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Technological evaluation of stones
from the eastern region of the state
of Sao Paulo, Brazil, for railway
ballast
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The correct choice of a stone aggregate for railway ballast is directly related to the stability, safety,
efficiency, and maintenance costs of the track. The aggregate must meet several criteria to ensure

it is the most appropriate material. Thus, the present study aimed to evaluate four distinct stones:
two granites, a diabase, and a basalt, all mined in the eastern region of the state of Sao Paulo, Brazil,
regarding their applicability as ballast. Using Brazilian and ASTM procedures for stone samples, the
tests were conducted on 55 and 75-mm specimens, in dry and wet conditions. As a result, all stones
met the physical properties established by the standards. Among the mechanical properties, uniaxial
compressive strength stood out, with all stones where the tested materials advantageously exceeding
the 100 MPa required by the Brazilian standard. Regarding the accelerated weathering test with
ethylene glycol, only basalt showed more significant changes, although its resistance to weathering
was still lower than 10%. Our findings indicate that these stones perform adequately as ballast for
railway applications. The study is expected to contribute to revisions of technical standards and the
improvement of a database on Brazilian stone materials for use as railway ballast.
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Most leading countries include railways as a fundamental and efficient method for transporting cargo and
passengers on a large scale. Indeed, the railway is of fundamental importance for the functioning of a territory’s
economy. As part of the railway, its ballast is mainly composed of stone aggregates, which are responsible for
promoting the uniform distribution of stresses and providing the stability, safety, and durability of the track!2.
In more detail, ballast absorbs and transmits to the soil the pressures corresponding to the loads supported by
the rails, preventing the development of concentrated pressures, which can lead to soil deformation and track
instability. It also provides structural support to the sleepers, preventing them from sinking or moving due to
the loads. It also helps to absorb vibrations generated by traffic to reduce material fatigue and extend the useful
life of the structure®=>.

Several types of stones have been used as ballast material, including granite, gneiss, quartzite, diabase, and
basalt, each one with its own specific properties that affect railway performance. The correct choice of stone
aggregate is made through the technological characterization of the materials. This involves the stone analysis
in terms of their physical, mechanical, chemical, and alterability properties, which compose a database for the
selection of the best materials for application as ballast®. The challenge of this analysis is the need to balance
several required properties with economic and logistical factors, such as extraction and transportation costs.
Some properties like particle size, particle shape, and powdery material are more important for the quality of
crushed stone when inspected directly in the stockpiles of quarry processing plants or service railway’~°. Other
characteristics, such as petrographic analysis, physical indices, as well as mechanical and alterability properties,
are related to the intrinsic characteristics of the stone material, aiming at its use as ballast aggregate!!~1°.
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In general terms, in the case of aggregates without binders intended for use as ballast, the stone materials
must have high compressive strength to withstand the stresses caused by the weight of the vehicles, and adequate
particle size and shape to distribute the stresses efficiently to the platform. Furthermore, the material’s behavior
when facing harsh weathering conditions must be considered since, under these conditions of use, water
exposure might be constant and may result in the decomposition and disintegration of the stone!®!”. The uniaxial
compressive strength can be estimated by the PLT point load test'®->? or SHR Schmidt hammer rebound*-26. The
PLT has a simpler configuration, is quick to perform, has a low cost, and can be used with prismatic specimens or
irregular samples with diametral and/or axial loading. As for the SHR test, it is another classic non-destructive
method that can be used to determine an approximate value of the compressive strength. The evaluation of the
alterability of stone materials is carried out by means of tests that seek to simulate, in the laboratory, the effects of
disintegration caused by physical weathering. This is performed either by the crystallization of salts or expansion
of clays by adsorption of ethylene glycol, which, depending on the textural and geochemical conditions of the
reactions, can cause expansive disintegration of the crushed stone?”-*°.

Based on these perspectives, the present study aimed to determine the physical-mechanical and degradation
characteristics of four different types of rocks: two granites, one basalt, and one diabase, and assess their
suitability for use as railway ballast. By analyzing properties such as compressive strength, abrasion, and
alterability, the present study may support the selection of stones that meet the regulatory requirements for
performance and cost-effectiveness, contributing to the optimization of relevant railway infrastructure projects
for passenger transport in the eastern region of the state of Sdo Paulo, the richest in Brazil. In this way, the
research not only expands the understanding of the properties of ballast materials but also suggests important
practical recommendations for the construction and maintenance of railways, contributing to promoting greater
safety and operational efficiency.

Materials

The specific stones investigated to compose railroad ballast were: (i) Tres Rios Granite (GRAN1); (ii) Morro
do Tico Tico Granite (GRAN2); (iii) basalt (BAS); and (iv) basic intrusives (DIA) related to the Serra Geral
Formation. They were selected due to their technological qualities (stones suitable for use as ballast but poorly
studied for this purpose), the proximity to the possible routes designed for the part of the Sao Paulo section of
the High-Speed Rail “TAV” and Inter-Cities Train “TIC” that will connect the capital to the city of Americana,
in the State of Sado Paulo, Brazil®'*? and logistical aspects regarding permission to access the quarries. These
stones are exploited in several active quarries near existing railroads and have been in operation for decades,
contributing to the growth of the metropolitan regions of Sao Paulo, as well as Campinas and other cities (Fig. 1).

Sampling and test methods

This study began with a detailed geological description of the quarries, especially the heterogeneities of the
rock mass regarding the exploitable stones among those existing. Before sampling, geological observations and
petrographic descriptions were made on the fronts of the quarries, where stones are extracted for engineering
applications to define the portions of the massif with better quality. Stones for ballast are extracted from these
portions, where the aggregate is required for its mechanical quality and, especially, for the greater resistance to
weathering. Then, new observations were made during technical visits to identify geological exposures, with
regard to the integrity found in the diverse dimensions of the disassembled rock, along with the collection of
representative blocks and irregular fragments of each stone (Fig. 2). Approximately 150 kg of coarse aggregate in
different particle sizes were collected directly from the stockepiles of the processing plant, relating the crushing
of the dismantled material of the same origin from the selected faces of the quarries. In the laboratory, cylindrical
specimens were prepared with two different diameters, 55 mm, and 75 mm (Fig. 3), while the coarse aggregate
was separated into aliquots with a specific mass and particle size range for each characterization test.

Petrographic analyses and physical-mechanical testing procedures were performed by physical indices, UCS
uniaxial compression strength, both dry and wet, PLT point load test, SHR Schmidt hummer rebound, LAA Los
Angeles abrasion, T Treton toughness index, SC crushing strength and alterability. These procedures followed
the guidelines of the ABNT Brazilian Association of Technical Standards**-3® and ASTM American Standard
Testing Machines*~*!. Table 1 presents the synthesis of these tests and their respective technical standards, type/
amount of sample, and execution procedures.

The UCS tests were carried out on specimens dried in an oven at 110° C and also on wet specimens, to
assess the possible hydraulic weakening of each rock concerning the efforts applied on them. The R hydraulic
weakening coefficient*” relates the strength of a dry and saturated material and allows the evaluation of the effect
of water on the strength of rocky materials, and is calculated by Eq. 1.

R= (Uu)et/ Udry) x 100 (1)

Where o and o, _are the tensile strength of the material in wet and dry conditions, respectively.

To check for significant differences in UCS tests on specimens with different diameters, Box Plot graphs were
prepared, and statistical analysis compared the difference between the two means using the Statistica software,
version 14.0.1.25. The information used were the UCS mean values, their respective standard deviations, and
the number of samples studied. All analyses considered a significance level of 5% (a=0.050). For comparative
purposes, PLTs were performed, following all the specifications for equipment and preparation of normative
samples, where two types of failures are established for axial tests to be considered valid. Failures other than
those established rendered the sample invalid and were disregarded. In the cylindrical specimens prepared for
the UCS tests, previous SHR values were also obtained. In sclerometry tests, a Proceq L (0.735 Nm), Digital
Silver Schmidt was used.
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Fig. 1. Location of the area. The three geological units that make up the present study are highlighted in bold
in the legend. Modified from*.

To obtain information about the weathering of stones, two types of alterability tests were conducted: with
sodium sulfate and with ethyleneglycol, all with oven drying. During these cycles, all samples were qualitative
and quantitatively evaluated by measuring mass losses, visual examinations, and photographic records of any
damages (fissures, cracks, flaking, oxidation, and disintegration) in the specimen.

Results and discussions
The results of the tests performed are presented following the order of the methodology used in the study.
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Fig. 2. LEFT: panoramic view of a mapped sector in a quarry with highly fractured basic intrusives (DIA).
RIGHT: sampling of coarse aggregate directly from the stockpiles of the quarry processing plant.

Petrographic analysis and physical indices

The information regarding the degrees of microcracking and stone alteration is discussed below, with the most
important petrographic features analyzed at the microscopic level and a summary of the physical indices in
Table 2; Fig. 4.

The studied stone materials represent magmatic bodies formed under different genetic conditions, and have
homogeneous characteristics, with generally massive and predominantly isotropic structures. The textures
vary from inequigranular phaneritic (porphyritic) to fine, to aphanitic terms. In compositional terms, they are
two granitoids classified as biotite granites: GRAN1, grayish, and with relatively smaller grains compared to
GRAN?2, which has whiter tones. The other two stones are basic: a hypabyssal, DIA diabase, extremely compact,
fine to medium grain, and an extrusive, the BAS basalt, typically aphanitic. The degree of microcracking is
more noticeable in basalt, ranging from moderate to intense, especially in pyroxene crystals. Furthermore, the
alteration in this stone appears to be more intense due to the argilization of mafic minerals (pyroxenes) and,
secondarily, in plagioclases.

The Brazilian standard for ballast*® recommends minimum apparent specific gravity (p) of 2.6 g/cm?, 2.7 g/
cm?, and 2.5 g/cm’ for granites, basalts, and other lithologies, respectively. In this context, Table 2 shows that all
stones have p within the recommended range. Furthermore, as expected, basic stones present the most expressive
values of this parameter, due to the higher percentage of ferromagnesian minerals in their composition. The
materials studied are also within the maximum limits established for apparent porosity (1) and water absorption
(@), being 2% for apparent porosity and 1-2% for water absorption, depending on the lithology. It is worth
highlighting the relatively lower values for DIA (compact rock) and the higher values for BAS (thinner stone, but
more micro-cracked), still within the limits established by the standard.

In general, stones correspond to the lithological characteristics to which they are associated. They are massive
stones, with few voids, as indicated by their apparent specific gravity and low water absorption. The detailed
relationship between the mineralogical composition and the main physical properties can be seen in Fig. 5.

Mechanical properties (intact stone)

In terms of the strength of the intact stone, the results of the uniaxial compressive, point load, and rebound

hammer tests are presented in Table 3; Fig. 6. The total number of valid tests was 82, 168, and 87, respectively,

for UCS, PLT, and SHR tests, taking into account the two diameters of the specimens tested in the present study.
The UCS test results indicate the excellent conditions of the stones for this type of mechanical request, where

all presented mean values above the 1 0 MPa required by the Brazilian standard for ballast®® in dry and wet
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Fig. 3. (A to C) Cutting, sizing, and collection of test specimens for UCS tests with 2 diameters; (D) DIA
sample (75 mm) submitted to the PLT.

conditions, except for the BAS basalt, which presented an average of 97.5 MPa (slightly below the required limit)
of strength in the wet condition for the diameter of 75 mm.

Another significant result is that of DIA diabase, a stone with a massive, homogeneous, very compact
structure and fine to medium particle size, which indicated very high strength, up to 260.29 MPa in the 55 mm
test specimens, and 251.95 MPa in 75 mm. However, a relatively high standard deviation and coefficient of
variation were observed in some cases, reaching 28.3 and 25.7%, respectively, for BAS basalt in the 75 mm
diameter, in dry conditions. This is probably due to the textural heterogeneity of the more aphanitic material. The
results of GRAN1 and GRAN2 granites generally indicate high strength values (but relatively lower compared
to DIA), consistent with what was expected, since the materials are medium-grained rocks and sometimes have
a porphyritic texture.

Regarding the values of the hydraulic weakening coeflicients (R), all the stones tested presented a decrease in
uniaxial compressive strength when analyzed in the wet condition, with reductions in strength between 4% and
18%, on average, and reaching a slightly more pronounced value (27%) in BAS. This behavior was expected, and
related to the values of porosity, water absorption, and conditions of microcracking and mineral alteration, as in
the case of the more accentuated decay of basalt. In general, R coeflicient values were slightly higher in the tests
with 75 mm-diameter samples.

The results of the statistical analysis evidenced no significant difference between the two diameters tested
(75 mm, as required by the Brazilian standard*, and 55 mm, most used in geomechanical studies) since the
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Test

General remarks

Petrographic analysis**3®

Optical microscopy in thin sections obtained from representative fragments of stones.

Physical indexes®

Measurements of the dry, saturated, and submerged masses of 10 specimens randomly chosen from the stone fragments sampled in the field.

Cylindrical specimens, 75 mm (ballast specification) and 55 mm (conventional) diameters, 2/1 height/ diameter ratio; tests in dry and wet

36

ues conditions. UCS and R determinations.

PLT36:%7 Cylindrical test specimens (diameters of 75 and 55 mm) subjected to a point load (axial loading), dry and wet conditions.

SHR 10 single impact readings, separated by at least 1 impact piston diameter. Preliminary measurements on test specimens intended for RCU
tests, in dry and wet states.

LAA® “F” grade: 10,000+ 75 g particles 50 to 25 mm sieve; abrasive load 5000 + 25 g; drum speed: 30-33 rpm; 1000 rotations. Final mass is retained
in the 1.7 mm sieve. Dry testing.

T Three sets of 20 fragments 19 to 16 mm diameter each; final mass of the test sample is retained in a 1.7 mm sieve.

New About 10,000 g of particles 12.7 to 9.5 mm sieve; load of 40 tons per sample; rate 4 tons/min. Final sample mass is retained in a 2.4 mm sieve.

Soundness of aggregates by use of
Sodium sulfate’*4!

Gradations A (63.5-38 mm), B (38-19 mm), and C (19-9.5 mm) subjected to 5 cycles, consisting of immersion in sodium sulfate solution
(18 h) and drying in an oven (4 h).

Soundness by immersion in
ethyleneglycol®®

Another set of graduations A, B, and C, subjected to 5 cycles, consisting of immersion in ethylene glycol (72 +1 h) and drying in an oven
(4 h).

Table 1. Types and conditions of aggregate tests adopted in the present study.

Stone material GRAN1 GRAN2 DIA BAS.
Color Whitish gray Grayish white Black Black
Grain size Medium to coarse Coarse to very coarse Fine to medium Fine
Structure Massive, granular Massive, granular Massive, granular Massive
Texture Phaneritic, hypidiomorphic E?;ﬂig:;%;:ﬁiu(l gf)?';;lll;rritic) fril?:rgpfazﬁ:flraisc (Subophytic to Aphanitic (Subophytic)
Microcracking Little expressive (moderate) | Not very expressive to moderate | Little expressive (moderate) Not very expressive to moderate (mafic)
Alteration Low Low to moderate Low to moderate xaogce)r ate to intense (plagioclase. and
K feldspar (35%) K feldspar (35%) Augite (27%) Pyroxene (55%)
Quartz (30%) Quartz (30%) Plagioclase (25%) Plagiocl (30%)
Mineralogy Plagioclase (25%) Plagioclase (35%) Pigeonite (8%) Opaques (15%)
Biotite (5%) Biotite (5%) Opaques (13%)
Clorite (3%) Garnet (2%) Olivine (2%)
Muscovite (2%) Muscovitea (3%)
Classification Biotite granite Biotite granite Diabase Basalt
p (g/cm®) @ 55 mm | 2.62 2.63 2.99 2.99
p (g/em®) @75 mm | 2.62 2.63 292 2.92
n (%) @ 55 mm 0.87 0.62 0.55 1.96
1 (%) @ 75 mm 0.61 0.57 0.41 0.98
a (%) @ 55 mm 0.33 0.24 0.18 0.68
a (%) @ 75 mm 0.23 0.22 0.14 0.33

Table 2. Summary of petrographic analyses and physical indices. p apparent specific gravity, # apparent
porosity, & water absorption.

p-value found was greater than 0.05. As this value is higher than the stipulated significance level (a=0.050),
it can be concluded that there is no significant difference between performing the test with diameters of 55-
75 mm, except for the BAS basalt in the dry condition, which presented a p-value of 0.0233. This result can be
justified by the material’s variability. Therefore, it is suggested the use of larger quantities of test specimens to
obtain a more representative result of the studied stone. The results provided by the Statistica software (version
14.0.1.25) and the graphs constructed to assist in the analysis can be seen in Table 4; Fig. 6A,B, respectively.

This is a piece of timely information, which should obviously be extended to other types of stone, to
collaborate with ABNT, subsidizing a possible shift of the diameter required by standard NBR 5564°¢, from
75 mm to 55 mm. In practical terms, obtaining cylindrical test specimens with a larger diameter is much more
expensive, both due to the greater amount of representative stone blocks to be collected in the field, and due to
the excessive wear of diamond drill bits, especially in more abrasive stones (quartz-rich), such as granite and
other similar materials.

As for PLTs, the results were similar to those obtained from the RCU tests. Where, once again the DIA
diabase stood out, with the highest point load strength index, Is(50), in both diameters used, as can be seen in
Table 3; Fig. 6C,D.
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GRAN1

GRAN2

DIA

BAS

Fig. 4. LEFT: Macroscopic appearance of natural stone cylindrical surfaces (@ 75 mm); RIGHT:
Photomicrographs (crossed nicols). GRAN1: mosaic of Qz, Fk, and Pl and a few mafic (biotite). Observe
twin crystals of Pl and in the details, on the right, more intense sericitization. GRAN2: clusters of Mu crystals
in poikilitic texture. DIA and BAS: subophitic texture with Pl laths surrounded by subhedral crystals of Au/
Pg and Op. Minerals key: Au augite, Pg pigeonite, Px pyroxene, Ol Olivine, Mu Muscovite, Qz Quartz, PI
plagioclase and Fk potassic feldspar.

Regarding hydraulic weakening, an unexpected result was found for granitic stones, where the Is(50)
obtained in the wet condition was slightly higher than in the dry condition. Although unexpected, this result can
be justified by the material’s variability, as this type of variation is sensitive to the characteristics of the stones. In
addition, it is a material with low porosity and water absorption, so somewhat similar results of both conditions
are expected.

The D5731% standard allows estimating the UCS from the average values of Is(50) obtained in the PLT. For
this purpose, the standard suggests a correlation factor K, determined according to the size (diameter) of the
test specimens. In this case, k=24 is used for 55 mm and k=24.5 for 75 mm. By multiplying the K factor by
the average of Is(50), we obtained the estimate of UCS for each stone. Other references can also be adopted to
indirectly calculate the value of the compressive strength from the point load index, such as Al-Harthi (2001)%,
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Fig. 5. Relationships between mineralogical composition and physical indices from @55mm (LEFT) and
@75mm (RIGHT) specimens.

who obtained a relatively strong correlation (R*> = 0.96) between Is(50) and UCS, made by linear regression
analysis. A comparison between the UCS values determined directly by mechanical testing®® and the estimates,
either by ASTM (2016)* or through equations?, can be seen in Table 3.

As mentioned by Wiesner & Gillate (1997)%, correlations between Is(50) and UCS have been proposed
by several authors in recent years. In this context, a linear regression analysis was run to obtain equations
and correlation coefficients (R?) between these two tests. Attempts were made by grouping the stones of the
present study and considering the different diameters and conditions imposed. As illustrated in Fig. 7, a strong
to moderate correlation can be noted between these tests, where R? varied from 0.74 to 0.83, with statistical
representativeness in the order of magnitude of correlations present in the literature**-*°,

Sclerometry was previously performed on the specimens intended for the UCS tests. The data in Table 3 list
that the average SHR values corresponding to the 75 mm diameter samples are higher than those of 55 mm.
This is because, with larger diameters, the samples tend to be more stable during the test, while with smaller
diameters, the energy tends to dissipate due to the impact of the hammer, making this discussion more evident
when observing Fig. 6E,F.

In addition, the values varied very little between the dry and wet conditions for the two diameters tested. This
comparison suggests that the presence of water had little influence on the tests with the materials under study,
which is consistent with the data previously shown, such as the physical indices (stones with porosity < 1.96%
and water absorption <0.68% (very low values), as well as the hydraulic weakening calculated from the UCS
tests.

Equations to predict the UCS as a function of the SHR value have been proposed by several authors
In this context, graphs with linear regression and their respective equations were constructed, which relate the
UCS test values with SHR. The stones under study were grouped and the different diameters and conditions to
which they were subjected were considered. Such graphs can be seen in Fig. 8, with the correlation coeflicient
R? considered weak for the 55 mm samples and relatively moderate for the 75 mm samples. It is also possible to
observe the random distribution of the test points with the smaller specimens, which contributes to the assertion
that they tend to be more unstable in the sclerometer test, a fact observed even during the execution of the
procedures. The correlation obtained is similar to that found in the literature*?, where the authors found a lower
R? when grouping all the rocks in the study, compared to analyzing them individually.

The proposed equations for estimating stone parameters from the hammer rebound number can be valuable
in the preliminary phase of a project, given that the test is easy to perform and non-destructive. However, the
results and comparison with previous studies indicate that the equations should be used with caution and only
for the specified type of stone.

Given the sensitivity and limitations of the equations obtained by regression analysis, another alternative
method is the use of equations defined by algorithms developed by computational techniques. In this context,
after grouping 1,106 data sets from 27 references, Wang and Wan (2019)?* proposed an equation obtained by
an optimization algorithm. A comparison between UCS determined by the NBR 5564 test*® and the estimate
from the equation of the aforementioned authors is presented in both Table 3; Fig. 9. It shows that the difference
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UCS tests

Dry (MPa) Wet (MPa)
Material Mean SD Min Max Mean SD Min Max R (%)
GRANI .. | 183.47 5.66 174.01 188.25 150.58 9.47 136.83 163.21 82.7
GRANI1 .. | 169.88 24.65 136.48 194.32 163.34 16.16 145.38 181.20 96.2
GRAN2 .. | 148.62 8.94 138.13 160.73 138.09 7.25 128.69 150.07 92.9
GRAN2 . | 145.54 15.69 124.96 162.92 135.90 9.13 119.07 146.03 93.4
DIA 260.29 15.24 239.19 276.30 233.23 20.87 207.37 257.19 89.6
DIA ¢ 251.95 11.34 241.51 267.27 207.02 38.86 162.59 256.19 82.2
BAS 146.13 16.86 120.28 166.07 106.23 23.97 70.99 131.53 72.7
BAS 110.09 28.33 84.52 165.34 97.49 21.62 74.66 128.29 88.6
PL tests

Dry Wet
Material | Is(50) (MPa)| K | UCS, (MPa)| UCS, (MPa)| UCS, (MPa) | Is(50) (MPa) | K | UCS, (MPa) | UCS, (MPa) | UCS, (MPa)
GRANI1 ., | 6.39 28.7 | 183.47 157.31 149.65 5.61 26.8 | 150.58 142.45 131.39
GRANI1 . | 6.19 27.4169.88 140.41 144.97 6.46 25.3 | 163.34 144.18 151.29
GRAN2 . | 5.28 28.2 | 148.62 123.59 123.66 5.07 27.2 | 138.09 119.01 118.74
GRAN2 . | 441 33.0 | 145.54 97.17 103.28 512 26.5 | 135.90 112.19 119.91
DIA 11.11 23.41260.29 262.24 260.20 10.84 21.5 | 233.23 256.51 253.87
DIA 9.2 27.4 | 251.95 203.42 215.46 8.52 24.3 | 207.02 188.97 199.54
BAS . 6.61 22,1 146.13 157.28 154.81 597 17.8 | 106.23 142.37 139.82
BAS ¢ 5.58 19.7 | 110.09 123.6 130.68 532 18.3 | 97.49 118.31 124.59
SHR tests

Dry Wet
Material Mean Max Min UCS, (MPa) | UCS, (MPa) | Mean Max Min UCS, (MPa) UCS, (MPa)
GRANI .. | 60.90 63.30 56.38 183.47 157.95 60.98 64.56 56.25 150.58 158.79
GRANI .. | 66.78 68.45 65.75 169.88 221.05 65.66 66.75 64.85 163.34 206.76
GRAN2 .. | 55.77 59.28 53.56 148.62 123.15 56.30 59.28 53.56 138.09 124.97
GRAN2 . | 66.28 67.85 64.31 145.54 214.38 66.19 68.85 64.13 135.90 213.08
DIA 66.24 70.78 61.40 260.29 213.08 65.98 70.17 59.75 233.23 210.52
DIA ¢ 69.54 71.00 68.20 251.95 263.24 68.91 69.65 67.90 207.02 252.84
BAS 64.13 66.94 62.00 146.13 188.33 64.51 66.56 62.14 106.23 192.70
BAS ¢ 65.80 66.75 65.00 110.09 208.01 65.57 66.60 64.60 97.49 205.54

Table 3. UCS, PL, and SHR tests: values and statistic. @., .: diameter (in mm) of specimens, SD: Standard

55-75°

deviation; Min - Max: minimum and maximum values, respectively. R: hydraulic weakening coefficient. K:
correlation factor between Is(50) and UCS values. Estimates UCS1%¢, UCS23%, UCS3%? and UCS4%.

between the two methods can reach a significant 100 MPa, as is the case of BAS basalt in the 75 mm samples.
Thus, the result confirms that, although the estimation of UCS by SHR is widely used due to its ease of execution
and low associated cost, it should be performed with caution, especially in cases where the correlation factor
between the tests is considered weak.

The empirical formula proposed by the authors was objectively determined using a large number of data
sets and verified by SHR and UCS tests so that it can be applied in engineering projects. However, it should be
mentioned that these also have limitations, where the SHR values must be between 10 and 70. In addition, the
rebound values are influenced by several factors, such as sample size, rock type, anisotropy, moisture content,
and weathering, among others, which can influence the UCS estimate®.

Mechanical properties (coarse aggregate)
Using aggregate samples with different sizes, LAA Los Angeles abrasion test (Gradation F) and T-shock and SC
crushing strength tests were performed to verify the mechanical strength of the aggregates.

The general results are illustrated in Fig. 10. Taking into account the Brazilian standard for ballast®, all the
stones meet the maximum limit established for the LAA tests. Considering that this test evaluates the durability
of stone fragments under friction and impact stresses, the results prove the quality of these materials, especially
when it comes to the DIA and BAS basic stones, whose LAA values were significantly lower than the other stones.

Figure 10 also provides information about the T-shock strength obtained through the Treton Impact strength
test®. In this case, unlike the basic stones, the GRAN1 and GRAN?2 granite stones significantly exceeded the
maximum limit of 25% defined by the standard, reaching values above 40%. Although it is a test considered
relevant in the selection of ballast material, the Brazilian standard?® defines it as an optional test and indicates
that failure to meet the reference values does not imply rejection of the aggregate, leaving the decision at the
buyer’s discretion. In addition, some authors'®# report the limitations of the test due to its manual preparation
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75 mm (in red). Test data in dry (LEFT) and saturated (RIGHT) conditions.
p-value
UCS condition | GRAN1 | GRAN2 | DIA BAS
Dry 02640 | 07112 [0.3913 | 0.0233
Wet 0.1819 [ 0.6537 |0.1989 | 0.5240
Table 4. Differences between mean values of UCS tests (statistic).
and the particle size range in which it is performed, which may result in an inappropriate representation of the
strength of the materials to the demands for which they are used. Figure 11 presents images of the Treton impact
strength test for each stone analysed.

Regarding Re crushing strength, except for GRANI, all stones were below the maximum recommended
limit*”*8, highlighting once again the performance of basic stones, which have a mineralogical composition
consisting essentially of high-hardness minerals. Especially in the case of DIA diabase, its textural arrangement
assented with types of minerals, interlocking, particle size, and microcracking conditions of the minerals,
provides more expressive mechanical strength.

In general, the good performance of the igneous stones studied is justified by the type of genesis, being
compact, dense, hard, and resistant, which provides the production of excellent aggregates'**°. In addition, the
low mass losses are directly associated with the particle size, where stones with fine grains are generally more
resistant than those with coarser grains, as is the case of basic stones compared to the granitic stones in the
present study™.
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Alterability

The accelerated weathering laboratory tests on each material were carried out taking into account three different
crushed stone fractions: A (63.5 to 38 mm), B (38 to 19 mm), and C (19 to 12.5 mm). In general, all stones
performed well after 5 cycles of immersion in sodium sulfate or ethylene glycol solution followed by oven drying.

The GRAN1 and GRAN2 granite stones, subjected to the sodium sulfate solution, did not show any changes,
either in terms of mass loss or any other change visible to the naked eye, even after the final cycle. Given that
these stones have low water absorption and porosity indices, the penetration of the saline solution is difficult,
preventing the breaking of bonds between particles due to the crystallization of sodium sulfate.

When immersing basic stones in ethylene glycol, DIA diabase also did not show any modification, probably
because it is a stone with a compact texture and also little porosity, in addition to a mineralogical composition
and alteration products that tend not to react with ethylene glycol. Only BAS basalt exhibited alterations during
the tests, with changes observed since the first cycle. Such evidence is because ethylene glycol is one of the
products that react with the expansive clays of the montmorillonite group, possible alteration products of BAS
pyroxenes and plagioclases, forming a larger volume organo-clay complex, capable of causing the expansive
disintegration of the material, as reported in several other studies!>132830:51,

Despite having suffered from changes during the cycles, fraction A of basalt was the only one that slightly
exceeded the standard recommendation (10%), reaching 10.52% at the end of the last cycle. The other fractions
remained between 3% and 4%, while the weighted average at the end of the five cycles was a weather resistance
of approximately 8% for basalt. The complete data are listed in Table 5. Regarding the qualitative analysis, from
the end of the first cycle, which involved immersion in ethylene glycol followed by drying in an oven, changes in
the fragments due to the reagent were already observed. These changes continued to occur until the last cycle.
During the test, it was possible to notice the progression of small fissures to cracks and then to spalling. Table 6
provides a detailed description of each cycle per fraction of the BAS basalt samples.

According to standard NBR 5564%, the changes illustrated in Fig. 12 are expected to occur in samples of the
same stone when exposed for a long period to wetting and drying cycles in a saturated environment. This may be
especially relevant when considering the use of aggregate without binders, as in the case of stone used for railway
ballast. However, the results of this test alone are not sufficient to conclude whether the material is satisfactory or
not, and it is necessary to take into account the entire context of the technological characterization.
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Fig. 11. Set of fragments before (ABOVE) and after (BELOW) the T shock strength tests.

A 2.995 | 2.870 | 2.860 | 2.805 | 2.765 | 2.680 | 4.17 | 4.51 | 6.34 | 7.68 | 10.52
B 1.480 | 1.465 | 1.455 | 1.435 | 1.425 | 1.420 | 1.01 | 1.69 | 3.04 | 3.72 | 4.05
C 0.690 | 0.685 | 0.675 | 0.675 | 0.670 | 0.665 | 0.72 | 2.17 | 2.17 | 2.90 | 3.62

Table 5. Quantitative data from the alterability test (ethylene glycol) on BAS basalt.

1A

19 fragments: 8 affected particles, 2 SPA, 1 FIS, 2 CRA, and 2 with surface disintegration. The presence of powdery
material from rock disintegration was also observed.

1B

57 fragments: 2 affected particles, 1 CRA, and 1 FIS, besides disintegration.

1C

117 fragments. 1 affected particle (FIS)

2A

19 fragments: 8 affected particles, 5 particles with surface disintegration, 2 FIS, and 3 CRA. Presence of fine material.

2B

54 fragments: 6 affected particles, 2 SPA, 3 FIS, and 1 CRA.

2C

117 fragments. Fragment initially affected in cycle 1 presented 2 CRA.

3A

19 fragments: 7 affected particles, 1 SPA, 2 FIS, 2 CRA, and 2 surface degradations.

3B

53 fragments: 9 affected particles, 5 FIS, 3 CRA, and 1 SPA.

3C

117 fragments: 4 affected particles, 1 CRA, and 3 FIS.

4A

19 fragments: 8 affected particles, 5 with surface degradation, 1 FIS, and 3 CRA that evolved to 2 SPA.

4B

52 fragments: 7 affected particles, 1 SPA, 5 FIS, and 1 CRA

4C

17 fragments: 4 affected particles, 1 CRA, and 3 FIS.

5A

17 fragments: 9 affected particles, 6 with surface degradation, 1 FIS, and 2 CRA. In addition to 4 fragments passing
through the sieve.

5B

54 fragments: 9 affected particles, 3 CRA, and 6 FIS.

5C

117 fragments: 5 affected particles, 4 FIS, and 1 CRA.

Table 6. Visual examination of BAS samples immersed in ethylene glycol followed by oven drying (CRA-
cracking, FIS- fissure, and SPA- spalling).
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Fig. 12. Photographic records of BAS basalt fragments degraded by ethylene glycol: (A) Surface degradation
(Cycle 1); (B) Cracks (Cycle 2); (C) Fissures (Cycle 3); (D) Spalling (Cycle 1).

Conclusions

In order to compare and discuss the capabilities and limitations of different stone materials for use as ballast, a
careful selection of tests considered essential for technological characterization was carried out. More specifically,
the tests selected aimed to compare, on a laboratory scale, granite, diabase, and basalt. The analysis was conducted
through petrographic analysis and determination of physical, mechanical, and alterability properties that will
dictate the performance of the materials when used in railway works.

The tests showed these are compact stones with low water absorption, correlated to the geological context in
which they are inserted. In terms of mechanical strength, basalt, and diabase (Serra Geral Formation) stood out
for their high compressive strength, confirmed by UCS, PLT, and SHR strength tests. In addition, there was no
significant difference between cylindrical samples of 55 mm and 75 mm in diameter. This comparison is relevant
given the practical advantages associated with the smaller diameter, such as sample collection and handling, and
less wear on equipment and diamond drills in laboratory demands.

The long-term effects of the tropical climate and the use of aggregates without binders were simulated using
accelerated weathering tests, in which all stones, except for basalt, showed good chemical and physical stability.
Even though they presented alterations, the tested fractions of the respective basic stone showed resistance to
weathering that was still lower than the maximum limit established by the Brazilian standard.

In general, the stones analyzed showed good performance for use as coarse aggregate for railway ballast. These
are igneous, compact, resistant stones with low water absorption, which tend to produce high-quality aggregates.
Nevertheless, although a large number of tests were performed with representative samples, the results must be
considered valid only for the stones evaluated in this research, given the geotechnical variability of the properties
of each material. Additionally, although the Brazilian standard stipulates that at least five accelerated weathering
cycles must be performed for laboratory tests, future research may expand this approach to include long-term
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performance assessments, encompassing different climates and environments, to provide a more comprehensive
and practical understanding of rock durability in the railway context.

At last, this study is part of broader research that contributes to the development of a more comprehensive
database on the properties of stones used as railway ballast in Brazil, serving as a reference for updating technical
standards, in addition to supporting the selection of more suitable materials and increasing the efficiency and
durability of railway infrastructures.
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All data generated or analysed during this study are included in this published article.
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