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Abstract: The blasting operation plays a pivotal role in theerall economics of opencast mines. The blastifysystem affects all the other
associated sub-systems, i.e. loading, transparsharg and milling operations. Fragmentation cdrttrmugh effective blast design and its effect on
productivity are the challenging tasks for practicblasting engineer due to inadequate knowledgetfal explosive energy released in the borehole,
varying initiation practice in blast design andeffect on explosive energy release characteristics paper describes the result of a systematityst
on the impact of blast design parameters on raaynfientation at three mines in India. The minesdunaglines and shovel-dumper combination for
removal of overburden. Despite its pivotal rolecantrolling the overall economics of a mining opiena, the expected blasting performance is often
judged almost exclusively on the basis of poorlfirsiel parameters such as powder factor and is @ftetitative which results in very subjective
assessment of blasting performance. Such an apgpeaery poor substitutes for accurate assessofemtplosive and blasting performance. Ninety
one blasts were conducted with varying blast desagmd charging patterns, and their impacts ondblk fragmentation were documented. A high-
speed camera was deployed to record the detorsgipurences of the blasts. The efficiency of theifmpthachines was also correlated with the mean

fragment size obtained from the fragmentation esealy
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1. Introduction

Rock fragmentation distribution influences a rargfemining and
milling processes including load and haul ratessiting and grinding
performance and ore recovery in beneficiation ees (Michaud et al.,
1997). In opencast mining, where blasting is emgdiofor excavation,
the overall cost effectiveness of the productioerafions is compatible
with optimization of driling and blasting paramete Rock
fragmentation depends upon two groups of variablegk mass
properties which cannot be controlled and drill-dtast design
parameters that can be controlled and optimizede Tosts of
downstream operations can be reduced by optimittiegblast design
parameters to provide target fragmentation. Therpaters of target
fragmentation are equipment specific and vary foategory of mine to
mine. The high level of mechanization and the iratgg nature of the
production systems adopted in the mining indusegnand that all the
units must function with the designed reliabilitydacapacity to achieve
planned production targets (Singh and Narendr@a9p

The objective of a blasting engineer in a mineigenerate a suitable
muck pile having suitable size distribution of theck that can be
efficiently loaded, transported and milled (Sindhak, 2005). The goal
of efficient blasting can be achieved by investigatthe relationship
between blast design parameters and fragmentaliois. extremely
important to make the connection between rock ibigsesults and their
impact on the downstream operations. It is well epted that
fragmentation has a critical effect on the loadogperations, but little
gquantitative information is available, upon whichtional blasting
strategies can be outlined. Spathis (2002, 200&udsed some aspects
of size reduction and its influence on mineral fd®n, which mainly
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described the area of prediction and assessmegthergwith the related
assumptions: fines, mean size, oversize, cumulatize distributions,
and measurement protocol.

Total cost of aggregate production in a quarrydasnimum value at
an optimum fragmentation size (Mackenzie, 1967;iMand Ficarazzo,
2006). Prediction of the optimum fragmentation sizé help the quarry
owners in selecting blasting parameters to prodegaired material size
at a known cost and also in selecting other crsgskad conveyor
systems. Optimum fragmentation size may not bergheired size but
knowing the size distribution for particular blashd rock mass
conditions, the contractor can adapt the blastingassible (Engin,
2009).

Hustrulid (1999) cited from Burkle (1979) that Hlag results are
affected by the orientation of the rock mass stnes. Three cases which
have to be considered are: (i) shooting with the i) shooting against
the dip, and (jii) shooting along the strike. Whéleooting with the dip,
backbreak increases, toe problem decreases regiritia smooth floor,
and throw of the blast increases resulting in soadt and low muck pile
(Fig. 1a). When shooting against the dip, therelese backbreak, more
toe problems resulting in uneven floor, and deénegthrow of the blast
resulting in higher muck pile profile (Fig. 1b).ngily, when shooting
along the strike (Fig. 1c), the floor can be highdpthed due to the
different rock types intersecting the floor. Foeteame reasons, the
backbreak is irregular. The effect of jointing @tk fragmentation has
been documented by Hustrulid (1999) and is predentEig. 2.



Fig. 1. Diagrammatic representations of (a) shooting wilith, (b) shooting
against the dip, and (c) shooting along strike kByr1979).

Idealized cracking

Joint system

Blasting fragmentation

Fig. 2. Effect of jointing on fragmentation (after Husidyl1999).

The Kuz-Ram model is generally used for predictioh the
fragmentation size after blasting. The Kuz-Ram rhaglen empirical
fragmentation model based on the Kuznetsov (1978) Rosin and
Rammler (1933) equations modified by Cunninghan8819987) which
derives the uniformity index in the Rosin-Rammleguation from
blasting parameters. Rock properties, explosivepgnees, and design
variables are combined in this modern version of tkuz-Ram
fragmentation model.

The Rosin-Rammler equation used by Cunningham (1fe8®lasting
analysis is

X
R=e (XC] (1)
whereR is the fraction of material retained on screeis, the screen size,
Xc is a constant called characteristic size, ani$ a constant called
uniformity index.

The uniformity index typically has values betweerf Gand 2.2
(Cunningham, 1983). A value of 0.6 means that thekrpile is non-
uniform (dust and boulders) while a value of 2.2ansea uniform muck
pile with majority of fragments close to the me&@esThe importance of
the uniformity index is size distribution curves vimg the same
characteristic size but different values of unifaynmdex.

The Kuznetsov equation relates the mean fragmeettsithe quantity
of explosives needed to blast for a given volumeook. The Kuznetsov
equation is

0.8
{5) @
Q
whereks, is the average fragment in chjs a rock factory is the rock
volume in ni broken per hole (burdex spacingx bench height), an@®
is the mass in kg of TNT equivalent explosivestpze.
Cunningham (1983) associated the paramétewith rock mass

)

description (friable, jointed or massive), joinispng, rock density, rock
uniaxial compressive strength, and Young’s moduldscording to
Gheibie et al. (20094 is equal to 7 for medium rocks, 10 for hard, high
fissured rocks, and 13 for hard, weakly fissurezkso

Since TNT is no longer used as a standard expldsiveomparison,
an equivalent quantity for an explosiv@.) related to TNT is calculated

as

n E
Q= Qew) (3)
whereE. is the absolute weight strength of the explosead/§) and the
factor 1090 is the absolute weight strength of TNT.

The above two equations can further be simplifiedhte following
expression:

kso i} Aqio.Bnge[i]*lgBO

1090 4
whereq is the inverse 0¥/Q. defined as the powder factor (kgjm
Assumingx = ks in Eq. (1),R=50% = 0.5, we have
05=e'* (5)

Therefore ksg can be determined from the Kuznetsov equationttaad
characteristic siz& can be calculated if is known. If bothx. andn are
known then the distribution is known from the ReRiammler equation.
The resulting model is called the Kuz-Ram modelni@agham (1987)
proposed the following formula for the estimatidmo

L

P T of
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whereB is the burden in md is the hole diameter in mnW is the
standard deviation of drilling accuracy in 8B is the spacing to burden
ratio, L is the charge length above grade level inLejs the bottom
charge length above grade in Im,is the column charge length in m, and
H is the bench height in m.

(©)

2. Experimental site details

Investigations were carried out at three minesnidid, i.e. Nigahi
project of Northern Coalfields Limited, Sonepur Bazproject of
Eastern Coalfields Limited, and Kusmunda projectSafuth Eastern
Coalfields Limited.

The Nigahi project stands out as a hilly plateathwlevation of about
400-450 m above the mean sea level. The rocks arenefrIGondwana
formation. There are three coal seams, i.e. TWRtagwa bottom and
Purewa top seams (Purewa bottom and top seamefgined at few
locations). The thicknesses of the coal seams&f&7lm, 1112 m and
7-9 m, respectively. The direction of strike is tod&E-W with broad
swings. The dip of the coal seam is-4° in northerly direction. The
block has 491.8 Mt of coal reserves. In Turra ance®a (bottom, top
and combined) seams, the average stripping ratlo3ig6, i.e. 3.76 fn
of overburden is to be removed for extraction ofaf coal. The mine is
currently producing 14 Mt of coal per annum.

Sonepur Bazari project of Eastern Coalfields Lichite located in the
eastern part of Raniganj Coalfields. Four coal sgam. R-IV, R-V, R-
VI and R-VII, are mainly exposed in the mine. Prelsg seams R-V and
R-VI are being extracted by opencast method of mginiThe mine is
producing about 4.5 Mt of coal and removal of oweden is about 12
MmZ. The stripping ratio of the mine is 1:4.72, i.&/2n7? of overburden
is to be removed for mining of 1 t of coal. Theatatoal reserve of the
mine is 188.26 Mt.

Kusmunda project is located in the western banklasdeo River in
the central part of Korba Coalfields in the digto€ Korba, Chhattisgarh
State. Kusmunda project is having a flat terraithwainor undulations.
The general elevation ranges from about 290 m @orB@&bove mean sea
level. The seams generally have a dip ranging f&6nto 10° and the



overall grade of coal is of Grade ‘F'. The mineduwoes about 18.75 Mt
of coal per year. The total overburden handlecbizut30.69 MM The
overview of the Kusmunda opencast project is shiowfig. 3.

Fig. 3. Overview of the Kusmunda project.

3. Methodology

Blast design parameters of bench blasting are toetraling
parameters which regulate the desired fragmentéicei of a particular
blast. Rock mass properties and blasting parametergrol the
efficiency of a blasting operation. But, all theaftl design parameters
cannot be changed depending on the type of stradabanch height.
Hole diameters of 159 mm, 259 mm, 269 mm and 311 weme used
depending on their bench height. The bench heightelated to the
working capability of loaders and varies from 5ard2 m. A few blasts
were performed by the existing blast design pradtim the mine and

after each blast, 35 scaled digital photographs throughout the

complete mucking of the fragmented rock pile weakeh as well as
loading efficiency of the shovel was recorded. FRragtation

characteristics such as mean fragment size, unifprindex and

characteristic size were calculated by using digiteages in an image
analysis system called Wipfrag® software. The ptossnechanical
properties of rock sample collected at Nigahi, $omeBazari and
Kusmunda projects are presented in Table 1. Fidepicts the view of
the detonation sequence of shovel bench blast amiinda project.
Fragmentation analyses were carried out for allblasts in different
segments. The view of the post blast results demint benches at
Kusmunda project is depicted in Fig. 5.

Fig. 5. Post blast view of different benches at Kusmundgept.

Fig. 4. View of the detonation sequence of shovel benaktldonducted at Kusmunda project.

4. Analysis of data

The blast design parameters data collected frorbl&dts from three
experimental sites are analyzed to find out thempacts on rock
fragmentation level. The main important parametehsch decide the
fragmentation level of particular blasts are burttehole diameter ratio,
spacing to burden ratio, stemming column lengthffness ratio,
explosives amount and type, initiation mode andgdfpowder factor.
Table 2 summarizes the details of the trial blamtdected at three

experimental sites. Fig. 6 represents the elemefitblast design

parameters. The near field blast vibration sigmadse also recorded to
diagnose the impact of delay timing on rock fragtagon. The blast
wave signals recorded at 100 m from one of the baedburden dragline
bench blast are depicted in Fig. 7. In this bldet,delay interval between
the holes in a row was 17 ms and between the rbevsi¢lay intervals
were 65 ms, 84 ms, 100 ms, 117 ms, 134 ms and $50 subsequent
rows. Fig. 8 represents the blast wave signalgdedoat 100 m from the
hard OB bench (dragline bench) blast at SonepuaBgzoject. In this

blast, the delay intervals were 17 ms between theshin a row and 65
ms and 84 ms between the rows. Other blast wavelsigecorded at



100 m from the shovel bench blast with delay irdéof 17 ms between

the holes in a row and 59 ms, 84 ms and 101 mseeetihe rows are

presented in Fig. 9.

Table 1. Physico-mechanical properties of rock collectednfrespective mines.

Name of the proje  |Rock type/Location Uniaxial compressive strength (MPa) flesgength (MPa) | Density (kgfin |Poisson’s ratio| Young's modulus (GPal)
ISonepur Bazari Sandstone/Dragline bench 37.29 3.46 2320 0.23 7.05
[Sandstone/Shovel bench 36.52 3.41 2300 0.23 7.02
Nigahi ISandstone/Dragline bench 31.73 3.53 2054 0.21 3.41
[Sandstone/Shovel bench 29.56 3.23 2010 0.2 3.25
Kusmunda Sandstone/Shovel bench 26.59 2.14 2017 0.25 5.57

Table 2. Summary of experimental blasts details at Nigabhepur Bazari and Kusmunda projects.

Name of thiNo. ofBlast ho;tiole Burden (Spacing [Top Primer/Booster Initiation systems Explosives
project trial diameters (mnplepths  |(m) (m) Istemming
blasts (m) (m)

Nigahi 25 269 and 311 [9.5-42 4-10 |6-13 5-7.5 PETN cast booster: 0-6 kgDetonating cord with cord relay (CR) of 25 ms Sitd mixel
(i.e. 0.16%0.2% of colum|50 ms and milli-second connector (MSC: 17 mg&mulsion
charge) 42 ms, 65 ms, 100 ms, 125 ms, 142 ms and 15€xplosives

ms)

ISonepur 32 269 10-31 @49 5-10 5.6-9 PETN cast booster: 0.128 kgNor-electric shock tube delay detonators: Site mixe

Bazari (i.e. 0.16%0.2% of colum|Down the hole delays (DTH) - 450 ms and lemulsion
charge) ITrunk line delays (TLD) - 17 ms, 25 ms and 42/emplosives

Kusmunda (34 259 10-20 [5.8-7.5 [6-7.8 |4.58 PETN cast booster: 0.26.79Nor-electric shock tube delay detonators: Site mixe
kg (i.e. 0.15%0.2% of colum|Down the hole delays (DTH) - 450 ms; lemulsion
charge) ITrunk line delays (TLD) - 17 ms and 42 nas)dexplosives

detonating cord with cord relay of 50 ms
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The fragmentations achieved from these blasts atefie different
results. Most of the blasts results were excellerierms of fragmented
rock mass and its uniformity. A few blasts reswdtso have shown
scattered results in terms of large size boulderd #ne and dust
particles as represented in terms of uniformityeingh). Most of the
blasts resulted in good muck piles. The fragmené sinalyses were
carried out using Wipfrag software. The outputh# analyses are in the
form of number of exposed fragmented blocks, marimminimum and
mean sizes of the fragmented blocks, sieve analgsisper the
requirement, i.e. at different percentile size®gf D2s, Dso, D7s andDgg
(percentile sizes: for exampl®,o is the ten-percentile, the value for
which 10% by weight of the sample is finer and 9@8érser. In terms of
sieving,Dyg is the size of sieve opening through which 10%wieight of
the sample would pass). The detailed fragmentatioalyses were
carried out at Nigahi, Sonepur Bazari and Kusmuprdgcts. One of the
fragmented size analyses of the blast conductednedium hard
overburden bench of Nigahi project is shown in Hi§. The loading
cycle of 10 m shovel for the blast performed at hard overburstavel
bench is depicted in Fig. 11. The similar fragmgataanalysis has been
presented for the blast results performed at hamtborden bench of
Sonepur Bazari project and is illustrated in Figy. Big. 13 represents the
loading cycle of the 10 fnshovel operated at hard overburden shovel
bench of Sonepur Bazari project. Fragmentationaiedyses of the blast
conducted at hard, medium hard and soft overburdenches of
Kusmunda project are shown in Figs.—-18. Fig. 17 represents the
loading cycle of the 10 frshovel operated at medium hard overburden
shovel bench at Kusmunda project.
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4.1. Burden to hole diameter ratio

Hole diameter and burden are two important blastgileparameters.
In these trial blasts, hole diameters were of thliferent types, i.e. of
259 mm, 269 mm and 311 mm but out of 91 blastshl@Sts were
conducted with 259 mm and 269 mm diameters. Thezefocan be said
that the variation in burden to hole diameter ratias in fact the
variation in burden alone. Fig. 18 depicts the pletiveen burden to hole
diameter ratio vs. mean fragment size. It is otestfvtom Fig. 18 that the
mean fragment size decreases with decrease inrbtodeole diameter
ratio. A few data do not show the expected tremdba@ily because of the
impact of geology on blast fragmentation. In gehéhe small diameter
holes with smaller burden produces smaller fragrsizess.
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Fig. 18. Burden to hole diameter ratio vs. mean particie.si

4.2. Spacing to burden ratio

Spacing and burden are important parameters and imamediate
impacts on rock fragmentation in blast design. Esive burden creates
resistance to penetrate the explosion gases ietérdioture and displace
rock, and will also produce excessive vibrationelevSmall burden
allows the gases to escape and push the blastiedimgontrollably with
high speed. Small spacing causes excessive crubkimgeen the holes
and superficial crater breakage. Excessive spaesgits in inadequate
fracturing between the blast holes which creategjidar faces with toe
problems. The spacing to burden ratio can alsodpested by changing
the blast detonation sequence through differentiesigns, i.e. diagonal
firing, V-cut and elongated V-cut firing. If burdésnot compatible with
spacing, the blast holes will not connect, resgliim inadequate use of
explosive energy. In general, the spacing to burdén varies between
1 and 2 but the optimal spacing to burden ratio &% for staggered
pattern and 1.25 for rectangular pattern (Haga83L9Mean fragment
size and uniformity indexnj verses spacing to burden ratio are plotted in
Figs. 19 and 20, respectively. As most of the datze slight variation in
spacing to burden ratio, the outcome of the gréphst so significant. It



also appears from Fig. 20 that uniformity indexfémw blasts is not in
accordance with trend line which resulted in eith@or fragmentation in
terms of fine fragment or large size boulders. Hmwein Fig. 19, the
spacing to burden ratio between 1.1 and 1.3 sha&eellent blast results
except for a few blasts which have low uniformitydéx ) due to

presence of joints and backbreaks of previous .blast

1
0.9
0.8 -
0.7
0.6
0.5
0.4
0.3
02 H ¢ SonepurBazari .
01 H 4 Kusmunda

0 - --- Linear (Nigahi)

Nigahi
Linear (Sonepur Bazari) | |
------- Linear (Kusmunda)

Mean fragment size (m)

0.9 1.0 11 1.2 13

Spacing/burden ratio

14 15 16

Fig. 19. Spacing to burden ratio vs. mean particle size.
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4.3. Stemming length to burden ratio

Stemming length is another blast design paramétr affects rock
fragmentation. This becomes even more significamemthe blast faces
encounter hard rock near the blast hole collar zdin¢he rock has
natural cracks in burden portion, then long stengmimay be
recommended, but on the other hand, for massivé&, reemming
column is required to be kept short. For the blastsandstone benches
of coal mine, stemming length to burden ratio winsted against mean
fragment size. The data points are relatively scadt but the general
trend shows that the mean size of fragmented redkedses with the
decrease in stemming length to burden ratio (Fy. 2
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Fig. 21. Stemming length to burden ratio vs. mean fragraizet

4.4. Powder factor

Powder factor is the ratio between the amount i firoken and total
weight of explosive consumed. It is an importantapzeter in blast
design and has a vital influence on the resulteagnientation. Higher

powder factor causes oversize and lower powdeorfaesults in crushed
rock. Mean fragment size was plotted against thedgo factor for 91

blasts of coal overlying overburden benches, asepted in Fig. 22. The
general trend shows that, with increase in powdetof, the mean
fragment size decreases. A few scattered datasrgthph are expected
due to the geological discontinuities of the rockss of the blasting
patch.
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Fig. 22. Powder factor vs. mean fragment size.

4.5. Stiffness (bench height to burden ratio)

Stiffness is the bench height to burden ratio alsd anfluences the
resultant fragmentation. Although the bench heighisually decided on
the basis of the working specification of the loadiequipment, the
bench height should also be adequate to achiewaadturden, spacing
and powder factor (Singh and Abdul, 2012). The nfemgment size was
plotted against stiffness as shown in Fig. 23.sltobserved that the
stiffness value of less than 2 gives coarser fragat®n and the best
optimum value comes around 3. Change in the bualespacing has
significant effect on rock fragmentation. In casdigh stiffness value, it
is easy to displace and deform rock especiallpatcenter of the bench
(Ash, 1985) but on the other hand, there can bkl@ms relating to blast
hole deviation.
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Fig. 23. Bench height to burden ratio vs. mean particle. size

4.6. Joint plane orientation and spacing

Joint and bedding planes act as natural pre-ghliieg blasting and if
possible, should be used to improve blast perfoomafror example,
horizontal bedding allows pull to be maximized #inel blasted rock will
tend to split horizontally. Spacing of joints witha rock mass will have
significant impact on the size distribution of tidasted muck. In
general, the joint spacing will also improve thagimentation level. It is
suggested that in a rock mass with small joint @lapacing, explosives
having lesser shock energy and high gas energydsbewsed; while in
case of rock mass having larger joint spacing, énigthock energy and
lesser gas energy should be used for better shateffect.



5. Conclusions

The main conclusions of the study are drawn aevial

(1) Mean fragment particle size increases with theciase in the burden
to hole diameter ratio. This increase was mainly thuthe increase
in burden as the hole diameter was kept constant.

(2) Mean fragment size of the blasted muck decreagistiaé increase

in the spacing to burden ratio. The optimum val@iesmacing to

burden ratio ranged from 1.1 to 1.3 and resulteéxcellent rock
fragmentation. It was found that the uncontrollgiéeameters such
as joints and fractures have significant influeaneuniformity index

(n).

Stemming length to burden ratio was plotted agaimesan fragment

size and the general trend shows that mean fragmieet of

fragmented rock decreases with the decrease ofstegriength to
burden ratio.

As anticipated, the increase in the charge/powaldof will increase

the rock fragmentation level, i.e. decrease innlean fragment size

of the rock.

The stiffness (bench height to burden ratio) vsamfgagment size

plot indicates decrease in mean fragment size witlreasing

stiffness.
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