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Abstract: Involvement of deep deposits in mining predetermined the trend of development of open pit mining
towards increasing the depth of open pits. The main limitation imposed on drilling and blasting in the near-contour
zone of an open pit is the need to protect the pit walls and engineering structures on the walls from seismic effects
of huge blasts. As practice shows, the most effective and proven method of protecting pit walls is the use of blasting
by presplitting method, creation of a shielding gap and a shielding layer of blasted rock mass, i.e. pre-splitting of
the pit walls, preceding the huge blast. Therefore, the study of stress-strain state of the near-contour rock mass,
determination of the parameters of blastholes for edge pre-splitting (preliminary shielding gap formation) in open
pits is an urgent task. The analysis of the pit wall design and stress-strain state of rock mass at Kokpatas deposit
exploited by Navoi Mining and Metallurgical Combine allowed to determine the model, as well as the method for
calculating stress-strain state of the rock mass. When assessing stability of the pit walls, an approach known as the
displacement method was used. Applying the boundary integral equations method allowed to develop an algorithm
for calculating stresses in the rock mass for the conditions of Kokpatas deposit. A technique has been developed
for experimental studies of blasting contour blasthole charges (blasting by pre-splitting method) using models,
allowing to study fracturing on volumetric models and wave interaction by the method of high-speed video record-
ing of the blasting process in transparent models, as well as to determine the parameters of stress waves during
blasting in samples of real rocks. A method for formation of stable pit wall slopes, an excavator method for bench
pre-splitting on ultimate envelope (contour) of a pit, and a method for initiating blasthole charges in the near-
contour zone of a pit have been developed and implemented in the industry.
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AnHoTanusi: BosneueHne B pa3paboTKy INTyOOKO3aJNEralouIux MECTOPOXKICHUH MPEeaoIpeaeyio TeHACHLUIO
Pa3BUTHS OTKPBITOTO crioco0a J0OBIYM B HANPABICHHN YBEIUYEHHsI TITYOHHBI KapbepoB. OCHOBHBIM OTpaHUYe-
HHUEM, HaJlaraeMbIM Ha BeJleHHe OypoB3pbIBHBIX padoT (bBP) B nmpukoHTYypHOH 30HE Kapbepa, ABIseTCs He00X0-
JUMOCTb peoXpaHeHus OOPTOB Kaphepa U MHXEHEPHBIX COOPYKEHHH Ha OOpTax OT ceHCMUYeCKOro BO3ACH-
CTBHS MacCOBBIX B3pbIBOB. Kak Mmoka3pIBaeT MpakTrka, Hanoosee 3QEeKTHBHBIM U OMPOOOBAHHBIM METOIOM 3a-
HIUTHI OOPTOB Kapbepa sBISIETCS] IPUMEHEHHE KOHTYPHOTO B3pBIBaHUS, CO3/IaHUE dKPAHUPYIOIIEH IIeNn U dKpa-
HUPYIOLIETO CJIOSI B30PBaHHON FOPHOM Macchl, T.€. MPOBeIeHHE 3a0TKOCKH OOPTOB Kapbepa, MpeaIeCTBYIOImEeH
MaccoBOMY B3pbIBY. [loaToMy HccieoBaHUs HAPSHKEHHO-IE()OPMUPOBAHHOTO COCTOSIHUSI TIOPOJI MIPHKOHTYP-
HOT'O MAacCHBa, OIIPE/IeNICHHE MapaMeTPOB B3PHIBHBIX CKBKWH TPH TIPEIBAPUTEILHOM IIeiie00pa3oBaHUH Ha Ka-
pbepax sBIAeTCs akTyalbHOU 3afaueil. [[poBeneHHbIN aHaIM3 KOHCTPYKLUMH OOPTOB U HANIPSKEHHO-AeOPMUPO-
BaHHOT'O COCTOSHUS Mopoa MectopoxaeHusi Koknarac HaBoniickoro ropHo-MeTasypru4eckoro KOMOMHaTa mo3-
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BOJIMJI OTIPEICTTUTh MOJIEITh, & TAKXKE METOJ pacdyeTa HanpsHKEHHO-ISQOPMUPOBAHHOTO COCTOSIHHSI MacCHUBa rop-
HBIX opoz. Ilpu oreHKe yCTOWYMBOCTH GOPTOB Kaphepa MCIOIB30BaH MOIX0J], U3BECTHBIA KaK METOJ IepeMe-
mieHuii. VMcrnonp30BaHUEe METO/Ia TPAHUYHBIX UHTETPAIbHBIX YPAaBHCHHI IMO3BOJIMIIO pa3paboTaTh ajropuTM pac-
YyeTa HaNpsDKEHU B MacCUBe JIIs yCioBHi MecTopoxaeHus Kokmnarac. Paspabotana MeTonyka mpoBeACHHS SKC-
MEepPUMEHTANBHBIX UCCIIEOBAHUI B3PHIBOB KOHTYPHBIX CKBXUHHBIX 3apsAI0B HA MOJIEINAX, IIO3BOJISIONIAS UCCIIe-
JOBaTh TPEMIMHOOOpa30BaHNe Ha 00BEMHBIX MOJIEINISX ¥ BOJIHOBOE B3aUMO/ICHCTBIE METOAOM BBICOKOCKOPOCTHO
BHJICOPETUCTPAIIMH TIPOLIECCa B3PhIBa B MPO3PAYHBIX MOJECIAX, a4 TAKXKE OMPEICIUTh TapaMeTphbl BOJIH HaNpsKe-
HUH MPU B3pbIBE B 00pa3iiax peabHBbIX TOPHBIX NOpoj. Pa3paboTaHbl U BHEAPEHBI B IPOMBIILICHHOCTh CIIOCO0
(hopMHpOBaHUS YCTOMYMBBIX OTKOCOB OOPTOB Kapbepa, IKCKaBATOPHBINA CIIOCOO 3a0TKOCKHM YCTYITOB Ha MPEIETh-
HOM KOHTYpE Kapbepa M CIoCOo0 WHUITMMPOBAHMS CKBAKMHHBIX 3aps0B B3PHIBYATHIX BEIICCTB B MIPUKOHTYPHOM
30HE Kapbepa.

KuioueBsble ¢j10Ba: B3pBIBHBIE paOOTHI, YCTOMYUBOCTH OOPTOB Kaphepa, KOHTYp Kapbepa, 3a0TKOCKa YCTYIIOB Ka-
pBepa, KOHTYpHOE B3pBIBaHHE, 30HA OCTATOYHBIX Aedopmannii, MeToanka pacueTa 3h()EeKTHBHBIX apaMeTpoB,
CKBa)XMHHBIE 3apsi/bl, B3phIBUATHIC BEIIECTBA
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Introduction

Involvement of deep deposits in mining pre-
determined the trend of development of open pit
mining towards increasing the depth of open pits.
As known, in deep open pits, extraction of minerals
is carried out in difficult mining and geological con-
ditions, when it is necessary to reliably ensure the
stability of pit walls and their components.

In the course of blasting, as a result of dis-
turbance of the rock mass outside the pit contour,
rock mass weakening occurs due to changes in
fracturing, the appearance of residual defor-
mations, and decreasing rock strength at the con-
tacts of structural blocks. The main limitation im-
posed on drilling and blasting in the near-contour
zone of an open pit is the need to protect the pit
walls and engineering structures on the walls from
seismic effects of huge blasts. As practice shows,
the most effective and proven method of protect-
ing pit walls is the use of blasting by presplitting
method, creation of a shielding gap and a shield-
ing layer of blasted rock mass, i.e. pre-splitting of
the pit walls, preceding the huge blast.

To date, significant progress has been
achieved in the field of application of blasting by
pre-splitting method for pre-splitting benches in
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open pits. However, a number of key issues on pre-
dictive assessment and selection of rational method
for bench pre-splitting, as well as improving the pa-
rameters of blasthole charges in the course of blast-
ing by pre-splitting method have not been resolved.
At the same time, it is necessary to continue re-
search of the stress-strain state of the near-contour
rock mass, improve blasthole parameters in the
course of edge pre-splitting (preliminary shielding
gap formation) in open pits, and develop a method
of experimental assessing the blasting by presplit-
ting method when shaping slopes.

Deposits of the Kyzyl Kum region are char-
acterized by complicated structure of ore bodies,
high variability of the useful components grades,
steep dip angles, and uneven thickness of the ore
bodies [1-3]. Such variability significantly af-
fects the efficiency of mining, significantly com-
plicating selection of technological parameters of
drilling and blasting operations.

In the conditions of the Kyzyl Kum region,
the formation of open pit walls with slope angles
up to 70° is possible only if their parameters are
determined by structural elements only, and not
by the rock mass stability. The change in the de-
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sign parameters of the pit wall slope angles is car-
ried out by doubling, tripling the bench height
with slope angles of 80-90° and the width of
berms of 10-15 m [4-8].

As a result of the research, a model and
method for calculating the stress-strain state of
rock mass for the conditions of Kokpatas deposit
exploited by Navoi Mining and Metallurgical
Combine have been developed.

Models and algorithms for assessing sta-
bility of open pit walls

When assessing stability of the pit walls, an
approach known as the displacement method was
used. The method is equivalent to minimizing the
total potential energy of a pit wall, expressed
through the displacement field; it led to the fol-
lowing sequence when performing calculations to
determine the stress-strain state and assess the sta-
bility of benches using the finite element method:

— partition of the pit wall section into finite
elements and assigning nodes in which displace-
ments are determined;

— determination of the relationship between ef-
forts and displacements in the nodes of the element;

— comparison of the system of algebraic
equilibrium equations;

— solution of the system of equations;

— determination of displacements and com-
ponents of the stress-strain state of the pit wall and
assessment of its stability.

It is believed that the most convenient
method for calculating the stress field for areas
with a complicated contour is the method of inte-
gral equations, which includes solution of the sys-
tem of Fredholm integral equations. The method
positive features include:

— decreasing the problem dimension;

— discretizing only the S area boundaries, in
contrast to the finite element method.

Let us consider the method of boundary in-
tegral equations and the algorithm for calculating
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stresses in rock mass for the conditions of Kok-
patas deposit. In the method of boundary integral
equations, a space (half-space) is considered, in
which the contour boundary is divided discretely
into a finite number of sections. Fig. 1 shows
loading diagram, and Fig. 2, the design skeleton
diagram presenting the determined boundary con-
ditions and volume forces.

The load intensity at each given section is
constant. The stresses within the S area can be rep-
resented as

5iJ'(t) = J.Rij,l (t’T)PIdS'

(I,j=x,p); teS;tedS (1)

where ki (t,7) is the fundamental solution for the
action of a concentrated force on a homogeneous and
isotropic half-plane; P — fictitious components of
surface forces along &S in the I-th direction; t — inte-
rior points of S area; t — boundary points &S.

When solving the elasticity problem, the con-
ditions at the boundary are determined as follows:

[ky(@1)R -0, (@)dS(r) =P (Q); Qreds, (2)

where n; is the cone of the angle between the nor-
mal to the boundary section and the coordinate

axes; o (Q) — specified loads on 6S.
Stresses in the S area, caused by the action

of forces concentrated on the contour S in the in-
finite half-plane, can be represented in the form

_pin (b +b,r7)+ pir, (b +byr?)

K, -P°= ;
xx,| | 47"_4
s (b 2 p 2) s ( 2 p 2)
«.ps = Pndbsry b0 )+ pyr, byr, +b,r, 3)
i 4nr? ’
« pS__ M (blrx2 +b2ry2)+ pirx(bzrx2 + blryz)
xy | | 4 4 ’
r
where p;,p, —are the components of fictitious

loads within the area S; ry, r,, are the x-, y-compo-
nents of the radius of vector drawn from the point
in &S to the point in S:
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Fig. 1. Loading diagram for the wall design and calculation of stresses in the rock mass of Kokpatas open pit:
Ny, N2, ..., Nj are the normals to the boundary of area 8S; Sy, So, ..., Si is the length of the boundary section &S;
Puut, Pen2, ..., Pssi are external loads from dumps and equipment applied along the length L; at a distance La, from the bench

edge; Fyi, Fyo, ..., Fyi are components of the gravity force in the i-th point of the S area.

b, = 3+L; b,=2- 1 b, =1+ 3v | Then,_based on fo.rmula (5), equation (2) as-
1—v 1-v 1-v sumes the final form of:
Whel’ev—ls POISSOHS r-atIO. - PiS/Z—i-Ikijl(Q,’C)PI nJ(Q)dS(’C)ZG?(Q),
At T — Q expression (2) has a feature, which F S
can be distinguished using the approach consisting i =X,y (6)

in considering a new contour bypassing the bound-

ary point, where T = Q. In this case For numerical implementation of the

method, the boundary of the area oS is divided

Ikm (Q,t)R -n;(Q)dS(x)= into N segments of arbitrary length 8Si. Then, at
® the midpoints of each segment 8Si we determine

. the resulting boundary values

= lim ki (€,7)P -n. (Q)dS(t) |+ )
aAiSE’OHaSIAaSU( i st )J Pi = _[ pds; P; = I pyds; P = _[ p,°dS;
AS; AS; AS;
{jkijl, (Q,7)P -nj(Q)dS(t)ﬂ. 4 P® = j p*ds, @)
os AS;

where 4S; — are the components of fictitious loads

on the boundary of the area oS.

Ialgg _[ ki (2, DR -n;(©)dS(1) - P /2, PyS /2. (5) Using the numerical trapezoidal method for
e evaluation of integral and formula (7), we can nu-

merically approximate expression (6):

It was shown in [9] that

i 3 2 3 s, ]
PS/Z 4 N (blrxijnxi +b2rxij ryijnxi +blrxijryijnyi +b2ryijnyi ) ij + AS r2 r2 -2 . Pas. (8)
xi _]7/( “)Z 2 3 3 ) S i\l T i) =Fas
};1 _+(b3rxij ryijnxi - bzryij r"xi + bzrxijnyi + blrxij ryijnyi ) : I:)yj |
B 2 3 2 3 s, ]
N ( r..r..n.+br..n.+br..r..n.—br..n.)P.+
S Xij yij" xi 27 yij xi 3 Xijyij yi 2°xij yi Xj 2 2 -2 DS
Py /2—]7/(47t)z b 2 3 b.r2 S AS; (rxij + ryij) =Pk ©)
}j _+( 2rxijnxi + blrxij r-yij nxi + blryijrlyi + 2rxij r-yijnyi ) ’ I:)yj N
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Initial data for the calculation and the formed boundary conditions

y

N — number of wall benches;
Hyi — height of the i-th bench, m;
Byi — width of the i-th berm, m

v
(o " , -
Y| —=+B, |+k,-H -{ZHW +2H } -
tg U’j - - 1 ’ o 2
N, = Integer ] /A
N i
_Z {B.w : ZH,W'J
L1 1
v
N. — number of points within the area
v
H — wall height, m;
A — distance between points, m;
Xi, i — boundary point coordinates;
ky — factor of the distance from the wall edge
n, =cos(n,X); n,=cos(n,,Y)
v
Nxi, Nyi — projections of normal to the boundary i-th point
-

ai— angle of i-th slope, degrees; p, — rock density, N/m3;
Si — length of i-th boundary section;
n; — amount of external load on i-th bench;

L . —distance of applying j-th load on i-th bench from the

ub, i

bench edge, m

At static load P, =0;

n, =cos(n,X); n,=cos(n,,Y)

| ¢
v*

Pyi, Py — external forces applied in the boundary i-th point

v

P —j-th specific load at i-th bench, N/m?;

YA

u — Poisson's ratio; E — elastic modulus, N/m?; a,8 — parameters of in-
herited creep;
Xii, Yii — coordinates of inner points of the area;
Xvi, Yvi — coordinates of volume forces in i-th point of the area;
Kt — number of time intervals of creep

S
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F, =p(g +a,); F, :p(g}%a}.)

Fxi, Fyi — projections of volume forces in i-th point of the area

!

C —rock adhesion coefficient, N/m?;
¢ — rock angle of repose (angle of internal friction), de-
grees; op, Gex — Ultimate compressive strength and ulti-
mate tensile strength, N/m?

v
N, =Integer{[ k, - H (L, -n_,) ]/ A} +9-N +

+Integer{Z[ %L,,,J }+10 Zn!

N: — number of boundary points

Y

dx Oy — gravity acceleration components, m/c?;
components of acceleration of quasi-static seis-

ax, 8y —
mic or hydrodynamic force, m/c?
I/mj = AZ
v
Vmi — area of inner zone (area), in the center of which the volume force is applied

-y

Fig. 2. Block diagram for calculating the pit wall design parameters
and stresses in rock mass at Kokpatas open pit

After calculating the fictitious loads PS " P (=1, N) the stress components in the area S are found

from the following formulas:

N —

Gxi = _1/(475);[ Xj xu (bl Xij +b2ryu )+ Py? yij (bs xij bzry.j ):| ( xij T ry,j) 2; (10)
N —

i = _1/(47[)Z|:P’; ryij( I’X'J +bZrYIJ )+ Py? Xij ( 21 xij bl yij )] (rxu + rylj) 2' (11)

=
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Using expressions (10) and (11), it is possi-
ble to determine the stresses at all points of the
rock mass, which is especially important when
studying the areas of its weakening.

In the study of the stress state of the near-
wall rock mass and its deformation, this area is
modeled by a half-plane, along the boundary of
which loads act, and inside the half-plane has
block structure.

At the first stage, the area boundary is di-
vided into sections, the number of which depends
on the boundary configuration (completeness of
information content) and the number of points
where the external load is applied to the contour.
The sections into which the boundary is divided
can be condensed and have an arbitrary length.

To construct isolines of stress components,
the internal area is divided by a coordinate grid
related to the coordinate system in which the area
boundary is described.

After formalization of the area boundary
and its internal part in the presence of external
forces at the area boundaries, they are also de-
scribed in the form of distributed or point load in
an analytical form.

Then, based on expressions (8) and (9), the
boundary integral equations are formed in the
form of matrices

8y 8y By,

| BBy by,
Cppe-Cppyy

Cy.-Cpd,...d

ndoad

The right-hand sides of equations (8) and (9)
represent the boundary conditions on the segments
0Si. In accordance with [10], to take into account the
gravitational field and the loads arising inside the
rock mass (for example, blasting or seismic action),
the right-hand side of the equations is supplemented
with integrals describing these actions. Then
expression (6) will assume the form of:

(12)

R*12+ [k, (@ 0)R -0, (Q)dS(r)=
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=of(Q)+ [ K, (t)-R(t)dv, i=xy, (13)

where K;(t,t) is the Green's function; Pi(t) —are

efforts arising at the i-th point of the area S.

To solve the resulting system of linear equa-
tions, iteration according to the method of Gauss
or Seidel [11] is used.

After calculating, using expressions (10)—(12)
the components of the stress tensor o, 6, and T,
the principal stresses are determined using the
known expressions:

Glz(cx+cy)/2+\/(cx—cy)2/4+rxy;

o, =(Gx+6y)/2—\/(ﬁx—Gy)2/4+’rxy;

Toax = (04 _62)/2- (14)

Justification of process operational dia-
grams and parameters of blasting operations
in an open pit

Analysis of the data on deformation of
rocks outside the rock mass contour in the course
of applying huge (single) blasts allowed conclud-
ing that, when approaching the ultimate pit enve-
lope (contour), it is necessary to change the drill-
ing-and-blasting process [12—15]. One of the cri-
teria for determining the amount of simultane-
ously blasted explosives was the value of the seis-
mic hazard measure, at which residual defor-
mations of the rocks composing the pit benches
and walls were practically excluded.

It is recommended to calculate the amount
of simultaneously blasted explosives taking into
account K., factor, numerical values of which de-
pend on the criterion involving type of displace-
ment, location of the protected object, type of
rocks, and type of fracturing (Table 1).

The amount of simultaneously blasted explo-
sives during the approach of blasting to the ultimate
envelope (contour) of the open pit is recommended
to be determined by the following formula:

Q= (r6/Kc)3, KT, (15)

where 15 is safe distance for the contour benches
from the blasting location to the protected object,
m; K. is the averaged value of the factor.
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Table 1

K. factor values for different conditions

Location of the protected object Average edge size of an ele- Ke
mentary block, m

Upto0.1 8.7

0.1-0.3 6.2

At the level of blasted bench 0.3-0.6 3.76
0.6-2.0 3.02

2.0 2.8

Upto 0.1 8.22

0.1-0.3 5.87

At the level above the blasted bench 0.3-0.6 3.56
0.6-2.0 2.85

2.0 2.65

Upto 0.1 7.89

0.1-0.3 5.61

Two levels above the blasted bench 0.3-0.6 3.42
0.6-2.0 2.74

2.0 2.54

The regularities of changing the residual de-
formation zone depending on the amount of simul-
taneously blasted explosives are shown in Fig. 3.

Thus, the data from Table 1 allow to deter-
mine the acceptable amount of simultaneously
blasted explosives depending on the rock mass
structure and the schematic of non-working
benches arrangement in the ultimate contour of
the pit wall.

Based on the need to ensure minimizing the
zone of severe deformation, the optimal specific
consumption and the amount of explosives per 1
m of the work front were determined. Based on
the established optimal explosive consumption,
allowing preventing peripheral (outside the pit
contour) rock mass deformation, the width of the
near-contour zone Ry; was determined, which is
the distance from the upper edge of the working
bench to the points towards the stationary wall:

R=A-(w+(n—1)b)¥ v, (16)

where A is an empirical coefficient (A = 11.5-18.0);
w is the width of the mined belt depending on the
line of resistance along the bottom, m; n is the num-
ber of rows of blastholes, pcs; b is the distance be-
tween the blasthole rows, m.

Expression (16) allows, at a specified dis-
tance from the blast location to the ultimate pit
wall contour, to determine the dimensions of the
blasted block along the work face (Fig. 4).

MINERAL RESOURCES EXPLOITATION

Thus, solutions have been recommended to
reduce the width of the residual deformation
zone, the parameters of the contouring charges
were established to create the shielding gap with
an increased protective ability, and the parame-
ters of blasting in the near-contour zone were se-
lected to ensure the creation of the shielding gap
with increased protective capacity and corre-
sponding limitation of stresses in the incident
compression wave.

A technique has been developed for calcu-
lating the effective parameters of drilling-and-
blasting in the course of blasting by presplitting
method taking into account the physical-mechan-
ical and mining-technological properties of the
rock mass [16-18].

It is recommended to determine the presplit-
ting blasthole charge diameter using the formula:

(90C2)7/12
d3 = 0,55 mdc, MM, (17)
where p, is the rock density, ka/m?; ¢ is velocity of
longitudinal (P) wave in the rock, m/s; pg, — is den-
sity of the explosive, kg/m?; D is the explosive deto-
nation velocity, m/s; c__ — is ultimate compressive
strength, Pa; d. is the blasthole diameter, mm.

The change in the diameter of the presplit-
ting blasthole depending on the explosive charge
density, the rock density, the rock ultimate com-
pressive strength, the longitudinal wave velocity
in the blasted rock, and the commercial explosive
detonation velocity was established (Fig. 5).
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Fig. 5. Dependences of the presplitting blasthole charge diameterd; on the explosive density pss (),
ultimate compressive strength of rocks eex (b), longitudinal wave velocity ¢ (c),
and detonation velocity of explosive D (d) in different rocks:
0 — soft rocks; o — medium hardness rocks; A — hard rocks
Linear mass of the presplitting blasthole The change in the presplitting blasthole
charge is recommended to determine by the fol- charge linear mass depending on the blasted rock
lowing formula: density, the longitudinal wave velocity in the
. . . .
p=38-10"5 (poc?)” 12, (18) blaste_d rock, the explgswe density an_d detonation
’ (pBB)Y/3D*/3 (012 '€ velocity, the rock ultimate compressive strength,

where r is the blasthole radius, mm. and the presplitting blasthole radius in different
rocks was established (Fig. 6).

MINERAL RESOURCES EXPLOITATION




ISSN 2500-0632 (ON-LINE)

I Q MINING SCIENCE MISIS
AND TECHNOLOGY (RUSSIA)  2020;5(3):235-252 e Rl
GORNYE NAUKI | TEKHNOLOGII Sierce sdTecvolgy
It is recommended to determine the distance the blasted rock, the rock ultimate compressive
between the presplitting blastholes for edge pre- strength and tensile strenght, and the presplitting
splitting by the following formula: blasthole radius in different rocks (Fig. 7).
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Based on the result of studying various
techniques for forming slopes in the ultimate pit
walls, it has been established that the best results
are achieved when applying edge pre-splitting.

Studies of the mechanism of the peripheral
(beyond pit envelope) rock mass when blasting
the charge, a part of which is filled with inert ma-
terial, demonstrated that the blast causes asym-
metric fragmentation of the rock mass that de-
creased the blast impact towards the protected
rock mass due to energy absorption when using
the inert material.

Experimental research

Based on the result of the theoretical stud-
ies, a method for experimental studies of presplit-
ting blasthole charge blasting was developed. La-
boratory studies were carried out in the scientific
laboratory of the Navoi State Mining Institute.

MINERAL RESOURCES EXPLOITATION

The experimental studies of the stress wave
action in transparent bodies were carried out us-
ing the Olympus i-SPEED 2 high-speed video
camera and further in rocks by oscillography
method using the Rohde & Schwarz RTO1004
digital oscilloscope.

The research also used ZETLAB ZET 048-C
seismic station. High-speed video recording al-
lowed to simultaneously record the propagation of
waves and fractures in the zone of plastic and elastic
deformations without limiting the pressure ampli-
tude in the wave. The wave propagation speed and
pulse duration were also recorded.

Instrumental measurements using SV-10Ts
sensors and the oscilloscope allowed determining
the proportion of energy that is spent for rock rup-
ture. The nature of fracturing, i.e. the presence of
cutter breaks (wedges) going into the rock mass
or towards the free surface was determined by lin-
ear measurements.
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The methodology provided for three lines of
conducting experiments on models:

— research of fracturing on volumetric models;

— study of wave interaction by the method
of high-speed video recording of the blast process
in transparent models;

— determination of the parameters of stress
waves during the blast in samples of real rocks.

The study of fracturing was carried out on
volumetric models made of marble and sandstone.
The charge was placed into holes drilled in the rock.
The distance between the charges was modeled tak-
ing into account the geometric similarity.

The distance between the charges was
changed until the optimum one for a given diam-
eter of charges and a given rock was determined.
As the criteria for assessing the optimal distance,
the quality of the gap formed, the degree of frag-
mentation of the tested samples, and the presence
of cutter breaks (flaws) were taken.

The wave interaction was studied using the
data of video filming with the Olympus i-SPEED 2
high-speed camera, which allowed synchronizing
the studied process beginning with the record start.

As a first approximation, it was assumed that
the model and the rock mass behave like elastic
bodies until the moment of rupture/fragmentation.

The filming was carried out at frequency of
2000 frames per second. The process of rock frag-
mentation, depending on the medium acoustic
stiffness, was largely determined by the parame-
ters of the incident and reflected stress waves. To
measure the parameters of the interacting charges
stress waves in the models, SV-10Ts sensors with
recording in Rohde & Schwarz RTO1004 digital
storage oscillograph were used.

In the course of interpretation of the oscil-
lograms, nameplate data of the sensors were used.

When modeling, it was required to deter-
mine the optimal distances between the charges,
allowing obtaining high-quality gap with mini-
mum fragmentation of the tested samples. The

MINERAL RESOURCES EXPLOITATION

smallest possible charge diameter in the models
was 2.0-2.5 mm.

To reduce the degree of the sample disintegra-
tion, decked charges were modeled. With the use of
glass tubes, the charge was distributed along the en-
tire depth of the hole into four parts with three air
gaps. The distance between the blastholes varied
from 6.5 to 35 diameters of the charge.

Thus, the technique has been developed for
experimental studies of blasting contour blasthole
charges (blasting by pre-splitting method) using
models, allowing to study fracturing on volumet-
ric models and wave interaction by the method of
high-speed video recording of the blasting pro-
cess in transparent models, as well as to deter-
mine the parameters of stress waves during blast-
ing in samples of real rocks.

Based on the result of the conducted research,
the method of bench pre-splitting in near-contour
zone of an open pit has been developed, which pro-
vides decreasing the rock mass disturbances (frac-
turing and fragmentation), as well as minimizes for-
mation of talus and sliding (Fig. 8). According to
this method, when mining approaches the ultimate
pit contour (envelope) 1, the 10-m high benches 2
shall be doubled. On the upper bench, at a distance
of 1 m from the design contour of the open pit, a
number of inclined blastholes 3 of 190 mm in diam-
eter shall be drilled by Driltex-D25KS or URB-2A-
2B drilling rig with sub-drilling of 2 m. The pre-
splitting inclined blasthole spacing in a row is 2 m.

In the lower bench, three rows of vertical
blastholes 250 mm in diameter shall be drilled by
4 drilling rigs SBSh-250MN at 5x5 m grid with
sub-drilling of 1 m. At the distance of 3 m from
the third row of vertical blastholes, one more row
of additional barrier presplitting blastholes 5 with
diameter of 190 mm shall be drilled up to the pit
design contour using Driltex-D25KS or URB-2A-
2B drilling rigs. The vertical barrier presplitting
blasthole spacing in the row is 2 m.
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Fig. 8. Schematic of bench pre-splitting in pit near-contour zone:
1 — the pit ultimate contour; 2 — pit working bench; 3 - presplitting inclined blasthole;
4 — vertical break hole; 5 — vertical barrier presplitting blasthole

Charges in the presplitting blastholes at the
upper bench and in the vertical barrier presplitting
blastholes at the lower bench are formed in the
form of garlands of intermediate detonators of
Nobelite-216Z brand with diameter of 70 mm,
weighing 2 kg, and detonating cord of DSHE-12
brand at specific consumption of 2 kg/r.m.

The vertical barrier presplitting blastholes
at the lower bench are filled with continuous
charges of commercial explosives with specific
consumption of 0.4-0.6 kg/m:.

The charges in the presplitting blastholes at the
upper bench are detonated first, and then the charges
at the lower bench are detonated using short-delay se-
quential blasting after 35 ms interval from the exposed
bench surface to the design contour.

In any mining conditions, regardless of the
rock mass strength in the near-contour zone, the
initial angle of bench slope and its height, a bench
slope formed at any angle exceeding the angle of
repose will eventually collapse tending to take the
angle of repose. The use of natural conditions for

MINERAL RESOURCES EXPLOITATION

natural presplitting of bench slopes was the basis
for the development of the method for presplitting
of pit wall slopes using mechanical rupture of the
rock mass (Fig. 9), which allows ensuring the rock
mass stability in the pit design contour and relia-
ble controlling the presplitting parameters for the
life of mine, decreasing overburden volume, pre-
serving strength of the peripheral (beyond-con-
tour) rock mass and ensuring mining safety.
According to this method, when setting the
upper bench of 15 m high with slope angle of 60°
in the ultimate pit contour, the last row of vertical
blastholes is drilled at a distance of 1.5-2.5 m
from the design position of the lower edge of the
bench. The berm width is 17 m. When blasting
two rows of the vertical blasthole charges in the
near-contour zone, rock mass 1 is formed. The
blasted rock mass handling and the slope for-
mation is performed by two excavators in the fol-
lowing order: the lower excavator handles the first
cut 1, the upper excavator handles the upper part
of the bench 5 m high, and the rock is handled to
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the bench bottom 2; the lower excavator handles
the rock handled from the upper sub-bench 3, and
then handles the third cur, while forming the
lower part of the upper sub-bench 4.

A method of initiation of blasthole charges
in the near-contour zone of an open pit is recom-
mended (Fig. 10), which enables reducing the
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Science and Technology

level of seismic vibrations and increasing integ-
rity (stability) of near-wall rock masses and engi-
neering structures in open pits — protecting them
from the blasting seismic actions [19-21].
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Fig. 9. Schematic of bench formation by excavators in the ultimate pit envelope (contour):
a — intermediate excavator presplitting; b — design contour presplitting; 1 — rock mass at the first excavator cut;
2 — rock mass handled to the bench bottom; 3 — rock transshipped from the upper sub-bench;
4 — the lower part of the upper sub-bench; I — rows of vertical blasthole charges for fragmentation; Il — rows of vertical
blasthole charges in the near-contour zone

According to this method, in the block,
where rocks should be fragmented, 10 rows of
blastholes of 252 mm in diameter shall be drilled
at 5x5 m grid using SBSh-250MN drilling rig. At
the bench height of 15 m, the blasthole length is
17 m, the cut length is taken as 5 m, the charge
length is 12 m, the lower half of the blasthole is
filled with Nobelan 2080 commercial explosive
with density of charge of 1.25 g/cm?®, and the up-
per half with Igdanite commercial explosives with
density of charge of 0.85 g/cm®. Each blasthole
charge weighs 618 kg. Downhole blasting caps
are installed at the bottom of the blastholes (one
blasthole - one blasting cap). Delay intervals be-
tween the blasthole rows are taken as 67 ms, and
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those between blastholes in a row, 42 ms.Se-
quence of blasting is from the exposed bench sur-
face towards the design contour. The initiation
of charges in the SINV system is carried out
by ED-8Zh electrical blasting caps and the main
wire of DSHE-12 detonating cord. The source of
the explosive pulse for the non-electrical SINV
initiation system is the SINV-START.

The developed methods for the formation of
stable slopes of the pit walls have been implemented
at the Kokpatas deposit. Applying the methods, the
recommended sequence and parameters of the
bench setting ensured the quality of bench presplit-
ting, complete integrity of the peripheral (beyond-
contour) rock mass and mining safety.
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Fig. 10. Blasting schematic in the method of initiation of blasthole charges in the pit near-contour zone:

1 — blasting machine; 2 — electric wires; 3 — instantaneous electric blasting caps; 4 — main wire of detonating cord; 5 — connec-
tion of detonating cord with waveguide; 6 — waveguide; 7 — vertical blastholes in plan view; 8 — surface connecting unit, inside
which blasting cap with delay interval of 0 ms is positioned; 9 — the same, with delay interval of 25 ms; 10 — the same,
with delay interval of 42 ms; 11 — actuation time of the surface connecting units not taking into account wave passing
hrough the waveguides, ms

Conclusions.

1. In various geological, mining, and climatic
conditions, it is possible to form a pit wall with slope
angle of up to 70°. Stability of benches in hard rocks
is determined by the rock mechanical-and-physical
properties, the length and orientation of fractures
relative to the slope, as well as adhesion, the angle
of internal friction at the contact, the fracture surface
roughness and the filler properties.

2. The pit wall designs and stress-strain
state of rocks at Kokpatas deposit have been in-

MINERAL RESOURCES EXPLOITATION

vestigated. The research findings enabled devel-
oping a model and method for calculating the
stress-strain state of the rock mass.

3. The change in the presplitting blasthole
diameter depending on the explosive charge den-
sity, the rock density, the rock ultimate compres-
sive strength, the longitudinal wave velocity in
the blasted rock, and the commercial explosive
detonation velocity was established. With in-
creasing the explosive charge density, the rock ul-
timate compressive strength, and the explosive
detonation velocity, the explosive charge diame-
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ter in various rocks decreases, whereas with in-
creasing the longitudinal wave velocity in the
blasted rock, the charge diameter increases.

4. The dependences of the presplitting
blasthole charge linear mass on the longitudinal
wave velocity in the blasted rock, the explosive
density, detonation velocity of commercial explo-
sives, and the rock ultimate compressive strength
have been established. With increasing the longi-
tudinal wave velocity in the blasted rock, the ex-
plosive density, and the presplitting blasthole ra-
dius, linear mass of the presplitting blasthole
charge increases, and with increasing the com-
mercial explosive detonation velocity and the
rock ultimate compressive strength, the charge
linear mass decreases.

5. The presplitting blasthole spacing was
determined depending on longitudinal wave ve-
locity in the blasted rock, the explosive density,
the rock ultimate compressive strength and tensile
strenght, and the presplitting blasthole radius in
different rocks. With increasing the longitudinal
wave velocity in the blasted rock, the rock ulti-
mate compressive strength, and the presplitting
blasthole radius, the presplitting blasthole spacing
increases, and with increasing the rock tensile
strength, the spacing decreases.
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