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The physical classification of crushed stone and gravel used in railway construction is based on their strength and endurance
and is performed by a laboratory test method using a rotating drum or a mortar method. The values of fracture resistance calcu-
lated using the Los Angeles method and abrasion calculated using the Micro-Deval method show a corresponding correlation and
require further investigation.

Purpose. The development of a new method for measuring rock material fracture that is consistent with widely used standards
while also being more comparable to real-world railway operating conditions. Certainly, both standard tests are essential for ensur-
ing product homogeneity during production, so the new recommended method is only a supplement.

Methodology. The Proctor device was used to induce so-called shock loads from above, similar to railway loading conditions. Unlike
the standard method, the andesite material was placed in a standard cylinder in these tests. The samples were pre-screened and sorted;
the specified weight was approximately 1,300 g, and the specified sizes of the individual particles were 6.3, 8.0 and 11.2 mm. Only pre-
washed and dried materials of NZ (fine crushed stone) or KZ (special crushed stone) from four different quarries (Tallya, Szob, Négrad-
kovesd, Recsk) with different rock physics characteristics were considered. The Proctor compactor machine was used because of its cal-
culable labor (19.86 J /impact) and the crushing effect of the calculable impacts (64, 128, 256 and 1,028 blows). Even after loading differ-
ent numbers of impacts, homogeneous samples from different quarries were sieved to measure the masses of fragments per fraction.

Findings. The set of measurements made it possible to establish a series of fragmentation and degradation curves for each of the
three repeated measurements based on the composition of the material and the number of blows, which showed the degradation
of samples with different physical and mechanical properties of the rock material and particle sizes. With an increasing number of
impacts, the amount of crushed material in the sample increased, but the distribution of crushed material did not decrease evenly
and proportionally as the number of impacts increased. Parameters and indices were also computed to identify various correlations
(i.e., Fy,d<22.4,d<0.5,d<0.063 mm, Cy, M ratio, \ ratio). Some of them (e.g., F}) needed to be changed, but they were pre-
defined due to the nature of the tests.

Originality. While many standard and alternative railway track ballast fragmentation test methods and measurement tools are
available, this paper proposes a new laboratory method and demonstrates the specific measurement and application effectiveness.

Practical value. In addition to standard tests that are already widely used, the new method for measuring the fractional compo-
sition of railway ballast can help simulate real-world operating conditions of a railroad track in the laboratory. This method will

improve the safety of railway operations.

Keywords: railway track, ballasted track, material fractions, laboratory test, Proctor device

Introduction. The most common railway superstructure in
the world is the solution with tracks embedded in crushed stone.
The static and dynamic loads transferred from the railway vehi-
cles are transmitted to the rails via the railway wheelset, and
these loads are further transmitted to the elements installed un-
der the rails, such as the sleepers and the crushed stone ballast,
which (last item) is the main subject of this article. The self-
generating process of deterioration makes the rail ballast bed a
transmitting element in the transfer and re-transfer of the loads
coming from the vehicle, and any defects or uplift irregularities
in the railway ballast will affect all elements of the load-bearing
system. In case of inadequate maintenance/failure of any super-
structure element, possible construction defects, and uneven-
ness, the self-generating process of deterioration will accelerate.
The basic principle of the process is shown in Fig. 1 [1].

Perhaps the least studied element of the process is the
crushed-stone ballast, although this is the element with the
most significant volume and mass in the cross-section of the
railway track.
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The deterioration of the ballast can have an impact on the
life of the railway track, which various visible signs can mani-
fest. The causes of ballast failure can be:

- non-compliance with construction technology (lower
ballast, “mixing” sieving);

- contaminated crushed stone;

- ballast deficiencies (insufficient thickness of ballast layer
or insufficient width of ballast shoulder);

- large-scale soil improvement layer installation (mixing
sieving);

- operational deterioration (ballast fouling, crushing,
sharp edge abrasion, wear, weed infestation, etc.);

- maintenance deficiencies.

The most common forms of deterioration are fragmenta-
tion (i.e., e.g., breakage) or abrasion, of which this article
mainly deals with fragmentation. It is assumed that the effect of
abrasion was significantly smaller, but these effects are most
likely to occur together. Basically, the two concepts are difficult
to distinguish, but the definition used in the research was that
“fragmentation” meant the disintegration of a single grain into
several parts, while wear meant the reduction of surface area,
the rounding of grain shape. The qualification values from the
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Fig. 1. The self-excitation process of deterioration

Los Angeles study attempt to characterize fragmentation more
accurately, while the value from the Micro-Deval study at-
tempts to characterize the wear phenomena more precisely.

Standard tests. In Hungary, crushed stone for railway track
installation is covered by Government Decree 275/2013
(VIIL.16) [2], but as a product, it is classified as “road construc-
tion products”, while the conditions of use cover “all fields of
application”. The Regulation provides for many tests to be
carried out on aggregates, such as, but not limited to, the fol-
lowing rock classification tests:

- particle size distribution;

- fine grain content;

- particle shape;

- resistance to fragmentation;

- wear resistance.

Crushing, abrasion resistance, and classification into rock
physics groups are carried out using two standard tests, both
past and present, based on the current rock abrasion and im-
pact abrasion tests (prescribed by [3]):

1. EN 1097-1:2011 Tests for mechanical and physical
properties of aggregates — Part 1: Determination of the resis-
tance to wear (micro-Deval) [4].

2. EN 1097-2:2020 Tests for mechanical and physical
properties of aggregates — Part 2: Methods for the determina-
tion of resistance to fragmentation [5].

The principle of the tests also shows that the rock physics
classification of crushed stones and gravels is based on their
strength and durability properties. Determining the strength
properties of such aggregate building stone materials is carried
out in the regulatory systems of the various countries either by
the rotary drum or mortar test method. In Hungary, all the
product standards in force require one or more of the rotating
drum tests to assess the suitability of the material for use.

Rock physics suitability tests are particularly important in
the domestic certification practice. According to some experts,
the Los Angeles test should retain its leading position in the
future, but the test values can be compared with the test proce-
dure developed to provide a broader view. For this reason,
these values have been determined in advance for each quarry
by an accredited metrology laboratory (NZ, KZ, where NZ
means fine crushed stone, KZ means special crushed stone),
from which the single-particle test materials have been sepa-
rated and sieved to measure correlations.

The standard test methods are not comparable to real op-
erating conditions, as the crushed stone grains are not abraded
in a circular pattern when installed but have to withstand a dis-
tributed load from above. However, the two widely used stan-
dard tests, mandatory and/or recommended worldwide, are
essential for manufacturing product consistency, and the test
methods presented in this article can be used as a supplement.

Literature review. There is a large body of research on the
subject, so a wide range of literature is available. There are also
an extensive number of peer-reviewed journals on the study of

abrasion and fragmentation; however, in the area of transport
engineering [6, 7], research is being carried out in almost all
fields, from mining, rock physics, geology [8—10], mechanical
and vehicle engineering [11], to architecture and civil engi-
neering [ 12—14] and [15, 16], as well as logistics [17—19].

In general, for the fragmentation of the railway ballast, the
following analytical methods are used by foreign researchers:

- laboratory tests;

- DEM (Discrete Element Method) simulations and/or
3D particle shape images;

- FEM (Finite Element Model) simulations;

- field (on track) tests.

The authors state several conclusions in the various litera-
ture, but it can be said that all the research results have been
obtained because of the desire to improve the parameters of
the ballast bed of the crushed stone or to understand the prop-
erties that have a particular impact on the life, aging, fragmen-
tation.

There are still unknown parameters that complicate the
research; for example, in a DEM simulation, the performance
depends heavily on the calibration or the assignment of prop-
erties, but the shape of the particles depends on the contact
force and the distribution [20]. Image-based procedures, such
as 3D image analysis, are well suited for evaluating degrada-
tion, and several researchers are using the results to model
maintenance cycles [21]. Both previous and current research
on the subject of this article show that natural aggregates may
have quite different properties according to their geologic ori-
gins and the production methods used at quarries. These ma-
terials were assembled using different ratios and constants in
an attempt to characterize them as accurately as possible (F&E
ratio — i.e., flat and elongated ratio —, Al — i.e., angularity
index —, density), and the grain shape was also calculated,
with flat and elongated grains breaking more typically at high
densities [22]. Such constants and indexes are much needed
because their creation and combination provide information
that helps to determine better the value of the deterioration
and, thus, the lifetime of the superstructures. The Los Angeles
abrasion value has been shown to correlate closely with indi-
vidually created compaction wear values and individual met-
rics, as the values obtained when implementing the modified
compaction method, namely, the Compaction Abrasion Val-
ues (CAVs). The background to the test, as well as for the cur-
rent study, was that the LA abrasion test, combined with the
modified compaction test, used a similar treatment of the ad-
ditives, namely grinding with steel balls and impacting with a
compacting hammer [23].

The purpose of the article is to evaluate the results of the
new laboratory test method, evaluating the results, looking for
correlations between samples from different quarries. These
results could provide baseline data to determine the lifetime of
the ballasted track superstructure system and estimate the de-
terioration process. The long-term goal is to develop a mea-
surement procedure predicting rail ballast fragmentation and
replacement cycle time.

Methods. During the research, several types of laboratory
tests were developed and conducted. There have been efforts
to simulate the loads on the ballast in ways similar to in-service
conditions and circumstances.

The test involved dynamically abrading a given amount of
crushed stone loaded into a shear box [24].

The study involved a section of railway track in free space
and was subjected to loading by a dynamic pulsator [25, 26].

In addition, small sets were loaded by a crusher in a hard
polyethylene pipe plug. The loads were performed in steps, and
an initial and intermediate computer tomography scan was taken
for better evaluation or with discrete element modeling [27, 28].

In this section, all the studies referred to in the above para-
graphs adhere to the methods used in the research, presented
solely as a pre-history of the methods used in the current paper
to keep track of the progress of the research.

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2024, N2 1 59



The standard Proctor mold and the Proctor compactor
machine were used to design the latest study.

The Proctor compactor machine was basically not used
the same way as the standard Proctor test (EN 13286-2) [29];
only prewashed and dried particles were used in the testing
mold and only for the calculable force.

- mold diameter — “A” (d,): 100 mm;

- mold height — “A” (4;): 120 mm;

- height of fall (4,): 457 mm;

- diameter of base (d,): 50 mm;

- mass of rammer — “B”: 4.50 kg;

- gravity acceleration: 9.81 m/s?;

- calculated impact surface: R? - © = 0.0314 m?.

The force required to accelerate a tonne at m/s? is as follows.

Vehicle load: 225 kN = 22.5 tons'm/s> = 225,000 J/m

1J=1N/m;

4.5kg-45cm/100 - 9.81 m/s?=19.87 J.

Load per area:

19.87J/m=19.87 - 0.001 kN;

19.87J=10.01987 kNm;

0.01987 kNm/0.0314 m? = 0.633 kN/m.

Specific energy carried out according to EN 13286-2 stan-
dard [29] is 0.342488 MJ/m’ for 64 blows/layer.

When converting the value to kKN, the “labor per area”
value should be divided by the “calculated impact surface”
value. It can be calculated that the number of axles “passed”,
for which the converted values must be divided by 225 kN.
“(the Zimmermann-Eisenmann calculation method needs to
be considered in a detailed computation; the real, representa-
tive dynamic vertical load below a sleeper is approx. the one-
third of 225 kN, i.e., 75.5 kN, in the case the design speed is
160 km/h and the quality of the track is appropriate).

Compaction energies and the number of axles calculated
from it due to the number of blows are shown in Table 1.

The recalculated axle loads show that the number of
stocks rolling over is still small, with a considerable value of
axles rolling over in a relatively short time on a busy line.
However, it can be concluded from the presented study that
significant fines will appear even with a relatively small num-
ber of axles rolling through the railway ballast bed. The ap-
pearance of fine particles (and also dirt) does not necessarily
indicate the need for replacement, but the extent of this is an
important issue.

The test design is shown in Fig. 2.

Samples of andesite rock material from four quarries,
which can be used for railway construction, were processed
and provided by COLAS Eszakkd Kft.: Téllya, Szob, Négrad-
kovesd, and Recsk.

For each quarry, the Los Angeles and Micro-Deval values
per product were determined beforehand by an accredited me-
trology laboratory and are presented in Table 2.

Fig. 2. The test design

The samples were sorted, and homogeneous sets of three
different grain sizes were created for each material from each
quarry: 6.3, 8.0 and 11.2 mm particles. The original products
were not used as mixed material on their own; occasionally,
the mixing of single-grain samples from the same quarry was
also applied for the laboratory tests.

In all cases, the particles were used in washed and dried
conditions.

The testing procedure. The prepared samples of three differ-
ent grain sizes were divided into 1,300 g (£5 g) sets. For each
sample type, three sets were formed according to Table 3.

The weighed samples were loaded into the standard work-
ing test mold and then placed under the rammer head of the
Proctor compactor machine. A 1,300 g sample of each particle
size just filled the height of the standard cylindrical test mold.
Due to the sudden impact of the rammer head, a height ad-
juster was used at the height of about 70 cm to prevent the par-
ticles from the pile from being thrown out of the pile, which

Table 1
Compaction energies due to the number of impacts Table 2
8 Los Angeles and Micro-Deval values according to [4, 5]
3388
Soecit g & % § Téllya (T) Szob (Sz)
pecific energy g Q9 &
No. according to Labor per | Converted g 3 Z 5 LA MDE LA MDE
of the dard area, valuetokN, | &7 ~ &
blows |  standard, KN/m? KN BE2® KZ4/8 17.71 8.90 16.03 18.07
MJ/m? Eo€2
B 2 5 KZ 8/11 12.18 4.42 12.11 14.33
= 0= =]
SNES KZ 11/16 14.04 342 12.14 13.65
1 0.00535138 5.3514 1,704.3 22.6 Noégradkovesd (NK) Recsk (R)
64 0.34248816 342.4882 109,072.7 1,444.7 LA MDE LA MDE
128 0.68497632 684.9763 218,145.3 2,889.3 KZ 4/8 19.78 22.10 22.20 13.92
256 1.36995263 1,369.9526 | 436,290.6 5,778.7 KZ 8/11 16.58 18.30 17.46 10.42
1024 5.47981054 5,479.8105 | 1,745,162.6 23,114.7 NZ 11/22 20.95 20.43 19.22 9.17
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Table 3 Table 4
Aggregation and the designation of samples The values of the deviation and relative deviation of the
broken-off particles (11.2 mm)
Tallya Szob Noégradkovesd Recsk
(T) (Sz) (NK) (R) Number of the blows (11.2 mm)
6.3 mm grain size 64 128 256 | 1,024
T-6.3/64 Sz-6.3/64 NK-6.3/64 R-6.3/64 Average, % 30.06 | 36.72 | 42.43 | 60.59
T-6.3/128 Sz-6.3/128 NK-6.3/128 R-6.3/128 Standard deviation, % 12.27 | 11.91 11.13 | 7.44
T-6.3/256 Sz-6.3/256 NK-6.3/256 R-6.3/256 Relative standard deviation, % 40.81 | 32.43 | 26.23 | 12.27
T-6.3/1024 Sz-6.3/1024 NK-6.3/1024 R-6.3/1024
8 mm grain size aggregate set. The values are shown in Table 4 (as an example
for the 11.2 mm single grain aggregate). All types of single-
T-8/64 Sz-8/64 NK-8/64 R-8/64 grain aggregate (6.3, 8 and 11.2) sets behaved similarly.
T-8/128 Sz-8/128 NK-8/128 R-8/128 The calculated standard deviation and relative standard
T-8/256 S2-8/256 NK-8/256 R-8/256 deviation values showed that the variance between quarries
varied between 7.44 and 12.27 %, but the relative standard de-
T-8/1024 Sz-8/1024 NK-8/1024 R-8/1024 viation could be several times higher.
11.2 mm grain size Table 4 also shows how the trends in the values compare.
T-11.2/64 Sz-11.2/64 NK-11.2/64 R-11.2/64 Both the standard deviation and the relative standard devia-
tion decrease significantly with an increasing impact, so it
T-11.2/128 Sz-11.2/128 | NK-11.2/128 R-11.2/128 can be said that the measurements become more accurate as
T-11.2/256 Sz-11.2/256 NK-11.2/256 R-11.2/256 the loads increase. All values change according to a linear
T-11.2/1024 Sz-11.2/1024 | NK-11.2/1024 R-11.2/1024
Altogether: 4 x 3 x 4 x 3 = 144 pieces of samples £ 80%
& 70% s T
§ 60%
was fixed to the standard mold. This was replaced by a PVC g 4 e oSz
pipe when the test was assembled, but a more durable metal E 50%
elevating pipe was later manufactured. E 2 40% LJ
. . -  § o NK
The number of blows was determined this way because, - 30% ®
during the impacting labor, the size of the rammer head did g., °
not cover the entire diameter of the mold. The standard com- s 20% » R
pactor machine rotates the cylinder continuously at given an- § 10%
gles after each stroke. The full circle was made in 8§ strokes &~ o
. . . . 0%
(with a uniform load), so multiples of 8 were detgrmlned. 64 128 256 1024
Fo'r the number of blows, the numbers are given as a qua- Number of blows [pieces]
dratic increase. re— . Py
After each load (64, 128, 256 and 1,024 impacts/blows), M“'“ er o — .- mm
the sample was disassembled as follows: ows T Sz NK R
1. After loading, the sample was compressed (i. e., the orig- 64 2225% | 21.17% | 31.92% | 51.61%
inal starting height relative to the top of the mold was reduced) 128 26.83% 29.41% 43.31% 55.84%
due to the fragmentation of the sample, so these settlement 256 39.16% 36.71% 53.02% 57.28%
values were measured. 1024 53.86% 55.18% 67.88% 70.20%

2. The loaded sample pieces were placed in a standard
sieve, and after sieving, the following fractions were weighed
separately:

- 11.2 mm;

- 8.0 mm;

-6.3 mm;

-4.0 mm;

- 2.0 mm;

- 1.0 mm;

-0.5mm;

-0.25 mm;

-0.125 mm;

-0.063 mm;

-0.0 mm.

3. After the measurement, the test set was thrown in the
trash and not used again for another measurement.

At least three measurements were executed from each ho-
mogeneous sample, and the mean values of these measure-
ments for a given sample were considered. After each measure-
ment, a new set was created.

Standard deviation, relative standard deviation. Fragment-
ed parts were sieved to calculate the standard deviation and
relative standard deviation. On this basis, the standard devia-
tion and relative standard deviation values were calculated for
the percentages of the parts broken off from the single-grain

Fig. 3. Averages of sieved (fragmented) material 11.2 mm

g 80%
2 70% . oT
=
2 60%
= ® oSz
£ 50% °
P $ :
& £.40% ¢ oNK
S o '
e 30% ® r
g 20% . o R
§ 10% L
A
0%
64 128 256 1024
Number of blows [pieces]
Number of] d=8 mm
blows T Sz NK R
64 10.81% 22.61% 45.92% 29.56%
128 19.55% 27.84% 33.15% 40.54%
256 27.28% 41.27% 45.55% 48.27%
1024 50.49% 56.05% 67.61% 56.35%

Fig. 4. Averages of sieved (fragmented) material § mm
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@ 70%
T
S 60% ot
3 |
5 50% .  esz
& 40% ° :
ER . * o NK
< T 30% il
° ®
g 2% —o R
=
S 10%
@
1)
64 128 256 1024
Number of blows [pieces]
Number of] d=6.3 mm
blows T Sz NK R
64 19.22% 35.26% 28.67% 26.99%
128 26.57% 39.12% 39.74% 34.37%
256 37.07% 48.77% 42.61% 42.62%
1024 51.86% 60.37% 62.67% 56.32%

Fig. 5. Averages of sieved (fragmented) material 6.3 mm

function; the average values increase while the deviations
decrease.

Findings. As expected from the design of the test method,
every crushed stone particle set was highly fragmented after
the impacts, the aim being to determine the exact size of the
set per quarry and fraction as a function of the number of
blows.

Figs. 3—5 show the rate of fragmentation, which is the
percentage of the fraction of grains in a homogeneous cluster
that became smaller than the initial size under different
loads.

It can be seen that the average values recorded showed the
most favorable properties for the andesite from the Tallya
quarry, which produced the lowest fine ratios in all measure-
ments. This is in accordance with the Los Angeles and Micro-
Deval values obtained and, therefore, with the rock physics
properties presented in Table 2.

The conclusions of the charts (Figs. 3—5) are detailed below:

1. In all but single grain size class, as the number of blows
increased, so did the fines (the smaller grain sizes produced by
the broken particles). In the case of the 8 mm set, samples
from the Négradkovesd set were unique in disproving this in-
creasing trend in the tests. Here, in fact, the clusters sampled
at 64 blows showed the highest fragmentation.

2. For the 11.2 mm aggregates, the stone from Recsk
showed the highest fragmentation value for each number of
blows.

100.00%
\ —112
9 —3
= -1 T | —63
£ 10.00% s
=3 —4
3 e
5 1
g" 1.00% / —05
£ —0.25
o —0.125
0.063
0.10%

64 128 256 1024
Number of blows [pieces]

Fig. 6. Evolution of the fractions (Nogrddkévesd 11.2 mm)

3. For the 8 mm aggregates, the material from Négrad-
kovesd showed the highest fines, but for the 6.3 mm aggre-
gates, the material from Szob showed the same.

More exciting results were given by the evolution of the
fractions, i.e., the distribution of the fragmented particles,
which were compared based on the sieved volumes. Each ex-
ample cannot be given here due to the large number of samples
and the space limitations of this article.

The graph showing the evolution of the fractions (Fig. 6)
as a trend was similar for all sets. The logarithmic curves clear-
ly show that the larger particles gradually decrease, and the
smaller ones increase. Half of the largest grain size of the pile
is assumed to have a uniform fraction distribution during load-
ing. The distributions increase gradually with the increasing
number of blows for particle sizes smaller than half, as shown
by the particle size distribution curve.

Fig. 7 demonstrates a typical particle size distribution
curve (typical for all types of sets).

The assembled single-grain sets during the laboratory tests
do not fall within the optimal limit curves in accordance with
standards, either before or after fatigue. Knowing the initial
size of each particle gave us a complete picture of the fragmen-
tation by fraction and number of blows during the tests.

Even with the settlement value, it was self-evident that
more blows would cause a higher settlement. However, the
trends measured for the samples showed that the settlement
showed a fit similar to a power function, as illustrated in the
typical diagram and accompanied in Fig. 8. It is found that an
exponential function can adequately approximate the vertical
deformation of the samples. The compaction (settlement) of
the larger grain size samples was the most significant, which
can be explained by the higher initial void content. Thus, they
suffered more significant vertical deformation with the applied
fragmentation (crushing with Proctor compactor).

The measurements were also used to compare the proper-
ties of the size fraction with well-known constants that have
been established by other researchers [30—32]:

- F (%) (here, the authors considered F, (AF));

- BBI (Ballast Breakage Index);

-d<22.4,d<0.5,d<0.063 mm and their changes;

- dg/d,, ratio (the abbreviation Cy is applied);

- MA, MF and Mavg (A refers to lower, “F” refers to the
“upper” and “avg” relates to the “average”);

100% —1024
—256

—128

2::: /// —64

0%

5\

sieves [mass percentage]
-l

Quantity falling through the

10% B
AR A S R R S I
Sieve hole size [mm]

Fig. 7. Typical particle size distribution curves after fatigue (d =

=11.2mm)
g 50 y = 1.94366x"+07
g 40 R= “5-y =1:70915x"43514
T30 e S R2=0.99075
5 2 y = 4.33480x028062
g R?=0.99048 © 6.3 mm
3 10
=
§ 0 ! f 1 f f f 1 © 8 mm
@ 0 200 400 600 800 1000 1200

©11.2 mm

Number of blows [pieces]

Fig. 8. Typical average values of settlement (Szob)
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- MAF);

- “AF” means after fatigue, “BF” means before fatigue.

While performing the calculations, it became apparent
that since the aggregates were fatigued at homogeneous parti-
cle sizes, the initial starting values for many indexes were unin-
terpretable, and the calculation methods, which were tied to
standard sieves, had to be modified to produce values based on
the same principles but still usable. Using the above constants
in their original form was impossible because of the computa-
tional and measurement constraints; however, we have tried to
use calculation methods that are easily adaptable to current
circumstances, with minor modifications.

The Fj value of the method used by the South African
Railways is calculated according to the following formula [31]

Fy=(0.4-Fio) +(0.3- F7) +(0.2- Fy15) + (0.1 Fyy5),

where
Fig=(D\y-100)/27.0; Fys7=(Ds,-100)/18.0;

Fiis=(Dys - 100)/11.5; Fo 5= (Do,s - 100)/5.5.

The D; values correspond to the mass percentage undersize
the sieve size, i.e., i (mm) (i.e., 19, 6.7, 1.18 and 0.15, respec-
tively).

However, it was necessary to modify this slightly because the
set used was single grain, and the grain size could not be applied
similarly. The calculation method was retained in principle.

The particle size was determined by iteration, and the de-
nominator was chosen to be the largest Fj(4F) value within
the type set, as shown in Table 5 below. The most fragmented
sets from which the divisors were derived are presented sepa-
rately in Tables 7—9 (with 100 % value in the row correspond-
ing to the F, (AF)).

Ballast screening becomes necessary if the original £ >
>80 % [31]. Based on the value (metric) established, this can
only be understood for “mixed” ballast used for railway con-
struction, which is not homogeneous. The F), (AF) values cal-
culated with the modified constants and their trend lines are
shown in Fig. 9. It has to be mentioned that there is a consid-
ered boundary condition F,,AF(0) =0 (i.e., F,(0) =0).

Several aggregates reached the 80 % limit, but these calcu-
lations differed significantly from the original formula. In the
present document, the F,(AF) value (a modified parameter in
this case) has been adjusted to examine the relative fragmenta-
tion of the most fragmented aggregates.

Table 5
Calculation of Fy, (AF) values for a given particle size

Particle sizes and F, (AF)

8§ mm

6.3 mm 11.2 mm

(D, - 100)/39.84

(D, 4 - 100)/43.90

(D; 5 - 100)/45.38

(Dyr - 100)/26.85

(Dy g5 - 100)/30.44

(D9 - 100)/33.30

Dy - 100)/11.37

(Dy 5 - 100)/13.29

(Dy; - 100)/15.77

(Dy 015 - 100)/1.29

(Do - 100)/1.28

(Dy 0 - 100)/1.17

120%

v | 0f103x ® FV(AF)[T]
A, |R2[- 094652

100%

y o olosdx
L oloog12

* FV (AF)[S7]

__80%

60%

%
A

/- 0lo77x
097814 B FV (AF) [R]

A FV (AF) [NK]

40%

N\

PP

/

y = 0.078x
= 0.99306

——Linear (FV (AF) [T])

Fy(AF) %
>
N\

=—Linear (FV (AF)

V
-
20% —ﬂ
0%

[Sz])
«~=Linear (FV (AF)
[NK]

0 500

1000

Number of blows [pieces]

)
1500 —Linear (FV (AF) [R])

Fig. 9. The calculated F,(AF) parameters (d = 11.2 mm)

Table 6
Abrasion and degradation properties based on modified

Fy(AF) values
Modified Fy(AF) values (after 1024 blows)
6.3 mm 8 mm 1.2 mm
NK, % 100.00 100.00 100.00
R, % 78.63 82.22 78.49
Sz, % 70.69 71.83 84.38
T, % 55.61 73.28 76.37

The most fragmentable rock material for all particle sizes
was from Noégradkovesd (the ratio is approx. 1.31, i.e.
0.105 : 0.08). Table 6, with the F,(AF) values, shows the rela-
tive abrasion and degradation properties.

The measurements show that the FV(AF) values correlate
well with the fragmentation properties.

Relatively significant changes were required in calculating
the BB values, as the grain sizes of the original single grain set
required a value of zero for the smaller sets so that no mean-
ingful number could be obtained for the pre-fatigue values. As
a result, many BB/ values (especially at low impact rates) were
negative. Correction for calculation inaccuracies due to ho-
mogeneous sets has not yet been made, so the results of these
calculations are not included in this document.

The particle size distribution curves of ballast materials
can be characterized by a pair of qualifying values and their
average (MA; MF or Mavg) introduced for the particle size
range 31.5—50 mm, by analogy with the fineness modulus used
to characterize particle size distribution curves. The pair of
qualifying values characterizing the entropy of ballast particles
is the sum of the intercepts of the residual mass % at the lower
and upper limit curves of the standard for the qualifying sieve
sizes (22.5, 31.5, 40, 50 and 63 mm) [32].

The qualifying values generated could not be applied to a
homogeneous set with a smaller grain size. A similar approach
was taken here because the two adjacent standard sizes were
selected for the ideal railroad ballast aggregate for particle sizes
31.5—50 mm. The neighbors of the standard sieve sizes associ-
ated with a given particle size were selected, and the remaining
masses were tested for each test type:

1. 6.3 mm: 8, 6.3, 4 mm sieves;

2.8 mm: 11.2, 8, 6.3 mm sieves;

3. 11.2 mm: 16, 11.2, 8 mm sieves.

The ratios of the calculated modified MF values (the sum
of the masses remaining on the given sieves after fatigue) to the
MA values (essentially the total mass of the original sample —
approx. 1,300 g) concerning the number of blows are shown in
Fig. 10 (i.e., M ratio values).

The presented M ratio values correlate well with the num-
ber of blows; the loaded samples from the four materials are
correlated to logarithmic function approximations. While ma-
terials from three of the four quarries performed similarly, it is
clear that the material from Nogradkovesd shows the lowest M

1.0

0.9 - -14145In(x) +|1.53721 ® M ratio [T]
’ R = 0.9762.
ol 1347In(x) H 1.49783 ¢ Mratio [S7]
0.7 1 R*0.98989 )
A M ratio [NK]
T 06 —
2 05 = B M ratio [R]
E o4 -
S 13499In(x) +1.49417] —Leog- M ratio [T])
3 49°
0.2 Bl =—Log. (M ratio [Sz])
’ 1512 1In(x) +[1.49198 _
0-1 9 R* 0.9941 ——Log. (M ratio [NK])
0.0

=—TLog. (M ratio [R])

0 1000

Number of blows [pieces]

Fig. 10. The calculated M ratios (d = 11.2 mm)
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ratio values, and thus, these samples were the most prone to
abrasion and fragmentation. The values start to deteriorate
from about 0.9—0.95 and decrease to 0.55 after 1,024 blows in
a logarithmic trend of deterioration. For the Nogradkovesd
andesite samples, which have exceptionally high LA and MDE
values, these values start from 0.85 and decrease to 0.45 until
the observed 1,024 blow value.

M and X\ values go “hand in hand”. The evaluation as-
sumes that the previously installed crushed stone materials
met the contemporary specifications for ballast materials with
a grain size range of 31.5—50 mm.

The entropy of the aggregates placed in the pitch can be
determined by the change in particle size distribution resulting
from the test series. The change can be expressed by the change
characteristic (1) for the qualifying mean value of the particle
size distribution category “A” (qualifying average value is
253.5). Basically, it can be calculated as the M ratio values be-
fore and after fatigue to the qualifying average value. This cal-
culation has been carried out, but the result shows a similar
correlation with the M ratio values, which have a purely math-
ematical basis [32].

The calculated values and correlations of A (4F) are shown
in Fig. 11 in the case of d = 11.2 mm. Similar observations can
be made for A (AF) and the M ratio.

Also, the authors had to change the values for the targeted
particle sizes, i.e., d < 22.4 mm was not meaningful on any of
the assembled sets. For an ideal railway ballast aggregate of
31.5—50 mm, the largest standard sieve size used was 63 mm
(about a third of which was the 22.4 mm sieve), so to match
the proportions, the 4 mm (also 0.5 and 0.063 mm) sieve was
chosen for the 11.2 and 8 mm samples, furthermore 2.0, 0.25
and 0.063 mm sieves for the 6.3 mm samples.

The particle size fractions within the different sets were cal-
culated; for example, the proportions of grain sizes of 4.0, 0.5
and 0.063 mm (in the case of 11.2 mm aggregate, but also simi-
lar to other aggregates) increased linearly with the load, as
shown in Fig. 12. It is found that the most considerable increase
in the amount of grains below 4 mm was in the 0—1,024 blow
range (roughly 40 %; while those below 0.5 mm increased by

6.0 - ® lambda (AF) [T]
5.0 4 ¥ =10.72762In(x) + 7.90065 ¢ lambda (AF) [Sz]
R?=0.97664
40 y =1-0.68748In(x) + [.67811 A lambda (AF) [NK]
i R*={0.98972
) - S~ B lambda (AF) [R]
2 3.0 -
= N S S S - =—Log. (lambda (AF)
S 20 [T
y = -0.69376In(x) + 7.68046 Log. (lambda (AF)
0 R*=0.98791 [Sz])
: y =10.77478In(x) + [1.64942 Log. (lambda (AF)
RZ=0.99423 [NK])
0.0 T T =—Log. (lambda (AF)
0 500 1000 R])

Number of blows [pieces]

Fig. 11. The calculated ). (AF) values (d = 11.2 mm)

45% -

B d<4d mm
40% -
T3s5% | y=0.00035x+0.03032 ¢ d<0.5mm
= R*=0.99791
2,30% - A d<0.063 mm
«
E 25% - == Linear (d<4 mm)
S 20% - y = 0.00015 + 0.00167
g R2=0.99998  ——Linear (d<0.5 mm)
g 1% Linear (d<0.063
o, ] anear |<().
s 10% =0.00002x+0.00330  um)
5% | RZ{=10.98968
i —
0% - : —
0 500 1000

Number of blows [pieces]

Fig. 12. Typical particle size fractions for a given size after the
fatigue (Recsk 11.2 mm)

® CUMFIT]
80 1 ¥ =0.07298x + 1.00000

70 R2=0.97349 * CU@AP) [S2]
60 (Y= 003TTI 190000 A CU@MP NK]
1¥=10.038025+ L.00000

B CU(AF) [R]
%0 | R’ = 0197673

CoAP [

——Linear (CU (AF) [T])

30
20 1 ——Linear (CU (AF) [Sz])
y = 0.02965x + 1.00000
101 T Ri= 098937 ——— Linear (CU (AF)
0 ! ! [NK])
0 500 1000 —Linear (CU (AF) [R])

Number of blows [pieces]

Fig. 13. The calculated Cyvalues (d = 11.2 mm)

15 % and those below 0.063 mm by about 2.5 %), and the rate
of increase (tangent) also showed a significant difference: com-
pared to the slope of d < 0.063 mm, the slope of the other two
trend functions was 7.5 and 17.5 times, respectively.

‘Ways to characterize the particle size distribution include
the uniformity coefficient (Cy), which can be calculated using
the formula dy,/d,,, where dy, is 60 % of the particle size and
dy, is 10 %. Given that three different particle size set types
were considered here, these values varied by test type:

1. 11.2 mm: dgy = 6.7 mm, d,;, = 1.1 mm;

2.8 mm: dgy=4.8 mm, d,; = 0.8 mm;

3. 6.3 mm: dgy = 3.8 mm, d,; =0.63 mm.

When examining the C, values for all types of test samples
(Fig. 13), linear regression functions are appropriate to ap-
proximate the deterioration trends. It has to be mentioned that
there is a considered boundary condition Cy(0) = 1.0 because
the initial particle size distribution curves are vertical, i.e., the
dﬁo/d]() = 10

When all the characteristics are considered together, the
LA and MDE values obtained and the calculated values con-
firm that aggregates from Recsk and Nogradkovesd are the
most prone to fragmentation and abrasion. The parameters
characterizing the crushed ballast particle fragmentation and
the metrics indicating the need for ballast screening have been
calculated, as shown in Tables 7—9.

Based on the values presented in Tables 7—9, the following
conclusions can be drawn:

Table 7
Parameters characterizing the fragmentation for 6.3 mm sets

Average of values measured on crushed stones
(in proportion to the number of blows and the quarries)

Measured and 6.3 mm homogeneous aggregates
calculated Tallya | Szob | Négradkovesd | Recsk
parameters (T) (S2) (NK) (R)
LA, % —KZ 4/8 1771 | 16.03 19.78 22.20
MDE, % —KZ4/8 | 890 | 18.07 22.10 13.92
LA+ MDE, % 26.61 | 341 41.88 36.12
Fy (BF), % 0 0 0 0
Fy(AF), % | 64 | 1021 | 1150 12.77 11.25
128 | 16.93 | 14.05 20.69 32.73
256 | 27.31 | 26.13 38.63 29.91
1024 | 55.61 | 70.69 100.00 78.63

Approximation curves (linear):

T: Fy (AF) =0.059 - x, R* = 0.92871
Sz: Fy(AF)=0.072 - x, R*=0.97680
NK: F/(AF)=0.102 - x, R>=0.97734
R: F/(AF)=0.082 - x, R*=0.92287
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End of Table 7

Table &

Parameters characterizing the fragmentation for 8 mm sets

ixf 64 4.21 4.29 542 515 Average of values measured on crushed stones
% 128 746 6.39 9.17 9.08 (in proportion to the number of blows and the quarries)
& 256 | 1176 | 11.30 17.26 13.47 Measured and 8 mm homogeneous aggregates
v calculated Téllya Szob | Nogradkovesd | Recsk
o
< X 1,024 | 25.23 32.19 40.73 34.29 parameters (T (Sz) (NK) (R)
. 64 114 | 124 1.65 1.37 LA, % —KZ8/11 | 1218 | 12.11 16.58 17.46
u§ 128 2.01 1.85 2.97 3.60 MDE, % —KZ8/11 | 4.42 14.33 18.30 10.42
R
S é 256 3.66 3.57 6.03 4.15 LA+ MDE, % 16.60 26.44 34.88 27.88
v
SN 1,024 | 9.58 13.35 18.74 13.70 Fy(BF), % 0 0 0 0
64 0.57 0.69 0.73 0.52 64 10.60 8.27 11.54 8.44
é 128 0.78 0.74 L12 216 128 17.64 21.69 18.38 14.93
b . . . .
g
= 256 126 125 165 154 256 28.98 24.09 35.41 29.78
v 5 1,024 | 73.28 71.83 100.00 82.22
=3I 1,024 | 112 2.08 3.75 2.92
Approximation curves (linear):
Cy (BF) 1.00 1.00 1.00 1.00 ® T: F, (AF) =0.075 - x, R =0.96890
o . 2
AF 64 3584 5855 7055 7970 = Sz: F,(AF)=0.073 - x, R*=0.96766
Cu(4F) o ‘{ NK: Fy (AF) =0.091 - x x + 0.07996, R? = 0.99490
128 11.278 | 6.502 7.298 8.991 = R: Fy (AF)=0.101 - x, R* = 0.98647
256 | 11.359 | 6.529 9.142 9.017 64 4.95 5.52 8.02 5.73
1,024 | 18.112 | 17574 23.152 24.202 S 128 | 970 | 978 12.02 10.04
- . ] < 256 15.72 15.62 23.01 19.27
Approximation curves (linear): NS
T: Cy(AF) =0.01937 - x + 1.0, R* =0.95445 =3 1,024 | 37.33 38.90 49.99 42.70
Sz: Cy(AF)=0.01710 - x + 1.0, R* = 0.98002
NK: Cy(AF) =0.02288 - x + 1.0, R =0.99536 £ o4 138 13l 212 140
R: Cy(AF)=0.02404 - x + 1.0, R =0.98104 E 128 2.68 3.14 3.53 2.83
v
M (BF) 1,302.2 | 1,301.7 1,301.8 1,301.5 =g 256 | 5.08 | 4.56 7.37 5.85
<
M (AF) 64 | 12116 | 1,1964 | 1,180.2 | 1,1887 Dl 1,024 | 1650 | 16.04 24.89 19.21
128 | 1,155.9 | 1,151.1 1,099.9 1,122.0 é o4 0.66 044 0.9 040
o 128 0.89 1.42 0.96 0.67
256 | 1,076.9 | 1,042.1 959.5 1,026.1 =R
S Q“ 256 1.20 1.26 1.38 1.49
1,024 | 880.8 768.6 667.1 760. v
’ ’ =3 1,024 | 2.47 3.08 3.23 3.01
M ratio 64 0.93 0.92 0.91 0.91 C, (BF) 1.00 1.00 1.00 100
128 | 0.89 | 0.88 0.85 0.86 Cy (AF) 64 | 3.581 | 5.262 4.072 3.926
256 0.83 0.80 0.74 0.79 128 4.528 5.801 6.055 4.798
1,024 | 0.68 0.59 0.51 0.59 256 7.215 6.418 8.757 7.176
Approximation curves (logarithmic): 1,024 | 28.991 | 32.326 36.879 47.606
T: M I‘llfl.O. =-0.09375 - In (X) + 133397, R22: 0.98832 Approximation curves (linear):
Sz: Mi‘atl(). =-0.12249 - In (X) + 145660, R2: 0.96769 T: CU (AF) =0.02721 - x + 10, RZ =0.99712
NK MI‘C.UIO =-0.14525 - IH(X) + 153050, R2 =0.98809 Sz: CU (AF) =0.03028 - x + 10’ R2 =0.97900
R: M ratio=-0.12051 - In (x) + 143442, R>=0.98025 NK: CU (AF) =0.03488 - x + 10’ R2= 0.99668
A (BF) 513 513 513 513 R: Cy (AF) =0.04405 - x + 1.0, R>=0.98662
 AF) 4 478 AT 1.66 4.69 M (BF) 1,301.6 | 1,302.3 1,300.8 1,301.25
128 456 454 434 442 M (AF) 64 1,173.3 | 1,179.2 1,100.4 1,148.8
128 | 1,063.6 | 1,094.5 1,047.7 1,056.1
256 4.25 4.11 3.79 4.05
256 964.1 980.8 8771.7 912.2
1,024 | 3.47 3.03 2.63 3.00
1,024 | 737.8 726.6 572.9 688.2
Approximation curves (logarithmic): -
T: & (AF) = ~0.47885 - In (x) + 6.83771, R = 0.98691 M ratio 64 | 090 | 091 0.85 0.88
Sz: A (AF) =-0.62902 - In (x) + 7.47984, R* = 0.96767 128 0.82 0.84 0.81 0.81
NK: A (AF) =—0.74751 - In (x) + 7.86832, R> = 0.98855
R: & (AF) =-0.62005 - In (x) + 7.37205, R = 0.97996 256 | 074 | 075 0.67 0.70
A ratio 64 0.93 0.92 0.91 0.91 L024 | 057 0.56 044 0.53
Approximation curves (logarithmic):
128 | 0.89 | 088 0.85 0.86 T: M ratio =—0.12014 - In (x) + 1.40187, R?=0.99939
256 0.83 0.80 0.74 0.79 Sz: M ratio =—0.12753 - ln(x) + 1.44944, R= 0.99344
NK: M ratio =—-0.15275 - In (x) + 1.51225, R =0.97641
1,024 | 0.68 0.59 0.51 0.59 R: M ratio = —0.13037 - In (x) + 1.43150, R? = 0.99640
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End of Table 8

End of Table 9

A (BF) 5.13 5.13 5.13 5.13 Approximation curves (linear):
T: Cy (AF)=0.07298 - x + 1.0, R> = 0.97349
A (4F) 04 4.63 465 4.34 4.33 Sz: Cy (AF)=0.03802 - x + 1.0, R®*=0.97673
128 4.20 4.32 4.13 4.17 NK: Cy (AF) =0.02965 - x + 1.0, R?> = 0.98937
256 3.80 3.87 3.46 3.60 R: Cy (AF)=0.03770 - x + 1.0, R>=0.96933
024 | 201 | 287 226 271 M (BF) 1,3017 | 1,300.8 | 1,30L0 | 1,303.3
Approximation curves (logarithmic): M (AF) 64 1,199.3 | 1,200.2 1,120.0 1,191.5
T: % (AF) =-0.61778 - In (x) + 7.20308, R*=0.99944 128 | 1,138.7 | 1,115.2 1,004.7 1,111.4
Sz: A (AF) =—0.62902 - In (x) + 7.47984, R = 0.96767
NK: & (AF) = —0.74751 - In (x) + 7.86832, R = 0.98855 256 | 1,006.6 | 1,001.4 826.7 993.4
R: % (AF) =-0.62005 - In (x) + 7.37205, R>=0.97996 1,024 | 703.3 724.2 584.7 712.8
A ratio 64 0.90 0.91 0.85 0.88 M ratio 64 0.92 0.92 0.86 0.91
128 0.82 0.84 0.81 0.81 128 0.87 0.86 0.77 0.85
256 | 074 | 075 0.67 0.70 256 | 077 | 0.77 0.64 0.76
1,024 0.57 0.56 0.44 0.53 1,024 0.54 0.56 0.45 0.55
Approximation curves (logarithmic):
Table 9 T: M ratio = —0.14145 - In (x) + 1.53721, R = 0.97620
Parameters characterizing the fragmentation for 11.2 mm sets Sz: M ratio = ~0.13427 - In (x) + 1.49783, R*=0.98989
NK: M ratio=—0.15121 - In (x) + 1.49198, R>=0.99411
Average of values measured on crushed stones R: M ratio = —0.13499 - In (x) + 1.49417, R>=0.98736
(in proportion to the number of blows and the quarries) % (BF) 513 513 s13 513
Mealsurle(: azind 11.2 mm homogeneous aggregates ) (AF) 64 473 473 44 470
calculate Téallya Szob | Noégradkovesd | Recsk
parameters T s2) (NK) ®) 128 | 449 | 440 3.96 4.38
LA, % 1404 | 1214 20.95 19.22 25 | 397 | 395 3.26 392
KZ 11/16, NZ 11/22 1,024 2.77 2.86 2.31 2.81
MDE, % 3.42 13.65 20.43 9.17 Approximation curves (logarithmic):
KZ 11/16, NZ 11/22 T: L (AF) =—-0.72762 - In (x) + 7.90065, R* = 0.97664
Sz: A (AF) =—0.68748 - In (x) + 7.67811, R* = 0.98972
LA+ MDE % 17.46 2579 41.38 28.39 NK: A (AF) =-0.77478 - In(x) + 7.64927, R> = 0.99423
Fy(BF), % 0 0 0 0 R: L (AF) =—0.69376 - In (x) + 7.68046, R* =0.98791
64 13.85 6.95 15.14 8.42 A ratio 64 0.92 0.92 0.86 0.91
128 13.51 15.39 26.52 14.00 128 0.87 0.86 0.77 0.85
256 26.97 23.59 46.97 24.33 256 0.77 0.77 0.64 0.76
1,024 76.37 84.38 100.00 78.49 1,024 0.54 0.56 0.45 0.55
Approximation curves (linear):
& T: Fy (AF) =0.077 - x, R* = 0.97814
- Sz: F, (AF) =0.084 - x, R* = 0.99612 1. The A (BF) and M ratio (for before fatigue) values are
% NK: Fy (4F) =0.105 - x, R*=0.94652 constant over the whole test series, with approx. 1,300 and
= R: Fy (AF)=0.078 - x, R*=0.99306 5.13, respectively.
64 477 3.97 7.41 4.45 2. A clear and strong correlation with the value of the blow
number was observed for all parameters. Typically, linear or
g © 128 .72 8.17 13.32 7.68 logarithmic regression functions could be defined.
T8 256 14.27 13.20 25.33 12.95 3. For mathematical reasons, the calculated A (4F) and
J=2 1024 | 4131 38.40 4771 38.97 M ratio values are similar and follow a logarithmic trend with
’ - - - - increasing load.
64 1.49 0.87 2.28 111 4. The F(AF) and Cy(AF) values follow a linear trend
g 128 1.88 2.4 456 2.13 with increasing lgad inall cases.
" R 56 220 37 20 i 5. For materials from quarries Tallya (T), Szob (Sz) and
< < : 7 9. : Recsk (R) (andesite), the deterioration functions could be de-
=3 1,024 | 15.70 16.00 24.58 15.81 scribed by similar regression functions. The notable exception
in all cases was the NK (quarry Négradkovesd) material for all
£ 64 | 087 | 029 0.7 0.36 ; (quarry Nog ) mater
£ fractions, presumably due to its worse rock physics, i.e., the
B 128 0.53 0.67 1.21 0.56 highest fragmentation properties (LA and MDE values in Ta-
P < 256 1.04 1.00 1.29 0.92 bles 2 and 7-9). _ o
v 3 It can be concluded that a more detailed analysis is defi-
= 1,024 129 3.89 2.00 219 nitely needed in terms of how exactly the deterioration trends
Cy (BF) 1.00 1.00 1.00 1.00 depend on the LA, MDE, and possibly LA + MDE parameters.
Cy (AF) 64 7,561 5297 4780 4.825 Originality. Several standard and alternative test methods
v for determining rail ballast fragmentation (breakage) exist.
128 | 8724 | 6.882 6.530 5.017 Several researchers have attempted to develop different mea-
256 9.144 | 6.779 12.291 5.046 surement techniques, as evidenced by literature surveys. In our
1.024 | 78.449 | 40.674 30,105 41018 country, the lack of fl}ndlng for res:carch gioes'n.ot necessarily
allow the same conditions as in foreign universities. The Proc-
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tor compactor machine, used for soil testing, was used as the
basic measuring instrument available for the provision, thus
diversifying the research methods. The method developed
here has been used in this form before, but the assembled sets
were not loaded at this impact rate, and the material was not
andesite, so essentially, an additional measurement was devel-
oped [9]. In addition, it should be pointed out that the test is
dynamic, which is even closer to the operating conditions and,
therefore, more effective than a series of static laboratory tests.

In any case, it should be pointed out that the grain samples
examined are, on the one hand, scaled down. This means that
instead of the 31.5/50 or 31.5/63 mm products typical of rail-
way ballast, 4/8, 8/11, 11/16 and 11/22 mm crushed stones
were tested under laboratory conditions (more specifically, the
6.3, 8.0 and 11.2 mm fractions were sieved from these products
and only these three fractions were tested from each product
from the different quarries). It should be noted that samples
for testing were also taken from the same explosive stockpile
from each quarry (all of the quarries contain andesite rock). In
addition, conventional 31.5/50 mm product from the identical
(same) production batches was also set aside to ensure that the
rock physics characteristics were known for a subsequent de-
tailed or additional series of tests.

Practical value. In the current series of experiments, the pri-
mary aim was to apply and test an alternative laboratory dynam-
ic test method that is relatively simple, cheap, and easily acces-
sible. The Proctor compactor, used in geotechnical soil testing,
was found to be the most suitable for this purpose. The basic
idea was to be able to investigate rocks from which, in practice,
a conventional size (31.5/50 and/or 31.5/63 mm) railway
crushed stone ballast could be produced daily. For this purpose,
four opencast quarries of Colas Eszakks Kft. were designated:
Tallya, Szob, Nogradkovesd, as well as Recsk. As the original
unmodified Proctor compaction container (cylinder) is not
suitable for measuring crushed stones of this grain size, samples
of reduced grain size were tested: 4/8, 8/11, 11/16 and 11/22 mm
products. The 6.3, 8.0 and 11.2 mm fractions were sieved from
these crushed products. In each case, a sample of approximate-
ly 1,300 g was loaded into the cylinder. For each fraction, 64,
128, 256 and 1,024 blows were used to compact the samples,
i.e., to crush them more precisely (this was called fatigue). The
exact particle size distribution of each sample was then mea-
sured. Each measurement was repeated three times, resulting in
144 measurements. Various shape parameters were determined
from the grain distribution curves of the samples after fatigue.
A strong correlation was found for all of them as a function of
the number of blows. In the case of the andesite from Nograd-
kévesd quarry, which has less favorable rock physics, significant
differences were observed in the amount of crushed material
and the absolute value of some shape parameters (after fatigue),
as well as in the rate of deterioration. Products from the other
three quarries gave roughly similar results.

The authors proved that the new measurement method
can help simulate real operating conditions under laboratory
conditions to complement the application of widely used stan-
dard tests. Experience has shown that the measurements cor-
relate well with all known characteristics, so it is well suited to
serve as an additional measurement to determine the breakage
behavior of crushed aggregates.

Based on the shown and detailed analysis, it can be stated
that a deeper examination of how exactly the deterioration
trends depend on the LA, MDE, and possibly LA + MDE pa-
rameters is required. The modified BBI parameter is also rec-
ommended to consider.

It would be preferable if generalizations could be made
from the detailed analysis, making it possible to avoid using or
even omitting rock physics features. It is known that there are
several countries that, for example, do not require maximum
Micro-Deval values for their railway ballast material, and their
Los Angeles crushing requirements are considerably more re-
laxed and lenient than those of the Hungarian State Railways

(MAV). In 2023, a six-member technical committee devel-
oped the MAV Instruction D.26, which has not yet been im-
plemented and has not yet become legally enforced. In it, rec-
ommendations and specifications were made which, accord-
ing to the current body of knowledge and professional experi-
ence, are the most favorable for the production, transport, in-
stallation, operation, and maintenance of crushed stone.

The authors propose to continue in the direction of re-
search outlined above.
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®dizpyHa knacu@ikaniss moapibHeHOro IIEOHIO Ta Tpa-
BilO, 110 BUKOPMUCTOBYETbCSI B OYyHOBI 3aJi3HUYHOI KOJIil,
IPYHTYETbCS Ha 1X MilITHOCTi i1 BATPUBAIOCTI Ta BUKOHYEThCS
3a IOMOMOTOIO JJAGOPATOPHOTO TECTOBOTO METOMY, BUKOPUC-
TOBYIOUM OapabaH, SIKMil 00epTaETHCS, A00 METOII MOPTUPHU.
3HaueHHs CTiliKoCTi M0 pyiiHyBaHHS 3a MeromoM Jloc-
AHJIKeseca Ta CTUpaHHs 3a MeTonoM Mikpo-/leBans 1eMoH-
CTPYIOTh BiIMIOBIIHY KOPEJISILiiO i MOTPeOyIoTh MOAAIBILIOTO
BUBYCHHS.

Meta. Po3po6ka HOBOro METOy BHMMIipIOBaHHSI pyHHY-
BaHHS MaTepialy ripCbKUX MOPil, KU Ma€e BiAMOBIAHICTb 3
BiIOMUMM CTAaHAAPTAMMU, IO MAIOTh IIMPOKE 3aCTOCYBaHHS,
a TaKOX € Oi/IbIII MOPiBHIHHUM i3 peaIbHUMU YMOBaMU €KC-
TUTyaTalii 3aji3Huli. 3BiCHO, 0oO0MIBa CTaHAAPTHI TECTH €
HEeBil’eMHUMU JUIsI 3a0€3MeUYeHHs] OJHOPIAHOCTI MPOAYKTY
Ti Yac BUPOOHUIITBA, TOMY HOBUI1 PEKOMEHIOBAHUIT METO]
€ JIUIIIE IOTIOBHEHHSIM.

Metoauka. 3a gomomorot mpuctpoio IIpokTopa Oynu
iHIyKOBaHi yIapHi HaBaHTaXXEHHsI 3BEPXY, CXOXi HA YMOBU
3aJ1i3HUYHOrO HaBaHTaxXeHHs1. Ha BiaMiHy Bif cTaHAapTHO-
ro MeTOy, Y LIMX BUMPOOYBAHHSIX MaTepiasl aHAe3UTy Mo-
MilllaJIM 10 CTAHIAPTHOTO LUJIiHAPY. 3pa3Ku Oy/Iu mormepe-
IIHBO MIPOCIisIHI I BiICOPTOBaHi; 3aJaHa Bara CTaHOBWJIa ITPU-
om3Ho 1300 1, a 3amaHi po3MipH OKpeMUX YaCTOK CTAaHOBH-
mm 6.3, 8.0 ta 11.2 MMm. Posrmsgmanucst nuiie mornepeaHbo
MPOMMTI i1 BUCYyIIeHi MaTepianm NZ (npi6bHuii mebiHb) adbo
KZ (cneuianpHuii 11e6iHb) i3 YOTUPHOX Pi3HUX Kap’epiB
(Téllya, Szob, Nogradkovesd, Recsk) 3 pisHumu iznko-me-
XaHIYHUMMU XapakTepucTukamu nopia. [puctpiit [TpokTopa
BUKOPUCTOBYBJIM  4Yepe3 KHOro  pO3paxyHKOBY Jit0
(19,86 [Ixx/ynap) i po3paxyHKOBUIA BILUTUB Pi3HOI KiJIBKOCTI
yaoapis (64, 128, 256, 1028 ymapis). Ilicis HaBaHTaxKeHHS
Pi3HOI KUJIBKOCTI yaapiB OMHOPIiAHI 3pa3Ku 3 Pi3HUX Kap’€piB
MpOoCioBaIu 1711 BUMipIOBaHHS Macu (PparMeHTiB KOXKHOI
bpaxuii.

Pesyapratn. Cepist BUMipioBaHb Jajla MOXJIMBICTh BCTa-
HOBUTHM 3a CKJIaIOM Matepialy il KiJIbKIiCTIO yaapiB psii Kpu-
BUX (hparMeHTallii Ta Jerpamalii s KOXHOIO 3 TPhOX I0-
BTOPHUX BUMIipIOBaHb, 110 MMOKa3aay JAerpanaiilo 3pas3kiB 3
pidHUMM (hi3MKO-MEXaHIYHMMU BJIACTUBOCTSIMM Matepiary
ripChbKUX MOPiN i po3MipaMu YacToK. 3i 301IbLIEHHSIM Kilb-
KOCTi yJnapiB KiUIbKICTb MOAPIOHEHOTrO MaTepiany y 3pasKky
3pocTaa, aje po3Ioii MoApiOHEHOro MaTepialy He 3MeH-
LLIyBaBCsl PiIBHOMIPHO 1 TTPOINOPLIHO 3i 301IbLIEHHSIM KiJlb-
KocTi ynapiB. BeptukanbHa necdopmallist 3pa3kiB 30iJ1blIyBa-
Jacs K ¢yHKIis cun. Takoxk OyJiv po3paxoBaHi mapameTpu
Ta iHIEKCU ISl BUSIBJICHHSI Pi3HUX Kopejsuiid (tooro, Fy,
d<22.4,d<0.5,d<0.063 mm, Cy, M ratio, A ratio). Jlesiki 3
HUX aoBenocsi MoaudikyBaTu (Hanpukian, FV), ane BoHU
Oy/M 3a37aJierinb BU3HAYCHI uepe3 crieingiky

Haykosa HoBu3HA. X0ua icHye 6araTo CTaHIAPTHUX i ajlb-
TEPHATUBHUX METOAIB BUIIPOOYBaHb Ha (hparMeHTallio Oa-
JIacTy 3aJ1li3HMYHOI KOJIii Ta 3ac00iB BUMipIOBaHHS, Y pOOOTi
3aIpOINOHOBAHO HOBUIA JIaOOpaTOpHUI MeTO i OysI0 mpoae-
MOHCTPOBaHE KOHKPETHE BMMiplOBaHHSI Ta e(heKTUBHICTb
110T0 3aCTOCYBAHHSI.

IIpakTiyna 3HaummicTs. HoBuii MeTon BUMiplOBaHHS
(paxuiitHoro cKIamy 3ai3HUYHOTO 6aacTy MOXKe JOTIOMOT-
TU MOJEJIIOBATU B JJaOopaTopii peasibHi poooYi yMOBU DyHK-
LIIOBaHHS 3aJi3HUYHOI KOJil, 11100 JOMOBHUTU CTAHAAPTHI
TECTH, SIKi BXe MaloTh IIMPOKe BUKopucTaHHs. Lleit meton
MiIBUILLIMUTH O€3MEeYHICTb pOOOTH 3aJTi3HULII.

KiouoBi ciioBa: 3aniznuuna konis, baracmua Koais, (pak-
yii mamepiany, nabopamopHe sunpooysauus, npucmpuil Ilpo-
Kxmopa
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