pressure.

The first limitation of the research was the impossibility 
of measuring the volume change of the specimen during the 
monotonic triaxial tests. Consequently, it was not possible to 
determine whether the behavior of the ballast was dilatant or 
contractile during shear. In this research, it was not possible 
to carry out repeated load triaxial tests to assess the long-term 
behavior of the limestone ballast and, consequently, the grain 
size breakage. This represents the main limitation of the present 
experimental investigation. To achieve greater accuracy, it 
would be advisable to conduct repeated load triaxial tests 
with the deviatoric cyclic stress proposed by Delgado et al. 
(2022) and evaluate the rate of permanent deformation at 
1,000,000 load cycles. Furthermore, a logical next step 
would be to sieve the specimens, following the completion 
of the tests in order to quantify the extent of grain breakage 
in terms of the index of particle breakage, Bg (Marsal, 1965) 
and the ballast breakage index, BBI (Indraratna et al., 2005).

The experimental research yielded crucial insights 
regarding the efficiency of the limestone ballast under 
study, as well as providing prediction of the behavior of this 
material in the face of the cyclic stress frequently observed 
in railways. To ensure the durability and efficiency of the 
railway ballast material, it is crucial that the particle shape 
specifications are met. Nevertheless, further laboratory 
tests, such as the repeated load triaxial test, are necessary 
to validate the assumptions made in this study.
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List of symbols and abbreviations

d	 Initial particle diameter
dmax	 Maximum particle diameter
e0	 Initial void ratio
n	 Cyclic stress ratio
p’	 Mean effective stress
q	 Deviatoric stress
qcyc	 Cyclic deviatoric stress
qf	 Deviatoric stress at failure
AI	 Angularity Index
AIMS	 Aggregate Image Measurement System
BBI	 Ballast breakage index
Bg 	 Marsal’s index of particle breakage
CAPES	 Coordenação de Aperfeiçoamento de Pessoal de  
	 Nível Superior
Cc	 Coefficient of uniformity
CID	 Isotropically consolidated drained
COPPE	 Instituto Alberto Luiz Coimbra de Pós-Graduação  
	 e Pesquisa em Engenharia
CSL	 Critical State Line
Cu	 Coefficient of curvature
D	 Specimen diameter
E	 Elongation ratio
ESP	 Effective Stress Path
F	 Flatness ratio
FIOL	 The West-East Integration Railway
Ff	 Maximum fracture load
H	 Specimen height

I	 Particle’s intermediate dimension
ISO	 The International Organization for Standardization
L	 Particle’s longest dimension
M	 Critical state friction coefficients
MT	 Monotonic triaxial test
PSD	 Particle size distribution
R2	 Coefficient of determination
S	 Particle’s shortest dimension
SP	 Sphericity Index
TI	 Texture Index
USA	 The United States of America
USCS	 Unified Soil Classification System
2D	 Two dimensional
εa	 Axial strain
φ’cv	 Friction angle at a constant volume (critical state)
σf	 Characteristic particle tensile strength
σ3	 Confining pressure
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