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Abstract
Introduction. Theoretical and empirical research into rock blasting proved that detonation
wave propagation results in the development of destruction and pre-destruction zones around
the explosive cavity. In the destruction zone, rock crushes. In the pre-destruction zone, stresses
set up by the detonation wave are concentrated on rock mass structure defects, giving rise to
new micro defects and the development of the existing ones. Rock fracturing and cavitation
increase, lowering its strength properties, this is called rock pre-destruction. There are works
devoted to the qualitative analysis of rock in the pre-destruction zone, but the problem requires
elaboration to offer possibilities for practical application.
Research aims to quantify rock mass pre-destruction to use the parameters of rock blasting by
borehole charges under opencast mining in engineering calculations.
Methods of research. To assess the degree of rock mass pre-destruction at a distance from
the charge axis, a pre-destruction intensity coefficient is used. The destruction zone radius is
determined by a well-known method. In the destruction zone, the value of the pre-destruction
intensity coefficient is higher than one, i. e. there is discontinuity of the rock mass. Beyond
the destruction zone, there is a pre-destruction zone where the value of the pre-destruction
intensity coefficient is less than one. The pre-destruction zone boundary is at distances of
the order of 200-250 charge radii. The pre-destruction intensity coefficient of a particular
zone attained after all charges have been fired is determined by summing the pre-destruction
intensity coefficient from every charge. According to the energy approach, rock strength can
be assessed by the value of the specific drilling energy intensity. In order to determine the
reduction value of the specific drilling energy intensity in a particular zone, it is essential to
know the drilling specific energy capacity of this zone in the natural state, the pre-destruction
intensity coefficient attained after a large-scale blast of borehole charges, and specific drilling
energy intensity of completely disintegrated rock. The effect made by another borehole charge
explosion on the rock mass is weaker due to its pre-destruction by previous blasts. So we
propose the impact multiplicity coefficient that reflects the accumulation of pre-destruction in
a particular zone under the sequence blasting of borehole charges.
Results. The expected value of the specific drilling energy intensity has been calculated for
the individual arbitrarily spaced wells within the pre-destruction zone of a particular rock
mass zone. The calculation results were compared with the practical values measured during
blasting preparation in the preset rock mass zone.
Conclusions. The findings of this study have made it possible to quantify the impact of explosions
on rock mass pre-destruction. The developed technique makes it possible to predict the value
of drilling energy intensity in the pre-destruction zone and, as a result, establish the required
specific energy intensity of detonation and hence the consumption of explosives. Thus, it becomes
possible to reduce the consumption of explosives under the existing blasting scheme at the
enterprise and model other charge initiation types to select the least expensive one.

Keywords: rock; large-scale blasting; pre-destruction intensity coefficient; impact multiplicity
coefficient; specific drilling energy intensity; explosive consumption.

Introduction. There are a lot of works on the qualitative analysis of rock state in

the pre-destruction zone created as a result of the effect of the blast loads on the rock
mass [1-6]. However, the pre-destruction problem hasn’t been studied closely,
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and the results obtained are of little practical value. This work attempts to quantify rock
pre-destruction degree to use the parameters of rock blasting by borehole charges in the
conditions of opencast mining in engineering calculations.

The existing perception of the pre-destruction mechanism is as follows. The stresses
from the detonation waves concentrate on structural defects that are always abundant in
the rock mass (microcracks, pores, defects in mineral grains, etc.), giving rise to new
dispersed micro defects and the growth of the existing ones [7]. Rock fracturing and
cavitation increase, lowering its strength properties; this is called rock pre-destruction [8].
So, today pre-destruction means the process of micro defects appearance and development.

The pre-destruction is henceforth understood as the change in the relative strength of
the rock mass without visible discontinuity, associated only with impact from previous
blasts. Rock softening as a result of natural fracturing is not considered.

Methods of research. A quantitative measure is required to assess the degree of rock
mass pre-destruction. Regarding the effect, the blast has on rock, as quasi-brittle fracture
influenced by the stress wave, the following ratio can be written for the radial relative
deformation ¢ at a distance » from the charge axis [9]:

R

&(r)=¢ (—) 0]

7

where R is the charge radius, m; ¢ is a dimensionless coefficient reflecting the intensity

of explosive energy release and the degree of the energy transfer to the rock,
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where v is the initial density of the explosive, kg/m?; D is the detonation velocity, m/s;
K is the polytropic index of the detonation products; £ is Young’s modulus of the confining
material, Pa; v is the Poisson’s ratio of the confining material.

For all points of the rock mass within the destruction zone with radius »* confining
the charge, the following condition is fulfilled according to the maximum strain energy
theory:

€)=

where £* is the ultimate relative radial strain; o is the tensile strength of the confining
material, N/m?.
At the border of the indicated zone, the limit relation is fulfilled

R

s(r*)zso(—OJ =g*, )
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Taking (2) into account, relation (1) becomes

6(r)= g*(”—*f. 3)

r
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For rock beyond the destruction zone, i.e. if » > #*, then (r*/r)* can formally be
considered a measure characterizing strength properties reduction caused by the charge
detonation effect. Let us call it the pre-destruction intensity coefficient:

}z(_j

e(r)=e*K.

Then (3) becomes

In this interpretation, rock is regarded as destroyed if the pre-destruction intensity
coefficient reaches a value equal to one. This condition is fulfilled within the destruction
zone, i.e. under » < r*. Under K < 1, which is typical under r > r*, the effect made by
a blast is not enough for rock destruction. However, the stress wave, concentrating on
rock mass structural defects, gives rise to new and enlarges existing discontinuities, which
reduces rock strength properties. This effect subsides with distance from the charge center,
the pre-destruction intensity coefficient decreases converging to zero. Rock mass pre-
destruction can be neglected at distances of the order of (200-250) R [10].

So, the rock mass zone surrounding the charge we shall refer to as the pre-fracture
zone; for this zone the following condition is fulfilled:

P < r < (200-250)R,.

It should be clarified that the pre-destruction intensity coefficient is not an absolute
characteristic of rock mass strength properties. It only reflects the degree of rock strength
relative change in a particular zone of the rock mass. Rock strength properties in this zone
of the rock mass in the natural state are taken as a reference point, i.e. with no explosion
load on this area of the rock mass. This means that rock mass zones with completely
different strength properties can correspond to coefficient K = 0, provided that the rock
in these zones is in natural state, porosity, fracturing and other defects considered. Rock
destruction in this rock mass zone with discontinuity and fragmentation from the explosion
load corresponds to K =1

The radius of the destruction zone r* under borehole charges detonation can be

calculated using the procedure described in [11]. The following equation therefore should

be solved for 7

pa—
. dyn
(& +Czrrct _ Gtens

(—* )” ©0.545pC,”

Fref

where 7 is the reduced radius of the destruction zone under the reference explosive
detonation, m; p is the rock density, kg/m? Cp is the velocity of the longitudinal

wave in the rock mass, m/s; ¢, and c, are coefficients that depend on rock acoustic
impedance, ¢, =0.09+0.228-107pC,, ¢, =(0.07-0.224-107pC,)107%; o s
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dynamic tensile strength, kPa; o™ =K®'c" ; K is the dynamic coefficient,

tens tens ~ tens ? tens

Kion=4.81-0.97- IO_IPCPQ O\ is the static tensile strength, kPa.
The destruction zone radius for the explosive applied is

2
= Ry (LJ ,
Yref Qref

where y_, vy and Q ., O are the charge density and explosion heat of the reference and
applied explosive respectively, kg/m*and kJ/kg.

When doing calculations, it is necessary to take the PETN as a reference explosive,
for which y_.= 1500 kg/m’, Q .= 5860 kJ/kg.

Under a large-scale blast of a group of borehole charges, the pre-destruction intensity
coefficient of the rock mass zone in question as a result of a separate i-th charge detonation

1s as follows
* 2
— r
K=|—|,
j ( p } 4)

where r, is the distance between the i-th charge center and the selected zone of the rock
mass, m, i = 1,n, and n is the number of charges in the group.

The pre-destruction intensity coefficient of the indicated zone of the rock mass, attained
after the charges have been fired, is determined by summing the pre-destruction intensity
coefficient from every charge [9]:

n

K =YK, 5)

i=1

Let us consider a small area of the rock mass. Rock within this area is naturally
disturbed, considering fracturing, porosity and other defects. Let us estimate rock
strength by the specific drilling energy intensity according to the energy approach [12—-14].
Let the specific drilling energy intensity of rock in natural state be equal to e
and in this case the pre-destruction intensity coefficient, as indicated above, is equal to
zero: K "= 0. Completely destroyed rock in the considered rock mass zone corresponds
to the specific drilling energy intensity e* and coefficient K* = 1. Any intermediate
state of rock as a result of blast effect is characterized by a well-defined value of the

specific drilling energy intensity e, and some value of the pre-destruction intensity
coefficient K corresponds to it. Naturally, the following conditions are fulfilled:

—0 —F — )
e*<e<e; K <K <K*or0<K <1.
Assuming that the specific drilling energy intensity as a result of blast effect, is equal
to the relative change in the pre-destruction intensity coefficient, we get

Ae  AK
e —e* K'-K*
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where
Ae=¢e" — e;
AK =K -K .
After rearrangement we get
Aez(eo —e*)Ez. (6)

So, the specific drilling energy intensity of rock in the selected area, after the blast

impacted on it at an intensity corresponding to Ez , will be
e:eo—(eo—e*)fz. (7

> . .
Note that, upon reaching K =1, e = e¢*, which corresponds to complete destruction

of rock. On the contrary, at K Y=o (no impact), e = €°, which corresponds to the natural
state of rock.

To determine the value of the specific drilling energy intensity reduction Ae in a
particular rock mass zone, it is therefore necessary to know the specific drilling energy

intensity of this zone in its natural state €°, the pre-destruction intensity coefficient K :
resulting from the large-scale blast of borehole charges, and the specific drilling energy
intensity of completely destroyed rock e*.

A set of measurements and calculations was performed to check ratio (6).

A polymorphic rock mass, which is a conglomerate of rocks, such as argillite, siltstone,
tuffite, sandstones, etc., was studied by experiment. Fine-grained sandstone whose share
is 56% of total rock mass, was accepted as a rock mass-building rock for calculations.

Large-scale blasts of Emulast AS-30FP-90 charges in 250 mm diameter holes,
13+0,5 m deep were monitored, located on a 5 x 5 m grid on 1240,5 m high benches in the
rocks of medium blastability category. Sludge of natural moisture from drilling wells with
Atlas Copco DML LP 1200 rigs was used for stemming.

Within an open pit, we selected two adjacent, sequentially developed technological
blocks with a shared horizon and evaluated the impact made by the large-scale blasting of
block 1 charges grid on the rock mass zone directly adjacent to the exploded block (Figure 1).

Rock within the zone of well line no. 1 of control technological block 2 corresponds to
this area. Measurements and calculations were carried out for each well in the line by the
following procedure.

When preparing for blasting at the technological block, the drilling energy intensity
of a well in line 1 was measured, let it be the well p. The attained value corresponds to
the specific drilling energy intensity of rock weakened by the preceding explosion in the
adjacent block 1,1.e. e =e.

For the selected well, the value of the specific drilling energy intensity of the nearest
well g of technological block 1 measured before the explosion, was taken as the specific
drilling energy intensity of rock in natural state, i.e. e(0 ” =~ e(0 0= ¢’. This assumption is
valid because wells p and g are side by side.

The average value of specific energy intensity of drilling wells to a depth of 1.5-2 m
of all wells in technological block 2 was taken as the value of specific energy intensity
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of drilling destroyed rock e*, which corresponds to the upper part of the horizon, which
is actively destroyed by previous blasts in the subdrilling and by heavy equipment [13].

The value of the pre-destruction intensity coefficient K * attained due to the explosion
load, was calculated using specially designed software (Shishkin E. A., Leshchinskii A. V.,
Shevkun E. B. RF software registration certificate no. 2017617987. Detecting pre-
destruction near wells when carrying out large-scale blasts in quarries. Pacific National
University; 2017). This program is designed to calculate the rock pre-destruction intensity
coefficient by simulating a real explosion of a borehole charge grid considering the
location of charges on the surface of the technological block, the sequence of initiation,
the explosive type and characteristics of charging, the strength of rock building up the
rock mass, and the distance between the detonated charge and the rock mass zone under
consideration.

Technological block 1 Technological block 2
(exploded) (control)

Line no. 1

Figure 1. Scheme of adjacent technological blocks
Pucynok 1. Cxema cM@XHBIX TEXHOJOIMYECKUX OJIOKOB

The values of parameters in question for all wells in line 1 of technological block 2 were
obtained in the described way to be used in formula (6). Analysis revealed quantitative
and qualitative discrepancy between the values. The values of pre-destruction intensity
coefficient were found overestimated and exceeded one for some wells, which indicates
complete destruction of rock near these wells. However, the energy intensity measured
when drilling the wells was found much higher than the drilling energy intensity of the
destroyed rock.

The discrepancy appears to be explained by the fact that in the millisecond-delay
blasting, the sequence of impacts made by stress waves from individual charges on rock
should be considered. Defects number and size as well as rock mass cavitation grow
with each blast, which results in more intense attenuation of explosion waves [15, 16].
The effect made by another borehole charge explosion on the rock mass is therefore
weaker due to its pre-destruction by previous blasts.
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A correction coefficient seems indispensable which includes the accumulation of pre-
destruction in the preset zone under borehole charges sequence blasting. Let us denote
the coefficient a and call it impact multiplicity coefficient. In a millisecond-delay blasting
method we multiply the pre-destruction intensity coefficient calculated according to (4) by
the impact multiplicity coefficient. Then (4), (5), (6), and (7) become

K =Ka,;

K* = iK,.;
i=1

Aez(eo —e*)KE;

®)

ezeo—(eo—e*)Kz.

The impact multiplicity coefficient for the i-th charge blasting will be introduced as follows

i1 p o
o, =1 o, = (1—2]{&1) , i=2,n, )
1

where [ is an index that depends on the properties of rock building up the rock mass.

For i = 1, a, = 1 because rock is in its natural state before the first blast, the pre-
destruction intensity coefficient is zero, and, the effect from the first blast is therefore
transferred to rock without weakening.

It is necessary to point out that in formula (9) the numbering of wells i precisely
corresponds to the sequence of borehole charges blasting. The expression in parentheses
calculates rock softening by all preceding blasts.

To calculate the value of index [ for each well of the first line of technological block 2,
the equation was built according to (8):

Ae _x
L —ex
Or in an expanded form:
A
eo_ee*=K1+K2+...+Ki+...+Kn, (10)
where:
K =flocl, o, =1

K K("Z’ QQZ(I_K])B:
K, =K,,, [1 (K, +K,) ]

— T p
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We get one value of the index by solving equation (10) for the unknown 3. The value
of B for each well of line 1 of technological block 2 was calculated in a similar way. After
that the result was averaged over all wells in the line.

Similar calculations were done for some pairs of adjacent technological blocks within
the open pit.

Results. With the obtained value of index P, the expected value of specific drilling
energy intensity was calculated for particular wells arbitrarily located in the pre-destruction
zone of technological block 2. After that, calculation results were compared with practical
values measured during preparation of blasting at technological block 2. The value of
€’ of the nearest well of the first line was taken as ¢° for the indicated wells. Such an
assumption should not introduce a major error in the expressions because only 5 lines of
the technological block fall into the pre-destruction zone under the drilling and blasting
parameters in the coal mine.

Conclusions. The survey has made it possible to quantify the blasting effect on rock
pre-destruction. The developed method allows to predict the value of drilling energy
intensity in the pre-destruction zone and establish the necessary blasting specific energy
intensity, and, consequently, the consumption of explosives [12, 13]. So, it is possible
to reduce the consumption of explosives under the blasting scheme that exists at the
enterprise and model other ways of charge initiation to find the least expensive.

However, it is necessary to point out that the application of the method is complicated
by the fact that it is necessary to pre-determine the value of index [ for a particular mine
working.
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Ouemca BJ/IMSTHUSA B3PBIBOB Ha MPEAPA3PYLICHUE MaCCUBa FOpHOﬁ mopoabI

Iumkun E. A.!, Cmoasikos A. A.!
! THXOOKeaHCKHIi rOCYAapCTBEHHBIN YHUBepcuTeT, XabapoBck, Poccust.

Pegpepam

Beeoenue. Teopemuueckumu u SMAUPUYECKUMU UCCTEO0BAHUAMU NPOYECCA pA3PYULEHUS
20pHBIX NOPOO 63PbIGOM OOKA3AHO, YMO HOCILE PACNPOCMPAHEHUs OemMOHAYUOHHOU GONHb
B0KpY2 63DbIGHOLU NOIOCMU (DOPMUPYIOMCSL 30HbL paspyuleHus u npeopaspyuienus. B sone
paspyuwienus npoucxooum Opobrenue nopoovi. B 30ne npedpaspyuwieHus HANPINCEHUS,
6bI36AHHbIE  OCMOHAYUOHHOU BONHOU, KOHYEHMPUPYIOMCs: HA Oehekmax CcmpyKnmypbl
HOPOOHO020 MACCUBA, 4O NPUBOOUM K 3APONCOCHUIO HOBbIX U PAZGUMUIO CYUeCMEVIOUWUX
MuKpooeghexmos. Hapywennocms u nycmomnocms nopoovl 603pacmaem u, c1ed08ameibHo,
CHUDICAIOMCSL ee NPOYHOCHHbIE CEOUCMEA, YMO U XAPAKMEPU3Vemcs Kax npeopaspyuieHue
nopoovt. Cyugecmeyiom pabomol, NOCEAUEHHbLE KAYECNBEHHOMY AHAAU3ZY COCMOSHUS 20PHbIX
nopoo 6 30He npedpaspyuienus, OOHAKO mema mpebyem paszpabomku 0as NPAKMU4ecKo2o
npuUMeHenus.

Ilenv pabomel. Koruuecmeennas oyenka cmeneHu npeopaspyulenus nopoobl Maccusa s
UCTONL306AHUSL 8 UHIICEHEPHBIX PACYEmMax NAPaAMempos 63PbleHOl OMOOUKU 20PHbIX NOPOO
CKBANCUHHBIMU 3aPSOAMU NPU OMKPLIMOU pA3pAOOMKe MECTOPOICOCHUSL.

Memoodonozun. J{ns oyenku cmenenu npeopaspyulenHuss MAaccued 20pHol Nopoovl Ha
PAccmoanuy om ocu 3apaoda UCHOIb3YEnCs KOIDOUYUeHm UHMEHCUSHOCIU NPeOPaA3PYULeHUS.
Paouyc 30mbl paspyuwienusi onpedensiemcss no u38ecmuol memoouxe. B 3one paspywenus
3HaueHue KoOIpduyuenma uUHMEHCUBHOCMU NpeopaspyuleHusi 0onble eOuHUuYvl, m. e.
umeem Mecmo nomepsi CNIOWHOCIMU MAcCCu8d. 3a 30HOU paspyuwleHuss pacnoiodicena 30Hd
npeopaspyulenus, 6 KOmopou 3HayeHue Kod3Q uyueHma uHmMeHCUSHOCMU NPeopaspyuleHusl
Menbule eOuHuybl. I panuya 30HbI NPEOPAPYUICHUS PACHONONCEHA HA  PACCHOSHUU
npumepro 200-250 paouycos szapsada. Kosgduyuenm unmencusHocmu npeopaspyuieHus
3A0AHHOU 06IACTNU MACCUBA, OOCMUSHYMBLU NOCE 83PbIBAHUS BCEX 3apsA008, ONPedesiemcs
CYMMUpOBAHUEeM KOIPDuUYUenmos uHMeHCUBHOCU NpeOpaspyUleHUus Om Kaxico020 U3
3aps006. B coomeemcmeuu ¢ dHep2emuueckum nooX000M NPOYHOCHHbIE CE0UCEA 20PHOU
HOPOObL MOJCHO OYEHUMb 8EIUYUHOL YOCIbHOU IHep2oeMKocmu ee Oypenust. /s onpedenenus
BENUYUHBL CHUIICEHUsSL YOENbHOU IHepeoeMKocmu OypeHnus nopoovl 6 3adannou obracmu
Maccusa neobxooumo 3Hams YOenbHyl0 IHEPLOEMKOCMb OypeHus 3moil obnacmu Maccued 6
ecmecmeenHoM COCMOSTHUU, KOOPDUYUEHM UHMEHCUSHOCIU NPEOPA3PYUIEeHUSL, OOCTNUSHYMbLLL
8 Pe3yIbMame Macco8020 63pPbled CKEANCUHHBIX 3APSLO08, d MAKI’CE YOCTbHYIO IHEP2OEMKOCHLb
Oypenust nOIHOCMbIO PA3PYUWEHHOU NOPOObl. BiusiHue ouepeoHoco 63pbléa CKEANCUHHO2O0
3aps0a Ha NOpPooy MACCU8A OKA3bIBAEMC sl OCIAOLEHHbIM 6 pe3yTbmame ee npeopaspyuieHus
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npeowtecmeyowumu  @3pvleamu. Iloomomy npedrodcen  xkodghpuyuenm  kpamuocmu
6030elicmeusi, YHUmMbleaOWull HAKonieHue npeopaspyueHull 6 3a0aHHol 001acmu Maccusa
npu nOCe008aAMENbHOM E3PbIBAHUU CKBAICUHHBIX 3AP008.

Pezynomamut. Boinonnen pacuem o0dicudaeMou Genuduibl YOenbHOU IHeP2oeMKocmu Oypenus
OMOENLHBIX CKBAIICUH, NPOU3BOTLHO PACNOLONCEHHBIX 8 ZPAHULAX 30HbL BPEOPA3PYULEeHUsL 3A0AHHOL
obnacmu maccusa. Ilocie 3moeo pesyrvmamvl pacuema CPAGHUBAIUCH C NPAKMULECKUMU
BHAYEHUSIMU, USMEPEHHBIMU NPU NOO20MOBKE G3PbIGHLIX PAOOM 6 3A0AHHOL 00IACU MACCUBA.
Bu1600w1. [lonyuena 603moCHOCHIb KOTUMECMBEHHOU OYEHKU GIUSHUS 83DbIB08 HA NPEOPA3pYUEeHUe
maccusa 2opHou nopoovl. Paspabomannas memoouxa nosgonsiem CnpoSHO3UPOSAmb GeIUYUHY
9HepeoeMKocmu OypeHust nopoobl 8 30He NPeOPA3PYUWIEHUsl U UCXOO0S. U3 IMO20 YCMAHOGUMb
HeoOX00UMYI0 YOebHYI0 IHEPLOEMKOCTb €€ 83Pbl6AHUS, d CIE00BAMENLHO U PACXO0 E3PbLEUATNO20
sewecmea. Takum 006pazom, NOAGIAEMCS B03MONCHOCHb YMEHbUEHUS PACX00d 63Pbleuamozo
seujecmea npu Cyuecmsyioweli Ha npeonpusimuu cxeme 63pbleanusi, d MaKdice 603IMOICHOCHIL
MOOeUposanusi Opy2ux 6apuanmos UHUYUUPOBAHUS 3aps008 C Yelvblo 6blOopa HauMeHee
3amMpamuozo.

Knrouesvie cnosa: zopnas nopoda;, Maccogviili 63pule;  KOIPDuUYUeHm UHMEHCUBHOCHU
npeopaspyuieHus; Kosghguyuenm KpamHocmu 030€icmeus,; YOenbHds FHEPLOEMKOCIb OYDeHUs,
Pacxo0 83pbleuanoo gewecmaa.
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