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Abstract
At many quarries for the extraction of building stone there is a problem of increased output of fines after 
all stages of crushing and grinding, which leads to a decrease in the economic performance of mining 
enterprises. The fine fraction is formed by the crushing / grinding of prefractured rock mass. Reducing the 
intensity and size of the prefracture zones will lead to a solution to the problem at hand. To determine 
the effect of explosive detonation properties on the degree of structural weakening of a rock mass, studies 
were conducted to measure the detonation velocity, stresses generated by a blast in the rock mass, as well 
as laboratory studies of microfracturing by X-ray computer microtomography. The size of the prefracture 
zones increases from 33  to 77 charge radii with increasing the detonation velocity from 2 to 5.2 km/s. 
The dependence of the number of microdefects (microfractures) generated by a blast on the velocity of 
explosive detonation takes the form of an exponent for the near zone and is linear for the distances far 
from the blast. According to the data of the experiments conducted at short distances (10R), the density 
of induced microfracturing N is within ≈5 thousand pcs/cm3, and with increasing the detonation velocity 
it increases to ≈13.8 thousand pcs/cm3. At medium (40R) and long (70R) distances, N increases from ≈750 
to ≈2,400 pcs/cm3 and from 0 to ≈200 pcs/cm3, respectively. Using explosives with a reduced detonation 
velocity allows reducing the “surplus” impact on a rock mass and thus reducing the intensity of prefracture 
in the zone of controlled crushing during a blast. The study allowed obtaining quantitative parameters of 
the intensity and size of the prefracture zones, which compose the supplement to findings of historical 
studies on qualitative determination of prefracture.
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Аннотация
На многих карьерах по добыче строительного камня присутствует проблема повышенного выхода 
отсева после всех стадий дробления и измельчения, которая приводит к снижению экономической 
эффективности горных предприятий. Мелкая фракция образуется вследствие измельчения предраз-
рушенной горной массы. Уменьшение интенсивности и размеров зон предразрушения приведет 
к решению поставленной проблемы. Для определения влияния детонационных свойств взрывчатых 
веществ на величину структурного ослабления массива, были проведены исследования по измере-
нию скорости детонации, напряжений, возникающих при взрыве в массиве и лабораторные иссле-
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Introduction
The non-metallic materials production segment 

in the Russian market is an integral part of the mining 
industry. Crushed stone is the most widely used prod-
uct of mining and processing of non-metallic building 
materials, which is used for road construction, pro-
duction of reinforced concrete, ready-mix concrete, 
laying and repair of railroad tracks, etc. 

In recent years, the volume of crushed stone pro-
duction reached 22 million m3/year [1, 2]. The eco-
nomic performance of mining enterprises for the pro-
duction of crushed stone products directly depends 
on the volume of quality fractions of crushed stone 
produced, which is related to the issue of the product 
quality [3–5]. 

The problem of increased yield of substand-
ard fines when crushing blasted rock mass exists in 
crushed stone production at present time [6]. Up to 
30% of the final product volume is lost as fines that 
leads to a decrease in the volume of quality fractions 
and unsustainable environmental management  [7], 
which is reflected in the growth of areas of fines 
dumps [8–10].

When material is crushed in crushers, fines is 
formed during processing of rock mass prefractured 
by blast [11], since structurally weakened fragments 
with increased density of microfractures have reduced 
strength characteristics and tend to crumble into 
small pieces under relatively small impacts [12, 13].

Changing the detonation characteristics of ex-
plosives has a direct effect on the size of the zones 
and the degree of prefracture. The results of historical 
tests [14] show that increasing velocity of explosive 
detonation results in increasing the prefracture zone, 
in which elastic and strength characteristics of rock 

mass properties change with distance from an explo-
sive charge.

Assuming that prefracture is the accumulation of 
microdefects in a medium, applying the approach to 
the determination of fracturing and microfracturing 
based on the multistage fracturing model [15] leads 
to the need to study the quantitative parameters of 
microfracturing as a function of detonation velocity.

The purpose of the work is to determine the de-
pendence of the quantitative index of microfracture 
density on the velocity of detonation of an explosive, 
which affects the magnitude of stresses occurring in a 
rock during a blast. An appropriate methodology for 
establishing this dependence is proposed. The study 
is necessary to quantify the prefracture parameters 
and the size of a structural weakening zone.

1. Theoretical treatment
During blast crushing of hard rocks, a zone of 

wave prefracture is formed [16], within which in-
duced microfracturing increases. The accumulation 
of microdefects in the volume of both the rock mass 
and a separately considered piece of the rock mass 
after the blast leads to structural weakening of the 
rock and decreasing its strength [11, 12]. A prefrac-
ture zone is predominantly developed in hard rocks 
that adversely affects the economic performance of 
building stone mining.

Considering the structural weakening of the 
strength of a rock mass or individual pieces of a rock 
mass at different distances from a blast, it is necessary 
to use the multistage model of solid body fracture as 
a basic model of rock fracture. In accordance with 
this model, each newly formed defect in a rock mass 
is predetermined by the presence of smaller defects. 

дования микротрещиноватости методом рентгеновской компьютерной микротомографии. Размеры 
зон предразрушения с ростом скорости детонации с 2 до 5,2 км/с увеличиваются с 33 до 77 радиусов 
заряда. Зависимость количества вновь образованных взрывом микродефектов от скорости детона-
ции взрывчатых веществ (ВВ) принимает вид экспоненты для ближней зоны и линейна для дальних 
от взрыва расстояний. По данным проведенных экспериментов, на ближних расстояниях (10R) плот-
ность наведенной микротрещиноватости N находится в пределах ≈5 тыс. шт/см3, а с ростом скорости 
детонации увеличивается до ≈13,8 тыс. шт/см3. На средних (40R) и дальних (70R) расстояниях значе-
ние N растет с ≈750 до ≈2400 шт/см3 и с 0 до ≈200 шт/см3 соответственно. Применяя ВВ с пониженной 
скоростью детонации, можно снизить «излишнее» воздействие на массив и тем самым уменьшить 
интенсивность предразрушения в зоне регулируемого дробления при взрыве. В результате исследо-
вания получены количественные параметры интенсивности и размеров зон предразрушения, что 
является дополнением предшествующих работ по качественному определению предразрушения.

Ключевые слова
предразрушение, дробление на щебень, напряжения при взрыве, микротрещина, плотность трещин, 
скорость детонации, выход мелочи
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In  accordance with this model, each newly formed 
defect in a rock mass is predetermined by the pre- 
sence of smaller defects. At the first stage, a process 
of random quasi-uniform accumulation of first-order 
defects occurs. It is worth noting that a  rock mass, 
regardless of its structural characteristics, is always 
an anisotropic medium [17]. The inhomogeneity of 
a medium, as well as the local differences in the in-
ternal loads in a rock mass, leads to the formation 
of areas of high concentration of first-order defects 
at the second stage. At the final phase of the stage, 
when the concentration of first-order defects exceeds 
a critical threshold level, fusion of the defects (frac-
tures) occurs, which leads to the formation of sec-
ond-order defects [15]. Accumulation of defects oc-
curs until the moment of rupture – separation of the 
fragment under study into two or more pieces.

The structural weakening zone is limited to the 
region of blast-induced microfractures [18]. And the 
induction of these microfractures (wave prefracture) 
depends on the magnitude of stresses occurring in 
a rock [19].

Rock rupture mainly depends on the energy of 
stress waves [20] propagating in a medium [21, 22]. 
One of the most important wave characteristics af-
fecting the magnitude of stress is a blast pulse, which 
predetermines all subsequent stages of the blast de-
velopment: rock deformation, rock crushing, and rock 
mass movement. The influence of a blast pulse on the 
character of rupture is considered in [23, 24].

The findings of historical studies with the blast 
of the reference explosive Ammonite No. 6ZhV [25] 
showed that the dependence of the velocity of a rock 
mass displacement at different distances during the 
blast on the relative distance has the form of a po- 
wer function (Fig. 1). It should be noted that the stu- 
dies covered the conditions of Olenegorsk ferruginous 
quartzite open pit.

The concept of prefracture refers not only to the 
part of a rock mass behind the controlled crushing 
zone, but also to individual rock fragments in the 
crushing zone after a blast. This is important be-
cause these pieces have blast-induced microfractu- 
ring, which contributes to structural weakening of the 
strength of these pieces, and as a result, the yield of 
substandard fractions when crushing the blasted rock 
mass into crushed stone increases.

The determination of a rock mass structural 
weakening magnitude dependence on the stresses 
caused by a blast will make it possible to determine 
the size of the prefracture zone and the intensity of 
fracturing.

2. Research techniques
In determining the parameters of rock prefrac-

ture, the method of full-scale experiment was used 
to determine the stresses generated in a rock during 
a blast and to measure the detonation velocity of ex-
plosives. A laboratory study method was used to in-
vestigate the nature of microfracture formation. The 
methods of statistical data processing and analysis 
were applied to determine the size of the prefracture 
zones, as well as for data processing and interpreta-
tion [26] and comparison of the study results.

2.1. Stress measurement
The measurement of stresses in a rock, arising 

during a blast at different distances from the charge, 
in order to obtain the information about the nature of 
wave processes during blasting was carried out by an 
indirect method, by means of performing experimen-
tal blasts with recording acceleration of displacement 
of rock mass particles by measuring transducers. The 
measurements of accelerations were carried out ac-
cording to the known method [27–29] with blasting 
of Ammonite No. 6ZhV, Granulite R, and Emulsolite 
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Fig. 1. Graph of rock mass displacement velocity as a function of relative distance [compiled by the authors]
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A-20 explosive charges with recording of readings of 
rock mass particle displacement accelerations at three 
relative distances from the blast – 10, 40, and 70 radii 
of the charge.

The study was carried out at a limestone quar-
ry. A schematic of the hole locations for each blast is 
shown in Fig. 2. Orange indicates a blast hole, blue in-
dicates measurement holes for sensor placement. The 
given arrangement of holes ensures the accuracy of 
measurements due to the absence of additional media 
interfaces between a blast hole and each of the sensors.

Each accelerometer was fixed at the level of the 
center of an explosive charge. The sensors were fixed 
in the holes with alabaster with drilling fines added 
to create an environment as close as possible to the 
rock mass.

The conversion of accelerations to stresses was 
accomplished by integrating acceleration values into 
velocity values. A velocity is taken into account when 
calculating sound pressure or stress. The sound pres-
sure is represented as the difference between the in-
stantaneous pressure in the wave propagation path 
and the static pressure proper. The stress wave at 
each point in the wave field propagates similarly to 
the particles displacement velocity at the same point. 
The coupling parameter between pressure and dis-
placement velocity is wave impedance of the medium 
or its acoustic impedance [30]. The above parameters 
are related to each other by a relationship:

= ρ ,P C
U 	

(1)

where P – sound pressure, Pa (MPa); U – сparticle dis-
placement velocity, m / s; ρC – acoustic impedance.

The relationship between the stresses occurring 
in a rock and the displacement velocity under the 
influence of a seismic explosion wave is established 
using the method of conversion of the mass veloci-

ty data into the parameters of the resulting stresses 
through the calculation of the stress in the rock using 
the following formula:

σ = ρ0 0 ,p xC U
	 (2)

where σ0 – stresses arising in a rock (pressure of a seis-
mic blast wave), MPa; ρ0 – material density, kg / m3; 
Cp – longitudinal wave propagation velocity in a rock 
mass, m / s; Ux – rock displacement velocity within the 
measured limits, m / s.

2.2. Detonation velocity measurement
In the field experiments, the detonation veloci-

ty at each blast was measured by MREL equipment, 
namely the DataTrap II VoD Recorder. The measure-
ments were carried out using the resistive method, in 
which the instrument measures and records the va- 
lue of the electrical resistance of a special probe cable 
that decreases as the detonation wave propagates in 
a charge. The measurement cable is a special coaxial 
cable with a center conductor and shielding. The cable 
is placed along the entire length of a blasthole before 
charging begins. It is mandatory that the cable is in 
tension when charging an explosive to avoid unreli-
able results.

Line resistance values are recorded at a frequency 
of 2.5 MHz. With the known intrinsic resistance of the 
measuring cable 10.8 Ohm / m, the standard software 
builds a graph of dependence of distance, m, on time, 
ms. An example of the graph is shown in Fig. 3.

The detonation velocity is determined by the fol-
lowing formula:

,lD
t

∆
=
∆ 	

(3)

where D is detonation velocity, m/s; ∆l is the distance 
between the ends of the mean measurement line on 
the graph, m; ∆t is the difference in the time values 
corresponding to the taken distance values, s.

Fig. 2. Hole location scheme [compiled by the authors]
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The resistive method of measuring the detona-
tion velocity of explosives can be used to measure 
the velocity of propagation of detonation waves in 
explosives if the magnitude of the shock pulse act-
ing on the cable is greater than the quadratic value 
of the dynamic viscosity coefficient of the material 
of the inner insulating sheath of the measuring ca-
ble [31]. This condition is met if the cable is properly 
positioned along the length of the explosive charge 
column.

2.3. Determination of the size of prefracture zones 
and the degree of microfracturing

After drilling of technological and blasting holes 
in accordance with the methodology, drilling of geo-
technical holes was carried out with sampling (coring) 
of rock mass [32] before and after blasting. Pre- and 
post-blast sampling was conducted from holes loca- 
ted at relative distances of 40 and 70 charge radii, as 
well as at intermediate distances. The recovered sam-
ples (specimens) were delivered to laboratories for 
further laboratory testing.

The method of acoustic emission (AE) analysis 
was used to determine the pressure (stress) in a rock 
required to initiate the accumulation stage – microf-
racture formation. The AE method provides recording 
time with minimal delay [33], which contributes to 
obtaining reliable data on the onset of microfracture 
formation. The approach has performed well not only 
in static testing [34, 35] but also in sample dynamic 
loading testing [36, 37]. 

In the process of stress rupture of rock samples, 
the distinctive feature is the rupture stadiality [38]. 

In a rock, being a heterogeneous material, the regu-
larity of stage change is due to the progression of the 
defect level according to the multistage rupture con-
cept [39]. Researchers [38, 40] distinguish 4 stages of 
sample strain: I – initial, at which some of the exis- 
ting defects are closed; II – stage of linear strains, at 
which the "collapsed" defects are reopened and new 
first-order defects are formed; III – stage of elasto-
plastic strains, at which the process of formation 
of first-order defects (microfractures) is intensified 
and the formation of second-order defects begins; 
IV – prefracture stage, which is caused by the accu-
mulation of macrofractures and precedes the sample 
rupture [40].

In the above description, the prefracture stage 
is different from the concept of prefracture in our 
study, as it is defined in terms of the beginning of 
imminent sample rupture. In our study, on the other 
hand, prefractured rock is considered as structurally 
weakened rock.

In rocks such as marble, limestone, and granite, 
emission activity, indicating the beginning of the pro-
cess of microfracture formation, appears at a pressure 
of 15–38% of the uniaxial compressive strength of the 
rock [40]. Closely spaced values were given by other 
authors [41], which demonstrated a value of about 
25–30% of the uniaxial compressive strength. The 
change in the state of a sample in accordance with the 
decrease in the longitudinal wave velocity begins at 
stresses of 10–15 MPa [42].

We assume a minimum value of 15% of the 
rupture pressure for the onset of microfracture  
formation.
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While the qualitative determination of the pre- 
sence of microfractures is necessary to determine the 
size of the wave prefracture zone, the quantitative pa-
rameter is required to justify the degree of prefrac-
ture, which is determined by the intensity of fractu- 
ring, which is the concentration of microfractures per 
a certain volume (cm3).

The X-ray computed microtomography me- 
thod  [43] was applied to obtain quantitative cha- 
racterizations of the sample microfracturing. The 
reconstruction of binary models of X-ray images 
allowed the calculation of microfractures per the 
material volume [44]. SkyScan 1173 tomograph was 
used for this study and the data were processed using 
a specialized software. 

X-ray computer microtomography data are pre-
sented as a set of cross-sections for each sample. The 
material was taken from the entire sample volume at 
a layer thickness increment of 20 µm. Since the resol- 
ving power of the equipment allows to determine mi-
crofractures with a minimum length of 50 μm, and the 
average limestone grain size is about 0.2 mm [45, 46], 
the number of intergranular and transgranular mi-
crofractures only was taken into account. The con-
centration of fractures was determined through their 
density – the number of visible microfractures per 
unit of area, after which a conversion to fracture den-
sity was performed (the number of fractures per unit 
volume (pcs / cm3)).

3. Findings
When explosive charges were detonated, the ac-

celerations of rock mass displacement at different 
distances and the detonation velocity at each blast 
were measured. The average detonation velocities 
for Granulite, Ammonite, and Emulsolite were 2,000, 
4,330, and 5,215 m/s, respectively.

To calculate the stresses, the following param-
eters were taken into account: ρ0 – material density, 

kg / m3; Cp – longitudinal wave propagation velocity 
in the rock mass, m / s; Ux – rock displacement veloci-
ty within the measured limits [30]. The displacement 
velocity of rock mass particles was calculated taking 
into account the stress wave front rise time as a func-
tion of the distance.

As shown in Fig. 4, the dependence of blast-in-
duced stresses in a rock on the relative distance, de-
noted by the value of the radius of an explosive charge, 
takes the form of a power function. Vertical lines on 
the graph indicate the boundaries of microfracture 
formation zones (prefracture zones), which are in the 
range from 33 (for Granulite) to 77 (for Emulsolite) 
charge radii. These limits were determined based on 
the stress values (stress wave pressure) presented in 
the graph, in accordance with the rock uniaxial com-
pressive strength of 95 MPa. The maximum recorded 
stress at 10 charge radii is 515 MPa and the minimum 
one at 70 charge radii is 0.4 MPa.

The dependence of the acceleration pulse rise 
time on the distance is shown in Fig. 5.
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Samples recovered before and after a blast were 
scanned to obtain a volumetric model and subse-
quently calculate fracture densities. The results of the 
binary models reconstruction for the sample X-ray 
images are presented in Fig. 6.

The method of calculation of microfracture densi-
ty allowed determining the difference of their density 
before and after a blast. Fig. 7 shows an example of pro-
cessing (quantification of microfracture density data).

According to the experiment data before the blast, 
the average fracture density was 1,678 pcs / cm3. The 
present value was taken as relative zero. The depen- 
dence of the microfracture density N on the stresses 
σ occurring in a rock is shown in Fig. 8 and is deter-
mined by the following expression:

35.389 –195.49.N = σ 	 (4)

Based on the data obtained, we plotted the densi-
ty of microfractures caused by the blast as a function 
of detonation velocity in limestone rock for various 
relative distances (Figs. 9–11).

4. Discussion
The obtained dependences are presented based 

on the parameters of blasts of Ammonite No. 6ZhV, 
Granulite RP and Emulsolite A-20 for limestone type 
rock with uniaxial compressive strength of 95 MPa. 
The different types of explosives with detonation ve-
locities differing by at least 20% were used to allow an 
objective comparison of the results obtained.

The dependence of stresses in the rock caused by 
a blast on the relative distance for each type of ex-
plosives has the form of a power function that agrees 
with the data obtained earlier by other authors. The 
boundary of the prefracture zone in case of the blast 
of Emulsolite is at 77 radii of the charge from the blast 
hole and decreases to 33 radii for the blast of Granu-
lite. This confirms the fact of the influence of an ex-
plosive detonation velocity on the size of prefracture 
zones. Beyond these boundaries, no blast-induced 
microfracturing is observed, as evidenced by the labo- 
ratory study on determining microfracture densities 

Fig. 6. Sample volumetric model [compiled by the authors]

Fig. 7. Microfractures in a sample recovered after  
a blast at a relative distance of 40R (marked in blue) 

[compiled by the authors]
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at different distances. This allows qualitative deter-
mination of prefracture in the limestone rock mass, 
but most of the study is devoted to quantifying the 
density of microfractures within the rupture and pre-
fracture zones.

At short distances (10 charge radii), the functions 
of the dependence of stresses and fracture density on 
the velocity of explosive detonation have an exponen-
tial form, while at medium and long distances (40 and 
70 radii), the dependence is linear. This may indicate 
that the velocity of explosive detonation has the grea- 
test effect on rock prefracture predominantly at short 
distances. At the same time, the stress pulse rise time 
increases with increasing the distance. A high-ampli-
tude stress pulse of short duration favors over-cru- 
shing of the rock at close distances, but with increa- 
sing distance from the blast the stress wave flattens 
out, leading to better crushing in terms of building 
stone extraction.

Determination of a quantitative indicator of rock 
microfracturing is necessary to calculate the degree 
of wave prefracture of both the whole rock mass and 
individual pieces after a blast. Undoubtedly, the ac-
cumulation of microdefects is stochastic in nature, 
but an increase in the density of microfractures in the 
entire volume of the samples was established. The 
obtained dependence of the microfracture density on 
the blast-induced stresses arising in a rock has a line-
ar form. In [47-50], it was determined that the magni-
tude of blast stresses affects the degree of structural 
weakening of the fragment under consideration that 
is explained by an increase in fracture density. But in 
the above studies the authors did not consider quan-
titative indicators of fracturing, and thus the results 
of the present study are an addition to the previous 
studies findings.

Natural microfracturing also affects the strength 
properties of a rock [51], but in this paper, wave rock 
prefracture by blasting was considered. The density of 
natural microfractures was considered as relative zero 
because the existing microdefects in the rock before 
a blast affect the stress wave parameters in the rock, 
and these parameters were actually measured.

Conclusion
When mining hard rock for crushed stone, 

blast-induced microfracturing has an adverse impact 
on the quality of the final product.

The results of the experimental studies to de-
termine the qualitative and quantitative parameters 
of rock prefracture during blast are presented. For 
instance, when the velocity of explosive detonation 
increases from 2 to 5.2 km/s, the prefracture zone in-
creases from 33 to 77 charge radii. The dependence of 
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