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FOREWARD

Mining activities, which started with the stone age in human history, have become
an indispensable part of life today. While mining activities were carried out with
primitive excavation methods in the early days, the use of explosives, which started
with the introduction of gunpowder into human lives, increased mine production
and naturally facilitated it. Blasting carried out in almost all areas of mining
activities, both during the preparation and production stages, has become much
safer and more efficient with the developing technology.

Considering the total mining production of the countries, aggregate, which is
generally used in areas such as construction, infrastructure, transportation, and
engineering structures, constitutes more than half of the mine production alone. This
ratio increases as the level of development increases.

It would be incomplete to evaluate the components of blasting and aggregate
production separately since one of the most intensive use areas of explosives is
aggregate mining. Therefore, these scientific events, which have been organized
separately for many years by the Chamber of Mining Engineers, will be held this
time in parallel.

In this context, The 10" International Drilling & Blasting Symposium and The 9"
International Aggregate Symposium was held in parallel for the same time and
place to bring together the drilling & blasting and aggregate industry, which are the
main components of the mining and construction industries, the engineers and
managers working in these areas, and the manufacturers who supply explosives,
machinery, and equipment to these industries.

Thanks to these symposiums, it is planned to scientifically review the current
situation and problems in the drilling, blasting, and aggregate sector with national
and international participants, to discuss the academic and technological
developments for the solution of these with engineers and manufacturers and to
provide them to the participants.

We would like to thank our scientists, public and private institutions and
organizations, our colleagues, the valuable Executive Board of our Chamber, and
the Symposium Executive Board, who made great devotion during the fast-paced
process. We wish you a successful event.

Yours Sincerely

TMMOB Chamber of Mining Engineers
Istanbul Branch, Executive Board
November 2021/Antalya
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PREFACE

The "Drilling-Blasting Symposium" started in 1993, has gained an international
qualification since the 9" one held in 2017. We have the opportunity to hold the
10" International Drilling and Blasting Symposium in 2021.

Excavation by blasting is inevitable in cases where mechanical excavation is
technically and economically insufficient. Due to this feature, it is applied in many
sectors, especially in mining and construction works. The increase in the demand
for the world's raw materials and the acceleration of mining investments, urban
transformation and infrastructure works due to growing urbanization, the rapid
development of the transportation sector, energy investments made to meet the
energy requirement led to the drilling-blasting industry to come to the fore and the
development of new products and technologies. New generation products are
produced, imported and successfully used in many engineering projects in Turkey.

On behalf of the symposium executive board, I would like to express my sincere
thanks to the companies, institutions and organizations for their support in the
realization and organization of the 10th International Drilling and Blasting
Symposium. I would like to thank the local and foreign speakers who contributed
to this symposium with their invited papers and the valuable authors who prepared
and presented their studies in papers and the scientific committee members.
Furthermore, I would like to thank the editors who contributed heavily to the
preparation of the symposium book, the members of the executive board who took
part in the organization of the symposium and the Chamber of Mining Engineers of
Turkey.

This symposium aims to bring together employees, manufacturers, users and
scientists in the blasting industry on the same platform and share information on
new developments, products and new studies. I hope that the symposium will reach
its goal and that the book of proceedings will be useful for industry components,
engineers and researchers.

Regards

On behalf of the Symposium Executive Board
Assoc. Dr. Umit OZER

Chairman of the Symposium Executive Board
November 2021/ Antalya
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Fragment Size vs. Energy: A Universal Behavior of Rock
Breakage

J.A. Sanchidrian

Universidad Politécnica de Madrid — ETSI Minas y Energia, Madrid, Spain,
Jja.sanchidrian@upm.es

F. Ouchterlony

Chair of Mining Engineering, Montanuniversitaet Leoben, Leoben, Austria,
finn.ouchterlony@unileoben.ac.at

ABSTRACT The percentiles of the size distributions of fragments of broken rock are power
functions of the specific energy input to the rock, the exponents being a growing function of
the percentage, in such a way that the lines converge in a focal point. This paper reviews this
formulation from its simplest form and describes some refinements as needed both when
applied to fragmentation by blasting and to mechanical comminution. Fragmentation from
large scale blasts is analyzed through the fragmentation-energy fan and its performance is
assessed across a significant variation of powder factor and other design variables, such as
delay. Closed forms of the size distributions for any energy input are obtained with the help of
the Swebrec distribution. With respect to mechanical comminution, drop weight test
fragmentation data are analyzed under the energy fan concept as function of impact energy
and specimen size. It is shown that the breakage index t10, and the fraction passing for any
reduction ratio #,, can be accurately predicted with a simple, closed form expression.

Keywords: Rock blasting, Drop-Weight-Test, Fragmentation-Energy Fan, Size distributions, Swebrec

1 INTRODUCTION. FRAGMENTATION PREDICTION FORMULAE

Rock fragmentation by blasting is the initial production operation of most mines and quarries.
Mine and plant design and operational optimization require a reliable fragmentation prediction
that can foresee changes in fragment sizes due to changes in rock or blasting parameters. Size
distributions from blasting are input to crusher and mill models so that their accuracy is
instrumental for a realistic mine-to-mill modeling as part of the optimization. Likewise, a
control of fragmentation caused by blasting may provide an early assessment of issues in the
excavation performance.

Fragmentation prediction formulae have always incorporated a term by which an increase
in energy input to the rock turns into smaller fragment sizes. This is of course a natural
behavior and it just tells that the more energy that is input to the rock, the more energy is
correspondingly spent in fracture creation, thereby resulting in an increased fragmentation
with smaller fragments. A thorough review of this topic has been made by Ouchterlony &
Sanchidrian (2019).

The first quantitative approach to fragment sizes from blasting was the Koshelev (1971)
equation:

(x) =10 QY0+ (/@) €y
where (x) denoted the mean fragment size (cm), Q the charge per hole (kg) and V,, the blasted

volume (m?), so that V/,/Q is the reciprocal of the specific charge or powder factor, a measure
of the energy input to the rock. This expression was slightly modified by Kuznetsov (1973),

3
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incorporating an energy rating of the explosive, 8, and a variable pre-factor (A) to account for
different rock hardness:

(x) = A QY8 (V,/Q)"° - 9723 (2)

These formulae were picked up by Cunningham (1983) in his famous Kuz-Ram model, that
was written:

115 )19/30

T=A-QY6.q08. (R_WS 3)

where q = Q/V, is the powder factor or specific charge and RWS is the relative weight
strength of the explosive. Cunningham wrote the Kuznetsov formula as the “mean” fragment
size X, but in fact when he combined it with the Rosin-Rammler distribution, he used it as if it
were for the median size. The median size, or 50 % percentile xc(, is used to derive the full
size distribution curve from the Rosin-Rammler, or Weibull, distribution function (RRW):

Py = 1— "2 4)

where 7 is the shape, or uniformity, index of the distribution, a function according to the Kuz-
Ram formulation of geometrical variables of the blast only, and independent of the specific
charge or any explosive or energy input-related variable. The Rosin-Rammler equation can be
written, solving Eq. 4 for the size:

_ m(1-PY" e _og (115\19/301 ina-p)]t/n
X = Xs0 [_ In2 _AQ / q (M) [_ In2 (5)
Eqn. 5 means that all percentile sizes x have the same functional dependence with the energy
input (i.e. the powder factor) as xsq; if the median size is halved by an increase in powder
factor, all percentiles are halved. This is represented by the graph in Figure 1 where three
percentiles (P1>P>>P3) are plotted as functions of the powder factor in a log-log space. The
lines are parallel, with a slope —0.8.

Rock fragmentation also takes place in the crushing, grinding and milling circuits in
processing plants. The characterization of the breakage properties of rock for comminution
purposes is commonly done with the Drop Weight Test (DWT), where lumps of rock are
subjected to an energy input provided by a mass impacting at a certain velocity. The progeny
is sieved and weighed and the size distributions are analyzed for their dependence on the
impact energy per unit mass of sample E.; [kWh/t]. One key parameter extracted from the
DWT is the dependence on E_; of the breakage index t;,, defined as the cumulative
percentage passing a mesh size 1/10 of the initial lump size. The function t;(E.s) is called
breakage index equation and is used in AG/SAG mill and crusher modeling (Napier Munn et
al. 1996).

In x

Inq
Figure 1. Parallel pattern of percentile sizes vs. powder factor functions, following the Kuz-
Ram formulation.
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Let P(x,D, E.;) describe the cumulative distribution functions (CDFs) of the DWT progeny
when lumps of size D are crushed at different drop impact energies E.;. Then t;, may be
expressed as tyo(E., D) = P(x =D/10,D,E.;). The most widely used equation for
representing t;, is that called JK size-dependent breakage model (Shi & Kojovic 2007, Shi
2016):

tio = M{1 — exp[—3.6p - D'~ (Ecs — Emin)1} (6)

where M, p, q and E,,;,, are obtained by regression of the E.;, D and t;, data. D is in mm.
Figure 2 shows an example of Eq. 6 fit of breakage index. Other points on a family of size
distribution curves t,,, defined as the cumulative percentage passing a given fraction 1/n of the
initial size, are obtained from functional relationships t,,(t;,) so the whole size distribution of
the progeny can be determined once the breakage index t;, is known. Figure 3 gives such
relationships (sometimes called breakage appearance functions) for the same rock as Figure 2.

70 T T 100 —
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= 30
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20+
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I I

0 ! 2 3 4 % 10 20 30 40 50 60 70 80 90 100
pD"-E_-E ) Breakage index, t, , (%)
Figure 2. Breakage index data and Eq 6 fit Figure 3. Breakage functions t, (t;y) (data
(Shi & Kojovic 2007, Shi 2016). from Banini 2002).

2 THE FRAGMENTATION-ENERGY FAN IN ROCK BLASTING
2.1 Basics: the energy input

A first indication that the parallel lines pattern resulting from the Kuz-Ram concept might not
be the best representation of the fragmentation came from the work by Chung and Katsabanis
(2000). They used the data of Otterness et al. (1991) to verify the accuracy of the Kuz-Ram
model. They judged that the RRW function described the fragment size distribution data well
enough and presented the following equations in which they used the Kuz-Ram A-value:

Xso = A - Q—1.193 . BZ.4—61 . (S/B)1.254 . H1.266 (7)
Xgo = 3A - Q1073 . g243. (5 /p)1013 . 111 (8)
From which a shape index function could be derived using Eq. 4:

n = 0.842/ln(§—:‘;) 9)
As the definition of specific chargeis ¢ = Q/V, = Q/(B - S - H), Eq. 7 may be rewritten:

Xgo = A - (B%005 . §0.009 . [10.003) . 7007 /41263 (10)
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The factor within brackets changes insignificantly with reasonable variations in B, S or H, and
the value comes out close to one for the benches blasted by Otterness et al. (1991) so except
the q exponent there is not much difference from the Kuz-Ram Eq. 3. A similar
transformation of Eq. 8 yields xgq « 34 - ¢~1%73, with a lower g exponent. From Eq. 9, the
uniformity index n is a (decreasing) function of specific charge g, contrary to the Kuz-Ram
model.

If the Otterness data are plotted as fragment size versus the powder factor in log-log scale,
the result is as shown in Figure 4. This type of plot was first made by Ouchterlony &
Sanchidrian (2017) and Ouchterlony et al. (2017) and they called the resulting pattern the
fragmentation-energy fan. An extensive analysis of fragmentation from blasting data were
performed by Ouchterlony et al. (2017), where functions xp(q) were obtained for hundreds of
data sets both from mortar and rock specimens, 100-300 mm diameter cylinders, see Figure 5,
or similar values of side length cubes, slabs, small size bench blasts (1 m bench height, see
Figure 4), small size full-scale rounds (5 m bench height) and large (11-19 m benches) full
scale rounds.
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S ©
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o w
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[~

q (kg/m®) a (kg/m®)
Figure 4. Fan pattern of fragmentation by blasting in the Otterness et al. (1991) fragmentation
data. The right plot has the axes extended away from the data range in order to show the
convergence of the percentile lines in a fan shape.
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Figure 5. Sieving data from test blasts in rock cylinders (Ouchterlony et al. 2017); left: xp =
f(q); right: xp /D = f(q). Crossed points at high powder factor deviate somewhat from the
fan lines and are not included in the fits.
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Figure 6. Principle sketch of the fragmentation energy fan.

The function xp = f(q) that represents in log-log scale a set of straight lines converging in
the point (q,, xo), has the simple expression (see Figure 6):

xp/%o = (qo/ D" (11)
where xp is the percentile P size. The exponent @ = a(P) or ap is, for a given blast geometry
in a given material, a function of P only. Many of the existing fragmentation by blasting
formulae (e.g. Egs. 5, 7 or 8) have in a way the form of Eq. 11, inasmuch as they make x50 (or
other percentiles) a power law of the powder factor. Eq. 11 generalizes this for any percentile.
A scale factor may be incorporated in Eq. 11 in order to account for different sizes of the blast
or test specimen, and making the fan basic equation non-dimensional. Note that the borehole
charge O in Egs. 1 to 3 and 10 includes a scale factor as higher charges encompass larger
diameters and wider drill patterns, resulting in larger fragments. Using a characteristic blast
size (e.g., burden or other characteristic size, or a combination of those, or specimen size for
experimental, small scale blasts), L, Eq. 11 may be written:

xp ==L =22(q0/ )" = x6(40/ D" (12)

An example of non-dimensional percentiles fan is given in Figure 5 right for specimens blasts
where the specimen diameter is used as characteristic size. The ordinate of the focal point
changes with this transformation (x;) and so do the fan slopes a, though the notation has been
kept without a prime. The focal point (qg, xo), or (qq, Xg) usually lies outside the g- and x-
intervals covered by the data so a physical interpretation of the values q, and x, (or x;) is not
immediate.

Taking the logarithm of Eq. 11, and solving for a, there results:

a = Fy(P) =In(xo/x) /In(q/q0) (13)
or equivalently with Eq. 12. The fan pattern requires that the function Fy(P)is a
monotonically decreasing function for a given geometry and material. It may be inverted to
give:

P = Fy'(a) = F3 *[InCxo/x) / In(q/q0)] (14)
For all (g, x) points lying on one of the lines defined by Eq. 11, P is constant and so must be
the argument; note that the latter is obvious since (see Figure 6):

In(xo/x) /In(q/q0) = [In(xo) — In(x)]/[In(q) — In(qo)] (15)

which is the positive value of the slope, a, constant for each line. For an arbitrary g, we may
choose two specific percentile size values, the median and maximum fragment sizes x5, and

7
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X100 = Xmax- 1t can be shown, writing the slopes asy and @, from Eq. 13, after some
manipulation, that there is a relation for the slopes of the fan (Ouchterlony et al. 2017):

ln(xmax/x)
ap = ln(xo/x)/ln(q/qo) = Qy00 T (@50 — A100) m (16)
meEq'lm(:/) In(Xmax/%) In(Xmax/x)
— -1 |Xe/X) _ -1 _ NXmax/X — N{Xmax/X
b=k [ln(q/qo>] Fo [“100 (@50 — @r00) 1 " 5| = [m(xmax/xso) 17)

Where the dependence in ¢ is borne in X and xso. The argument of F is the same logarithm
ratio that one finds in the Swebrec distribution (Ouchterlony 2005, 2009):
100
P(x) =
(.X') In(xmax/x) ]b
In(xmax/xs0)

(18)

1+[

That the fan analysis turns to be closely connected to the Swebrec distribution was a surprise
to the authors. However, it is well known that, at the cost of one additional parameter, the
Swebrec function nearly always provides higher fidelity fits to fragmentation data than other
distributions of comparable complexity (Sanchidrian et al. 2012, 2013 & 2014, Sanchidrian
2015). Solving in Eq. 18 for the argument of F;:

In(Xmax/X) _ (100 1/b
In(Xmax/*s0) B (T B 1) (19)
And, using Eq. 16, the slopes of the felu/lbhave the following expression:
100
ap = 100 + (@50 — A100) (T - 1) (20)

So the Swebrec function describes a fragmentation-energy fan when its exponent b is constant
with g. It can be shown (Ouchterlony et al. 2017) that the condition of b independent of ¢ is
further required for physical consistency so that the higher the energy input is the finer the
fragments become at a given percentage passing. Equating the right members of Eqgs. 13 and
20, and solving for P, the Swebrec-like function P(x,q) is obtained:

5 (21)

100

In(xg/x) _
In(q/qq) ~ *100
X50—2100

P(x) =

1+

The constants xo, go, &5 and a4 are directly obtained from the construction of the fan; the
exponent b can be determined by fitting Eq. 20 to the slopes, or just by using three slopes,

e.g.:

— In(x50/%20) — d20—0Asg
b= In(4)/In |22 = In(4)/In (22=222) 22)
Or, using as, and a4, plus one more slope — e.g. agy or Ayp:
_ In(4) _ In(4)
SN CETSTTY R CPTSTY (23)
ago—a100 &50—2100

Note that Eq. 21 can determine any size distribution P(x) at a given powder factor with only
five constants. As of today, there are no formulae to predict the fan parameters so the use of
the fragmentation-energy fan model requires some experimental, specific fragmentation data.
It offers, however, an excellent analytic frame for the analysis of fragmentation data as
function of powder factor or, in general, energy input to the rock.

2.2 Influential factors other than energy

The basic fan formulation may incorporate additional features that, besides the energy input,
have an influence on the fragmentation mechanisms.

8
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2.2.1 Size-dependent strength

The focus abscissa go could be interpreted as the smallest specific energy required for
fracturing. It also has an apparent character of strength since it ‘opposes’ the explosive energy
input g; note that if the powder factor is multiplied by the explosive energy per unit mass, the
resulting quantity — let’s call it £ — is actually the energy input per unit volume of rock,
dimensionally equal to pressure or strength; as noted above, however, the actual value of the
focus abscissa (Ej, if energy instead of specific charge is used) for a particular case is not
directly related with any particular strength rating, rather such a relation has not yet been
established. The fragmentation-energy fan in Eq. 12 can incorporate the power dependence of
rock mass strength on size (Jaeger and Cook 1969, Hoek and Brown 1980, Scholz 1990) as
follows:
a(P)

_ (P)
! r |Eo(Ls/Lyef) 1) / EOLie “ / E}
=[St g ()" o1

Here Ly is a characteristic length of the blasted block and L..ris an arbitrary reference size that,
within the fan formulation, can be embedded in the focus abscissa Ej}; A2>0. Such a size-
dependent strength term also appears in the non-dimensional fragmentation model by
Sanchidrian & Ouchterlony (2017), based on work by Holsapple & Schmidt (1987) and
Housen & Holsapple (1990) on fragmentation in high energy impact asteroid collision. L, the
characteristic length used to scale the fragment size in Eq. 12 may also be used for the
purpose of size scaling the rock strength, L=L.

This geometrical strength correction could also be used to include a rock mass discontinuity
description, e.g. joints spacing, median size of the in-situ block size distribution, etc., which
has a well-established effect on fragmentation. No successful attempts of this have been
published though, to our knowledge.

Where blasted blocks or specimen sizes, or in-situ block distribution, do not have a large
variability within a data set, this correction may not improve the results. Conversely, this size-
dependent strength scaling was instrumental in the analysis of data sets from fragmentation in
the drop weight test (Ouchterlony & Sanchidrian 2018a,b) used to derive the breakage
functions of rock for the design of comminution circuits (see section 3). In this type of testing,
fragmentation of lumps of rock of a wide range of sizes are studied.

2.2.2 Delay

The delay affects the breakage cooperation between holes, and it is believed that an optimum
(i.e. finest) fragmentation is obtained at a certain, non-zero delay. Current fragmentation
prediction formulae include delay as an influential variable; both the Kuz-Ram (in its last
version, Cunningham 2005) and xp — frag (Sanchidrian & Ouchterlony 2017) include a
delay factor applied to the fragment size; it decreases from zero delay (instantaneous blast) up
to an optimum delay at which fragment size is minimal; longer delays reduce the cooperation
and the fragment size increases, see Figure 7. The delay is included as a non-dimensional time
number II, using the p-wave velocity and a characteristic length, the burden in Kuz-Ram and
the spacing in xp — frag. The functions that express the delay dependence of fragmentation
are:
For the Kuz-Ram (Cunningham 2005), Figure 7 left:

£.(I1,) = 0.00017413-0.00053412- 0.10131, + 2.05, 11, < 15.6 (25a)
ft(nt) = 0.0064‘Ht + O.9,Ht > 15.6 (25b)

that multiplies the x5, prediction formula, where I1, = cpAt/B, cp being the p-wave velocity
and At the in-row delay.
For the xp — frag (Sanchidrian & Ouchterlony 2017), Figure 7 right:

9
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felly) = 6,4+ (1 — 8, — 8,11,)e %" (26)

that multiples the xp formula; J1, J2, J3 are functions of the percentage passing P that were
determined from fits to a large set of fragmentation data, so that f;(Il;) is different for each P,
see Figure 7 right, unlike Kuz-Ram’s delay factor Eq. 25; Il, = cpAt/S, S being holes
spacing.

2.2

N
[
:

Delay factor
EN o

1.2

0 20 40 60 80
Non-dimensional delay, cPAt/B

Figure 7. Delay factors. Left: Kuz-Ram, right: xp, — frag.

If correct, both delay factors mean that fragment sizes may be reduced significantly
(approximately halved) compared to an instantaneous blast if a certain (optimum) delay is
used. Different optimum delays follow from each model though, 15.6 in Kuz-Ram and in the
range of 35-40 for xp — frag, which means that xp, — frag calls for a slower initiation
sequence than Kuz-Ram.

In the fragmentation-energy fan formulation, the delay effect should be incorporated as a
modifier of the energy available for fragmentation from a single hole. Such cooperation
function, f.4, should increase up to an optimum and then decrease when cooperation no
longer takes place efficiently, at a delay beyond optimum. This behavior can be obtained with
a functional form of the type of the reciprocal of f;(I1;) (Egs. 25 or 26); using the xp — frag
form:

, , E a(P) _ -1
xp =X (7)) ifea = [61 4 (1= 8, = Spll)e M) (27)
with d1, 02 and d; now constant. The delay factor, equivalent to Eq. 26, is now:
— _ a
fellly) = £, = [60 + (1 = 8, — 8,11 )e~ %M ]™" (28)

where the P-dependence of the delay factor is here carried by ap. A cooperation function f,4
is plotted in Figure 8 (magenta solid lines), together with the size reduction factors for some
percentile sizes (color solid lines), obtained in sieved quarry blasts. The cooperation function
has a maximum (hence the delay factors are minimum) at I1,=38.0 and then decreases to
values below 1 at I1;>42, which mean less fragmentation cooperation between holes at long
delays than if they are fired simultaneously. This could make sense as too long a delay
effectively limits the interaction of the shock waves and of the stress fields from neighboring
holes. The significance of this function is arguable since the higher experimental I1; value was
42.9 so this behavior takes place in the edge of the data range, and there were few data in the
mid I1; range. One of the cooperation function parameters had a questionable significance, so

10
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the merit of Figure 8 is probably qualitative only, and both the location of the maximum of the
cooperation function and the fast change from positive to negative cooperation could take
place more gradually. The location of the maximum of the cooperation function (from which
the optimum delay should be determined) has been a topic of discussion, for which the frag-

energy fan offers an excellent analytic frame.
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Figure 8. The delay effect: cooperation function and size reduction factors; solid lines
correspond to a data set of 11 blasts initiated with electronic detonators and dashed lines to a
combined data set of these blasts plus six more blasts in the same quarry with a different blast
layout and initiated with pyrotechnic (non-electric) detonators.
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Figure 9. Frag-energy fan including size- Figure 10. Examples of some distributions
dependent strength and delay cooperation calculated from the fan in Figure 8; circle
functions; scale length is burden; crossed  markers are the data points; the corresponding
circles correspond to the six blasts with percentile points of the distributions shown
different layout and initiation. on the right are labeled in the fan plot.

Both the strength scale term and the delay may be included together in the model:
a(P)

xp = xp () (29)
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The fan in Figure 9 is built with Eq. 29; the parameters of the fan are given in the figure. The
cooperation function is the dashed magenta line in Figure 8; a4 1s assumed to be zero. Once
the size-energy fan is built, the size distributions can be calculated in an explicit form solving
the fan equation for P; from Egs. 29 and 20, an expression similar to Eq. 21 is obtained:

P(x) = 120 : (30)

In xg—ln(x/L)
N In(E L% fcq)-In Eg
a50—a100

Figure 10 shows some size distributions calculated with Eq. 30. The fidelity of the calculated
distributions is quite high.

3 THE FRAGMENTATION-ENERGY FAN IN COMMINUTION

3.1 Basics. Energy and size

The fan formulation of Eq. 24 is appropriate for use in the analysis of drop-weight test data, as
the variation of specimen (lumps) size is large. Note the lump size in the breakage index
function, Eq. 6.

Figure 11 gives an example of the size-energy fan for drop-weight test breakage. Note the
size-dependent strength in the abscissa (25 mm is an arbitrary length that non-dimensionalizes
the lump size D, chosen so as to have abscissas in the order of 1).

70
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Figure 11. Frag-energy fan of the breakage Figure 12. Breakage index from the fan
space from drop-weight-test (Ouchterlony & parameters in Figure 11 (Ouchterlony &
Sanchidrian 2018). Sanchidrian 2018).

The Swebrec expression 30 may be written, without the delay factor in this case:
P(x) = — z 3D
[ In xo—ln(ﬁ)

- 061001
1_I_lln(ECSD )-InEg ]

a50~%100
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where the scaling length has been written as D, the lump size, and the energy input as E
(energy per unit sample mass — kWh/t is generally used). For a size x=D/10, i.e. x/D=1/10, the

percentage passing is the breakage index t;,:

100
tio = ; b (32)
Inx5—In(1/10) —u '|
Ln(Ecs pA )—1n eh 100
+

a50—@100

This i1s a closed expression that can be applied once the parameters of the fragmentation-
energy fan (eg, X4, Asg, X100, A and b) for a given rock under the DWT have been determined.
Figure 12 shows the breakage index derived from the fan in Figure 11.

The fraction passing for any reduction ratio t,, is just as easily obtained by making x/D=1/n:
100

th = b (33)

[ lnx{)—ln(l/n) o

— %100
In(Ecs DA )-Inel
[inEes D7) in ]

[ as50—a100 J

No appearance functions charts are required to calculate t,, from t,,; t,, is directly obtained
from the Swebrec form of the fragmentation-energy fan.

3.2 Broad range of energy and size. The double fan

As the range of energies and lump sizes is large in drop-weight testing, there is often a high
energy range where data deviate from the single fan rays, see that in Figure 11 beyond
abscissas of about 3 or 4. This may be due to a change in breakage mechanism (though this
has not been proven so far) and can be modeled by a double fan pattern, one for low-energy
(or rather low energy and size combined) and another one for high energy-size. Eq. 12 turns
into a two-formulae function:

xp = x4, (Eg,/E)*PL E'<E~ (34a)
x;; == X6H(E6H/E,)apH ) E, > E”x< (343)

where E' = E(D/D,, f)’l. For simplicity the sub-indices CS of the energy have been omitted.
Sub-indices L and H apply to low and high and E™ is the transition energy; D;..;=25 mm is the
arbitrary reference size. While the slopes ap; of the low-energy fan are model parameters to
be determined from the fan equation fit to the data, the high-energy fan line slopes apy are
not free parameters, but related to the low energy slopes ap; by the fan conditions in the high
energy regime and the continuity at E™.

A double fan model for the fragmentation in Figure 11 is shown in Figure 13. This double
form carries to the Swebrec equation of the breakage space, Eqs. 32-33, that have also a low-
and a high-energy form. From the relations between ap; and apy and Egs. 22 or 23, there
follows that the Swebrec exponent b is the same for both forms.

Figure 14 shows the breakage index; note the kink at E'=3.34 kWh/t, the transition energy
(see the fan graph), that allows the function to follow the obvious change in slope that the data
show.

The determination coefficient of this prediction is R>=0.9926 while that of Figure 12 (single
fan) is R?>=0.9823. The JK size-dependent breakage model (Eq. 6, Figure 2) gives R*=0.9930.
Note that the latter is a direct fit of t;, against energy and size with 4 parameters. The fan
formulation is not a fit of the t;, results of each test to the energy and lump size but a fit of
the whole size distribution curves of the test series. At the cost of 9 parameters for a double
fan (2 coordinates of the low-energy focus, 3 slopes, 2 coordinates of the high-energy focus,
the transition energy and the size exponent), the whole breakage space is obtained whereas the
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JK size-dependent breakage model requires the 4 parameters of the breakage index equation
plus a large number of parameters to recreate the breakage appearance functions (see Figure
3), either in the form of a (t;, t;,;) pairs table (Napier-Munn 1996), or to use these pairs as
knots for splines fitting Banini (2002), in both cases encompassing a large amount of
parameters, most of them (e.g. the splines coefficients) without any significance. Note also
(although this does not seem to be a problem in practical terms) that the JK model has a t;,
limit M at infinite energy (Eq. 6) less than 100% which is unphysical.
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Figure 13. Double frag-energy fan
(Ouchterlony & Sanchidrian 2018). Solid
lines: low-energy; dashed: high energy.

Figure 14. Breakage index from a double
frag-energy fan (Ouchterlony & Sanchidrian
2018).

Figure 15. Breakage space. Left: plotted from the Swebrec-like Eq. 35, with the double fan
(Figure 13) parameters. Right: experimental data.

From Eq. 31’°s double fan equivalent, the size distributions at any impact energy and lump size
are obtained.
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P(x) = 100

U - E' < E* (35a)
lnxOL—ln(E) _ 1
In E'-InEg; 0‘100L}

1+

a50L~%100L

P(x) = —— _—_— E'>E* (35b)
lnxOH—ln(ﬁ)

! !
In E'-In EOH
A50H~X100H J

~— ®100H
1+

This functi_on can be represented in a 3D breakage space, P[x’ =x/D,E' = E(D /Dref)’l] as
shown in Figure 15 left; the right graph is a plot of the experimental data.

4 CONCLUSIONS

The dependence of the fragment size distribution on the energy input to the rock is
conveniently analyzed under the fragmentation-energy fan model. This is a characteristic of
the fragment sizes that, when plotted as percentiles against the energy input to the rock, show
a converging lines pattern. The application of the fan model is adapted to fragmentation by
blasting and by comminution. It is shown that this pattern is not compatible with the Kuz-Ram
blast fragmentation model, that entails a parallel lines pattern. Factors relevant to fragment
size such as blast or specimen scale, size-dependence of the rock strength and borehole delay
in blasting, can be incorporated to the model by appropriate changes in the general
formulation. Examples are shown of full scale blasting and drop-weight test data. Recourse to
a more complicate double fan is made in the latter, where a large range of energy input is
involved.

It is shown how the fan formulation leads to size distributions compatible with the Swebrec
distribution as the former implies a functional relation of the percentage passing with the term
In(xmax / X)/IN(Xmax / Xs0), characteristic of the Swebrec. The condition that the Swebrec
exponent b does not depend on the energy input level (i.e. that all size distributions, if
represented by Swebrec functions, have the same b) is noted.

The Swebrec connection brings a powerful analytical tool to the fragmentation-energy fan.
The fan parameters can be incorporated in the Swebrec expression to transform it into a full
breakage space in which the size distribution at different energy (powder factor, impact
energy), blast or specimen size, and delay, is directly obtained in a closed functional form
with excellent accuracy.
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ABSTRACT: This paper describes a new methodology to provide an automatic assessment
of the rock structure, strength, and waste/ore recognition from drilling data. Drilling
parameters have been corrected and combined through Principal Component Analysis. As a
result, two rock description indexes, namely Structural factor and Strength-Grade factor, are
obtained and combined into an overall drilling model. The Structural factor classifies the rock
mass condition into massive, fractured and heavily fractured based on video records of the
inner wall of 207 blastholes. The categories of the Strength-Grade factor are defined from
geology reports, assaying of drilling chips and 3D unmanned aerial vehicle (UAV)
reconstructions of the post-blast bench face from 26 blasts (302 blastholes). From these data,
four groups of rock are obtained, namely: soft-waste, hard-waste, transition zone and hard-
ore. The transition zone is related to a range of difficult recognition between waste (limestone)
and ore (siderite), while for the other three categories a high matching degree with the
waste/ore classification from assay of drilling chips is obtained. Data from 627 additional
blastholes (53 blasts) demonstrates the consistency of the Strength-Grade factor.

Keywords: Measuring while drilling (MWD), Blasting, Rock classification, Rock structure, Grade control

1 INTRODUCTION

Rock mass is a combination of materials with different mechanical properties intersected by
discontinuities. The in-situ structural condition, like cavities or heavy fractured zones,
modifies the strength of the intact rock and changes the response of the rock mass upon
blasting. Rock density, uniaxial compressive strength, Young Modulus, orientation of
discontinuities with respect to the free face of the blast and the spacing between them have
been consistently employed to rate the blastability of the rock (Lilly 1986, 1992) and to
predict the median size (Kuznetsov 1973, Cunningham 1987, 2005, Sanchidrian and
Ouchterlony 2017). A detailed rock mass characterization, based upon the combination of
both mechanical, structural and chemical properties, is thus one of the most important
requirements to control the ore to be mined and improve blasting results by adapting the
explosive energy distribution to the rock condition.

Since rock characteristics have an important influence on the response of the drilling rig
(Navarro 2019), they can be assessed with high resolution using drilling monitoring
technology (commonly known as Measurement While Drilling, MWD). Substantial research
efforts aimed to correlate MWD technology with the geological/mechanical interpretation of
the rock mass (Teale 1965, Scoble et al.1989, Peck 1989, Liu and Karen 2001, Schunnesson
et al. 2012, Leung and Scheding 2015, Kahraman et al. 2016), on one side, and with the
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structural condition (Schunnesson 1997, Peng et al. 2005, Tang 2006, Ghosh et al. 2018,
Navarro et al. 2019, van Eldert et al. 2020), on the other. However, none of these works cover
the combined analysis and representation of both mechanical and structural properties
together. In addition, to the authors’ knowledge, few of them have been validated in
production environments.

This paper is a short version of a previous work of the authors (Navarro et al. 2021), in
which the analysis and the results are described in detail. This work develops a new
methodology for a sound rock characterization based on drilling parameters and
accompanying data, like video records of the inner wall to assess the structural condition,
assays of the drill cuttings to classify the rock as waste/ore and geology reports to identify the
dominant lithologies and the rock strength. As a result, two new indexes are developed and
combined into a single model. These are the Structural factor and the Strength-Grade factor.
The first one classifies the structural condition of the rock from a linear combination of
drilling parameters and of their variability, while the second represents a combination of the
strength properties and waste/ore classification as function of four drilling parameters.

The analysis is applied to data from the Erzberg Mine, where data from 26 blasts (207
boreholes) are used to develop the model and assays from 53 additional blasts (647 boreholes)
are considered to validate the Strength-Grade factor.

2 DATA OVERVIEW

The Erzberg mine is the largest open pit iron ore mine in middle Europe and the largest
deposit of siderite in the world. It is located in the central-western part of Austria. The main
iron mineral is a magnesium rich variety of siderite with an iron content between 20 and 42
%. The main waste material within the ore bearing formation are different types of limestone.
The floor of the deposit is formed by a volcanic silicate rock and the overburden by a partly
schisted sandstone. The lithologies considered in this study together with their strength and
the ore/waste classification are given in Table 1.

Table 1. Rock characteristics

Lithology Siderite Limestone Schisted sandstone
UCS (MPa) 125 125 40
Ore/waste Ore Waste Waste

2.1 Drilling parameters

Two SmartROC D65 DTH fully mechanized drill rigs manufactured by Epiroc, identified as
D1 and D2, are used in this study. Holes positioning is controlled by the operator, and drilling
is done automatically using extension tubes of 6 m length and a bit diameter of 152 mm. The
performance parameters of the rigs recorded while drilling are the following (acronyms and
units for each parameter in brackets): feed pressure (FP, bar), percussive pressure (PP, bar),
rotation pressure (RP, bar), penetration rate (PR, m/min), air pressure (AP, bar), hole depth
(HD, m). A 4.16 revision control system was installed in the rigs and a sample interval of 0.05
m was set to monitor and log the information. This makes up to 460 sample points per
monitored parameter considering an average blasthole length of 23 m.

2.2 Accompanying measurements

Table 2 describes the available drilling and accompanying data used in this work. Rock
structure condition is investigated with a digital camera, composed by a front lens, led lights
and an encoder, that is lowered along the blasthole. The in-borehole videos are analyzed to
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identify eight structural conditions described in Figure 1; note that the weakness area (Fig. 1d)
is generally a combination of several small/medium size discontinues and/or small cavities,
and that the heavily broken area (Fig. 1g) is a low competent zone that includes a combination
of medium/large size discontinues and/or medium/large cavities. To simplify the analysis
three structural classes have been defined (these are outlined with a rectangle of different
color in Fig. 1):

- Massive zone: It is composed by massive rock (Fig. 1a), small and/or isolated
discontinuities and/or fractures filled with rock of similar properties (Fig. 1b).

- Fractured zone: It consists of changes in the lithology by intrusions of softer material (Fig.
Ic), blocky zone composed by a weakness area (Fig. 1d), medium size discontinuities
(Fig. 1e) and/or a small size cavity (Fig. 1f).

- Heavily-Fractured zone: It is a zone with heavily broken rock (Fig. 1g), large size
discontinuities (Fig. 1h) and/or medium or large cavities (Fig. 11).

Table 2. Data information

Data set Blasts™ MWD In-hole Assays of UAV Geology
videos  drill chips reports
(no.) (no. holes) (no. photos)  (no. blasts)
Model 15(D1)/11(D2) 302 207 207 4599 26
Validation 36(D1)/17(D2) 647 - 647 - 53

“Drill rig id. is given in brackets.

Figure 1. Structural conditions and classes (massive, fractured and heavily-fractured zones)
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A DJI Matrice 200 drone was flight after removing the muckpile to survey the post-blast
highwall face and built a 3D model. Since the post-blast face is closer to the blastholes, it is
used together with the geology reports to map the dominant lithologies in each blast. Off-line
assay was done to classify the rock as ore/waste depending whether the iron content is above
or below 20%. For this, the drilling chips from each hole were automatically gathered and
analyzed with X-ray fluorescence spectrometry to determine the iron content per hole, as well
as other compounds, such as SiO2, CaO or Al,O3 among others.

3 PROCESSING OF DRILLING PARAMETERS

One general problem with drilling data is that the logged response of the drill rig is
additionally affected by the drill rig control system, the calibration of the monitoring sensors,
the hole length and/or the drill rig performance (Schunnesson 1998). Since these factors mask
the infuence of the rock mass conditions in the response of the drill rig, it is necessary to
process the drilling data as follows.

3.1 Filtering of unrealistic values

The empirical probability distribution of each MWD parameter is built from the complete data
set values (26 blasts, comprising 302 blastholes sampled every 5 cm). Values within the 99%
confidence interval are retained for the analysis (Navarro et al. 2018, 2019).

3.2 Removal of systematic peaks related to rod addition

When the drill reaches the end of the feeder, a new rod must be added to continue the drilling.
During this procedure, percussion, feed of the driving fluid and rotation are shut down, the
drill rod is pulled back and a new rod is added to the end of the last one (Navarro et al. 2019).
The logging system starts recording again when the bit exceeds the last length measured. This
generates systematic drops at every 6 m (see the peaks in Fig. 2a, left). Since they do not
reflect any information of the rock conditions, they are filtered out in a post analysis (see Fig.
2a, right); note that the peak at about 3 m is not removed, since it does not correspond to rod
additions, but to a possible rock disturbance.

3.3 Correction of the hole depth influence

The systematic effect caused by the hole depth can be recognized and removed by averaging,
for a large amount of data, the logged response (Schunnesson 1998, Hjelme 2010, Ghosh et al.
2018, Navarro et al. 2018, 2019). To analyze this, the average signals of penetration rate
(Av.PR), percussive pressure (Av.PP), feed pressure (Av.FP) and rotation pressure (Av.RP)
are shown for each drill rig in Figure 2b. Different ranges and trends between each drill rig are
apparent for all four parameters; this may be caused by differences in the calibration or set-up
of the rig sensors involved. The hole depth does not affect to the penetration rate (Av.PR),
percussive pressure (Av.PP) and feed pressure (Av.FP) in both rigs. This is not the case of
rotation pressure from each rig (Av.RP) that increase with hole depth (HD). There are
significant jumps in Av.RP signal after adding a new rod at 6, 12, 18 and 24 m (see dashed
lines, bottom right graph, Fig. 2b) due to energy loses in the couplings after installing a new
rod or by the additional difficulty to rotate the rod as the weight increases down the hole. The
correction of the hole length influence on the rotation pressure is done for each drill rig

separately. Details on the procedure followed to obtain RPw,m can be found in Navarro et al.
(2021).
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Figure 2. a) Filtering of systematic peaks due to the addition of rods: Raw (left) and filtered
(right) signals. b) Average signals of PR, PP, FP and RP versus hole depth (DP) for drill rigs D1
(black curves) and D2 (red curves).

4 STRUCTURAL MODEL

Principal Component Analysis (PCA) has been used to find a combination between drilling
parameters that responds to changes in the structural condition of the rock mass. The
parameters considered are the feed pressure (FP), normalized rotation pressure (RPnorm),
penetration rate (PR) and percussive pressure (PP). The last two parameters respond with
significant fluctuations when drilling through a fractured zone (Schunnesson 1998), so their
variability plus a combined “fracturing” or discontinuity index (DI) are also contemplated.
This index has been modified from Ghosh et al. (2018) and Navarro et al. (2018):

_ |1 (PRyari—PRyar z 1 RPyari—RPyar z Sl
Di; _\/E(W) g (P ) withi =12, .., (1)

where PR, 1s the penetration rate variability and RP..; the rotation ressure variability at
each i sample. For a dr1111ng parameter x, they are calculated as Z” — x;|, being X the
average of the x values in the sliding window defined between i and z+N samples (Navarro et
al. 2019). L is the number of sample points of PR,, and RP., signals; and
Xpar and sdt(x,4,), are the mean and standard deviation of the parameter x, respectively

The influence of each parameter (or loading plot) in the first and second principal
components (PC1 and PC2, respectively) is shown in Figure 3; these two components explain
44.5 and 55.5 % of the total variance, respectively.

21



10" International Drilling and Blasting Symposium 25-26 November 202 1/Antalya-Turkey

Figure 3. Loading plot for the Structural factor.

The first component is dominated by the fracturing parameters (PRvar, RPvar, and DI) to the
right and the percussive pressure (PP) and feed pressure (FP) to the left, showing a negative
correlation between them. These results are consistent with the physical response of the rig to
discontinuities, fractures or open fissures on drilling data (Schunnesson 1998, Peng et al.
2005, Ghosh et al. 2018, Navarro et al. 2018). On the other side, all the parameters of the
second component are positively correlated, and no influence of the rock mass structure can
be found. Therefore, values from the first principal component have been compared with the
rock structural zones identified in the in-borehole videos (see Fig. 1). The resulting probability
distribution functions of PC1 for each structural class are considered to define the range of
PC1 values for each structural zone (see Fig.4).

Figure 4. Ranges of Structural factor (PC1 in Fig. 3) for each structural class (MZ is masive
zone, FZ fractured zone and HFZ is heavily fractured zone).

Figure 5 represents the Structural factor for a specific borehole; PC1 is colored according to
the structural classes identified. Images of the different structures identified in the borehole
wall are shown, for comparison, at the corresponding depths. It is apparent that this factor
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accurately identifies the different structural classes, but there are many small intervals of
different rock conditions that complicates subsequent decisions, like adapting the explosive
energy distribution to the rock condition (Navarro et al. 2019). To solve this, a Structural
Block model is built dividing the Structural factor from each borehole in zones based on
abrupt changes of the mean values, so the total squared error attains a minimum; see Navarro
et al. (2021) for further details. Figure 5 also shows the resulting Structural Block model;
vertical black dashed lines indicate the edges of the sections and thick horizontal lines colored
as function of the rock conditions represent the average values within these sections. The
analysis of the Structural Block model is simpler now.

Figure 5. Structural factor and block model from drilling data of hole 3 (row 1) in blast B14.

5 STRENGTH-GRADE FACTOR

This section aims to identify strength properties in the rock from drilling data and to associate
them with the predominant lithologies and the ore/waste recognition (per hole). To address
this, another PCA has been carried out on PR, RPnom, PP and FP. The resulting loading plot
for the first and second components, which explains 94 % of the total variation among all
parameters, is shown in Figure 6 (left graph).

The first component (PC1) is highly dominated by the penetration rate (PR) on the positive
side. This parameter is commonly used for hardness properties recognition (Schunnesson
1998), so its high influence is reasonable. Percussive pressure (PP) and feed pressure (FP)
parameters dominate on the negative side, showing a negative correlation with the penetration
rate. Since the first component covers nearly 90 % of the total variation, it can be said that it
carries most of the drill system’s response to the geo-mechanical properties of the rock mass;
thus, the following analysis is based on it.

The purpose here is to find dominant zones in PC1 that may reflect strength trends in the
rock mass independently of the local structural conditions. To achieve this, the blastholes are
divided in zones characterized by relatively constant mean values of the first principal
component similarly as was done with Block Structural model (see Fig. 6, right graphs).
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Figure 6. Loading plot for the Strength-Grade factor (left) and main zones of the first principal
component (PC1) for boreholes drilled in schisted sandstone (right top), limestone (right
center), and siderite (right bottom).

5.1 Definition and application of the Strength-Grade factor

To define the rock categories that can be derived from PC1, Figure 7a shows the mean value
of the longest section of PC1 (Fig. 6, left) for each hole versus the iron content from the
chemical analysis; markers are colored according to the lithology of the blast (as from
geology reports) and data from rigs D1 and D2 are differentiated as dots and diamonds,
respectively. In general, values from both rigs are grouped together and follow the same trend,
which indicate the consistency of the methodology used to standardize data from different
drill rigs. Figure 7a also shows the histograms of the first component (Fig. 6, left) for holes
drilled in waste or ore (the number of data in each class are indicated in the right axis).

Figure 7. Correlation study between the Strength-Grade factor and the iron content-lythology
type assigned to each hole from accompanying measurements: a) Data used to define the model.
b) Data used for validation.
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Intermediate and high values of the first component correspond to areas of limestone (gray
markers, Fig. 7a) and schisted sandstone (magenta markers, Fig. 7a), respectively. This range
of PC1 values correspond in general to waste, according to the assay results. PCI1
discriminates well between limestone and schisted sandstone due to the higher strength of the
limestone (see Tab. 1). Such result can be explained as follows; the penetration rate (PR)
dominates the positive side of the first component (see Fig. 6, left), and since this is
commonly used for hardness properties, the softer the rock the higher its value.

On the other hand, blasts carried out in areas of siderite rock type (brown markers), have an
iron content generally equal to or higher than 20%, and they are associated to low PC1 values.
Although limestone and siderite have the same UCS (see Tab. 1), PC1 can detect in most of
the cases the two rock types; for this reason, we have called PC1 a ‘Strength-Grade’ factor.
This does not occur, however, in the overlapping range of the waste and ore histograms (Fig.
7a), where drilling responds similarly to limestone and siderite.

From these results, four Strength-Grade categories of rock have been defined; these are
indicated in Figure 7a by vertical dashed lines. Soft and hard waste correspond in general to
schisted sandstone and waste areas of limestones, respectively. The transition zone is related
to a range of difficult recognition between limestone (waste) and siderite (ore), while hard-ore
is associated to areas of siderite. The performance of this classification is evaluated from the
success in classifying ore and waste boreholes from assay in each category. Table 3 shows
that the percentage of false positives (ore boreholes wrongly allocated to the soft-waste and
hard-waste) and false negative (waste boreholes incorrectly classified as hard-ore) is limited,
in the range 0—13 %.

Table 3. Percentage of holes identified as ore/waste from assay results

Calibration data set Validation data set

Waste Ore Waste Ore
Soft-waste 100 0 100 0
Hard-waste 90 10 91 9
Transition zone 39 61 67 33
Hard-ore 13 87 10 90

The Strength-Grade factor from the dataset used to define the model has been applied to map
the mine (see Fig. 8). The model identifies areas of hard-ore and some transition zones in the
center of the deposit (marked with two dark green dashed lines), indicating potential areas of
ore material in this zone. To the left side of the graph, areas of soft-waste, hard-waste and
transition zones appear, representing potential intrusions of limestone and schisted sandstone
rock types in the deposit. In general, the categories identified by the Strength-Grade factor are
in line with the different lithologies observed in the 3D reconstructions.

5.2 Validation of the Strength-Grade factor

The validation of the Strength-Grade factor has been carried out from 53 additional blasts
(627 blastholes) in which assaying of drill chips was available (see Tab. 2). Results from this
data set are plotted in Figure 7b. The relation between iron content and the values of PC1 is
similar to that in Figure 7a for the calibration data set. Table 3 also shows for each category,
the percentage of boreholes classified as ore or waste from chemical analysis. The
performance of the Strength-Grade factor is consistent with previous results. There is a good
ore/waste prediction in three categories (hard-ore, hard-waste, and soft-waste), while in the
transition zone it is still not possible to differentiate waste from ore.
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Figure 8. Application of the Strength-Grade factor to 26 blasts.

6 X-ROCK DRILLING MODEL

The Structural Block model has been combined with the Strength-Grade factor in an overall
rock factor, exclusively obtained from drill monitoring data. This factor has been named by
the authors as X-Rock model. It provides an assessment of the structural condition, strength
properties and waste/ore identification of the rock blasted from twelve different X-Rock
categories (three Structural classes and four Strength-Grade categories).

Figure 9 shows an example of rock mass classification from drilling data in a complex block
(B16 marked with a white oval in Fig. 8) with three lithologies (as from the 3D reconstruction
of the post-blast bench face). The Structural Block model (left-upper graph) shows an area of
heavily broken material in the first 5—7 m for all the holes (top white line), identified by the
model as fractured and heavily fractured categories. There are also two small fractures in the
schisted sandstone and the limestone (lower white lines on the left) that are associated to
fractured category. The siderite side (left part) is more massive, with small discontinuities
(dashed white lines).

The Strength-Grade factor (right-upper graph) associates the schisted sandstone area with
soft-waste category (first three blastholes, from left to right). The limestone area is assigned to
the hard-waste category (next two blastholes). The siderite area is classified as hard-ore and
transition zone. The ore/waste prediction is in line with assays (right-bottom graph, Fig. 9);
the transition zone is related to ore. The characteristics identified by the two previous indexes
are combined in the the X-Rock model (left-bottom graph, Fig. 9).
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Figure 9. Representation of the Structural Block model (left-upper graph), Strength-Grade
factor (right-upper grah), X-Rock model (left-bottom graph) and assaying analysis (right-
bottom graph) for production blast B16.

7 CONCLUSIONS

Two rock description indexes are derived directly from the response of the drilling rig to
changes in the rock mass: one classifies the structural condition of the rock, and the other
assesses the strength properties and the iron content of the rock (ore/waste recognition). In
order to use drilling parameters, corrections are carried out to minimize external influences
other than the rock mass. These comprise: (i) filtering unrealistic values, (i) removing
systematic peaks due to the addition of a new rod, and (ii1) correction of the hole depth
influence.

The corrected drilling data have been combined using principal components analysis in two
indexes. The first one is a Structural factor that classifies the rock mass in three classes
(massive, fractured and heavily fractured) considering the variability of drilling parameters.
Video records of the inner wall of 207 blastholes have been used to calibrate this factor. A
Structural Block model has been developed as an improvement of this factor to simplify the
automatic recognition of structural rock trends.

The second index is a Strength-Grade factor, based on the combination of four drilling
parameters. It ranks the rock into four categories (soft-waste, hard-waste, transition zone and
hard-ore) based on the analysis of the rock type description, UCS from geology reports,
assays of drilling chips (ore/waste identification) and 3D UAV reconstructions of the post-
blast bench face; data from 302 blastholes in 26 blasts have been considered. The validation
of the Strength-Grade factor from drilling data and assays of the drilling chips for additional
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53 blasts (647 blastholes) supports the robustness of the model. Most of the categories (soft
and hard waste and hard ore) show a high matching degree with the waste/ore recognition
from the assay of drilling chips, and only one rock class (transition zone), cannot differentiate
between ore (siderite) and waste (limestone).

Finally, the Structural Block model has been combined with the Strength-Grade factor to
create the X-Rock model, an overall rock factor exclusively obtained from drill monitoring
data, to assess the structural condition, strength properties and waste/ore identification of the
rock. Assessments for different conditions would require a re-calibration of the model for the
new site and drill rigs, following the methodology described.

A detailed rock mass characterization per hole in an overall Rock Factor exclusively
obtained from drilling data, provides an early information of the rock to be mined, both in
terms of strength and jointing, and in terms of ore grade. This information is helpful to
improve blasts design, hence better controlling blast results (e.g. rock fragmentation and wall
stability), by adapting blast design parameters to the rock condition. In addition, the potential
ore/waste identification from MWD data may help to an early and fast ore/waste rock
classification, helping to prevent ore waste and dilution from blasting. The amount of assaying
required may also be reduced resulting in cost savings.
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ABSTRACT Shock-induced fragmentation of a granitic rock due to calibrated impact loads
and explosives action in a borehole has been investigated under laboratory conditions. Split-
Hopkinson pressure bar (SHPB) apparatus was used with dynamic compressive loads. The
experiments were conducted with variable loading rate and incident energy, by varying the
impact velocity of the striker bar from 14 m/s to 23.5 m/s. The resulting fragments from the
impact tests were collected by encasing the sample within a thin plastic container with diameter
considerably larger the sample diameter. The recovery of the fragments after the tests was
greater than 98% of the initial sample weight. The fragment size distribution was analyzed for
a range of impact velocities. Similar studies were conducted in single boreholes with detonating
cord of selected strengths (5.3 g/m to 31.8 g/m) and borehole coupling conditions in the same
granitic rock in cylindrical samples of 145 mm diameter and height. The resulting fragment size
distribution from the impact tests and single-hole blasting tests was determined using sieve
analysis with sieve size ranging from 1mm to 90 mm. Comparison of fragment size distribution
showed a better fit with Swebrec function than Rosin-Rammler function.

Keywords: Variable impact velocity, Explosives, Shock pressure transmission, Borehole coupling conditions,
Blast fragmentation

1 INTRODUCTION

Understanding and optimizing fracture and fragmentation behaviour are central to all mining
and excavation operations. Considerable progress has been made during the last decades in our
understanding of the energetics of commercial explosives, blast design, and development of
predictive tools to achieve desired results. However, the link between fragmentation results
from a blast and the downstream processes such as crushing and grinding is still being largely
ignored. The latter operations actually constitute a major part of the mining cost, whereas the
actual cost of blasting operations constitutes only a small fraction of the total cost. The advent
of advanced numerical modeling techniques has increased our capability to predict blast results
in terms of desired degree of fragmentation. However, validation of these theoretical predictions
through actual experimentation is sorely lacking. In addition, fragmentation from blasting
operation has considerable influence on other processes such as loading, hauling and therefore
on the overall productivity of the mine. Therefore, it is important to understand the
fragmentation behavior of the target rock mass. ‘crushability’ and ‘grindability’ index of the
rock, which defines the ease of breaking the rock is determined through impact tests such as
drop-weight test (Napier-Munn et al. 1996), bond work index (Bond 1952) and Impact
pendulum test (Narayanan and Whittle, 1988). In drop-weight tests, a drop weight is allowed to

31



10" International Drilling and Blasting Symposium 25-26 November 2021/Antalya-Turkey

fall freely under gravity to impact the target rock. In the impact pendulum test, a rock fragment
is placed between two pendulum hammers, which are then raised to a certain angle and released
to impact the samples. In both the tests, energy input from the impactor is related to the final
fragments after the tests. The energy input to the fragment is varied by changing the impact
height or the angle. The present study is aimed at filling some of these gaps, but restricted to
the first phase of the fragmentation process in rock, i.e. due to the shock phase. In this study, a
more controlled test was conducted with the help of Split-Hopkinson Pressure Bar (SHPB) tests.
In this experimental set-up, both input energy as well as the energy absorbed by the samples is
determined from the strain gauges mounted on the incident and transmitting bar. A more
detailed explanation of the Split-Hopkinson Pressure bar set-up is discussed in the following
section.

2 EXPERIMENTAL PROCEDURE
2.1 Split-Hopkinson Bar Setup

Split-Hopkinson pressure bar technique to measure the dynamic strength of the material was
introduced by Kolsky (1949) and has been widely used to study the strain-rate dependency of
materials. It was later introduced to test ceramic and rock materials. Conventional Split-
Hopkinson Pressure Bar consists of an incident bar, transmitting bar and a striker bar as shown
in Figure 1.

Figure 1. Schematic of the Split-Hopkinson Bar set-up (after Dai et al. 2010)

The cylindrical specimen is sandwiched between the incident and transmitted bars and the
striker bar is launched onto the incident bar by a gas gun to impact the incident bar at a certain
velocity. This impact generates an elastic wave to propagate along the length of the incident bar
(Fig.1). Strain gauges are mounted on the incident, and transmitted bar to obtain incident,
reflected and transmitted strain pulse from which the stress-strain curve can be obtained. From
the one-dimensional wave theory, the force on the either end of the cylindrical sample is given
by the Equations 1 to 3:
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P, = A.E.(&() + € (1) (1)
P, = A.E.(e,(D) 2)
Stress (o) = % (3)

where,P; and P, are forces on the either ends of the specimen, A is the cross-sectional area of
the bar, A is the area of the specimen, E is the Elastic modulus of the bar, €;, €,, €; are the
incident, reflected and transmitted strain pulse in the bars.

The strain rate in the specimen is calculated based on the relative velocity of the either ends
of the specimen per unit length of the specimen and is given by the Equation 4 and 5. The strain
rate is integrated over time to calculate the strain at an instance ‘t’.

() =7 (e(t) — (1) — &) 4)
e(t) = [, é(x).dr (5)

where, €(t) is the strain rate in the sample with time ‘t’, ¢ is the rod wave velocity, and €(t) the
strain in the sample at time ‘t’.

Intact granitic rocks are brittle material with small failure strain. A rapid loading rate on the
sampled under applied dynamic loading will lead to non- uniform failure of the sample. Stress
equilibrium 1s one of the prerequisites for validity of the strength tests using SHPB.
Ravichandran and Subash (1994) through numerical analysis concluded that the incident pulse
should traverse at least 4 times in the sample for the stress equilibrium condition to be valid. A
direct impact of the striker on incident bar results in a trapezoidal pulse with a sharp rise time.
This results in oscillations in the strain pulse of the incident wave due to the frequency
dependent wave velocity of the elastic wave in the incident bar. This phenomenon hinders with
the stress equilibrium on either side of the pulse. Frew et al. 2001 suggested using a thin copper
disc for smoother rise time of the incident pulse to minimize the dispersion and inertial effects
in the sample. This technique was later adapted by other researchers (Ranjan 2007, Dai et al.
2010) to determine the dynamic compressive strength of the selected rock.

In this study, impact tests were conducted on the fine-grained Laurentian granite samples of
~25 mm diameter which is placed between the incident and transmitting bars of same diameter.
Laurentian granite is a fine grained granitic rock with grain size ranging from 0.2 to 2 mm
(Nasseri and Mohanty, 2008). The sample is enclosed in a thin plastic container of considerably
large diameter to contain the fragments after the impact and still not alter the experimental
conditions. A thin copper disc of 0.8 mm thickness and 5Smm diameter was placed at the impact
end of the incident to control the strain rate and ensure stress equilibrium. Both ends of the
specimen-bar interface were lubricated with vacuum grease to reduce the lateral inertial effects
(Dai et al. 2010), due to friction between the sample and bars. A typical recording of the
incident, transmitted, and the reflected pulse is shown in Figure 2.

The calculated stress-strain curve from the recorded pulse (Fig. 2) is shown in Figure 3 for
the granite sample at an impact velocity of 14.3 m/s. The impact velocity of the striker bar is
calculated based on the peak strain of the incident pulse and is given by v = C. Max(€;(t) ),
where ‘c’ 1s the compressive wave velocity of the steel bars. The dynamic Young’s modulus
(E) of the specimen is obtained from the linear portion of the stress strain curve (Fig. 3).
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Figure 2. The incident pulse, transmitted and reflected pulse for Laurentian granite sample of
25 mm diameter subjected to an impact velocity of 14.3 m/s.

Figure 3. Stress vs. strain plot derived from incident, reflected and transmitted signals

3 ENERGY OF FRAGMENTATION UNDER CONTROLLED IMPACT TESTS
3.1 Energy Absorb During impact Loading

In the current study, Split -Hopkinson Pressure bar for measuring the dynamic strength of the
rock under 1-d compressive loading is used to study the crushability of the rock. The
experimental set-up (Fig.1), is typically used for measuring the dynamic uniaxial compressive
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strength of the rock. A thin plastic enclosure is placed around the sample to recover the
fragments after the tests. The objective of the modified test was to relate the impact energy to
the fragmentation. SHPB also ensures single impact loading as opposed to multi-loading due to
rebound of the impactor as in the case of pendulum tests and drop-weight tests (Huang et al.
2014). The total strain energy absorbed by the sample is numerically equivalent to the difference
in the strain energy contained by the incident wave, and the sum of total energy contained by
transmitted and the reflected wave (Eq. 6). The strain energy density absorbed by the samples
is equivalent the area under the stress-strain curve, as shown in the Figure-3, provided the stress
equilibrium is ensured on either side of the sample.

V..[o.6.dt = E;— E, — E, (6)

Where, E;, E,, E; 1s the total energy of the incident, reflected and transmitted wave and the total
energy for incident elastic wave is given in Equation 7.

E; = c.E.A. [} (t).dt (7)

In the SHPB set-up, the complete signature of the waveform under impact load is obtained from
the strain gauges. By comparing the superimposed waveform of the reflected wave and incident
wave with the transmitted wave, the degree of stress equilibrium, i.e., €;(t) + €,.(t) = €,(t), in
the sample can be visualized as shown in the Figure 2. These samples (25 mm in diameter and
length) were prepared in accordance to ISRM suggested method for measuring dynamic
strength of the rock (Zhou et al. 2012). This ensures consistency of the sample dimensions and
coupling condition between the sample and the bars for each test. Due to the above-mentioned
reasons, the impact tests carried out in the study provide a better control and consistency in the
loading over drop-weight or pendulum tests; the only parameter varied between each test is the
impact velocity as a result the input energy on the sample is varied. The peak strength of the
rock at a particular loading rate is obtained from the stress-strain curve as shown in Figure 3.
The dynamic compressive strength is obtained from the peak compressive stress from the stress-
strain curve.

4 SINGLE-HOLE BLASTS AND FRAGMENT-SIZE DISTRIBUTION

Experiments are conducted in cylindrical samples of 145 mm diameter and height in the same
granitic rock with a single central blast hole, drilled along the length of the sample. Single-hole
tests are conducted under different borehole conditions to examine the influence of decoupling
and coupling medium on fragmentation. The borehole diameter is varied between 6.4 mm and
9.5 mm to examine the influence of decoupling ratio, i.e., ratio of explosive to borehole radius.
PETN detonating cords of varying strength, ranging from 5.3 g/m to 31.8 g/m, were used as the
explosive source in the blast hole. Air and water are used as the coupling medium in the annulus
between the detonating cord and the borehole wall. A thin copper liner was placed in the
borehole of the granite sample to prevent explosion gas penetration into the shock-induced
fracture. The outer diameter of the liner was such that it tightly fits into the blasthole. In the
experiments with liner, the outer surface of the liner was coated with a low viscous epoxy before
placing them into borehole to prevent any possible air-gaps between the copper liner and the
borehole.

A schematic of the experimental set-up for single-hole tests are shown in Figure 4 and 5. The
rock sample is placed in a rubber enclosure to contain the resulting fragments and to prevent
any damage to sensor cables.
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Figure 4. Cylindrical sample with 9.5 mm diameter borehole along with sensor holes (left);
Experimental set-up with sample placed inside the rubber enclosure (right).

Figure 5. Schematic of the single-hole experiments conducted to examine the influence of
borehole parameter on fragmentation
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4.1 Sieve Analysis and Fragment Size Distribution

The resulting fragments from the impact were collected in the plastic enclosure. Fragment size
distribution was determined through sieve analysis with sieve size ranging from 0.6 mm to 19
mm (Fig. 6). Several distribution functions, such as Rosin-Rammler (or Weibull), Gilvarry, log-
normal, Grady and Swebrec functions, are used in literature (Sanchidrian et al. 2014) in
describing the fragment size distribution. The Rosin-Rammler function was introduced in 1932
and adopted into Kuz-Ram model (Cunningham, 1983, 1987) for describing rock
fragmentation, especially due to blasting and comminution operations. The Rosin-Rammler
distribution function is given by the Equation 8.

P(x) = 100. (1 _ 2_(X/X50)n> )

where P(x) is the percentage of fragment less than fragment size X, Xso is the mean
fragmentation size of the distribution and ‘n’ is the undulation parameter describing the
uniformity of the distribution.

Inspite of its wide use for desrcribing rock fragments, Rosin-Rammler function has two major
limitations (Djordjevic 1999, Kanchibotla et al.1999, Ouchterlony et al. 2005). One, it
underestimates the fraction of fines and second, there is no upper limit on maximum fragment
size and mathematically can tend to infinity. The Swebrec function (Ouchterlony et al., 2005)
to describe the fragment size distribution from blasting and comminution process. One key
improvement is being able to assign an upper limit on the fragment size distribution, Xpmax. The
Swebrec function is given by the Equation 9.

100

F(x)= In(Ema) b )
o et

x50

where Xpax 18 the maximum fragment size, Xsois mesh size for 50 % passing, and P(x) is the
percentage passing for the mesh size x.

In this work, both Rosin-Rammler and Swebrec function are considered for the analysis. The
fragment size distribution of the granite samples subject to an impact velocity of 23.5 m/s is
shown in the figure-5, along with Rosin-Rammler (RR-model) and Swebrec curve fits. Both
Swebrec and Rosin-Rammler models a provide a good fit with experimental data for the sieve
size ranging 1.2 mm to 6.3 mm. But for finer fragments, it can be observed that the RR-model
underestimates the percentage of fines below 1 mm and Swebrec function was observed to
overestimate the fine portion. From the relative error in percentage passing with particle size is
shown in Fig. 4. The relative error for Rosin-Rammler function ranged from -0.15 to +0.15
whereas the relative error for Swebrec fit varied from -0.075 to +0.025.Therefore, Swebrec
function is shown to be a better fit than Rosin-Rammler function, especially for fragment size
greater than 1 mm. As a result, Swebrec fit was used for representing the fragment size
distribution from these tests.

A comparison of Rosin-Rammler and Swebrec fit for a specific case is shown in Figure 7. It
shows fragmentation results from a water-coupled single-hole blasting test in the cylindrical
granite sample with 10.6 g/m detonating cord. Just as seen in Figure 6 involving fragmentation
due to impact, the Swebrec fit appears more in agreement with the measured values in the
blasting test at the coarser fragment end than the Rosin-Rammler distribution.
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Figure 6. Fragment size distribution of 25mm sample subjected to an impact velocity of
23.5 m/s

Figure 7. Fragment size distribution of Laurentian granite sample with 10.6 g/m
detonating cord in water-coupled central borehole of 9.5mm diameter with Cu liner of
0.8 mm thickness
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5 CONCLUSIONS

Fragmentation behaviour in a well-characterized homogenous granitic rock has been studied
under controlled impact (Split Hopkinson Pressure Bar) and with single-hole blasts with
detonating cord in a well-characterized homogenous granite rock. Both Rosin-Rammler and
Swebrec approaches have been investigated to characterize the resulting fragments and their
distribution. Both experimental arrangements were aimed at studying shock/impact induced
fractures and fragments in rock, with detonating cord in centrally located boreholes in
cylindrical rock samples, and high-velocity impact on disc shaped specimens via SHPB
technique. Over the impact velocities and single-hole blasting tests investigated, the resulting
fragment size distribution exhibited a better fit with Swebrec distribution function than with the
Rosin-Rammler approach. The tests with explosives were designed to generate only shock-
induced fractures and fragments by preventing any subsequent explosion gas expansion into the
cracks, and thereby provide key information in developing blast models and in calibrating the
various numerical models currently in use to design blasts in operating mines and excavation
operations.
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D. Johansson
Mining and Rock  Engineering, Luled University of Technology, Sweden,
email: Daniel.Johansson@ltu.se

ABSTRACT There is a demand for a more optimized blasting and fragmentation of rock. Here
the properties of the explosives play an important role in the breakage mechanism, especially
the interaction between detonation of the explosive and the rock to be blasted. Therefore, there
is a need for an improved understanding of non-ideal detonations of explosives. This could
develop improved models to describe the physics behind this phenomenon that involves for
example Velocity of Detonation (VoD) and shock front curvatures and energy transmissions
and how these relate to the chemical compositions of explosives and its confinement. In addition
to this, the mining industry and tunnel-contractors as well as the explosives manufacturers are
working to reduce the combustion products through an appropriate choice of the type of
explosives, controlled blasting, monitoring of rock blasting, etc. It is known from the literature
and own investigations by the mining industry that the type of explosives is one of the most
important factors for reducing toxic fumes from blasting. It's fairly known that emulsion
explosives which are widely used in Sweden generate varying levels of toxic fumes depending
on the type of emulsion. But more detailed knowledge on the relation between toxic fumes and
type of emulsion explosives, charging conditions, ground conditions etc. will contribute to the
use of more appropriate types of emulsion explosives and new charging technologies as well as
safer working conditions.

The problem (i.e. non-ideal shock front curvatures and VoD) that has been addressed has
both a practical and a theoretical application, from an operational perspective there is a need to
efficiently use the energy released from the detonation into breaking the rock. The theoretical
need is to increase the understanding to further develop non-ideal detonation models both
analytically and numerically.

This keynote will address recent research within these two fields of explosive engineering.

1 DETONATION FRONT CURVATURE

The non-ideal detonation front and VoD have both practical and theoretical implications on
how to utilize more efficient the energy release during the detonation toward the rock breakage.
The theoretical part involves further development of non-ideal detonation models to improve
the prediction of the behavior between an explosive and rock mass. The experimental work
were mainly done through a streak camera (Fig.1) and resistance probes for the VoD
measurements.

The results from these trials will be shown in the presentation.
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Figure 1. Alignment of the sample with the streak camera (Joansson et.all, 2019).

2 MEASUREMENTS OF TOXiC FUMES

This measurements of toxic fumes such as CO, NOx and Velocity of Detonation (VoD) in a
done in a 35 m® detonation test chamber (Fig. 2). Pure and blended emulsions were tested in
this study. Formation of toxic fumes from detonation of emulsion explosives in thick walled
mortar confiners were compared with data from thin walled glass confinements with otherwise
similar dimensions. Furthermore, intentional deviation in oxygen balance of = 5 % for pure
emulsion explosives and decoupled pure emulsion explosives in dry respectively wet blast holes
are tested. Production of toxic fumes is dependent on the type of explosives, charge diameter
and oxygen balance. In general, pure emulsion generates lower toxicity than blend emulsion,
concentration of toxic fumes relative charge weight decreases with charge diameter and the
tested deviation from oxygen balance have significant effect on generation of CO and NOx.

The tests were divided in 4 rounds. The difference between the rounds where effects from
wall thicknesses, hole inner diameters and length of confinements. The explosives were initiated
with shock tubes and standard pyrotechnic caps, 8-12 grams of plastic explosive with energy =
4.7 MJ/kg, density = 1500 kg/m* and VoD = 7680 m/s,). The 1% round comprises tests with pure
and blended emulsion in 8 glass- and 2 PVC (thin walled confiners) and was a validation of the
results from a pilot study, Nyberg et al. (2015). In the second round, 8 charges in thick walled
mortar confiners, Johansson (2010), were tested with pure emulsion and emulsion with
additives (aluminium). This round also included a supplement to the detonation test chamber
with an additional 150 1 stainless steel vessel installed outside the blast chamber in order to
evaluate the effect of the chamber material properties. The third round dealt with intentional
deviations of + 5 % in explosive’s oxygen balance and tests with ANFO- explosives in @50 mm
mortar confiners which served as a reference. The 4™ round dealt with oxygen balanced and
decoupled string emulsion ¥22 mm in P50 holes. Here both Dry String (DS) and Water coupled
String (WS) were tested with mortar cylinders as confiners. The decoupling (Dnote/Dexpr.) reduces
the shock waves substantially, which could be seen as a fairly practical case for cautious blasting
(Fig. 3).

The keynote will address some general findings and conclusions drawn from the test rounds.
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Figure 2. Detonation test chamber

Figure 3. Decoupled string emulsion ¥22 mm in @50 hole and a VoD probe in a mortar
confinement (Nyberg et. all, 2017).
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Fragmentation in Sublevel Caving Mining — Impact on Loading
and Productivity

H. Schunnesson
Lulea University of Technology, Sweden, email: hakan.schunnesson@ltu.se

ABSTRACT From a production point of view, fragmentation is a key parameter for the proper
functioning for many unit operations and affects also the total production. Furthermore it
influences the ability to load, haul and crush later in a mining process.

Fragmentation varies due to rock mass strength, the presence of joints, the chosen explosive,
specific charge but also significantly by the design and quality of drill holes. The efficiency and
result of unit operations such as drilling, blasting, loading and crushing also depends on the
rock properties that always vary throughout a mine. Generally speaking, operations that are not
well adapted to the actual rock properties, will face a non-optimized flow in production.

SubLevel Caving (SLC) is a highly mechanizable mass mining method normally utilized in
large, steeply dipping orebodies. The mining method relies on gravitational forces along with
induced stresses acting on the blasted ore and the surrounding waste rock. The blasted ore flows
gravitationally to the draw point while the waste rock caves in and fills the void of the extracted
ring, to some extent acting as support.

24 m

Figure 1. Fundamental design of a SLC production area
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In Figure 1. the fundamental design of a SLC production area are presented. Fan drilling is
normally used with small distances between holes in the low end of the fan and large distances
between holes in the top of the fan. This will generate a systematic variation of the specific
charge generally leading to fine material in the bottom part of the blast while the top part often
suffers from course fragmentation and boulder.

The loading operation in a SLC is much more complicated than loading in other mining
methods. A very thin slice of ore (3 m thick and 50m high), see Figure 1, shall be excavated
through a small opening without mobilizing the side rock above and in front of the fan. This put
very high demands on both operator skills and LHD design and strength. With the built-in
design effects on fragmentation, the complication will be even worse.

Luled University of Technology have during a number of years been involved in several
projects addressing productivity issues in production areas in LKABs Malmberget mine. In this
presentation some selected results will be presented.

In the projects a number of digital data sources have been used for the analysis such as drill
monitoring of production drill rigs to predict rock quality and chargeability, interactive LHD
bucket weighing system to monitor ore grade in buckets to support LHD operators and video
image based fragmentation monitoring of bucket content.

A rock drilling system always responds to variations in the mechanical properties of the
penetrated rock mass. Combining the drill response with a detailed understanding of the drill
system has the potential to give a detailed and high-resolution characterization of the penetrated
rock mass along the borehole (Fig.2). Furthermore it has the ability to foresee chargeability
problems resulting in course fragmentation and boulder.

To automatically monitor production underground a video based monitoring system was
developed to automatically select bucket imaged for fragmentation analysis (Fig.3).

Figure 2. Rock characterization using drill monitoring
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Figure 3. Bucket images from the underground operation

To control the loading operation and support the operator, an interactive system for continuous
monitoring of the loading operation has been developed based on bucket weighing (Fig 4).
Using this system an intelligent procedure has been developed to optimize closing of rings and
continuing with the next.

These projects have addressed a number of challenges associated with SLC mining and will
be presented.

Figure 4. Wolis - Wireless Online Information System at LKAB.
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Uncovering Relationship between Asset Management and
Drilling Performance in Uncertain Environment through Discrete
Event Simulation

O.F. Ugurlu
Mining Engineering Department, Istanbul University — Cerrahpasa, Istanbul, Turkey

B. Ozdemir and M. Kumral
Mining and Materials Engineering Department, McGill University, Montreal, QC, Canada

ABSTRACT Mine operators face increasing uncertainty. For example, mineral price
volatility, weather conditions, operating performance, supply chain disruptions, etc. impact
their ability to sustain cost-effective production. Drilling is a primary activity that affects
operating performance. Failures of drilling equipment seriously impact production. Unplanned
downtime causes delays in blasting operations and all other downstream activities. Also, if the
equipment is not well-maintained, its performance will be poor. This results in operational
delays, the loss of production and unfulfilled sales agreements. To consistently achieve
planned production volumes, the reliable performance of drilling equipment is a key element.
Measuring reliability will allow the mine operator to detect the frequency and impact of
unplanned delays. Addressing these aspects will allow the opportunity for equipment
utilization. In a dynamic mining environment, simulation techniques can be used to generate
probable realizations. These can be used to design an asset management program to reduce
unplanned events. This study presents a simulation process that can be used to forecast
maintenance needs, material requirements, performance and quantifies risk. The proposed
approach can apply different assets of a mining enterprise in such a way as to pave a way for
the development of an asset management program. Multiple input variables were controlled
simultaneously by stochastic modeling using a discrete event simulation of drilling activities
based on the historical asset performance.

Keywords: Asset management, Discrete Event Simulation, Drilling operation, Production scheduling,
Equipment reliability.

1 INTRODUCTION
Mining is a global industry with high operating costs. The fluctuations in mineral prices and
difficulties encountered in the production process have led mining companies to invest in
using improved engineering practices that meet production targets and reduce costs.
Production planning based on representative forecasts yields better qualitative and
quantitative outcomes for the mining industry. The condition of drilling is a key element to
reach the planned production rates. Unexpected drilling equipment failure seriously impacts
the production schedule because it causes delays in blasting operations and may affect the
entire production process. Equipment reliability can be used as a key measurement of system
performance during its lifetime (Ebeling, 2004; Elsayed, 2012). Drilling machines are
repairable systems that can be restored after any failure. Proper data collection is required to
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analyze system dynamics and construct a reliability model to assist decision-making. The
main data types are times between failures and times to repairs (Garbabaki et al., 2016;
Rahimdel et al., 2013). Using historical failure and repair information, the available number of
the equipment in the fleet can be simulated.

Simulation techniques have been developed over the years to precisely model systems and
predict the outcomes of probable scenarios. Accurate models based on such simulations are
crucial for reliable and confident decisions involving large capital investments. The problem
is stochastic in nature due to uncertainties in operation. For example, the available number of
fleet equipment may vary due to unplanned breakdowns, and changing conditions such as
rock characteristics, weather, and road conditions. These uncertainties cause differences in
operational parameters such as drilling time, mineral production, and equipment
performances. These fluctuations create deviations from production targets. A simulation-
based model can be taken into consideration the effect of uncertain parameters in mining
operations and to decide on production targets.

Discrete event simulation (DES) is a powerful tool used to examine complex systems and
compare performance indicators for the current system with proposed modifications and
expansion scenarios. It is used to simulate stochastic and dynamic systems (Figure 1). Mining
and earthmoving operations are suitable to be modeled by discrete event simulation because
the activities have separate events (Gurgur et al., 2011; Golzarpoor et al., 2017; Afrapoli and
Askari-Nasap, 2017). In other words, discrete event simulation is one of the best simulation
types to represents mining activities. The simulation has previously been used to determine
the number of machines in mine production (Nageshwaraniyer et al., 2013; Ozdemir and
Kumral, 2019; Ugurlu and Kumral, 2020), model short-term mine planning (Torkamani and
Askari-Nasap, 2015), decide the location of facilities in open-pit mines (Paricheh and
Osanloo, 2018) and model a mine-to-port material transport network in a coal mine (Bodon et
al., 2011).

Figure 1: System Model Chart

In this paper, the number of required drill bits and the range of drillable holes were
simulated by a DES model based on the reliability analysis of the drilling machines and the
drill bits for a three-month period.
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2 RESEARCH METHODS

2.1 Reliability Analysis

The equipment condition is one of essential factors to achieve desired production rate and to
sustain mining operation (Hall and Daneshmend, 2003). Reliability analysis is the best tool to
model the dynamics of the equipment. Data collection is the first step of the analysis to obtain
representative datasets (Myers et al., 2009). In reliability life data analysis, failure data are
needed to calculate the time between failures (Rahimdel et al., 2013).

The general expression for the reliability function is given by Eq. 1 (Ebeling, 2004).

R(t) =Pr{T >t} (1)

where R(?) is the reliability at time #, 7 is the time to failure of the system or item and R(t) > 0,
R(0) =1.

The reliability expression is used to determine a system's reliability or an item that times to
failure 1s characterized by statistical distributions such as exponential, normal, or Weibull if
the system behaves “as good as new” after the repair (Tobias and Trindade, 2011). The failure
process is called the renewal process. This basic model is called the Homogenous Poisson
Process (HPP) (Tobias and Trindade, 2011). The reliability function for the 3-Parameter
Weibull distribution is given by Eq. 2 (Ebeling, 2004; Jardine and Tsang, 2013) where the
three defining parameters of Weibull distribution are shape parameter (§), scale parameter (1),
and location parameter ().

t—
RO = e 0 @)

These systems are independent and identically distributed (i.i.d.) when there is no trend in
the dataset.

The failures of the complex systems such as trucks, loaders, and drilling machines are
dependent based on the current age of the remaining components. The deterioration trend can
be seen; thus, the most cases the complex systems are between “as good as new” and “‘as bad
as old” conditions after the repair. This process is called a non-renewable process. To
characterize the reliability of drilling machines, the Non-Homogenous Poisson Process
(NHPP), which is a generalization of the Poisson process, can be used instead of distributions.
It has wide applicability to model repairable systems (Tobias and Trindade, 2011; Slimacek
and Lindqvist, 2016; Gamiz and Lindqvist, 2016). The Power law technique is a method to
model system intensity function (Eq. 3) for particularly complex repairable systems. The
estimated S and /A are calculated from Eq. 4 and 5 (Tobias and Trindade, 2011; Awad, 2016).

u(t) = ABtF~1,t >0

(3)
K
~ _+ N
B= ‘Ll 9 T (4)
q
§=1Zi=q11n(x—iq)
K
,\ _+N
1= =1 q (5)

(1) + (1) -+ (1)
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where K is the number of the system (the number of drilling machines), N, is the total number
of the failure for each system and 7 is the observation time for each failure dataset. The
estimated f value can also reference the trend. If f is equal to one, there is no trend. If f is
more than one, the system is degrading and if f is less than one, it means the system is
improving (Crow, 1975).

The power law model means repair function and the reliability function, which is defined as
the probability of zero failure from time t to t+s, for NHPP can be seen at Eq. 6 and 7 (Tobias
and Trindade, 2011).

M(t) = JO A)dt = At )

R(t) = e~ [ M(t+s)—M(t)] (9)

2.2 Discrete Event Simulation (DES)

DES is the process of assigning the behavior of compound and complex systems as a discrete
sequence of time-ordered events. It is commonly used to monitor and predict the system’s
behavior and performance with a trial and error approach as a dynamic simulation technique
(Botin et al., 2015). In addition, system variability can be combined by DES with probability
distributions to model the system variables with uncertainty and risk (Yuriy and Vayenas,
2008). Therefore, the complexities and interdependencies of components can be
accommodated to a system by DES, which is a dynamic simulation technique.

Mining activities are usually events that are discrete sequence and dependent on the last
state. Therefore, dynamic simulation techniques based upon the Monte Carlo method can be
used to model mining events (Ozdemir and Kumral, 2017).

The Monte Carlo method is a technique to determine the impact of the risk encountered and
investigate the behavior of the complex systems. Random sampling is performed for different
tasks to generate the range of the possible outcomes by running simulations (Atanassov and
Dimov, 2008).

The detailed discrete-event system was modeled and is illustrated in Figure 2. For a drilling
machine located at a bench, the initial bit changing time is generated from a probability
distribution based on historical events. Then, machine reliability is controlled based on
historical failure time data to decide the necessity of maintenance activity. If the reliability is
lower than 40% at the given time, maintenance is required and the drilling machine is sent to
the maintenance facility. If not, drill bit reliability is controlled based on historical failure time
data to decide the requirement of changing drill bit. When the bit needs to be changed, it is
recorded and a new changing time is generated based on the distribution. After that, moving,
leveling and drilling times are assigned based on historical data. The drilling time is calculated
based on regression analysis. Once a hole is drilled, it is recorded and the system is going
back to the state where the mechanical reliability is checked to drill another hole. This cycle
continues until the end of the simulation for all the machines.
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Figure 2: DES system model of a drilling operation (modified from Ugurlu et al., 2018)

3 CASE STUDY

In this study, historical data were collected from ten rotary drilling machines working at an
open pit mine over a year period. The time between failures, the time under repair, the number
of used drill bits and the drilling length were recorded for each machine. A representative set
of data is presented in Figure 1. Four drilling machines (from low to high reliability order:
Machines A, B, C and D) were selected based on reliability analysis to investigate the effect
of reliability on drilling performance. A power law model was fitted to the data obtained to
analyze the life of each selected machine for the duration of the operation. The parameters of
the power law model were estimated by ReliaSoft® software. The degradation trend can be
seen for all machines from Figure 3. Reliability plots of the machines are demonstrated in
Figure 4.

Figure 3: Power law models of 4 machines
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Figure 4: Reliability curves of ten drilling machines (Power law model)

The behavior of drill bits was modeled through a Weibull distribution using ReliaSoft®
software. The fitted distribution can be seen in Figure 5. Reliability plots of the drill bits of the
four machines were similar. However, the condition of the machine had a slight impact on
drill bit performance, according to reliability analysis. Reliability plots of the drill bits are
demonstrated in Figure 6.

Figure 5: Weibull models of drill bits
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Figure 6: Reliability curves of four selected drill machines’ bits (Weibull 2-parameters)

To compute probable realizations of the number of required drill bits and the number of
drillable holes in a given time, a drilling operation was simulated by DES with 100
simulations in Arena® Simulation Software for each drilling machine for the trimester period.

4 RESULTS

After simulating the drilling operation for each drilling machine, the number of used drill bits
and the number of drillable holes were obtained. According to the simulation results, there is a
90% probability that the number of used drill bits is between 53 and 58 for Machine A & B,
on the other hand, 51 and 56 for Machines C & D (Fig. 7). Moreover, there is an 85%
probability that the number of drillable holes is between 2,350 and 2,425 for Machine A & B
and 2,400 and 2,475 for Machine C & D (Fig. 8). According to the results obtained from the
simulations, the reliability of the machines directly affects drilling operations. The results
show that more drill holes can be drilled with fewer drill bits based on the reliability of the
drilling machine. Simulation results are consistent with the actual results.
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Figure 7: The number of usable drill bits

2350 2375 2400 2425 2450 2475 2500

Figure 8: The number of drillable holes

S CONCLUSION

This paper presents an approach for forecasting the number of required drill bits and the range
of drillable holes based on reliability analysis and DES for a given period. The number of drill
bits and the drillable holes vary depending on the machine performance, rock characteristics
and the experience of the operator. In this paper, the aim is to determine the effect of machine
performance. After collecting the historical data, a reliability analysis was conducted. Then,
the drilling operation was simulated by DES based on reliability analysis. According to the
results, the proposed approach can be used as a tool to assist production scheduling and asset
management.
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OZET Literatiirde ve diinyada 30 yillik yeri olan ve su an 5. Nesli kullanilan elektronik
atesleme sistemleri ililkemizde halen 6zel uygulamalar disinda kullanim alanit bulamamustir.
Bunun sebepleri arasinda ililkemiz maden miihendislerinin bu konuya yeteri kadar egilim
gostermemeleri, birim fiyatlarin gorece ¢ok daha yiiksek olmasi, konu iizerine yeterli
caligmanin yapilmis olmamasi, yeterli Tiirk¢ce kaynak bulunmamasi ve insanlarin elektronik
atesleme sistemi ile yapabileceklerinin farkinda olmamasi sayilabilir.

Elektronik atesleme sistemlerinin avantajlarinin 6n plana ¢ikarilmast ve Tiirkiye’de
kullaniminin artmasi i¢in Onayak olunmasi hedeflenerek bu calisma gergeklestirilmistir.
Calisma kapsaminda Tiirkiye’de bulunan bir polimetalik madende elektronik atesleme sistemi
kullanilarak 2 adet patlatma gerceklestirilmis ve veriler kayit altina alinmistir. Bu veriler
elektriksiz atesleme sistemi kullanilarak yapilan patlatmalar ile karsilagtirilmistir. Karsilastirma
sonucunda elektronik atesleme sisteminin patlatmanin ¢evresel etkilerine ve patlatma verimine
olumlu katkilar1 agik¢a ortaya ¢ikmaktadir.

Anahtar kelimeler: Elektronik kapsiil, atesleme sistemi, elektriksiz kapsiil, patlatma

ABSTRACT Electronic ignition systems, which have a place in the literature and the world for
30 years and are currently used in the 5th generation, still have not found any area of use other
than special applications in our country. Among the reasons for this are that our country's
mining engineers do not show enough attention to this subject, the unit prices are much higher,
not enough studies have been done on the subject, there are not enough Turkish resources and
people are not aware of what they can do with the electronic ignition system.

This study was carried out with the aim of bringing the advantages of electronic ignition
systems to the forefront and to be a pioneer in increasing their use in Turkey. Within the scope
of the study, 2 blasts were carried out using electronic ignition system in a polymetallic mine
in Turkey and the data were recorded. These data were compared with the blasting using the
non-electrical ignition system. As a result of the comparison, the positive contributions of the
electronic ignition system to the environmental effects of blasting and blasting efficiency are
evident.

Keywords: Electronic cap, ignition system, nonelektric cap, blasting
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1 GIRIS

Bilindigi {izere, elektronik atesleme sistemleri Diinya’da 30 yildan beri uygulanmaktadir. Bu
sistemler, madenlerde cevher kirlenmesini 6nlemek, sev durayliligini saglamak, istenilen parga
boyutunu elde etmek, titresim ve hava soku problemlerini en aza indirmek konularinda oldukca
bagarili patlatmalar tasarlanip uygulanabilmesine olanak saglamaktadir. Bu c¢alismada
elektronik atesleme sistemlerinin sahada uygulamasim1 gérmek ve sonuglari nonel atesleme
sistemi ile yapilan benzer patlatmayla karsilastirmak amaglanmistir.

Literatiirden de bilindigi gibi, elektronik atesleyiciler bir piroteknik bilesimin yanma hizina
dayanan geleneksel piroteknik atesleyicilerden daha dogru zamanlama saglar (Cardu, 2013).
Elektronik ateslemenin zamanlama dogrulugu yetenegi ise sunlari saglar:

Patlayic1 enerjisinin daha verimli uygulanmasi.

Parc¢a boyutu homojenligi.

Hafriyat verimliliginde artis.

Hafriyat islemlerinde maliyet tasarrufu.

Patlatmanin halk tarafindan daha iyi kabul gormesi.

Patlamanin neden oldugu titresimlerin ve hava sokunun kontrolii.
Sev stabilitesine katkisi

Cevher kirlenmesinin 6nlenmesi

Bu c¢alisma kapsaminda elektriksiz ve elektronik atesleme sistemleri kullanilarak
gerceklestirilen patlatmalar, verim, is giivenligi ve g¢evreye olan etkiler agilarindan
karsilastirilarak yukarida sayilan avantajlarin hangilerinin ne Olgiide elde edilebilecegi
anlasilmaya calisilmistir. Kiiresel 6l¢ekte 30 yili agkin stiredir kullanilmakta olan elektronik
kapsiiller, ililkemizde 0zel uygulamalar disinda halen yaygm bir kullanim alani elde
edememistir. Bunun baslica sebeplerinden biri bu konu ile ilgili yeterli calisma yapilmamis
olmasidir. Bu sebeple, elektronik atesleme sistemlerinin avantajlarini arastirip ortaya koyarak
isletmelerin elektronik atesleme sistemlerini kullanmasin1 yayginlagtirmak ve iilkemizi
madencilik alaninda kiiresel teknoloji seviyesine ¢ikarmak i¢in konuya 151k tutmak
amaclanmistir.

Bu amaci gerceklestirmek igin bir metalik sahada, elektronik atesleme sistemi ile 2 adet
patlatma gercgeklestirilmistir. Bu patlatma sonuglar1 daha 6nce aymi lokasyonda ayni paternde
ve ayni kosullarda elektriksiz atesleme ile yapilan patlatma sonuglariyla karsilastirilmistir.

2 UYGULAMA: SAHA A

Saha A olarak adlandirdigimiz bolgede, sahanin iki farkli kotunda iki grup patlatmasi
elektronik atesleme sistemi ile yapilmistir. Bu uygulamada ilk yerli marka elektronik kapsiiller
ve atesleme sistemi, detEX kullanilmastir (Sek. 1).

Sekil 1. Elektronik kapsiillerin saha uygulamasindan bir goriintii
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Calismanin amaci, Saha A’nin bir bodlgesinin heyelan tehlikesi agisindan riskli olmasi
nedeniyle, patlatma kaynakli sismik dalgalarin sevlerde yaratacagi titresimi en aza indirecek
patlatmay1 gerceklestirmek; cevherli bolgede de cevher/pasa karismasini en aza indirecek
patlatmay1 gerceklestirmektir. Bu sebeple hem daha giivenli hem de 0 ile 15.000 milisaniye
arasinda 1’er ms’lik artislarla gecikme atamasi saglamakta olan elektronik atesleme sistemi bu
uygulama icin tercih edilmistir. Elektronik kapsiil sisteminin ortaya koydugu esnek gecikme
atama imkani sayesinde sahada ger¢eklestirilen patlatmada delik gecikmelerinin ortaya
cikarttiklar1 miikerrerligin en aza indirilmesi amaclanmustir. Her iki grup patlatmasi ve pilot
patlatmalardan kaynakli sismik dalgalar, 5 adet sismografla kaydedilmistir. Béylece elektronik
kapstille yapilan patlatmalardan ortaya ¢ikan sismik dalgalarin analizi, incelenmesi ve ayni
bolgede daha Once nonelle yapilan ve tarafimizca da sismik kayitlar1 alman patlatma
sonuglariyla da karsilagtirabilmemiz miimkiin olabilmistir.

Tablo 1°de her iki grup patlatmasina ait patlatma bilgileri yer almaktadir. Her grubun
yaninda, gruptaki deliklerle aymi sekilde doldurulmus pilot patlatma deligi hazirlanmis ve
patlatilmstir.

Tablo 1. Saha A’da pasa ve cevherde yapilan elektronik atesleme sistemi uygulamasindaki
patlatma tasarimi

Patern Kodu KR1 885-040 Patern Kodu KR1-970-057
Patlatma Kotu 885 Patlatma Kotu 970
Patlatma Tarihi 4/14/2021 Patlatma Tarihi 4/14/2021
Patern Alani 1423 m? Patern Alani 1592 m?
Delik Sayisi 200 adet Delik Sayis1 200 adet
Geometri(m) 2.6x 3.0 Geometri 2.8x3.2
Dip Delgi 0.4 m Dip Delgi 0.2 m
Delik Cap1 102 mm Delik Cap1 102 mm
Ort. Delik Metraj 5.00 Ort. Delik Metraj1 5.40
. 2845; 14.5kg/delik . 3325; 16.5kg/delik
Patlayic1 Miktar1 (kg) ortaloma Patlayic1 Miktar (kg) ortaloma
Dinamit (kg) 103.50; 0.5kg/delik Dinamit (kg) 104.00; 0.5kg/delik
Patlatma Saati 6:30:00 PM Patlatma Saati 2:23:00 PM
Yiizey Baglantilari 53ms-19ms -13ms Yiizey Baglantilari 71ms-13ms
X |516174.87 X | 515713.00
Patern Koordinatlari Y | 4364005.6 Patern Koordinatlar1 Y | 436383170
7 | 889.36 Z | 97525
Patern Litolojisi Porfiri Andesit Patern Litolojisi Porfiri Andesit

2.1 Saha_A Pasada Elektronik Atesleme Sistemi ile Yapilan Patlatma Uygulamasi

Bu patlatmada kullanilan toplam patlayict ve kapsiil miktarlari: 2000 kg agir Anfo, 1325 kg
Anfo olmak {izere toplamda 3325 kg yemlemeye duyarli patlayici, 101 kg kapsiile duyarl
patlayici (her bir adedi 0.5 kg) ile birlikte 202 adet elektronik kapsiil kullanilmustir.

Sekil 2°de deliklere uygulanan elektronik kapsiil gecikmeleri ve gecikmelerin takip ettikleri
hat goriilmektedir. Hat {lizerinde orta ¢ekme uygulamast ve bu uygulamayi takip eden
gecikmelerin siralanis1 gosterilmistir.
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Sekil 2. Deliklere uygulanan elektronik kapsiil gecikmeleri

Hat iizerinde orta ¢ekme uygulamasi ve bu uygulamay1 takip eden gecikmelerin siralanisi
gosterilmistir. Delikler izerinde uygulanan patlatma tasariminda ayna iizerindeki hat iizerinde
71 ms’lik bir gecikme artis1 tercih edilmisken geriye dogru akan hatlar iizerinde 13 ms’lik
gecikme katsayisi tercih edilmistir. {1k delik 71 ms sonra ateslenirken son delik 2253 ms sonra
ateslenmektedir. Bu diizende toplam patlatma siiresi 2182 ms siirmektedir. Sekil 3, pasada
yapilan patlatmanin ve sismograflarin yerlerini gostermektedir. Sismograflar, elektronik
kapsiille yapilan atesleme sonucu meydana gelen patlama enerjisi ile ilgili analiz yapabilmek
ve bunlar1 nonelle ayni kosullarda yapilan patlatma sonuclar ile karsilagtirmak icin yakin
mesafelere yerlestirilmistir. Tablo 2, pilot ve grup patlatmalardan olusan sismik dalgalarin
sismograflarda olgiilen parcacik hiz ve frekans degerlerini gostermektedir.

Elektronik kapsiil denemesinin yapildig1 sahada, ayn1 kosullarda fakat nonel atesleme ile
yapilan ve tarafimizca da sismik Ol¢iimleri alinan 13.01.2021 tarihli patlatmayla, elektronik
kapsiil uygulamasmin yapildigi 13.04.2021 tarihli patlatma karsilastirilmistir. Tablo 3’de
13.01.2021 tarihli patlatmadan alinan sismik Ol¢iim degerleri verilmistir. Delik sayisi,
elektronik kapsiil uygulamasindaki ile aynidir. Nonel ateslemede 13.01.2021 tarihinde 42 ms
delikler arasi, 67 ms siralar aras1 gecikme siiresi uygulanmistir. Delik geometrisi 3x3.5m’dir.
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Sekil 3. Pasada yapilan pilot ve grup patlatmanin ve sismograflarin yerleri

Tablo 2. Pilot ve grup patlatmadan kaydedilen titresim ve frekans degerleri

Sismograf Patlatma l\O/IlegsL:tl% T v L PVS Frekans
m mm/s mm/s mm/s mm/s Hz
12270 Pilot 6 5461  27.050  19.050  27.700 60
Grup 6 53470 64200 53210  67.700 38
Pilot 25 5.588 5.461 6.858 8.592 45
13368 Grup 35 20570 24.640 21460  27.770 32
Pilot 128 i - i - -
12269
Grup 112 3.302 3.810 5.588 6.085 13
Pilot 113 ; ; ] ] ]
14465 Grup 116 5715 4.953 9.144 9.219 14
, Pilot 431 - - - - -
FHero Grup 425 1.340 1.537 1.554 1.925 14

Tablo 3. Pilot ve grup patlatmadan kaydedilen titresim ve frekans degerleri (13.01.2021 tarihli
nonel atesleme ile yapilan patlatmalar)

Ol¢iim T \Y% L PVS  Frekans
Sismograf Patlatma
Mesafem  mm/s mm/s mny/s mm/s Hz
Grup-
14465 6 55.12 64.54 57.28 83.79 10
pasa
Grup-
micro 30 15.68 22.09 36.04 38.32 15
pasa
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Tablo 2’de verilen elektronik kapsiil uygulamasinda, patlatmadan 6 m uzaga yerlestirilen
sismograf- 12270°te dl¢iilen en yiiksek titresim hiz1 vektorel toplamda 67.7 mm/s dir. Frekans
degeri 38 Hz’dir. Tablo 3’te, ayn1 kosullarda 13.01.2021°de nonel atesleme sistemi ile yapilan
patlatmada, patlatmaya 6m uzaga yerlestirilen sismograf-14465°te ol¢iilen en yiiksek titresim
hiz1 vektorel toplamda 83.79 mm/s dir. Frekans degeri 10 Hz’dir. Nonel atesleme sistemi ile
yapilan patlatmadan kaynakli sismik dalga ayni1 mesafede %23.5 daha fazla titresime sebebiyet
vermistir. Tablo 2’de verilen elektronik kapsiil uygulamasinda, patlatmadan 35 m uzaga
yerlestirilen sismograf- 13638’de Olciilen en yiiksek titresim hizi vektorel toplamda 27.7 mm/s
dir. Frekans degeri 32 Hz dir. Tablo 3’de, ayni kosullarda 13.01.2021°de nonel atesleme sistemi
ile yapilan patlatmada, patlatmaya 30 m uzaga yerlestirilen sismograf-micro’da dlgiilen en
yiiksek titresim hiz1 vektorel toplamda 38.32 mm/s dir. Frekans degeri 15 Hz’dir. Nonel
atesleme sistemi ile yapilan patlatmadan kaynakli sismik dalga ayni1 mesafede %35.71 daha
fazla titresime sebebiyet vermistir. Frekans agisindan incelendiginde ise, elektronik kapsiille
yapilan ateslemelerde, literatiirde de denildigi gibi (Cardu 2013, Kara ve ark. 2014, Mishra ve
ark. 2017, IME 2017) daha ytiiksek frekansli dalgalar olusmaktadir. Yiiksek frekansli dalgalar
cabuk sogrulma ozelligi tasidiklart igin titresime neden olarak zarar verme ozelliklerini
yitirmektedirler. Bu agidan, sevlerin durayliligina tehdit olusturamadan sogrulma yoneliminde
olmalar istenilen bir ozelliktir. Yapilar acisindan degerlendirildiginde de yliksek frekanslh
dalgalar her zaman diisiik frekanslh dalgalara tercih edilirler. Ciinkii diisiik frekansli dalgalar
yapilarin dogal frekansi ile uyumlandiklar1 takdirde yapilari rezonansa sokarak daha biiyiik
titresime ve dolayisiyla hasara sebebiyet verirler.

Bir bagka karsilastirma ise, patlatma sirasinda olusan enerjinin yonlendirilmesi agisindan
yapilmistir. Patlatmanin kaynaginda, yani sifir noktasinda olusan enerjinin tahmini ve bu
yontem kullanilarak kaynaktan istenilen noktada olusacak sismik dalga kaynakli titresimlerin
belirlenmesi tarafimizca sayisal modelleme ile yapilabilmektedir. Bu yontemle, elektronik ve
nonel atesleme ile yapilan 2 patlatmanin kaynak enerjisinin dagilimi incelenmistir.

Sekil 4, 13.01.2021 tarihinde sahada ayn1 miktarda patlayici ve delik ile nonelle yapilan
patlatmanin kaynak verisi ve 13.04.2021 tarihinde elektronik kapsiille yapilan patlatmanin
kaynak verisinin karsilastirilmasini gostermektedir.

200 —

genlik, spektral oran

-300

Zaman, sn

Sekil 4. 13.01.2021 tarihinde sahada nonelle yapilan patlatmanin kaynak verisi (yesil) ile
13.04.2021 tarihinde elektronik kapsiille yapilan patlatmanin kaynak verisinin (kirmizi)
karsilastirilmasi

68



10" International Drilling and Blasting Symposium 25-26 November 202 1/Antalya-Turkey

Sekil 4’te kirmizi renkli genlik grafigi, elektronik kapsiil uygulamasinda delikler arasinda
zamanlamanin istenilen sekilde ayarlanabilmesi ile patlayici enerjisinin kayay1 kirmak ya da
otelemek i¢in yoOnlendirilebilecegini gostermektedir. Bu ¢alismada burden relief (yiik
hafifletmesi) 40 ms/m se¢ilmis ve tiim patlamanin 2.5 saniye ig¢erisinde bitmesi ve titresimlerin
en az olmasi amaclanmistir. Bu amaca uygun verilen gecikmeler patlatmanin enerjisinin
kirmadan c¢ok 6telemeye harcanmasina sebep oldugu i¢in sok enerjisinin diisiik goriilmesine
sebep olmustur. 13.01.2021°de ayn1 sahada ayni delik sayis1 ve patlayict miktar1 ile nonel
kapsiiller kullanilarak yapilan patlatmanin sok enerjisinin yiiksek goriindiigii fark edilmektedir
(yesil). Patlatma sonrasinda geriye dogru fazla kirma ve tansiyon ¢atlaklarinin fazla olmadigi,
hatta Sekil 5’te gosterildigi gibi grubun arka sirasindaki delikten geriye dogru 2.67 m ile
kirmanin sonlandig1 belirlenmistir. Bu da nihai sevlere yaklasildiginda fazla kirma ve tansiyon
catlaklar1 yaratarak sevi Orselemenin Oniine gecilecegi anlamina gelmektedir ki yapisal
stireksizlik igeren ocaklarda sev stabilitesi ve kama tipi kaymay1 onlemek i¢in ¢ok biiyiik Gnem
arz etmektedir. Bu durum Ocaktaki sev stabilite problemlerinin ¢oziimiinde kullanilabilir.

Sekil 5. Patlatma sonrasi tansiyon catlaklari

2.2 Saha_A’da Cevherli Bélgede Elektronik Atesleme Sistemi Ile Yapilan Patlatma
Uygulamasi

199+1 delik seklinde gergeklestirilen patlamaya ait bilgiler Tablo 1’de verilmistir. Bu
patlatmada kullanilan toplam patlayici ve kapsiil miktarlari: 1320 kg agir Anfo, 1325 kg Anfo
olmak tiizere toplamda 2645 kg yemlemeye duyarli patlayici, 99.5 kg kapsiile duyarl patlayici
(her bir adedi 0.5 kg) ile birlikte 199 adet elektronik kapsiildiir.

Sekil 6’da ise deliklere uygulanan elektronik kapsiil gecikmeleri ve gecikmelerin takip
ettikleri hat goriilmektedir. Hat iizerinde orta ¢ekme uygulamasi ve bu uygulamay1 takip eden
gecikmelerin siralanig1 gosterilmistir.
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Sekil 6. Deliklere uygulanan elektronik kapstil gecikmeleri

Delikler tizerinde uygulanan patlatma tasariminda ise orta gekme metoduyla tasarlanan patlatma
diizeninde orta hat lizerinde 53 ms’lik bir gecikme artis1 tercih edilmisken aynaya dogru
ilerleyen hat {izerinde 13 ms’lik gecikme artislari ile bir {ist aynaya dogru ilerleyen hatta 19
ms’lik bir atis modeli gerceklestirilmistir. Toplam 199 delikte gergeklestirilen patlatmada ilk
delik referans olarak 0 ms de son delik ise 1541 ms sonra ateslenmektedir bu da patlatmanin
bastan sona 1541 ms’lik bir zaman zarfinda gerceklestigi anlamina gelmektedir.

Sekil 7, cevherde yapilan patlatmanin ve sismograflarin yerlerini gostermektedir.
Sismograflar, elektronik kapsiille yapilan atesleme sonucu meydana gelen patlama enerjisi ile
ilgili analiz yapabilmek ve bunlar1 nonelle aym1 kosullarda yapilan patlatma sonuglari ile
karsilastirmak i¢in yakin mesafelere yerlestirilmistir.

Sekil 7. Cevherde yapilan pilot ve grup patlatmanin ve sismograflarin yerleri
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Tablo 4, pilot ve grup patlatmalardan olusan sismik dalgalarin sismograflarda 6l¢iilen pargacik
hiz ve frekans degerlerini gostermektedir.

Tablo 4. Pilot ve grup patlatmadan kaydedilen titresim ve frekans degerleri

Sismograf Patlatma 1\(/;2;2 T v L PVS Frekans

m ’ mm/s mm/s mm/s mm/s Hz

1270 Pilot 5 32510 28.830  85.850  86.180 22
Grup 10 52070  60.830 125100 125.600 21

Pilot 35 9.398 5969 13330  14.820 24

13368 Grup 45 20.840 30350  30.070  31.720 20
1260 Pilot 55 0.635 1.016 1.778 1.934 22
Grup 60 2794 3.429 4572 4.808 22

, Pilot 72 1.025 0.567 1.135 1.445 23
FHETo Grup 36 12860  13.560 18470  22.750 23
Pilot 242 ; ] ] ] ]

14465

Grup 157 1.553 1.495 2413 2.534 20

Sahada, 121 delikli ve nonel atesleme ile yapilan ve tarafimizca da sismik o6lciimleri alinan
13.01.2021 tarihli bir grup patlatmasiyla elektronik kapsiil uygulamasinin yapildig: 13.04.2021
tarihli patlatma karsilastirnilmistir. Tablo 5’de 13.01.2021 tarihli patlatmadan alinan sismik
Olctim degerleri verilmistir. Delik geometrisi, elektronik kapsiil uygulamasindaki ile ayni olup
delik basina diisen Anfo miktar1 14 kg dir. Nonel ateslemede 13.01.2021 tarihinde 42 ms
delikler arasi, 67 ms siralar aras1 gecikme siiresi uygulanmustir.

Tablo 5. Pilot ve grup patlatmadan kaydedilen titresim ve frekans degerleri (13.01.2021 tarihli
nonel atesleme ile yapilan patlatmalar)

Sismograf Patlatma Olgiim T A% L PVS Frekans

Mesafe,m  mm/s mm/s mm/s mm/s Hz
Grup-

12269 20 18.80 17.02 30.35 34.49 11
cevher
Grup-

14465 30 14.48 38.32 72.01 75.76 11
cevher
Grup-

12270 50 18.54 15.87 21.21 29.20 10
cevher
Grup-

micro 60 21.10 6.526 35.27 38.98 5
cevher

Tablo 4’de verilen elektronik kapsiil uygulamasinda, patlatmadan 45 m uzaga yerlestirilen
sismograf- 13638’de Olgiilen en yiiksek titresim hizi vektorel toplamda 31.720 mm/s dir.
Frekans degeri 20 Hz’dir. Tablo 5°de, ayni kosullarda 13.01.2021 de nonel atesleme sistemi ile
yapilan patlatmada, patlatmaya 50 m uzaga yerlestirilen sismograf-12270’te dlgiilen en yiiksek
titresim hiz1 vektorel toplamda 29.20 mm/s dir. Frekans degeri 10 Hz’dir. Nonel atesleme
sistemi ile yapilan patlatmadan kaynakli sismik dalga ayni mesafede hemen hemen ayni
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titresime sebebiyet vermistir. Ancak frekans degeri diisiiktiir. Elektronik kapsiiliin yiiksek
frekansl dalga yaratma avantaj1 goriilmiistiir.

Tablo 4’de verilen elektronik kapsiil uygulamasinda, patlatmadan 60 m uzaga yerlestirilen
sismograf- 12269°da 6lgiilen en yiiksek titresim hiz1 vektorel toplamda 4.808 mm/s dir. Frekans
degeri 12 Hz’dir. Tablo 5’te, ayn1 kosullarda 13.01.2021°de nonel atesleme sistemi ile yapilan
patlatmada, patlatmaya 60 m uzaga yerlestirilen sismograf-micro’da 6l¢iilen en yiiksek titresim
hiz1 vektorel toplamda 38.98 mm/s dir. Frekans degeri 5 Hz’dir. Nonel atesleme sistemi ile
yapilan patlatmadan kaynakli sismik dalga ayn1 mesafede 9 kattan daha fazla titresime sebebiyet
vermistir. Frekans agisindan incelendiginde ise, elektronik kapsiille yapilan ateslemelerde,
literatiirde de denildigi gibi (Cardu 2013, Kara ve ark. 2014, Mishra ve ark. 2017, IME 2017)
daha ytiksek frekansli dalgalar olugsmaktadir.

Patlatma sonrasinda geriye dogru fazla kirma ve tansiyon catlaklarinin fazla olmadigi ve
yerinde parcalanmanin da 1yi oldugu belirlenmistir. Bu da nihai sevlere yaklasildiginda fazla
kirma ve tansiyon c¢atlaklar yaratarak sevi orselemenin oniine gegilecegi anlamina gelmektedir
ki yapisal siireksizlik iceren ocaklarda sev stabilitesi ve kama tipi kaymay1 onlemek i¢in ¢ok
bliylik onem arz etmektedir. Bu durum Ocaktaki sev stabilite problemlerinin ¢oziimiinde
kullanilabilir.

Patlatma sirasinda olusan enerjinin yonlendirilmesi agisindan karsilastirilma, bu uygulama
icin de yapilmistir. Sekil 8, 13.01.2021 tarihinde sahada ayni miktarda patlayici ve delik ile
nonelle yapilan patlatmanin kaynak verisi ve 13.04.2021 tarihinde elektronik kapsiille yapilan
patlatmanin kaynak verisinin karsilastirilmasini géstermektedir.

o
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Sekil 8. 13.01.2021 tarihinde sahada nonelle yapilan patlatmanin kaynak verisi (yesil) ile
13.04.2021 tarihinde elektronik kapstille yapilan patlatmanin kaynak verisinin (kirmizi)

karsilastirilmasi

Sekil 8’de kirmizi renkli genlik grafigi, elektronik kapsiil uygulamasinda delikler arasinda
zamanlamanin istenilen sekilde ayarlanabilmesi ile patlayici enerjisinin kayay1 kirmak ya da
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otelemek i¢in yonlendirilebilecegini gostermektedir. Bu ¢alismada burden relief (yiik
hafifletmesi) 20 ms/m se¢ilmis ve tiim patlamanin 2 saniye igerisinde bitmesi amag¢lanmistir.
Bu amaca uygun verilen gecikmeler patlatmanin enerjisinin 6telemeden ¢ok kirmaya
harcanmasina sebep oldugu i¢in sok enerjisinin yiliksek goriilmesine sebep olmustur. 13.01.
2021°de aymi sahada ayni delik sayis1 ve patlayici miktar1 ile nonel kapsiiller kullanilarak
yapilan patlatmanin sok enerjisinin diisiik goriindiigii fark edilmektedir (yesil).

3 3B DINAMIK NUMERIK MODELLEME

Sahada elektronik ve nonel atesleme ile gerceklestirilen bu patlatmalarin 3 Boyutlu Niimerik
Modelleme ile analizleri ve etkilerinin degerlendirilmesi yapilmistir. Bu ¢calisma bagka bir yayin
konusu olup burada sadece sonug¢larindan bahsedilecektir. Patlatmadan 6 m uzakliktaki noktada
elektronik kapsiil ile yapilan patlatmada olusan yercekimsel ivme miktar1 yaklagik 11 mm/sn?
(1.15 g) iken nonel kapsiille yapilan patlatmada bu deger yaklasik iki katindan fazla olmakta ve
26.46 mm/sn? (2.7 g) degerini almaktadir. Sekil 9°da heyelanli bélgede nonel ve elektronik
kapsiille yapilan patlatmalarin modelle bulunan etki alanlart verilmektedir. Sekil
incelendiginde, heyelanli bolgede nonel kapsiil ile yapilan patlatmanin etki alan1 32 m iken
elektronik kapsiille yapilan patlatmanin etki alaninin 17 m oldugu goriilmektedir

Sekil 9. Heyelanli Bolgede Elektronik ve Nonel Kapsiil ile yapilan patlatmalarin etki alanlari

4 SONUCLAR

Pasada yapilan patlatmada, Nonel atesleme sistemi ile yapilan patlatmadan kaynakli sismik
dalganin, elektronik kapsiille yapilan patlatmadan kaynakli sismik dalganin kaydedildigi
sismograftan daha uzak mesafede olmasina ragmen %25- 35 daha fazla titresime sebebiyet
vermesi dikkat ¢ekicidir. Cevherde bu fark 9 kata kadar ¢ikmaktadir.

Frekans agisindan incelendiginde ise, elektronik kapsiille yapilan ateslemelerde, literatiirde
de belirtildigi gibi daha yliksek frekansli dalgalar olustugu goriilmiistiir. Yiiksek frekansh
dalgalar ¢gabuk sogrulma 6zelligi tagidiklari i¢in titresime neden olarak zarar verme ozelliklerini
yitirmektedirler. Bu agidan, sevlerin durayliligina tehdit olusturamadan sogrulma yoneliminde
olmalar istenilen bir 6zelliktir.

Bir bagka karsilagtirma, patlatma kaynakli enerjinin yonlendirilmesi agisindan yapilmaistir.
Elektronik kapsiille, patlatma enerjisinin istedigimiz yonde (kirma ya da 6teleme) kullanilmasi
icin gerekli gecikmelerin verilebilecegi anlasilabilmistir. Bu ¢alismada cevherde elektronik
kapsiille yapilan patlatmada enerjinin kirmada kullaniminin, nonelle yapilana gore daha fazla
oldugu; pasada ise tam tersi oldugu goriilmiistiir. Tabi ki, bu durum, c¢alisma sirasinda
modellemede verdigimiz “burden relief” miktar ile ilgilidir.

Yapilan elektronik kapsiil uygulamasinda patlatma sonrasinda geriye dogru fazla kirma ve
tansiyon ¢atlaklarinin fazla olmadigi, hatta grubun arka sirasindaki delikten geriye dogru 2.6 m
ile kirmanin sonlandig1 belirlenmistir. Bu da nihai sevlere yaklasildiginda fazla kirma ve
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tansiyon c¢atlaklari yaratarak sevi 6rselemenin oniine geg¢ilecegi anlamina gelmektedir ki yapisal
stireksizlik igeren ocaklarda sev stabilitesi ve kama tipi kaymay1 6nlemek i¢in ¢ok biiyiik 6nem
arz etmektedir. Bu durum siklikla akmalarin yasandigi bolgede sev stabilite problemlerinin
¢Oziimiinde kullanilabilir.

Sahada Ocak 2021 tarihinde nonel kapsiil ile yapilan 204 delikli patlatma deneyi ile yine ayni1
ocakta Nisan 2021 tarihinde elektronik kapsiil ile yapilan 200 delikli patlatma sonuglar1 3
boyutlu dinamik (zamana bagli) niimerik modelleme analizleri ile incelenmistir:

Patlatmadan 6 m uzakliktaki noktada elektronik kapsiil ile yapilan patlatmada olusan
yercekimsel ivme miktar1 yaklasik 11 mm/sn? (1.15 g)iken nonel kapsiille yapilan patlatmada
bu deger yaklasik iki katindan fazla olmakta ve 26.46 mm/sn? (2.7 g) degerini almaktadir.

Heyelanl1 bolgede nonel kapsiil ile yapilan patlatmanin etki alanm1 32 m iken
elektronikkapsiille yapilan patlatmanin etki alaninin 17 m oldugu goriilmektedir.

Yapilan incelemeler ve 3 boyutlu zamana bagli dinamik niimerik modelleme analizleri
sonucunda sahanin su anki durumu da g6z oniine alindiginda 6zellikle heyelanli bolgeye yakin
alanlarda elektronik kapsiil kullanilmas1 6nem arz etmektedir.

Yapilan incelemeler sonucu elektronik kapsiil ile yapilan patlatmalarin yarattigr sismik
dalgalar ile nonel kapsiil ile yapilan patlatmalarin olusturdugu sismik dalgalar sonucunda olusan
partikiil hizlar1 yakin olsa da, elektronik kapsiil ile yapilan patlatmalar sonucunda olusan ivme
degerinin ¢ok daha diisiik ve frekanslarin ise ¢ok daha yiiksek olmasi nedeniyle cabuk
sogurulduklar1 goriilmiistiir. Bu nedenle, elektronik kapsiil ile yapilan patlatmalarda
deformasyon miktarlar1 ve etki alanlar1 ¢ok daha diistiktiir. Teknik agidan ve ocagin gelecegi
diistiniildiigiinde sahada elektronik kapsiil ile patlatmalarin arttirilmasi ocak stabilitesi ve
Giivenli Madencilik i¢in dnem arz etmektedir.

Genel sonuclar degerlendirildiginde;

Bu incelemenin sonuglari, elektronik kapsiil kullaniminin titresim azaltma, artan frekanslar,
hava soku, patlatma enerjisinin yonlendirilmesi (kayaci kirmaya ya da Gtelemeye) istenilen
parcalanma, kazilabilirlik ve asir1 kirma, tansiyon catlaklarinin olusumunun kontrolii agisindan
avantajli oldugunu gostermektedir. Kirma maliyeti tasarrufu (birincil ve ikincil parcalanma
sirasinda daha az enerji kullanilir) da saglayacagi ve ardisik maliyetlerde de azalmaya sebebiyet
verecegi agiktir ancak maliyetlerle ilgili calisma heniiz tarafimizca yapilmamustir.

Bununla birlikte, dogru bir patlatma tasarimi ve yeterli ve dogru delik delme ve sarj1 garanti
edildiginde elektronik kapsiillerin avantajlarindan bahsedile bilinir.
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OZET Son zamanlarda kullanimi giderek artan elektronik kapsiillerin sagladigi faydalari
bilmek kullanicinin operasyon sirasinda bu iirliniin hangi 6zelliklerinden yararlanabilecegini
belirlemesi a¢isindan 6nemlidir.

Bu caligmada bir kontrollii patlatma uygulamasinda elektronik kapsiil kullaniminin pratikte
sagladigr faydalar anlatilmaktadir. Birim fiyatinin pahali olmasi nedeniyle baslangicta
diistiniilmeyen bu iirtinler, duyulan bir ihtiya¢ sonucu kullanilmaya baglanmis ve uygulamalar
sirasinda gozlenen faydalar1 yorumlanarak operasyona katki yapmustir.

Anahtar kelimeler: Patlatma, Elektronik kapsiil, Fayda

ABSTRACT Knowing the benefits of electronic detonators, which have been increasingly used
in recent years, is important for the user to determine which features of this product can benefit
from during the operation.

This study describes the benefits of using electronic detonators in a controlled blasting
application in practice. Products, which were not initially thought due to the its high unit price,
started to be used because of a need, and contributed to the operation by interpreting the benefits
observed during the applications.

Keywords: Blasting, Elektronic Detonator, Benefit

1 ELEKTRONIK KAPSULLERIN YAPISI VE FAYDALARI

1990’h yillarda sahneye c¢ikan elektronik kapsiillerin kullanimi giiniimiizde giderek
yayginlagmaktadir. Tiim yeni iriinlerin oldugu gibi elektronik kapsiillerin ortaya ¢ikmasinin
temel sebebi de ihtiyagtir. Atesleme sistemlerinin tarihsel gelisimi incelendiginde, adi kapsiil-
emniyetli fitil birlikteliginden elektrikli kapsiillere, infilakli fitillere, elektriksiz kapsiillere
dogru emniyeti ve verimliligi esas alan bir gelisim siireci yasanmustir. Her yeni liriin
kendisinden oncekilerin maruz kaldig1 tehlikelere ve yetersizliklere karsi kullanicilarin elini
rahatlatan secenekler sunmustur. Elektronik kapsiiller kendisinden 6nceki iirtinlerle saglanmasi
miimkiin olmayan bazi faydalar sunmaktadir. Bunlar genel olarak sunlardir:

Gecikme siirelerinin kullanici tarafindan tayin edilmesi

Gecikme siirelerinin daha fazla sayida ve esnek se¢ilebilmesi (1’er ms aralikli)
Gecikme siirelerindeki sapmanin sifira yakin olmasi

Giivenlikle ilgili detaylar
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1.1 Elektronik Kapsiillerin Yapisi

Elektronik kapsiillerin genel yapisi elektrikli ve elektriksiz kapsiillerin yapisina benzemekte
olup temel farklilik gecikmenin piroteknik bir gecikme elemani tarafindan degil elektronik bir
cip ile kontrol ediliyor olmasidir. Diger kapsiillerde oldugu gibi kovanin dip kismina
yerlestirilmis bir ana sarj ve onun iistliinde kibrit basindan ilk enerjiyi alarak ateslemeyi baslatan
birincil sarj vardir. Birincil sarj1 lizerinde bulunan kibrit basi, entegre oldugu bir ¢ip tarafindan
kontrol edilmektedir (Sek. 1)

Sekil 1. Elektronik Kapsiiliin Genel Yapis1 (Davey Bickford Elektronik Kapsiil Numunesi)

Enerji, kapsiil telleri ile c¢ip tlizerindeki devreye iletilir ve devrede bulunan kapasitorde
depolanir. Elektronik devre, kullanici tarafindan bildirilen gecikme siiresi sonrasi kibrit bagini
atesler. Kibrit basi birincil sarj1 ve birincil sarj da ana sarj1 atesleyerek kapsiil patlatilmis olur.
Elektronik devrenin yiiklendigi gecikme siiresi, kibrit basinin ateslenme stiresi, birincil sarjin
atesleme stiresinin toplami toplam gecikme siiresini tayin eder. Tiim bu silireclerde neredeyse
sifira yakin sapma ile planlanan gecikme siiresini saglayabilmektedir.

1.2 Genel Faydalan

Bu boliimde kisaca elektronik kapsiillerin 1.Boliimde verilen genel faydalarindan
bahsedilecektir.

1.2.1 Gecikme siirelerinin kullanici tarafindan belirlenebilmesi

Elektronik kapsiillerin disindaki atesleme sistemlerinde (elektrikli gecikmeli kapsiiller,
elektriksiz kapstiller, gecikme réleleri vb.) gecikme siiresi iireticiler tarafindan saglanan irtinler
ile sinirhi kalmaktadir. Soyle ki iilkemizde kullanilan elektrikli kapsiiller genellikle her biri
arasinda 30 ms aralikli olmak {izere 16 adet gecikmeden olusmaktadir. Ayni sekilde yiizey veya
yeralti uygulamalarinda daha yaygin sekilde kullanilmakta olan elektriksiz kapsiillerin gecikme
stireleri de {tretici firma tarafindan saglanan belirli gecikmelerden ibarettir. Elektrikli veya
elektriksiz atesleme sistemleri ile sunulanlardan farkli gecikme siiresi kullanimi sadece
elektronik kapsiiller ile miimkiindiir. Kimi 6zel uygulamalarda kullanilmak istenen gecikme
stireleri ancak elektronik kapsiiller ile saglanabilmektedir.

Elektronik kapsiillerin gecikme siirelerinin kullanici tarafindan belirlenmesi ayrica depolama
acisindan da oldukg¢a 6nemli fayda saglamaktadir. Bu sayede kullanici agisindan herhangi bir
gecikmeye sahip kapsiiliin stokta kalip kalmadig1 kaygis1 ortadan kalkmaktadir. Tedarikgi
firmalar acgisindan da ¢ok fazla sayida gecikmelerin yurtdisindan ithali, depolarda stoklanmasi
ve stok takibi gibi siireglerde rahatlama saglanmaktadir.
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1.2.2 Gecikme siirelerinin fazla sayida secilmesi

Bir 6nceki boliimde anlatildigi gibi elektronik kapsiiller disindaki atesleme sistemlerinde
gecikme stireleri ve sayilar1 ancak piyasada mevcut Uriinler ile sinirhh kalmaktadir. Bu durum
ozellikle kontrollii patlatma gibi 6zel uygulamalar yapilmak istendiginde kullanicilarin elini
baglayan bir durumdur. Ornegin buyuksehlrlerde yapilan metro insaatlar1 gibi yeralti
kazilarinda sarsintiy1 kontrol altinda tutmak i¢in her deligin ayr1 ayr1 zamanlarda patlatilmasi
giindeme gelebilmektedir. Boyle bir uygulamada yer {stii ve yeralt1 kapsiilleri ayni1 paternde
kullanilsa dahi yeterli gecikme sayisinin saglanamadigi durumlar ortaya ¢ikabilmektedir. Oysa
elektronik kapsiillerde iireticilere gore degismekle birlikte 1’er ms araliklarla 0 ms’den 30.000
ms’ye kadar gecikme verilebilme imkani vardir. Ayni sekilde yer iistii patlatmalarinda sira
sayist1 arttik¢a farkl siralardaki bazi deliklerin gecikme stireleri cakisabilmekte veya birbirlerine
cok yaklasabilmektedir. Bu durum sarsintt sorunu olan bdlgelerde kullanicit agisindan
dezavantaj olusturur. Elektronik kapsiillerin kullanildig1 ¢ok biiyiik atimlarda dahi (6rnegin
1.000 delik/atim) bir yazilim yardimiyla her deligi gecikme siireleri cakismayacak ve
birbirlerine belirli bir gecikme siiresinden daha az siirede yaklagsmayacak sekilde (6rnegin 8ms)
programlamak miimkiin olabilmektedir.

1.2.3 Gecikme siirelerindeki sapmanin sifira yakin olmasi

Boliim 1.1°de belirtildigi gibi elektronik kapsiillerin gecikme siireleri biinyelerindeki bir ¢ip
tarafindan kontrol edilmektedir. Boylece piroteknik gecikme elemanlarinda goriilen gorece gok
bliyiik sapmalar elektronik kapsiillerde goriilmez. Farkli tireticiler tarafindan farkli sapma
degerleri verilmekle birlikte bu sistemlerde en fazla 1-2 ms sapma goriilebilir. Oysa 500 ms
gecikmeye sahip bir elektriksiz kapsiilii ele alirsak, bu kapsiil baslatildiginda gecikme siiresinde
50 ms’ye kadar sapma goriilebilir ki bu durumda s6z konusu kapsiil 450 ms ile 550 ms
araliginda herhangi bir siirede ateslenebilir. Hassas unsurlarin yakinlarinda patlatma yapmak,
cevher pasa ayirimimi efektif yapabilmek, fazla kaziyr onlemek gibi 6zel uygulamalarda,
planlanan gecikmenin uygulamada dogru olarak elde edilmesi dnem kazanmaktadir. Ayrica
par¢a boyutunu kontrol etmek adina baz1 uygulamalarda delikler aras1 gecikmeler 1-2 ms gibi
kiiciik degerlerde secilebilmektedir ki boylesi kiiciik gecikmelerin hassas sekilde elde edilmesi
ancak elektronik kapsiiller ile miimkiin olabilmektedir.

1.2.4 Giivenlikle ilgili detaylar

Patlatma operasyonlarinda oncelikli hedefin atimi giivenli sekilde gergeklestirmek oldugu
tartisilmazdir. Atim verimi ve isin ekonomik boyutu ancak patlatmanin giivenli bir sekilde
gergeklestiginden emin olunduktan sonra yapilmalidir. Ulkemizdeki delme patlatma konusunda
duayen isimlerden Omer Yilmaz Erko¢, TMMOB Maden Miih. Odasi tarafindan 13-14 Mart
2019 tarihinde Ankara’da diizenlenen “Ileri Seviye Delme Patlatma Egitimi” kapsaminda
vermis oldugu derste konuyu sOyle vurgulamistir: “Giivenligi saglanmayan hicbir
uygulamanin ekonomisinden bahsedilemez” (Erkog 2019).

Elektronik kapsiiller, programlama cihazlar1 ile 2 yonlii iletisim kurarak dolumdan once,
dolum sirasinda ve atesleme cihazina baglandiktan sonra atimdan hemen 6nce olmak {izere 3
asamada test edilir. Bu test sonucu herhangi bir arizali kapsiiliin varligi, devreye bagl kapsiil
sayis1, cihaz ile iletisime gegmeyen bir kapsiiliin varligi durumunda bu kapsiiliin hangi kapsiil
oldugu kontrol edilebilmektedir. Bilindigi gibi elektriksiz kapsiillerin en biiylik dezavantaji
kontrollerinin ancak elle ve gozle yapilabilir olmasidir. Oysa elektronik kapsiillerin anlatildig:
gibi 3 agamadaki kontrolii ile ateslemeden Once tiim kapsiillerin saglam ve devreye baglanmis
oldugu ve atesleme cihaziyla kapsiillerin iletisiminde sorun olmadig1 anlasilabilmektedir.
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Ayrica elektronik kapsiillerin gecikmesinin delik igerisinden verilmesi ile Once patlayan
deliklerden firlayan kaya parcalarindan veya zemin hareketi ile delik i¢i hattinin kesilmesi
sonucu atim kesme riski ortadan kalkmaktadir.

2 PROJE HAKKINDA KISA BILGI

Bir acik ocak maden isletmesine yapilacak olan yeni bir tesisin temel kazilar1 asamasinda delme
patlatmali kaz1 yapilmasi gerekmistir. Ancak kazi yapilacak bolgenin ¢ok yakinlarinda gesitli
madencilik unsurlari, yiiksek gerilim hatlar1 ve ofis binalart bulunmasi nedeniyle ¢aligsmalar
oncesinde ciddi bir ofis caligmasi yapilmistir. Yapilan ofis ¢alismasinda kazi alami risk
bolgelerine gore ayrilmis ve yakinlarindaki unsurlar i¢in limit PPV degerleri belirlenmistir.
Yapilacak patlatmalarin bu degerin altinda kalmasi i¢in mesafeye bagli olarak birim zamanda
devreye girecek sarj miktar1 sinirlandirilmistir. Bu nedenle delik boyu en fazla 7,50 m olarak
belirlenmistir. Ayrica kaya firlamasini kontrol altinda tutabilmek i¢in deliklerin 4 m’den daha
az delinmemesi onerilmistir (Kili¢ ve ark. 2017).

Sarsint1 hesabi ile birlikte kaya firlamasi ile ilgili bir modelleme yapilmistir. Richards ve
Moore yaklasimu ile ileri, geri ve yukar1 yonli kaya firlama mesafeleri hesaplanarak patlatma
golgelerinin en yakinlarindaki unsurlarin kaya firlamasindan etkilenip etkilenmeyecekleri
kontrol edilmistir. Sarsint1 hesabina gore risk olusturmayan her bolge i¢in ayni zamanda kaya
firlamasi1 hesabi1 yapilarak gerekli yerlerde delme-patlatma parametreleri revize edilmistir. Kaya
firlamas1 modellemesi ile patlatmalar sirasinda makineler ve insanlar i¢in giivenlik mesafeleri
de belirlenmistir (Kili¢ ve dig., 2017).

Yiiksek gerilim hattinin (YGH) altinda yapilan atimlarda (hattin iz diigiimiiniin 15 m saginda
ve solunda kalan koridor igerisinde) patlatma hasir1 kullanilmasi onerilmistir (Kilig ve ark.
2017).

Her patlatma i¢in 3 farkli sabit noktadan titresim 6l¢limii alinmastir.

3 ELEKTRONIK KAPSULLERIN KULLANILMAYA BASLANMASI VE
GORULEN FAYDALARI

3.1 Elektronik Kapsiillere Neden Thtiya¢ Duyulur?

Projedeki delme-patlatma isleri, belirlenen parametreler ile kontrollii sekilde devam ederken
YGH’nin altindaki bolgelerde patlatma hasiri kullanilmadan atim yapilamiyordu. Patlatma
hasirinin serilmesi ve toplanmasi ancak bir ving yardimiyla yapilmakta olup fazla zaman
almaktaydi. Atimlardan sonra atesleyicinin sahaya giris izni verebilmesi i¢in tiim deliklerin
patladigindan emin olunmasi gerekmektedir. Patlatma hasir1 kullanilan atimlarda bu durum
fazladan zaman kaybina neden olmaktaydi. Ciinkii atimdan sonra patlatma hasirlarinin
kaldirilmas: gerekmekteydi. Isletme yetkilileri, yasanan bu zaman kaybinin éniine gegmek igin
yazarlardan destek istemisler ve atimdan sonra patlatma hasirin1 beklemeden tekrar sahadaki
calismalar1 baslatmak istediklerini, bunun i¢in atimdan sonra kapsiillerin tamaminin
patladigindan emin olunacak bir sistemin olup olmadigini sormuslardir. Yazarlar kendilerine
elektronik kapsiilleri onermistir.

3.2 Elektronik Kapsiillerin Kullanilmaya Baslanmasi

Bolim 3.1°de belirtilen ihtiyaca cevap verebilecek olan elektronik kapsiillerin Boliim 1.2.4°de
anlatilan faydalar1 isletme yetkililerine uygulamali olarak anlatilmis ve kendilerinden onay
alindiktan sonra YGH’nin altinda yapilan atimlarda kullanilmaya baglanmistir. YGH’ nin
altinda elektronik kapsiiller ile yapilan atimlarda, atimdan sonra patlatma hasirlar
kaldirilmadan sahaya giris izni verilmesi ile diger imalatlarin da zaman kaybina ugramasinin
ontine gecilmistir (Kili¢ ve ark. 2017).
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3.3 Elektronik Kapsiillerin Kullanildig1 Atimlarda Titresim Seviyelerinde Azalma

Proje kapsamindaki patlatmalar planlandigi sekilde yiiriitiilirken YGH’nin altinda yapilan
atimlarda elektronik kapsiiller ve diger bolgelerde elektriksiz kapsiiller kullanilmaktaydi. Her
attmin raporu yazilirken 3 sabit noktadan alinan titresim degerlerinin belirlenen limitlerin
altinda kalip kalmadig1 da belirtiliyordu. Elektronik kapsiillerin kullanilmaya baslanmasindan
sonra, bu iirlinlerin kullanildig1 atimlarda cihazlarin 6l¢tiigl titresim degerleri ile daha dnce
elektriksiz kapsiiller ile yapilan atimlar sonucu 6lgiilen degerler arasinda olumlu yonde farklar
gozlenmistir (Tab. 1). Ornegin 01 Mart 2016 ve 03 Mart 2016 tarihlerinde aym delme
parametrelerinin kullanildigi, gecikme basina en fazla sarj miktarinin esit oldugu (¢iinkii delik
boyu en fazla 7.50m) ve 6l¢lim noktalarina ayni mesafede yapilan 2 atimdan birisinde elektronik
kapsiiller kullanilirken digerinde elektriksiz kapsiiller kullanilmastir.

Tablo 1. Elektronik ve elektriksiz kapsiillerle yapilan atim sonucu 6l¢iilen titresim degerleri

) 01 Mart 2016 Tarihli Atim 03 Mart 2016 Tarihli Atim
Ol¢iim (Elektriksiz Kapsiiller Kullanilmistir) (Elektronik Kapsiiller Kullanilmistir) Fark
Noktast  “yey(orel Govde Hizn Mesafe (m) Vektorel Govde Hizi Mesafe (m) (%)
(mm/s) (mm/s)
1.Nokta 3.705 152.25 1.783 174.58 52%
2. Nokta 7.007 187.80 4.623 178.10 34%
3. Nokta 4.271 229.64 1.778 251.43 58%

03 Mart 2016 tarthinde elektronik kapsiillerin kullanildig: atim sonrasi alinan titresim kayitlari
ile 01 Mart 2016 tarihli elektriksiz kapsiillerin kullanildigi atimin kayitlar1 karsilastirilmis ve
Tablo 1°de goriildiigii gibi titresim degerlerinde 1.0l¢iim noktasinda %52, 2.0l¢iim noktasinda
%34 ve 3.0l¢iim noktasinda %358 gibi dnemli azalma oldugu fark edilmistir (Kilig ve ark. 2017).

3.4 Delik Boyunun Arttirilmasi

Boliim 3.3’de anlatilan titresim seviyesindeki diislis isletme yetkililerine rapor edilmis ve
elektronik kapsiillerin tiim sahada kullanilarak delik boyunun kademeli olarak arttirma onerisi
dile getirilmistir. Isletme yetkilileri ile yapilan goriisme sonucu en yiiksek delik boyunun énce
7.50 m’den 10.00 m’ye ¢ikarilmasi ve bu atimlarin sonuclar1 degerlendirildikten sonra miimkiin
ise 12,00 m’ye ¢ikarilmasi kararlastirilmistir.

En ytiksek delik boyu once 10 m’ye c¢ikarilmistir. Arttirilan delik boyu ile birim zamanda
devreye giren patlayict madde miktar1 da artmis, ancak kaydedilen titresim degerleri belirlenen
limitlerin altinda kalmaya devam etmistir.

10 m’lik delikler ile yapilan atimlarin sonuglar1 degerlendirilerek delik boyunun azami 12
m’ye ¢ikarilmasina karar verilmistir. 12 m’lik delikler ile yapilan atimlar sirasinda da titresim
degerleri limitlerin altinda kalmaya devam etmistir (Kili¢ ve ark. 2017).

3.5 Kaz1 Hizinin Arttirilmasi

Bolim 3.4°de deginildigi gibi elektronik kapsiillerle yapilan atimlarda delik boyu arttirildig:
icin kazi hizim1 da arttirmak miimkiin olmustur. Delik boyunun arttirilmasi ile atim basina
patlatilan hacim arttirilabilmistir. Delik boyunun arttirilmasi ile proje taban kotuna ulasmak i¢in
kimi yerlerde ikinci kez delme-patlatma isi yapilmasma gerek kalmamistir. Ornegin,
topografyaya bagli olarak taban kotuna 10 m’lik bir 6rtii olan bolgede elektriksiz kapsiiller
kullanilsaydi 6nce azami 7.50 m’lik delikler delinerek patlatilacak ve yaklasik 7 m’lik bir dilimi
kazmak miimkiin olacak, geri kalan 3.00 m’lik kisim i¢in yeniden delme-patlatma yapmak
gerekecekti. Oysa ayni bolgede elektronik kapsiiller kullanilarak 11 m’lik delikler ile caligilmis
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ve atimlarda limit titresim degerleri asilmadan tek seferde bolge kazilabilmistir. Bu bildiride
anlatilan avantajlardan dolay1 projedeki kazi hizi arttirilmistir.

4 SONUCLAR

Bir agik ocak maden isletmesinde yeni bir tesisin temel kazilar1 delme-patlatma yontemiyle
yapilirken, baslangicta elektriksiz kapstiller kullanilmig, Boliim 3.1°de detayli anlatildig gibi
patlatma hasir1 kullanimindan kaynaklanan zaman kaybinin 6niine gecebilmek i¢in elektronik
kapsiiller kullanilmaya baslanmistir. Elektronik atesleme sistemlerinin kullanimindan elde
edilen faydalar 6zet olarak asagida verilmistir:

e Elektronik kapsiil kullanimi ile atimdan oOnce atesleme sisteminin kontrolii etkin ve
giivenilir yapilabildigi i¢in kapsiillerden kaynakli atim kesmesi riski ortadan kaldirilmis
ve patlatma sonrasi sahaya doniis icin beklemeye gerek kalmamistir.

e Projedeki aymi kaz1 bolgesinde, elektriksiz kapsiil ve elektronik kapsiiller ile yapilan
atimlar karsilastirildiginda, elektronik kapsiillerin kullanildigi patlatmalarda titresim
seviyelerinde anlaml diistisler gozlenmistir.

e Titresim seviyeleri ile ilgili tespitten sonra, ¢cevredeki ¢esitli unsurlar i¢in belirlenen limit
titresim degerleri asilmadan, birim zamanda devreye giren patlayict madde miktari
arttirilmig, boylece daha uzun delik boylart ile ¢alismak miimkiin olmustur.

e Uzun delik boylari ile ¢alisilmasi sonucu ayni1 delik sayisi ile patlatilan hacim arttirilmis
ve bazi1 bolgelerde ikinci kez delme patlatma yapilmasina gerek kalmamustir.

e Elde edilen bu faydalar sayesinde kaz1 hiz1 arttirilarak projedeki kazi isi planlanandan 1
ay once bitirilebilmistir. Mevsimin kisa donmesi nedeniyle beton dokiim isinin sekteye
ugramasinin oniine gegilebilmistir.

Patlatma sektoriinde kullanimi giderek artan elektronik kapsiillerin yaygin kullanilmasinin
oniindeki en biiyiik engel, birim fiyatinin diger atesleme sistemlerine gore yiiksek olmasidir.
Bununla birlikte her isin kendi 6zel kosullar1 degerlendirilerek bu iiriinlerin faydalarinin toplam
maliyet {izerine olan etkisi arastirilmalidir. Kimi ¢alismalarda isin Oniinii acan kimi
calismalarda toplam maliyeti diisiirebilen faydalar1 olabilir. Erkog (2019)’un Ileri Seviye Delme
Patlatma Egitimi’nde “Delme-Patlatma ve Maliyet Iliskisi” konusunu islerken su garpici
vurgular1 yapmustir:

“Maliyet, eder degildir.”

“Amacina ulasmayan, sonucuna ulagmayan hicbir uygulamanin maliyeti tartisimamalidir”
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Significance of Rock Properties Upon Explosive Characteristics

R. Varol

Technical Services Engineer, Solar Explosives Turkey

ABSTRACT: Any blasting operation is carried out with some rule-of-thumb approach such as
3 to 3 matrix pattern in limestone, staggered. Common assumptions are made as that the rock
itself has a massive body, with little discontinuities, etc. Thus, any critical situation emerging
from groundwater and porosity is regarded, projected and analyzed by a special team effort, or
technical support, to be solved as a crisis, mostly by fixing by multiple tries method.

This work investigates the relation between rock properties and explosive characteristics
through some mathematical models and rock mechanical tools. In order to assure the
significance of geological situation and field conditions as well as explosive properties, this
study asks for a blasting operation to be carried out with a more complex manner, considering
rock mechanics as a part of explosive framework itself.

As a rock mechanical tool, Bieniawski Method is taken, specifically Rock Quality
Designation (RQD) and Rock Mass Ratio (RMR). Drillhole spacing is considered as a mirror
image of rock bolting in tunnels, in which RQD and RMR tools conclude the bolt spacing. As
a result, the most efficient drillhole spacing for a specified rock type is determined by a
designated optimum. Five different fields with similar geological properties are taken as
controlling samples. The final conclusions are summarized by numerical rock properties, each
of which requires the explosive characteristics upon that specific formation.

Keywords: Rock, Explosive, ROD, RMR

1. INTRODUCTION

The basic question of this work is that if we can generate any mathematical relation between
explosive properties and rock properties, we will be able to analyze the effect of any explosive
property on a specified rock. In literature, we have the below empirical properties for rocks and
explosives, initially.

Rock Properties: Explosive Properties:

RQD (Rock Quality Designation) Velocity of Detonation

RMR (Rock Mass Rating) + Explosion Pressure
UCS (Uniaxial Compressive Strength) . Blast Wave Energy
Discontinuity Conditions » Flaming Temperature

Porosity
Groundwater Weathering Amount

L B B )
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The Bieniawski method will give us the left properties as input, and we will conclude the
properties on the right side by a series of calculations and predictions.

2. METHODOLOGY

Numerical values regarding rock properties of these fields with explosive properties emerging
from production process are to be examined comprehensively. Uniaxial compressive strength,
UCS rating, point load index, discontinuity spacing, groundwater and joint adjustment values
of each field sample determine the respective rock quality designation and RMR value. On the
other hand, VOD, explosion energy, blast wave energy and several parameters of explosive
products come from product performance and characteristic tests. These two separate fields has
no common mathematical relation in between, so we need a tool to consider the big picture so
as to conclude practical framework. RQD and joint spacing relationship is given in Figure 1.

Figure 1. Bienawski chart (Bieniawski, 1978, 1989)

First step is to designate the RQD and RMR values of these five fields. Then, RQD and joint
spacing relation concluded by Bieniawski (1978) is considered as a baseline for drillhole
spacing in these fields. Here comes an optimum spacing value telling us the crack lengths, which
yields a significant proportion to explosive performance. Thus, we study the explosive
characteristics one by one considering that numerical data.
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3. RESULTS AND DISCUSSION

Our first sample (Table 1 Customer 1) gives 17% rock quality designation, with respective
inputs. Drillhole spacing in the field is 3 meters. According to these two values, joint spacing
comes as 60 millimeters. Respective values are represented in Table 1.

Table 1. Joint spacing by Bieniawski (1978, 1989)

Drillhole
RQD % Joint Spacing (m)
Spacing (m)
0 0.00
10 0.05
20 0.06 3
30 0.07
40 0.09
50 0.11
60 0.13
70 0.18

Drillhole Spacing = 3 meters
Drillhole Diameter = 89 mm

gives

V=3.14x(3/2) x (3/2) x 1 =7.1 cubic meters of Unit Rock Block

Rock Density = 2.4 kg/m? for Limestone

Thus, Unit Rock Block Mass = 7.1 x 2.4 = 16.97 kg/m Rock Mass

Surface Area Exposed to Explosive =2 x 3.14 x (0,089/2) x 1 = 0.28 m?/m drillhole
Explosion Pressure (SOLARANFO) = 0.95 MPa = 950 kN/m?

Force Applied to 1 m drillhole by ANFO =950/ 0.28 = 3392 kN

Conversion: 1 kN =102 kg-f

ANFO Force (Unit Mass) = 3392 x 102 = 346071 kg/m

ANFO Force (Blocks) =346071 / 16.97 = 20393 times strong for 1 block

Hence, for Customer 1:

RMR = 0.62 fits with 60 mm joint spacing embedded within the rock block (Table 1).
This gives

ANFO Force =20393 x (1-0.62) = 7749 times strong for 1 block.

Five customers and respective fields are calculated in same manner and presented in Table 2.
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Table 2. Rock mechanical data from five fields (Deere, 1964)

Rock Mechanics
Formation Parameters Ratios*
Source Information Bieniawski Chart Bieniawski
Method
N e
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Same calculation is held using the respective values in Table 2. Concluded ANFO Force value
from these calculations is considered as the empirical agent of crack number emerged by blast
waves generated by the explosive itself. Therefore, the amount of ANFO force in term of mass
is improvised by the concept of rock mass, as a function of SI kilograms. By applying this
hypothesis, a relation between these two separate concepts is tried to be built in order to make
expectations for explosive studies.

For the explosive part of the coin, four parameters were put into account as detonation
velocity, explosion pressure, blast wave energy and e-mass equivalent, which emerges from the
initial three. Velocity of detonation values are taken from Solar product catalogues in Table 3.
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Table 3. Velocity of detonation values of solar products

VOD (m/s)
Linear adjustment to 65mm tubes for 89mm Drillholes

Cap-Sensitive Booster .
cpr Booster Sensitive
Superpower90 Sensitive
SolarGel-E SOLAR ANFO
6000 5000 2500

In order to determine the explosion pressures, we use the following expression (SFPE, 1995)

Pmax /Pa=Tad/Ta
Pmax = (Tad / Ta) Pa

Where,

Pmax = maximum pressure developed at completion of combustion (kPa)
Pa = initial atmospheric pressure (kPa)

Tad = adiabatic flame temperature (K)

Ta = ambient temperature (K)

By inserting the Solar product inputs to the expression, we get the following values in Table 4.

Table 4. Solar products explosion pressures

Explosion Pressures
(Pmax - MPa)
U.S. Nuclear Regulatory Commission Chart - Version 1805.1

Cap-Sensitive Booster Booster Sensitive
Superpower90 Sensitive SOLAR ANFO
SolarGel-E
0.95 0.95 0.95

Blast wave energy calculation by the formula:

E = o AHc m¢

where

E = blast wave energy (kJ) yield

o = yield (as is the fraction of available combustion energy participating in blast wave
generation)

AHc = heat of combustion (kJ/kg)

ms= mass of flammable vapor release (kg)

gives the results in Table 5.
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Table 5. Solar products blast wave energies

Blast Wave Energy (kJ)
(SFPE, 1995)
Cap-Sensitive Booster o,
ces Booster Sensitive
Superpower90 Sensitive
SolarGel-E SOLAR ANFO
97295 72558 72791

These values are treated with an approach which uses TN'T mass equivalent. Since we deal with
cracks and mass-to mass collision approach, we use that formula in order to conclude the
explosive data through this manner. The expression is as follows:

W =E/4500

where

Wint = weight of TNT (kg)
E = explosion energy release (kJ)

Hence, we get respective values represented in Table 6.

Table 6. Solar products E-Mass equivalents

Solar Products
E-Mass Equivalents (kg)
U.S. Nuclear Regulatory Commission Chart - Version 1805.1

Cap-Sensitive Booster Booster Sensitive
Superpower90 Sensitive SOLAR ANFO
SolarGel-E
21.62 21.75 21.82

Here we sum up the whole picture by rock mechanical properties and explosive properties
together and present in Table 7.
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Table 7. Solar product characteristics versus experimental rock mechanical properties

Source Information Bienawski Chart Solar Products
Crack Amounts
UCS | RQD | RMR CS BS BS
Customer Rock (MPa) % % SPow90 Solar SOLAR
Gel-E ANFO
Customer 1 Limestone — Aragonite 80 17 62 | 6958 | 7144 | 7749
Customer 2 Limestone — Calcite 95 17 72 5002 5215 5710
Customer 3 Limestone - Sandstone 55 13 43 9971 | 10265 | 11624
Mix (60-40)
Customer 4 Limestone - Sandstone 75 17 55 8437 8976 9176
Mix (70-30)
Limestone - Sandstone
Customer 5 Mix (75-25) 80 17 55 8437 8976 | 9176

Reading Table 7 by respective RMR values gives an understanding that uniaxial compressive
strength, RMR and explosive capability of generating new cracks has an empirical relation. We
can see more apparently by putting these into Figure 2.

Explosive Force
14000

12000

m SOLARANFO

10000
8000 —  MSolargel - E
6000 - —
4000 A | SP90
2000 - —
0 ' ' ' ' " RMR%
62 72 43 55 55

Figure 2. Solar product forces versus RMR

As seen in the results, Rock Mass Rating decreases, discontinuity amount within the rock
body increases. Figure 3 represents blast wave energies.
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For RMR = 62%,
SOLARANFO generates 7749  new cracks.
SolarGel-E generates 7144  new cracks.
Superpower90 generates 6958 new cracks.

For RMR =43%,

SOLARANFO generates 11624 new cracks.
SolarGel-E generates 10265 new cracks.
Superpower90 generates 9971 new cracks.

Blast Wave Energy (kJ)

120000

B SOLARANFO
100000

80000

W SolarGel-E
60000 -

40000 -

mSP 90
20000 -

O i

Figure 3. Solar product VOD values and blast wave energies

4. CONCLUSION

As widely seen, blasting technology develops through bulk emulsions at most nowadays, due
to the fact that formation properties has the most significant role in performance and
productivity. That’s why recent studies are mostly focusing on structural geology and its minor
forms 1.e. in-site blasting within city centers, metro tunnels, etc. Hence, the main question of
this work gets its motivation from a similar standpoint, examining the crack and wave theories
with rock supporting theories. All the experimental results illustrate the fact that any hypothesis
upon rock mechanics versus explosive characteristics would work in order to make future
theories and developments both for blasting operations and explosive research and
development. Here, with Solar products and active blasting operation fields, we conclude the
following questions: it can be seen that as RMR decreases, SOLARANFO generates maximum
crack amount whereas Superpower90 generates minimum crack amount. Hence, there is a
prediction that gas yield capacity of the explosive plays more significant roles when RMR is
low. On the other hand, detonation velocity becomes more important when RMR is high, as
well as high blast wave energy becomes a disadvantage when RMR is low. Similar studies
would help and assist further and more detailed works upon the issue.
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ABSTRACT Due to the adverse effects of blasting operations in the Hashtrood Bashmagq
copper mine, such as earthquakes, rock-throws, and setbacks that cause damage (creating
additional costs) and local opposition, it was necessary to design the blast pattern in a way that
minimizes adverse effects. In this research to solve this problem and optimize the explosion
pattern, the design of the explosion pattern and its optimization was done by an artificial neural
network to minimize the adverse phenomena of earthquakes, setbacks, and rock-throwing that
were the basic needs of the mine. 100 databases of real events such as earthquakes, rock throws,
and setbacks and effective parameters were collected to achieve this goal. It was concluded that
the blast pattern design process results are 10 optimal blast patterns for the Hashtrood Bashmaq
copper mine. Among these 10 optimal explosion patterns, the most optimal pattern was obtained
with a diameter of 6 inches, a thickness of 4.5 meters, a row spacing of 6 meters, a length of
10.14 meters, a thickness of 3.44 meters, a specific flow rate of 0.401 kg / m Cube, row delay
between 17 milliseconds, number of rows per blast 4, the distance of monitoring point from
blast 1406 meters, maximum hole in delay 16, charge per delay 1956 kg, point load index 6.6
MPa, the specific gravity of explosive 2411 kg / Cubic meters and the cost of each hole equal
to 86 kg. According to these values, the amount of rock throw was 35 m, the maximum particle
velocity was 17 mm / s and the setback was 1.3. From these findings, it can be concluded that
the proposed model led to a reduction in the adverse effects of the explosion compared to the
previous explosion model, where the rock throw values, maximum particle velocity, and
setback were respectively 96 m, 33 mm /s and 1.8 m. The currently obtained results show that
by selecting the appropriate values for the effective parameters in the explosion pattern, the
adverse effects of the explosion operation can be reduced.

Keywords: Explosion Pattern Optimization, Artificial Neural Network, Open Mines, Hashtrood Bashmaq
Copper Mine
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1 INTRODUCTION

What is the purpose of appropriate designing of explosion patterns in open-pit mines? What are
the destructive factors caused by the explosion that can affect the optimality of the explosion
pattern? The purpose of designing an explosion pattern in open-pit mining is to make reasonable
use of drilling holes and explosives so that with high safety and low destructive effects (less
ground vibration, less air vibration, low blast noise production, reduction or elimination of
bounce and less stone-throwing) attempt to crush and break the stones [1]. Energy loss in
blasting operations is between 80 to 85% of the energy produced from the explosion of
explosive material and only about 15 to 20% of this energy is spent on crushing and breaking
rock. Its main reason in blasting operations is that there is the mismatch between the design
parameters of the blast and the properties of the explosive material and rock mass. In open-pit
mines, drilling and blasting are the most important sections that pay attention to the costs of
transportation, loading, crushing, increasing the cost (due to high backlash or crushing of stones
in large dimensions and thus the need for secondary explosion). Also, if the explosion does not
take place optimally, it will cause damage to the structures around the mine (due to excessive
ground vibration) and endanger the safety of the people in the area (due to throwing stones,
making loud noises, and stealing holes). The result of an explosion depends on the design of
the explosion, the explosives used, and the properties of the rock. To increase explosive energy
for crushing and breaking rock and to displace rock mass, blast design parameters can be
changed and optimized. Optimized blasting also minimizes the destructive side effects of
blasting operations such as tremors, setbacks, air tremors, excessive pulverization, rock-
throwing, and terrible noise [2]. These costs can be reduced and its destructive consequences
can be reduced with proper design of blast pattern such as proper selection of hole diameter,
load thickness, row spacing of holes, the thickness of drilling, extra drilling length, proper
selection of explosives, etc. A lot of research has been done designing the explosion pattern and
optimizing it with different approaches such as: reducing earthquake, reducing bounce, sound
control, reducing rock throwing, etcin recent years. It should be noted that if the design and
pattern of the explosion are optimal and desirable, the destructive factors caused by the
explosion operation will simultaneously reach their allowable and optimal value. A very
important question in the field of done research is whether it is possible to optimize the design
of the explosion pattern without considering all the destructive factors caused by the explosion
operation.

The expert’s concentration in blasting operations in open mines to one of the destructive
factors will not have a good result due to lack of coordination between all destructive factors
caused by blasting operations and not controlling all of them (preventing the size of destructive
factors from exceeding their allowable limits in open mines). That’s why the optimal validity
of the explosion pattern is not very reliable. For example, the goal has been to reduce
earthquakes caused by blasting operations in most studies, in this approach, however the goal
of reducing earthquakes may be achieved rock throwing and pulverization may also be
increased. In other researches, explosion pattern design optimization has been done to reduce
and control retardation. In these approaches, the mine blasting specialist may also achieve what
he or she wants (reduce backlog), However there may be other negative consequences, such as
high dispersion (which leads to increased dilution and increased loading costs) and high
powdering (which leads to losing a part of the explosive material)., Optimization of pattern
design should be done with the approach of considering and reducing all destructive factors at
the same time to solve this gap and problem. It should be noted that a mine may be close to a
village, in this case, the priority is an earthquake and the second priority is sound control, which
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is caused by the explosion operation. This is a special condition of the studied mine, in this case,
the explosion specialist must make decisions according to the nature of the area. According to
the author's reviews, some of the most important studies performed in explosion pattern design
are shown in Figure 1.

Figure 1. Research trends and conducted studies in the field of explosion pattern (from 2000
to 2030)

Table 1 also shows some of the most important efforts made by researchers in mine blasting
operations.

Table 1. Studies conducted in the field of explosion pattern design

Disadvantages of the
method

Approach Description of the research method

In this research, blast pattern design optimization was
performed using two-stage modeling in an open metal mine.
In the first stage, earthquake prediction was performed by

- Focusing on one of the developing the gene expression programming (GEP) model.

?:;;?CEZEG) factors Earthauake In the second stage, the GEP model was developed as the
) Twoc-ls tep work leads to e du(czltion objective function for the method (grasshopper optimization

algorithm (GOA)) to optimize the design of the explosion
pattern concerning earthquakes. The required information
and data were collected and input variables including
burden, spacing, charge per delay, and distance from the
blast face and earthquake were provided as output variables

increased error.

Reducing retardation -

ft f th . . . : .
ocus on one of the . In this study, the effective factors in blasting operations of

destruc‘uye factors Mahdiabad lead and zinc open metal mine (including, well
(retardation) . . )
) length, stone load thickness, row spacing of holes, flotation
-High number of . .
obtimal explosive length, s.pemal. cost, number of rows, and hole diameter)
E tterns provided for the Reduce were designed in such a way that the phenomenon Unwanted
P prov retardation and unintended setbacks, which are one of the main

mine (16  patterns).
When  the  optimal
argument is raised, it
means that there is a
single pattern that is the
most desirable pattern.

problems caused by the explosion operation in this mine, are
reduced. In this study, a combined artificial neural network
algorithm and genetic algorithm have been used to optimize
blast operations.
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- Increased stone throw
as a result of not paying
attention to the existence
of soft layers and not

In this study, according to the mining conditions, the
researchers optimized the explosion pattern with the
regression reduction approach. In order to predict the
regression, the random forest method was used, which R2 is

using multi-stage equal to 0.9791 and the root mean square error (RMSE: Root
spending Reduce mean square error) is equal to 0.87899 and for linear
- Focus on one of the retardation regression R2 is equal to 9797 and RMSE was equal to
destructive factors 0.87899. Researchers' field studies and desert experiments
(retardation) showed that in case of using low density emulsion, in
-Crushing of rocks into addition to reducing retardation, the costs of blasting
irregular operations were also reduced, which was confirmed by the
(heterogeneous) parts random forest method.

-Focusing only on In this study, researchers tried to present new techniques for
predicting the throwing predicting and simulating rock throwing in mines (caused by
of the stone and not blasting operations).

providing a practical Combined decision tree, genetic programming (GP) and
solution to reduce it decision forest (RF) techniques were used to predict stone
- Focus on one of the Rock throw throwing distance.

destructive factors rediction The effective parameters in stone throwing were identified
(throwing stones) P and measured at 6 different mine sites (in Malaysia). After
- not changing the determining the throwing distance, they used the Monte
pattern of the explosion Carlo simulation (MCS) along with the developed GP to
to reduce the particles investigate and analyze the throwing risk at 6 sites. The
thrown  at  greater results of these researchers showed that 10% of the thrown
distances gravel travels more than 290 meters.

. In this research, researchers use an integrated intelligent
-Focusing on one of the L .. .

. model for approximation and prediction of rock-throwing
destructive factors . .

s based on the adaptive neuro-fuzzy inference system
(throwing stones) . S ! .
“not changing the pattern Rock throw (ANFIS) in combination with the locust optimization
of the explosion to rediction algorithm (GOV) and ANFIS in combination with the
reduce thep articles P cultural algorithm (CA). The results of these studies showed
thrown  at p ceater that the ANFIS-GOA model (R2 = 0.974) is an efficient
distance & model for predicting rock throw compared to the ANFIS-CA

model (R2 =0.953.)
-Focusing on one of the In this study, the factors influencing the blasting operation
destructive factors of the Songun copper mine (including, well length, rock load
(retardation) and not thickness, row spacing of holes, flotation length, special
. . Reduce . . .
paying attention to the . cost, number of pit rows, and hole diameter) were designed
. : retardation . : )
increase in rock throw to reduce wundesirable and unintended regression
and air vibration due to phenomenon. In this study, a genetic algorithm was used to
reduced retardation optimize the design of the explosion pattern.
In this study, the main goal was to reduce the adverse
. phenomenon of mine shaking caused by blasting operations.
- Predicting an . . . )
carthauake with This research was conducted in one of the limestone mines
q of Iran. In this study, the artificial neural network (ANN)
attention to an . . .
model, experimental method, and multivariate regression
earthquake factor (PPV) . . .
and  ignoring  other Earthquake analysis were used to predict the peak velocity (PPV) of
reduction particles (PPV), which is the most important factor in

factors

-Focusing on one of the
destructive factors
(earthquake)

earthquake. Based on the performed studies, it was found
that the ANN model is more accurate than other predictions.
According to the studies, the most important cause of
earthquakes is the distance of the explosion and the amount
of delay between the explosions of the holes.
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In this study, researchers used multi-criteria decision making
methods (hierarchical analysis, TOPSIS and Prometheus),
the most appropriate explosion pattern for the Sangan iron
mine in [ran.

Explosion The results showed that the drilling pattern with the row
Not playing attention pattern spacing of the holes is 5 meters, the thickness of the rock
optimization load is 4 meters, the depth of the hole is 10 meters and the
diameter of the hole is 15 centimeters is the best pattern.
Also, the flowering length of the proposed pattern is 2.3
meters and the filling factor is 2.6 grams per cubic
centimeter

In this study, researchers proposed an explosion pattern by
using intelligent approaches (artificial neural network and

-Not paying attention to

g;ith uaiguncein iﬁg Reduce stone- | particle swarm optimization algorithm (PSO)) and

o (()lse J explosion throwing determined that the rock throw rate is reduced from 109
prop p meters to 34 meters if this rock throw explosion pattern be
pattern used

In this study, the researcher used Delpat software to simulate
and optimize the explosion pattern in the carcass rock mine
in Iran.

By comparing the costs of the explosion pattern based on the
diameter of the different holes, it was found that as the
diameter of the hole increases, the costs decrease. However,
the use of high pit diameters will increase the volume of
explosives consumed, resulting in earthquakes, rock

-Not paying attention to . . .
paying throwing, and damage to surrounding equipment and

b ir vibrati d Explosi o : at - at
ounce, ail visrauon an xposion buildings. Based on the modeling results, the use of pits with
sound production in the pattern .
roposed explosion optimization a diameter of 102 mm reduced the overall cost compared to
gatterne the pits with a diameter of 76 mm used in the mine and

therefore was considered as the optimal pit diameter for the
mine.

Other blast parameters were estimated based on the diameter
of the pit and suggested for practical use in the mine. The
practical implementation of the explosion based on the
proposed model improved the crushing of the rock and
reduced the costs and adverse effects of the explosion
compared to the previous model

In this research, to design an optimal and feasible explosion pattern in the Hashtrood copper
mine in Iran, an artificial neural network is used by considering the undesirable phenomena
(including throwing rocks, setbacks, and earthquakes). Negative phenomena are one of the main
problems of blasting operations in mines due to improper blasting patterns. In this study, by
using modeling with the help of artificial neural networks, the explosion pattern is optimized to
reduce earthquakes, rock throws, and setbacks.

2 REQUIRED INFORMATION AND METHODS

2.1 Study Area: Hashtrood Bashmaq Copper Mine

Bashmagq's polymetallic area is located 9 km northeast of Hashtrood city and 120 km southeast
of Tabriz. Bashmaq copper mine is extracting and mineral depot and construction plant are
being processed. The average height of the stairs is 10 meters, their width is 20 meters and their
length is 60 meters (Figure 2) [12].
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Figure 2. Location of the area relative to Iran's copper mines with a red arrow with access
road map [12].

2.2 Artificial Neural Network
The artificial neural network (ANN) is inspired by studies of human brain modeling, and a
neural network is a computational tool that discusses computational intelligence [14]. In nature,
the structure of neural networks is determined by how they are connected between components.
Therefore, an artificial structure can be constructed following natural networks and the manner
of connection between its components can be determined, by adjusting the values of each
connection under the weight of the connection...
In general, the network structure consists of five general parts: 1- The number of inputs
and outputs of the network, 2- The number of network layers, how the layers are connected 4-
The conversion function of each layer 5- The number of neurons in each layer [13]. Here are
some of the classifications of applications in which artificial neural networks are used:
e C(lassification, which is the purpose of predicting a class of an input vector.
e Pattern matching, which aims to produce the best pattern associated with a given input
vector.
e Complete the pattern, which is intended to complete the missing parts of the input vector.
e Optimization, which aims to find the optimal values of the parameters in an optimization
problem.
e Control, by giving an input vector, appropriate action is suggested.
Function approximation/time series modeling, index function approximation that aims to
learn the functional relationship between the desired output and input vectors.
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e Data mining, which aims to discover hidden patterns of data - also refers to the discovery
of knowledge.
The neural network is essentially the realization of a nonlinear mapping from R*I to R*K, in
other words (Equation 1):

fun = R' —RX (1)

In this regard, I and K are the input and target space (optimal output), respectively. The
f function is usually a complex function of a set of nonlinear functions for each neuron in the
network [14].

Artificial neural networks work in such a way that each input variable is first assigned an
arbitrary weight in the range (+1 and -1). This weight is then multiplied by the input value and
the sum of these values reaches the neurons in the hidden layer, then it is added to a value called
bias, which is actually the weight of the neuron and is usually equal to one, and is affected by a
transfer function (step, linear and sigmoid) in the neuron. To this amount, the weight is
reassigned and transferred to the next neuron (in the next hidden layer or output layer) and thus
the values obtained are collected from all hidden layer neurons. A training course is completed
and the obtained output values are compared with measured values. The average squares of the
error are calculated from their difference, and this error is adjusted by a return algorithm in the
return path. The weights are adjusted and another training course is started again. This process
is repeated until the network shutdown criterion (defined number of training courses or desired
error rate) is met. In this way, the network is trained and tested with a number of other data
whose output is not transmitted to the network, and the network performance is measured by
comparing the obtained results from the network and the actual measured results [3].

3 FINDINGS

As the neural networks succeeded in predicting the relationship between explosion pattern
parameters and its phenomena in this study, a neural network is considered with inputs
containing 7 effective explosion pattern parameters (hole diameter, load thickness, row spacing
of holes, hole length, flotation thickness, special charge, the number of rows of holes) and the
output including rock throw, earthquake and setback that predicted the undesirable phenomena
of rock-throwing, ground shaking, and setback (Figure 2).

One of the most important steps in preparing a neural network model is data collection for
neural network training. In data collection, network input parameters must be carefully selected.
If the right input parameters are selected, the network will be able to understand the complex
relationships between inputs and outputs well. The parameters of the explosion pattern used to
predict and model rock-throwing, tremors, and setbacks are shown in Table 2.
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Figure 3. Neural network with 7 inputs, one hidden layer and 3 outputs

Table 2. Network input and output parameters

Variation Range Unit Symbol Parameter Parameter
Type
5-7 )Inches( On Hole diameter
3-7 )Meter( B Thickness of stone
4-6 )Meter( S Row spacing of hole
8-12 )Meter( H The length of the hole
2-4 )Meter( Sr Thickening thickness
0.450-0.500 (Kg Egtec;;blc q Special expenses
13-15 )Millisecond( De Delay between rows
Number of rows per
3-5 )Number( n blast Tnput
Distance monitoring
110-2000 (meter) U point from the
explosion
7-19 )Number) v, Maximum latency
630-3600 (Kilogram) cr Expense any delay
5.5-7.8 )Mega Pascal( o Point load index
1900-2588 (Kg per cubic D The specific gravity
meter) of explosive
72-96 (kilogram) ch The cost of each hole
29-107 )Meter( FR Throwing rocks
54-.0.61 )Mm per second( PPV M;‘:;?;‘g?yp}f‘g\lfle Output
1-2 )Meter( BB Retreat

100



10" International Drilling and Blasting Symposium 25-26 November 202 1/Antalya-Turkey

The input data to the neural network were normalized before training. This is because the input
parameters have very different intervals. Equation 2 was used for normalization.

X]=2><(M)—1 )

max—Xmin

In this case, X J is the normalized value, X 1 initial input value,X min is the minimum
amount of input data, and X max is and is the maximum amount of input data.

After normalization, the data are randomly selected and placed in two categories of training
and testing. The purpose of neural network training is to determine the optimal network
parameters such as the number of hidden layers, hidden layer neurons, layer transfer function,
and weight values to access the best network to achieve the best goal., It is necessary to adjust
the defined parameters for the network in such a way that the amount of network error reaches
its minimum value in training and test mode to achieve the optimal network. In this study, the
number of neurons in the input layer (number of input parameters) is 7 and the number of
neurons in the output layer (number of output parameters) is 3, and also 20 neurons were
considered for the middle layer. The optimal number of neurons in the middle layers is also
equal to 2 neurons, when neurons are reduced one by one to one neuron and compared with the
obtained results. The number of middle layers was also considered by trial and error method 1.
To select the best network, the mean square error criterion (MSE) was used. MSE is obtained
from Equation 3.

MSE = ?zl(Xi_Oi)Z

3)

In this case, X 1 1s the output value estimated by the model, O 1 is the actual output value; n
is the number of data.

After preparing the artificial neural network structure and performing the written code in a
MATLAB environment, the following results were obtained. Table 3 shows the average square
error values and the coefficient of determination obtained from the artificial neural network.
The available results indicate and determine the high accuracy of the neural network prediction
of the actual value or final output.

Table 3. Average squared error and determination between neural network results and actual

outputs
MSEtr MSEts R?*tr R%ts
0.0603 0.1406 0.8471 0.6417

Diagrams are used to show the status of the output of the training and neural network test
relative to the actual output during the training process and the neural network test, which can
be seen in Figures 4 to 7.
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Figure 4. Comparison between neural network outputs and actual outputs during the training
process

Figure 5. Comparison between neural network outputs and actual outputs during the test
process

Figure 6. Relationship between model outputs and actual outputs after the neural network
model training process
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Figure 7. Relationship between model outputs and actual outputs after the neural network
model test process

According to the calculations, 10 optimal models have been obtained and a proposal for the
Hashtrood Bashmaq copper mine is given in Table 4.

Table 4. The most optimal parameters of the explosion design pattern and their corresponding
output values

op B S H St q Den u 9 ca ¢ D <ch FR PPV BB

6.5 35 55 831 3.63 0371 23 1311 13 1843 6.3 2013 78 38 24 1.1
6 45 6 10/14 3.44 0.401 17 1406 16 1956 6.8 2411 86 35 17 1.3
7 45 6 916 274 0363 31 1936 18 3130 5.8 1981 76 41 23 1.2

55 5 828 3.11 0453 21 1861 19 3011 5.6 2114 84 44 34 1.2

6.5 45 45 846 3.06 0491 20 1771 16 3041 5.8 2016 91 38 36 1.3

6.5 4 45 11.02 3.01 0.381 16 1841 17 2891 7.3 2321 93 51 27 14
6 45 45 1097 266 0471 22 1604 16 2046 6.8 1984 88 33 24 14

6.5 35 5 931 3.74 0.39 29 1941 12 2741 64 2064 84 29 33 1.5
7 4 6 10.01 2.74 0.411 16 1486 11 2411 7.3 2206 8 53 28 1.3

6 45 6 11.63 271 0.364 34 1641 9 2316 7.1 2216 76 41 39 14

e T S S SO B S RV ]

4 DISCUSSION AND CONCLUSION

Explosion pattern design directly impacts on the costs of loading, freighting, crushing,
explosives, and other costs. Blast pattern design aims to minimize these costs while reducing
the adverse effects of blasting operations. Earthquakes, setbacks, and rock-throwing are among
the most important destructive factors in blast operations. Therefore, by properly selecting the
explosion parameters, some costs that have a significant amount can be reduced and the
destructive factors of the explosion operation can be reduced.

The studies that have been done in this field have been very useful and have guided this
research, However, because the aim of the study was to design the explosion model and
implement it in practice, the most important adverse effects should be included (including
earthquake due to proximity to habitat, throwing stones because HSE problems and setbacks
were considered due to the desirability of blasting operations in terms of homogeneity of
crushed parts. In some research on blast pattern design in the past, the aim was to reduce one of
the adverse effects.

103



10" International Drilling and Blasting Symposium 25-26 November 202 1/Antalya-Turkey

In this research, the design of the explosion pattern and its optimization was done in
Hashtrood Bashmaq copper mine and by using a neural network, the basic needs of the mine
such as adverse earthquake phenomena, retreat and rock-throwing were minimized. For this
purpose, 100 databases of real events of the earthquake, rock throw, and setback and effective
parameters were collected (Table 1). It was concluded that the results of the blast pattern design
process are 10 optimal blast patterns for the Hashtrood Bashmaq copper mine. The most optimal
explosion pattern among the 10 obtained patterns is the pattern with the specifications of Table
5.

Table 5. Values of effective parameters in blasting operation and its adverse effects for
optimal blast pattern

The optimal Unit symbol Parameter Parameter
amount type
6 )Inches( o Hole diameter
4.5 )Meter( B Thickness of stone
6 )Meter( S Row spacing of holes
10.14 )Meter( H The length of the hole
3.44 )Meter( St Thickening thickness
0.401 )Kg per cubic meter( q Special expenses
17 Millisecond De Delay between rows Input
4 (number) n Number of rows per blast
1406 )Meter( u Distance monitoring point from the explosion
16 )number( 9 Maximum latency
1956 )Kilogram( cr Expense any delay
6.8 )Mega Pascal( o Point load index
2411 (Kg per cubic meter) D The specific gravity of explosive
86 )Kilogram( ch The cost of each hole
35 )Meter( FR Throwing rocks
17 )Mm per second( PPV Maximum particle velocity (PPV) Output
1.3 )Meter( BB Retreat

The values of adverse effects of rock-throwing, maximum particle velocity, and retraction are
96 m, 33 mm / s, and 1.8 m, respectively, which achieves the proposed pattern of significant
reduction of these adverse effects. In this research, determining the maximum particle velocity
was faced with equipment limitations in the mine, therefore, its range was determined based on
experimental methods. So, it is suggested that, up-to-date and efficient methods with accurate
equipment be used to determine the exact amount of PPV in future research.

REFERENCES

[1] Rahmatullah Ostovar, 1396. Firefighting in mines. University Jihad (Amirkabir University of Technology), Volume
2.

[2] Bayat, P., Monjezi, M., Mehrdanesh, A., & Khandelwal, M. (2021). Blasting pattern optimization using gene
expression programming and grasshopper optimization algorithm to minimize blast-induced ground vibrations.
Engineering with Computers, 1-10.

[3] Abolfazl Heidari, Seyed Hassan Khoshrou. 1399. Optimization of explosion pattern of Mehdiabad lead and zinc mine
to reduce backwardness using artificial neural network and genetic algorithm. Third International Conference on
Development of Materials Engineering Technology, Mining, and Geology

[4] Kumar, S., Mishra, A. K., & Choudhary, B. S. (2021). Prediction of the back break in blasting using random decision
trees. Engineering with Computers, 1-7.

104



10" International Drilling and Blasting Symposium 25-26 November 202 1/Antalya-Turkey

[5] Ye, J., Koopialipoor, M., Zhou, J., Armaghani, D. J., & He, X. (2021). A novel combination of tree-based modeling
and Monte Carlo simulation for assessing risk levels of flyrock induced by mine blasting. Natural Resources
Research, 30 (1), 225-243.

[6] Fattahi, H., & Hasanipanah, M. (2021). An integrated approach of ANFIS-grasshopper optimization algorithm to
approximate flyrock distance in mine blasting. Engineering with Computers, 1-13.

[7] Abolfazl Heidari1399. Optimization of explosion pattern to reduce retreat in Songun copper mine using genetic
algorithm. Third International Conference on Development of Materials Engineering Technology, Mining, and
Geology

[8] Rezaeineshat, A., Monjezi, M., Mehrdanesh, A., & Khandelwal, M. (2020). Optimization of blasting design in open
pit limestone mines to reduce ground vibration using robust techniques. Geomechanics and Geophysics for Geo-
Energy and Geo-Resources, 6, 1-14.

[9] Rahimdel, M. J., Aryafar, A., & Tavakkoli, E. (2020). Selection of the most proper drilling and blasting pattern by
using MADM methods (A case study: Sangan Iron Ore Mine, Iran). Rudarsko-geolosko-naftni zbornik, 35 (3).

[10] Zhou, J., Koopialipoor, M., Murlidhar, B. R., Fatemi, S. A., Tahir, M. M., Armaghani, D. J., & Li, C. (2019). Use of
intelligent methods to design effective pattern parameters of mine blasting to minimize flyrock distance. Natural
Resources Research, 1-15.

[11] Rezaei, M. (2019). Modeling and optimizing the drilling and blasting pattern of the Boghde-Kandi quarry rubble
mine of Saghez. Scientific Quarterly Journal of Iranian Association of Engineering Geology, 11 (4), 41-53.

[12] Amir Amirpour Asl Miandoab, Gharaman Sohrabi *, Mohammad Nasiri. Ghamjineh Book. Application of the
magnetometric method for exploration of copper and gold mineralization in Hashtrood polymetallic exploration
range. Geophysics of Iran. 39-48.

[13] Behzad Takhmachi, Mohammad Lotfi, Hamid Seifi, Maryam Sadat Hosseini. 2016. Combining information, a new
approach to decision making in geology, mining and petroleum engineering. Amirkabir University of Technology
(Tehran Polytechnic)

[14] Ardeshir Harazkhani, Bashir Shokooh Seljuki. 1394. Wavelets in Computational Intelligence. University Jihad
(Amirkabir University of Technology), Volume 1.

105






10" International Drilling and Blasting Symposium 25-26 November 202 1/Antalya-Turkey
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ABSTRACT This paper investigates the latest technologies in fragmentation analysis and
blast-induced dilution control for hard rock mines. Efficiency in these drill and blast value chain
components can increase substantially operational cost savings for a hard rock mine.
Technology plays a significant role in ensuring that mines efficiently measure and monitor the
factors mentioned above. The study was conducted by evaluating the hardware and software
components of Hexagon’s drill and blast technology portfolio. The focus was mainly on how
these systems are configured and used in hard rock mines. To illustrate potential savings that
can be achieved by effectively monitoring blast-induced dilution at a hard rock mine, a case
study from the Damang gold mine is included as part of this study. From the study, it can be
deduced that significant advancements have been made in the development of fragmentation
analysis and blast-induced dilution control technologies. It is critical to note that to get the most
value out of actual fragmentation data collected using technologies covered in this paper, a
feedback loop back into blast planning and design stages of drill and blast should be allowed.
This will ensure that the efficacy of the drill and blast planning process is improved.
Furthermore, from the case study, the Damang mine in Ghana recovered USD145,577 per blast
and managed to improve its mine call factor from 85% to 100% by adopting Hexagon’s Blast
Monitoring Technology.

Keywords: Fragmentation analysis, Blast-induced dilution, Technology

1. INTRODUCTION

The primary objective of rock blasting is to attain a successful fragmentation. The classification
and size distribution of muck piles are the critical components of managing any blasting
operation. The fragmentation affects all downstream operations, including loading, hauling, and
crushing, and can be used to minimize these costs (Sereshki et al., 2016). The potential gains
associated with attaining the correct fragmentation have resulted in significant developments in
fragmentation measurement. Historically, sieve screening has been the direct method for
evaluating fragmentation size distribution; even though this approach is accurate, it is time-
consuming and unsuitable for production blasting. Sudhakar et al. (2004) noted that image
processing software had overcome this by providing a rapid, less intrusive method for analyzing
fragmentation accurately. This is because images can be collected quickly using mobile video
cameras, photo cameras, and orthophotos from drones, ensuring minimal disruption to the
production process.

However, fragmentation is just one piece of the drill and blast puzzle; other aspects such as
minimizing blast-induced dilution can result in substantial cost savings for a mine site. As much
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as blasting is primarily to attain a correct fragmentation, rock excavation in an open-pit mine
aims to produce an optimum mill feed to maximize recovery at a minimum operating cost.
Because of this, the grade control process becomes a crucial component for open pit mining
operations with diverse orebodies. Traditionally, grade control delineates ore/waste boundaries
using geostatistical estimation. Still, according to Ohadi et al. (2018), these ore and waste
boundaries are moved after bench blasting, and they are no longer accurate to be used as dig
lines. Thus, the challenge for a mine site becomes how to delineate the post-blasting boundaries
accurately. Several methods have been employed in the mining industry, notably poly pipes,
sandbags, magnetic targets, etc. However, none of these approaches found widespread industry
acceptance until researchers at the University of Queensland concluded that the accuracy
required for grade control blast movement modelling is impossible. This admission led to the
development of the blast monitoring concept. The system forms part of Hexagon technology
that helps mines across the globe solve the challenge of post blasting ore /waste boundary
translation and mill feed dilution reduction.

This white paper highlights how Hexagon technologies have addressed the mining
fragmentation measurement challenge by harnessing the efficiency of photometric processing
software. The paper also seeks to investigate the efficacy of Hexagon’s Blast Movement
Monitoring (BMM) System and how mining sites use this to reduce dilution. These two systems
are part of Hexagon’s D&B Portfolio, including various technologies that seek to solve drill
and blast challenges.

1 FRAGMENTATION ANALYSIS AND BLAST-INDUCED DILUTION CONTROL
SYSTEMS OVERVIEW

2 Fragmentation Measurement System.

Essential to effective fragmentation measurement is the collection of good quality data in a
timeous manner. To cater to this requirement, Hexagon Split Engineering provides various
methods of data collection. Central to this, the Split-Online software provides the key metric of
rock fragmentation at crucial points in the mining value chain. This is achieved by deploying
cameras at shovels with Split-ShovelCam, haul trucks with Split-TruckCam, and conveyors
with Split-ConveyorCam, as depicted in Figure 1.

Figure 1. Split Engineering camera deployment
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ShovelCam allows for real-time automated measurement of post-blast muck pile particle size
distribution (PSD) information with shovel location. In addition, ShovelCam automatically
triggers images of the blasted muck pile. This allows for automation of the image capturing
process, and there is less disruption to the mining process. This also reduces the amount of
image editing that is synonymous with offline manual capturing systems. Once captured, the
images are transmitted via FTP over the mine’s wireless mesh network to the Split-Server
allowing for instantaneous access to fragmentation data. The images are then sorted and
processed automatically for particle size distribution by the Split-Server. The last stage entails
providing immediate feedback to the mine on blast performance via reports that allow for
closing the drill and blast loop by constantly contrasting the achieved fragmentation with what
was planned or forecasted. This process is depicted in Figure 2.

Figure 2. ShovelCam process overview

Split-TruckCam quantifies the fragmentation before entering the crusher. This allows for the
monitoring of primary crusher feed protects and protects the crusher from oversize damage.
Furthermore, according to Kemeny et al. (2014), a Split-Online system installed at a primary
crusher serves four functions. First of all, the crusher feed size provides information on post-
blast fragmentation. Secondly, the crusher product size provides information on the secondary
crusher and ball mill feed size. Thirdly, the feed and product sizes together can be used to
estimate the work index, which gives information on the crushability and grindability of the
ore. And finally, the feed and product sizes can be used to monitor crusher performance and
crusher wear. Kemeny et al. (2014) further noted that the feed cameras are located at the truck
dump bays or feed belts, and the product cameras are located above the discharge belts, as
depicted in Figure 3.
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Figure 3. Split-TruckCam

Once the fragmented rock is introduced into the comminution circuit, more opportunities for
measurement and control using Split-ConveyorCam, Split-ConveyorCam are available.
Installations at the primary crusher, secondary, tertiary, pebble crusher, and screen decks
provide an online measurement of the particle size distribution (PSD) information for any
conveyor belt location. When installed at primary, secondary, tertiary, and pebble crushers, the
operation better understands the PSD and fines generated from the blast performance. However,
when installed at screen decks, the system ensures immediate feedback to operations of a
potential break in the screen or screening panel. The traditional crushing circuit uses multiple
stages of crushers and screen decks to achieve the desired PSD to either feed to a milling stage
or as a final product to the heap leach stage, as depicted in Figure 4. In both cases, the crushing
process efficiency is dictated by the ore hardness and particle size distribution.

Figure 4. Split-ConveyerCam within a communion circuit
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Hexagon is integrating point sensors (such as PSD systems) into valuable integrated solutions,
in line with the greater Hexagon vision for an autonomous future. For example, PSD
information from blasting and comminution is a great metric. This metric provides greater value
by automatically connecting actual fragmentation data back to the mine plan for further
evaluation and adjustment of blast designs allowing for mines to be more effective in the
planning stage of drill and blast. This continuous drill and blast improvement process as adapted
from Deming’s wheel is depicted in Figure 5.

Figure 5. Adapted Deming’s wheel (Unpublished internal company document.2020)

1.1. Blast Movement Monitoring

As noted previously, post-blast boundary translation is critical to address the dilution challenge
in hard rock mining. Hexagon’s blast monitoring technology seeks to address this by collecting
data from BMMs, inserted into the blast holes before blasting occurs. Eshun and Dzigbordi
(2016) noted that the monitoring holes are planned in addition to production holes. Adam and
Thornton (n.d) added that these holes are drilled at the selected locations, and these holes are
accurately surveyed for easting, northing, and collar reduce level (R.L.). Before a blast takes
place, the BMMs are activated, inserted into the holes, and the holes are stemmed accordingly.
Once blasting has taken place, the new position of the BMMs is located with a specially
designed detector. The detector zones into the signal produced by the post-blast BMMs. Once
located, the depth of the BMM is recorded. Finally, the BMM Explorer software calculates the
3D movement vector of each BMM, redefines ore boundaries or digging levels to account for
the measured movement, and calculates the value of recovered ore, dilution, and
misclassification that would have occurred if the ore polygons were mined insitu. These new
dig lines ensure that excavation takes place in areas with an accurate delineation of the ore/waste
or ore/ore boundaries, thus limiting dilution. The blast monitoring process is depicted in Figure
6 below. It is important to note that steps 1,2,4, and 5 are extra activities to be incorporated into
the grade control and blast process to realize the potential increased profits per blast.
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Figure 6. The blast monitoring process

Below is a summary of the hardware and software components requirements for the blast
monitoring process depicted in Figure 6.

1.For activation of standard BMMs, a handheld remote-controlled BMM® activator is used.
In addition to turning the transmitter on, the device has a delayed start-up/transmission time if
required. This activation is done during the installation of the BMMs. An example of this
activation 1s shown in Figure 7 from a mine in Canada; the grade control team at Anaconda
Mining can be seen activating and installing a BMM in a shot before blasting.

Figure 7. BMM® activator Anaconda mine

Depending on the blasting conditions, BMMSs can also activate on sensing a blast. This allows
for the installation to occur days or weeks ahead of the blast, further reducing the disruption of
the blasting process.
1 Installing BMMs in dedicated monitoring holes before blasting
BMMs are available in four colours, as depicted in Figure 8 and Figure 9; this means that
multiple balls can be placed in a single hole to monitor mid-bench or flitch-boundary movement.
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Figure 8. BMMs Figure 9. Placement of BMMs

A maximum of 4 BMM’s could be installed in a single hole to monitor all flitches (i.e., in a
narrow vein gold deposit).

According to Adam and Thornton (n.d), experience dictates that the balls should be at least
10m from each other to avoid overlapping signals. Some failures are likely to occur if the current
BMMs are closer than 1.5 m from a 115 mm blast ho.

4 Detect BMMs by walking the muck pile with our detector to locate the 3D position of
each BMM sensor

To record the position of each of the BMM’s, either one of the three types of detectors:
standard, survey-enabled, and flight-enabled detectors, can be used. The detector senses and
records the location of BMMs in the blast pattern (pre-blast) and muck pile (post-blast). This is
depicted in Figure 10.

Figure 10. Locating BMMs in the blast pattern (pre-blast) and muck pile (post-blast).

Although not common, Yennamani et al. (2014) has noted that it is sometimes difficult to find
the post-blast location of the ball. They generally attribute this to reasons such as BMM
transmitter damage and wrong time delays for a ball.
5 Combine drill and blast, geology, and BMM system data in our software, BMM Explore
BMM Explorer calculates new dig lines for the shovels and areas of ore loss, dilution, and
misclassification that would have occurred if blast movement was not accounted for. The
interface of BMM software is shown in Figure 11 below.
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2. TECHNICAL CASE STUDY
2.1. Overview

Damang mine is in southwestern Ghana, approximately 300km by road from Accra, the capital,
and about 50km northwest of Tarkwa, the main mining town. Gold Fields holds a 90%
attributable portion of the mineral resources and reserve of the mine, with the remaining 10%
owned by the Ghanaian government. There are three gold-bearing conglomerate horizons
recognized on the western limb of the Damang anticline. These are the Star/Composite,
Malta/Breccia, and Gulder Reefs from footwall to hangingwall. There are also three gold-
bearing conglomerate horizons recognized on the eastern limb, namely the Lima, Kwesie-K1,
and Kwesie-K2 Reefs. Poorly mineralized sandstone units separate these conglomerate
horizons. (www.goldfields.com).Fresh rock and transitional zones are drilled and blasted in 6
m lifts, with excavation in 3 m flitches. To optimize ore fragmentation and blast control, blasting
in fresh rock utilizes both conventional (Nonel) and electronic detonators. Oxide material,
which cannot be free dug, is blasted using lower powder factors. Waste material is hauled to
planned dumps located close to the pit exit. Oxide ore is selectively mined to provide
incremental feed to the mill with Tomento North and East pits, located at 5.3 km and 6.3 km
from the treatment plant, currently serving as the main oxide source. (www.goldfields.com)

Damang mine has experienced high dilution over the past years, decreasing the mine call
factor since blasting started. The company initially addressed this challenge by assigning 1 m
meter movement to every blast during the modelling process. However, this process resulted in
the underestimation of blast movement. As noted in the preceding sections, blast movement
modelling is not possible for the accuracy required for grade control.

Hexagon Blast Monitoring Technology was engaged to address this challenge. The solution,
as described in 1.2, provided an accurate measurement of blast movement for the mine. Figure
11 below is an extract from the BMM Explorer software used to analyze the top and bottom
flitch for Blast WCB_810-1. This depicts the ore loss, dilution, and misclassification areas for
Blast WCB_810-1 that would have occurred if blast movement was not accounted for.

Figure 12. Blast WCB_810-1
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2.2. Results

The mine would incur ore loss if ore polygons from blast WCB_810-1 were mined without
accounting for blast-induced movement. This would be due to dumping some of the ore at the
waste dump, dilution from mixing the high and medium grade ore with waste and
misclassification due to mixing different ore grade classes in this blast.

By adopting Hexagon’s blast monitoring solution, Damang mine could recover 2,944 tonnes
of ore which could have ended up at the waste dump. This amounted to USD145,577 per blast
recovered, as shown in Table 1. This figure is less cost of dilution, which would have been spent
on reagents to process waste material sent to the plant. In quantifying the savings, an average
grade of 1.5 g/t, metal price of $1,450/ ounce, and an average density of 2.7 t/m3 was assumed.

Table 1. Total Ore Recovered

Ore Loss per Blast Dilution Misclassification
Avg. Grade|Ore Loss [Ore Loss [Ore Loss |Ore Loss Loss In Situ In Situ Loss
gm/t Tonne (% USD ($) [Tonne Y USD Tonne %
1.50 2,944 8 145,577 14,001 11 $ 60,021 1,296 4 %
Total Ore Recovered $ 145,577

3. CONCLUSION

The paper highlights advancements in technologies used in non-intrusive fragmentation
analysis and blast-induced dilution control in hard rock mines. The main improvement is the
ease of use of these novel technologies allowing for large scale deployment in most operating
mines. In the case of fragmentation analysis, the slow and tedious sieve screening process has
advanced to the less intrusive indirect method through split engineering technology. In contrast,
the laborious poly pipes, sandbags, magnetic targets traditionally used in blast movement have
evolved through blast monitoring technologies. This advancement has helped address the old
debate about whether it is possible to model a blast movement.

Hard rock mines should take a continuous improvement approach when deploying
technologies covered in this paper. That will allow for actual data collected by these
technologies to be incorporated back into the design stage and tracking of key performance
indicators.

The technical study from the Damang mine illustrates that proper adoption of technology can
result in substantial cost savings for a mine and can address inherent challenges associated with
mining.
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ABSTRACT

Ore losses and dilution resulting from blast-induced movement lead to significant financial
losses in open pit mines. Even if ore and waste polygons on a bench are known accurately in
the pre-blasting phase, the locations of these polygons will change because of blast-induced
movements, and it is difficult to determine the new locations of these polygons accurately.
Therefore, vagueness in blast-induced movements should be incorporated in all subsequent
decision-making processes, such as in ore-waste classification and short-term mine
scheduling. In this paper, the blast-induced movements of bench flitches are modeled through
a Monte Carlo simulation-based approach such that the associated uncertainties are quantified.
A D-vine copula is used to model the multivariate relationships between the values of
movements of bench flitches. A case study is conducted on a bench in an open pit vein-type
gold mine. The results demonstrate that overlooking blast-induced movement in ore-waste
discrimination after blasting may over-estimate the financial gain compared to the case
considering blast movement. In this research, high-risk ore and waste zones after blasting are
also determined. Best blast-induced movement directions are identified after conducting a
sensitivity study.

Keywords: Blast-induced movement; copula;, Monte Carlo simulation, risk assessment

1 INTRODUCTION
In open pit mines, blasting is a crucial daily routine operation conducted before excavating the
muckpile in some mines. The main goal of this operation is to break the rocks hosting the
mineralization into small rock fragments to (1) reduce the downstream costs of hauling,
equipment maintenance, and materials crushing, and (2) facilitate loading-out blasted
materials to the specific equipment used in the mine. To achieve this goal, the configuration of
the blast design is set in a way that meets the objectives of the blasting operation, taking into
consideration the geological characteristics of the blasted rocks. After blasting, blasted
materials move in various directions and distances. The extent of blast-induced movement is
difficult to predict accurately due to the lack of complete information on the blast design and
geological characteristics. This lack of complete information introduces a new source of
uncertainty when classifying ore and waste areas within the blasted section of the bench. The
financial loss resulting from ore-waste misclassification due to neglecting the effect of blast-
induced movement can be significant. This neglect will significantly overestimate the
expected profit (Hmoud and Kumral, 2021).

The ore-waste classification is an important step in grade control. It also has a significant
impact on cash flow modeling and short-term mine production scheduling. The ore-waste
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classification targets to send blasted materials to their optimal destinations to maximize profit
while honoring some operational constraints such as equipment selectivity and direction of
mining.

Ore and waste zones within the orebody can be identified from blast holes data. These data
generate a 3D block model that shows the spatial distribution of ore grades in the deposit. 3D
block models are simplified representations of the orebodies, and they consist of a number of
small computer-generated blocks called Selective Mining Units (SMUs). SMUs are the
smallest volumes of materials on which ore-waste classification decisions are made (Sinclair
and Blackwell, 2006).

Due to the importance of understanding the nature of blast-induced movement in blast
operations at the open pit mines, these movements should be modeled. This is a critical step
before determining ore and waste zones within the blasted section of the bench. In the
literature, three methods were proposed for modeling blast-induced movements: (a)
simulating blast-induced movements using multi-physical simulation (Zou and Jun, 2020), (b)
modeling blast-induced movements based on field measurements (Isaaks et al., 2014;
Vasylchuk and Deutsch, 2019), and (c) training supervised machine learning algorithms using
former blast-induced movement data to estimate subsequent blast movements in different
benches (Yu et al,, 2020; Yu et al., 2021).

Field measurements can also be used to validate multi-physical simulated models of blast-
induced movement as well as input data into the machine learning algorithms to train them to
predict future blast movements. In most cases, the target of physical simulation is to ensure
that rock fragmentations reach a specific size regardless of the extent of blast-induced
movement. However, the extent of blast-induced movement has a significant impact on the
level of ore losses and dilution; increasing blast-induced movement leads to increased ore
losses and dilution. Therefore, in practice, a balance between the extent of blast-induced
movement and rock fragmentation size should be achieved to reduce ore losses and dilution as
well as reduce the costs of hauling and crushing materials so that the overall profit from
mining the bench is maximized.

All blast-induced movement modeling approaches assume that blast-induced movement is
deterministic. However, La Rosa and Thornton (2011) indicated that measured blast-induced
movement has a large variance due to (1) the uncertainty of many of the controlled blasting
parameters, and (2) the heterogeneity of the rock mass. They also stated that accurate
predictions of blast-induced movement without physical field measurements are near
impossible.  Another source of uncertainty comes from unanticipated blast-induced
movements due to unseen geology and rock characteristics, as well as human error when
conducting bench blasting. In fact, training supervised machine learning algorithms to predict
future blast-induced movements from historical blast-induced movement data will not
produce accurate predictions for blast-induced movements. This inaccuracy happens because
the input geological parameters of blasted rocks and the blast designs vary significantly within
the same mine. Therefore, assessing the uncertainty in blast-induced movement using physical
field measurements obtained from the same blasted bench will help in modeling blast-induced
movements more accurately and making better decisions on determining the optimal
destinations of blasted materials taking into consideration the inevitable risk associated with
this decision. This paper differs from the previous work (Hmoud and Kumral, 2021) in the
sense that it evaluates the effects of multiple blast-induced directions. Thus, blasting activities
can be designed such that the dilution and loss are minimized.

2 METHODS
The first step in this proposed methodology is to create a block model from blast holes data

which should cover the blasted section of the bench. These blocks in the block model
represent the SMUs in the mine. The number of SMUs in the vertical direction in the block
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model should equal the number of bench levels called bench flitches. A number of estimation
methods can be applied to get a good local estimate of metal grade (e.g., ordinary kriging,
localized uniform conditioning, and multi-indicator kriging).

The block model is then converted to a monetary-based block model by adding economic
and metallurgical parameters to the estimated metal grades to estimate cost, revenue, and
profit values for all SMUs. Operational costs, metal price, and ore recoveries are used as input
parameters for generating the monetary-based block model and calculating a cut-off grade that
separates ore SMUs from waste SMUSs.

Blast Movement Monitor (BMM) balls are used to estimate the direction and extent of
blast-induced movement at the blasted section of the bench. As observed from various
blasting operations, the extent of horizontal blast-induced movements varies significantly in
bench flitches due to the configuration of blast design where most of the explosives are
installed in the middle of blast holes. This common design moves flitches and forms a D-like
shape structure before all blasted rocks settle to the ground due to the gravitational force.
Figure 1 shows the D-like shape illustrating blast-induced movements over five flitches.

Figure 1. Illustration of bench movement across flitches

The uncertainty in estimating the extent of blast-induced movement remains significant
even when using BMM balls because (1) they do not cover the entire blasted section of the
bench, and (2) there is an inaccuracy in determining the location of these BMM balls post-
blasting, (3) the blast-induced movement distances associated with these balls vary even
within the same flitch due to the heterogeneity in geological characteristics and blast design.

After locating BMM balls post-blasting, the directions and extents of movements are
determined for each flitch. Then, a multivariate statistical distribution is fitted to the blast
movement measurements across these flitches using drawable vine copula (D-Vine) (Aas et
al., 2009). This multivariate distribution honors the existing non-linear correlations between
flitch movements. D-vine copula consists of bivariate copulas and a nested set of trees (Figure
2). Clayton distribution is used for modeling blast-induced movements data across flitches
because blast-induced movement correlations between these flitches are strong near blast
holes. They get weaker and weaker when the distance becomes larger from the nearby blast
holes.

A number of blast-induced movement realizations are generated from the fitted
multivariate distribution using Monte Carlo simulation. These realizations produce the
anticipated D-like shape from blast-induced movements. This method can also produce any
shape caused by unexpected blast-induced movement behavior due to unforeseen issues with
the implementations of blasting operation or due to unseen geological features that affect the
extent of blast-induced movements.
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Tree 1

Tree 2

Tree 3

Tree 4

Figure 2. Copula trees for five flitches where F1, F2, F3, F4, and F5 are the blast-induced
movements for flitches 1-5, respectively

In this proposed methodology, blast-induced movements can be applied in any possible
direction. The user needs to specify the azimuth angle of the overall blast-induced movement
direction, and all pre-blast SMUs will be moved in that direction accordingly.

Blast-induced movement realizations obtained from D-vine copula multivariate distribution
are applied on the monetary-based block model that contains the geological characteristics of
the ore body, ore grade, contained metal, and SMUs profit. To show small-scale movements
on the block model, the SMUs in the monetary-based block model are discretized into smaller
SMUs before moving their centroids according to the extent of movements obtained from the
simulated realizations of blast-induced movements. This discretization stage allows the small
movements to become visual when constructing post-blast monetary-based block models so
that they can contribute to blast-induced movements. The outcome of this stage is a number of
post-blast monetary-based block models. These monetary-based block models are used to
assess the risk of ore-waste misclassification due to blast-induced movement uncertainty.

To determine the final destinations of all areas in the blasted section of the bench, the 3D
post-blast monetary-based block models are converted into 2D monetary-based block models
by projecting the 3D SMUs models into 2D SMUs models and summing the contained metal
values of all SMUs that share the same x and y coordinates of their centroids.

The final step in this proposed methodology is to re-grid SMUs back to their original size.
Then, the total amount of contained metal and profit are calculated for these re-grided SMU .
Finally, those re-grided 2D monetary-based block models are used as an input to generate ore
risk maps and determine the distributions of ore losses, dilution, and profit due to blast-
induced movement uncertainty.

122



10™ International Drilling and Blasting Symposium 25-26 November 202 1/Antalya-Turkey

3 CASE STUDY

To quantify the uncertainty of blast-induced movement and show the effect of this uncertainty
on ore-waste misclassification, a case study is conducted. First, a grade block model is formed
using blast hole information for a section of a bench at a vein-type gold deposit mining
operation. Table 1 summarizes the parameters used in block modeling. Next, this block model
is converted into a monetary-based block model using economic and processing parameters
given in Table 2.

Table 1: Characteristics of the block model

X Y Z
SMU size (m) 2.5 2.5 3
Number of SMUs in a direction 32 40 3
Minimum centroids (m) 1.25 1.25 1.5
Maximum centroids (m) 78.75 98.75 13.5
Azimuth (degree) 0
Dip (degree) 0

Table 2: Input parameters used in the cut-off grade calculation

Value
Gold price (US$/gr) 60
Mining cost (US$/tonne) 3
Mineral Processing cost (US$/tonne) 20
Processing recovery (%) 80
Bulk density (gr/cm?) 2.75

The bench section is divided into five flitches. Each one of these flitches has a 3m
thickness. Blast-induced movement information is simulated from 50 ball-based field
measurements covering the five flitches at 10 locations (five BMM balls per blast hole). The
overall direction of movement is 45° azimuth, parallel to the orientation of gold veins strike.
First, triangular distributions are fitted for the blast movement values of the five bench
flitches. Then, these triangular distributions are used to fit bivariate Clayton copulas between
flitch blast-induced movements. After fitting Clayton copulas, D-vine copula and MCS are
utilized to simulate 1,000 equally probable images of blast-induced movements to verify if
multivariate relationships between flitch movements are embraced. The results of this
simulation are presented in Figures 3, 4, and 5. Acceptable mimicking of the multivariate
associations between BMM measurements and the simulated probable images are detected
from these figures.
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Figure 3. Simulation outcomes associated with blast-induced movement data

Figure 4. Reproduction of associations between flitches using sample data (shown in red)
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Figure 5. Ore-waste classification based on four different blast-induced movement
realizations

Ore probability map is generated from the monetary-based block models adjusted by blast-
induced movements (Figure 6). In the map, the areas shown in yellow and navy blues are
certain ore and waste areas, respectively. The greenish areas refer to risk areas that need
special attention. This map is used to determine areas in which a careful grade control
sampling program should be implemented. In addition, this map helps optimize the number of
grade control samples so that grade control geologists can design sampling programs that
focus on a more detailed sampling of high-risk areas.
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Figure 6. The probability map of having ore SMUs in the blasted section of the bench.

To understand the impact of neglecting the blast-induced movement when estimating profit
and classifying SMUs to ore and waste, a comparative study is conducted between two
scenarios. The first scenario assumes that blast-induced movement is neglected, so no blast-
induced movements are applied to the SMUs. The second scenario incorporates blast-induced
movement realizations in determining ore-waste SMUs and estimating the profit. The result of
the first scenario is shown in Figure 7.
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Figure 7. Map of ore-waste classification within the SMUs without incorporating blast-
induced movement effect on the destination of these SMUs

Another useful application of this proposed methodology is to test the effect of blast-
induced movement direction on ore loss, dilution, and profit. To do so, several directions of
blast-induced movements are applied to the monetary-based block model. This study might be
required when the decision of selecting the best direction of blast-induced movement is hard
to be taken because of the complex geology. However, this study can only be conducted when
having historical blast-induced data from benches that share similar geological characteristics
and blast designs. Figures 8 to 11 show different scenarios of blast-induced movements where
SMUSs are moved in several directions.

Figure 8. Map showing the areas of ore-waste SMUs after applying blast-induced
movement with an azimuth of 90 degrees. Ore SMUs are in red color, and waste SMUs are in
blue
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Figure 9. Map showing the areas of ore-waste SMUSs after applying blast-induced
movement with an azimuth of 135 degrees. Ore SMUs are in red color, and waste SMUs are
in blue

Figure 10. Map showing the areas of ore-waste SMUs after applying blast-induced
movement with an azimuth of 180 degrees. Ore SMUs are in red color, and waste SMUs are
in blue
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Figure 11. Map showing the areas of ore-waste SMUs after applying blast-induced
movement with an azimuth of 225 degrees. Ore SMUs are in red color, and waste SMUs are
in blue

The results of this exercise show that blasting this section of the bench parallel to the strike of
mineralization (i.e., azimuth of 45° and 225°) results in the least amount of ore loss and
dilution and generates the maximum profit. The lowest profit is obtained when blasted
materials are moved perpendicular to the strike of mineralization.

4 CONCLUSIONS

Risk assessment in blast-induced movements is important. In this paper, an approach to
evaluate the risk associated with blast-induced movement is demonstrated. The historical
BMM balls information on blast-induced movement are used to simulate bench sections
called flitches using copula. These simulations captured the multivariate distribution
appropriately. The simulations were used as an input in MCS. The results of the case study
conducted on a section of a bench in a vein-type gold mine show that the expected profit is
over-estimated if blast-induced movement is disregarded. Risky post-blasting locations are
also determined. Thus, decision makers can pay more attention to the risky zones. A
sensitivity analysis study is conducted on the monetary-based block model to show the best
direction of blast-induced movements. The results of this sensitivity study show that the
investigated section of the bench should be blasted in a direction parallel to the mineralization
strike. This direction will reduce ore losses and dilution and increase expected profit.
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A Comparative Study on Prediction of Blast Induced Vibrations
in a Tunnel Project by Using Machine Learning Methods

U.K. Sahinoglu!, M.C. Ozyurt!, U. Ozer', A. Karadogan!, A. Akgundogdu?

'Department of Mining Engineering, Faculty of Engineering, Istanbul University-Cerrahpasa,
Istanbul, Turkey

’Department of Electrical-Electronics Engineering, Faculty of Engineering, Istanbul
University-Cerrahpasa, Istanbul, Turkey

ABSTRACT: In this study, various regression learning methods are comparatively analyzed
for a tunnel excavation conducted by the blasting method to predict the vibration attenuation
characteristics. Data of 159 vibration records obtained from field studies were used in the
analysis. In the first stage, the data pairs of peak particle velocity-scaled distance (PPV-SD)
were analyzed statistically (R = 0.34), and a significant correlation could not be found. In
order to obtain a meaningful result, estimates were made with machine learning methods. Shot
sequence, shot number, location information (X, y, z coordinates of the shot and station point,
amount of explosive per shot and per delay, distance between the shot and the measurement
station, advance rate and total charge) were used as input and PPV as output data. Support
Vector Machine, Neural Networks, Linear Regression and, Random Forest Methods were
used as analys1s methods. Accordmg to the analysis results an acceptable correlation is
obtained from the Random Forest Method (R = 0.70). As a result, the most suitable machine
learning method has been presented to make predictions in data sets where the maximum
particle velocity-scale distance relationship cannot be established.

Keywords: drilling and blasting, machine learning, vibration, peak particle velocity

1. INTRODUCTION

Many technical, economic, and environmental results are expected from a successful tunnel
blast. Technically speaking, it is planned to achieve the highest efficiency by using the lowest
amount of explosives. In addition, it is desired to obtain a cross-section suitable for the project
line. Unbreakable parts are negative, as well as excessive dismantling is undesirable. The
piece size of the stack should be suitable for loading. The formation of new cracks that require
support should be prevented. It is also desired that the advance amount after the shot is as
close as possible to the planned value.

It is expected in environmental aspects that blast-induced vibrations will not harm the
existing structures on the ground (such as buildings and all kinds of other structures),
underground structures (subway tubes, infrastructure, shaft, deep excavations and,
foundations), and in ongoing excavations underground.

There are several methods described in the literature to predict the attenuation equation of
blast induced vibrations. Today, the most useful of these is to use the site specific vibration
propagation equation with the data obtained from a sufficient number of vibration
measurements (Eq. 1-2).
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SD is scaled distance, R is the distance between the shot point and vibration measurement
station point (m), W is the maximum charge per delay (kg), and k and B are statistical site-
specific constants.

This equation does not give meaningful results that can represent the field in every study. In
this study, when the classical PPV-SD equation does not correlate with representing the field
in a tunnel excavation, the most suitable machine learning method is presented to make
predictions.

Machine learning is computer algorithms that model a problem according to the data of that
problem. The model created with the current data set and the algorithm used is set up to give
the highest performance. For this reason, many machine learning methods have been
developed, some of which are regression learning methods, decision trees, support vector
machines, and artificial neural networks (Atalay and Celik, 2017).

In the linear regression learning method, when x = {xV, x® ..., x®} training set and Y
are accepted as the set of real numbers, the sum of square loss can be calculated as in equation
3, where x(1) ERP, and y = {yD, y?, . . .|y} where y(i) € R (Beckham et al., 2016).

Liw,b) ==Y [(wx® + b) —y D] 3)
w:zw—cxaL(w,hj 4)
wi=b—a—L(w,b) (5)

Where w is the vector of coefficients and b is the intercept term (Beckham et al., 2016).

In the Random Forest method, when a training set is defined under the condition D = (1, 2,

...n), 1 = 1,... .m, each sample as Ti= (xi, yi) is described by an input attribute vector
(x1 (x1,1, xi, 2 x1,F) and sample label yi, while A is a binary feature of F features in the
feature vector (Eq. 6-8).

Gini (D) = '“1 Ginid,, + llnzllGiniﬂz 6)
H=HI+HE,D1UDE—D1HD2 m (7)
Gini(D) = 1~ T2, p(y; =€) = %2 ®)

Dl
Where D; and D> are the binary partitions of D by A which each has n; and n> records
respectively, Ci, D, is the number correctly classified samples for the class i (Dehzangi et al.,
2010).
The hyperplane formula that can binary classify the Training set in the Support Vector
Machine (SVM) method. It can be denoted by Eq. 9.

wx+b=10 9)
Boundaries of the created hyperplane are determined by using Eq. 10-11.
wx+b=0 y;=1 (10)
wx+b=-1 y,=-1 (11)
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Here ||w]| is the weight vector and b is the threshold value. Equation 12-13 can be used to
find the norm of the weight vector.
d=" (12)

L(w,b,@) = ~lIwll* — ZL_; & [y;(wx + b) — 1] (13)

The extreme points of the function L(w, b, a) are found by setting the derivatives of the
function with respect to the values of w and b to zero.

Tiay, a4, =0, i=1,.,1I (14)
w=3X ey e=0, i=1..,1 (15)

a # 0 points are support vectors. Using the KKT conditions theorem at points where
equations 12-13 differ from a # 0 can be calculated by using Eq. 16-17.

a;[yv,(wx+b)—-1], i=1,..,1 (16)

L(@) =3 & =3, T, o q y,y,(6x) (17)

Multi-layer Perceptron (MLP), a sub-algorithm of artificial neural networks, is a learning
algorithm based on error (Erdal, H., 2015). It performs the two basic functions of learning and
decision-making through weighting, activation function, and bias. Weight is the coefficient by
which each input is multiplied before going to the next stage. All entries are added up by
multiplying them by their respective weights. Then, the response resulting from sending this
value to the activation function becomes the system's decision (Fig. 1).

The error is defined as follows for the output cell number j where d _j (n) is the expected
value after the training data:

g () =d;(n) —y;(n) (18)
Total error in output layer, is expressed with Eq. 19.

EM) =3 jec 6 (n) (19)

Where, C cluster contains all neurons in the output layer. Here, E (n) is minimized using an
approach similar to the delta rule. The total of incoming entries can be shown as in Eq.20.

v;(n) = o wy ()x: () (20)

X = (x4,-..%y,), J. m is the input value applied to the neuron, w;(is the weight of the x;)
input, and f is the activation function. xw,,;, denotes the deviation element and thus x5 = +1.

Equation 20 can calculate the result generated by the network (Erdal, H., 2015).
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Figure 1: MLP Layers chart.

2. MATERIAL AND METHODS

2.1. Study Area

The study area is located on the European side of Istanbul, Turkey (Fig. 2). Basaksehir
Kayasehir Metro Line is the metro line connecting the Kirazli - Olympic - Metrokent line to
Basaksehir district center. The line, which starts in the Metrokent tail tunnel, is 6.6 km long
and consists of 4 stations. On the route, there is Ikitelli City Hospital station and Kayasehir
Central Station, which is integrated with Halkali - 3rd Airport.

BLACK

ISTAN

Figure 2. Metro Line location map

1.1. General Geology of the Study Area

Carboniferous, Eocene, Miocene and Quaternary deposits are observed in the study area.
The sequence begins at the bottom with the Trakya Formation, a turbiditic sequence deposited
in a deep marine environment, consisting of Lower Carboniferous sandstone and shales. The
Hamamdere Formation, which consists of mudstones with limestone interbeds, deposited in a
shallow sea-shelf environment unconformably over the Trakya Formation, the Hamamdere
Formation, which was formed in a shallow marine reef environment, was formed by the
Sogucak Formation consisting of reef limestone and the deep sea-basin environment. Ceylan
Formation, which is composed of Upper Eocene-Oliocene aged, clastic limestone interbedded
marl and mudstone. These formations are vertically and laterally transitive with each other.
These units are covered by the Cukurcesme Formation, whose general geometry is in the form
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of cover and formed in the form of sand-gravel-clay deposits of Upper Miocene age,
deposited in a stream environment. Quaternary aged alluvial sedimentary units are covering
all aged units (Balamir, M., 2014). The excavations carried out within the limestone units of
the Trakya formation.

1.2. Basaksehir Kayasehir Metro Line Excavation Operations

The blast patterns applied in blasting excavations in the field in question are shown in
Figure 3. Cap sensitive emulsion type explosives were used as explosives and capsules with
25 and 17 ms surface delay were used for firing. The distances between the throw points and
the ground shaking and air shock measurement stations were determined using Topographic
devices.

The holes in the middle are drilled at an angle of about 60°. The free surface is provided
with middle drawing holes. Under the general tunnel blasting technique, the last burst holes
are base (Figure 3a-b). The distance between holes in the perimeter and center holes is 0.7-0.8
m, and around 0.9m in the base holes.

Figure 3-a: The applied blasting design (front view)
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Figure 3-b: The applied blasting design (cross-sectional view)

The number of holes and hole spacing in the applied designs may vary depending on the

type of formation.

2.4. Field Study

In this study, 159 events in 129 shots were recorded at 32 stations located around the tunnel
lines were obtained from on-site inspection and geological reports. A representative set of

collected data 1s shown in Table 2.

Then recorded blasting vibration data were evaluated with the classical PPV-SD equation
given in Eq.1, the prediction equation and regression coefficient resulted as in Eq. 7 (Fig. 4).

60

PPV (mm/sn)
— N W B W
o o & & S &

10.00
SD (m/kg"1/2)

y = 30.704x0-304
R?>=0.117

Figure 4: PPV-SD relationship of the field data.

PPV=30.74SD"*3* (R=0.34)
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A meaningful relationship could not be obtained with the statistical PPV-SD relationship (R
= (0.34) and analysis was made by machine learning methods. At this stage, all data collected
and recorded from the field (shot sequence, shot number, location information (X, y, z
coordinates of the shot and station point, amount of explosive per shot and per delay, distance
between the shot and the measurement station, advance rate and total charge) were used as
input and PPV as output data.

3. THE COMPARISON OF MACHINE LEARNING METHODS

The results of machine learning methods such as Neural Network (NN), Support Vector
Machine (SVM) and Linear regression (LR) which are very successful in the literature, were
compared with the proposed RF method. The training results are shown in Table 3, the results
after the CV method are shown in Table 4.

Table 3: Training Results Summary

Model Summary SVM MLP LR RF
Correlation coefficient 0.5647 0.7447 0.5932 0.9661
Mean absolute error 4.7286 6.3716 4.9846 1.7537
Root mean squared error 6.9157 7.4435 6.534 2.4142
Relative absolute error 79.7297 107.4339 84.0477 29.5705
Root relative squared error S5.246 91.7126 80.5066 29.7459
Table 4: Cross-Validation Results Summary
Model Summary SVM MLP LR RF
Correlation coefficient 0.4503 0.4307 0.3759 0.7048
Mean absolute error 5.2413 5.9077 5.814 4.8214
Root mean squared error 7.39S7 8.5433 7.8129 7.0569
Relative absolute error 87.658 98.8048 97.2377 81.9349
Root relative squared error 90.574 104.5566 95.6444 78.1321

According to the results of the analysis, what significant results were obtained from the
Random Forest method (R = 0.7). RF model results are presented in Figure 5 in comparison
with the real data collected from the field.

(mm/sn)

Predicted PPV
(98]
S

PPV (mm/sn)

Figure 5: Comparison of Predicted and Measured PPV

As seen in Fig. 5, the regression graph of the RF model can give a successful prediction
result.
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4. CONCLUSION

This study aims to use blast-supported-excavation parameters (shot sequence, shot number,
location information (x, y, z coordinates of the shot and station point, amount of explosive per
shot and per delay, distance between the shot and the measurement station, advance rate and
total charge) for PPV prediction. The research stages and the significant results of the study
are listed below.

In conditions where test shots cannot be made, or the commonly used PPV-SD equation
cannot make acceptable predictions as in this study, it is important to evaluate different
parameters and develop new models by using various methods. Therefore, this study
performed PPV estimation via machine learning and compared the estimation abilities of
different machine learning methods. The results of machine learning methods such as Neural
Network (NN), Support Vector Machine (SVM), and Linear regression (LR), and Random
Forest (RF) method, which are very successful in the literature, were compared with each
other. The RF method was found to be the method that achieved the most meaningful and
acceptable estimation results. Therefore, it could be said that the RF method was a useful tool
to estimate PPV where commonly used formula could not make acceptable predictions.
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Patlatma Kaynakli Yer Sarsintistnin ANFIS ve Destek Vektor
Makineleri Ile Tahmin Edilmesi

Prediction of Blast—Induced Ground Vibrations by ANFIS and
Support Vector Machines

Y. Agan, T. Hiidaverdi, O. Akyildiz
ITU Maden Fakiiltesi Maden Miihendisligi Boliimii, 34469, Ayazaga, Istanbul

OZET Bu calismada patlatma kaynakl1 yer sarsintis1 uyarlamali ag tabanli bulanik ¢ikarim
sistemi (ANFIS) ve destek vektor makineleri (SVM) yontemleriyle tahmin edilmistir. ANFIS
modelinde delikler arasi mesafe—dilim kalinlig1 orant (S/B), basamak yiiksekligi—dilim
kalinlig1 oran1 (H/B) ve 6lgekli mesafe (SD) parametreleri girdi olarak kullanilmistir. Tahmin
edilen ¢iktt en yiiksek parcacik hizidir (ppv). Destek vektor makinelert yonteminde ise en
uygun model olarak ‘SVM quadratic’ sec¢ilmistir. Modellerin olusturulmasinda 69 egitme
verisi ve 26 test verisi kullanilmistir. Tiim patlatma verileri Istanbul Cendere havzasinda
bulunan tas ocaklarindan toplanmistir. Gelistirilen modeller klasik 6l¢ekli mesafe denklemi ve
cok degiskenli regresyon denklemi ile karsilastirilmistir. ANFIS ve SVM modeli ile yapilan
tahminlerin regresyon modellerine gére daha basarili oldugu ortaya konmustur.

Anahtar kelimeler: ANFIS, Destek Vektor Makineleri, Patlatma, Yer Sarsintisi

ABSTRACT In this research, blast-induced ground vibrations were estimated by adaptive
network-based fuzzy inference system (ANFIS) and support vector machines (SVM) methods.
In the ANFIS model, spacing to burden ratio (S/B), bench height to burden ratio (H/B) and
scaled distance (SD) were considered as input parameters. The predicted output is peak
particle velocity (ppv). In the support vector machines method, the 'SVM quadratic' model
was selected as the most suitable model. 69 training data and 26 test data were used to create
the models. All the blast data were collected from aggregate quarries located in Cendere
Valley, Istanbul. The developed models were compared to classical scaled distance equation
and multiple regression equation. It is concluded that the predictions of ANFIS and SVM
models are more successful than the regression equations.

Keywords: ANFIS, Support Vector Machines, Blasting, Ground Vibration

1 GIRIS
Acik isletmelerde gergeklestirilen patlatma faaliyetlerinde, patlatma kaynakli ¢esitli ¢cevresel
etkileri mevcuttur. Olumsuz ¢evresel etkileri 4 baslik altinda incelemek miimkiindiir. Bunlar
kaya (tas) savrulmasi, toz emisyonu (yayilimi), hava soku ve patlatmalardan kaynaklanan yer
sarsintilaridir. Bu ¢alisma kapsaminda patlatma kaynakli yer sarsintilari ele alinmistir. Yer
sarsintilart iizerinde en sik durulan ¢evresel etkilerden biridir. Yer sarsintisi patlatmanin diger
etkilerine kiyasla daha uzak mesafelere ulasabilmektedir. Kisacasi yer sarsintilar1 daha genis
bir alana yayilmaktadir.

Yer sarsintisina kars1 onlem almak i¢in her seyden once yer sarsintisinin tahmin edilmesi
gerekmektedir. Bu amagla regresyon analizine dayanan klasik 6lcekli mesafe denklemleri
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siklikla kullanilmaktadir. Giinlimiizde ¢esitli esnek hesaplama yontemleri ve makine
ogrenmesi teknikleri de yer sarsintisi hesaplanmasinda 6n plana c¢ikmaktadir. Farkli
tekniklerin kullanilmasi alternatif modellerin gelistirilmesine olanak saglamaktadir. Yer
sarsintist tahmininde goz Oniine alinan temel parametreler gecikme basina anlik sarj ve 6l¢iim
mesafesidir. Esnek hesaplamaya dayanan modeller kurulurken patlatma tasarim parametreleri
de modellere dahil edilmektedir.

Bu calismada bir tas ocaginda yer sarsintisi tahmini igin ANFIS (uyarlamali ag tabanlh
bulanik c¢ikarim sistemi) ve SVM (Destek vektor makinalari) yontemleri kullanilmistir.
Gelistirilen modellerin etkinligi 6lcekli mesafeye dayali yer sarsintisi tahmin denklemiyle
karsilagtirilmistir. Modellerin validasyonu i¢in sekiz farkli hata kriterinden faydalanilmistir.
Bu bildirinin ikinci bdliimde dncelikle ¢alisma sahasi ve dl¢iim teknigi anlatilmistir. Uglincii
boliimde patlatma kaynakli titresimlerin tahmin edilmesi i¢in olusturulan modeller sirasiyla
anlatilmaktadir. Takip eden boliimde detayli bir model validasyonu gergeklestirilmistir.
Sonuclar boliimiinde bulgularin genel degerlendirilmesi verilmistir.

2 SAHA OLCUMLERI
2.1 Genel Jeoloji ve Patlatma Teknigi

Incelenen tas ocagr Istanbul ili Kemerburgaz bolgesinde yer almaktadir. Bolgede bes adet
komsu tas ocagi daha bulunmaktadir. Tim saha Ol¢limleri Akdaglar kumtasi ocaginda
yapilmistir. Bolgedeki ana kaya yapisi, alt karbonifer yash Trakya formasyonudur. Trakya
formasyonu temel olarak kumtasi, silttast ve seylden olusmaktadir. Formasyonun alt
kesimlerinde kalker seviyeleri vardir. Ayrica orta ve iist kisimlarda konglomera mercekler
gozlenebilir. Akdaglar ocaginda kazilan malzeme grimsi-kahverengi, kalin tabakali
kumtasidir. (Ozgiil, 2012). Ocakta patlatma deligi cap1 89 mm’dir. Patlayici madde olarak
ANFO kullanilmigtir. Atesleme i¢in elektrikli ve Nonel kapsiiller kullanilmigtir. Atesleme
diizeni ise sesbes olarak ayarlanmistir. Olgiilen tiim patlatma tasarim parametreleri Tablo 1°de
verilmistir. Ek olarak, gecikme basina maksimum anlik sarj miktar1 (W), yer sarsintist 6l¢iim
mesafesi dl¢iilen en yiiksek pargacik hizi (ppv) ile ilgili istatistikler de tabloda mevcuttur.

Tablo 1. Olgiilen patlatma tasarim parametreleri ve yer sarsintis verileri

Degisken Minimum Maksimum Deglsl,m Ortalama Standart
Arahigi Sapma
B (m) 1,49 3 1,51 2,28 0,326
S (m) 2,13 3,28 1,15 2,71 0,292
T (m) 1,80 6 4,2 2,83 0,898
H (m) 3,50 14 10,5 7,57 2,035
U (m) 0 1 1 0,55 0,191
D (m) 27 400 373 137,34 70,269
W (kg) 14,92 279,81 264,89 68,35 49,512
ppv 1,72 32,79 31,07 6,98 5,494

(mm/s)

B: Dilim kalinligi, S: Delikler arast mesafe, T: Sikilama mesafesi, H: Basamak yiiksekligi,
U: Alt delme, W: Maksimum patlayici sarji, D: Titresim 6l¢iim mesafesi, ppv: En yiiksek
pargacik hizi, izlenen atim sayisi (n): 95.
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2.2 Yer Sarsintist Olciimleri

Patlatma esnasinda titresimleri kaydetmek icin 3 bilesenli Instantel Micromate sismograflar
kullanilmistir. Bu bilesenler Sekil 1°de gorildigli tlzere bir jeofon, kayit cihazi ve
mikrofondan olusmaktadir. Jeofon diisey, boyuna ve yanal olmak iizere 3 eksenli 6lgiim
yapmaktadir. Kayit cihazi ise jeofon tarafindan 6lgiilen pargacik hizi verilerini kaydetmek i¢in
kullanilir.  Sismograflar, 0.127 1ile 254 mm/s arasinda degisen parcacitk hizim
kaydedebilmektedir. Frekans araligi ise 2-250 Hz’dir (Micromate Operator Manual). Elde
edilen verilen Blastware yazilimi ile bilgisayara aktarilir. Patlatmanin gerceklestigi nokta ile
titresim Ol¢clim cihazinin arasindaki mesafe iki farkli el tipi GPS cihaziyla 6l¢tilmiistiir

Sekil 1. Instantel Micromate sismograf (Instantel Micromate)

3 PATLATMA KAYNAKLI TITRESIMIN TAHMIN EDILMESI
3.1 Geleneksel Tahmin Yontemleri

USBM odl¢ekli mesafe denklemi ve SPSS yazilimi ile yapilan regresyon analizi, geleneksel
tahmin yontemleri olarak adlandirilmistir. Ppv tahmini i¢in bir model gelistirmeye yonelik ilk
girisim, ABD Madencilik Biirosu (USBM) ve Crandell tarafindan gerceklestirilmistir. Bu
modele gore ppv temel olarak gecikme basina kullanilan sarj miktar1 ve 6lgekli mesafe olmak
tizere iki faktore dayali olarak belirlenmektedir. (Basu ve Sen, 2005). Patlatma kaynakh
titresimlerin tahmininde patlatma noktasindan olan uzaklik ve gecikme basina patlayan sarj
miktar1 kullanilarak olusturulmus bir¢ok denklem bulunmaktadir. En ¢ok kullanilan 6lcekli
mesafe yaklasimlarindan biri asiga verilmis olan ABD Madencilik Biirosu’na — United States
Bureau of Mines (USBM) — ait 6l¢ekli mesafe yaklagimidir (Duvall ve Petkof, 1959).

PPV = K(Z-)/ (1)

Burada D patlatma alani ile titresimin gozlemlendigi nokta arasindaki mesafe (m), W
gecikme basina maksimum sarj (kg), K ve f ise saha sabitidir. Delikler aras1 gecikmenin 8
ms’den az oldugu durumda deliklerin ayni anda patladigi kabul edilmektedir. Sekil 2’de
gosterildigi gibi, bu denklem D/v/W (x ekseninde dlgekli mesafe olarak bilinir) ve y ekseninde
ppv (maksimum parg¢acik hizi) ile logaritmik koordinat sistemi iizerinde diiz bir ¢izgiyi temsil
eder (Yilmaz, 2016).

Bu calismada olusturulan USBM modeline gore elde ettigimiz denklem ve saha sabitleri
asagida verilmistir.

PPV = 117.4(D/W)~10%5 (2)
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Geleneksel yontemlerden bir digeri de regresyon denklemi araciligiyla tahmini ppv
degerlerine ulagmaktir. Bu ¢alismadan elde edilen regresyon denklemi SPSS programi ile
yapilan ¢ok degiskenli regresyon analizi kullanilarak bulunmustur. Buna gore, S/B, H/B ve
SD parametrelerinin ppv’ye olan etkilerinin arastirmasi amactyla bu parametrelerden olusan
69 data ile ppv tahmini yapilmistir. S/B, H/B ve SD parametreleri bagimsiz degisken olarak
secilirken, ppv bagimli degisken olarak se¢ilmistir. Analizin sonucunda asagidaki denklem
elde edilmistir.

ppv = S/B x (—4,993) + H/B x(0,235) + SDx (0,605) + 22,685 3)

Sekil 2. Ppv denklemi grafigi (Yilmaz, 2016)

3.2 ANFIS ile Modelleme

ANFIS, ogrenmeyi ve adaptasyonu kolaylastirmak i¢in Jang tarafindan gelistirilmis bir
Sugeno bulanik modelidir. Sekil 3°de oldugu gibi, ANFIS yapisi onciil ve sonug
boliimlerinden olusmaktadir (Jang, 1993). Sugeno tipi bulanik ¢ikarim sistemleri (FIS), tiyelik
fonksiyonu parametrelerini ve tek bir ¢iktiya dayali bulanik IF-THEN kurallarin1 tanimlamak
icin hibrit bir 6grenme algoritmasi ile birlikte en kiiciik kareler ve geri yayilim gradyan inis
yontemlerinin bir kombinasyonunu kullanir (Nelles, 2001). Alt1 katman igeren ANFIS'in
esdeger mimarisi Sekil 4’de gosterilmektedir.

Sekil 3. Birinci dereceden iki girisli ve iki kuralli “Sugeno Bulanik Modeli” (Jang, 1993)
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Sekil 4. Esdeger ANFIS yapisi (Jang, 1993)

ANFIS ag yapisinda yuvarlak bigimde gosterilmis olan diigiim noktalar1 statik olup, kare
biciminde olan diigiim noktalar1 ise uyarlanabilirdir. Yani kare digiim noktalarinda model
parametreleri uyarlama veya egitim sirasinda degismektedir (Yilmaz, 2016). ANFIS
prosediiriinii agiklamak i¢in, s6z konusu FIS'in iki girdiden (x, y) ve bir ¢iktidan (f) olustugu
ve kural tabaninin asagidaki gibi iki bulanik kural kiimesi "if - then" i¢erdigi varsayilmaktadir
(Jang, 1993):

Kural 1: If x is A1 and y is By, then fi = pix + quy + 11
Kural 2: If x is Az and y is Bz, then f> = p2x + 2y + 12

Burada pi, gi ve 1; sonuglandirilacak parametrelerdir. Jang (1993), ANFIS alt1 katmanini su
sekilde tanimlamistir:

1.Katman: Giris katmani olarak adlandirilir. Bu katmandaki her bir diigiimden alman giris
sinyali diger katmanlara aktarilir.

2.Katman: Bulaniklastirma katmani olarak adlandirilir. Burada, her bir diigiimiin ¢ikisi, giris
degerlerine ve kullanilan iiyelik fonksiyonuna bagli olan tiyelik derecelerinden olusmaktadir.
3.Katman: Kural katmani olarak bilinir. Bu katmandaki her diiglim, Sugeno bulanik ¢ikarim
sistemi tarafindan olusturulan kurallar1 ve sayilar1 temsil eder.

4 Katman: Normalizasyon katmani olarak bilinir. Bu katmandaki her diigiim, kural
katmanindaki tiim diigiimleri girdi degerleri olarak kabul eder ve her kuralin normallestirilmis
atesleme seviyesini hesaplar.

5.Katman: Arinma katmani olarak bilinir. Aritma katmanindaki her bir diigiim iizerinde belirli
bir kuralin agirlikli sonug degerleri hesaplanr.

6.Katman: Toplama katmani olarak bilinir. Bu katmanda sadece bir diigiim bulunur ve 5.
katmandaki her bir diigiimiin ¢ikis degeri toplanarak ANFIS sisteminin ger¢ek degeri elde
edilir (Jang, 1993).

Bu calismada 95 olan veri sayisinin 69°u egitme, geri kalan 26’s1 ise test i¢in ayrilmistir.
ANFIS ile model elde edilmesinde ‘dsigmf’” (sigmoid) iiyelik fonksiyonu kullanilmis ve S/B,
H/B ve SD 2’ser kiimeleme ile model elde edilmistir. Modelin yapist Sekil 5’de
goriilmektedir.
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Sekil 5. Gelistirilen ANFIS model yapisi

3.3 Destek Vektor Makineleri ile Modelleme

Destek Vektor Makineleri (SVM), istatistiksel 0grenme teorisine dayanan denetimli bir
makine O0grenme yontemidir. Siiflandirma ve regresyon i¢in ¢ok kullanigh bir yontemdir
(Vapnik, 1998). SVM, bir girdi uzaymni yiiksek boyutlu bir uzaya doniistiirmek icin bir
cekirdek islevine dayali dogrusal olmayan bir esleme kullanir ve daha sonra yiiksek boyutlu
uzayda girdiler ve ciktilar arasinda dogrusal olmayan bir iligki arar. SVM, yalnizca titiz bir
teorik altyapiya sahip olmakla kalmaz, ayni zamanda kiiclik egitim ornekleri, yiiksek boyut,

dogrusal olmayan ve yerel optimum ile ilgili problemler igin kiiresel optimal ¢ozlimler
bulabilir (Scholkopf, 1995).

Regression Learner uygulamasi, MATLAB 2017b ve sonraki siirlimlerinde yayimlanmis
olan bir uygulamadir. Bu uygulama ile kullanicilar regresyon modellerini otomatik olarak
egitmek ve dogrulamak i¢in bircok farkli yontem arasindan istedikleri modelleri secebilirler.
Birden fazla model egitildikten sonra, en iyisini segmek i¢in karsilastirilabilir. Bu uygulama
ile verileri ice aktarmak, ozellikleri se¢gmek, modelleri egitmek ve sonuclart degerlendirmek
olduk¢a kolaydir. Bu uygulama, dogrusal regresyon (LR) modelleri, karar agaclari (DT'ler),
Gauss Process regresyon (GPR) modelleri, destek vektor makineleri (SVM'ler) ve agag
modelleri topluluklar1 gibi yaygin olarak kullanilan regresyon yontemlerini igerir
(MathWorks, 2017). Sekil 6’da verilmis olan akim semast Regression Learner
uygulamasindaki egitim regresyon modelleri i¢in ortak bir is akisini géstermektedir.

Sekil 6. Regression Learner akim semasi
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Ocaktan aldigimiz veriler, Regression Learner uygulamasi ile modellenmis ve sonug olarak
yukarida verilen modellerden Destek Vektor Makineleri (SVM) modeli en diisiik hata degerini
vermistir. Bu nedenle model destek vektor makineleri ile olusturulmustur.

4 MODELLERIN KARSILASTIRILMASI

Elde edilen modellerin performans degerlendirme 6lciitii olarak ortalama mutlak hata (OMH),
ortalama karekok hata (OKH), simetrik ortalama mutlak yiizde hata (sSOMYH), ortalama
mutlak 6lgekli hata (OMOH), ortalama karekdk dlgekli hata (OKOH) kullanilmustir. Ek olarak
Varyans ylizde orani1 (VAF), Nash-Sutcliffe Efficiency (NSE), degerleri hesaplanmustir.

Bu hata kriterlerine gore geleneksel yontem modelleri, ANFIS ve SVM modellerinin
karsilastirilmas1 Tablo 2’de gosterilmistir. Goriildiigi tizere SVM, ANFIS ve USBM
denklemlerinin mutlak hatas1 2 mm/s’nin altindadir. En yiiksek NSE degeri ANFIS icin elde
edilmistir. Genel olarak SVM modeli, USBM denklemi ve cok degiskenli regresyon
denkleminden daha basarilidir. Tiim hata 6l¢iitleri g6z 6niine alindiginda en basarili modelin
ANFIS oldugu sodylenebilir.

Tablo 2. Farkli modellerin karsilastirilmasi

Model OMH OKH sOMYH OMOH OKOH VAF NSE Korelasyon

SVM 1.87 2,59 25,11 0,37 0,52 78,71 0,78 0,79
USBM 2,03 2.97 2321 041 0,59 75 0,72 0,75
Denklemi

ANFIS 1,42 1,84 19,70 0,28 0,37 90 0,89 0,90
Gok. Deg. 2.41 3,02 157.87 0,48 0,60 13 0,72 0,73
Reg. Denk.

5 SONUCLAR VE GENEL DEGERLENDIRME

Cendere bolgesi agrega ocagi icin yer sarsintisi tahmin modelleri gelistirilmistir. ANFIS ve
SVM modelleri genel olarak yer sarsintisim1 bagariyla tahmin etmistir. ANFIS ve SVM
modellerinde sirasiyla 0,90 ve 0,79 korelasyon degerlerine ulasilmistir. Ortalama karekok hata
degerleri SVM i¢in 0,37, ANFIS i¢in ise 0,28 seviyesindedir. Farkli modellerin denenmesi yer
sarsint1 tahmininde farkl alternatiflerin olusturulmasini saglamistir.

ANFIS teknigi bulanik kiimeler mantigina dayanmaktadir. Bulanik kiimeler mantig1 ile
yapay sinir ag1 teknigi bir araya getirilmistir. Boylece hizlica problemlere uyum saglayan,
etkin bir modelleme teknigi olusturulmustur. Destek vektdor makinalarinin yer sarsintisi
tahmininde kullanim1 da 6zellikle son yillarda artmaktadir. Burada olusturulan modellerde
anlik patlayict miktar1 ve titresim 6l¢iim mesafesinin yani sira H/B oranm1 ve S/B orami da
modellere girdi olarak dahil edilmistir. Imkanlar dahilinde tahmin modellerine tasarim
parametrelerinin katilmasinda fayda vardir. Bununla birlikte girdi parametrelerinin asir1 artist
modelleri karmasik hale getirecektir.

Patlatma kaynakli yer sarsintis1 bircok parametrenin etkin oldugu karmasik bir problemdir.
Patlayic1 oOzellikleri, patlatma tasarimi, jeolojik Ozellikler ayni anda etkindir. Modern
hesaplama yontemlerinin kullaniminin artmasi yer sarsintist tahmininde 6nemli basarilarin
elde edilmesini saglayacaktir. Gelecekte makine 6grenmesi ve yapay zeka teknolojilerindeki
gelismeler ile ortaya ¢ikan yeni metotlarin, yer sarsintisi tahmininde kullanilmasi 6nem arz
etmektedir.
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Insansiz Hava Araglar1 ve Entegre Bilgisayar Yazilimlarinin
Patlatma Uygulama ve Analizlerinde Kullanimi

The Usage of Unmanned Aerial Vehicles and Integrated Software
in Blasting Applications and Analysis

O. Giiler
Orica-Nitro Patlayict Maddeler San. ve Tic. A.S., Ankara, ozgurguler@windowslive.com

M. Kun
Dokuz Eyliil Universitesi, Maden Miihendisligi Boliimii, Izmir, mete. kun@deu.edu.tr

OZET Hizla gelisen teknolojiye paralel olarak madencilik ¢calismalarinda iiretim miktarlarinda
onemli olgiide artis goriilmektedir. Uretim kapasitelerinde olan bu artis, smirli dogal
kaynaklarin verimli bir sekilde {iretilmesini beraberinde getirmektedir. Bu kapsamda
madencilik faaliyetlerinde yillik tiretim miktarlari, kirma-6giitme tesis verimleri, patlatma
verimi gibi bir¢ok parametrenin siirekli olarak takibi gerekmektedir.

Bu calisma, patlatma ile iiretim gerceklestirilen acik maden isletmelerinde, insansiz Hava
Arac1 (IHA) ve IHA’lar ile birlikte kullanilan cesitli bilgisayar yazilimlar1 ile patlatma
faaliyetlerinin iyilestirilmesi ve patlatma sonrasi elde edilen sonuclarin isletme verimliligi
acisindan irdelenmesinin yani sira yapilan patlatmalarin verimlerinin yerinde incelenmesini
amaglamaktadir. Ayrica, hizli, etkili ve yerinde bir patlatma degerlendirmesi ile isletmelere
saglanabilecek avantajlar hakkinda fikirler sunmaktadir.

Anahtar kelimeler: Insansiz Hava Araci, Patlatma, Patlatma Optimizasyonu, Patlatma Tasarimi

ABSTRACT A significant increment is observed in production amounts of the mining
operations in parallel with the rapidly developing technology. The increment in production
capacities brings along the efficient production of limited natural resources. In this context,
many parameters such as annual production amounts, crushing plant efficiency, blasting
efficiency are required to be monitored continuously in mining activities.

This study aims to improve the blasting activities with the use of UAVs and various computer
software used with UAVs and to examine the results obtained after blasting in terms of
operational efficiency as well as the efficiency of the blasting performed in place. It also offers
opinions about the advantages that can be provided to the businesses by a quick, effective and
on-site evaluation of the blasting.

Keywords: Unmanned Aerial Vehicle, Blasting, Blasting Optimisation, Blast Design

149



10" International Drilling and Blasting Symposium 25-26 November 202 1/Antalya-Turkey
1 GIRIS

Teknolojinin gelismesine paralel olarak artan iiretim miktarlari, sinirli dogal kaynaklarin daha
verimli bir sekilde tiretilmesini gerektirmektedir. Bu nedenle madencilik faaliyetlerinde; y1llik
tretim miktari, kirma-6giitme tesis enerji tiiketimi, patlatma verimi gibi bir¢ok parametrenin
stirekli olarak takip edilmesi gerekmektedir. Maden iiretiminin patlayict madde kullanarak
gerceklestirildigi isletmelerde, patlatma islemi bu parametreler iizerinde dolayli olarak etkiye
sahiptir. Verimsiz bir patlatma topuk, patar, geri catlak gibi somut olumsuzluklar1 beraberinde
getirebildigi gibi, kirma-6gilitme tesislerinde kapasitenin azalmasi, enerji tiiketiminin artmasi
gibi bir¢cok olumsuzlugu da beraberinde getirebilmektedir.

Calismada, sayilar1 hizla artan yiiksek iiretim kapasitelerine sahip maden isletmelerinde
patlatma faaliyetlerinin gergeklestirilmesi ve degerlendirilmesinde hizli ve giivenilir dijital
¢oziimler sunabilecek Insansiz Hava Araglart (IHA) ile ¢esitli bilgisayar yazilimlarina
deginilmistir.

1.1 Insansiz Hava Araclan

IHA; uzaktan kumanda ile manuel veya otomatik bir sekilde hareket edebilen, pilot veya yolcu
tasimayan hava araci olarak tanimlanabilir (Giiler 2019). Uzun siire askeri alanda kullanilan
[HA lar, sivil kullanima sunulduktan sonra genis bir alanda kullanim firsat: bulmustur. IHA lar
agirliklarina ve kanat yapilarina gore simiflandirilabilmektedir. Sivil Havacilik Genel
Miidiirliigii tarafindan diizenlenen Insansiz Hava Araci Sistemleri Talimatnamesinin (SHT-
[HA) besinci maddesine dort genel baslik altinda incelenir;

1. THAO: Azami kalkis agirhig 500gr (dahil) — 4 kg araliginda olanlar,

2. THA1: Azami kalkis agirligi 4kg (dahil) — 25 kg araliginda olanlar,

3. IHA2: Azami kalkis agirlig1 25 kg — 150 kg araliginda olanlar,

4. THA3: Azami kalkis agirlig1 150 kg (dahil) ve daha fazla olanlar.

Kanat yapilaria gore IHA lar sabit kanatli (fixed-wing) ve doner kanatl (rotary-wing) ile son
zamanlarda one ¢ikan hibrit kanathi IHA’lar olmak iizere ii¢ baslik altinda incelenebilir.

1.1.1 Sabit kanatl [HA’lar

Yapu itibariyle ugaklara benzeyen bu IHAlarin ok kanat (swept wing), diiz kanat (straight wing)
veya tiggen kanat (delta wing) olan ¢esitleri mevcuttur.

Déner kanath IHA’lar ile karsilastirildiginda daha ugus uzun siirelerine sahip olan bu
cihazlar, biiyiik alanlarda gerceklestirilen ¢alismalarda daha ¢ok tercih edilmektedir (demir yolu
giizergahlarinin goriintiilenmesi vb.).

Elile firlatilabilen modelleri harig, ilk hareketlenme/kalkis i¢in ek pist veya donanima ihtiyag
duymaktadir. Riizgar direncleri sabit kanatli IHAlara kiyasla daha yiiksektir. Ayrica, havada
asilt kalamadiklarindan dolay1 dar alanlarin gériintiilenmesinde zorluk yasanabilmektedir.

1.1.2 Déner kanath IHA lar

Calisma prensibi itibariyle helikopterlere benzemektedir. Dort, alti, sekiz kanath cesitleri
bulunmaktadir. Genellikle fircasiz elektrik motorlar1 kullanilan bu IHA’larda, ¢apraz olan
motorlar ayn1 yone donecek sekilde calismaktadir. Motorlarin ¢apraz ¢alismasindaki temel
neden, pervanelerin donmesi ile olusan dondiirme kuvvetinin dengelenerek cihazin kendi ekseni
etrafinda yonelme acisini sabit tutmaktir.

Kalkis ve inis manevralar i¢in ek donanima ihtiyaglar1 bulunmamaktadir. Havada asili
kalabilen bu tiir IHAlar, dar alanlarin gériintiilenmesinde biiyiik avantaj saglar. Ancak, ugus
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siireleri sabit kanatli IHAlara gore daha kisadir bu nedenle tek bir ugusta tarama yapabilecegi
alan daha kiiciik olmaktadir.

1.2 IHA’larin Madencilik Faaliyetinde Kullanim

[HA teknolojisinin; tarim, metaliirji, arama kurtarma, trafik denetim, sinema gibi bir¢ok alanda
aktif olarak kullanildig1 bilinmektedir. Madencilik faaliyetlerinde ise topografik goriintiileme,
is giivenligi, sev stabilitesi, stok hacimlerinin belirlenmesi vb. ¢alismalarda kullanilmaktadir
(Sungjae ve Yosoon 2016).

Salami ve ark. (2014), gerceklestirdikleri ¢alismada arag¢ ve yaya olarak ulasilmasi miimkiin
olmayan yerlerin goriintiilenmesinde IHA teknolojisinden yararlanmustir.

Aguilera ve ark. (2012) IHA ile gerceklestirilen uzaktan algilama ¢alismalarmin, lazer
tarama gibi diger uzaktan algilama yontemlerine kiyasla etkili ve ekonomik bir metot oldugunu
one surmustur.

IHA ile gergeklestirilecek uguslar Sivil Havacilik Genel Miidiirliigi (SHGM 2019)
tarafindan  hazirlanan Insansiz  Hava  Araglari  Taahhiitnamesi (SHT-IHA) ile
sinirlandirilmaktadir. Madde 19°da belirtilen ITHAO ve IHA1 sinifindaki IHA lar ile serbest
(yesil) bolgelerde gergeklestirilecek ucuslarda mahallin en biiyiik miilki idare amiri tarafindan
yasaklanmayan yer ve zamanlarda ugulmasi durumunda;

a) Sadece gorerek meteorolojik kosullarin saglandigi durumlarda, giindogumu-giinbatimi

saatleri arasinda ve en az 2 km goriise acik havalarda ugus gerceklestirilebilir,

b) IHA, yatayda 500 metreyi gegcmeyecek sekilde pilotun goriis alaninda olmalidir,

c¢) Yerden (AGL) 400 feet (120 metre) yiiksekligin iizerine ¢ikilmamalidir,

¢) Insan ve yapilardan en az 50 metre uzaklikta ucus gerceklestirilmelidir.

Ayrica, ugus gerceklestirilecek bolgenin 6zel izne tabi olup olmadigi Sivil Havacilik Genel
Miidiirliigli internet sitesinde yer alan Ucgus Bolgeleri Haritasi’ndan kontrol etmesi
gerekmektedir.

2 MATERYAL VE METOD
2.1 Materyal

Patlatma faaliyetlerinde veri elde etmek amaciyla kullanilabilecek ekipmanlar asagida
listelenmistir;

Profesyonel Insansiz Hava Araci
GNSS smart anten ve kontrol {initesi (RTK s1z IHA kullanimi halinde)
Bilgisayar
Profesyonel fotogrametri yazilimi

e Yer istl kontrol noktasi
Kullanilmas1 planlanan IHA’nin, dahili GPS modiiline sahip olmasi ve otonom ugus
gerceklestirmesi kullanim agisindan biiyiik kolaylik saglayacaktir. Yiiksek c¢oziintirlikli bir
kameraya sahip IHA-0 smifinda yer alan bir IHA, gergeklestirilmesi planlanan c¢alisma igin
yeterli ve ekonomik olacaktir. Yeni nesil Real-Time Kinematic (RTK) GNSS modiilii ile mobil
istasyona sahip IHAlarin tercih edilmesi durumunda, GNSS smart anten ve kontrol {initesine
thtiya¢ duyulmamaktadir.

Yer istii kontrol noktasi kullanilacak ise, GNSS smart antene ihtiya¢c duyulacaktir.
Modellenmesi planlanan alanin boyutuna gore sayist degisebilen bu plakalarin konumlarinin
dogrulugu, model dogrulugu iizerinde dogrudan bir etkiye sahiptir.

Igerisinde EXIF (Exchangeable Image File) verisi (objektif hizi, ISO degeri, tarih, zaman,
GPS wverisi vb.) barindiran fotograflar kullanilarak nokta bulutu elde edebilmek igin,

151



10" International Drilling and Blasting Symposium 25-26 November 202 1/Antalya-Turkey

profesyonel fotogrametri yazilimi gerekmektedir. Bu amacgla Pix4D, MetaShape gibi
programlar kullanilabilir.

Fotograflarin profesyonel fotogrametrik yazilimda degerlendirilmesi sonrasi elde edilen
nokta bulutu, patlatma programina aktarilarak uygun patlatma tasariminin hazirlanmasina
kullanilacaktir.

2.2 Metot

Bu calisma 6n hazirlik, saha c¢alismasi, patlatma tasarimda kullanilacak verilerin eldesi,
patlatma tasariminin hazirlanmasi ve saha kontrolii, patlatma sonrasi 6l¢timler olmak iizere bes
temel baslik altinda incelenebilir.

2.2.1 On hazrlik

Bu asama su kontroller gerceklestirilmelidir;
e Ucusun gerceklestirilecegi alanda hareketli objelerin bulunmamasi saglanmalidir.
e Modellenecek alana gore ugus tiirli manuel veya otonom olarak gergeklestirilecegi,
o Kamera agisi, yiikseklik, {ist {iste binme oran1 (overlap), ugus rotasi (grid, double grid)
gibi ugus parametrelerti,
e Yer iistii kontrol noktas1 gerekliligi belirlenmelidir.

2.2.2 Saha calisma

Yertisti kontrol noktalarinin yerlestirilmesi, hareketli objelerin modellenecek alandan
uzaklastirilmasi, IHA ile ugus yapilarak daha sonra nokta bulutu olusturmada kullanilacak
goriintiilerin elde edilmesi bu asamada gerceklestirilecektir.

2.2.3 Saha calisma Patlatma tasariminda kullanilacak verilerin eldesi

[HA kullanarak elde edilen goriintiiler, profesyonel fotogrametri programinda, amaca uygun bir
sekilde islenerek nokta bulutu ve/ veya ihtiyaca gore esyiikselti egrileri elde edilir.

Ucus rotasi, kamera acisi, yiikseklik, hava durumu, Kp indeksi, riizgar durumu, kablosuz
internet aglari, yiiksek gerilim hatlari, yer iistii kontrol noktast sayisi ve konum hassasiyeti,
hareketli objeler, iist liste binme oran1 ve glinesin konumu (gdlge olusumunu belirler) verilerin
hassasiyeti lizerinde dogrudan etkiye sahiptir (Gtiler 2019).

Ucus rota tiirleri olan Grid, double grid ve dairesel ugus ¢esitlerine ait gorseller Sekil
1’de verilmistir.

(a) (b) (c)
Sekil 1. Grid (a), double grid (b) ve dairesel ucus (c) (Pix4D, 2017)
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Ugus gerceklestirilen alan icerisinde yer alan hareketli objenin neden oldugu deformasyon Sekil
2’de verilmistir. Bu obje, nokta bulutu igerisinde birden fazla bolgede yer alacaktir. Dolayist ile
model dogrulugunu olumsuz yonde etkileyecektir. Saha modellemesinde yeristii kontrol
noktalar1 i¢cin Sekil 3’de yer alan sablonlar kullanilabilir.

Sekil 2. Modellenecek alan igerisinde yer alan hareketli objenin neden oldugu deformasyon
(Giler, 2019)

Sekil 3. Ornek yeriistii kontrol noktalar (MAPEG, 2020)

IHA araciligi ile elde edilen fotograflar, Pix4D programinda li¢ asamada islenmektedir.
Bu asamalar Initial Processing (Birincil Isleme), Point Cloud and Mesh (Nokta Bulutu ve
Ag Model (Mesh)), DSM, Orthomosaic and Index (Sayisal Yiizey Modeli, Orto-Mozaik
ve Indeks) seklindedir (Sek 4).

Ik asamada (Initial Processing) Kamera i¢ ve dis yonlendirme parametreleri uygulanir ve
kalite raporu olusturulur. Ikinci asamada (Point Cloud and Mesh) Yogunlastirilmis Nokta
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Bulutu ve 3B Dokulu Ag Model olusturulur. Ugiincii asamada (DSM, Orthomosaic and Index)
Sayisal Yiizey Modeli, Ortofoto ve Indeks olusturulur. Bu asamada kontur ¢izgileri, nokta
bulutu .xyz, .dxf, .pdf uzantilarina sahip proje ¢iktilar1 elde edilebilmektedir.

Calisma kapsaminda, patlatma alanina ait yogunlastirilmis nokta bulutu Sekil 5-a, dokulu ag
modeli Sekil 5-b ve basamak yiizeyi goriintiisii Sekil 6’da alana ait ortofoto goriintiisii ise Sekil
7’de verilmistir.

Sekil 4. Pix4D c¢alisma asamalar1 (Giiler 2019)

(a) (b)
Sekil 5. Yogunlastirilmis nokta bulutu (a), dokulu ag modeli (b)
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Sekil 6. Patlatma gergeklestirilecek basamagin 3B dokulu ag model goriintiisii

Sekil 7. Patlatma alanina ait ortofoto

2.2.4 Patlatma tasariminin hazirlanmasi, saha kontrolii

Fotogrametri programindan elde edilen nokta bulutu, SHOTPIlus programina aktarilir. Aktarilan
noktalar, daha sonra yiizey tanimlamada kullanilmak {izere basamak ylizeyi ve aynasi olmak
tizere gruplandirilir. Sekil 8’de yer alan gorselde turkuaz renk ile isaretlenen noktalar basamak
ylizeyini, turuncu ile isaretlenen noktalar ise basamak aynasini temsil etmektedir.

Sekil 9°da, SHOTPIlus programinda tanimlanan basamak yiizey noktalar1 ile basamak
aynasina ait noktalar kullanilarak tanimlanan, basamak ve ayna yiizeyi goriilmektedir.
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Basamak ayna geometrisine gore, ilk sira delikleri yiikleri ayarlanir ve diger siralarda yer alan
patlatma delikleri, ilk sira deliklerine gore en iyi duruma getirilir. Delik yiiklerinin
belirlenmesinin ardindan, atesleme sisteminde kullanilacak gecikmeler belirlenir ve atesleme
sistemi baglantilar1 tanimlanir. Hazirlanan tasarim, patlatma sahasinda deliklerin isaretlenmesi
icin ilgili kisilere iletilir.

Sekil 8. SHOTPlus programinda basamak ve aynasina ait noktalarin ekran goriintiisii

Sekil 9. SHOTPIus programinda tanimlanan delgi yiizeyi (lila) ve basamak ayna yiizeyi
(mavi)
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Patlatma ger¢eklestirilmesi planlanan alan igerisine, belirlenen paternde patlatma delikleri
tanimlanir (Sek. 10). Deliklerin tanimlanmasinin ardindan, ilk sira yiikleri SHOTPlus
yaziliminda yer alan Profile Tool kullanilarak ayarlanir (Sek. 11).
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Sekil 10. Patlatma gerceklestirilecek alana belirlenen paternde deliklerin yerlestirilmesi

Sekil 11. Ilk sira delik yiiklerinin diizenlenmesi

[k sira deliklere ait yiikler, delik konumu ve delik egimi degistirilerek ayarlanir. Sekil 11°de
Table sekmesinde yer alan “Dist” delik basindan itibaren mesafeyi, “Perp” delik ile ayna
arasindaki dik mesafeyi ifade eder. Hiicre renkleri, programa 6nceden tanimlanan minimum ve
maksimum yiik mesafelerine gore farkli renkler almaktadir. Derinlige bagli olarak degisen yiik
mesafeleri, minimum yiik mesafesinden az olmasi durumunda sar1 hiicre igerisine kirmizi yazi,
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maksimum yiik mesafesinden fazla olmasi durumunda mavi hiicre igerisinde beyaz yazi olacak
sekilde degismektedir.

Yiik mesafesi ayarlanan BQ8 ve BRS deliklerine ait patlatma tasarimi goriintiisii Sekil 12°de
verilmistir. Yapilan yiik diizenlemeleri, tiim ilk sira delikleri i¢in ayr1 ayr1 gergeklestirilir.
Patlatma tasarimi sonucu, atesleme agisin1 gosterir goriintii ise Sekil 13°de verilmistir. Kiitle
hareketi, atesleme acisini1 gosteren izohipslere dik bir sekilde gerceklesecektir.
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Sekil 12. Yiik mesafeleri ayarlanan BQS8 ve BR8 deliklerinin, patlatma tasarimlarindaki
goruntisu
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Sekil 13. Atesleme acisin1 gosterir ekran goriintiisii
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2.2.5 Patlatma sonrasi olciimler

Patlatma sonrasi verimliligin yorumlanabilmesi amaciyla tane boyut dagilimi, kabarma faktorii,
yigin kesiti ve patlatilan malzeme hacmi, 6zgiil sarj gibi bir¢ok performans degerlendirme
gostergesi kontrol edilir.

3 PATLATMA VERILERINIiN DEGERLENDIRILMESI

Bu boliimde yapilan patlatma isleminin degerlendirilmesi amaci ile yapilan tasariminin kontrol,
patlatma verilerinin degerlendirilmesi ve patlatma sonrasi veri analizinin Onemine
deginilmektedir.

3.1 Patlatma Tasariminin Kontroli

Patlatma tasariminda tanimlanan delik yiik mesafeleri, bir¢ok farkli sekilde kontrol edilebilir.
Maden isletmesi Measure While Drilling (MWD) teknolojisi bulunan kaya delicisine sahip ise,
delgi kayitlar1t SHOTPIlus yazilimina aktarilarak tasarim ile delinen delikler arasindaki farklar
belirlenebilir. Olusabilecek farkliliklara gore, delik sarjlart giincellenebilir.

Delgi isleminin tamamlanmasinin ardindan GNSS yardimi ile patlatma deliklerinin
koordinatlarinin alinarak SHOTPIlus programina aktarilarak kontrol gerceklestirilebilir. Kaya
delicisinin, patlatma alanini terk etmesinin ardindan IHA ile gergeklestirilen ucus sonrasi elde
edilen 3B model iizerinde, patlatma delikleri isaretlenerek, SHOTPlus programinda
degerlendirilmek tlizere disar1 aktarilabilir.

3.2 Patlatma Sonrasi1 Analizler
3.2.1 Tane boyut dagilimi

Tane boyut dagilim analizi, belirli bir acikliktan gecebilme veya gecememe durumuna
dayanarak yapilan boyuta gore siniflandirma iglemidir. Tane boyut dagilimi patlatma veriminin
kontrolii, boyut kii¢iiltme islemlerinin denetiminin saglanmasi, patlatilan malzemenin ortalama
tane boyutu bulmak, ikincil kirmanin gerekliligi, kazilabilirligin degerlendirilmesi, birincil
kiricidan kirma islemine gerek duyulmadan gecen malzeme miktarinin belirlenmesi amaciyla
gerceklestirilebilir. Pargalanma, patlatma operasyonlar1 verimi degerlendirmede kullanilan
onemli bir parametredir. Parcalanma derecesinin yiikleme, bosaltma ve kirma maliyetlerini
azaltmada 6nemli bir role sahiptir.

Tane boyut dagilimi analizi iki farkli sekilde gergeklestirilebilir. 1k yontem, patlatmanin
ardindan yiginin fotograflanarak iri malzemenin kendi icerisindeki boyut iligkisini
degerlendirmek, ikinci yontem ise patlatilan malzemenin serilerek genel tane boyut dagilimini
elde etmek amaciyla gerceklestirilir.

Glivenilebilir sonuglarin elde edilebilmesi i¢in, kullanilacak fotograflarin belirli 6zelliklere
sahip olmas1 gerekmektedir. Tane boyut dagilimimin belirlenmesi amaciyla islenecek
fotograflar, yigin diizlemine dik bir sekilde c¢ekilmis olmali ve boyutlar1 bilinen en az bir
referans objesi igermelidir. Fotograf ¢oziiniirliigii, tane boyut dagilimi i¢in kullanilacak
programlarda degistirilebildiginden dolay1 miimkiin olan en biiyiik ¢6ziiniirliige sahip olmalidir.
Ayrica, fotograf kare oranina bagli olarak goriintii tizerinde olusabilecek deformasyonun 6niine
gecebilmek amaciyla fotograf kare orani 4:3 kullanilmalidir. Tane boyut dagilimi i¢in kullanilan
fotograf Sekil 14’°de verilmistir. Referans objesi olarak her agidan ayni1 degere sahip olan 23 cm
capta plastik top kullanilmistir. Sekil 14°te belirtilen fotograf, tane boyut dagilim1 belirlenmek
tizere Powersieve programinda incelenmis (Sek.15) ve sonug gorseli Sekil 16° da verilmistir.
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Sekil 14. Tane boyut dagilimi belirlenmesi i¢in kullanilan fotograf

Sekil 15. Powersieve ekran goriintiisii
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Sekil 16. Kiimiilatif tane boyut dagilim egrisi

3.2.2 Yigin kesitinin yorumlanmasi

Patlatma sonrasi yiikleyicilerin sokiim yapmasi, yiikleyicileri yipratti§i gibi zaman ve para
kaybma neden olmaktadir. Bu nedenle, patlatilan kiitlenin, ana kiitleden ayrilmasi takip
edilmelidir. Patlatilan malzeme ana kiitleden ne kadar fazla ayrilir ise, sokiim ve yiikleme
asamasinda tekrar kazi azalacaktir. Sokiim ve tekrar kazidaki azalma, kamyon dongii siireleri
tizerinde olumlu etkiye sahip olacaktir.

3.2.3 Patlanus malzeme hacminin belirlenmesi

Patlatma sonrasi olusan y1gin hacmi birgok farkli sekilde belirlenebilir. Patlatma sonrasi olusan
yigin {HA ve profesyonel fotogrametri yazilimi kullanilarak modellenebilir ve hacmi
belirlenebilir. Flde edilen bu hacim degeri, 6zgiil sarj ve birim patlatma maliyetinin
belirlenmesinde kullanilabilir.

3.2.4 Patlama sonuclarinin degerlendirilerek tasarimin giincellenmesi

Tane boyut dagilimi, geri ¢atlak olusumu, 6zgiil sarj, kazilabilirlik gibi faktorler, isletme sartlar
g6z Ooniinde bulundurularak patlatma tasariminin giincellenmesinde kullanilabilir.

Tane boyut dagilimi incelendiginde, boyut dagiliminin isletme parametrelerine gore en
uygun degere sahip olmasi istenir. Tane boyutunun ¢ok kii¢iik olmas1 birim patlatma maliyetini
arttirabilecegi gibi, cok biiylik olmas1 tesis elektrik giderini arttirmak ile birlikte kapasite
tizerinde olumsuz etki olusturabilecektir. Tane boyutunun biiyiik olmasi, iri tanelerin (patar)
yi1gindan ayrilmasini ve ikincil kirmay1 gerektirecektir.

Gergeklestirilecek referans patlatmalarina ait patlatma tasarim parametreleri, jeoloji,
patlatma alan1 geometrisi, tane boyut dagilimi ve isletme parametreleri goz Oniinde
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bulundurularak formasyona bagli en uygun patlatma tasarimi hazirlanmasi bu yontem ile
miimkiin olmaktadir.

4 SONUCLAR

Calisma, delme - patlatma ile tiretim gergeklestirilen a¢ik maden isletmelerinde, insansiz hava
aract (IHA) ve IHA’lar ile birlikte kullanilan cesitli bilgisayar yazilimlarmin yardimi ile
patlatma veriminin arttirilmasi ve patlatma sonuglarinin daha 1yi yorumlanabilmesi i¢in
hazirlanmastir.

Sahada insansiz hava araglar1 yardimi ile yapilan bu c¢aligmalar, patlatma alaninin hizli bir
sekilde modellenerek, patlatma parametrelerinin dogru olarak belirlenmesi acisindan oldukca
onemlidir. Ayrica, patlatma sonuglar1 daha net, hizl1 ve kolay bir sekilde ulasilabileceginden,
patlatmalarin verim ve ekonomikliginin daha dogru ve kolay elde edilebilir veriler ile
degerlendirilmesi saglanmaktadir.

Calisma ayrica, ileride gerceklestirilmesi hedeflenen “mine to mill” optimizasyon
calismalarinda, daha tutarli ve saglam veri setlerinin elde edilmesi ile hizli ve ger¢ege en yakin
coziimlerin iiretilebilmesi adina kullanilmaya ve gelistirilmeye devam etmektedir.
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Advanced Blasting Techniques with New Approaches for
Extraction of Dimension Stones in Rock-cladding Industry
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P. Shishkov
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ABSTRACT The utilization of aged military arms is a good source of cheap materials for the
explosive industry. When commercial explosives are not save enough for the surroundings due
to the generated fly-rocks, air-blast, toxic fumes, seismic waves and vibrations, the industry
initiates research focused on low-velocity explosives. The production of low explosive non-
detonating mixtures from long-term stored single base propellants (SBP), double base
propellants (DBP), ammonium nitrate prills in different configurations, and popular flash-
powder compositions was studied. The samples of different cartridge casings, filled with non-
detonating propellant mixtures, or flash-powder compositions was investigated by field tests.
General information on dimension stones as well as brief information about the explosives
involved in their extraction is presented.

Keywords: non-detonating blasting cartridges, propellants, cautious blasting, dimension stone extraction

1 INTRODUCTION

For the field tests, an approach for exploiting the energy of our experimental activities in the
stone quarry are the next round of research for the application of the new-generation non-
detonating explosive mixtures.

Rock cladding materials is a common term for various natural stones used for construction
or decorative purposes in building and with monumental applications. The determining
characteristic of dimension stone is that, unlike other mineral raw materials, which have a value
mainly due to their physical properties, the physical properties of the rock are only the minimum
qualification to determine its suitability for use as rock cladding material. Some authors prefer
the term "decorative stone", which emphasizes the ornamental aspect of its use. In fact, rock
cladding material is defined as natural rock material cut, shaped, or selected for use in blocks,
slabs, sills or other structural elements with specialized shapes and sizes [Shishkov P.,
Stoycheva N., (ed.10-11), 2018. Advanced blasting techniques for extraction of dimension
stones]. Therefore, decorative stone has a value due to its size and appearance, emphasized by
a set of minimal physical properties (among them are various strength parameters, workability,
polishing ability and resistance to physical and chemical influences).

The use of explosives in quarries for decorative stone is a rather delicate issue. During the
extraction of rock-cladding materials, drilling and blasting operations are carried out, both for
removal of poor layers of soil and rocks (stripping) and for the initial separation of large slabs
from the rock body and their splitting into smaller blocks suitable for transport and post-
processing of finished products. Across the globe, popular industrial explosives are used to
break up unnecessary rock and soil layers, but when approaching high-quality stone deposits,
blasting technologies must be more precise and prevent costly material from being destroyed.

In such cases, the high explosives are successfully replaced by low-velocity explosives. There
are other areas in the mining industry or in construction in industrial and urban areas, where the
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use of ordinary industrial explosives is not safe enough for surrounding sites in terms of fly-
rocks, shockwave formation, toxic gases, seismic waves and vibration. The main cause of the
detrimental effect of the explosion is the speed and mechanism of the chemical reaction of the
explosive mixture decomposition (Boychev, 2020). Exactly the detonation causes the
fragmentation and the formation of cracks in the rock body (Mitkov , 2020). The surfaces of
the stone blocks must not be deeply damaged by the blast wave with micro-cracks, as this will
lead to financial losses due to the high value of the qualitative decorative stones. They should
only be affected by the creation of single cleavage cracks in one, two or three planes, depending
on the technological needs. Therefore, the use of industrial explosives and high-explosives for
dimension stone extraction is not preferred by the owners of such quarries.

The industry is shifting its attention from detonating explosives to deflagrating pyrotechnic
mixtures and propellant compositions, which suddenly create a large volume of compressed hot
gaseous products with no shock wave and really little solid residue. The charges of these new
explosives must be resistant to moisture, shock, heat, friction and electrical discharge (Mitkov,
2007). In the past, a habitual solution was black powder. So called “blasting gun powder” (BGP)
was applied orderly for dimensional stone extraction and in other cases of cautious blasting in
tender conditions. But it’s sensitivity to various influences (flame, heat, moisture, friction,
shock) in combination with a lower energy of reaction, toxic fumes and solid products induced
scientific researches for more advanced and safe alternatives. Nowadays, the most important
requirement from industry to explosive manufacturers is the safety of their products regarding
storage, transportation and usage (Mitkov, 2010). Another important question is the price. The
utilization of aged military arms is a good source of cheap materials for explosive industry at
all.

The energy should not be lost! That’s why, the authors decided to apply secondary products
from utilization of the ammunitions (like processed SBP and DBP) as a main energetic
ingredient in some of their inexpensive low-explosive blends. The purpose of the present study
is creation of effective techniques for application of new generation propellant-based and
pyrolant-based energetic compositions, excluding the possibility of transition from combustion
to detonation.

2 FIELD STUDIES

Three different compositions was calculated and mixed for our research at laboratory testing
field and quarry.

Mixture #1: “flash-powder composition” 65% KC104+ 35% Al (dark) with Oxigen Balance
(OB) =-1,12%;

Mixture #2: 80% gridded DBP + 20% NH4NO; prills with OB = -7,92%;

Mixture #3: 70% gridded SBP + 25% NH4NOs + 5% Al (dark) with OB = -5,19%;

After open-air laboratory experiments for determination of the velocities of explosive
decomposition of that three mixtures, a field tests at stone quarry for characterization of their
explosive performance was carried out. Mixture #1 was used for preparation of small charges
in hard casings. Mixture #2 and Mixture #3 was packed like a sausages in thin sleeves from
plastic foil.

For the field tests at the stone quarry, an approach for exploitation of the energy of flash
powder (Mixture #1) without risk of transition from deflagration to detonation was invented. It
is well known that the main reasons for this transition are high temperature, high pressure and
big volume of the charge. Small amounts of Flash powder (4 g.), accommodated in well plugged
paper tubes with tiny hole, separately was used for the preparation of pyrotechnic petards with
zero-delay. Ready petards was applied for creation of decoupled chain charges with different
gaps (air-spacing), by fixing them to a wooden stick and connecting with quick fuse (Fig. 1).
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Figure 1: Decoupled chain charges with petards, connected by pyrotechnic quick fuse

In this way, very low concentrations of an explosive charge in the drill-holes (between 0,040
and 0,065 kg/m) were achieved. The hard casing of the petards and air-gaps between neighbor
charges, as well as air-gaps between charges and walls of the bore-hole doesn’t allow so called
“flash over”, nor increasing of the pressure to dangerous rates for transition to detonation.
Reliable inert stemming over the top charge to the mouth of the blast-hole assured necessary
condition for enough pressure of gaseous products, which provides needed crack in the desired
plane (Fig. 2).

Figure 2: Effect of rock-splitting with chain charges with petards with Mixture #1

These de-concentrated chain-charges become suitable for really smooth blast-splitting of thin
stone slabs, preventing the risk of undesirable fractures and micro-cracks in the material. For
successful blast-cutting without undesirable losses of expensive stone material, a very important
condition for at least 4 (four) free surfaces should be accomplished. Otherwise some curvatures
in the direction of the planned crevices could be expected.

For the field tests at stone quarry mixtures #2 and #3 was used for preparation of 100 g.
charges in thin plastic bags, fitted to the diameter of drilled holes (Fig. 3). The length of the
blast holes was 1,60 m. For better distribution of the energy of compressed gases, the explosive
charge was separated in two parts with inert stemming between them and simultaneous ignition.
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Figure 3: Ready for loading charges of propellant-based non-detonating compositions

For the higher performance of propellant mixtures, the initial impulse of each charge was
provided by the fast-speed-deflagrating pyrotechnic booster. A single petard, containing 4
grams flash composition (Mixture #1) with an electric igniter was good solution for that “pyro-
booster”. The weight of the bottom charge was 0,200kg. The second charge, located in the
middle of the hole length contained 0,100 kg. mixture. The total explosive quantity of each
blast-hole was 0,300kg. propellant mixture. Reliable inert stemming between charges and
especially over the second charge to the mouth of the blast-hole assured so desirable condition
for enough pressure of gaseous products. That guarantees as better as possible crack formation
for splitting (Fig. 4). For achieving of more smooth and equable cracks in necessary cut-planes,
the spacing and collateral between drill-holes should be précised.

Figure 4: Effect of single crack after experimental blasting with propellant-based non-
detonating compositions (Mixtures #2 and #3).

The prices of applied materials were 0.6 BGN (approx. 0,30 EUR) for production of one
testing cartridge.

3 CONCLUSION

It was made investigations for application of waste SBP and DBP after utilization of old and
unnecessary ammunitions for obtaining non-detonating explosive cartridges, suitable in
dimension stone mining, as well as in blasting activities at tender and complicated conditions.
Results from blast-splitting tests in the stone quarry was satisfactory. There was not undesired
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cracks in treated rock bodies. No fumes emission, air-blast or fly-rocks was detected after
explosion of propellant-based compositions #2 and #3. Flash-powder (Mixture #1) shows
higher velocities of deflagration and in bigger diameters of the charges is inclined to pass from
combustion to detonation, which makes it useful only for “mini-pyro-boosters” or multi-deck
charges from chained small diameter petards. At least two new approaches for blasting
activities, based on utilization of the energy of non-detonating compositions are performed in
present research.
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Alg1 Sikilama Yonteminin Verimliliginin Niimerik Simiilasyon ile
Arastirilmasi

Investigation of Efficiency of Plaster Stemming Method by
Numerical Simulation

H.Cevizci
Siileyman Demirel Universitesi, Maden Miihendisligi Béliimii, Isparta

OZET Bu calismada, alg1 sikilama yonteminin niimerik simiilasyonu yapilmis ve
konvansiyonel tas tozu sikilama yontemi ile karsilastirilmistir. Onceki calismalarda, algi
sikilamanin daha karli oldugu ispatlanmistir. Al¢1 sikilama uygulamasiyla atimlar, daha fazla
titresim olusmasina ragmen, daha iyi parcalanma daha diisiik maliyetle gerceklesmistir. Bu
calismada, Autodyn 2D yazilimi ile, niimerik simiilasyon yapilmis ve basing, Y yoni hiz, Y
yonii Kuvvet, kompresyon, Y yonii ivmelenme gibi parametrelerde, her iki sikilama yontemi
karsilastinnlmisgtir. Sikilama baslangicinin  hemen altinda —bir baska deyisle patlayici
kolonunun zirvesine yakin bir noktada- basing al¢1 sikilama yonteminde 11.945 MPa ve tas
tozu sikilama yonteminde 7.395 MPa olarak belirlenmistir. Cogu parametrelerde sonug, algi
sikilamada 6nemli oranda yiiksektir. Bu veriler arazi uygulama olgiimleri ile uyumludur. Bu
yiizden alc¢1 sikilama ciddi kar ve verimlilik saglamaktadir.

Anahtar kelimeler: Al¢1 Sikilama, Stkilama, Patlatma, Niimerik Simiilasyon, Autodyn

ABSTRACT In this study, numerical simulation of Plaster Stemming Method (PSM) is
performed and compared with conventional drill cuttings stemming method (DCSM). Many
earlier in-situ tests have proved that PSM can use blast energy more efficiently than DCSM.
Despite PSM generate more vibrations, it has advantages over DCSM such as better
fragmentation, lower cost per unit volume of rock in blasting. In this study, numerical
simulation with Autodyn computer program with 2D tool was used to prove the efficiency of
plaster stemming by comparing the numerical simulation parameters such as pressure, Y-
velocity, Y-force, internal energy, acceleration-Y and compression parameters. For instance,
maximum pressure attained at the near top of explosive column was 7,395 MPa for DCSM
whereas it was as high as 11,945 MPa for PSM. Results of most of the computed parameters
were significantly higher in PSM than the ones obtained for DCSM. These results are like
measurement results of in — situ applications. Therefore, PSM can save substantial amounts of
money and workout.

Keywords: Plaster Stemming, Stemming, Blasting, Numerical Simulation, Autodyn
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1 GIiRiS
1.1 Sikilama ve Alg¢1 sikilama

Sikilama, patlatma deliginin serbest yiizeye sinir olan kisminin patlayici olmayan bir madde
ile tikanarak, patlayicidan elde edilen enerjinin, tikama basarisina bagh olarak, daha yiiksek
verimlilik oraniyla, kayacin kirilmasina yonlendirilmesi islemidir. Iyi sikilama, patlayici
enerji verimliligini % 41 artirabilir (Snelling and Hall, 1912). Bu yiizden iyi bir sikilama, ¢ok
ciddi kar saglayacaktir. Basarisiz patlatmada veya patlatma sonunda atim kiitlesi i¢inde fazla
miktarda patar bulunmasi ve benzeri sorunlarda sikilama 6nemli rol oynar (Cevizci and
Ozkahraman, 2012). Al¢1 sikilama, bu anlamda umut veren bir yontemdir. Alg1 sikilama
uygulamalarinda, patlama sonrasi, kayayla birlikte ayrilmadan hareket eden, bir anlamda tam
bir ttkama sonucu veren ornekler vardir (Sekil 1). Bu, ideal sikilama olarak kabul edilebilir.
Ayrica al¢i sikilama yontemi, saygin uluslararas: kitap (Konya and Konya, 2018), lisanstistii
tez (Pina, 2017) ve calismalarda refere edilmistir. Aslinda temel konu sikilamada kaybolan
enerji oraninmn diisiiriilmesidir. Ulkemizde ve global olarak ¢ok yaygm kullanilan tas tozu
sikilama yOnteminin, iyi bir sikilama malzemesi ve/veya yontemi oldugunu sdylemek zordur.

Sekil 1. Patlama sonrasi deligi iyice tikayarak yan kayagla beraber hareket eden al¢1 sikilama
ornegi (Cevizci,2013)

Alg1 sikilamast deyiminden, su igine katilan al¢inin (7 birim su 10 birim al¢1) koyu ayran
kivaminda hazirlanmasi ile elde edilen bulamacin, deliklere doldurularak, sertlesmesi yoluyla
yapilan sikilama ifade edilmektedir (Cevizci ve Ozkahraman, 2011). ANFO, sudan zarar
gordiigiinden, al¢1 bulamacindan once, bir miktar tag tozundan yararlanilmaktadir. Bu vb.
ayrintilar onceki calismalarda belirtildiginden, burada ayrintili olarak ifade edilmemistir
(Cevizel vd.,2013; Cevizei, 2013b; Cevizei et.all, 2015). Algt sikilama, yeni bir uygulama
oldugundan, arazide uygulama zorluklar1 vardir. Ne var ki, basit ekipmanlarla bile bu zorluk
onemli Ol¢iide asilabilmektedir (Cevizei ve Siirliciioglu, 2021). Yine de, bahse konu
karsilagtirmadaki tas tozu sikilama yonteminden daha zor ve daha maliyetlidir. Ayrica, daha
yiiksek titresime de neden olmaktadir. Ancak, maliyet ve zorluk kisaca bir koy kirk al
tabiriyle 0zetlenebilir. Yani bir birim daha zor ve masrafli ama bunun kat kat fazla getirisi
olmaktadir. Kalker ocaklarinda, delme patlatma maliyetleri i¢in karlilik % 30 mertebesindedir.
Bu da sektor i¢cin milyon dolarlar seviyesinde kar demektir (Cevizci, 2014). Yiiksek titresim
de cok kisa mesafeler hari¢ izin verilen limitlerin altinda olugmaktadir (Cevizci, 2015).
Ayrica, bu yiiksek titresim Olclimleri, al¢1 sikilamada enerjiyi daha iyi kullandigimizin da
ispatidir.
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1.2 Niimerik Simiilasyon

Niimerik simiilasyon Autodyn 2D eksenel simetri teknigi ile gerceklestirilmistir. Patlama,
nlimerik olarak, kiitle korunumu, momentum, enerji ve ek formiiller gibi genel diferansiyel
esitliklerle tanimlanabilir. Ornek ¢alisma iki kayag (kiregtasi, Kayag II) ve iki sikilama (tas
tozu sikilama, alg1 sikilama) olmak iizere dort model igermektedir. Modeller 7 maddeden
olusmaktadir: Iki kayag, ANFO, TNT, al¢1, kum ve hava. Simiilasyonda tas tozu yerine yakin
mekanik 6zellikler tasiyan kum (sand) kullanilmistir. ANFO acik ocak patlatmalari i¢in en
yaygin kullanilan patlayict maddedir. Ciinkii ucuz bir patlayicidir. Kayaclar ve al¢1 igin,
katilara uygun olan (Fairlie, 1998) Lagrange solver tercih edilmistir. Arbitrary Lagrange Euler
(ALE) ile yapilan simiilasyon sonuglari da benzer sonuglar vermistir. ALE solverin bozulan
gridler ile ilgili artilar1 vardir. Patlama islemi ve kum i¢in, s1vi ve gazlara daha uygun olan
Euler solver kullanilmigtir. Kum i¢in Euler yerine Lagrange solver de test edilmis ve c¢ok
yakin sonuglar elde edilmistir. Bunun yaninda, son dénemde yapilan niimerik ¢alismalarda,
patlama alaninda, grid sistemi olmayan SPH (smooth particle hydrodynamics) yontemine de
rastlanilmaktadir.

Kayaglar ve alg1 yeniden tamimlanmis; ANFO, TNT, kum ve hava Autodyn
kiitliphanesinden alinmistir. Hava igin, strength model ve yenilme modeli ihtiyaci yoktur.
Kiregtas1 referans yogunluk 2,69 g/cm’, linear Equation of State (EOS), Drucker-Prager
strength model ve principal stress yenilme modeli kullanilmistir. Kayag II i¢in ise Polynomial
EOS ve Riedel, Hiermaier and Thoma (RHT) strength ve yenilme modeli kullanilmistir.
Kayagc II icin RHT parametreleri ile ilgili bilgiler Tablo 1°de sunulmustur.

Tablo 1. Kayag II i¢in RHT parametreleri (Riedel et.all, 1999; Riedel, 2000)

Parametre Deger Parametre Deger
Reference density 2,75 g/lem® T, 35,27GPa
Bulk modulus, A 3527GPa T, 0,000MPa
A 39,58GPa Reference temperature 300(K)
Shear modulus, G 22,06 GPa Specific heat 654 J/kg K
Compressive strength, fc 93,75 MPa  Thermal conductivity 0,000 J/mKs
Tensile strength/Compressive strength, f/f. 0,100 Elastic strength, fc 0,530

Shear strength/Compressive. strength, fs/f. 0,180 Residual strength. constant, B 1,600

Intact failure surface constant, A 1,600 Residual str. Expon., M 0,610

Intact failure surface exponent, N 0,610 Compressive strain rate exponent, o 9,090 x 107
Tensile/compressive meridian ration, Q2,0 0,6805 Tens. strain rate exponent, 6 0,0125
Brittle to ductile transition, BQ 0,001050 Max. fracture str. ratio 1,000 x 10%°
G (elastic)/G (elastic—plastic) 2,000 Damage constant, D 0,04

Elastic strength, ft 0,700 Damage constant, D 1,00

A 9,040MPa  Min. strain to failure, ef™® 0,01

Bo 1,220 Residual shear mod faction 0,13

B, 1,220

Modeller i¢in, baslangi¢ kosullar1 belirlendi. Hava icin ideal gaz EOS kullanilmistir. Hava
icin internal enerji 2,0682x10° J/kg olarak belirlendi. ANFO ve TNT icin Euler solver ve
Jones-Wilkins-Lee (JWL) EOS (Esitlik 1) secildi.

P=a(1- %)™ +B (1- 5)err + 22 (1

R,V

A high pressure JWL coefficient ve B medium pressure JWL coefficient (Pa), R; ve R,
katsayilar, W Griineisen katsayisi, V = v/vo, patlama iirlinlerinin genlesmesi, E birim
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detonasyon enerjisi (J/m®)’dir. JWL katsayilar ile ilgili ¢ok sayida bilimsel ¢aligma vardir.
ANFO ve TNT i¢in JWL EOS parametreleri Autodyn kiitiiphanesinden alinmistir (Tablo 2).
Literatiirde, patlayici icin ideal gaz EOS kullannmina da rastlanmaktadir. Ancak, olgekli
mesafenin belli sinirlarda olmasi halinde, giivenilir sonug verebildigi belirtilmistir (Fiserova,
2006). Bagska EOS yontemleri de olsa da, bu alanda, JWL EOS agik ara onde denilebilir.
Kum i¢in Euler processor, Compaction EOS, MO Granular strength, Hydro (Pmin) yenilme
modeli kullanilmistir. Kumun referans yogunlugu 2.641 g/cm® alinmustir.

Gergek kosullara ¢cok yakin bir kiregtasi ocagi patlatmasi modellenmistir. Yani 3 m ¢apli, 10
m boyunda silindirik bir kaya modellenmistir. Mesh boyu 10 mm’dir. Yer ¢ekimi 9.81 m/s?
olarak +x yoniinde uygulanmistir (Sekil 2). Patlatma deligi 90 mm capli ve silindirik kayanin
merkezindedir (kalker ocaklart icin en yaygin delik ¢apt 3,5 in¢ yani 89 mm’dir). Deligin
merkezindeki en iist nokta (0,0) koordinatidir (Sekil 2). Delik i¢i ve tas i¢ine uygun yerlere
Olgerler (gauges) yerlestlrlldl Baglangi¢ kosullar1 ve smir ayarlari yapildi. Interaction ve
output ayarlar1 dogru sonug icin cok dnemlidir. Ugyiizbinin iizerinde diigiim ve element igeren
modeller binlerce ¢evrim ile gergeklestirildi. Bu tiir ¢aligmalar, bilgisayar CPU hizina bagh
olarak bazen giinlerce siirebilmektedir. Detonasyon patlayici kolonunun tam ortasindan
baslatilmistir (6000,0). Yani deligin orta noktasi ve yiizeyden 6 m asagidan detenasyon
baslayacak sekilde ayarlanmustir.

Tablo 2. ANFO ve TNT i¢in JWL EOS parametreleri
Patlayic1 | Yogunluk Vod A (kPa) B (kPa)| R; | R2 w C-J Pressure | E (kJ/m®)
(g/cm®) (m/s) high press.| med..press (kPa)
JWL coef. |JWL coef.
ANFO 0.931 4160 | 4,946x107 |1,891x10°| 3,907| 1,118 | 0,333 5,15x10° | 2,484x10°
TNT 1.630 6930 | 3,73 x10% |3,747x10°| 4,150( 0,900 | 0,350 2,15x107 | 6,000x10°

planter

Cyce 0

Tewe O OO0E «000 ms
Unts mm, ;g ms
Axal symeretry

Sekil 2. Modellenen kayacin 180° aynalanmus hali ve dlgerler (Cevizcei, 2019)

Plaster
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2 SIMULASYON SONUCLARI

Delik i¢inde, patlayict kolonunun {istiine yakin bir noktada olusan basing, ANFO - kirectasi ile
tas tozu sikilamada 7.395 MPa, al¢1 sikilamada 11.945 MPa; TNT — Kayag II ile tas tozu
sikilamada 11.876 MPa, al¢1 sikilamada 12.962 MPa olmustur (Sekil 3). Sekil 3’de ident 0
ANFO - tas tozu, ident 1ANFO -al¢i, ident 2 TNT — tas tozu ve ident 3 TNT — al¢1 sikilamali
atimlar1 ifade etmektedir. Yukarida ifade edildigi gibi, ¢aligma 4 patlama olayini igermektedir;
ident 0, kiregtasinda tas tozu sikilamali patlama, ident 1, kiregtaginda al¢1 sikilamal1 patlama,
ident 2, Rock II kayacinda tas tozu sikilamali patlama, ident 3, Rock II kayacinda alg1
sikilamali patlamay1 ifade etmektedir. Al¢1 ile sikilamada olduk¢a Onemli basing artisi
kaydedilmistir. Bu enerjinin daha verimli kullanilmasi demektir.

Nitekim bu sonug¢ arazi uygulamasi Ol¢timleriyle de uyumludur. Tungbilek kémiir ocagi
dekapaj patlatmasinda, birim zamandaki infilak eden patlayici, hem al¢1 sikilama hem tag tozu
sikilamada esit olmasina ragmen maksimum pargacik hizi, tas tozu sikilamada 6,8 mm/s al¢1
sikilamada 13,6 mm/s Olclilmiistiir (Cevizci, 2017). Baska calismalarda da benzer sonuglar
tespit edilmistir (Cevizci, 2012). Bu artis elbette bir avantaj degildir. Ancak, 6l¢iilen deger
izin verilen limitlerin altindadir. Birim zamanda ayni miktarda patlayict infilak etmesine
ragmen, iki kat Olgiilen titresim, enerjinin yeni yontemde daha 1yi kullanildigini
ispatlamaktadir. Yani, patlayicidan elde edilen enerji, daha verimli bir sekilde kayaya
yonlendirilmistir. Calisma, Autodyn simiilasyonu ve ger¢cek uygulama ol¢iim sonuglarinin
uyumlu oldugunu gostermektedir. Y- yonii hiz, Y- yonii kuvvet, internal enerji, Y yoni
ivmelenme ve kompresyon degerleri de basing gibi, al¢1 sikilamada daha yiiksektir (Tablo 3).

Sekil 3. Basincin (kPa) patlayici-sikilama yontemine gore degisimi (Cevizcei, 2019)
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Tablo 3. Maksimum degerler (Cevizci, 2019)

Kirectast Kayagll
Parametre Tas tozu Algt Tas tozu Alg1
Pressure (MPa) 7,395 11,945 11,876 12,962
Compression 0.8327 4.4063 0.1236 0.1565
Y yénii hiz (ms™) 519 961 473 550
Y-Force (N) 6.466x10° 7.050 x10° 3.213x10°  14.310 x10°
Internal energy (J/kg) 2.585x10% 2.722x10% 1.299 x10°  |1.535 x10°
Acceleration-Y (ms) 2.194 x10* | 2.392x10* 1.067 x10°  |1.431 x10°

3 SONUCLAR

Autodyn ile yapilan 6rnek bir patlatma simiilasyonu ve gercek olay sonuglart uyumludur. Bir
dekapaj patlatmasinda, birim zamanda patlayan patlayict ve 6l¢iim mesafesi ayni olmasina
ragmen, al¢1 sikilamada maksimum parcacik hizi 13,6 mm/s, tas tozu sikilama yonteminde 6,8
mm/s Ol¢lilmiistiir. Benzer sekilde, alg1 sikilama ve tas tozu sikilama yontemi haricinde tiim
parametreler esit oldugu halde, basing al¢1 sikilama yonteminde 11 945 MPa ve tas tozu
sikilama yonteminde 7 395 MPa olarak belirlenmistir. Benzer sekilde, basing gibi, Y yonii hiz,
Y yonii Kuvvet, kompresyon, Y yonii ivmelenme de al¢1 sikilama yonteminde daha yuksektlr
Hem gergek olgumler hem de simiilasyon sonuglari al¢1 sikilama ydnteminin patlayici
enerjisini daha 1y1 kullandigin1 gostermektedir. Daha disiik birim maliyeti ve daha iy1
parcalanma ile al¢1 sikilama onemli kar saglayacaktir. Kiigiik bir zahmet ve maliyet artigina
karsilik cok ciddi verim artig1 saglamaktadir. Yontemin bilimsel ve idari olarak desteklenmesi
cok bliyiik onem tagimaktadir.
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Kocaeli Hereke Kalker Ag¢ik Ocaklarinda Uygulanan Patlatma
Tasarimlarinin Teknik Olarak Arastirilmasi ve Iyilestirilmesi

Technical Investigation and Improvement of the Blasting Designs
Applied in Kocaeli Hereke Limestone Quarries

E. Geng
Nuh Cimento SAN. A.S , Maden Miihendisi, ensar.genc@cimnak.com.tr

O. Yilmaz
ZBEU, ZMYO, Madencilik ve Maden Cikarma Béliimii, oyilmaz@beun.edu.tr

OZET Cimento iiretimi igin gerekli olan ana hammaddeler ¢ogunlukla agik isletme
madencilik yontemi ile ¢ikarilmaktadir. Ana hammaddeler olan kalker ve marn acik ocak
ruhsat sahalarinda ilk olarak delme ve patlatma islemiyle uygun boyutlara indirgenerek
yukleme ve nakliye islemlerine tabi tutulmaktadir. Bu caligmanin temel amaci Nuh
Cimento’ya ait Kalker ruhsatli sahalarda delme ve patlatma islemleri i¢in en uygun
parametrelerin sec¢ilmesi; kirma, yiikleme ve nakliye gibi maliyetleri azaltmaya yardimci
olacak patlatma tasariminin saglamasidir.

Bircok arastirmaci tarafindan bir delme patlatma islemimdeki tiim tasarim parametrelerinin,
dilim kalinligimin bir fonksiyonu olarak ifade edilebildigi ve bu sekilde anlamli tasarimlar
yapilabilecegi konusunda goriis birligine varilmistir. Bununla beraber dilim kalinligint her
isletme ve her kaya birimi icin deneme-yanilma yoluyla belirleme yaklasimi giincelligini
korumaktadir. Patlatma tasariminin birebir uygulanmasi ve dilim kalinliginin dogru secilmesi
patlatma faaliyetlerinin verimli olmasina olanak saglamasi bu ¢alismanin bilimsel yeniligine
bir katkis1 olarak goriilmektedir.

Anahtar kelimeler: Cimento, A¢ik Ocak Madenciligi, Delme-Patlatma

ABSTRACT The main raw materials required for cement production are mostly extracted by
open pit mining method. Limestone and marl, which are the main raw materials, are first
reduced to suitable sizes by drilling and blasting in open pit license areas and subjected to
loading and transportation processes. The main purpose of this study is to select the most
suitable parameters for drilling and blasting operations in the limestone licensed fields of Nuh
Cimento; It 1s the blasting design that will help reduce costs such as crushing, loading and
transportation.

It has been agreed by many researchers that all the design parameters in a drilling and
blasting process can be expressed as a function of slice thickness and that meaningful designs
can be made in this way. However, the approach of determining the slice thickness for each
enterprise and each rock unit by trial and error remains up-to-date. It is seen as a contribution
to the scientific innovation of this study that the exact application of the blasting design and
the correct selection of the slice thickness enable the blasting activities to be efficient.

Keywords: Cement, Open Pit Mining, Drilling-Blasting
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1 GIRIS

Acik ocak madenciliginde hammadde hazirlama islemi yliksek maliyet olusturmaktadir. A¢gik
isletme yonteminde delme ve patlatma islemi en temel asamalar1 olusturmaktadir. Delme ve
patlatmadaki temel amag ¢alismay1 giivenli, verimli ve ekonomik olarak yapmaktir. Olusan bu
maliyetlerin yakit giderlerinden sonra en yiiksek payin1 delme patlatma maliyeti almaktadir.
Uretim maliyeti i¢indeki pay1 genellikle %30-40 arasinda olan delme ve patlatma maliyeti,
sahaya ve kayaca uygun patlatma tasariminin belirlenerek uygulanmasi sonucunda %10’lara
kadar gerilemektedir. Ayrica uygun patlatma tasarimiyla birlikte cevresel etkiler ortadan
kaldirilacak patlayici madde enerjisinin verimli bir sekilde kullanilarak tamaminin pargalanma
ve Otelenme isinde harcanmasi saglanacaktir.

Delme, madencilik caligmalarinin  ilk asamalarindan olup patlatma isleminin
gerceklestirilecegi deliklerin delinmesi i¢in uygulanmaktadir. Delme islemini etkileyen bir¢ok
parametre bulunmaktadir. Bu parametreler kontrol edilebilen ve kontrol edilemeyen olmak
tizere iki sinifta incelenmektedir. Kontrol edilebilen kosullarda delme ve patlatma maliyetini
diisirmek icin ilk olarak formasyon ozelliklerine uygun talep edilen iretim miktarini
karsilayabilecek delici makinalarin ve ekipmanin se¢ilmesi gerekmektedir. Delici seciminden
sonra istenen parca boyutuna gore uygun delik tasarimi belirlenir. Parca boyutu belirlenirken
delik tasarimindaki parametrelerinde birbiriyle uyum igerisinde olmasi gerekmektedir. Bu
parametreler delik diizeni, delik capi, delik boyu, delikler aras1 mesafe, delik siralari arasi
mesafe olmak iizere optimum kosullarda belirlenerek ekonomiklik saglanir. Bir diger kontrol
edilebilir etken ise patlayict maddedir. Saha yapisina ve olusturulan delik tasarimina gore
detonasyon hizi, detonasyon stabilitesi, yogunluk, duyarlilik ve suya diren¢ gibi farkh
ozellikleri barindiran uygun patlayic1 madde kullanilmalidir. Yalniz bu kosullar1 belirlerken
kontrol edilemeyen parametrelerinde goz oniinde tutulmasi gerekmektedir. Bunlarin basinda
sahanin jeolojik yapisi, topografyasi, jeoteknik 6zellikleri, siireksizlik sikligi, yonelimi, kayac
icerisindeki dogal catlaklar, kayacin mekanik ve fiziksel 6zellikleri, dokusu, mineral tane
boyutu, mineralojik ve petrografik Ozellikleri ve sahanin ¢alisma faktorleri gelmektedir
(Dagg¢imen, 2006; Kahraman, 2019).

Patlatma, belirlenen parametrelere gore hazirlanmis olan delik gruplarinin patlayict madde
doldurularak kayacin pargalanma islemidir. Verimli bir patlatma sonucunda kayagc kiitlesinin
uygun boyutlarda parcalanmasi ve oOtelenmesi beklenmektedir. Pargalanmadaki amag
yiikleyici makinalarin kolay ve rahat kosullarda calisarak ikinci bir maliyet ihtiyaci
dogurmadan kaba malzeme oranini en aza diisirmek, o6telemedeki amag ise kayacin kabararak
ana kiitleden ayrilmasi1 ve kolay kazilabilir yi8in olusturulmasidir. Olusturulmasi beklenen
yigiin verimli sonu¢lanmasi kaya tipi, patlayict madde ve delik tasarimi parametrelerinin
birbirlerine olan uygunluguna baghdir.

Kazi, yilikleme, tagima ve kirma islemleri genel olarak pargalanma boyutunun etkisindedir.
Verimli bir patlatmada uygun parcalanma derecesi saglandiginda tirnak ve patar oraninin az
olmasi yiikleyici makinalarin zorlanmadan kovay1 tam bir sekilde doldurmasina ve rahatlikla
en yakin kule doniis mesafesiyle araclara yiikleme yaparak hem yakit tasarrufu saglatirken
hem de makina parcgalarinin ve mekanik aksaminin hasar oranini azaltir. Buda dogrudan
yiikleyici makinelerle birlikte calisan nakliye araglarinin verimini arttirmaktadir. Araglar
yuklenme ve tasima emniyetini kolaylikla saglayacak dengeli ve tam kapasiteli
doldurulacaktir. Boylelikle nakliye sirasinda yola tas dokiilmeleri azalacak buda yol bakimlari
ve lastik giderlerini diisiirecek ve kiric1 kapasiteleri artacaktir. Sahada yapilmakta olan her
verimli patlatma ikincil bir patlatmaya ihtiya¢ dogurmayacag gibi hidrolik kirici, yiikleyici
(loder), greyder ve dozer gibi yardimci makinalara duyulan ihtiyaci da azaltir. Patlatma
sonrasinda ana kiitlede kalan sevin stabilitesinin bozulmamasi alt ve iist basamaklardaki
giivenli ¢alisma ortamina zemin hazirlayacaktir. Bu vesileyle delme ve patlatma faaliyetleri en
uygun sartlarda uygulandiginda kazi, yiikleme, nakliye, kirma, 6giitme ve hatta reklamasyon
calismalarinda bile maliyetlerin diigmesine, dolayisiyla zamani1 verimli kullanarak kapasite
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artisina ve ekonomik sonuglarin alinmasina sebebiyet verecektir (Kahraman, 1997; Kahraman,
2019).

Bu calismanin temel amaci Nuh Cimento’ya ait Kalker ruhsatli sahalarda delme ve
patlatma islemleri i¢in en uygun parametrelerin se¢ilmesi; kirma, yiikleme ve nakliye gibi
maliyetleri azaltmaya yardimci olacak patlatma tasariminin saglamasidir. Birgok arastirmaci
tarafindan bir delme patlatma islemimdeki tiim tasarim parametrelerinin, dilim kalinliginin bir
fonksiyonu olarak ifade edilebildigi ve bu sekilde anlamli tasarimlar yapilabilecegi konusunda
goris birligine varilmistir. Bununla beraber dilim kalinligini her isletme ve her kaya birimi
icin deneme-yanilma yoluyla belirleme yaklagimi giincelligini korumaktadir. Patlatma
tasariminin birebir uygulanmasi ve dilim kalinliginin dogru secilmesi patlatma faaliyetlerinin
verimli olmasina olanak saglamast bu caligmanin bilimsel yeniligine bir katkisi olarak
goriilmektedir.

2 SAHANIN YAPISAL JEOLOJISi, MADEN YATAGI VE STRATIGRAFISI

Nuh Cimento San. A.S’ye ait kalker ruhsatli sahalar, Kocaeli ili Dilovasi ilgesi, Cerkesli Koyt
yakinlarinda yer almaktadir. Sahalara ulagim kolaylig1 Korfez ilgesine bagli Hereke semtinden
saglanmaktadir. Hereke, D100 karayolu ve TEM otoyolundan Istanbul’a 65 km, izmit’e 27
km, ruhsat sahalarina ise 12 km uzakliktadir (Sekil 1).

Sekil 1. Nuh Cimento SAN. A.S.’ye ait kalker madenlerinin cografi konumu.

Genel olarak bolgedeki arazinin jeolojisini olusturan malzemeler; Paleozoyik, Triyas ve
Kratese yash kirectasi, marnli kalker ve ince taneli gri-yesil seyl ve grovak tiirii denizel
ortamda olugmus sedimenter birimlerdir. Bu malzemeler yagmur sular1 ve sicak-soguk isi
farkliliklar1 ile dezegrasyon olarak ayrismis ve yumusamis olmalari muhtemeldir. Bununla
birlikte alttaki malzemelerin oldukca sert olmasi beklenmektedir. Ruhsat sahasi ve ¢evresinin
tabandan tavana dogru stratigrafik yapisi; Paleozoyik (Ordovisiyen-Erken Karbonifer), Permo
- Triyas (Ge¢ Permiyen — Noriyen), Ge¢ Kretase - Orta Eosen, Ge¢ Oligosen - Erken
Miyosen, Pliyosen ve Kuvarterner yash ¢okel kayalar ile Permiyen, Permo — Triyas ve Geg
Kretase yash inagmatik (pliitonik ve volkanik) kayaglar ile yiizeylenmistir.

Bolgedeki muhtelif kaya birimleri istifi, cesitli jeolojik donemlerde etkili olmus olan
yapisal tektonik hareketlere maruz kalmistir. Bu silireclerde c¢esitli yapisal oOzellikler
kazanmistir (Nuh Cimento San. A. S, 2018).

Triyas yash kaya birimleri, Paleozoyik yasli birimler iizerine diskordan olarak ¢cokelmistir.
Triyas istifide tizerindeki Kratese birimlerince uyumsuz diskordan olarak ortiilmektedir. Bu
asamadan Once Triyas kaya birimleri bir tektonik siirecten ge¢cmistir. Triyas kaba olarak dogu-
bati eksen kivrimli oldugu goriilmektedir. Bunun yanisira Kuzeydogu - Giineybati uzanimh
bazi faylarla etkilenmistir. Kratese donemi Oncesinde, Triyas kirectaslarinin bir dereceye
kadar karstlasmis oldugu ve Kratese yasli marnl kirectaslarinin bunlarin tizerine geldigi, bazi
kesimlerdeki kirectasindaki erime bosluklarim1 dolduran kirectasi ve marn kalintilarindan
anlasilmaktadir.
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Kuzgun tepe ile Hereke arasindaki yamacin yukari kesimlerinde Ust Kratese marnlar
arasinda ortaya ¢ikmis olan Triyasin dolamitik kiregtaslar1 goriilmektedir. Bu birim biiyiik
olasilikla yamacin eteginde yeralan Ulupinar Kaynaginda gozlenen kirectas: ile biiyiik olgiide
baglantili olmas1 muhtemeldir. Daha sonraki tektonik siire¢le degisiklige ugramis olmasi ve
bu iki yiizeylemenin Ust Kratese kirectas: ile ortiilmiis ve kabaca kuzeybati-giineydogu
uzanimli olan eski bir sirti temsil ettigi de diisliniilebilir. Bu goriisiin en 6nemli destek
bulgulari; sirtin ¢ok dik yamacli olmasi ve her iki yaninda, 6zellikle batisinda yeralan marn
tabakalarinin ¢ok kalin olmasidir.

Kratese yash birimler, ¢ok dik olan topografya iizerine uyumsuz olarak ¢okelmistir. Daha
sonra bunlarin kabaca dogu-bati eksenli bicimde kivrimlar goriilmektedir. Triyas'taki birimleri
tersine bu kivrimlar oldukca yayvandir. Kivrimlanma sirasinda Tavsancil yakinlarinda
Paleozoyik ve Alt Triyas1 yan yana getirecek olan kuzeye dogru ters bir fayin gelistigi
sOylenebilir. Bu sikisma ortaminda olustugu diisiiniilen baska bir yapida Cimento Fabrikasinin
Hammadde ocaklarimin bati kenar1 yakininda Kire¢ Fabrikasi yolu iizerinde go6zlenilen
sikisma kusagidir. Burada ¢ok sayida sikisik ve devrik kivrimlar goriiliir (Nuh Cimento San. A. S,
2018)

3 ACIK OCAK MADENCILIGINDE DELME VE PATLATMA
PARAMETRELERININ ARASTIRILMASI

Atimlarin yapildig1 ocaklarda delikler tepeden darbeli delici makine ile delinmektedir. Bu
yontemde darbe ile parcalama islemi egemen olup, ilerleme darbe ve donme araciligi ile
saglanmaktadir. Darbe ve baski (yiik) altinda, diisiilk hizda donen bir matkabin disleri ile
formasyon parcalanmakta ve kirintilar hava araciligiyla kuyu disina alinmaktadir. Bu sistemle
calisan delik delme makineleri donme ve darbe etkilerini birlestirerek is goriirler. Bu islem
sirasinda meydana gelen darbe etkisi normal martoperferatorlerin etkisinden daha fazladir.
Delik iistii tabancanin yaptig1 etkisiyle delik dibi gevsetilir ve ¢entiklenir. Bu sistemle calisan
makineler genellikle zor, ¢cok zor ve asir1 zor delinebilen formasyonlarin delinmesinde
kullanilmaktadir (Hadjigeorgiou ve dig., 1995, Jimeno ve dig., 1995).

Acik ocak basamak patlatmasinda rol oynayan bir¢ok etken bulunmaktadir. Kaya kiitlesinin
ozelliklerinin bu tasarimda cok etkin bir rol oynamasina ragmen patlatma geometrisi de uygun
bir patlama verimi i¢in olduk¢a 6nemli bir yer tutmaktadir. Ac¢ik ocaklarda yapilacak delme
ve patlatma ¢alismalarinda delik sablonu tasarim parametreleri Sekil 2°de gosterilmistir.

.
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Sekil 2. Acik ocak basamak patlatma tasarimi.
Patlatma verimini dogrudan etkileyen tasarim parametreleri asagida siralanmistir;

*  Delik ¢api, yeri, egimi ve boyu
*  Delik diizeni
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Dilim kalinlig1, delikler aras1 mesafe
Basamak aynasimin sekli, durumu, yiiksekligi ve egimi
Sikilama pay1
Delik taban pay1
Sarj sekli ve delik i¢i dagilimi
Atim grubu boyutlari
Yemleme, atesleme sekli ve diizeni
Gecikme tipi ve siiresi
Bu parametreler hakkinda aragtirmacilarin elde ettigi yaklasimlar ile sahada yapilan
patlatmalar karsilastirilarak elde edilen veriler dogrultusunda en verimli patlatma tasariminm
olusturmak amaglanmustir.

3 DELIK CAPI VE DELIK DUZENININ ARASTIRILMASI

Patlatilacak kaya yapilarinin igerisine patlayici madde yerlestirmenin en verimli yolu, kaya
yapilarina delik delmektir. Bu islem ise; patlatma verimini, patlayict madde verimini ve
patlatma maliyetini belirleyen faktor olmasi agisindan ¢ok 6nemlidir. Delik c¢ap1 asagidaki
etmenler tarafindan etkilenmektedir (Y1ldiz ve Kose, 2003);

«  Patlatilacak tabakalarin 6zellikleri

*  Planlanan pargalanma derecesi

*  Yiikleme ve tasima makinalari ile kiricilarin kapasitesi

*  Delme makinalarin karsilastirmali maliyetleri
Patlayic1 kayanin igerisinde ne kadar iyi dagilirsa o kadar 1yi verim alinir. Diger bir deyisle
kiiciik delik ¢ap1 ve dar geometri her zaman i¢in daha iyi verim saglamaktadir. Delik ¢ap1
arttirildiginda i¢ine konacak patlayict miktar1 da artacak bu da delik geometrisinin
genislemesine yol agacaktir. Geometrinin genislemesi de patlayicinin kayay1 daha genis a1 ile
etkilemesine ve elde edilen pasada tane boyutunun artmasina neden olacaktir.

Genis bosluklu siireksizlik igeren kayag tabakalarinda; biiyiik ¢apli delikler bulunduklari
bloklarda 1y1 parcalanma saglarlarken, delik bulunmayan bloklarda ise iri par¢a olugmaktadir.
Bunun sebebi ise slireksizlik yiizeylerinin patlatma sonucu olusan gerilim dalgalarin1 geri
yansitmasidir. Siireksizlik ylizeyinden diger bloga gecemeyen gerilim dalgasi geri yansiyarak
bulundugu blogu iyi pargalamakta fakat diger blokta ise iri par¢a olusmaktadir. Boyle bir
durumda ikinci patlatma (patarlama) yapilmasi gerekir, bu da ekstra maliyet getirir. Bir diger
maliyeti artiran unsur ise delik delme maliyeti hem yakit miktari, hem makine ekipman
giderleri hemde iscilik ile dogru orantili olarak artan bu maliyet delik ¢apinin azalmasiyla
delik hizinda da artig gostermektedir. Bu ylizden sahada 6n goriilen delik ¢apina 89 mm olarak
karar verilmistir.

Acik maden ocaklarinda basamak patlatmalarinda kullanilan baslica delik delme diizenleri;
kare, sesbes ve Isvec diizeni olarak uygulanmaktadir (Sekil 3).

Sekil 3. Farkli delik delme diizenleri (Ozkahraman, 2009).
Bunlardan kare diizeninde dilim kalinliklari, delikler aras1 mesafeye esit alinir. Yani delikler

bir karenin dort kosesini olusturacak sekilde delinir. Sesbes delik diizeninde ise delikler bir
eskenar licgenin ii¢ kosesini olusturacak sekilde delinir. Bu diizende patlayict madde, basamak
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icinde daha iyi dagitilmis olur. isveg delik diizeninde ise delikler ¢ok fazla sasirtilarak (S=4B)
delikler aras1 mesafenin dilim kalinliginin dort katina esit olmasi saglanir. Bu diizende ayni
siradaki deliklerin birbirleriyle yardimlagmasi daha az olacagindan bu diizen daha ¢ok masif,
homojen ve sert yapidaki kayalar i¢in uygundur. Gittik¢e daha agik bir sekilde anlasilmaktadir
ki sesbes delik diizeni daha etkilidir. Ayrica bu diizen gecikmeli kapsiille ateslemede,
atesleme sirasi ve bdylece atim yoniinii degistirebilmede son derece esneklik imkani
saglamaktadir. Patlatma delikleri tasarim edildigi sekilde delindiginde, patlayici enerjisinden
optimum sekilde yararlanilacagi unutulmamalidir. Sahada yapilan calismalarda sesbes ve kare
delik diizenlerinde delikler delinerek en uygun patlatma geometrisinin sesbes delik diizende
olduguna karar verilmistir.

4 DILIM KALINLIGI VE DELIKLER ARASI MESAFENIN ARASTIRILMASI

Dilim kalinlig1, 6n sira delikler ile sev aynasi veya iki delik sira arasindaki serbest yiizeye dik
yondeki uzakliktir. Belirli kaya kosullar1 altinda uygun sekilde parcalanmis ve gevsetilmis
kaya hacminin maksimum oldugu ve makul taban kosullar1 saglayan en uygun dilim
kalinligina optimum dilim kalinlig1 denir. Ocakta uygulanan dilim kalinlig1 olmas1 gereken
dilim kalinligin1 degerinden az oldugu zaman gerilim dalgalar1 patlayict deligin oniindeki
kayaci ¢ok hizli bir sekilde parcalar ve atma enerjisi de giiriiltii ve hava soku olarak atmosfere
dagilir. Kaya firlamas1 ve yigmin etrafa sagilmasi kontrol edilemez. Dilim kalinliginin
optimum degerden fazla oldugu durumda ise gerilim dalgalar1 mesafenin biiyiikliigiinden
dolay1 kayaci parcalayamaz ve buna bagli olarak da atma enerjisinin kayaci yigin haline
getirmesi miimkiin olamaz. Dilim kalinliginin biiyiik olmasi durumunda patlayici gazlari
delikte uzun siire sikisik kalir. Yer sarsintis1 artar, patlatma gazlar arazideki c¢atlaklarda
kaybolur ve gerilim dalgalarina bagli olarak delik etrafinda catlaklar olusur. Dilim kalinliginin
tespiti i¢in ¢esitli arastirmacilar tarafindan asagidaki yaklagimlar gelistirilmistir (Tablo 1).

Tablo 1. Dilim kalig1 (B) tespiti i¢in Onerilen yaklagimlar (Jamnia, 2015).

Dilim Kalinlig1 Ifadesi Referans
B =0,024 «d + 0,85 Ar1081u,1990
B =(25-35)—12+%*d, Atlas PowderCo, 1984
B=30=xd Tamrock, 1984
B =1,36x*(lb)* «R, xR, Oloffson, 1985
d P xSt
Brax = <_> * 05
33 SN\ Langefors,1978
co-r+(§)

Burada; B dilim kalinligi(m), Bmax maksimum dilim kalinligi(m), d delik ¢api(mm) , Ib: sarj
yogunlugu(kg/m), R; delik egimi diizeltme faktorii, R, kaya diizeltme faktorii, d. patlayici
maddenin ¢ap1 (in¢), P patlayict maddenin delik icindeki yogunlugu(kg/dm?), S; patlayici
maddenin agirlik¢a kudreti, Co kaya patlatma katsayisi, f atim giicliik katsayisi, S delikler
aras1 mesafe(m) olarak tanimlanmaktadir.

Saglikli patlatmalarda genel bir kural olarak basamak yiiksekligi ile dilim kalinli arasindaki
oran en az 2,5 ve en ¢ok 6 kati olarak alinmaktadir. Delikler arasi mesafe, patlatmanin sonucu
etkileyen en 6nemli faktdrlerden biridir. Delikler aras1 mesafe genel bir ifade ile ayn1 siradaki
yan yana olan iki delik arasi1 mesafe olarak agiklanabilir. Delikler arasi mesafe, dilim
kalinligima, kaya¢ Ozelliklerine, patlayict madde ve sarj parametrelerine baghdir. Tek sira
halinde hazirlanan ve ayni anda atilan deliklerde, delikler arasi mesafe dilim kalinligina esit
almir. Deliklerin atimi1 sirasinda belirli bir zaman farkliligi oldugunda, delikler arasi
mesafenin dilim kalinligindan biiyiik olmasi1 daha olumlu sonuglar verir. Bazi arastirmacilar,
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delikler aras1 mesafeyi ayni sirada bulunan yan yana iki delik arasi gecikme olarak da
aciklamistir. Delikler arast mesafe ¢ogu arastirmacilar tarafindan dilim kalinhiginin bir
fonksiyonu olarak ifade edilmistir. Baz1 arastirmacilarin delikler arasi mesafenin kestirilmesi
ile ilgili bagintilar1 agagida verilmistir (Tablo 2).

Tablo 2. Delikler aras1 mesafe (S) i¢in dnerilen yaklasimlar (Jamnia, 2015)

Delikler Aras1 Mesafe Referans
S=125%B Olofsson, 1988
S = 1,8 * B (Tek siral1 delikler i¢in) Hemphill, 1981
S = (B * (hy + h,)%> (Cok siral1 delikler i¢in) Hemphill, 1981
S=(1,15-1,25) B Langefors, 1978
S=(1-18)*B Powder C, 1987
S=2+B Dick ve Ark, 1983

Burada; hp kolon sarj boyu(m), hb dip sarj boyu(m) ve diger terimler daha Once
tanimlandig: gibidir.

Aragtirmacilara ait yaklasimlardan hepsi hesaplanarak saha i¢in en uygun yaklasimlar
belirlenmistir;

Aroglu,1990 B =0,024*d + 0,85 = 0,024 89 + 0,85 = 2,986m
Tamrock,1984 B =30x*d = 30 * 0,089 =2,67m
Olofsson, 1988 S =1,25* B = 1,25 * 2,67 =3,33m

Literatiirde yapilan calismalar incelendiginde, delikler arasi mesafenin dilim kalinligina
orant 1-1,8 arasinda degismektedir. Delikler arasi mesafenin dilim kalinligina oram1 1’den
kiiciik olursa, sikilama malzemesi erken bosalmasina dolayisiyla da hava soku, giiriiltii ve iri
blok olusumu gibi 6nemli problemlerin yasanmasina sebep olabilmektedir. Bu oranin c¢ok
bliyiik olmas1 durumunda ise, etkisiz bir patlatma islemi gergeklestirilmis olacak ve kaya
yerinde yeterince parcalanmadigi i¢in iri bloklar olusacaktir. Delikler aras1 mesafe esit olarak
almabilir ancak ¢cogu durumda dilim kalinlig1 delikler aras1 mesafeden kiiclik olmasi tercih
edilmektedir (Olofsson 1990). Sahalarda uygulanan patlatmalarda dilim kalinligi ile delikler
aras1 mesafeyi esit alindiginda patlatmalarda verim diiserken en uygun patlatma tasariminda
delikler aras1 mesafenin dilim kalinligina orani 1,25 olarak gézlenmistir.

5 BASAMAK AYNASININ SEKLi, DURUMU, YUKSEKLIGi VE DELIKLERIN
EGIMININ ARASTIRILMASI

Genel bir ifade olarak; aynanin egimi fazla ise, deligin kesme acist kiigiikse, ayna onceki
atimdan kalan pasa ile engellenmis ise iyi parcalanmis ve gevsek bir y1gin elde etmek zordur.
Bilgin (1986), en basarili atimlarin aynaya paralel, aynaya yeterince yakin ve ayna oniinde
eskiden kalma pasa yigmlariyla engellenmemis deliklerle yapilacagini belirtmektedir.
Aynadaki yi1gin ve diizensizlikler atim serbestisini etkileyerek pargalanmay1 yetersiz
kilmaktadir. Atimlar daima serbest yiizeye dogru yapilmalidir. Bir 6nceki atimin sebep oldugu
catlaklardan patlatma gazlar1 atmosfere kagarak, yetersiz parcalanma sorununa yol acabilir
(Ozkahraman, 2009).

Erkoc¢ (1990), yapmis oldugu calismada, basamak ytiksekliginin, hem patlatma verimliligi
hem de yiikleyici makinelerin verimli kullanilmasi1 agisindan ¢ok biiylik 6nemi oldugunu
belirtmistir. Patlatma agisindan bakildiginda basamak yiiksekligi gerektiginden uzun ya da
kisa secilirse delici makinelerin veriminin diistiigiinii, delgi ve patlayict madde doldurma
hatalarinin meydana gelecegini savunmustur. Ayrica artan basamak yiiksekligi ile yerinde
basing dagilimlar1 etkilerini artacaktir. Normal patlatmalarda, kural olarak basamak
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yiiksekliginin, dilim kalinliginin en az 2,5 en fazla 6 kat1 alinmas1 dogru bir se¢cim olacagini
belirtmistir.

Delik egimine gore atimin giicliik katsayisi ve delik boyu parametreleri de degiskenlik
gostermektedir (Tablo 3). Egimli delik delmek dik delik delmeye gore daha zordur. Egimli
delik delinirken delme islemi iyi bir sekilde kontrol edilemez ve belirlenen egim degerleri 1yi
uygulanmaz ise patlatmadan istenilen verim elde edilemez.

Tablo 3. Delik egimine gore atim giigliik katsayis1 (f) ve delik boyu (k) katsayilar1 (Erkog
1990, Eskikaya vd. 2008).

Egim

> Dik 10/1 5/1 4/1 3/1 2/1 1/1
Acst (90°)  (84°)  (79°)  (76°)  (72°)  (63°)  (45°)
f i1 1,075 1,05 1,025 1,00 0,95 0,83

k 1,0 1,005 1,02 1,03 1,05 1,12 1,41

Egimli delik delmenin bu dezavantajlarinin yaninda, avantajli yonleri asagida siralanmistir
* Egimli delik delme ile ¢atlatma riski daha az, dolayisiyla daha diizglin ve emniyetli ayna
elde edilir
Taban bolgesinde daha iyi par¢alanma olur ve tirnak problemi daha az olur
Sikilama bolgesinden daha az patar malzeme c¢ikar
Patlatma sonucu olusan sarsinti, tas firlamasi ve hava soku daha azdir
Patlatilan maden kiitlesinin daha kiiciik ve esit olarak parcalanmasini miimkiin kilan ve
patlayici madde tiikketiminin 6nemli 6l¢iide azaltilmasini saglayan
Delik deki ek delme derinligi 6nemli olclide diiser
« Ikincil bir patlatma yapilmasi, kayalarmn tekrar ufalanmasi ve bu islemle iliskili diger
maliyetlerin 6nemli 6l¢iide azalmasi saglanir
« Iyi ufalanmis patlatmalarda yiikleme ve tasima makineleri uygun ve kolay bir sekilde
konumlandirilir boylece daha giivenli bir calisma ortami saglanir
+ Istenen patlatma saglandifinda verimli ¢alisan makinenin yiikleme kapasitesi artis
gosterirken yakit masrafi ve makine giderlerinde de gozle goriiliir bir azalis olacaktir.
« Kirict verimliliginin biiyiik 6lciide artmasiyla, kirici parca ve bakim giderlerinde diisiis
yasanacaktir bu sayede ufalanma maliyetleri onemli 6l¢iide azalacaktir.

Patlatma sirasinda kaya kiitlesinin davranisinin belirlenmesinde siireksizlik sikligi, yonelimi
ve blok boyutu biiylik 6nem arz eder. Kayacin igerisindeki dogal c¢atlaklar, deligin
cevresindeki patlatmanin etkili oldugu alan tizerinde belirleyici rol oynamaktadir. Bu ¢atlaklar
nedeniyle patlatma deliginin etkin oldugu cap azalabilir (Sekil 4). Ayrica, kayag icerisindeki
catlaklar patlama esnasinda olusan gazlar icin kacis olanagi saglayarak patlatma verimini
diisiirebilir. Ek olarak, kaya kiitlesinde bulunan siireksizlikler kopma ylizeyleri olusturarak
kayacin daha kolay parcalanmasini saglamakta ve 6zgiil sarjin diismesine imkan vermektedir.
Tiim bu etkiler géz 6niinde tutularak delikler parcalanmanin iyi ve maliyetin de diisiik oldugu
optimum bir noktada delinmelidir. Sekil 3.6’da catlakli yapinin pargalanma iizerine etkisi
gosterilmistir (Hustrulid, 1999).
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Sekil 4. Catlakli yapinin par¢alanma tizerine etkisi (Hustrulid, 1999).

Tiim bunlar ve sahalarda yapilan aragtirmalar neticesinde, basamak yiiksekliginin 10 metreyi
asmamasina, delinecek bolgenin sekline ve siireksizlik durumuna, aynada onceden kalan
kavlak ve catlaklarin temizlenmesine, patlayacak aynanin Oniinde serbest halde malzeme
bulunmamasina ve delinecek deliklerin 75-80 o arasinda olmasi saglanmalidir.

6 SAHADA YAPILAN CALISMA VE ARASTIRMALARIN DEGERLENDIRILMESI
Yapilan aragtirmalar neticesinde patlatma tasarim parametreleri olusturularak sahada uygun
goriilen bolgelerden ip ve tahta metre yardimi ile birebir Ol¢iim yapilarak delikler delinmistir.
Sahada yapilan ¢alismalar neticesinde gergeklestirilen 19 patlatmanin atim 6ncesi ve sonrasi
olmak iizere uzaktan ve yakindan fotograflar cekilerek gozlemler yapilmis ve kayit altina
almmustir (Sekil 5 ve 6).

-

Sekil 5. Patlatma 6ncesi ve sonrasinda delinen bolgeden basamak goriiniimii (15.Atim).

Sekil 6. Patlamanin yakindan goriiniimii (15.Atim).

Yapilan patlatmalarin ardindan yigmin yiliklemesi sirasinda yiikleyici makinanin motor
caligsma saati, aldig1 yakit miktarlar1 ve yiiklenen tonaj miktar1 tutularak yiikleyici makinalarin
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atimdaki saatlik kapasite ve yakit tiikketimi hesaplanmistir (Sekil 7 ve 8). Yiikleme esnasinda
yigindan ayrilan patarlar ise tahta metre ile hacimleri hesaplanarak yigin basina c¢ikan
ortalama patar orani1 degerleri dl¢iilmiistir (Sekil 9).

Sekil 7. Komatsu PC 390 ile yiiklenen atimlarin yiikleme verimi

Sekil 8. Sumitomo SH 300 ile yiiklenen atimlarin ylikleme verimi

Sekil 9. Yiginlardan ¢ikan patar miktarinin orani.
Yukarida gosterilen bu sekillerden de goriilebilecegi lizere yiginlardan ¢ikan patar orani ve

makinalarin yiikleme verimleri genel olarak incelendiginde 10, 16 ve 18. atimlarin diger
atimlara gore istenen parca boyutunu yiikleme kolayligini sagladigi kanitlanmistir.
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7 SONUC VE ONERILER

Bu calisma kapsaminda ilk olarak sahadaki patlatmalar incelenmis ve literatiirde bulunan
bilgiler arastirilmistir. Yapilan incelemeler ve arastirmalar degerlendirilerek saha i¢in uygun
bir patlatma tasarimi belirlenmistir. Arastirmacilarin yaklagimlarindan hesaplanarak belirlenen
tasarim sahada birebir dl¢iilerek uygulanmis ve saha i¢in uygun olduguna toplanan verilerce
karar verilmistir. Bu verilerden elde edilen sonuglar asagida verildigi gibi 6zetlenebilir.

1. Kalker ruhsatlarinda ortii tabakas1 goz ardi edilebilecek kadar az olmasindan dolay1 agik
ocak madenciligi i¢in ekonomik olarak uygun goriilmiistiir.

2. Sahada delinmekte olan dikey deliklerin yani sira egimli deliklerin avantajlari
arastirilmis ve egimli deliklerin uygulanmasi onerilmistir.

3. Aragtirmacilarin yaklagimlarindan yola ¢ikarak 89 mm olarak uygun goriilen delik
capiyla, sahada sesbes ve kare diizende delikler delinmistir. Yapilan patlatmalar
sonucunda elde edilen verilerle uygun geometrinin sesbes oldugu éngoriilmiistiir.

4. Sahada delinmekte olan tasarimlar incelenmis gerekli arastirmalar yapilarak yeni
tasarimlar olusturulmus ve bunlar arasinda en verimli tasarimin dilim kalinligi1 2,88 m;
delikler aras1 mesafeni 3,33 m olduguna karar verilmistir.

5. Yapilan patlatmalar neticesinde patlatilacak bolgede basamak sekline ve siireksizlik
durumuna gore delik delinmesine, basamak ytiksekliginin 10 m ve 10 m den az olmasina,
delinecek bolgenin oniinde serbest halde malzeme bulunmamasina karar verilmistir.

KAYNAKLAR

Bilgin, H.A. (1986). A¢ik isletmelerde patlatma sorunlar1 ve tasarimi. TKi Genel Miidiirliigii Yayini, Ankara.

Daggimen A (2006) Patlatma Tasarimi I¢in Gelistirilen Bir Bilgisayar Programi. Yiiksek Lisans Tezi,
Cukurova Universitesi, Fen Bilimleri Enstitiisii, Maden Miihendisligi Anabilim Dali, Adana, 1-3 s.

Erkog, O.Y., 1990, Kaya Patlatma Teknigi, Istanbul, 164s.

Google Earth, 2021. internet Sitesi. https://earth.google.com/web . Erisim Tarihi: 30.06.2021.

Hustrulid, W., 1999. Blasting Principles for Open Pit Mining - General Design Concepts, Theoretical
Foundations, A.A. Balkema, Roterdam. Sf. 99.

J. Hadjigeorgiou, A.K. Mehmotra, R. Poulin, R.K. Singhal, 1995. Mine Planning and Equipment Selection.
St. 89.

Jamnia, O., 2015. Basamak Patlatmalar1 i¢in Tasarrm Nomogramlarmin Gelistirlmesi, Hacettepe Universitesi,
Fen Bilimleri Enstitiisii, Yiiksek Lisans Tezi, 112s, Ankara.

Jimeno, C. L., Jimeno, E. L. and Carcedo, F. J. A., 1995. Drilling and Blasting of Rocks, A. A. Balkema,
Brookfield Publication, Rotterdam. Sf. 10-16, 92-97.

Kahraman E (2019) Patlatmada Kaya Ozelliklerinin Parca Boyut Dagilimi Uzerindeki Etkilerinin
Aragtirllmasi. Doktora Tezi, Cukurova Universitesi, Fen Bilimleri Enstitiisii, Maden Miihendisligi
Anabilim Dali, Adana, 1-2 s.

Kahraman S (1997) Acik isletmelerde Uygun Delme-Patlatma Sartlarmi Veren Bir Modelin Gelistirilmesi.
Doktora Tezi, Istanbul Teknik Universitesi, Fen Bilimleri Enstitiisii, Maden Miihendisligi Anabilim Dal,
Istanbul, 2 s.

Nuh Cimento San. A. S. (2018) Kocaeli li Kérfez ilgesi Dahilindeki 200708275 Sayili Arama Ruhsatli Saha
I¢in Hazirlanan Kalker Isletme Projesi, T.C Enerji ve Tabii Kaynaklar Bakanligi Maden Isleri Miidiirliigii,
23Temmuz 2018, Korfez, Kocaeli, 6-13.

Olofsson S., 1990, Applied Explosives Technologie for Construction and Mining, Proceeding of the Fifth
International Symposium on Rock Fragmentation by Blasting - Fragblast-5, 1996, ISEE, Montreal /
Quebec/ CANADA, p.458

Ozkahraman, H. T., 2009. Patlatma Teknolojisi, Siilleyman Demirel Universitesi Yayinlari, 174s, Isparta.

Yildiz, R., ve Kése, H., (2003). A¢ik Isletmelerde Delik Delme Metodlar1 ve Delici Makineler. Kiitahya:
Kiimag A.S

189






10™ International Drilling and Blasting Symposium 25-26 November 202 1/Antalya-Turkey

Yeralti Galer1 Patlatma Uygulamalarinin Mevcut Durum Analiz
Calismasi Ile Irdelenmesi

Evaluation of the Underground Development Blasting
Applications with a Benchmark Study

O.G. Ilik
Kapeks Kimya Sanayi Tic. A.S, gorkem.ilik@kapeks.com.tr

OZET Madencilik ile kazi faaliyetlerinin en temel operasyonu delme & patlatma
uygulamalaridir. Delme & patlatma uygulamalari, sonrasinda devam eden, yiikleme, tasima,
kirma ve 6glitme vb. operasyonlarin maliyetlerini dogrudan etkilemektedir. Bu sebepten dolay1
delme & patlatma operasyon verimliligi biliyiik onem kazanmaktadir. Operasyon verimliligini
o0lemek ve degerlendirmek, ger¢eklestirilen ¢alismanin belirlenen hedefe ne kadar yaklasildigi
ile ilgili 6nemli bilgiler saglamak ile beraber her miihendislik disiplini igerisinde yer almasi
gereken bilimsel bir yaklagimdir.

Bu yaklasim, patlatma tasarim modeli ve bu modelin tatbik edilebilirliginin 6lgiilmesi,
patlatma verimliliginde hangi noktada olundugu, hangi parametrelerin gozden gecirilmesi
gerektigi ile ilgili 6nemli bilgiler vermektedir.

Bu c¢alisma c¢esitli yeralti madenlerinde gergeklestirilen patlatmalara ait mevcut durum
analizleri sonucunun karsilastirmasini igermektedir. Calisma kapsaminda, planlanan,
gerceklesen kesit alani, delik boylari, 6zgiil sarj dagilimi ve gecikme dagiliminin irdelenerek
tasarim ve uygulama sonrasi verimliligi etkileyen parametrelerin tespit edilmesi, diizenleyici ve
onleyici faaliyetlerin belirlenmesini hedeflenmektedir.

Anahtar kelimeler: Yeralti, Patlatma, Durum Analizi, Projelendirme, Verimlilik

ABSTRACT The most critical operation of mining and excavation activities is the drilling and
blasting operation. Drilling & blasting applications directly affect the costs of subsequent
operations including loading, transportation, crushing and grinding etc. For this reason, drilling
& blasting operation efficiency gains are of great importance. Measuring and evaluating the
operational efficiency is a scientific approach that should be included in every engineering
discipline, along with providing important information about the budget and actual performance
parameters.

This approach gives important information about the blasting design model and its
application, where the blast efficiency and key design parameters need to be reviewed.

This study includes the comparison of the results of the current benchmark analysis of the
blasts carried out in various underground mines. These case studies aim to determine the
parameters that affect the efficiency after design and application, and to determine the
regulatory and preventive actions by examining the planned and actual cross-sectional area,
hole sizes, specific charge distribution and delay distribution.

Keywords: Underground, Blasting, Benchmark Analysis, Project, Productivity
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1 GIRIS

Yeralti Delme & Patlatma uygulamalarinda patlama verimliligini etkileyen bir¢ok parametre
bulunmaktadir. Bu parametrelerden en Onemlileri, kaya¢ dayanim o6zellikleri, formasyon
jeofizik oOzellikleri ve bunlara bagli RMR ve Q degerleri esas alinarak tasarlanan patlatma
parametreleridir. Tasarlanan patlatma parametrelerinin, kaya¢ formasyon 6zelliklerine uygun
olmas1, patlatma operasyonu verimliligi agisindan énem arz etmektedir. Ikinci en énemli husus,
hazirlanan patlama tasarim parametrelerinin operasyon verimliligini olumsuz etkilemeyecek
diizeyde uygulanabilir olmasidir. Bu hususta siirekli degiskenlik gosteren saha sartlarinin takip
edilmesi, meydana gelen degiskenlerin smiflandirilarak patlatma tasarim parametrelerinin
gozden gecirilmesi patlatma verimliligini dogrudan etkileyecek en temel husustur.

Patlatma verimliliginin Olgiilebilmesi, her patlatma uygulamasinin kendi icinde
degerlendirilmesi ile miimkiin olmaktadir. Uygulamasi tamamlanmis her parametrenin 6l¢tiliip
kayit altina alinmasi ile gergeklestirilecek Mevcut Durum Analizi (MDA) c¢alismasi, hem
tasarim asamasinda hem de uygulama esnasinda gerceklesen ve verimliligi olumsuz etkileyen
faktorlerin tespit edilmesinde 6nemli rol oynamaktadir.

Bu calismada, farkli yeralti madenlerinde gerceklestirilen galeri patlatmalarina ait verilerin
toplanmasi ile elde edilen sonucglarin irdelenerek, en sik meydana gelen ve patlatma
verimliligini olumsuz etkileyen faktorlerin belirlenmesi ve buna bagh diizenleyici ve onleyici
faaliyetlerin tespit edilmesi amaclanmaktadir.

2 PATLATMA UYGULAMARINDA VERIMLILIK KRITERLERI
Yeralt1 galeri ve tiinel patlatma uygulamalarinda verimlilik, planlanan ayna kesiti ve kaya
kiitlesi dayanim 6zelliklerine bagli olarak belirlenen, ilerleme (round) mesafesinin, patlatma
uygulamas1 sonucu planlandigi gibi elde edilmesi olarak tarif etmek miimkiiniidiir. Patlatma
sonrast dislik ilerleme miktari, ayna kesit alaninin artmasi veya azalmasi patlatma ve
sonrasindaki operasyon verimliligini olumsuz etkileyen faktorlerdir.
Birbirileri ile iligkili, patlatma tasarim parametrelerinden,
e Delik boyu ve dogrultusu
o Ozgiil sarj ve enerji dagilimi,
e Delik konumu,
e Gecikme siiresi se¢imi ve siralamasi,
Patlatma sonrasi, ilerleme ve ayna kesit profilini dogrudan etkileyen 6nemli parametreleridir.
Saha uygulamasinda her parametrenin Olgiilmesi, kayit altina alinmasi ve irdelenmesi
verimsizlik kaynaginin tespitini kolaylagtirmakta, uzun stireli veya kalic1 ¢oziim sunmaktadir.

3 TASARIM VE MODELLEME

Yeralt1 galeri ve tiinel patlatma tasarimlarinda siklikla V Kesme ve Paralel Kesme metotlar
kullanildig1 goriilmektedir. Her iki metodun kendi icinde avantaj ve dezavantajlarinin
bulunmasi ile beraber sahaya uygunlugunun, galeri kesiti, ilerleme miktar1 ve kullanilan delici
ekipman niteligine gore de degiskenlik gosterdigi bilinmektedir. Bu bilgilerin varlig1 esas
almarak, mevcut durum analiz degerlendirilmesi yapilmadan Once tasarim modeli kilit
parametrelerinin irdelenmesi, ¢iktilarin daha etkin analiz edilmesini saglayacaktir.

3.1 Kesme (Orta Cekme) Metotlar1 Tasarim ve Modelleme

Kesme metotlari tasarim ve modellenmesinde, genel olarak Olofsson, Langfors ve Kihlstrom’e
ait temel tasarim yaklagimlar1 kullanilmaktadir. Bu ¢alismada Mevcut durum analiz ¢iktilarinin
genel degerlendirilmesi Olofsson’a ait temel yaklasimlar ile degerlendirilmektedir.

3.1.1 Paralel Kesme (Orta Cekme) Metodu
Paralel kesme metodu yeraltt madenciliginde en sik goriilen tasarim ve modelleme metodudur.
Bu metotta, kesme bolgesi tasarimini olusturan bos delik ¢api, adeti ve bos delikler ile sarj
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edilen delikler arasindaki mesafe en onemli tasarim parametreleridir. Sekil 1°de bos delik
capinin belirlenmesi ile delikler aras1 mesafeyi belirtir grafikler goriilmektedir. Grafiklere gore
bos delik capi, delik boyu ve hedeflenen ilerleme orani ile, delikler aras1 mesafe ise bos delik
capi ile dogrudan iliskilidir.

Sekil 1. Bos delik ¢ap1 ve delikler arast mesafenin belirlenmesi (Olofsson, 1988)

Tarama, g¢evre, tavan ve taban delikleri tasariminin homojen olmasi, planlanan galeri
kesitinde gerekli a¢ilimin saglanabilmesi adma O6nemli bir kriterdir. Sekil 2’de sarj
konsantrasyonu ile iligkili yiikk mesafesi ve delik bolgelerine gore delikler arasi mesafeleri
gosterir tablo goriinmektedir.

Sekil 2. Sarj konsantrasyonuna gore yilik mesafesi ve delikler aras1 mesafe (Olofsson, 1988)

Sekil 2°de bulunan tabloya bakildiginda delik gruplarina ait yiik mesafeleri ve delikler arasi
mesafelerin belirli bir oran i¢erisinde homojen dagilim olusturdugu goriilmektedir.

Sekil 3.’de ise bolgelere gore 6zgiil sarj dagilimi araligi, delik ¢api ve galeri kesit alanina gore
genel 6zgiil sarj araligi belirtilmektedir.

Sekil 3. Paralel Kesme, Bolgelere gore ve genel 6zgiil sarj araligt (Derya, 2019, ISEE, 2011)
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Paralel kesme yontemi ile gerceklestirilen patlatmalara ait mevcut durum analiz ¢iktilar
yukarda belirtilen tasarim parametreleri baz alinarak degerlendirilmistir.

3.1.2 V- Kesme (Orta Cekme) Metodu

V-Kesme metodu genel olarak, dogrusal ilerleyen genis ayna kesitine sahip tiinel veya
galerilerde kullanilan tasarim ve modelleme metodudur. Bu metotta ayna merkez eksenine
dogru belirli bir aciyla delinen egimli deliklerin es zamanli patlamasi sonucu ilerleme
hedeflenmektedir. Bu metotta en 6nemli parametreler, galeri kesiti, egimli deliklerin acis1 ve
egimli deliklere ait yiik mesafeleridir. Sekil 4’de sarj konsantrasyonuna gore yilik mesafelerini
gosterir grafik goriilmektedir.

Sekil 4. Sarj Yogunluguna gore egimli deliklere ait yiik mesafeleri (Olofsson, 1988)

V-kesme metodunda, ilerleme ve acilim verimliligini dogrudan etkileyen en énemli adim,
ilerleme miktarinin yiik mesafesine boliinerek V (orta ¢ekme) sirast sayisinin belirlenmesidir.
Buna bagli olarak delik boylari ise, nisan noktast ve V sira sayisina gore degisiklik
gosterecektir. Ikinci dnemli kriter, egimli delikler arasindaki aginin 60°’den az olmamasi
gerekliligidir. Kirtlmanin ayna yilizeyine dogru olup dtelenmesinin etkin olabilmesi i¢in bu
acinin saglanmasi dnemlidir.

Sekil 3’de belirtilen Paralel Kesme parametreleri tablosu, V-kesme metodu icinde
kullanilmakta olup, diger delik gruplarina ait yiik mesafeleri ve delikler aras1 mesafelerin, belirli
bir oran igerisinde homojen dagilim olusturdugu goriilmektedir.

Sekil 5.’de ise bolgelere gore 6zgiil sarj dagilimi araligi, delik ¢ap1 ve galeri kesit alanina gore
genel 0zgiil sarj aralig1 goriilmektedir.

Sekil 5. V-Kesme, Bolgelere gore ve genel 6zgiil sarj araligi (Derya, 2019, ISEE, 2011)

V-kesme yontemi ile gerceklestirilen patlatmalara ait mevcut durum analiz ¢iktilar1 yukarda
belirtilen tasarim parametreleri baz alinarak degerlendirilmistir.
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4 MDA ILE PATLATMA UYGULAMALARININ DEGERLENDIRILMESI
Bu calisma kapsaminda, Tiirkiye’de bulunan ¢esitli yeralti madenlerinde gerceklestirilen galeri
patlatmalarina ait mevcut durum analiz ¢iktilar1 toplanmis. Elde edilen ¢iktilar sonucu patlatma
verimliligini olumsuz etkileyen temel problemlerin, tasarim ve modelleme kriterlerine gore
degerlendirilerek tespit edilmesi amaglanmaistir.
Bu kapsamda 2’ser adet paralel kesme ve V-kesme yontemi ile gergeklestirilen patlatmalarda
her bir delige ait,
e Delik koordinatlari
e Delik boylar
e Sarj miktarlar
o V-Kesme delik dogrultulari
ve ayrica,
e Ayna kesit alanlar1
e Gecikme siireleri ve siralamasi
e Patlatma sonrasi ilerleme miktar
verileri toplanmistir. Bu veriler bir yazilim programi yardimi ile modellenerek
degerlendirilmistir.
Gergeklestirilen tiim patlatmalarda ana sarj olarak 38 mm x 370 mm ebatlarinda 1,3kg/m sarj
konsantrasyonuna sahip Kapsiile Duyarli Emiilsiyon patlayici kullanilmaktadir.

4.1 Paralel Kesme (Orta Cekme) Metodu ile Yapilan Patlatmalara Ait MDA

Bu ¢alismada, biri yeralti demir madeni iiretim galerisi, digeri ise yeralti kursun ¢inko madeni
hazirlik galerisi olmak {izere toplamda 2 adet galerinin patlatma parametreleri
degerlendirilmeye alinmistir. Her bir madende en az 3 adet patlatmaya ait veriler toplanmas,
ortalama 0zellik gosteren birer patlatma secilerek degerlendirilmistir.

Birinci patlatma, diisik dayanim o6zelliklerine sahip Gotit demir cevheri igerisinde
gerceklestirilmis olup, ikinci patlatma siireksizlik kontaklari i¢eren orta-yiiksek dayanima sahip
dasit kiregtasinda gergeklestirilmistir.

Delik Diizeni Delik Boyu

Delik Numarasi

Es Zaman Egrisi Ozgiil Sarj Dagilim

Sekil 6. Demir cevheri galerisi, delik diizeni, delik boylari, gecikme ve 6zgiil sarj dagilimi
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Sekil 6’da demir cevheri igerisinde yapilan patlatmaya ait delik diizeni, delik boylari, gecikme
diizeni ile es zaman egrileri ve 6zgiil sarj dagilimi verileri goriilmektedir.

Sekil 7°de kursun ¢cinko madeni hazirlik galerisinde yapilan patlatmaya ait delik diizeni, delik
boylari, gecikme diizeni ile es zaman egrileri ve 6zgiil sarj dagilimi verileri goriilmektedir.

Delik Diizeni Delik Boyu Delik Boyu (m)
45
a
35
3
25
2
15
1
05

0
1 3 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39 Delik Nuararas:

Es Zaman Egrisi Ozgiil Sarj Dagilimi

7000

Sekil 7. Kursun Cinko Hazirlik Galerisi, delik diizeni, delik boylari, gecikme ve 6zgiil sarj
dagilimi

Sekil 8’de her iki patlatmaya ait kesme bdlgeleri ve kesme bolgelerine gore delikler arasi
mesafeler goriilmektedir.

1. Patlatma Demir Cevheri Kesme Bolgesi 2. Patlama Kursun

Cinko Kesme Bolgesi

Sekil 8. Patlatmalara ait kesme bolgeleri ve delikler arasi mesafeler.

Detaylar1 verilen patlatmalara ait genel uygulama ve sonug verileri Tablo 1°de 6zetlenmistir.
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Tablo 1. Patlatmalara ait genel uygulama ve sonug parametreleri

Galeri Patlat .
2 e.n atlatma . Delinen Ortalama Ilerleme Gergeklesen .
Patlatma Kesit sonrasi1 Kesit Delik B Delik B B Ozgiil Sari Ilerleme
elik Boyu elik Boyu oyu zgiil Sar
Adi Alani Alani (m?) 5 Y Y Y £ g b Orani (%)
2 (m?) (m) (m) (kg/m’)
(m)
1. Patlatma 26,4 25,9 3.5 2,18 2,52 2,07 %72
2. Patlatma 26,2 - 3,8 3,68 2,85 2.15 %75

Her iki patlatmaya ait veriler irdelendiginde (Sekil 6 ve Sekil 7), delik konumlarinin kismen
homojenligini yitirdigi, delik boylarmin, ise hedeflenenden farkliliklar gdosterdigi
gorilmektedir. 1. patlatmanin 6zgiil sarj dagilimma bakildiginda ¢evre deliklerine dogru
azalmasi beklenirken tarama boélgesi 6zgiil dagilimi ile benzer oldugu, 2. Patlatmada ise 6zgiil
sarj dagiliminin daha tutarli oldugu goriilebilmektedir. Sekil 3.de bulunan kesit alani ve sarj
cap1 (45mm) grafigine bakildiginda 6zgiil sarj miktarinin (Tablo 1) her iki patlatma i¢inde
uygun oldugu soylenebilmektedir.

Gecikme es zaman egrileri irdelendiginde ise kirilarak dar aci yapan zaman cizgileri
goriilmektedir. Meydana gelen dar acili zaman egrileri, zaman agisindan sikismis ve Onil
acilmadan patlayan deligi ifade etmektedir. Bu tiir durumlar genellikle fazla veya az kazi, geri
orselenme gibi uygun olmayan ac¢ilim problemleri yarattigi bilinmektedir.

Sekil 8’de bulunan kesme bolgesi verileri incelendiginde,

e Patlatmada 4 adet 89 mm bos delik uygulamasi yapilmistir. 4 adet 89 mm bos delik, 1
adet 178 mm bos delige es deger olup, uygun bir acilim icin (Sekil 1), delikler arasi
mesafenin 20-25 cm arasinda olmasi hedeflenmelidir. 1. kesme mesafeleri ise 49 cm ila
60 cm arasinda degiskenlik gostermektedir.

e Patlatmada ise 3 adet 102 mm bos delik uygulamas1 yapilmistir. 3 adet 102 mm bos delik
1 adet 176mm delige es deger olup uygun bir agilim i¢in delikler aras1 mesafenin 20-25
cm arasinda olmasi hedeflenmeli, gergceklesenin ise hedeflenen ile uyumlu oldugu
goriilmektedir. 2. kesme bolgesinde ise delikler arast mesafenin 1. kesme mesafesinin
kok iki kat1 olan, 30-35 cm arasinda olmasi gerekirken, gerceklesenin ise 35cm - 49 cm
arasinda degiskenlik gosterdigi goriilmektedir.

Kesme bolgesinde delikler aras1 mesafe arttikca plastik deformasyon sinirina yaklasilmakta
azaldik¢a ise delik cakisma problemleri olasiligi artmaktadir. Bu ylizden 10-15cm lik
farkliliklar ilerleme verimliligini dogrudan etkileyen mesafelerdir.

4.2 V-Kesme (Orta Cekme) Metodu Ile Yapilan Patlatmalara Ait MDA

V Orta Cekme degerlendirmesi amaciyla biri yeralt1 kursun ¢inko madeni spiral rampa, digeri
ise yeralt1 komiir madeni ana nakliye galerisi (desandre) olmak tizere toplamda 2 adet galeride
uygulanan patlatma parametreleri degerlendirilmeye alinmistir. Her bir madende en az 3 adet
patlatmaya ait veriler toplanmis, ortalama oOzellik gosteren birer patlatma segilerek
degerlendirilmistir.

Birinci patlatma, kursun c¢inko madeninde orta-yiiksek dayanim ozelliklerine sahip
metamorfik kiregtasi i¢erisinde gerceklestirilmis olup, ikinci patlatma ise komiir madeni ana
nakliye galerisi i¢erisinde orta-yiiksek dayanima sahip kalker igerisinde gergeklestirilmistir.

Sekil 9°da spiral rampa igerisinde yapilan patlatmaya ait delik diizeni, delik boylar1, gecikme
diizeni ile es zaman egrileri ve 6zgiil sarj dagilimi verileri goriilmektedir.
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Delik Diizeni Delik Boyu Delik Boyu Dagilimi
4
3
2
: | ‘ ‘ H |
0
1 5 9 13172125293337414549535761
Delik Numarasi
B Gergeklesen Delik Boyu

Ozgiil Sarj Dagilimm

Sekil 9. Delik diizeni, delik boylari, gecikme ve 6zgiil sarj dagilima.

Sekil 10°da yeralt1 komiir madeni ana nakliye (desandre) galerisinde yapilan patlatmaya ait
delik diizeni, delik boylari, gecikme diizeni ile es zaman egrileri ve 6zgil sarj dagilimi verileri
goriilmektedir.

Delik Diizeni Delik Boyu Delik Boyu

5.00
4.00
3.00
2.00
1.00

0.00

Delik Numarasi

1 4 7 101316192225283134374043 464952

Es Zaman Egrisi Ozgiil Sarj Dagilimi

Sekil 10. Delik diizeni, delik boylari, gecikme ve 6zgiil sarj dagilima.
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Sekil 11°de her iki patlatmaya ait kesme bolgesindeki egimli delik dogrultular ile mesafeler
goriilmektedir.

1.Patlatma 2.Patlatma

Sekil 11. Patlatmalara ait kesme tasarimi ve mesafeler.

Detaylar1 verilen patlatmalara ait genel uygulama ve sonu¢ parametreleri tablo 2’de
Ozetlenmistir.

Tablo 2. Patlatmalara ait genel uygulama ve sonu¢ parametreleri

Patlatma Delinen Ortalama [lerleme Gergeklesen

Paia;tlma CZI:E Ezzs)lt Sonras1 Kesit Delik Delik Boyu Boyu Ozgiil Sarj éerileI(lz/j)
Alan1 (m?) Boyu (m) (m) (m) (kg/m?)
1. Patlatma 223 - 3.0 2,61 2,45 2,83 %381
2. Patlatma 34.0 25,5 3.8 3,68 3.04 2,75 %380

Her iki patlatmaya ait veriler irdelendiginde (Sekil 9 ve Sekil 10), delik konumlarinin kismen
homojenligini yitirdigi, delik boylarinin, ise hedeflenenden farkliliklar gosterdigi
goriilmektedir. 1. ve 2. patlatmanin 6zgiil sarj dagilimina bakildiginda ¢evre deliklerine dogru
azalmast beklenirken tarama bolgesi ve kesme bolgesi 6zgiill dagilimi ile benzer oldugu
goriilmektedir. Sekil 5.de bulunan kesit alan1 ve sarj ¢ap1 (45mm) grafigine bakildiginda 6zgiil
sarj miktarmin (Tablo 2) her iki patlatmada da ytiksek oldugu goriilmektedir.

Gecikme es zaman egrileri irdelendiginde ise kirilarak dar a¢i yapan zaman g¢izgileri
goriilmektedir. Meydana gelen dar acili zaman egrileri, zaman agisindan sikigsmig ve yiik olarak
onii agilmadan patlayan deligi ifade etmektedir. Bu tiir durumlar genellikle fazla veya az kazi,
geri Orselenme gibi uygun olmayan acilim problemleri yarattig1 bilinmektedir.

Sekil 11°de bulunan kesme bolgesi verileri incelendiginde, 1. patlatmada ylik mesafeleri
maksimum 1,10 m olmas1 gerekirken yiik mesafesinin 2.30 m oldugu, 2. patlatmada ise 2,90 m
oldugu goriilmektedir. Teoride, her iki patlatmada da ilerleme miktarlarina gére minimum 3
adet V tasarimi uygulanmasi gerekirken, uygulamalarin bir veya iki adet V ile sinirlandirildigi
ayrica biitiin delik guruplarinda ayn1 delik boyu ile delindigi goriilmektedir. V tasarimlarinda
delikler arasi aginin minimum 60° olmas1 gerekirken her iki patlatmada da 60° altindadir.

Her iki patlatmada da ilerlemenin 1. kesme deliklerinin kesisme noktasit kadar oldugu
goriilmektedir.
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5 SONUC VE ONERILER

Bu calismada 2 adet paralel kesme, 2 adet V kesme yontemi ile gerceklestirilen yeralt1 galeri
patlatmasina ait patlatma parametreleri kayit altina alinmistir. Elde edilen patlatma sonuglari,
teorik tasarim yaklasimlari ile degerlendirilmistir.

Her iki metot ile yapilan patlatmalarda ilerleme verimliliginin %75-80 arasinda oldugu,
Olciilen kesit alanlarinin ise patlatma 6ncesi kesit alanina %2 ile %25 daraldig1 goriilmektedir.

Her patlatma kendi i¢inde analiz edildiginde patlatma verimliligini dogrudan etkileyen kesme
bolgesi parametrelerinin, tasarim kriterlerine gére uygun olmadigi, delik diizeni ve boylarmin
homojenligini yitirdigi sOylenebilmektedir. Homojenligini yitirmis delik diizeni, homojen
olmayan yiiksek 6zgil sarj dagilimi ve gecikme siiresi siralamasinda uygunsuzluk meydana
getirmekte, bu dagilim ve gecikme siralamasi, diisiik ilerleme, kesit alaninda fazla veya az kaz
gibi uygunsuzluklar olusturmaktadir.

Kaya¢ mekanik ve jeolojik yapisina bagli olarak, hazirlanan patlatma tasarimlarinin
uygulanabilirligini zorlagtiran etmenler (Siireksizlikler, kayac ozellikleri, operator yetkinligi
vb.) tanimlanmali, diizenleyici, Onleyici faaliyetler belirlendikten sonra QA&QC (Kalite
Kontrol) ¢alismalari ile desteklemelidir.

Tespit edilmis uygulama hatalari i¢in, temel diizeydeki, diizenleyici 6nleyici faaliyetlerden,

e Her patlatmaya ait patlatma verilerinin (kaya¢ dayanimi, jeoteknik veriler, 6zgiil sarj,
ilerleme miktari, kesit alan1 vb.) kayit altina alinmasi,
Degiskenlik gosteren kesit alanlarina ait patlatma tasarimlari olusturulmast,
Delik konumlarinin, tasarima uygun olarak ayna lizerinde isaretlenmesi (noktasal veya
karelaj),

e Paralel kesme metodunda kesme bolgesinde bulunan delik konumlarinin, sablon ile
isaretlenmesi,

e V-Kesme metodunda, ilerleme miktarina gére V sayisinin belirlenmesi, delik boylarinin,
yiik mesafesi ve V arasi agiya gore belirlenmesi,

Patlatma verimliligini olumlu etkileyecek baslica onerilerdir.

Patlama verimliligi, tasarim parametrelerinin uygulanabilirligi ve uygulama kalitesi ile
dogrudan iliskilidir. Yapilan detayli analiz ¢iktilari, gergeklestirilen calismanin belirlenen
hedefe ne kadar yaklasildigina dair 6nemli bilgiler vermek ile beraber isletme maliyetine olan
etkisinin de degerlendirilmesinde etkin bir rol oynamaktadir.
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Saha Uygulama Performansinin Patlatma Performans: Uzerine
Etkisi

The Effect of Field Application Performance on Blasting
Performance

B. Dede
Etiit Planlama Miihendisi, Ciftay Insaat Taahhiit ve Ticaret A.S—Divrigi-Sivas.
baver.dede@ciftay.com.tr

OZET Delme patlatma islerinde, patlatilacak kayaca gore dzel olarak belirlenen, delik capr,
patlayici tiirli ve miktar1 gibi bir¢ok parametre bulunmaktadir. Ancak tasarim parametrelerini
dogru belirlemek, ileri teknoloji iirlinleri kullanmak tek basina basarili sonuglar elde etmek i¢in
yeterli degildir. Bunlarin yaninda yapilan tasarimin sahada dogru ve titiz bir sekilde
uygulanmasi da atim verimini ve giivenligini etkileyen 6nemli bir parametredir. Deliklerin
dogru delinmesi, patlayicilarin deliklere dogru yerlestirilmesi tasarlanan patlatmanin istenilen
dogrultuda yapilmasini saglayacaktir. Bu ¢alismada bir yeralti demir madeninde yapilan delme
patlatma uygulamalarinin verimini arttirmak i¢in yapilan izleme projesi ve sonuglari
anlatilmaktadir. Delme patlatma parametreleri degistirilmeden atim sonuclarini iyilestirmeyi
tesvik eden bir sistemin uygulamasi sonucu ¢alisilan 1.proje i¢in cevher aynasinda atim verimi
ortalama %.11 artmis, pasa aynasinda ise % 6 artmustir. ¢alisilan ikinci proje i¢in ise bu sonuglar
cevher aynasinda % 15 artmis, pasa aynasinda ise % 11 verim artig1 saglanmustir.

Anahtar kelimeler: Delme Patlatma, Verimlilik, Performans, Rekabet

ABSTRACT For drilling and blasting operations, deciding and optimizing design parameters,
using high technologies won’t be enough to get successful results. In addition to these
parameters it is crucial to apply design parameters in the field correctly in order to have efficient
and safe blasting. In this study it is shared the results of surveying the field applications of
drilling and blasting in order to increase the efficiency for an underground iron mine. Without
changing the design parameters it is observed that advance is increased %11 for ore production
and %5 for waste production for the first project and advance is increased %15 for ore
production and %11 for waste production for the second project.
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1 GIRIS

Delme patlatma islerinde, tasarim parametrelerini dogru belirlemek, ileri teknoloji triinleri
kullanmak tek basina basarili sonuglar elde etmek i¢in yeterli degildir. Bunlarin yaninda yapilan
tasarimin sahada dogru ve titiz bir sekilde uygulanmasi da atim verimini ve giivenligini
etkileyen 6nemli bir parametredir. Bu ¢alismada bir yeralti demir madeninde yapilan delme
patlatma uygulamalarinin verimini arttirmak ic¢in yapilan izleme projesi ve sonugclari
anlatilmaktadir.
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2 PATLATMA VERIMLILIGI

Verimli bir patlatmadan beklenecek sonuclar minimum maliyetle istenen par¢a boyutunda,
maksimum miktarda, uygulayicinin ¢alisma sartlarina uygun geometride ve yiikleyici
makineler i¢in uygun bir sekilde 6telenmis y131in elde etmektir (Ozer 2001, Kalayc1 2011). Yer
alt1 patlatmalarinda hedeflenen ilerleme ile birlikte atim sonrasi ¢evre kayacta asir1 sdkiilmelere
bagl kontrolsiiz bosluklarin olusmamasi da istenir. Tiim bu sonugclari elde edip siirekliligini
saglamak, gerektiginde miidahale etmek ancak isletmenin uygun bir izleme sistemi kurmasi ile
miimkiindiir.

2.1 Patlatma Verimliligini Gerekliligi

Glinlimiiz maden isletmeciliginde uygulanan metotlarin ¢ogunda kullanilan delme patlatma
operasyonlar1 iiretim maliyetini dogrudan ve dolayl olarak etkileyen ¢ok énemli bir unsurdur.
Isletmelerde delme-patlatma operasyonlarin verimini arttirmaya yonelik teknik uygulamalar
her ne kadar 6nemli bir yere sahip olsa da bu uygulamalarin takibi ve dogru uygulanabilirligi
de bir o kadar 6nem arz etmektedir. Delme patlatma operasyonlarinda verimliligi arttirmaya
yonelik bir¢ok teknik caligma yapilabilmektedir. Ancak bu c¢alismalar zaman ve kaynak
kullanimini1 dogal olarak arttirmaktadir. Kisitli kaynak ve zamana sahip oldugumuz diinyada
isletmeler en az kaynak ile liretim verimini arttirmanin yollarini arastirmaktadirlar. Bu nedenle
delme patlatma uygulamalarinin dogru uygulanmasi, ek bir zaman ve kaynak kullanimi
olmadan verimliligi arttirir.

Patlatma verimliligi ic ana maddeye etki etmektedir. Bunlar; ilerleme hedefi, sarf malzeme
maliyetleri ve iiretim hedefleridir.

2.1.1 Ilerleme hizi

Taahhiitlii ya da kendi yeralti isletmesini isleten sirketler icin belirlenen termin zamaninda
hazirlik caligmalarinin tamamlanmasi veya belirlenen siirede daha fazla ayna ilerlemesi yapip
cevher liretimi yapmak isletme verimliligi acisindan oldukc¢a 6nem arz etmektedir.

2.1.2 Delici makine sarf malzemeleri ve patlayict madde maliyetleri

Madencilik projelerinin verimli olabilmesi i¢cin maliyetlerin miimkiin olan en diisiik seviyede
tutulmas1 gerekmektedir. Bu nedenle maliyet parametreleri detayli olarak incelenmelidir. Bir
delme patlatma operasyonunda en Onemli parametreler delici sarflar1 ve patlayici
malzemeleridir. Bunlar delgi icin bit, sank, rod; patlatma icin ise kapsiile duyarl patlayici,
ANFO ve atesleme sistemleridir. Patlatma verimliliginin artmasi bu sarf malzemelerinin daha
az kullanilmast ya da ayni miktarda kullanilarak daha fazla ilerleme kat edilmesini
saglamaktadir.

2.1.3 Uretim artisi

Madencilik operasyonlarinda {iretim terminlerinin belirlenen siire igerisinde karsilanmasi
isletmenin karlilig1 agisindan 6nemlidir. Bir ayna atiminin ilerleme metraj1 arttig1 zaman, ayni
ayna atimu siiresinde daha fazla malzeme ilerleme metrajiyla dogru orantili olarak artmaktadir.
Uretim miktarindaki artis cevher ise, ayni siirede daha fazla nakit girdisi olusturmaktadir. Ayni
sekilde eger iiretilen miktardaki artis hazirlik (pasa) ise ayni siirede daha az ton bas1 maliyet
olusturmaktadir.
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2.2 Patlatma Verimliligi icin istatistiksel Veriler

2.2.1 Geg¢mis yillarin ayna ilerlemeleri

Bu calisma kapsaminda aymi sahadaki 3 fakli projenin ge¢mise ait aylik ortalama ayna
ilerlemeleri Tablo 1°de verilmistir.

2.2.2 2020 yili ayna verimliligi

2020 yil1 i¢in ilk 2 proje ve yeni baslayan 4. Projeye ait aylik ortalama ayna ilerlemeleri Tablo-
2’ de verilmistir. Bir 6nceki boliimde bahsi gecen 3’ nolu proje bittigi i¢in Tablo 2°de yer
almamustir.

Tablo 2. 2020 Yili Aylik ilerlemeleri

Proje-1 Proje-2 Proje-4
CEVHER CEVHER CEVHER
PASA AYNA PASA AYNA PASA AYNA
YILLAR AYLAR AYNA AYNA AYNA
ORTALAMASI ORTALAMASI ORTALAMASI
ORTALAMASI ORTALAMASI ORTALAMASI
(m) (m) (m)

(m) (m) (m)

OCAK 3.80 3.50 3.83 3.63 0.00 0.00
SUBAT 3.44 3.54 3.76 3.57 0.00 0.00
MART 3.72 3.49 3.80 3.61 0.00 0.00
NiSAN 3.45 3.60 4.19 3.54 0.00 0.00
MAYIS 3.40 3.30 3.77 3.57 0.00 0.00
HAZIRAN 3.04 3.27 3.75 3.55 0.00 0.00
2020 |TEMMUZ 3.35 3.46 3.50 3.30 3.72 0.00
AGUSTOS 3.72 3.38 3.59 3.45 3.67 0.00
EYLUL 3.42 3.21 3.84 3.60 3.57 0.00
EKiM 3.55 3.16 3.81 3.78 3.37 0.00
KASIM 3.53 3.25 3.63 3.50 3.58 0.00
ARALIK 3.84 3.29 3.75 3.47 3.51 0.00
ORTALAMA |  3.52 3.37 3.77 355 | 357 | 0.00

3 SAHA UYGULAMA PERFORMANSI

Saha uygulama performansi; personellerin yaptiklari islerin verimliliklerinin istatistiksel olarak
verilerin toplanip bir karsilastirma silirecine tabi tutarak; personellerin is bakimindan
verimliliginin 6l¢iildiigl bir sistemdir. Bu sistem dogrultusunda personellerin yaptiklari isi daha
motive bir sekilde yapmasi amaglanmaktadir. Verimliligin yiiksek oldugu personeller
odiillendirilirken; personele kazanma ve basarma duygular1 verilmektedir. Bunun sonucunda
personelin bir sonraki degerlendirme siliresinde verimliligi artarak devam etmektedir. Ayni
sekilde verimliligi diisiik olan personeller verimliligi yiiksek olan personellerin kazanmis
oldugu kazanma ve basarma duygularima sahip olmak i¢in caba gostermektedirler. Bu
duygularin yaninda isin maddi acidan getirisinin olmasi personeller acisindan fazladan bir
motivasyon sebebi olmaktadir.

205



10" International Drilling and Blasting Symposium

25-26 November 2021/Antalya-Turkey

Tablo 1. Gegmis yillara ait aylik ilerlemeler

Proje-1 Proje-2 Proje-3
CEVHER CEVHER CEVHER
vuan | avan PR awa PSRN e PSRN v
(m) ORTALAMASI (m) ORTALAMASI (m) ORTALAMASI
(m) (m) (m)
OCAK 0.00 3.55 2.86 3.10 2.76 3.78
SUBAT 0.00 3.66 2.94 3.03 2.72 2.85
MART 3.33 3.66 3.11 3.02 2.86 2.62
NiSAN 3.28 3.34 2.89 3.67 2.96 2.85
MAYIS 0.00 2.84 2.99 2.70 2.74 3.58
HAZIRAN 0.00 2.72 2.97 4.20 2.85 2.95
2016 |TEMMUZ 0.00 2.90 2.94 3.39 2.89 3.35
AGUSTOS 2.93 2.73 2.95 2.93 2.55 0.00
EYLUL 3.21 3.18 2.93 3.05 2.93 3.66
EKIiM 3.25 3.20 3.25 3.05 3.63 3.22
KASIM 3.15 3.40 3.03 3.56 3.26 3.02
ARALIK 2.98 3.39 3.03 3.57 2.92 3.35
ORTALANMA 3.17 3.28 2.99 3.21 2.83 3.12
OCAK 3.30 3.69 3.07 3.47 3.14 3.79
SUBAT 3.24 3.14 2.74 3.16 2.92 3.41
MART 3.23 3.43 3.09 3.39 2.86 3.30
NiSAN 3.23 3.22 2.96 3.46 2.88 3.68
MAYIS 2.92 3.50 2.98 3.58 2.80 3.76
HAZIRAN 3.07 3.16 3.04 3.38 2.71 3.24
2017 |TEMMUZ 3.37 3.88 2.96 3.72 2.89 3.16
AGUSTOS 3.41 3.62 2.43 0.00 2.90 3.54
EYLUL 3.12 3.77 3.13 3.54 2.78 3.35
EKiM 3.08 3.47 2.61 3.26 3.17 0.00
KASIM 3.18 3.50 3.29 3.61 3.10 3.52
ARALIK 3.34 4.16 3.33 3.69 3.04 3.17
ORTALAMA 3.19 3.43 2.97 3.44 2.92 3.35
OCAK 3.14 3.64 3.31 3.49 3.05 3.67
SUBAT 3.16 2.01 3.34 3.42 3.31 3.76
MART 2.48 3.02 3.39 3.23 2.90 3.31
NiSAN 2.73 3.36 3.32 3.57 3.07 3.98
MAYIS 3.27 0.00 3.25 3.48 2.82 3.01
HAZIRAN 3.26 3.62 3.16 3.64 2.96 3.46
2018 |TEMMUZ 3.46 3.06 2.85 3.26 3.12 3.22
AGUSTOS 0.00 3.15 2.92 3.42 3.20 3.42
EYLUL 0.00 3.61 3.12 3.63 2.92 3.58
EKIM 0.00 3.41 3.06 3.25 3.16 3.96
KASIM 0.00 3.66 2.98 3.38 3.01 3.97
ARALIK 0.00 3.22 3.22 3.14 3.10 3.79
ORTALAMA 3.05 3.45 3.13 3.40 3.06 3.50
OCAK 3.11 3.55 3.04 3.30
SUBAT 3.11 3.33 3.06 3.30
MART 3.11 3.38 2.97 3.56
NiSAN 3.15 3.31 2.98 3.54
MAYIS 3.28 3.13 3.29 3.21
HAZIRAN 3.22 0.00 3.24 3.63
2019 |TEMMUZ 3.22 3.00 3.12 3.58
AGUSTOS 2.87 3.20 2.86 3.29
EYLUL 3.22 3.08 3.10 3.43
EKIiM 2.90 3.31 3.02 3.41
KASIM 3.16 3.56 3.20 3.55
ARALIK 3.39 3.64 3.56 3.69
ORTALAMA 3.14 3.34 3.10 3.49
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3.1 Psikoloji ve Is Verimliligi

Calisan psikolojisi ve is verimliligi arasindaki iliski ile ilgili Tiirkiye de fazla bir bilimsel
calisma bulunmamakla birlikte, yurtdisinda bu konu ile ilgili bircok tez ve makale
bulunmaktadir. Calisan psikolojisi ve is verimliligine etkileri ile ilgili yeni gelistirilen metotlar
ve saha uygulamalar1 mevcuttur.

Calisanlarin 1s yerindeki psikolojik durumu is kazalarinin azaltilmasi konusunda onemli
oldugu kadar isin verimli bir sekilde ilerlemesi i¢inde 6nem arz etmektedir. Personeller arasinda
gelistirilen huzur, rekabet ve taktir edilme duygular1 isin daha iyi bir sekilde yapilmasina ve
bununla dogru orantili olarak isin mevcut veriminin artmasina neden olmaktadir.

3.2 Saha Uygulama Performansinin Anlatilmasi ve Anlasilmasi

3.2.1 Saha uygulama performansinin anlatilmas

Hazirlanmasi planlanan saha uygulama performanslari her igletme tarafindan kendi degerleri ve
personel durumlar1 géz Oniinde tutularak hazirlanmalidir. Isin en 6nemli noktas1 ise bu
degerlendirme ve Odiillendirme sisteminin c¢alisan personellere dogru ve eksiksiz olarak
anlatilmasidir. Yanlis veya eksik anlatilan bir sistem sonucu personellerin almay1 diistindiikleri
ticretleri alamamalar1 durumunda verim artisindan ziyade verim kaybi1 yasanabilir. Bu neden ile
sistem olusturulduktan sonra gerekli durumlarda calisan temsilcileri ile y