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Abstract: Crushing is one of the most energy-consuming technological processes. The purpose
of grinding is to achieve the desired grain size of mineral raw materials. The process of grinding
consists of many factors, for example, the size and form of crushed grains, as well as their mutual
arrangement inside the crushing machine chamber, the technological parameters of the crusher, the
material properties, and the speed of the moving grains. One of the key parameters of the aggregate is
its resistance to grinding. Resistance to grinding is related to the strength of the products made from
aggregates subjected to grinding, which affects the overall quality of these products. Therefore, the
aim of this study is to analyze the impact of the crushing of natural aggregate on the LA crumbling
strength index. Two types of aggregates were analyzed—natural gravel and natural pebbles crushed
in a crusher. Aggregates were acquired from two mines belonging to the plant Kruszgeo S.A. in
Rzeszów, i.e., ZEK (Zakład Eksploatacji Kruszywa) Ostrów and ZEK Strzegocice II. The aggregate
crushing process was carried out for 4–8 mm and 10–14 mm fractions using cone crushers of the
1044 type. Aggregate crushing was carried out in a Los Angeles drum, in accordance with the
requirements of EN 1097-2:2020. The analysis showed that for grits of the 10–14 mm fraction, the
lower values of the LA indices were obtained, which allows for obtaining a bigger index of crushing
strength than in the case of crushing using the 4–8 mm fraction. This analysis showed how important
the process of grinding aggregates is and, thus, the appropriate selection of fractions for the grit
crushing process for the aggregate strength on grinding. Subjecting the aggregate to the grinding
process results in an improvement in the crushing strength indicator, thus obtaining better strength
parameters of the products manufactured from the aggregates subjected to the process of crushing
(for example, concrete). The originality of the study is an analysis of key Polish aggregates and the
crushing strength index.

Keywords: crushing; strength index; natural aggregate; mechanical engineering

1. Introduction

Aggregates are an essential element in the development of infrastructure and con-
tribute to our current standard of living, and maintaining this standard will require a huge
amount of aggregates. The sustainability of aggregate production is linked to the solution
of complex environmental, social and societal issues associated with the exploration, min-
ing, processing, transportation and recycling of aggregated resources and the reclamation
of mined-out aggregate deposits [1]. It is, therefore, necessary to research the processes
involved in the production of aggregates. By researching these processes, where crushing
processes play a very important role in terms of the final quality of aggregates, it is possible
to achieve optimization of aggregate production and, thus, achieve a long-term sustainable
supply of aggregates in the required quantities.
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Crushing processes are applicable in various fields of raw material processing, where
the activities are carried out depending on which mineral aggregates with a predetermined
grain size are obtained or depending on which material is being brought to the state when
the usable ingredient is released from the gangue. The purpose of crushing is to achieve
the required grain size of the mineral raw materials. This process is complex and depends
on many factors, including the size and form of the grains to be crushed, their mutual
arrangement in the crushing chamber of the machine, the technological parameters of the
crusher, the physicochemical properties of the material, the trajectory and speed of grain
movement. Crushing processes are particularly important for enterprises of building and
road areas because due to the crushing process, it is possible to achieve the high-quality
aggregates desired by the customers [2–5].

Crushing is one of the most energy-consuming technological processes. The energy
intensity of aggregate crushing is initially positively or negatively affected by the result of
blasting [6]. The significant effects of blasting on crushing and grinding are the increased
production through higher output and fewer delays due to bridging and jamming as a
result of oversized products. Moreover, fragmentation is better suited to the crushing
and grinding system, as it reduces energy consumption by these activities [7]. Therefore,
it is important to carry out research into the influence of blasting parameters on the
required fragmentation of the raw material and take the research results into account when
designing blasting.

The selection of a suitable crusher also significantly impacts the energy consumption
of crushing [8,9]. By selecting a suitable crusher, in addition to energy saving, it is also
possible to achieve the required output quality of the aggregate in terms of the production
program [10]. At the same time, some research is attempting to determine a method that
would make it possible to predict the energy consumption of the crushing process [11].
The type of crusher can play a very important role in the production of aggregates with
different shape parameters. The type of crusher, together with the types of rocks and
mineralogical compositions, mainly influences the shape characteristics of the aggregate,
especially the angularity and the shape of 2D [12]. Crusher settings also have a significant
impact on energy consumption and aggregate quality. Research in this area shows that
significant gains can be made both in terms of product yield and in terms of overall capacity
by adjusting the operation of the crusher according to the conditions available [13]. At
present, therefore, efforts are focused on optimizing the yield and increasing the capacity
of crushing plants. Qualitative aspects of production depend on process optimization [14].
Many parameters affect product quality and production capacity. Optimization software
must be used to control these parameters [15]. The design of a crushing plant by only
relying on steady-state simulations will not generally provide the complete picture of the
possible operating performance. The dynamics and variation between the equipment and
stochastic events can significantly reduce predicted plant performance [16].

For this reason, it is necessary to use dynamic simulations of the crushing circuit using
models of process equipment [17]. For optimal process control, it is then appropriate to use
automated control systems. The complex automated system should provide an optimal
level of automation for information collection and processing to form control signals and
transfer them without loss and distortion to actuators in order to achieve efficient operation
of the technological line for the crushing and screening plant [18].

To effectively control the crushing process, it is also very important to know the influ-
ence of the composition and properties of rocks on this process. Therefore, several studies
address this issue, with the aim of achieving such control of the crushing process that will
enable an efficient production of aggregates with the required properties. From these many
studies of the influence of rock properties on their crushing and the resulting properties,
it is possible to mention, e.g., research dealing with the study of rock crushability [19,20];
other research deals with the influence of rock composition, as well as the shape, texture
and grain properties of rocks [21–25]. Many research tasks are currently also focused on the
possibilities of replacing natural aggregates with recycled ones, comparing their properties
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and assessing their impact on the resulting properties of the final products [26–29]. In this
context, the environmental aspects of their use are also assessed [30–32].

The development of the building industry as well as the road industry caused demand
for broken aggregates, which are produced from high-quality rock raw materials, to increase
significantly [33]. Various types of aggregates are used for the production of, e.g., concrete
or mortar, and in the road industry for, e.g., the production of road surfaces. Portland
and asphalt cement concrete mixes generally contain 75 to 85% by volume of aggregates.
The quality of the aggregates is therefore of considerable importance in determining their
suitability for any particular technical use [34]. This is why the method of carrying out the
crushing process is so important, as well as the selection of the appropriate type of crushing,
the selection of fractions for the type of aggregates and the desired quality requirements of
the final product. Aggregates that have a low resistance to degradation can cause many
problems for both Portland cement concrete and hot mix asphalt. The abrasive force of
wheels can change the properties of the road and cause early failure of the pavement
through consolidation, cracking, polishing and other problems [35].

The Los Angeles abrasion value test is the most widely used method for measuring
aggregate resistance to abrasion. The test measures the resistance of an aggregate to
wear due to attrition between rock particles and also to impact and crushing by steel
spheres [36]. Other possible tests to assess the degradation of the aggregate may be the
aggregate crushing value and aggregate impact value. The aggregate crushing value gives
a relative measure of the resistance of an aggregate to crushing under a gradually applied
compressive load. The aggregate impact value gives a relative measure of the resistance of
an aggregate to sudden shock or impact [37]. It is recommended [38] to use a combination
of these three tests to assess the toughness/abrasion resistance of the aggregate.

The choice of topic for this study was influenced by the possibility of obtaining
better strength parameters of the products manufactured from aggregates. Moreover,
the quality of the product and the reduction of waste from production are important in
sustainable product development [39–43]. The motivation was a lack of analysis and a
need to determine the influence of the natural crushing process for key Polish aggregates
on the crushing strength index. Additionally, another aim was to extend the current state
of knowledge concerning aggregate abrasion based on the main Los Angeles index, whose
verification is contained only in a few studies.

The aim of this study was to analyze the impact of the crushing of natural aggregate
on the LA crumbling strength index. Two types of aggregates were analyzed—natural
gravel and natural pebbles—crushed in a crusher. Aggregates were acquired from two
mines belonging to the plant Kruszgeo S.A. in Rzeszów, i.e., ZEK (Zakład Eksploatacji
Kruszywa) Ostrów and ZEK Strzegocice II. The Kruszgeo S.A., which is the largest producer
of building aggregate, is in southeastern Poland [44].

The originality of the study is the presentation of the parameters of the crushing
process and indices of crushing strength for key aggregates used in the construction
industry in Poland, which have not been analyzed to date.

2. Literature Review

A review of the literature indicates that the process of crushing natural aggregate on
the crushing index was analyzed. However, these analyses did not include the parameters
selected for verification in this study. Several studies have looked at the effect of rock prop-
erties on abrasion resistance, as well as the correlation between the Los Angeles abrasion
value test, aggregate crushing value, aggregate impact value, and rock properties [45–52].
These studies have shown that if we have one of these values determined by the test, it
is possible to estimate another two related values based on the known correlations. The
next example is article [53], in which dependence between the mechanical and geometric
properties of aggregates was verified, i.e., aggregate (arches and mixtures) produced from
sands of layers of Magura or Cergo. An analysis was carried out for dependence between
the Los Angeles index, Micro-Deval index, and flatness and shape indicators. Moreover,



Sustainability 2021, 13, 8353 4 of 15

in article [54], experimental research about the physical and mechanical properties of
aggregate was described, i.e., phyllite and granite (conventional) aggregate concrete. The
properties of the Los Angeles abrasion, water absorption, dry density, and aggregate impact
value were analyzed. The sieve size was equal to 12 and 19 mm, and the aggregate size
distribution was in the range of 5–20 mm. In turn, in article [55], it was shown that the Los
Angeles index for gravel and tensile strength depends on the porosity of the concrete and
granular mixture. For fraction < 2 mm, the natural gravel, thick natural gravel, and sand
were verified. Another example is Reference [56], where the assessment of the possibility of
predicting the degradation of Iranian carbonate aggregates was carried out. The strength
tests of rocks and the dependencies between the properties of aggregate were realized.
The properties of aggregate degradation by the Los Angeles index were obtained. Class B
aggregate with a total weight of 5000 × 10 g for each sample was used. After 500 rotations,
the weight loss of aggregates thicker than the mesh size from the 1.7 mm sieve was about
1 g. It was shown that it is possible to predict each range of aggregate degradation. In turn,
in References [57,58], coarse aggregate was analyzed to determine the compressive strength
of concrete. It was shown that the higher the Los Angeles (LAA) value, the lower the com-
pressive strength of the concrete. In articles [59–61], fine granite, porphyrite, and quartzites
were analyzed. The crumble strength of the aggregate was analyzed, e.g., the aggregate
abrasion by the Los Angeles index (sieve 1.7 mm). Based on the LAA (25.22–34.55%) it was
shown that granite has a good strength and hardness with a greater wear resistance. A
similar analysis for the mentioned aggregates was carried out by the authors of article [62],
in which the value of the Los Angeles index was achieved equal to 17.4–29.8%.

It was concluded that the research in the field of aggregates and their abrasion is still
an open topic. The current state of knowledge includes a few studies in which there is still a
search for different solutions to increase the quality of these products. It was also concluded
that the impact of the natural aggregate crushing process on the crushing strength index
with the parameters presented in this study was not analyzed. It was considered necessary
to conduct an analysis on the aggregate mined in Poland. This resulted from the fact that
the properties of concrete and other aggregate-based materials strongly depend on the
properties of the aggregates obtained by the crushing process. Therefore, it is advisable to
conduct research in this area. These analyses will allow an expansion in the information
base regarding the quality of aggregates and other products derived from them.

3. Materials

Natural gravel aggregate and natural aggregate crushed from pebbles crushed in a
crusher were examined (Figure 1).

The natural gravel aggregates from ZEK Ostrów that were analyzed were aggregates
with a grain size of 2–8 mm and 8–16 mm. The material was determined as loose sedimen-
tary rock in the form of grains, which is a combination of few minerals. It was characterized
by high permeability with a good drainage of water. Additionally, gravel has relatively
good adhesion to other components of the mortar. This material was taken from quaternary
sedimentary rocks. Grains were characterized by the revolutions of the silica sandstones
of the Carpathian flysch, as well as Magura sandstones with glauconite and sandstones
with a silica binder with quartz grains and horn stones. The rocks were dominated by
rocks such as quartz, feldspar, glauconite, and mica. The surface of the vast majority of
grains was smooth or damp and slightly porous. This material is used in the production of
concrete mixtures and prefabricates, generally for road and hydrotechnical construction.
The majority of the aggregates were regular with different shapes (Figure 1c).

Natural gravel aggregates that came from ZEK Strzegocice II were well-sorted aggre-
gates with a grain size of 2–8 mm and 8–16 mm, and they also originated from Quaternary
sedimentary rock. Grains were well-weathered siliceous Carpathian sandstones, as well
as silica sandstones that were colored with iron oxides. It was a loose sedimentary rock
that was a combination of several materials. Few aggregates were characterized by good
white grains of quartz, brown horn, and rough creamy sandstones. The aggregate was
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dominated by rocks: quartz, feldspar, mica, and glauconite. The surface of most grains
of the aggregate was smooth or coated rough and slightly porous. Consequently, gravel
has good adhesion to other components of the mortar. Moreover, this material has high
water permeability. As in the case of the aforementioned material, it has applications in the
production of concrete mixtures and prefabricates, generally for road and hydrotechnical
construction. The grains were characterized by different shapes with a rather flat surface
(Figure 1a).

The second type of aggregates from the Ostrów mine and the Strzegocice II mine
that were subjected to examination were natural aggregates crushed in a cone crusher
with a grain size of 2–8 mm and 8–16 mm (Figure 1b,d), which were obtained from larger
pebbles with a grain size above 16 mm. The aggregates of this kind, from both plants,
were characterized mostly by grains with sharp edges that resulted from crushing. These
properties allow the grains to wedge well. Therefore, its application allows one to obtain
a stable surface not very susceptible to rinsing. The origin and type of the dominant
minerals were the same as in the case of the natural gravel aggregates. The difference was
the aggregate grains. At the ZEK Ostrów plant, the aggregate was elongated, ellipsoid,
partially rounded or flat. However, in ZEK Strzegocice II, the aggregate grains were
elongated and flat.
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4. Methods

The crushing process was carried out in cone crushers type 1044, which are intended
for the crushing of hard materials and rocks, e.g., granite, limestone, slate, basalt, flint, and
sandstone, as well as other materials, if they are not contaminated with clay or loam.
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The maximum size of crushed material is 160 mm (at the entrance to the crusher), and
the range of the gap size adjustment ranges from 15 to 60 mm. Crushers of this type are
used for the direct crushing of raw material in order to obtain the desired granulation or
for the initial crushing, which precedes the further processing of the material.

Aggregate crushing was carried out in a Los Angeles drum, in accordance with the
requirements of EN 1097-2:2020 [16]. Sieves with mesh sizes 10, 14, and 1.6 mm were used,
and the material was weighed with an accuracy of 0.01 g.

In the first stage of the test, the grinding material was prepared by drying it at 105 ◦C
to obtain its constant mass. In order to obtain a fraction of 10–14 mm and a fraction of
4–8 mm, the aggregates were sieved through the testing sieves. The 10–14 mm fractions
and the 4–8 mm fractions were mixed separately to obtain modified grain sizes. In the Los
Angeles drum, during the first crushing process, mixed fractions of 10–14 mm were placed
along with 12 balls for the crushing of the aggregate, while in the second crushing process,
mixed fractions from the range of 4–8 mm were placed along with 8 balls.

In the first and second shredding process, the drum performed 500 turns at a constant
speed of 31 to 33 rotations per minute. After the shredding process was completed, the
aggregate was sieved through a sieve with a 1.6 mm mesh size. The sieved material was
weighed, and the Los Angeles coefficient (LA) was calculated; this determines the part of
the mass of the analytical sample (used in a single test), expressed as a percentage, which
is sieved through a 1.6 mm sieve (1).

LA =
500 × m

50
(1)

where m is the mass of material that remains on the 1.6 mm sieve, expressed in grams.

5. Results
5.1. Characteristics of Selected Facilities of Kruszgeo S.A.

The Kruszgeo S.A. company is the largest producer of building aggregate in southeast-
ern Poland. Zakłady Eksploatacji Kruszywa, belonging to Kruszgeo S.A., extracts natural
aggregates and produces sorted sands and gravels used in building and road construction.
The aggregate extraction is carried out by 26 Zakłady Eksploatacji Kruszywa (ZEK), which
is located in the Podkarpackie and Małopolskie voivodships, including ZEK Ostrów and
ZEK Strzegocice II (Figure 2).
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In ZEK Ostrów, which is located nearby the Przemyśl, the basic assortment consists of
washed sands and gravels, as well as crushed grits and broken sands resulting from the
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crushing of over-grain. In addition, natural aggregates from the deposit and aggregates
left after the production process as over-grains are produced and sold at the plant.

The aggregate production processes at the Kruszgeo plants are constantly improving,
and, therefore, these aggregates are considered the highest quality among the aggregates
available on the market.

5.2. Analysis of the Influence of a Production Process on the Aggregate Crushing Strength Index

The results of the LA indices of crushing strength were analyzed from the period
2011–2017 for two plants—ZEK Ostrów and ZEK Strzegocice II. The indicators were
ordered due to the type of fraction, i.e., 10–14 mm and 4–8 mm, grouping them into gravel
and grits separately for both plants.

Depending on the type of aggregate, the LA index values for the crushing strength
of the 10–14 mm fraction in ZEK Ostrów (Table 1) were characterized by large differences
between the values for gravel and grit.

Table 1. LA index of crushing strength of aggregates with a fraction of 10–14 mm in ZEK Ostrów,
(source: produced by authors).

ZEK Ostrów

Fraction Test Date Gravel Grits

10–14 mm

VI 2011 30 25
XI 2011 27 24
VI 2012 29 24
XI 2012 28 24
VI 2013 28 24
XII 2013 30 24
VI 2014 30 24
XII 2014 29 25
VI 2015 29 24
XII 2015 29 23
VI 2016 30 24
XII 2016 31 24
VI 2017 31 24
XII 2017 29 24

In Figure 3, differences in the LA index values for two aggregates can be noticed; in
the case of gravel, the LA index values were obtained ranging from 27 to 31%, while for
grit, they ranged from 23 to 25%. Differences between LA index values between the two
aggregates were in the range from 3 to 7%. The LA index values of the analyzed aggregates
were large. It was concluded that over the analyzed years for the 10–14 mm fraction, the
grits have more stable values of the LA indicator, i.e., an average of 24%. The LA indicator
for gravel was less stable, i.e., an average of 29%. The cause of the difference between
the examined aggregates resulted from porosity, where aggregate with low porosity (in
this example, grits) is characterized by a greater resistance to crushing. Moreover, these
changes resulted from the shape and form of the aggregate.

As before, for the 10–14 mm fraction and for the same type of aggregates (gravel and
grit), the LA index values of crushing were analyzed in the second plant ZEK Strzegocice
II (Table 2).

It was noticed that the LA index values for grits and gravel, as in the case of ZEK
Ostrów, differ significantly (Figure 4). In the case of grits, LA values ranged from 23 to
25%, where the most frequent value was 24%, while for gravel, these values ranged from
29 to 34% of the LA index. The LA index values for the analyzed aggregates were large.
It was considered that for this fraction (10–14 mm) in the analyzed years, the grits had a
more stable LA indicator, i.e., an average of 24%. The indicator of LA for the gravel was
less stable, i.e., an average of 29%. It was noticed that there was no significant difference
between the LA indicators for the analysis materials in the fraction equal to 10–14 mm.
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Moreover, it was concluded, as before, that aggregate with low porosity is characterized
by a greater resistance to crushing and that the shape and form of the aggregate were
also significant.
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Figure 3. LA index value for gravel and grit at fraction 10–14 mm for aggregates from ZEK Ostrów. Own study based on [44].

Table 2. LA index of crushing strength of aggregates with a fraction of 10–14 mm in ZEK Strzegocice
II (source: produced by authors).

ZEK Strzegocice II

Fraction Test Date Gravel Grits

10–14 mm

IV 2011 30 25
IX 2011 30 24
III 2012 30 24
XII 2012 29 24
VI 2013 29 24
XII 2013 32 24
VI 2014 31 24
XII 2014 32 25
VI 2015 32 24
XII 2015 31 23
V 2016 34 24
X 2016 33 24
V 2017 33 24
XI 2017 32 24

A subsequent analysis of the test results for aggregates of 4–8 mm fraction from ZEK
Ostrów (Table 3 and Figure 5) was carried out.

The LA index values for the 4–8 mm fraction for gravel were in the range from 28 to
31%, while for grits, they ranged from 27 to 28%. It was noted that for this fraction for
gravel and grit, the difference between the LA index values is small. Over the years, for
grits, fewer differences in values of LA indicators were obtained, i.e., a greater stability has
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been achieved at about 27.8%. At this stage, it was possible to observe that for considered
fractions 4–8 mm and 10–14 mm, the higher the fragmentation, the higher the LAA value.
Additionally, it was observed that for smaller fractions, the porosity, shape, and form of the
aggregate were not significant in the context of crushing.

Then, the LA index of the 4–8 mm fraction for the aggregates from ZEK Strzegocice II
was similarly analyzed (Table 4). The same aggregates were analyzed as in ZEK Ostrów,
i.e., grit and gravel.
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Figure 4. The value of the LA index for gravel and grit at the fraction of 10–14 mm for aggregates from ZEK Strzegocice II.
Own study based on [44].

Table 3. LA index of crushing strength of aggregates with a fraction of 4–8 mm in ZEK Ostrów
(source: produced by authors).

ZEK Ostrów

Fraction Test Date Gravel Grits

4–8 mm

VI 2011 31 27
XI 2011 29 27
VI 2012 30 28
XI 2012 30 29
VI 2013 28 27
XII 2013 29 28
VI 2014 30 28
XII 2014 30 27
VI 2015 30 28
XII 2015 29 27
VI 2016 29 28
XII 2016 31 29
VI 2017 30 28
XII 2017 29 28

In the case of gravel and also of grit, the LA values ranged from 28 to 31% (Figure 6).
The differences between the indicators of these aggregates were much smaller compared
to the values obtained from aggregates with a smaller grain size. The lack of differences
between the examined aggregates resulted from the size of the fraction and the parameters
of crushing, which allow the achievement of these results. It was observed, as before, that
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for smaller fractions, the porosity, shape, and form of the aggregate were not significant in
the context of crushing. It was concluded that the higher the fragmentation, the higher the
LAA value, e.g., in verified years, the average index value of the smaller fraction (4–8 mm)
for the analysis aggregate was lower at about 4%. Moreover, in the case of grits, the lower
the fraction, the higher the LLA index (about 24% and about 29%).
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Figure 5. LA index value for gravel and grit at the fraction of 4–8 mm for aggregates from ZEK Ostrów. Own study
based on [44].

Table 4. LA index of crushing strength of aggregates with a fraction of 4–8 mm in ZEK Strzegocice II
(source: produced by authors).

ZEK Strzegocice II

Fraction Test Date Gravel Grits

4–8 mm

IV 2011 31 29
IX 2011 28 31
III 2012 29 30
XII 2012 29 29
VI 2013 31 28
XII 2013 30 28
VI 2014 29 28
XII 2014 30 29
VI 2015 29 28
XII 2015 30 28
V 2016 29 29
X 2016 30 30
V 2017 30 29
XI 2017 31 29
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Figure 6. The value of LA index for gravel and grit at the fraction of 4–8 mm for aggregates from ZEK Strzegocice II. Own
study based on [44].

6. Discussion

Due to the lack of studies representing the selected analysis aggregate and adopted
crushing parameter process, it was not possible to compare the obtained results with earlier
analyses. Based on the carried out analysis, it was possible to form several conclusions:

• In verified years for the selected fractions and plants, it turned out that for the different
types of aggregate, the LAA index has different values in the range of 23–34%;

• For considered fractions 4–8 mm and 10–14 mm, the higher the fragmentation, the
higher the LAA value, e.g., in verified years, the average index value of the smaller
fraction (4–8 mm) for the analysis aggregate was lower at about 4%;

• In the fractions greater than 10–14 mm for grits, the LAA index has a high stability
level, which is approximately 24%, irrespective of the plant;

• Grits are stable, independently from the plants, for the 4–8 mm fraction;
• Depending on the aggregate, the stability of the LAA index changed. For grits, it is

more stable the bigger the fraction (10–14 mm), but for gravel, it is more stable the
smaller the fraction (4–8 mm);

• In the case of grits, the lower the fraction, the higher the LLA index (about 24% and
about 29%);

• The size of the fraction did not have a significant effect on the averaged crushing
strength index for the gravel;

• The size of the fraction had a significant effect on the averaged crushing strength index
for the grits; the smaller the fraction, the higher the LAA value.

The cause of the difference between the examined aggregates resulted from porosity,
where aggregate with bigger fractions and with low porosity were characterized by a
greater resistance to crushing [55]. Moreover, these changes resulted from the shape and
form of the aggregate, where significant changes were observed for aggregate with a bigger
fraction [53]. Additionally, these aspects were not concerned with aggregate with lower
fractions, i.e., for smaller fractions, the porosity, shape, and form of the aggregate were not
significant in the context of crushing. It is also important to pay attention to the source of
the minerals and the fragmentation methods used (parameters and devices) to select the
right aggregate for specialized works [53–57].
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The main benefit of the analysis is extending the current scope of knowledge about
the results of the influence of the natural aggregate crushing process on the crushing
strength index for key Polish aggregates with parameters that have not yet been analyzed.
Additionally, another advantage is the simultaneous analysis of the impact of the crushing
process for two different aggregates and different fractions, which were mined in different
Polish plants. Hence, this analysis is a new approach to the work conducted to date. It
can be an important source of knowledge for further analyses to improve the strength
of products.

The main limitation of the analysis is the lack of possibilities to compare the results
with other works. Additionally, the disadvantage is the lack of verification with included
size distribution curves of aggregates and their analysis.

Therefore, future analyses will be extended to verify distribution curves of aggregates.
Moreover, as needed and possible, it is beneficial to perform statistical tests or produce
other mathematical models to verify and supplement the obtained results.

7. Conclusions

Shredding is an energy-consuming technological process, whose goal is to achieve
the desired granulation of mineral resources. It is important to carry out the comminution
process in an appropriate manner to increase the strength of the raw material. Therefore,
the impact of the process of crushing natural aggregate on the crushing strength LA (i.e.,
Los Angeles) index was analyzed. The aim was to analyze the impact of the crushing of
natural aggregate on the LA crumbling strength index. The analysis was carried out for
plants owned by Kruszgeo S.A.

After the analysis of the results of the LA crushing strength test for the selected
aggregates, i.e., grits and gravel from two plants belonging to Kruszgeo SA, i.e., from
Zakład Eksploatacji Kruszywa Ostrów and from Zakład Eksploatacji Kruszywa Strzegocice
II, it was observed that as a result of subjecting aggregates to a crushing process and
performing strength tests, a reduced LA value is obtained.

For grits of the 10–14 mm fraction, lower values of LA indices were obtained, and,
thus, much larger differences between the values for both types of aggregates were noticed.
Lower values of the LA strength index show that the strength properties of the analyzed
aggregates improved.

However, in the case of smaller fractions (4–8 mm), the impact of the crushing process
on the value of the crushing strength indicator is smaller, and, thus, the strength properties
of the aggregates (gravel and grit) are less important than in case of the grits obtained as a
result of crushing (fraction 10–14 mm).

After analyzing the results of the research, it was concluded that subjecting the aggre-
gate to the grinding process results in an improvement in the crushing strength indicator,
thus obtaining better strength parameters of products manufactured from aggregates
subjected to the process of crushing (for example, concrete).

Author Contributions: Each author (A.P., D.S., L.B., M.S., O.V., and M.C.) has equally contributed
to this publication. Conceptualization, A.P., L.B., and D.S.; methodology, A.P. and D.S.; validation,
L.B. and M.S.; formal analysis, L.B., D.S., and A.P.; resources, L.B., D.S., and M.S.; data curation, O.V.
and M.C.; writing—original draft preparation, A.P. and D.S.; writing—review and editing, L.B. and
M.S.; visualization, L.B. and M.S; supervision, L.B. and M.S.; project administration, L.B. and M.S.;
funding acquisition, L.B. and M.S. All authors have read and agreed to the published version of the
manuscript.

Funding: This work is supported by the Scientific Grant Agency of the Ministry of Education,
Science, Research, and Sport of the Slovak Republic and the Slovak Academy Sciences as part of the
research project VEGA 1/0588/21 and the Cultural and Educational Grant Agency of the Ministry of
Education, Science, Research and Sport of the Slovak Republic and the Slovak Academy of Sciences
as part of the research project KEGA 006TUKE-4/2019.

Institutional Review Board Statement: Not applicable.



Sustainability 2021, 13, 8353 13 of 15

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this article are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank the anonymous referees for their valuable
comments that improved the quality of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Langer, W. Sustainability of aggregates in construction. In Sustainability of Construction Materials, 2nd ed.; Woodhead Publishing:

Sawston, UK, 2016; pp. 181–207.
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4. Wittenberger, G.; Cehlar, M.; Simkova, Z. Deep hole drilling modern disintegration technologies in process of HDR technology

2013. Acta Montan. Slovaca 2012, 17, 241–246.
5. Pacana, A.; Ulewicz, R. Research of determinants motiving to implement the environmental management system. Pol. J. Manag.

Stud. 2017, 16, 165–174. [CrossRef]
6. Nielsen, K.; Kristiansen, J. Blasting–crushing–grinding: Optimisation of an integrated comminution system. In Rock Fragmentation

by Blasting; CRC Press: London, UK, 2020; pp. 269–277.
7. Workman, L.; Eloranta, J. The effects of blasting on crushing and grinding efficiency and energy consumption. In Proceedings of

the 29th Explosives and blasting technique conference (ISEE), Nashville, TN, USA, 2–5 February 2003; pp. 1–5.
8. Lindqvist, M. Energy considerations in compressive and impact crushing of rock. Miner. Eng. 2008, 21, 631–641. [CrossRef]
9. Ospanov, A.; Timurbekova, A. New hypothesis of energy of crushing. J. Hyg. Eng. Des. 2019, 27, 87–89.
10. Laciak, M.; Sofranko, M. Designing of the technological line in the SCADA system PROMOTIC. In Proceedings of the 14th

International Carpathian Control Conference, Rytro, Poland, 26–29 May 2013; pp. 202–207.
11. Morrell, S. Predicting the overall specific energy requirement of crushing, high pressure grinding roll and tumbling mill circuits.

Miner. Eng. 2009, 22, 544–549. [CrossRef]
12. Rajan, B.; Singh, D. Understanding influence of crushers on shape characteristics of fine aggregates based on digital image and

conventional techniques. Constr. Build. Mater. 2017, 150, 833–843. [CrossRef]
13. Lee, E.; Evertsson, C.M. A comparative study between cone crushers and theoretically optimal crushing sequences. Miner. Eng.

2011, 24, 188–194. [CrossRef]
14. Rosova, A.; Behun, M.; Khouri, S.; Cehlar, M.; Ferencz, V.; Sofranko, M. Case study: The simulation modeling to improve the

efficiency and performance of production process. Wirel. Netw. 2020, 1–10. [CrossRef]
15. Bengtsson, M.; Hulthen, E.; Evertsson, C.M. Size and shape simulation in a tertiary crushing stage, a multi objective perspective.

Miner. Eng. 2015, 77, 72–77. [CrossRef]
16. Kliment, M.; Trebuna, P.; Pekarcikova, M.; Straka, M.; Trojan, J.; Duda, R. Production efficiency evaluation and products’ quality

improvement using simulation. Int. J. Simul. Model 2020, 3, 470–481. [CrossRef]
17. Asbjörnsson, G.; Hulthén, E.; Evertsson, M. Modelling and dynamic simulation of gradual performance deterioration of a

crushing circuit–Including time dependence and wear. Miner. Eng. 2012, 33, 13–19. [CrossRef]
18. Ostroukh, A.; Surkova, N.; Varlamov, O.; Chernenky, V.; Baldin, A. Automated process control system of mobile crushing and

screening plant. J. Appl. Eng. Sci. 2018, 16, 343–348. [CrossRef]
19. Toraman, O.Y.; Kahraman, S.; Cayirli, S. Predicting the crushability of rocks from the impact strength index. Miner. Eng. 2010, 23,

752–754. [CrossRef]
20. Köken, E.; Özarslan, A. New testing methodology for the quantification of rock crushability: Compressive crushing value (CCV).

Int. J. Miner. Metall. Mater. 2018, 25, 1227–1236. [CrossRef]
21. Molugaram, K.; Shanker, J.S.; Ramesh, A. A study on influence of shape of aggregate on strength and quality of concrete for

buildings and pavements. Adv. Mater. Res. 2014, 941, 776–779. [CrossRef]
22. Kekec, B.; Unal, M.; Sensogut, C. Effect of the textural properties of rocks on their crushing and grinding features. J. Univ. Sci.

Technol. Beijing Miner. Metall. Mater. 2006, 13, 385–392. [CrossRef]
23. Ovalle, C.; Frossard, E.; Dano, C.; Hu, W.; Maiolino, S.; Hicher, P.Y. The effect of size on the strength of coarse rock aggregates and

large rockfill samples through experimental data. Acta Mech. 2014, 225, 2199–2216. [CrossRef]
24. Piasta, W.; Góra, J.; Turkiewicz, T. Properties and durability of coarse igneous rock aggregates and concretes. Constr. Build. Mater.

2016, 126, 119–129. [CrossRef]
25. Huang, Y.; He, X.; Sun, H.; Sun, Y.; Wang, Q. Effects of coral, recycled and natural coarse aggregates on the mechanical properties

of concrete. Constr. Build. Mater. 2018, 192, 330–347. [CrossRef]
26. Andrzejuk, W.; Barnathunej, D.; Gora, J. Physical Properties of Mineral and Recycled Aggregates Used to Mineral–Asphalt

Mixtures. Materials 2019, 12, 3437. [CrossRef]

http://doi.org/10.17512/pjms.2017.16.1.14
http://doi.org/10.1016/j.mineng.2007.11.013
http://doi.org/10.1016/j.mineng.2009.01.005
http://doi.org/10.1016/j.conbuildmat.2017.06.058
http://doi.org/10.1016/j.mineng.2010.07.013
http://doi.org/10.1007/s11276-020-02341-z
http://doi.org/10.1016/j.mineng.2015.02.015
http://doi.org/10.2507/IJSIMM19-3-528
http://doi.org/10.1016/j.mineng.2012.01.016
http://doi.org/10.5937/jaes16-15586
http://doi.org/10.1016/j.mineng.2010.04.004
http://doi.org/10.1007/s12613-018-1675-7
http://doi.org/10.4028/www.scientific.net/AMR.941-944.776
http://doi.org/10.1016/S1005-8850(06)60079-0
http://doi.org/10.1007/s00707-014-1127-z
http://doi.org/10.1016/j.conbuildmat.2016.09.022
http://doi.org/10.1016/j.conbuildmat.2018.10.111
http://doi.org/10.3390/ma12203437


Sustainability 2021, 13, 8353 14 of 15

27. Li, C.; Wang, F.; Deng, X.; Li, Y.; Zhao, S. Testing and Prediction of the Strength Development of Recycled–Aggregate Concrete
with Large Particle Natural Aggregate. Materials 2019, 12, 1891. [CrossRef] [PubMed]

28. Pacheco, J.N.; de Brito, J.; Chastre, C.; Evangelista, L. Probabilistic Conversion of the Compressive Strength of Cubes to Cylinders
of Natural and Recycled Aggregate Concrete Specimens. Materials 2019, 12, 280. [CrossRef] [PubMed]

29. Vaiana, R.; Balzano, F.; Iuele, T.; Gallelli, V. Microtexture Performance of EAF Slags Used as Aggregate in Asphalt Mixes: A
Comparative Study with Surface Properties of Natural Stones. Appl. Sci. 2019, 9, 3197. [CrossRef]

30. Ghanbari, M.; Abbasi, A.M.; Ravanshadnia, M. Production of natural and recycled aggregates: The environmental impacts of
energy consumption and CO2 emissions. J. Mater. Cycles Waste Manag. 2018, 20, 810–822. [CrossRef]

31. Pradhan, S.; Tiwari, B.R.; Kumar, S.; Barai, S.V. Comparative LCA of recycled and natural aggregate concrete using Particle
Packing Method and conventional method of design mix. J. Clean. Prod. 2019, 228, 679–691. [CrossRef]

32. Flegner, P.; Kacur, J.; Durdan, M.; Laciak, M. Evaluating noise sources in a working environment when disintegrating rocks by
rotary drilling. Pol. J. Environ. Stud. PJOES 2019, 28, 3711–3720. [CrossRef]

33. Martinez-Arguelles, G.; Paola, A.M.; Dugarte, M. Life Cycle Assessment of Natural and Recycled Concrete Aggregate Pro-
duction for Road Pavements Applications in the Northern Region of Colombia: Case Study. Transp. Res. Rec. 2019, 2673,
397–406. [CrossRef]

34. Al–Harthi, A.A. A field index to determine the strength characteristics of crushed aggregate. Bull. Eng. Geol. Environ. 2001, 60,
193–200. [CrossRef]

35. Rangaraju, P.R.; Edlinski, J. Comparative evaluation of micro–deval abrasion test with other toughness/abrasion resistance and
soundness tests. J. Mater. Civ. Eng. 2008, 20, 343–351. [CrossRef]

36. Kahraman, S.; Fener, M. Predicting the Los Angeles abrasion loss of rock aggregates from the uniaxial compressive strength.
Mater. Lett. 2007, 61, 4861–4865. [CrossRef]

37. Palassi, M.; Danesh, A. Relationships between abrasion/degradation of aggregate evaluated from various tests and the effect of
saturation. Rock Mech. Rock Eng. 2016, 49, 2937–2943. [CrossRef]

38. Fookes, P.G.; Gourley, C.S.; Ohikere, C. Rock weathering in engineering time. Q. J. Eng. Geol. Hydrogeol. 1988, 21, 33–57. [CrossRef]
39. Pacana, A.; Siwiec, D.; Bednárová, L. Method of Choice: A Fluorescent Penetrant Taking into Account Sustainability Criteria.

Sustainability 2020, 12, 5854. [CrossRef]
40. Siwiec, D.; Pacana, A. A Pro–Environmental Method of Sample Size Determination to Predict the Quality Level of Products

Considering Current Customers’ Expectations. Sustainability 2021, 13, 5542. [CrossRef]
41. Ulewicz, R.; Siwiec, D.; Pacana, A.; Tutak, M.; Brodny, J. Multi–Criteria Method for the Selection of Renewable Energy Sources in

the Polish Industrial Sector. Energies 2021, 14, 2386. [CrossRef]
42. Siwiec, D.; Pacana, A. Method of improve the level of product quality. Prod. Eng. Arch. 2021, 27, 1–7. [CrossRef]
43. Pacana, A.; Siwiec, D.; Bednarova, L. Analysis of the incompatibility of the product with fluorescent method. Metallurgija 2019,

58, 337–340.
44. Kruszgeo, S.A. Available online: http://www.kruszgeo.com.pl (accessed on 11 November 2020).
45. Kazi, A.; Al–Mansour, Z.R. Influence of geological factors on abrasion and soundness characteristics of aggregates. Eng. Geol.

1980, 15, 195–203. [CrossRef]
46. Erichsen, E.; Ulvik, A.; Sævik, K. Mechanical degradation of aggregate by the Los Angeles–, the micro–Deval–and the Nordic test

methods. Rock Mech. Rock Eng. 2011, 44, 333. [CrossRef]
47. Ballivy, G.; Dayre, M. The mechanical behaviour of aggregates related to physicomechanical properties of rocks. Int. Assoc. Eng.

Geol. Bull. 1984, 29, 339–342.
48. Cargill, J.S.; Shakoor, A. Evaluation of empirical methods for measuring the uniaxial compressive strength of rock. Int. J. Rock

Mech. Min. Sci. Geomech. Abstr. 1990, 27, 495–503. [CrossRef]
49. Fener, M.; Kahraman, S.; Ozder, M.O. Performance prediction of circular diamond saws from mechanical rock properties in

cutting carbonate rocks. Rock Mech. Rock Eng. 2007, 40, 505–517. [CrossRef]
50. Ugur, I.; Demirdag, S.; Yavuz, H. Effect of rock properties on the Los Angeles abrasion and impact test characteristics of the

aggregates. Mater. Charact. 2010, 61, 90–96. [CrossRef]
51. Ozcelik, Y. Predicting Los Angeles abrasion of rocks from some physical and mechanical properties. Sci. Res. Essay 2011,

6, 1612–1616.
52. Okonta, F.N. Relationships between abrasion index and shape properties of progressively abraded dolerite railway ballasts. Rock

Mech. Rock Eng. 2014, 47, 1335–1344. [CrossRef]
53. Hydzik–Winiewska, J. The relationship between the mechanical properties of aggregates and their geometric parameters on the

example of Polish Carpathian Sandstones. Arch. Civ. Eng. 2020, 66, 209–223. [CrossRef]
54. Adom–Asamoah, M.; Afrifa, R.O. A study of concrete properties using phyllite as coarse aggregates. Mater. Des. 2010, 31,

4561–4566. [CrossRef]
55. Omary, S.; Ghorbel, E.; Wardeh, G. Relationships between recycled concrete aggregates characteristics and recycled aggregates

concretes properties. Constr. Build. Mater. 2016, 108, 163–174. [CrossRef]
56. Kamani, M.; Ajalloeian, R. Evaluation of the mechanical degradation of carbonate aggregate by rock strength tests. J. Rock Mech.

Geotech. Eng. 2019, 11, 121–134. [CrossRef]

http://doi.org/10.3390/ma12121891
http://www.ncbi.nlm.nih.gov/pubmed/31212785
http://doi.org/10.3390/ma12020280
http://www.ncbi.nlm.nih.gov/pubmed/30654502
http://doi.org/10.3390/app9153197
http://doi.org/10.1007/s10163-017-0640-2
http://doi.org/10.1016/j.jclepro.2019.04.328
http://doi.org/10.15244/pjoes/94848
http://doi.org/10.1177/0361198119839955
http://doi.org/10.1007/s100640100107
http://doi.org/10.1061/(ASCE)0899-1561(2008)20:5(343)
http://doi.org/10.1016/j.matlet.2007.06.003
http://doi.org/10.1007/s00603-015-0869-9
http://doi.org/10.1144/GSL.QJEG.1988.021.01.03
http://doi.org/10.3390/su12145854
http://doi.org/10.3390/su13105542
http://doi.org/10.3390/en14092386
http://doi.org/10.30657/pea.2021.27.1
http://www.kruszgeo.com.pl
http://doi.org/10.1016/0013-7952(80)90034-4
http://doi.org/10.1007/s00603-011-0140-y
http://doi.org/10.1016/0148-9062(90)91001-N
http://doi.org/10.1007/s00603-006-0110-y
http://doi.org/10.1016/j.matchar.2009.10.014
http://doi.org/10.1007/s00603-013-0474-8
http://doi.org/10.24425/ace.2020.134393
http://doi.org/10.1016/j.matdes.2010.03.041
http://doi.org/10.1016/j.conbuildmat.2016.01.042
http://doi.org/10.1016/j.jrmge.2018.05.007


Sustainability 2021, 13, 8353 15 of 15

57. Islam, J.; Alam, R.; Islam, M.; Hasanuzzaman, M. Evaluation of commonly used aggregates for sustainable infrastructure
development in Bangldesh. Int. J. Geomate 2020, 18, 98–104. [CrossRef]

58. Khanlari, G.R.; Naseri, F. Predicition of aggregate modified index (AMI) using geomechanical properties of limestones. Bull. Eng.
Geol. Environ. 2018, 77, 803–814. [CrossRef]

59. Omowumi, A. Engineering geological evaluation of some rocks from Akure, Southwestern Nigeria as aggregates for concrete
and pavement construction. Geol. Geophys. Environ. 2019, 45, 31–43. [CrossRef]

60. Bulevicius, M.; Petkevicius, K.; Zilioniene, D.; Cirba, S. Testing Of Mechanical–Physical Properties Of Aggregates, Used For
Producing Asphalt Mixtures, And Statistical Analysis Of Test Results. Balt. J. Road Bridge Eng. 2011, 6, 115–123. [CrossRef]

61. Naeem, M.; Khalid, P.; Anwar, A. Construction material prospects of granitic and associated rocks of Mansehra area, NW
Himalaya, Pakistan. Acta Geod. Geophys. 2015, 50, 307–319. [CrossRef]

62. Afolagboye, L.O.; Talabi, A.O.; Akinola, O.O. Evaluation of selected basement complex rocks from Ado–Ekiti, SW Nigeria, as
source of road construction aggregates. Bull. Eng. Geol. Environ. 2016, 75, 853–865. [CrossRef]

http://doi.org/10.21660/2020.66.9464
http://doi.org/10.1007/s10064-016-0984-1
http://doi.org/10.7494/geol.2019.45.1.31
http://doi.org/10.3846/bjrbe.2011.16
http://doi.org/10.1007/s40328-014-0087-z
http://doi.org/10.1007/s10064-015-0766-1

	Introduction 
	Literature Review 
	Materials 
	Methods 
	Results 
	Characteristics of Selected Facilities of Kruszgeo S.A. 
	Analysis of the Influence of a Production Process on the Aggregate Crushing Strength Index 

	Discussion 
	Conclusions 
	References

