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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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AHHOTaUuA

Io6brya 6IIOYHOTO KaMHSI SIBJISIETCS] KITFOYEBBIM aCIIEKTOM MHIYCTPUU CTPOUTETbHBIX MaTePUaIOB, BaXKHbIM
IIs1 06ecIieyeHst CTPOUTEIbCTBA IIPOYHBIMY MaTepuajaMy U Py MPUAAHUM SCTETUUECKUX PellleHnit pas-
JMYHBIM KOHCTPYKIMSIM U 3jIeMeHTaM au3aiina. OmHako mpu go6biue KaMHs (ITIPOM3BOACTBE GYPOB3PBIBHBIX
paboT) HeOOXOIMMO COXPAHUTD €r0 IEJIOCTHOCTD JIJIS TTOC/IeIyoneil 06paboTKM U UCITOIb30BaHMs. B pamkax
UCCIIen0BaHSI GBIV PACCMOTPEHBI YCJIOBYIST, HEOGXOAVIMbIE IJISI TPUMEHEH VS TEXHOIOTUY B3PbIBHOI OTOOVKM
6JI0YHOTO KaMHSI 13 CKaJIbHbIX TOPHBIX ITOPO/I, YTO aKTYaIbHO /1S TTOBBINIEHMS] KaUeCTBa OTOMBAEMbIX KAMHe-
6510K0B. [TpuBeeHbI palMOHaTbHbIE TAPAMETPbI B3PbIBHOI OTOOVKY KAMHEOIOKOB 3apsiaMi 371aCTUUHBIMMU
tpybuaTeiMu (39T) «['panunen». OnpeiesieH MOAXOA, K IIPeJBAPUTETbHON OIleHKe 30HbI HApYIIeHHOCTH 6J10U-
HOT'O KaMH$I IIpU Pa3IMYHbIX PeKMMaXx B3PbIBHOTO HarpykeHus. PaccMoTpeHa B3aMOCBSI3b MEXY PACXOL0M
B3pbIBUATHIX BelllecTB (BB) 1 HapyIIeHHOCTHI0 KAMHEO/IOKOB ITPY BO3MOKHBIX PACCTOSTHUSIX MEXIY HITTYyPaMU.
WccnenoBaH MexaHM3M CO34aHMS IIPOTSIKEHHOM IVIOCKOCTY pa3pbiBa B MacCUBe FOPHBIX ITOPOL. YCTaHOBIIe-
Ha OTIpe[esIoNiasi poyib BOJTH HAMpPsDKeHUH pyu (GOpMUPOBAHNUY MPOTSHDKEHHON MarucTPaabHON TPEIVHbI
10 IMHUY IIITYPOBBIX 3apsAnoB. [IokazaHa BO3MOXKHOCTD JIOKaAM3aLyyM 30HbI HABeIeHHOM TPeIlyHOBAaTOCTU
3a CUeT peryiMpoBaHMs YCJIOBMIT B3aMOIeCTBMS BOJIH HaIlpsiKeHMIt. IIpyuBeeHbl pe3yibTaThl YUMCIEHHOTO
MOZe/IMPOBAaHMSI TI0JIell HalIPSKeHU I IIPY B3PbIBE OOMHOYHBIX U CUCTeMbI U3 ABYX 3apsanoB 39T «'panusen»,
YTO TIO3BOJIMJIO OLIEHUTH 30HbI HABEJEHHO! TPEIIMHOBATOCTU U YCJIOBUI (POPMUPOBAHMSI MarucTpaabHOM
TPemuHbI OTPbIBa. IHERTUBHOCTDh B3PbIBHOI OTGOKM 3HAYUTETHHO BO3PACTAET 38 CYET OPUEHTAIUY JIU-
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HUM TIPeATIONaraeMoro OTPbIBA MOHOJIMUTA MMapajiebHO TUIOCKOCTM HAWIYYIIEr0 PacKosia, YYMThIBasl MpU
3TOM aHM30TPOINNIO GU3UKO-MEXaHUUECKMX CBOICTB rpaHUTOB. McciienoBaHme OATBEPKIAET BO3MOKHOCTH
TIOBBIIIEHNSI BBIXO/IA TOBAPHBIX OIIOKOB MPY MOAO0Pe PalMOHATBHBIX [TAPAMETPOB B3PBIBHOW OTOOIKMA.
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B3pbIBA, [laB/ieHMe IIPOAYKTA B3PbIBa, SIIOPbI HAIPSIKEHMIA, IMHAMMUYECKIUI IIpeel IMPOYHOCTH, IIePOX0oBa-
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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
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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]:
F2F+F,+F, 1)

where F is force causing breaking away (separation)
and displacement of a stone block, Pa; F, is force
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leading to split off of a stone block from a rock mass
with rupturing area S (S = BH,,,,), Pa, where B is
length of a stone block, m; H,,,, is bench height, m;
F, is friction force, Pa; F; is a force allowing to take
into account the layer dip angle, Pa.

Then:

F= Pprdthb (2)

where P,, is pressure of gaseous blast products in

a blasthole, Pa; N is number of blastholes in a row, pcs;
d,, is blasthole diameter, m; L,, is blasthole depth, m;

h?

Fl = G;iupt (BHbench - Ndthbh )’ (3)
where o, is dynamic tensile strength, Pa;

Gfupt = Kweak 'Kf ’ Ki '[Gfupt]’ (4)
where K, is a coefficient of structural weakening of
arock mass, K, =0.2-0.4;

2
(]
p.rm

K is coefficient of impact (for granite = 4-5.7)'; K; is
acoustic index of fracturing; C,,,, and C, 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:

F,=F, =fGcosa, (5)

where f, = tga is friction coefficient; G is rough block
of stone weight, kg:

G = prmBHbenchW’ (6)

where p,, is density of rock mass, kg/m?3; W is line of
least resistance, m; F; is force allowing to account for
a layer dip angle, Pa:

F, =Gsinao.

(7)

The solution of equations (1)—(7) allows obtain-
ing an expression for calculating the number of blast-
holes:

N BH,,,[05,,.p,,W(f,cosa+sina)] "
dy, Ly, (P, bp T Gfupt)
The length of a split off block
B N, +1 , ©)
a

where a is the distance between blasthole charges, m:

! 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.
(InRuss.)
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d
dbh (Pbp + cyrupt

)

ol + P W(f cosatsina)’

(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 P,, (11):

m. = P, proLbhd;h
" 4.22,410°n(PT, +P,T,-107)

(11

where T, is initial temperature, T, = 273 K; n is the
number of moles of gaseous blast products; T, is tem-
perature of blast products, K; P, is atmospheric pres-
sure, Pa, P, = 0.1 MIla.

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:

_H?+4W?
-~ 6H
where H is height of a rock block, m; Wis 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:

h (12)

_ H?+4W* + HWf,
C 6(H+WF)

where f, and f; are dynamic friction coefficients at the
top and bottom vertices of a stone block. For approxi-
mate calculations, we can assume f, = 0.25; f; = 0.5.
The optimal width (thickness) of a stone block is
determined from the following expression:

2 2
W:\/(Shh%j +16(2— J

where h,, 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.

, (13)

3h, +6m
H

_3h, +6m
H

fas (14)
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Table 1
Design D &B parameters for rock block excavation
in the presence of bottom rupture
(d,, =42 mm, d,, = 15 mm, [, =2.9 m)
Blasthole spacing, m
0.3 0.4 0.5 0.6

Item

Charge weight
in a blasthole, kg

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

Charge length
in a blasthole, m

0.27 0.36 0.45 0.54

0.026 | 0.03 | 0.035 | 0.038

0.75 0.84 1.4 1.7

The values of these block contour deviations are
determined by the charge convergence coefficient
equal to

= (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
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Block surface roughness

Al-10%, m
O = N W A U1 O ~ 0

o

01 02 03 04 05 06 07 038
Blasthole spacing a, m

Fig. 1. Block surface roughness
as a function of blasthole spacing

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 d, = 11 mm with blast heat Q = 1550 kJ/kg
was used. The charges were located in blastholes of
diameter d,;, = 42 mm in granite rock mass with rock
density p,,4 = 2200 kg/m3, with longitudinal wave ve-
locity C, = 6,200 m/s.

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

a a a “dyn
Ggomax [Ej = G(pl [Ej + G@Z [Ej 2 Gri);t ) (16)

where ¢, and o, are amplitudes of tangential com-
ponent of stress wave from blasts of neighboring
charges, respectively; a — charges spacing, m; cs;f;f -
dynamic tensile strength of granite, Pa.

Then [33]:
St = 45up0> (17)
where o}, is static tensile strength, o, , = 9.1 MPa,

oo =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 [, 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].
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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
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Tangential stresses oo, MPa

0 0.1 0.2 0.3 0.4 0.5
Blasthole spacing a, m
—— o0, —— 00y == Oy
Fig. 2. Individual and total tangential stresses when
blasting adjacent charges (a =0.47 m, g = 0.14 kg/m):
o, and o, are the amplitudes of the tangential component
of the stress wave from the first and second charges,
respectively, MPa; o¢; is total amplitude of the tangential
component of the stress wave from two charges, MPa;
Oy 1S Maximum permissible value of rupture stress, MPa

—— 0,
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Fig. 3. Individual and total tangential stresses when
blasting adjacent charges (a =0.58 m, g = 0.14 kg/m):
o, and o, are the amplitudes of the tangential component
of the stress wave from the first and second charges,
respectively, MPa; o¢; is total amplitude of the tangential
component of the stress wave from two charges, MPa;
O, 18 Maximum permissible value of rupture stress, MPa
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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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Blasthole spacing a, m
—— o0, —— 00y == OOy
Fig. 4. Individual and total tangential stresses when
blasting adjacent charges (a = 0.58 m, g = 0.16 kg/m):
o, and o, are the amplitudes of the tangential component
of the stress wave from the first and second charges,
respectively, MPa; o is total amplitude of the tangential
component of the stress wave from two charges, MPa;
Gy 1S Maximum permissible value of rupture stress, MPa

—— 00,
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0 0.1 0.2 0.3 0.4 0.5 0.6
10ry,

14r,

Distance from a charge center to the investigated point r, m

——(q,=0.14kg/m ——q,=0.16kg/m
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Fig. 5. Zone of induced fracturing at linear charge densities
q, =0.14 kg/m, g, = 0.16 kg/m: r;, is radius of fracturing, m;
Oy 1S Maximum permissible value of rupture stress, MP
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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
P, 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
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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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