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Abstract
Block stone excavation is a key aspect of the building materials industry, important for providing construction 
with durable materials and when giving aesthetic solutions to various structures and design elements. 
However, when excavating stone (using drilling and blasting), it is necessary to maintain its integrity for 
further processing and use. The conditions required for applying the method of blasting separation (split off) 
of stone blocks from hard rock mass were considered, which is important for improving the quality of blasted 
stone blocks. The rational parameters of stone block blasting with Granilen elastic tubular charges (Granilen 
ETCs) are presented. An approach to the preliminary assessment of stone block fracturing zone under various 
explosive loading regimes was determined. The relationship between the consumption of explosives and 
fracturing of stone blocks at possible blasthole spacing was considered. The mechanism of creating an 
extended rupture plane in a rock mass was studied. The decisive role of stress waves in the formation of an 
extended main rupture along the line of blasthole charges was established. It was shown that it is possible 
to localize the zone of induced fracturing by regulating the conditions for the interaction of stress waves. 
The results of numerical modeling of stress fields at blasting a single charge and a two-charge Granilen 
ETC system are presented, which made it possible to assess zones of induced fracturing and the conditions 
for the formation of a  main rupture. Blasting effectiveness increases significantly due to the orientation 
of the expected stone block separation line parallel to the plane of the best rupture, taking into account 
the anisotropy of the physical and mechanical properties of granites. The study confirms the feasibility of 
increasing the yield of commodity blocks when selecting rational blasting parameters. 
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Аннотация
Добыча блочного камня является ключевым аспектом индустрии строительных материалов, важным 
для обеспечения строительства прочными материалами и при придании эстетических решений раз-
личным конструкциям и элементам дизайна. Однако при добыче камня (производстве буровзрывных 
работ) необходимо сохранить его целостность для последующей обработки и использования. B рамках 
исследования были рассмотрены условия, необходимые для применения технологии взрывной отбойки 
блочного камня из скальных горных пород, что актуально для повышения качества отбиваемых камне-
блоков. Приведены рациональные параметры взрывной отбойки камнеблоков зарядами эластичными 
трубчатыми (ЗЭТ) «Гранилен». Определен подход к предварительной оценке зоны нарушенности блоч-
ного камня при различных режимах взрывного нагружения. Рассмотрена взаимосвязь между расходом 
взрывчатых веществ (ВВ) и нарушенностью камнеблоков при возможных расстояниях между шпурами. 
Исследован механизм создания протяженной плоскости разрыва в массиве горных пород. Установле-
на определяющая роль волн напряжений при формировании протяженной магистральной трещины 
по линии шпуровых зарядов. Показана возможность локализации зоны наведенной трещиноватости 
за счет регулирования условий взаимодействия волн напряжений. Приведены результаты численного 
моделирования полей напряжений при взрыве одиночных и системы из двух зарядов ЗЭТ «Гранилен», 
что позволило оценить зоны наведенной трещиноватости и условий формирования магистральной 
трещины отрыва. Эффективность взрывной отбойки значительно возрастает за счет ориентации ли-
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Introduction
Block stone excavation is a key aspect of the 

building materials industry, important for providing 
construction with durable materials and when giving 
aesthetic solutions to various structures and design 
elements. However, when excavating stone (using 
drilling and blasting), it is necessary to maintain its 
integrity for further processing and use [1]. 

Some deposits demonstrate high variability in 
physical and mechanical properties in different parts 
of a quarry field. 

The natural features of natural stone deposits de-
termine the volume of blocks mined and their yield 
from a rock mas being developed [2]. They are go- 
verned by the distances between existing fractures, 
which vary widely in granite rock masses [3]. 

The choice of a block stone blasting process flow 
sheet (PFS) is determined by the structure of rock 
mass, petrographic features, geometric dimensions of 
the useful thickness [4].

In this regard, drilling and blasting method in the 
development of block stone deposits remains in de-
mand at present [5].

As studies [6–8] show, the main parameters of dril- 
ling and blasting operations at separation of stone blocks 
from a rock mass are a blasthole diameter, distance be-
tween blastholes, their depth, thickness of a separated 
stone block, charge type, design, mass, diameter.

The choice of the optimal blasthole spacing de-
pends both on the physical and mechanical proper-
ties of a rock and on the initial parameters of the blast 
pulse: the amplitude of the initial pressure in the blast 
chamber and the duration of action at the quasi-static 
stage, necessary for the formation and growth of the 
main rupture between the blastholes, as well as to en-
sure the movement of a stone block [9].

In this case, the blasting conditions should ensure 
the creation of a fracture in the split-off plane with 
minimal disturbance of the peri-blasthole space [10].

In order to ensure the process of directional frac-
turing, it is necessary that the pressure of blast pro- 
ducts would be greater than the tensile strength of 
a rock, and, for the preservation of a peripheral rock 
mass, the pressure of blast products in a blasthole 

should not exceed the rock compressive strength [11]. 
These conditions are achieved by selecting rational 
blasthole spacing and optimal parameters of a blast 
pulse [12, 13]. In particular, the use of Granilen ETCs 
fully allows meeting these requirements [14].

Performing directed fracturing is possible when 
the pressure of gaseous products in a blasthole ex-
ceeds the dynamic tensile strength of a rock, and the 
preservation of a rock mass in the peri-blasthole zone 
requires that this pressure does not exceed the com-
pressive strength of the rock [15–17].

The results of the studies presented in [18, 19] indi-
cate that the increase of the radial air gap with respect to 
the radius of the charge by 3–4 times provides a predo- 
minant role of the blast products quasi-static pressure 
in the directional rupturing. Therefore, a very effective 
way to control the intensity of the wave and quasi-static 
stress field can be the regulation of the volumetric con-
centration of explosive charge energy in a blasthole [20].

The use of Granilen ETCs assumes the crea-
tion of the above conditions. The design of Granilen 
ETCs provides the possibility of regulating the force 
and time parameters of a blast impulse by changing 
a charge mass in a blasthole, its length, using the gap 
between the charge and the blasthole wall, applying 
stemming, varying blasthole spacing.

The substantiated rational values of blasthole 
charges parameters allow providing the minimum 
roughness of faces of a split off stone block and insig-
nificant induced fracturing in the peri-blasthole zone.

Methods and materials
As a rule, separation of a stone block from a rock 

mass occurs when closely spaced blasthole charges are 
simultaneously initiated with the detonating cord. In 
this case, the rock in the plane of location of charges 
in block perimeter blastholes will be subjected mainly 
to the action of tensile stresses [21–23].

Consequently, the following conditions must 
be met in order to split off a block and move it by  
0.15–0.3 m [24]:

1 2 3 ,F F F F≥ + +  (1)
where F is force causing breaking away (separation) 
and displacement of a stone block, Pa; F1 is force 

нии предполагаемого отрыва монолита параллельно плоскости наилучшего раскола, учитывая при 
этом анизотропию физико-механических свойств гранитов. Исследование подтверждает возможности 
повышения выхода товарных блоков при подборе рациональных параметров взрывной отбойки. 
Ключевые слова
блочный массив, параметры буровзрывных работ, направленный расход, конструкция заряда, импульс 
взрыва, давление продукта взрыва, эпюры напряжений, динамический предел прочности, шерохова-
тость, наведенная трещиноватость
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leading to split off of a stone block from a rock mass 
with rupturing area S (S  =  BHbench), Pa, where B is 
length of a stone block, m; Hbench is bench height, m; 
F2 is friction force, Pa; F3 is a force allowing to take 
into account the layer dip angle, Pa.

Then:
,bp bh bhF P Nd L=  (2)

where Pbp is pressure of gaseous blast products in 
a blasthole, Pa; N is number of blastholes in a row, pcs; 
dbh is blasthole diameter, m; Lbh is blasthole depth, m;

1 ( ),d
rupt bench bh bhF BH Nd L= σ −  (3) 

where d
ruptσ  is dynamic tensile strength, Pa;

σ = ⋅ ⋅ ⋅ σ[ ],d d
rupt weak f i ruptK K K

 (4)
where Kweak is a coefficient of structural weakening of 
a rock mass, Kweak = 0.2–0.4;

2

.

;p
f

p rm

C
K

C

 
≈   
 

Ki is coefficient of impact (for granite = 4–5.7)1; Kf is 
acoustic index of fracturing; Сp.rm and Ср are P-wave 
velocities in a rock mass and rock sample, respective-
ly, m / s.

The force which should be applied to overcome 
the friction between the block and the base as the 
block moves:

2 1 cos ,frF F f G= = α
 (5)

where f1 = tg α is friction coefficient; G is rough block 
of stone weight, kg:

,rm benchG BH W= ρ  (6)

where ρrm is density of rock mass, kg / m3; W is line of 
least resistance, m; F3 is force allowing to account for 
a layer dip angle, Pa:

3 sin .F G= α  (7)
The solution of equations (1)–(7) allows obtain-

ing an expression for calculating the number of blast-
holes:

1[ ( cos sin )]
.

( )

d
bench rupt rm

d
bh bh bp rupt

BH W f a a
N

d L P

σ ρ ±
=

+σ
 

(8)

The length of a split off block

1
,bhN

B
a
+

=
 

(9)

where a is the distance between blasthole charges, m:

1 Dambaev Zh. G. Physical bases of directional rock 
blasting and techniques of gentle block stone blasting. [Abstract 
of Doctoral thesis in Eng. Sci.]. St. Petersburg; 2000. 37 p. 
(In Russ.)

+σ
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σ +ρ ±1
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d
bh bp rupt

d
rupt rm

d P
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W f a a
 

(10)

Choosing the type of explosives (in our case, Gra-
nilen-2 ETC) and using the Noble-Abel formula [25], 
we determined the mass of explosive to be blasted in 
a blasthole volume to create the required pressure of 
detonation products Pbp (11):

2
0

3 3
0 04 22, 4 10 ( 10 )

bp bh bh
bl

bl bp

P T L d
m

n P T P T− −

π
=

⋅ ⋅ + ⋅
,

        
(11)

where Т0 is initial temperature, Т0  =  273 К; n is the 
number of moles of gaseous blast products; Тbl is tem-
perature of blast products, K; Р0 is atmospheric pres-
sure, Pa, Р0 = 0.1 МПа.

During blasting separation of a stone block from 
a rock mass, ruptures and fractures originate in places 
where pulse reactions occur, the intensity of which is 
sufficient for rock rupture and which is determined by 
the charge design, power, and location in the separated 
stone block [26–28].

In the presence of a layer rupture, the depth of 
the placed charge (eccentricity) is determined from 
the following expression: 

2 24 ,
6

H Wh
H
+

=
 

(12)

where H is height of a rock block, m; W is width (thick-
ness) of a rock block, m.

In case of the absence of a layer rupture, the depth 
of charge placement is determined from the following 
expression:

2 24
,

6( )
d

d

H W HWf
h

H Wf
+ +

=
′+  

(13)

where fd and df ′ are dynamic friction coefficients at the 
top and bottom vertices of a stone block. For approxi- 
mate calculations, we can assume fd = 0.25; df ′ = 0.5. 

The optimal width (thickness) of a stone block is 
determined from the following expression:

223 6 3 6 3 6
16 2 ,ch ch ch

d

h m h m h m
W f

H H H
 + + + 

= + − −   
    

(14)

where hch is charge height, m; m is underbreak, m.
Based on the above methodology, the parame-

ters of drilling and blasting operations for stone block 
splitting off using Granilen-2 ETCs were calculated, 
which are presented in Table 1. Along with the deter-
mination of the key D&B parameters, the most im-
portant condition for the extraction of high-quality 
stone blocks is the accuracy of delineation of the sepa- 
rated stone block and ensuring the minimum radius 
of induced fracturing in the peri-blasthole zone.
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The values of these block contour deviations are 
determined by the charge convergence coefficient 
equal to 

,an
W

=
 

(15)

where a is blasthole spacing, m; W is width of a stone 
block, m. 

Consequently, the minimum values of a stone 
block side roughness can be achieved at the optimal 
value of n.

Based on the results of the tests performed at 
granite block stone quarries, the dependence of the 
magnitude of the block contour deviation on blast-
hole Granilen-2 ETCs spacing was obtained (Fig. 1).

At low-velocity loading mode and interaction 
of stress waves, an asymmetric stress field is formed 
around the peripheral (contour) blastholes, which 
leads to deterministic growth of the main rupture in 
the split off plane. 

Since microfractures are generated by a tensile 
stress pulse, their surfaces coincide with the radial 
planes. A contour rupture propagates simultaneously 
along several structural fractures by fusing microf-
ractures into macrofractures [29]. As a consequence, 
along the line connecting neighboring charges, the 
rock mass is weakened by tensile stresses along the 
contour line, and the main rupture starts to grow be-
tween the blastholes, while the growth of side frac-
tures is suspended [30, 31].

The results of studies [25, 32] show that the ra-
dius of the zone of induced fracturing in a split off 
stone block depends both on the size of the char- 
ges in the blastholes and the blasthole spacing. The 
rupture kinetics at directional rupture is determined 
by both the physical-and-mechanical properties of 
rocks and the parameters of stresses and pressures 

created by the blast products in a charge chamber 
(blasthole).

When a system of cylindrical charges is blasted, 
stress waves interact, resulting in a transformation of 
the stress field.

The approximate method of stress field estima-
tion on the basis of numerical modeling and analyti-
cal calculation was used according to the methodolo-
gy set forth in the studies on the blast of charges with 
air gap.

As an explosive, Granilen-1 ETCs with charge  
diameter dch = 11 mm with blast heat Q = 1550 kJ / kg 
was used. The charges were located in blastholes of 
diameter dbh = 42 mm in granite rock mass with rock 
density ρrocks = 2200 kg / m3, with longitudinal wave ve-
locity Сp = 6,200 m / s.

The condition of interaction of stress waves pro-
viding the main rupture propagation was determined 
from the expression

max 1 2 ,
2 2 2

*dyn
rupt

a a a
ϕ ϕ ϕ

     
σ = σ +σ ≥ σ     

       
(16)

where σϕ1 and σϕ2 are amplitudes of tangential com-
ponent of stress wave from blasts of neighboring 
charges, respectively; a – charges spacing, m; *dyn

ruptσ  – 
dynamic tensile strength of granite, Pa.

Then [33]:
* 4 , [33]dyn st
rupt ruptσ = σ   (17)

where st
ruptσ  is static tensile strength, st

ruptσ  = 9.1  MPa, 
*dyn
ruptσ  = 36.4 MPa.

This value was taken as the ultimate stress level, 
below which no main rupture propagation occurred. 

The length of a natural microfracture l0 for gra- 
nites according to the data of [33] was 0.01–0.03 cm.

The maximum amplitude pressure on a blasthole 
walls for granites should not exceed 90 MPa [25].

Table 1
Design D&B parameters for rock block excavation 

in the presence of bottom rupture 
(dbh = 42 mm, dch = 15 mm, lbh =2.9 m)

Item
Blasthole spacing, m

0.3 0.4 0.5 0.6
Charge weight 
in a blasthole, kg 0.27 0.36 0.45 0.54

Total charge weight, kg 22.4 22.7 22.5 22.7

Number of blastholes 83 63 50 42

Blasthole pressure, MPa 31.0 42.5 55.5 67.0

Expected radius 
of induced fracturing, m 0.026 0.03 0.035 0.038

Charge length 
in a blasthole, m 0.75 0.84 1.4 1.7
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Fig. 1. Block surface roughness  
as a function of blasthole spacing
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Findings
Figs. 2–4 show the results of calculation of the 

maximum tangential tensile stresses field when 
blasting a system of two Granilen-1 ETCs spaced 
0.47 and 0.58 m. The charges were initiated simul-
taneously using a DShE-12 detonating cord passing 
through the charge channel. The linear densities of 
charge were 0.14 and 0.16 kg / m.

It follows from the results that the interaction of 
simultaneously blasted charges leads to a significant 

change in the stress field in the vicinity of the plane 
passing through the charges.

It is obvious that if for a single charge the stress 
continuously decreases with growing distance from 
the charge, then for interacting charges the stress 
initially (at first) decreases with growing distance 
from the charges, and then increases again, reaching 
a maximum at half the distance between the charges. 
Fig. 5 shows the calculated dependence of individual 
tangential tensile stresses at linear charging densities 
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Fig. 2. Individual and total tangential stresses when 
blasting adjacent charges (a = 0.47 m, q = 0.14 kg / m):  

σϕ1 and σϕ2 are the amplitudes of the tangential component 
of the stress wave from the first and second charges, 

respectively, MPa; σϕΣ is total amplitude of the tangential 
component of the stress wave from two charges, MPa;  

σrupt is maximum permissible value of rupture stress, MPa
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Fig. 3. Individual and total tangential stresses when 
blasting adjacent charges (a = 0.58 m, q = 0.14 kg / m): 

σϕ1 and σϕ2 are the amplitudes of the tangential component 
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Fig. 4. Individual and total tangential stresses when 
blasting adjacent charges (a = 0.58 m, q = 0.16 kg / m):  

σϕ1 and σϕ2 are the amplitudes of the tangential component 
of the stress wave from the first and second charges, 

respectively, MPa; σϕΣ is total amplitude of the tangential 
component of the stress wave from two charges, MPa;  

σrupt is maximum permissible value of rupture stress, MPa 
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q = 0.14 and 0.16 kg/m and charge spacing a = 0.6 m on 
the distance from a charge.

The data shown in Fig. 5 allow estimating poten-
tial zones of induced fracturing around the blasthole.

The given dependencies allow estimating poten-
tial zones of induced fracturing around a blasthole at 
different charging densities. 

Conclusion
It was established that for the most probable 

propagation of radial main rupture between blasthole 
charges during stone block mining it is necessary to 
use the effect of stress wave interaction.

It should be noted that in order to minimize the 
zone of induced fracturing, the charge amount should 
be selected so that the tensile stress field in the plane 
of the rupture does not exceed the tensile strength. 
The main rupture propagation begins with the arrival 
of a rarefaction wave reflected from the surface of the 
separated stone block.

It can also be stated that as the average pressure 
Pavr increases, the length of the main rupture decreases 
due to the increase in the number of microfractures. 
Even at the maximum pressure on the blasthole walls, 
the length of the rupture from an individual blasthole 
is such that, taking into account the increasing stress 
intensity factor and the linear system of fractures 

propagating between blastholes, the blastholes spa- 
cing can be much greater than commonly accepted.

However, at low pressure (small number of frac-
tures), this potential blasthole spacing is not feasible 
due to the random direction of fracture propagation 
and hence unpredictability of the rupturing (split 
off) direction. It is therefore necessary to increase 
the charge (capacity, blasthole pressure) to increase 
the number of fractures so that the fractures neces-
sarily propagate along or near the direction of the 
blasthole line.

With the simultaneous growth of the charge size, 
the blasthole spacing should be reduced so that the 
growth of fractures propagating from the blastholes 
in all directions stops early enough (which happens as 
soon as the fractures growing in the direction of the 
blasthole line start to “feel each other”) and the dis-
turbed area around the blastholes is minimized.

Thus, obtaining a directional rupture requires 
reducing the blasthole spacing and at the same time 
increasing the blasthole charge within certain limits.

The potential for directional rupture at in-
creased blasthole spacing with reduced charges can 
be realized by using potential naturally occurring 
directions / weakeness planes) in a stone (cleavage, 
layering, etc.), which prevent fracture growth in  
other directions.
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