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Abstract 

The results of a study on the pore structure of crushed stone grains of various sizes, obtained through staged 

disintegration of gabbrodolerite and microcline granite – rocks differing in texture, structure, and mineral com-

position – are presented. Research conducted using X-ray computed microtomography revealed that disintegra-

tion leads to changes in the pore structure of the rocks. The increase in overall porosity and pore concentration 

in the crushed stone grains is associated with the formation of newly developed pores of various sizes and sphe-

ricity. A clear relationship between the porosity of the crushed stone grains and their size is absent, which is due 

to the textural and structural characteristics as well as the mineral composition of the original rocks. The scale 

factor is evident only in the case of gabbrodolerite, which is characterized by a fine-grained structure, massive 

texture, and stable mineral composition. Fine gabbrodolerite grains exhibit lower pore concentration compared 

to larger grains, which aligns with the statistical theory of rock strength, according to which the probability of 

defects (pores and microcracks) decreases as the sample size diminishes – the smaller the grain size, the higher 

its strength. In contrast, for porphyritic granites with an uneven grain size, the trend is reversed  – smaller grains 

are more porous. A study of the porosity of individual rock-forming minerals in granite showed that pores are 

unevenly distributed in the granite crushed stone grains. The highest concentration of pores is typical for micro-

cline. The presence of brittle and porous microcline inclusions in the granite crushed stone grains leads to the 

formation of new pores and microcracks, whose number increases with the repeated application of load during 

staged disintegration. 
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Introduction 

The physical and mechanical properties of rock are determined by its mineral composition, 

texture, and the characteristics of its pore space – specifically, the size, shape, and spatial orienta-

tion of the pores. Virtually all studies on the deformation and destruction of rocks provide data 

indicating that when a load is applied, a deformation field is created within the rock volume, leading 

to changes in the structure of the pore space – its size, shape, and the number of defects, such as 

microcracks and pores [1-3]. In relation to the task of disintegration of construction rocks, this 

information is fundamental. This is because, unlike ore materials, where effective mineral separa-

tion and weakening are important during crushing and grinding for subsequent enrichment, in the 

disintegration of construction rocks, the goal is to preserve the strength of the crushed stone. 

When discussing the strength of crushed stone, it is important to highlight the scale factor – the 

size of its grains. According to the statistical theory of strength, the larger the volume of a rock sam-

ple, the more defects it contains, and therefore, the lower its strength. At the same time, the statistical 

nature of strength and the number of defects are not the only reasons for the manifestation of the scale 
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factor. In the work by A.F.Ioffe and co-authors [4], it was established that the scale effect is observed 

during the deformation of materials prone to brittle fracture and is less pronounced in ductile materials. 

Modern studies on the influence of sample size on the strength properties of rocks have shown that 

the relationship between strength and sample size is ambiguous. It is necessary to take into account 

the heterogeneity of the rock’s mineral composition, the characteristics of the pore structure, and the 

sample's history [5-7]. The latter is of particular importance when interpreting the strength of crushed 

stone, which has been subjected to blasting operations and staged crushing. 

Numerous results from testing commercially produced crushed stone at crushing and screening 

plants in Karelia indicate the inconsistency of strength across different grain size fractions. In some 

cases, smaller fractions exhibit greater strength, while in others, the opposite trend is observed. There-

fore, in this study, we set a specific task: to examine the influence of the scale factor – the size of the 

crushed stone grains – on its strength. To a large extent, variations in the strength of different size 

fractions of crushed stone produced at the same facility can be explained by the varying degree of grain 

flakiness – when there is a high content of flat and elongated grains, the strength of the crushed stone 

decreases [8, 9]. However, the increase in flaky grain content is not the only reason for reduced strength. 

Research [10, 11] has shown that newly formed (secondary) microcracks and pores appear in crushed 

stone grains, which a priori reduce their strength characteristics. At the same time, the volume of voids 

does not significantly depend on the grain size of the crushed stone [10]. In study [11], a decrease in 

crushed stone strength as the grain size decreases was noted, which the authors attributed to an increase 

in microdamage due to additional loads on smaller fractions during staged crushing. These conclusions 

were based on microscopic analysis of thin sections [10], and in [11], the strength reduction was in-

ferred through water absorption measurements, which indirectly relate to the material’s porosity and 

strength. An informative characteristic linking rock strength to its structural defects is porosity, which 

encompasses all voids within the rock, including pores, pore channels, and microcracks [12-14]. The 

physical or overall porosity of rock, calculated from known mineral and bulk density values, provides 

only indirect insights into the transformation of the microstructure during rock destruction. To obtain 

objective data, it is essential to consider the specific characteristics of the pore structure – such as pore 

size, shape, and spatial orientation [15-17]. 

The aim of this study is to investigate the pore structure of crushed stone grains of various sizes, 

obtained through staged disintegration of rocks differing in texture, structure, and mineral composition. 

Methods 

The primary methods used for studying and describing the structures and textures,  

as well as various morphometric characteristics of rocks, are mineralogical-petrographic analysis 

techniques. Descriptions of thin sections provide only qualitative information about rocks and are 

limited in terms of obtaining quantitative and volumetric structural-textural characteristics, which can 

affect the quality of research result interpretations. The advent of new non-destructive methods for 

studying materials allows for an expanded understanding of the structural-textural characteristics of 

rocks and complements traditional optical-petrographic studies with quantitative data on structural 

defects. 

To obtain a reliable picture of the three-dimensional distribution of defects, their sizes, shapes, 

and spatial orientations, methods such as X-ray computed microtomography (X-ray micro-CT), 

neutron computed tomography, contact laser ultrasonic structuroscopy, transmission electron  

microscopy, and acoustic spectroscopy are used [18-20]. The research method should provide data 

characterizing the pore structure of rocks, including total porosity, pore concentration, sizes, and 

geometrical shapes of pores and microcracks, as well as enable the visualization of the microstruc-

ture of the samples to identify potential heterogeneity in pore distribution [21-23]. Furthermore, the 

method’s sensitivity must be commensurate with the sizes of the structural objects (pores, mineral 

grains). Among these methods, X-ray computed microtomography (X-ray micro-CT) is the most 

suitable [24-26]. 
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X-ray computed microtomography is a non-destructive method for studying the internal structure 

of solid materials, based on the dependence of the linear attenuation coefficient of X-ray radiation on 

the chemical composition and density of the material. Computer processing of a set of shadow pro-

jections obtained by X-ray scanning of samples allows for the visualization of the internal three-

dimensional structure of the sample and provides a detailed analysis of morphometric and density 

characteristics both on individual sections and throughout the entire volume of the studied sample. 

The promise of this method for solving practical tasks related to rock disintegration lies in its ability 

to obtain quantitative characteristics of the pore space structure [27-29]. 

The method is successfully applied to assess changes in the void structure during the disintegra-

tion of ores in crushing machines [30], and in the study of the deformation and destruction processes 

of rocks [31, 32]. Despite significant scientific advances, several questions related to changes in rock 

strength during disintegration remain unresolved. Almost all studies in this field have been conducted 

on samples of regular shape under static or dynamic loading conditions [33-35]. The products formed 

as a result of sample destruction are generally not examined by the authors. 

For microtomographic research, samples of crushed stone grains from microcline granite of the 

Kirjavalahti deposit and gabbrodolerite of the Chevzhavara deposit (Republic of Karelia) were se-

lected. The samples were extracted from crushed stone fractions of 5-20 mm and 20-40 mm, produced 

under industrial conditions at crushing and screening plants. The 20-40 mm fraction was obtained 

after the second stage of crushing, while the 5-20 mm fraction was obtained after the third stage. For 

comparative data on the pore structure of crushed stone grains and the original rock, hand specimens 

were selected, from which cubic samples with an edge length of 4.0 cm were prepared. The compres-

sive strength limit was determined on similar cubic samples using a standard methodology. The average 

value of this indicator, calculated from five tested samples, was 121 MPa for granite and 192 MPa 

for gabbrodolerite. 

The structure of the microcline granite samples (Fig.1, a) is uneven-grained, with a porphyritic 

texture. The main rock-forming minerals are microcline, plagioclase, and quartz. Their content  

percentages are as follows: microcline – 35-47 %, plagioclase – 25-35 %, and quartz – 20-26 %. 

Secondary minerals include biotite (1-5 %) and accessory minerals (apatite, titanite) up to 1 %.  

According to the petrographic description of thin sections, the grain sizes of microcline range from 

1.0 to 5.0 mm, plagioclase – from 1.0 to 2.0 mm. Quartz is present as xenomorphic grains up to  

1 mm in size, while biotite appears as small scattered flakes (0.1-0.3 mm) in association with  

titanite. Apatite forms individual rounded grains up to 0.1 mm in size. 

а b 

1m 

2m 

3m 

1m 

2m 
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1 mm 1 mm 

 Fig.1. Microtomographic slices of granite (a) and gabbrodolerite (b)  

samples along three mutually perpendicular planes: 

a – 1m – microcline, 2m – plagioclase + quartz, 3m – biotite; 

b – 1m – plagioclase + quartz, 2m – pyroxene, 3m – titanite 
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The structure of the gabbrodolerite samples (Fig.1, b) is fine-grained, with a massive texture. 
The primary rock-forming minerals are plagioclase (45-50 %) and pyroxene (47-51 %). The content 
of quartz is 2-4 %, biotite up to 1 %, and ore minerals (titanite) up to 1 %. Pyroxene is present in the 
form of prismatic grains ranging in size from 0.1 to 0.8 mm, while plagioclase forms elongated crys-
tals of 0.1-1.0 mm in size. 

The main physical and mechanical properties of the crushed stone samples were determined 
using standard methods as outlined in GOST 8269.0-97 “Crushed stone and gravel from dense rocks 
for construction works. Methods of physical and mechanical testing” (Table 1). To eliminate the  
influence of grain shape on the strength (crushability) of the crushed stone, only isometric (cuboidal) 
grains were selected for testing. 

 

 Table 1 
 

Physical and mechanical properties of the crushed stone 
 

Crushing 
stage 

Fraction  
size, mm 

Crushability (strength) 
Bulk density, 

g/cm³ 
Porosity, % 

 Mass loss after  

testing, % 

Crushed stone grade 

by crushability 

Crushed stone from granite 

II 20-40 12.6 1,200 2.68 2.2 

III 5-20 16.2 1,000 2.60 2.8 

Crushed stone from gabbrodolerite 

II 20-40 5.4 1,400 2.96 0.68 

III 5-20 4.8 1,400 2.98 0.60 

 

The microstructure of the crushed stone grains was studied using a SkyScan1173 microtomo-
graph (Belgium) with resolutions ranging from 0.5 to 15 µm. The scanning mode was set to a current 
of 130 mA, a voltage of 61 kV, and X-ray power of 90 W. Scanning was performed with a copper 
filter 0.1 mm thick and with the averaging of three images. The pixel size at maximum magnification 
(default resolution) was 0.5 µm, allowing for the identification of pores sized 5 µm and larger. The 
sample stage rotated 360° with a step of 0.2°. The number of shadow images taken ranged from 2,000 
to 2,100. Subsequent reconstruction was performed using the NRecon, CTAn, and CTVol software. 
To speed up image processing, binarization was carried out, enabling a more detailed examination of 
the internal void space of the studied samples [36-38]. During the research, pore space parameters were 
determined, including total porosity (the volume of pores within the sample volume) and pore concen-
tration (the number of pores per unit volume of the sample) (Table 2). 

 

 Table 2 
 

Morphometric parameters of initial samples and crushed stone grains from granite and gabbrodolerite  

based on microtomographic studies 
 

Sample 
number 

Granite Gabbrodolerite 

Sample volume, mm3 Porosity, % 
Pore concentration, 

mm–3 

Grain volume, 

mm3 Porosity, % 
Pore concentration, 

mm–3 

Initial rock samples 

1 64,312 0.66 0.22 64,462 0.37 0.20 

2 64,163 0.58 0.21 64,753 0.38 0.20 

3 63,954 0.54 0.19 63,556 0.38 0.21 

4 64,065 0.71 0.20 64,003 0.37 0.20 

5 64,052 0.75 0.21 63,652 0.35 0.20 

Average 64,109 0.65 0.21 64,085 0.37 0.20 

Crushed stone grains 20-40 mm 

1 61,479 2.05 0.59 63,314 0.60 0.26 

2 51,733 1.98 0.36 41,226 0.59 0.24 

3 61,669 2.21 0.83 43,658 0.62 0.26 



 

 

Journal of Mining Institute. 2025. Vol. 271. P. 74-83 

© Elena E. Kameneva, Viktoriya S. Nikiforova, 2025 

   

78 

This is an open access article under the CC BY 4.0 license  

End of Table 2 

Sample 
number 

Granite Gabbrodolerite 

Sample volume, mm3 Porosity, % 
Pore concentration, 

mm–3 

Grain volume, 

mm3 Porosity, % 
Pore concentration, 

mm–3 

4 42,281 2.42 0.93 51,254 0.62 0.28 

5 54,908 1.85 0.56 31,006 0.60 0.28 

Average 54,414 2.10 0.65  0.60 0.26 

Crushed stone grains 5-20 mm 

1 3,453 3.30 2.31 3,168 0.50 0.27 

2 4,379 2.45 1.12 3,212 0.57 0.21 

3 3,848 2.31 1.95 4,203 0.52 0.24 

4 3,953 3.20 2.08 4,185 0.55 0.26 

5 4,162 2.40 2.08 3,247 0.53 0.24 

Average 3,959 2.73 1.74 – 0.53 0.24 
 

Note. Scanning resolution is 0.5 µm. 

 

Discussion 
The analysis of the obtained data shows that the porosity of the original samples, which were not 

subjected to mechanical stress during blasting and disintegration in crushing machines, is lower than 
that of the crushed stone grains. This is consistent with conclusions drawn in studies [10, 11]. The 
increase in porosity of the crushed stone grains is accompanied by the appearance of newly formed 
defects (pores and microcracks), as evidenced by the growth in their concentration within the volume 
of the studied grains. This pattern is most pronounced in granite, where porosity increases on average 
by 3.2-4.2 times (from 0.64 to 2.1-2.73 %), and pore concentration increases by 3.1-8.3 times (from 
0.21 to 0.65-1.74 mm–3). The effect is less noticeable in gabbrodolerite, where porosity increases on 
average by 1.5 times, and pore concentration increases by 1.25 times. 

There is no clear dependence of porosity on grain size. In larger granite grains, taken from the  
20-40 mm fraction, the average porosity is 2.1 %, while in smaller grains (from the 5-20 mm fraction), this 
figure is higher, at 2.73 %. In gabbrodolerite grains, the opposite trend is observed, with larger grains being 
more porous, although the difference in porosity values is less significant – 0.53 and 0.6 %, respectively 
(Table 2). The increase in porosity in smaller granite grains is associated with a higher pore concentration 
(an average of 1.74 mm–3 compared to 0.65 mm–3 in larger grains). The pore concentration in gabbrodolerite 
crushed stone grains is similar between large and small grains – 0.26 mm–3 and 0.24 mm–3, respectively. 

In the structure of all the studied crushed stone grains, pores of fine capillary size, up to 40 µm, 
predominate in quantity (Fig.1, b). The sphericity (the ratio of the shortest to the longest axis) of these 
pores is high – 0.8-0.9. In small granite grains, the largest pore size is 120 µm, while in gabbro-
dolerite, it is 60 µm. Larger grains contain supercapillary-sized voids – up to 240 µm in granite and 
no more than 160 µm in gabbrodolerite (Fig.2), with only 1-3 such voids per grain. The sphericity of 
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these pores is low – 0.1-0.3. There is no clear orientation of the pores in any specific direction (Fig.3). 
This feature is typical for all the studied gabbrodolerite crushed stone grains, where porosity ranges from 
0.59-0.62 % in large grains and 0.5-0.57 % in small grains, while granite grains are heterogeneous. Their 
porosity varies from 1.85-2.42 % in large grains and 2.31-3.3 % in small grains, respectively (Table 2). 

The development of microdamage in rocks depends on the strength properties of the individual 
rock-forming minerals [39, 40]. Given that some varieties of granite are characterized by wide varia-
tions in pore size, shape, and content, which are unevenly distributed throughout its volume [41-43], 
it is crucial to study the specific features of the pore structure of the minerals that constitute it.  
Microtomography revealed that pores in the structure of the studied crushed granite grains are une-
venly distributed. The highest concentration of pores is found in large microcline grains, where  
porosity is 1.5 to 2 times higher than the overall porosity of the grains. The pores in microcline are 
distributed chaotically and have sizes up to 40 µm. The porosity of plagioclase and quartz aggregates 
is significantly lower. The wide variations in microcline content, ranging from 35.34 to 47.22 %, 
explain the instability of the porosity in the studied granite grains (Table 3). 

 
 Table 3 

 

Characteristics of the main rock-forming minerals  

in original samples and crushed stone grains from granite, % 
 

Grains number 
Microcline Plagioclase + quratz 

Content Porosity Content Porosity 

Initial granite samples 

Average 39.82 1.2 55.31 0.3 

Crushed stone grains 20-40 mm 

1 35.34 4.1 63.00 0.90 

2 40.34 3.9 57.68 0.63 

3 42.34 4.1 55.91 0.78 

4 47.22 3.3 50.38 0.66 

5 35.50 3.8 61.71 0.73 

Average 40.15 3.8 57.73 0.74 

Crushed stone grains 5-20 mm 

1 39.69 4.31 58.61 0.93 

2 47.09 4.12 50.71 0.90 

3 39.65 4.25 55.95 0.94 

4 46.96 6.41 50.54 0.95 

5 35.29 4.48 60.89 0.96 

Average 41.74 4.71 55.34 0.94 
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 Fig.3. Pore orientation distribution along the longest axis: 

grain 4 from the 5-20 mm fraction of gabbrodolerite (a), granite (b) 

 

Note. The volumetric content of minerals and their porosity were determined using X-ray com-

puted microtomography. 
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A comparison of tomographic slices of crushed granite grains of different sizes (Fig.4) shows 

that the porosity of microcline inclusions in larger grains is higher than in smaller ones. In large 

granite grains, the porosity of microcline averages 3.8 %, while in smaller grains this figure is  

higher – 4.71 %. The porosity of plagioclase and quartz in smaller grains is also higher – 0.74 % and 

0.94 %, respectively (Table 3). Figure 4 presents the visualization of the sections of the studied sam-

ples, while Fig.5 shows the microtomographic slices after binarization for enhanced contrast detailing 

of the grains. It is logical to assume that the increased porosity of small granite grains is related to addi-

tional mechanical stresses on the smaller fractions of crushed stone, which were obtained during the third 

stage of crushing. The strength of a sample is determined by the strength of its weakest section [44]. 

Destruction begins at the most brittle areas, which in granite crushed stone grains are the microcline 

inclusions. Irreversible plastic deformations lead to the formation of newly developed defects, the 

number of which increases with repeated loading. 

The studied samples of granite crushed stone contain quartz in the amount of 20-26 %. In [45], 

it was noted that the presence of quartz in rock composition significantly influences the formation of 

microcracks. When subjected to mechanical stresses, brittle and elastic quartz crystals fracture, forming 

intragranular microcracks [46, 47]. 

The studied gabbrodolerite crushed stone 

samples are homogeneous in mineral composi-

tion. The content of pyroxene ranges from  

46.7 to 50.0 %, and the content of plagioclase 

and quartz ranges from 47.3 to 50.2 %. Pores 

are fairly evenly distributed within the aggre-

gates of the main rock-forming minerals – py-

roxene and plagioclase – with a slight predomi-

nance in plagioclase. In smaller grains, a slight 

decrease in plagioclase porosity is observed, 

from 0.69 % in larger grains to 0.62 % in 

smaller ones. The porosity of pyroxene remains 

almost identical for both small and large grains,  

at 0.46 and 0.44 %, respectively (Table 4). The 

reduction in the overall porosity of gabbrodo-

lerite grains as their size decreases aligns with 

the statistical theory of rock strength, which 

posits that the likelihood of defects decreases 

as sample size reduces – the smaller the grain 

size, the higher its strength. 

Microcline 

Р = 3.8 %  

Microcline 

Р = 4.71 %  

а  

b  

1 mm  

 

а b 
Plagioclase 

Plagioclase 
 

Microcline Microcline 
 10 mm 10 mm 

 Fig.4. Single sections of granite crushed stone grains obtained  

through microtomographic scanning of grains  

from the 20-40 mm (a) and 5-20 mm (b) fractions 

Fig.5. Single sections of granite crushed stone grains, 

obtained as a result of microtomographic 

scanning after grain binarization 

from the fraction 20-40 mm (a), 5-20 mm (b) 
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 Table 4 
 

Characteristics of the main rock-forming minerals  

in original samples and crushed stone grains from gabbrodolerite, % 
 

Grain number 
Plagioclase + quartz Plagioclase 

Content Porosity Content Porosity 

Initial gabbrodolerite samples 

Average  50.6 0.44 46.1 0.2 

Crushed stone grains 20-40 mm 

1 50.2 0.64 46.7 0.56 

2 47.9 0.68 48.3 0.30 

3 49.0 0.70 47.1 0.53 

4 49.4 0.81 48.8 0.43 

5 46.8 0.63 48.3 0.57 

Average  48.1 0.69 48.2 0.44 

Crushed stone grains 5-20 mm 

1 49.1 0.68 46.9 0.45 

2 48.6 0.56 49.1 0.58 

3 48.1 0.65 48.4 0.40 

4 49.7 0.63 47.5 0.39 

5 47.3 0.58 50.0 0.48 

Average  49.0 0.62 48.2 0.46 
 

Note. The volumetric content of minerals and their total porosity were determined using  

X-ray computed microtomography. Scanning resolution is 0.5 μm. 

 

Conclusion 
Thus, during disintegration, the pore structure of the rock undergoes changes. The total porosity 

of the crushed stone grains increases due to the formation of newly developed pores. This pattern is 
most pronounced in granite and less noticeable in gabbrodolerite. 

Large and small crushed stone grains differ in terms of total porosity, pore size, and pore con-
centration. There is no clear relationship between the porosity of the crushed stone grains and their 
size, which is due to the textural and structural characteristics as well as the mineral composition of 
the original rocks. 

Granite crushed stone grains are heterogeneous in mineral composition, resulting in uneven pore 
distribution. The presence of brittle and porous microcline inclusions in granite crushed stone grains 
leads to the formation of new pores and microcracks, whose number increases with repeated loading. 
Therefore, large crushed stone grains from the 20-40 mm fraction, obtained after the second stage of 
crushing, are characterized by lower porosity and pore concentration compared to smaller grains from 
the 5-20 mm fraction, which were crushed during the third stage. 

The scale effect is evident only in gabbrodolerite, which has a fine-grained structure and massive 
texture – where a reduction in the size of the crushed stone grains leads to a decrease in pore size and 
total porosity. 
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