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Abstract: The rock physics properties of the crushed railway ballast include resistance 
against breakage and wear. The qualification of such materials and their compliance with 
requirements is mainly considered by two standard tests: The Los Angeles abrasion and 
Micro-Deval wear resistance tests. These tests are indispensable for the legally mandatory 
qualification of aggregates, but several measurement methods have been developed that 
better simulate operating conditions and provide an even more accurate classification of 
these materials. A Proctor compactor machine was applied to induce a top impact load more 
similar to the operating conditions of ballast. Pre-screened, sorted, washed, and dried 
samples of andesite aggregate from four quarries with different rock physics characteristics 
were used to conduct the test series. The impact load was applied with increasing numbers 
of blows, i.e., 64, 128, 256 and 1024. Several parameters and indexes were calculated to 
reveal different relationships, which had to be modified in some cases to obtain estimates as 
close as possible to those obtained in individual tests. The original Ballast Breakage Index 
seemed to be an appropriate measure of the change in ballast material quality during 
deterioration for over a decade. The original calculation method was not consistent with the 
newly introduced test method. Keeping the principle, however, a modified BBI index 
calculation method has been developed that fundamentally simplifies the calculation of 
ballast fragmentation. The whole series of measurements aimed to provide, by material and 
number of impacts, a series of fragmentation and degradation curves for each of the three 
repeated measurements, which would give the degradation of samples with different rock 
physics and grain sizes. 

Keywords: Ballast Breakage Index; BBI; Proctor compactor; Railway ballast; Rock physics; 
Fragmentation; Deterioration 
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1 Introduction 
Railway vehicles (rolling stock) are in contact with the track via the rails, but the 
effects of this load are borne not only by the rails but also by the fastening system, 
the sleepers, the ballast, and the substructure [1]. Due to construction and 
maintenance deficiencies, as well as weather-related contamination, many track 
defects can significantly affect the lifetime of the entire railway track. These can 
appear as hidden and visible signs on the given track elements [2] [3]. Railway track 
operators worldwide pay particular attention to the deployment of various 
diagnostic systems and their regular measurement/operation to assess the need for 
maintenance work. Apart from the various specific track defects (corrugated wear, 
deflection of the rail end above at rail joints, water pockets, silting, and so on), the 
fragmentation and abrasion of the railway ballast are less noticeable. However, the 
deterioration of any element installed in a railway track can impact the track's (own) 
lifetime, given that in the event of a track failure, neighboring elements can also be 
damaged, and an accelerated self-excitation process can start. Due to its size, the 
railway ballast, which occupies the largest space at the cross-sectional level, 
deserves special attention, but its deterioration is not spectacular. In many countries, 
it is difficult to determine the exact timing of ballast bed cleaning (screening) or 
replacement. 

In many cases, a trial screening is required. In some cases, deterioration models are 
given, but these are determined mainly based on the geometric deterioration of the 
track. Diagnostics executed by ground-penetrating radar (GPR) are also used. It is 
clear that the rock physics parameters of the ballast material, for example, and the 
particle size distribution (PSD) and content of fine (d<0.5 mm, where d is the 
diameter of grains) and finest (d<0.063 mm) at the time of installation, cannot be 
considered as a reliable predictor of the ballast particle breakage in the track, and 
therefore of the accurate time of necessary ballast cleaning and replacement. It 
should also be noted that rock physics parameters are not used to load and classify 
materials according to the stresses that will occur during actual or real operation in 
the railway permanent way. The railway operators and maintainers often apply the 
determination of the actual content of fine and finest in the ballast bed to compute 
the necessity of the above-mentioned work processes (i.e., screening or 
replacement); there are available experiences in these procedures [4]. The ballast 
itself is the primary source of the small particles in the ballast bed [5]. 

The current paper examines fragmentation, i.e., the breakage of a particle into 
several parts. Fine-grained material falling off the surface (abrasion) is present in 
all fines, but this effect is less pronounced. 
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2 Literature Review 

2.1 Long-Term behavior of Railway Ballast 
Railroads are important for sustainable transportation [6-9]. Public railways ensure 
energy-efficient transportation alternatives compared with roads [10] [11]. Utilizing 
railways can diminish urban congestion, lessen road (pavement) wear, and reduce 
emissions [12]. The railway permanent way consists of superstructure and 
substructure [13]; the ballast bed is part of the superstructure. 

Railway ballast, a key component of track infrastructure, serves multiple functions: 
it distributes load, provides drainage, and maintains track stability. Over time, the 
efficacy of ballast in performing these functions is compromised due to particle 
breakage [14-16], a phenomenon resulting from the cyclic dynamic loading 
imparted by passing trains [17-20]. The long-term behavior of ballast is thus 
paramount, influencing decisions regarding maintenance, material selection, and 
track design. 

Particle breakage occurs through various mechanisms, including crushing under 
direct load, attrition from particle-to-particle interactions, and environmental 
factors such as freeze-thaw cycles. Studies [21] [22] lay the groundwork for 
understanding how these processes reduce ballast effectiveness. The degradation of 
ballast particles not only impacts track geometry by causing settlement but also 
affects the drainage capabilities of the ballast layer, leading to water retention and 
further exacerbating degradation processes. 

Studies conducted by Esmaeili et al. [23] and Guo et al. [24] contribute significantly 
to this understanding by comparing the performance of different ballast materials, 
such as steel slag versus limestone. These studies reveal that certain materials 
exhibit superior resistance to breakage, thereby offering the potential for longer 
service life and reduced maintenance needs. 

The evaluation of ballast's long-term performance involves both empirical and 
computational approaches. Laboratory tests and field studies [25-28] provide direct 
observations of ballast behavior under real-world conditions, while computational 
models, including discrete element modeling [29-31] and finite element modeling 
[32], offer insights into the microscale interactions that contribute to particle 
breakage. The application of Digital Image Correlation (DIC) techniques [33] 
further enhances this analysis by allowing for the visualization of deformations and 
breakages within the ballast, providing a bridge between theoretical models and 
empirical evidence. 

The intricate relationship between particle breakage and the long-term behavior of 
railway ballast underscores the complexity of maintaining track integrity. As 
particles degrade, the ballast layer becomes less capable of effectively distributing 
loads, increasing stress on track components and the subgrade. This can accelerate 
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track degradation, necessitating more frequent maintenance interventions and 
potentially leading to operational disruptions. 

Furthermore, the accumulation of fines within the ballast layer, a direct 
consequence of particle breakage, impedes drainage, increasing the susceptibility 
of the track structure to water-related damage and further degrading the mechanical 
properties of the ballast. 

Recognizing the challenges posed by particle breakage, recent advancements in 
ballast management have focused on innovative solutions to enhance ballast 
longevity and track performance. The exploration of alternative materials with 
improved durability [23] [24] and geosynthetic reinforcements [34] to distribute 
loads more evenly across the ballast bed represent significant strides toward 
mitigating particle breakage effects. 

Additionally, deploying advanced diagnostic tools, such as GPR [35], facilitates 
early detection of problematic areas within the ballast layer, enabling targeted 
maintenance before minor issues escalate into significant failures. This proactive 
approach to maintenance, grounded in a detailed understanding of ballast's long-
term behavior and the dynamics of particle breakage, holds promise for enhancing 
the resilience and sustainability of railway infrastructure. 

2.2 Impact of Regulations on Aggregates; System of Materials 
to be Incorporated, Construction Product as a Concept 

In Hungary and the international environment, the rules and regulations governing 
track rehabilitation (reconstruction, modernization) and new investments are 
becoming stricter. Without claiming to be exhaustive, there are also numerous 
regulations and directives governing the safety of work, the use of materials, the 
protection of our environment, and even the scope and existence of documents to 
be issued. The import and use of various products and the construction process are 
also subject to strict controls. In Hungary and the European Union, the aim is to 
ensure that certified products with a specific performance and application are placed 
on the market and installed in a project or upgrade. 

The materials to be installed are primarily referred to as construction products [36]. 

Definition of "construction product" in Regulation (EU) No 305/2011: 

" any product or kit which is produced and placed on the market for incorporation 
in a permanent manner in construction works or parts thereof and the performance 
of which has an effect on the performance of the construction works with respect to 
the basic requirements for construction works". 

Regulation (EU) No 305/2011 (March 9, 2011) laying down harmonized conditions 
for the marketing of construction products and repealing Council Directive 
89/106/EEC requires that the performance of specific categories of construction 
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products be certified by a declaration of performance [36]. The detailed rules for 
the design and installation of construction products in construction work and the 
certification of performance in this context are regulated and ordered under national 
competence by Government Decree 275/2013 (July 16, 2013) (hereinafter: the 
Decree) [36] [37]. 

The technical regulation sets out each construction product's specifications, product 
characteristics, and performance assessment methods. Technical specifications are 
drawn up by standardization bodies and, in the case of specific technical 
specifications, by technical assessment bodies. Technical specifications can be 
national standards, European harmonized standards, or, if the product is not covered 
by a national or European harmonized standard, a specific technical assessment for 
that product. This can be a National Technical Assessment ("NMÉ", i.e., "Nemzeti 
Műszaki Értékelés" in Hungarian) or a European Technical Assessment (ETA).  
The manufacturer decides which of the two documents is needed, as the NMÉ is 
only valid in Hungary, and the ETA allows the marketing of this product throughout 
the EU [36] [37]. 

Once the technical specification is in place, the next step is determined by the 
relevant technical specification (i.e., either the harmonized product standard or the 
NMÉ/ETA), but in all cases, the manufacturer must carry out a performance 
attestation procedure [36] [37]. 

Construction products are classified under “system codes”, based on their 
hazardousness. 

The standard MSZ EN 13450:2003 [38] requires many tests to be carried out on 
rock masses (here, the railway ballast products), such as, but not limited to, the 
following rock classification tests: 

• PSD 
• (fine and) fines content 
• grain (particle) size 
• durability 
• proportion of grains with crushed and broken surfaces 
• resistance to fragmentation 
• abrasion resistance 
• surface wear resistance 

The resistance to fragmentation and abrasion, as well as the classification into rock 
physics groups, is carried out using two standard tests, both past and present, the 
current abrasion resistance testing and determination of resistance to crushing tests: 

• MSZ EN 1097-1:2024 Tests for mechanical and physical properties of 
aggregates. Part 1: Determination of the resistance to wear (micro-Deval) 
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[39] – i.e., the so-called micro-Deval wear test. The result is the MDE value 
in % unit. 

• MSZ EN 1097-2:2020 Tests for mechanical and physical properties of 
aggregates. Part 2: Methods for the determination of resistance to 
fragmentation [40] – i.e., the so-called Los Angeles abrasion test.  
The result is the LA value in % unit. 

The principle of the laboratory test methods also shows that the rock physics 
classification of crushed stones and particles 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 are in 
force, and one or more rotating drum tests are used to assess the product's suitability 
[41]. 

3 Materials and Methods 

3.1 Classical Test Method for Investigating Railway Ballast 
The authors have executed many laboratory tests, of which the current paper deals 
exclusively with tests using the Proctor compactor machine. Any granular aggregate 
subjected to stresses above normal geotechnical ranges will exhibit significant 
particle fracturing. The degradation of ballast materials generally depends on 
several factors, including load amplitude, frequency, number of cycles, aggregate 
density, and grain angularity. 
The standard Proctor mold and the Proctor compactor machine were used to design 
the latest study, where the Proctor compactor machine was not used the same way 
as the standard Proctor test (EN 13286-2:2010/AC:2012) [42]; only prewashed and 
dried particles were used in the testing mold and only for the calculable force. In a 
previous article [15], the specific energy [42] was calculated. 
Samples of andesite rock material from four quarries, which can be used for railway 
construction, were processed and provided by Colas Északkő Ltd.: Tállya, Szob, 
Nógrádkövesd, and Recsk. 144 pieces of (4×3×3) samples were tested and divided 
into 1300 g (±5 g) portions. 
For each quarry, the Los Angeles and Micro-Deval values per product were 
determined beforehand by an accredited metrology laboratory and are presented in 
Table 2. All the samples are the same as in the previous paper by the authors [15]. 

Several indices and parameters introduced by other researchers were calculated, the 
results of which were detailed in a previous article [15]: 
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• FV [%] (here, the authors considered FV(AF)) 
• d<22.4 mm, d<0.5 mm, d<0.063 mm parameters and their changes 
• d60/d10 ratio (the abbreviation CU is applied) 
• MA, MF, and Mavg ("A" refers to the lower, "F" refers to the "upper", and 

"avg" relates to the "average") 
• λ(AF) 
• "AF" means after fatigue, and "BF" means before fatigue 

Table 2 
Los Angeles and Micro-Deval values according to standards [39, 40] 

Products/quarries Tállya (T) Szob (Sz) 
LA MDE LA MDE 

KZ 4/8 17.71 8.90 16.03 18.07 
KZ 8/11 12.18 4.42 12.11 14.33 

KZ 11/16 14.04 3.42 12.14 13.65 
31.5/50 14.77 4.56 13.26 9.20 

Products/quarries Nógrádkövesd (NK) Recsk (R) 
LA MDE LA MDE 

KZ 4/8 19.78 22.10 22.20 13.92 
KZ 8/11 16.58 18.30 17.46 10.42 
NZ 11/22 20.95 20.43 19.22 9.17 
31.5/50 10.02 10.30 18.02 11.53 

Relatively significant changes were required in calculating the BBI values, as the 
grain sizes of the original single grain set required a value of zero for the smaller 
sets so that no meaningful number could be obtained for the pre-fatigue values. As 
a result, many BBI values (especially at low impact rates) were negative.  
Rock physics suitability tests are of particular importance in domestic certification 
practice. Some experts believe that the Los Angeles test should retain its leading 
position in the future but that the test values can be compared with the test procedure 
developed for a broader overview. Therefore, these values have been pre-
determined for each quarry by an accredited metrology laboratory (NZ, KZ, where 
NZ stands for fine crushed rock and KZ for special crushed rock), from which the 
single-grain test materials were separated and sieved to measure the correlations. 

3.1 The Testing Procedure 
The Proctor compactor machine, used for soil testing, was applied 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, 
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so essentially, an additional measurement was developed [41]. Therefore, the basic 
idea for this type of study comes from foreign researchers. 
The Proctor compactor machine was not applied in the same way as the standard 
Proctor test [42]; only prewashed and dried particles were used in the testing mold 
and only for the calculable force. The measurement design is shown in Fig. 1. 

 
Figure 1 

The measurement design [15] 

The standard Proctor mold and the Proctor compactor machine's parameters are the 
following: 

• mold diameter – "A" (d1): 100 mm 
• mold height – "A" (h1): 120 mm 
• height of fall (h2): 457 mm 
• diameter of base (d2): 50 mm 
• mass of rammer – "B" (m): 4.50 kg 
• gravity acceleration (g): 9.81 m/s2 
• calculated impact surface: 0.25×d1

2×π=0.0314 m2 

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. So, the 
set of 3 grain diameters came from material from four different quarries. Each 
aggregate type was weighed three times (a new sample was loaded each time), so 
144 samples were tested. The materials coming from the quarries were various 
commonly used mining products containing fractions of different sizes, so 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 broken. In all cases, 
the particles were used in washed and dried conditions. 
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Weighed samples of 1300 g were loaded into the standard working mold, filling the 
standard "cylinder". The impact of the hammer head on the test samples 
occasionally dispersed the particles from the pile, so a height adjuster of about 
70 cm was used. 
The number of blows was determined this way because, during the impacting labor, 
the size of the rammer head did not cover the entire diameter of the mold.  
The standard compactor machine rotates the cylinder continuously at given angles 
after each stroke. The full circle was made in 8 strokes (with a uniform load), so 
multiples of 8 were determined. 
The number of blows is given as a quadratic increase. 
After each load (64, 128, 256, and 1024 impacts/blows), the sample was 
disassembled as follows: 

• After loading, the sample was compressed (i.e., the original starting height 
relative to the top of the mold was reduced) due to the fragmentation of the 
sample, so these subsidence values were measured. 

• 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, 0.5 mm, 0.25 mm, 0.125 mm, 
0.063 mm, 0.0 mm. 

After the measurement, the tested aggregate was thrown in the trash and not used 
again for another measurement. 
At least three measurements were executed from each homogeneous sample, and 
the mean values of these measurements for a given sample were considered. After 
each measurement, a new set was created. 

3.2 The Calculation Method 
Particle size distribution curves also play a crucial role in determining rock physics 
properties, as these plots can clearly observe the degree of fracturing. This is how 
Indraratna and Lackenby developed and introduced a bedding material deterioration 
index (BBI) to quantify how the quality of bedding material changes during 
deterioration [44]. The initial and post-test particle size distribution curves are 
required to calculate the index. The calculation relationship is written in Eq (1) [44]. 

𝐵𝐵𝐵𝐵𝐵𝐵 = 𝐴𝐴
𝐴𝐴+𝐵𝐵

        (1) 

The BBI value is essentially an area calculation (or, in other words, an integral 
calculation) based on the resulting PSD curves. The area between the initial PSD 
and the final PSD after loading is the value of A. An arbitrary boundary of maximum 
breakage is defined. It is a linear line connecting the smallest sieve size of a given 
set (2.36 mm in [44]) to 95% of the largest grain size. The value B is the area 
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between the last-mentioned line and the final PSD. The BBI is essentially an area-
based ratio based on the pre-degraded and post-degraded state. 
The calculation of BBI was an adequate parameter in previous research [14] [15], 
and it was therefore necessary to adapt the method to the new measurement method. 
Given that the tested aggregates were single-grain samples before the loading 
(fatigue), the initial PSD "curve" is a vertical line without exception. For a grain 
size of 11.2 mm, the vertical boundary is located in Fig. 2. With the appearance of 
the fragmented particles, the PSD of the fragmented, broken-off parts from the 
single-grain sample can be plotted. In the case of modification, the area between the 
initial PSD and final PSD is the A area (the unit is " mm×%"]; in this situation, it is 
between the vertical boundary line and under the curve of the given loading. 
In the authors ' opinion, the area required to calculate the value of B causes 
difficulties because the arbitrary boundary of maximum breakage cannot be 
determined clearly. An option could be if the d95 and the 2.36 mm were adopted or 
synchronized from the railway ballast material [44]. However, the accurate line 
from the single-grain crushed material is not evident; there were a lot of assumed 
circumstances and hypothetical border conditions in the calculations. It is why a 
modified BBI value (the authors added its name BBImod) was also defined and 
obtained by area calculation, but only the fractional part, which is the modified 
calculation of A, was used. An illustration of the area calculation is shown in the 
Fig. 2. 

 
Figure 2 

Calculation of BBImod based on the areas from A64 to A1024 (the considered lowest line is every 
time the horizontal axis at fraction passing of 0%) 
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4 Results and Discussion 

4.1 BBImod 
As expected from the design of the test method, every ballast set was highly 
fragmented after the impacts (blows), the aim being to determine the exact size of 
the set per quarry and fraction as a function of the number of blows, as was done in 
the previous article for several parameters [15]. 
Surprisingly, the homogeneous set of three sizes was so distinct regarding the 
results, as seen in Fig. 3 and Tables 3-5. Regarding BBImod values, the grain size of 
6.3 mm illustrates the lowest values, i.e., the smallest area between the initial and 
final PSDs, while the 11.2 mm grain size clusters showed the highest values. 
Presumably, the grain size and the measurable accuracy of the fragmentation are 
related. 

 
Figure 3 

Presentation of calculated BBImod values 

Table 3 
Cumulative values based on 6.3 mm particle size following LA and MDE values [39,40] 

6.3 mm 
Quarry/No. of 

blows (x [piece]) 
BBImod [%×mm] LA [%] MDE 

[%] 
LA+MDE 

[%] 

Tállya (T) 

64 73.0865 
BBImod=59.7648·ln(x)– 
–116.1749 
R2=0.9811 

17.71 8.90 26.61 128 87.3082 
256 107.1256 
1024 140.4211 
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Szob (Sz) 

64 92.7902 
BBImod=58.9811·ln(x)– 
–111.9715 
R2=0.9847 

16.03 18.07 34.10 128 101.8511 
256 122.7082 
1024 165.3998 

Recsk ® 

64 84.3421 
BBImod=48.4899·ln(x)– 
–19.5643 
R2=0,9649 

22.20 13.92 36.12 128 97.8419 
256 118.4592 
1024 158.7621 

Nógrádköves
d (Nk) 

64 87.1749 
BBImod=63.5061·ln(x)– 
–92.7180 
R2=0.9990 

19.78 22.10 41.88 128 107.3002 
256 122.9519 
1024 169.5485 

Table 4 
Cumulative values based on 8.0 mm particle size following LA and MDE values [39, 40] 

8 mm 
Quarry/No. of 

blows (x [piece]) 
BBImod [%×mm] LA [%] MDE 

[%] 
LA+MDE 

[%] 

Tállya (T) 

64 83.45031 
BBImod=38.0975·ln(x)– 
–77.9892 
R2=0.9931 

12.18 4.42 16.60 128 106.2625 
256 128.1730 

1024 188.7797 

Szob (Sz) 

64 94.3763 
BBImod=39.23208·ln(x)– 
–74.6167 
R2=0.9870 

12.11 14.33 26.44 
128 109.9813 
256 139.9050 

1024 200.2722 

Recsk ® 

64 103.2940 
BBImod=38.0365·ln(x)– 
–55.9495 
R2=0.9984 

17.46 10.42 27.88 128 126.1567 
256 156.5324 

1024 207.5296 

Nógrádkövesd 
(Nk) 

64 124.1899 
BBImod=40.4358·ln(x)– 
–58.5724 
R2=0.9280 

16.58 18.30 34.88 
128 122.6374 
256 158.9421 

1024 228.8088 
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Table 5 
Cumulative values based on 11.2 mm particle size following LA and MDE values [39, 40] 

11.2 mm 
Quarry/No. of 

blows (x [piece]) 
BBImod [%×mm] LA [%] MDE 

[%] 
LA+MDE 

[%] 

Tállya (T) 

64 143.1176 
BBImod=24.6242·ln(x)– 
–30.2929 
R2=0.9980 

14.04 3.42 17.46 128 163.7892 
256 208.7818 

1024 303.8125 

Szob (Sz) 

64 141.1132 
BBImod=27.0494·ln(x)– 
–24.6189 
R2=0.9807 

12.14 13.65 25.79 128 171.0589 
256 204.2317 

1024 303.0696 

Recsk ® 

64 191.5474 
BBImod=27.3451·ln(x)– 
–32.0438 
R2=0.9944 

19.22 9.17 28.39 128 212.504 
256 235.2345 

1024 324.3869 

Nógrádkövesd 
(Nk) 

64 172.3153 

BBImod=29.5449·ln(x)– 
–36.9681 
R2=0.9944 

20.95 20.43 41.38 128 212.4072 

256 262.1087 

1024 346.8874 

The results from the PSD curves are illustrated in Table 6, considering the number 
of blows and the original (initial) grain sizes. The values represent the crushed parts' 
quantity, averages, standard deviations, and relative standard deviations. The lowest 
standard deviation and relative standard deviation for each aggregate type belonged 
to the 6.3 mm samples (indicated in the lightest blue). The lowest mean value was 
for the 8.0 mm aggregate, with higher mean values for larger grain sizes. 

Table 6 
Average (Avg.), standard deviation (SD), and relative standard deviation (RSD) of the crushed parts of 
the initial samples after the tests for different grain sizes (smallest values in light blue, largest values in 

dark blue) 

x [piece] Grain size [mm] Avg. [%] SD [%] RSD [%] 

64 
6.3 27.77 6.80 24.49 
8.0 23.03 14.08 61.15 
11.2 30.06 12.27 40.81 
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128 
6.3 34.94 5.73 16.40 
8.0 29.47 7.72 26.19 
11.2 36.72 11.91 32.43 

256 
6.3 43.00 5.03 11.70 
8.0 39.61 8.45 21.32 
11.2 42.43 11.13 26.23 

1024 
6.3 58.10 4.14 7.12 
8.0 56.91 5.85 10.28 
11.2 60.59 7.44 12.27 

The experience described in the paragraph above confirms that the loading of the 
smaller grain size shows a more minor variance in the measurement results. 
Interestingly, the pattern of coloring was exactly the same for 128 and 1024 blows. 

Based on the values presented in Fig. 3 and Tables 3-6, the following conclusions 
can be drawn: 

• Presumably, the grain size and the scatter of the measurement results are 
related. 

• The highest BBImod values were obtained for loading the 11.2 mm single-
grain samples, while the smallest values were obtained for the 6.3 mm. The 
measured LA and MDE values essentially confirm a tendency for 
fragmentation. 

• For BBImod, a clear and strong correlation (considering logarithmic 
regression functions) was observed with the value of the number of 
impacts. 

• In all cases, BBImod values follow a logarithmic trend with increasing load. 

Similar regression functions describe the deterioration processes for the crushed 
stones (KZ and NZ) from the quarries Tállya, Szob, and Recsk. The notable 
exception in all cases was the Nógrádkövesd crushed stones for all fractions, 
presumably due to their poorer, weaker rock physics, i.e., the highest fragmentation 
and abrasion properties (see LA and MDE values in Table 2). 

The developed method had been used in this form before, but the samples were not 
loaded with this impact number, and the material was not andesite, so essentially, 
an additional measurement was developed [43]. 

It is necessary to note that the samples tested were, on the one hand, small in size. 
This means that instead of the 31.5/50 mm or 31.5/63 mm products typical of 
railway crushed stone bedding, single grain samples (aggregates) of 4/8 mm, 8/11 
mm, 11/16 mm, and 11/22 mm crushed stone products were tested under laboratory 
conditions: grain sizes of 6.3 mm, 8.0 mm, and 11.2 mm. The samples for testing 
were selected from the same blasted rock stockpile from each andesite quarry. 
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The BBImod value can be used for comparison and regression analysis, but a more 
detailed analysis was needed to see exactly how the aging trends depend on the LA, 
MDE, and possibly LA+MDE parameters/values. 

4.2 Investigation of Deterioration Trends 
According to the FV parameter, the intervention threshold is generally 80% (varies 
by country) [44]. 

According to the (original) BBI parameter, the intervention threshold is 1.0 [44]. 

The standard MSZ EN 13450:2003 [38] considers the 22.4 mm sieved fraction to 
be essentially the smallest, with a value accepted for production not exceeding 3 (or 
a maximum of 7) % by weight for new (fresh) ballast. Based on domestic practice, 
a ballast cleaning machine removes particles (so-called grit) of d<20...23 mm from 
the ballast bed so that the need to remove a fraction of less than 22.4 mm by weight 
of the total sample weight exceeding 30% can be taken as a basis for determining 
the theoretical ballast grade(s) (i.e., d<22.4 mm > 30%) during maintenance [14, 
45]. Along this logic, it was examined where, within the homogeneous aggregates 
(6.3, 8.0, and 11.2 mm), the 22.4 mm sieve value of the standard sample is found in 
proportion. Proportioning yielded the values shown in Table 7. 

Table 7 
Sieve sizes defined for the sizes of the aggregates, at which smaller fractions are already treated as fine 

grains 

Aggregate grain size 31.5/50 11.2 mm 8.0 mm 6.3 mm 

d sieve size determined 
based on grain size 
(fine fraction limit) 

22.4 mm 6.3 mm 4.0 mm ~4.0 mm 

Table 8 shows how the number of blows for different fractions was determined by 
interpolation for the 30% fine fraction limit [45]. 

Table 8 
Determination of the rusting cycle time based on the results of the Proctor test 

Quarry  Real operating 
conditions 

31.5/50 mm 

Proctor-test 
11.2 mm 

Proctor-test 
8.0 mm 

Proctor-test 
6.3 mm 

Fine 
fraction 

limit 
d<22.4 mm d<6.3 mm d<4.0 mm d<4.0 mm 

Tállya 
(T) Calculating 

the 
number of 

13 years 
8,666,671 

axles 

30% 
 

256 18.84% 256 15.72% 256 17.39% 
ca. 
540 30% ca. 

700 30% ca. 
800 30% 

1024 44.69% 1024 37.33% 1024 32.40% 
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axles 
passed 

1 blow =  
16,049 

theoretical 
axles 

1 blow =  
12,380 

theoretical 
axles 

1 blow =  
10,833 

theoretical 
axles 

axlesavg×blows =  
13,000×1024 

13,312,000 axles 
(20 years) 

Nógrád-
kövesd 
(Nk) 

128 18.18% 256 23.01% 256 26.30% 
ca.  
240 30% ca. 

400 30% ca. 
450 30% 

256 32.18% 1024 49.99% 1024 48.72% 
1 blow =  
36,111 

theoretical 
axles 

1 blow =  
21,667 

theoretical 
axles 

1 blow =  
19,259 

theoretical 
axles 

axlesavg×blows =  
25,680×1024 

26,295,322 axles 
(40 years) 

Szob 
(Sz) 

256 18,43% 256 15,62% 256 19,94% 
ca. 
580 30% ca. 

680 30% ca. 
580 30% 

1024 42.30% 1024 38.90% 1024 40.95% 
1 blow = 
14,943 

theoretical 
axles 

1 blow =  
12,745 

theoretical 
axles 

1 blow =  
14,943 

theoretical 
axles 

axlesavg×blows =  
14,210×1024 

14,551,100 axles 
(21.8 years) 

Recsk ® 

256 17.64% 256 19.27% 256 21.21% 
ca. 
530 30% ca. 

580 30% ca. 
590 30% 

1024 43.22% 1024 42.70% 1024 41.49% 
1 blow =  
16,352 

theoretical 
axles 

1 blow =  
14,943 

theoretical 
axles 

1 blow =  
14,689 

theoretical 
axles 

axlesavg×blows =  
15,328×1024 

15,695,787 axles 
(23.5 years) 

In real conditions, the ballast must be cleaned (re-screened) after installation if the 
percentage by weight of material passing through the 22.4 mm sieve (as a proportion 
of the total pile) exceeds 30%, i.e., if the material is so contaminated (d<22.4 mm 
> 30%) [4]. In Table 8, the authors assumed that the appearance of the 
proportionally similar smallest fraction (d<4 mm, d<6.3 mm) occurred much sooner 
in the Proctor compactor measurement, as measured by impact counts. The 30% 
fragmentation is reached at an average of 555 blows (473 blows for 11.2 mm, 590 
for 8 mm, and 605 for 6.3 mm), representing a very high level of destruction.  
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On this basis, a nominal/defined degree of fragmentation can be achieved in a 
relatively short time by the test method, which is consistent with the parameters in 
use. For the 30% values for d<4 mm and d<6.3 mm (only), theoretical shaft 
displacements have been calculated so that a theoretical cycle time, failure duration 
(calculated, predictable years) can be assumed. The Nógrádkövesd material showed 
exceptionally high values, on average twice as high as the andesite material from 
the other three mines, which show results in the same range of values. If the results 
of the Nógrádkövesd material are not included in the average calculation, the 
average number of impacts for a 30% failure rate is 653 (550 blows for 11.2 mm, 
653 blows for 8 mm, 656 blows for 6.3 mm). 

Conclusions 

This study investigated the durability and fragmentation of railway ballast using a 
modified Ballast Breakage Index (BBImod), applying a Proctor compactor machine 
for more accurate simulation of real-world conditions. The authors utilized andesite 
aggregates from four quarries, subjecting them to varied impact loads to analyze 
breakage and wear resistance. They introduced and developed a new index (BBImod) 
and its simplified calculation method to accurately evaluate ballast fragmentation, 
addressing limitations of the original BBI under new test conditions. The paper 
demonstrated a clear logarithmic correlation between the number of impacts and 
fragmentation degree, highlighting the impact of rock physics characteristics and 
grain sizes on ballast durability. BBImod values show a strong, consistent relationship 
with applied load, aiding in accurately assessing ballast material quality. 

Moreover, the study enhanced the selection process for railway ballast materials, 
potentially extending track lifetimes and reducing maintenance requirements.  
It highlighted the importance of refining testing methods to reflect operational 
conditions more closely, paving the way for further optimization in ballast material 
use. As a main conclusion, the paper advanced the methodology for evaluating 
railway ballast deterioration, offering a more operationally relevant and reliable 
approach to assessing ballast quality through the modified Ballast Breakage Index 
(BBImod). 
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