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ABSTRACT

This thesis has investigated ways of exerting control over coél breaking during
blasting. lts ultimate objective has been to optimise the use of explosive aneigy in
blasting so as to ensure reduced production of coal fines In the comminution
process, .

The ivastigations reported - -ere conducted on laboratory models at & scals of a
controllable energy to enable the development of a theorstical background for the
thesis. However, the bulk of the work was undertaken insiu in surface and
underground coal operations. The rasearch was conducted in three phases. The
firat phase dealt with the approach fo modsfling the primary crushing mechanism
which generates the coal fines during the blesiing operation. A laboratory
apparatus o simulate blast-generated dynamic loading was devised. Dynamic coat
. crighing iest conducied on a set of over 150 sampies of coul showed an
exponantial refationshii. between the comminution energy and the subsequent coal
damage. A comminution index (Comi) charactenslng the ability of coal to generate
fines was derived,

The second phase of the research concemned the field investigations. This had the
following double aim: valldating the hypothesis of the influence of the dynamic
loading of the shock waves and that of the inherent disconlinulties imbedded in
coal on fines generation; and guantifying the problem of fines In the biasting
techniguss currently used in the local mining industry, Three sites were used,
ggtlnely Kleinkopje of AMCOAL Greenside of Goldfields and ATC, Tavistock of

The Investigations undertaken at Kieinkopje (surface mining operation) nvolved the _
. determination of discontinuities by logging Inherent fragtures appearing on 75
diamond drilled cores of coal and the monitoring of 76 blasts conducted on the
sites sampled for discontinuities. These investigations indicated a good correlation
between the fines observed in blasted piles and the fracture frequency of the pre-
existing fractires per metre of coal.

The waorik undertaken in underground collleries (Greenside and Tavistock)
demonstrated the enormity of the fines' problem in the local mining operations,
Approximately a third of the coal broken underground was observed, in 30 blasts -
- sampled and analysed, & fali into the category of fragments of under B mm termed
'coal fines’, which generate low income.

The third phase of the research dealt with. the optimisation.of coal breaking durlng -
blasting, A series of 100 trial blasts was undertaken with the aim of searching fora
blasting technique that enables the generation of fawer coal fines. A number of

options were investigated, Trial blasts carried out wera evaluated and thelr results
are discussed in this thesis.

The resulls of the fleldwork undsriaken confirmed that fines generatmn is site
specific. Howsver, the decoupling technique used with high VOD explosive
produnts may be successfully employed to reduced cosl fines generation in strong
coals {few inherent fractures). - _
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Chapter 1

1 INTRODUCTICN
1.4 roblem

- 14,1 Position -

- Coal is a sedimentary rock materlal arising from the differential compaction

of & seri&s of de.posited organic and inorganic sediments to form layers

_ (coal seams) of different strength. As a resuit of the oompléx'condltions_of
_ its formation, it generally presents 'divergent' strength properties. which
* maks it difficut to predict fts behaviour under load. South African coal is
' _generally hard free of cleats and has a relatively Iow methane cnntent |
- compared to EurOpean coals (Maogregor, 1983) '

The deveiopmeht 'of- mechanised _non-ex;‘::losive breaking technology In
" recent years has profoundly influenced the local coal mining industry.
However, a significant number of operations still use explosives for the
primary breaking of coal in underground collieries, while at present, the
entire South African surface ¢oal mining Industry refies on drilling -and.
blastirg. Although the shift to mechanisation is evident in underground
mining, explosives will stil be used in the industry for a while,

Theoretically, if the breaiing processes that accur during blasting were
~ properly understood, the blasts _cduld be designed such as to produce only
the most wanted results. However, blasting Involves a huge amount of
explosive energy impartsd to coal in a very short time. It ylelds prodiicis
sizes and proportions that defy the blasters’ contol. Attempting to
~ understand the process has been the subject of research over many years -
" butto date no control has yet been gained over the mechanisms Involved-
In blasting. The tremendous energy released during & blast Is still not
being effectively utilised In breaking coal to maet the quality expectaiions.

\




Chapter 1
Freq sntly coal piies, after blasts, surpnse the blasters emher by the
amount of over— and/or undersize or by the small movement (throw) from
the faue. More research is still required in this fleld. The present thesis
intends fo make a mcdest contribution by investicating the blasting

techniques that may tesult in fess damage to mined coal (i.e. in the

- generation of fewer coal fines).

14.2 P.Lo_dgci'ibn' and marketing of coal
Mining economics require that any indusﬁ'lal operation should meet the
market demand The technology employed and the subsequent quatity of

the final product ought to satisfy tha reqwremen'&; of the business. In coal

mlnln.g-, rnost of the products’ intrinsic quality characteristics are imposed.
by nature (ash content, specific gravity, ete.). However, the important
value-addtng technicai quality for marketing is the size distribution of the
mined products Coal produced for export (28% of the total production § in
- 1995)’ is subject to different size requirements than that produced for the-
local consumption. The difference ahcompasses thé in-mine breaking
* technology used, ‘which baslcally determines the sizing obtained. The in-
mine fragmentation. achleved Is thersfore a critical paramatar mﬂuanclng

the overall mining cash flow. -

| Fragméhtation is understood as a range of coa! sizes deiineated by an
upper {oversize) and lower (undersize) limit known as called cut-off sizes.
“These threshold sizes need to be strictly adhered to as they are usually
set tc sorrespond to the pay fimit outside of which the coa! product is not
sa}eable at cost. This cuncept is fundamental for mine management and
" the present. thesis uses it as a driving Idea in the investigation of ways and

- means of r.educ:ing_'o_dal damage caused by exce_ssive 'comr_ninution during

" 1 Chaimber of Mings Statistics] Tables, 1995




Chapier 1

blasting operations,.

'Drilling and blasting in coal mining is perceived fo be associated with high -

levels of underslze_ahdlcr oversize despite having the advantage of low
‘cost. Oversize do ot pose a serious threat to productivity as they can be
* broken Into smaller fractions during downstream operations after blasting.
The undersize are the major concern of any coal mining operation. In
-addition to the -Ioss‘lof' earnings, they constitute a potentlal danger for the-
personnel (explosions_'and airbdm_e dust).

eed to be reduced

in the last threa years, South African coal production has been boosted by
the termination of the country's isclation from the world and the rising
market price. Increased demand for the product has triggered a trend
towards excavating greater volumes of coal. Howevar, the high mining rate
could lead to rapld depletion of reserves. The producticii costs in the local
coal Industry are low (Chadwick, 4994), but the mining efficlency is equally
fow. The axtraction ratio of coal is low parily hecause a valuable proportion
~of reserves Is teft behind in the mines In the “orm of useless fines and dust.

Breaking coal to fines denotes a iack of control over the breaking process
and constitutes hence a poor management of the resources. Even though
some fines can be beneficiated, they are always subject to market
penartteé ih_t sUbseq.uanﬂy Impact negatively on the revenus. The primary
breaking process used in the mine (drilling and blasting) is usually the
n'ua}or genarator of coal fines. i Is therefare important that more research
o be uhder_take'n so as to acouire a better insight into the prot":e'ss' and o
gain control over the crushing mechanisms responsible for fines.




Chapoeri
1.1.4_Actisz! joss of Incomse through fines generation

Mining standards in the local coal industry set the lower cut-off size for
m_ined coal at 6 mm (Thorpe and Pedroncelii, 1986). Coal sized between

25 mm and 6 mim is highly marketable. The < & mm fraction is termed duff,

undersize or simply fines. Records Indicate that on average, 30 % of coal
broken underground falls into the category of fines. Approximately 25 %

~ fines are prodtjcad in surface mining operations, Such poor performance is

a cause for concemn since coal reserves are not renewable. No good

~ reason can be given to justify such a waste of opportunities for profit. A
survey done by Defaporte and Heizmann (1985) at two AMCOAL collieries

liustrated better the impact of coal fines on the mine’s cash flow. A
reduction of 1 percentage point in in-pit coal fines was seen to Improve the
mine revenues by R 2 niflion at Kleunkopje and R 1, 5 milllon at Landau per
annum,

1,2, Scoge of the thesis
Problems of explosive-induced fractures still have two basic aspects
requiting & lot more research. Firstly, there is the performance of the

‘explosive cha_rge in a confined i::hamb_er’ (blastl'lo_ie) and the relevant

conditions favourable to effective transfer of energy from the explosive to
the medium. Secondly, there is the rock engineering consideration of the

~ control of the:initiation and extension of fractures in the confining medium

and the subsequent damage induced; this deps.ids on the heterogeneous.
nature of the medium and the interaction between the explosive and the
ook. for instance, coal.

Coal broken up into numerous small particles and a_b_undaht_ fing particles
is understood to be the result of multiple fracture initiation causing the

4




Chapier {

crushing. This always arises from an uncontrolled complex's'tate of sfress
distribotion generated 'by the combined effects of the inferaction between
'.the explosive réactlo_n and the coal mass. The problem has been
 Investigated in a number of trial blasts reported in this thesls. The research
aimed at investigating ways of confrofiing crushing so as to reduce coal
losses through fines. The bottom lirte was to saek a basic understanding of
the breaking mechanism and the occurrence of damege, Le. to quaniify
the relationship between the blasting parameters (energy Input) and fines
generation and then to look for blasting: techmques which wau!d reduca
- ﬁnes in ooal blasting,

1.2.1_Coal damace caused by blasting

I coal mmlng, multiple forms of damage can be lnduced in coat by
blasting work (I.e-. damage to mined coal by comminution, damage to the
~ coal remaining in place afier excavation, etc.}. This thesls is conterned
solely with damagé to coal ia the form of fines generated by blasting. in :
genefai two types of blasting operations induce this ﬂamagw blasﬁng
. work for overburden (In surface mining) and that for soat production (both
in surface and | in underground mlnmg)

1.2.2.1 Bla_sﬁ'ng for overburden ﬁamava!

Blasting work aimed at removing the ovér!ylng ground above coal is
undertaken in surface coal mining. These uperations, as well as the heavy-
duty machines used to handie blasted rocks above the coal seam
(shovels, dozers, draglines and trucks), induce damage of various extents
in coal. In essence, most damage s induced by the explosive ensrgy that
ls released directly into the coal, when the sxplosive charge in the hole
drilled in the overburden comes into contact with coal in the seam. Due to
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| _ thes concentration of the charge at the bottom of the blasthole, huge
amounts of energy are imparted directly to coal. Tre low compressive

~ strength of coal causes it to sustafn profdund fr-situ damage, ranging from

* macro to micro fractures. Investigations of the simulated dynamic shock
loading of coal unde: controlled conditions wera attempted as part of this
thesis. The response of coal was évaluated and the extent of the resulling
fracturing was assessed. The small-scale laboratory work involved tests in
perspex models. The results are analysed and interpreted in this thesis
and the relationship between the in-hole explosive coupling (given partl_tloﬁ '
‘of shock and gas energy phases In the blast) and the damage observed ig
discussed. o -

 1.21.2 Production bi2sting {~ coal

Mining of hard coal requires the use of explosives placed in driifed holes -
within the coal mass. Blastholes are drilled with relatively smail diameters
o enable the use of reasonable powder factors. The higher the energy the
bigger the resuliing zone of comminution. Sustained damage In coal Is
dependent on the radial distance to the axis of the biasthole during

" detonation and on the inherent discontinuities within the coal burden. It is _
worth noting that coal is a versatile material with a number of innate
wea_!messes such as bedding planes, cleats and cross-cleats, and other
types of flaws, Its response to the Ioadir}g stresses of blasting 1s generally
complex and difficult ta predict. To the author's knowledge, research in this
 field has not yet vielded a successful model! for predicting the hehaviour of
coal under the dynamig loading of blasting stresses (shock and gas). This
~ thesis intends esablishing an empirical relationship, If possible, between
the coal fines generated, the inherent fractures and the characteristics of
the explosive energy Input. The thesis acknowledges that the in-hole
loading geometry of the charge has a great Inﬂuence_ on the overall




Chapter 1

petformance of the explosive. The pariition between the efiects of the
shock and gas energy phases of the detonation détermines the Inftiation
and axtenslon of the blast-induced fractures. The inve'stigaﬁcn therefore
-revolves around. this parameter. The research methodology adopted
distintiishes the effects of the two enhergy phases in terms of their
contribution to fines generation in blasting. It Is assumed that the shock
energy is solely responsibie for quanﬁﬁable ¢oal crushing.

Given the above background, the objectives of the thesis are outlined as
follows: _ : - ' '
. to assess the levels of in-mine coal fines generat: d through the

use of the current biasting tachniclogy in the coat industry,
« toseek an Insight into comminution in blasting, - _
« to highlight the need for proper evaluation of the In-situ strength
propetties of coal, including the pravalling inherent fracturas
whish are the key to the partition of the explosive energy (shock
* and gas) responsible for blast results, and ' _
+ to arrive at an understanding of the blasting technology needad
to minimise In-mine coai fines generation in order fo improve + ...
cash flow of mining operations.

1,2.2 Ovarview of the thesis

The objectives listed above are deait with In the nine chapters of this
~ present thesls, which are summarised here, The first thapter describes ihe
overall purpose of the thesis, it outtines the main objectives of the research
done which revolves around the search for ways and means of
engingerlng a technology for blasting coal to produce fewer fines, The
chapter covers markst related considerations to pinpoint the imporiaiice of
sound drilling and blasting practiges for optimum coal mining. Efficlent
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operations are needed fo satisfy the invreasing demands of the market and
therefore ensurs maximum profit. It ends by autlining the scope of the work
and surmmarising the approach taken.

_ Thé second chapter reviews previous research on rock and coal breaking.
The literature oonéu[ted 'p'inpolnts the site-specific nature of fines

| generated In blasting. The need to reconsider the definitlon of a site's
~ strength parameters Is clearly highlighted. The thesls favours the dynamic
" coal and" 'exploslve reaction parameters, It is found that no reliable
predlctlon of coa’ breaking is possible as long as control over the process

| cannhot be guaranteed More research is justified. The Invesﬂgatlons

reported in this thesna are intended to contrlbutlon to the sclentific effort in -

~ this field.

Chapter 3 prasents the basic hypothesls of the model studled in this
thesis, It highlights, on one hand, the results of careful observations of coal
fines in blastsd'plles ih an effort to locate t'heir--origln'al position in coal
burdens prior to blasting. On the other hand; it examines the contribution
of thé individual mechanisms respansible for coal fines generation (primary
and secondary crushing). It identifles the driving mechanism that
determines the - ducable flnes and upon whict: the global model i based,
It Is shown that it is the intenslty of the shock wave pﬂlse impacting on the
blasthols walls which dictates the extent of the crushing and the
configuration of fractures around the biasthole. The model preserted is
based on a simulation of the onset and propagation of shock pulses
observed in laboratory. The description of the theoretical background on
the behaviour of ¢oal under_ dynarnic loading is completed in chapter 4 that
deals with the eriteria of aptimisation.
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Chapter 4 describes the comminution model anvisaged. it presents the
béckground of the test methodoiogy adopted in order to assess the
dynamic response of coal fo blast loading stresses in the laboratory. It sets
~ out the concept of the ‘appearance function’ which is used fo define the

" comminution index (whose units are MJ/kg/% fines, meaning powder factor
pér percent of fines generated) which is characteristic of the ability of coal
fo resist dynamic crushing. The concept Is illustrated in the laboratory and
- In-sltu investlgatlons presented in the subsequent chapter,

Chapler 5 presents the apparatus designed for laboratory Investigations. It

" also describes the techniques used In the small-scale-simulated blasting
work undertaken, The dynamic coal crushing test conducted on a set of
more than 150 samples prepared from coal blocks collected from different
collieries resulted in an emplrical exponential rd!atlons'hip being fourd to

relate the comminution energy and coal fines generation. This relationship
may be used as guldeline In predicting the comminution behaviour of coal.

Chapter & concems the fleld Investigation of fines generation conducted in
surface mining operations. This investigation was almed at validating the
* fundamental hypothesis of the thesls described in Chapter 3. The chapter
6 raports on the geotechinical work undertaken which involved 75 digmond
drilled cores considered as a representative sample in the study of the
Insitu discontinuities In coal of the three opéraﬁng pits at Klalnkopje -
© Colliery. tt also presents the technical parameters of blasting work done
Involving 76 blasts conducted in the areas sampled for Inherent fractures.
Coal fragmentation obtained after the blasts is discusser and cempared in -
terms of the fines generated. A correlation beiween the fines generated
and the inherent fracture frequency per meter observed in diffarelt coal.
horizon Is attempted, A good finear relationship is found to exist between
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the pre-existing fractures and the fines in blasted coal plies. The blasting
work in surface Op'eraﬁoné was followed by an Intensive investigation of
the generation of fines in underground collieries, which is presented in the
next chapter. | '

Chapter 7 'déa!s__with the _invastigation in undergrbund operations, Trial
~ blasts were conducted at two pilot collieries of the Witbank coalfield. The
" aim of this project was firstly to determine the extent of the fines generation
~ problem in underground mihes._'-and secondly to investigats the ways of
- posslbly developing a remedlal blasting technology, a blasting techriique
* which may lead to the generation of fewer coal fines, This chapter presents
the blast designs used in the trials and the discusslon of the fragmentation
results obtained. The underlying Idea of the technique that Is sUggeStad n
the present thesls is to achieve some control over the process of coal
 breaking by altering the In-hole yeomstry of the explosive charge. By -
reducing the explosive charge outer confinement the blasthole one may
increase considerably the comminution index (Coml), defined as the
- powder factor per percentage of fines generated. therefore improve the
fragmentation, The Idea was basically proved through successfu! results of -
irlsl blasts that ate presented and discussed in this chapter. Their
interpretations and theoretical background are developed in next chapter.
Chapter 8 Is almed at placing Into context the discussion of the resulis
obtained from the Investigations presented in chapters & and 7. It focuses
~on the optimization and control of the blast-induced fractures In indusirial
 blasting operations. it Is also Intended at outilning the contribution of the
present research and pinpointing the subsequent recommendable practical
‘measures for optimizing coal blasting. _
 Finally, Chapter 9 finally presents the concluslons of the thesis and
lndlcates the areas of futurs work In this field
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2__BACKGROUND
2.1_introduction

A literature review intended to give a background understanding of the
~ theory of comminution in blasting evolved over the years is presented, it

foouses on the resuits of previous efforis to control fines gensration for

optimum mining. S

in the South African coal mining industry, great progress has been made
- towards the mechanisation of coal icading and transportation in collieries '
to Improve productivity. However, very limitsd work has been done to galn’
insight inta the breaking process in coal blasting. ‘Blast results are
frequently a surprise for the blasters. No effective control can be exerted
over them so long as the In-situ strength and breakabliity of coal remain a
‘mystery to blast designers and practitioners. Some years aga, COMRO
attempted an evaluation of the various mining methods used for coal
getiing In terms of the size of the respective coal products generated
(Thorpe and Perdroncelll, 1986}, However, only machanissd coal braaking
methods were considered and limited effortz were made to study the
fundamentals of the breaking processes. Other attempts to Investigate the
optimisation of coal breaking In blasting were made by individual mines
such as Kriel, Bank, Kleinkopje, Gaedehoop, to menfion only a few. Once -
again, not only dre the reports confidential, but also the scape of the work
was narraw, being malnly infended to solve a particular operational
problem, In any case, coal sizing was not considered as the ¢.aerjon for
 optimisation. - '

Blasting Is the cheapest Industrial means of rock breaking, it produces a
_ ra_nge of product sizes (under-, mid- ant oversize) whose proportions |

1
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depend on the blast design and its implementation on site. in coal mining
for instance as said early, oversize do not pose a problem as they can, »
reduced, at reasonable cost, to the most wanted size range, namely the
mid-sizes. The undersize are a problem in any operation. They are
commdnly classified as duff or fines (< 6 mm) and coal grits (< 500
microns). They have @ negative influence on the mining cash flow since in
'some:cIaSes they may not be recoverable representing loss of resources or
- they may be subjecfed to penaltiss'.dn' the market. Airborne coal dust (<80
microns) is a health hazard for mine workers, in addition to the permanent
- danger it carries _of'_undergrpuhd__explosion {Landman, 1983).

D in blastin

Blasting uses an explesive charge that Is set to produce an instantaneous
chemical reaction (detonation) in a2 purposely-drilled hole, After the
detonation, & pressure wave frant of 'approxlmately 1 000 MPa and a
subssquent high temperature up to 3 000 degrees ars immediatsly
‘generated. These conditions ocour within a fime frame of 1 to 2
microseconds (Whittaker, Singh and Sun, 1992). The pressure front created
(shock waves) Is characterised by iis pulse that impacts on the coal of the
biasthole walls, subjecting it to severe dynamic loading stresses. Given the
iow compressive strengthy of coal, the impac:t initiates multipie fracturas in
the coal burden that cause the breakage observed afier the blast. The
dynamic effects of the shack stresses (impact, propagation, reflection and
interaction with -c‘_oal')' produces a fracture pattern in the coal burden
(fragméntaﬂon)."ranging from over-crushing to splitting and spaliing, efc.
Whittaker ot al. highlighted that the static considerations used In previous

research Into the mechanics of rock fragmentation (Allsman, 1960; Kumao,
| 1861; Langefors, 1963; 'etc.) are inappropriate. One would rather use._the |
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dynamic fracture praperties that are more suitable for study of rock breaking
mechanisms since the onset, growth and fragment formation from the
biasting induced cracks occur ir_r a dynamic process {(Whittaker, Singh and
“Sun, 1992). : | |

- The mechanics of fragmentatioh in blasting involve two basic parameters,
nair'ﬁely' the enefgy fnvoived in producing' fractures and the resistance to
fracture of the matenal known as its toughness (Qutcheriony and Zonggql,
1983 and lsakov and Sher, 1983) Fractures and the subsequent damage

| induced are iniiated by tha erergy of the shock waves and oompleted by :

the energy ofthe gaseous produr:ts of detonation.

 The speed of pfopagaﬂnn ‘of 'the'réacﬁon in the detonating 'explosive,' also

~ referred fo as the refe of the thermo-chemical explosive reaction (Du

) Pless{s, Wallace and Tipping, 1987), is proportlonat to the In-hole rate of
liberation of energy fo the material during the blast. it determines the
pariition of the available exptoswe_ energy between the iwo phases of
shock and heave. it thus dictates the parameters of the interaction
between the explosive and the rock (coal for instance), during the bast. It
therefore controls the blast results {the size distribution of the rasulting' '
material fragments).

The rate of reaction s directly related ta the in-hole velocity of detonation
(VOD). The VOD is hence a measure of the rate of liberation of the
. detonation energy. It is a window into the parfition of the explosive
' petformance during the blast (Lcwnds. '1986). Depending on conditions of -
the detonation reaction (ideal ar non-ideal), the energy within or bahind the
- reaction may be a determinant coal breaking and fragmentation setting
' comhpnent in the blast. However, the VOD accounts for _'Ehe tim'a el'apsed

13
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‘o reach the peak shock stress corresponding to the maxlmum dynamic
pressure loading in the medium,

Kutter and Fairhurst {1971) ‘ascertained that the more the detonation
products ‘are allowsd to expand before interacting with the rock (coal for

o Instance), the lower the'peak stress transmitted to the medium. If an air

gap is aflowed befween the charge and the confining blasthole walls, the
- shock waves have less crushmg effecis as they are attenuated before
- impact. Consaquently, the violence of the stresses imparted to the medium
wull be reduced, thereby decreasing the amount of fines generation.
Biasting techniques based on this cdncept are commonly used in mining
as well @s in civil enginsering work to prevent damage to the remaining
excavation. They are known as controlled blasting technigues (pre- and
post splitting, buffer, cushlon and smooth blasting techhiques)._ .

The 'in-hole VOD Influences the rhagnl‘tude of the peak prassure impactihg '
on the coal_of the blasthole walls and thus determines the extent of the
crushing zone. The profile of the radial stresses developed in coal (see
Figure 1) may be represented by a single instantaneous puise similatly to
the trace of the recorded strain measured by Brinkman (1989) shown in
Flgure 2.2, in an eariler work, the author {Kabongo, 1985) appiied the law
‘of cormmintion to show that the ratio of the ampiitude of the peak stress of
the blast puise o the characteristic strength of the medium is directly
proportional to the fragmentation produced. The theoretical work referred
“to above Is corroborated by field Investigation undertaken by Brinkman
(1989). He observed an sxponential rond profile of the lodding stresses in
the burden of a biasted quartzite rock decreasing with the Increasing radial
distance (in time). In addition, he reported a frend of finer fragmentation
found to correspond with the high VOD shots (high peak stress) and &

14




decreasing fragment size with the increasing VOD and shack energy.

A
P(t)

PO Po: peak stress
Pa: Hydrostatic stress in the tedium
{rock strength)
to: pulse duration

Pay

0 .to. _ f'
Figure 21  Schematic representation of 2 detonation pulse
" (After Kaborigo, 1985) |
Radial straln -
4

» time

| Flgura 22 Typical radial straln frace recorded by Brinkmann (1989)
Noted that A is an &lectrical noise.
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2.2.1 § undom ~tal concepts

The p esent concepts used to ¢ascribe the breaking mechanisms In
biastin J are bassd on a set of assumptions mads to simplify the analysis of
everts. Whittaker , Singh ard Sun (1992) aliuded to the rock breaking
- procet ses being reduced to & plane phenomenon oceurring solely in the
girect on normal to the axis of the blasthole. Fragmentation s thus
constiiered to be two-dimensional despite the fact that, In really, it is a
comp ex three-tdimensional process ihvelving a multi-parametric interaction
betwi an the axplosion charactetistics, the anisotropy and the free surface
effeqs (Isakov and Sher, 1983). Furthermore, It is assumed that the
diarr ster of the blasthole Is always smailer than its length and that the hole -
“Is 14+ away from froe boundaries. In addition, it Is also assumed that
~ detq¢ nation occurs simultaneausly along the entire length of the blasthole
and that the change In effects along the blasthale axis Is negligible. Given
‘sugt & hypothesis, the understanding of the mechanism of the onset,
pra sagation and dissipation of fractures and/or damage In blasted material
galied aver the years of research can be summarised as shown below,

a1 1.1 Pynamic of shock waveos

Uron detonation, \n_aithln'm'lcmsecun_ds, the hale Is filled witn gaseous
o tonation products at high pressure and temperature. The instantaneous
1 286Ure mamantur_n genarated is imparted to the medium, exerting on the
hile walls radial ¢compressive stressés. bavond thelr resistence, The
fl adtum, for instance, coal s supardenscd and over-crushed In the zone
I smediately surraunding the blasthole, In hard rock, the crushed zone (see
igure 2.3) Is estimated to extend from the borehole to an area five to
 aven times the hole radius (Kutter and Fairhurst, 1971). The extent of the
- ununinution zone created around the blasthole Is stifl & subject of
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cantroversy. A new school of thought opposes Kulter's point of view that
tends to minimise the extent of the zone. it Is now befieved that the extent
Is rather large, up to 20 times the blasthole radius or mare, depending on
the blast conditions, Nevertheless, Whittaker, Singh and Sun (1992) report
" that the fracmrmg in this zone is due to granular cracking, micro-cracking,
differential compression of the particles, the matrix of the rock and other
forms of plastic deformation., Da Ganva and Neison (1971) showed that
normal detonation of chemical explosives genarates an extremely high rate
of loading stresses that usualiy induce conditions ‘of brittle behaviour
rather than plastic flow. Howaver, this zone of crushed rock Is of no use in
practice. Tha over-breaking dme hers, in fact represents a loss of the
explosive -energy. and s ganerally associated with the unnecessary
 damage o excavations which compromises safety in the working
anvironment, 'e.g. fall of ground from the hanging wall in underground
mines or from the highwall In opencast mines. Any optimum blasting
-~ technology will therefore seak fo minimise such occurrences, N

2,2.1.2 Quasi-static gaseous products expansion-

No direct retationship has been established between the gas energy phase -
of the dstonation and the generatiori of fine particles in blasting. The
energy of gas comes Into play sometime after the dynamic action of
comminution around the blasthole has been completed. When the crushed
- zone s in place, the radial and tangential cracks are Initisted In the coal
burden. The gaseous products of explosion filt the cavities of fractures
opened up by the previous dynamic phase. I is a relatively long-lasting
action (flat siope) compared with. the shock effects (steep slope) as the
rate of gas expansion along the isentrope Is quite slow (see Figure 2.4),
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|| Dynamic phase
| 'I(a) Crushing

(b) Crushing and frachure in non-linear zone

I@ ‘Radial cracks from clastic wave

Quasi-static phase

{) Ezpansion of cavity, Pxtension of nbn—.
| [iinear ctushed zone. Growth «f+adial Fractures.

| FIQI-II‘G 2.3 'gnsecutwe stages of the fracturg prioed! .
gg_tg!nag g_:_cgloslo (Aﬂer Kutter and Falrhurst. 1971)
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It ta dur'ing this expansion of gaseous products that the host of the rock
breaking work is done (Lownds (1986); Brinkman (1987); Britton, Konya
and Skidmore (1984), Sarracino (1993)).

P A
Noted:
{0 original state of unreacted explosive, :
YN Von Neumann point (shocked, unteacted material,
' CF  Chapman-Jouges point,
co cut-off point,
£ point uf final expansion, :
stp  end state--standard pressire and temperature,
0-SVN Shock Hugoniot,
Q-CJ-VN Ruayleigh line, nnd
CJ~cof  expansion isentope (straight ling an idenlization)
Figure 2.4 Pgth of a detonating explogive in the P\ piane

- (After Sarracino, 1993)
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The action of the gas Is termed 'quasi-static' as opposed to the purely
dynamic short-lived effects of shack. The gas infilirates fissures and the
pressure extends the network of radial cracks and enlarges the fracture
zone. Langefors and Kihlstrom (1963) contended that the gas phase
contains the greatest energy share of the explosion. A limited amount of
fracture onset has beeh attributed to this phase by some sclentists
(Brinkman, 1986) but the matter ls debatable. At * Is stage, this
speculation cannot be confirmed because of the lack of » aper techniques
to separate the effects of the two phases In a blast. Even the technique
“used by Brinkmann (1987), referred to as the state-of-the-art stainless
stesl blasthole-iining, can only allow the venting of the explosion gas from
the blasthole which enables thersfors {o Isolate the work performed by the
"shock phase In the rock. But the assessmént of the gas effects is only
possible by differentiation of the breaking result obtained from a lined
- blasthole from that of a normal blast (with both phases of shock and gas
ingluded). Such procedure of assessment of the gas effects’ share In
sefting the blast outputs may be Inaccurate and misleading since it is
difficult ta producs two identical biasts, | |

2.2,1.3 Coupling offects

Breaking in blasting depends on the energy partifion between the phases
of shotk and gas. Mel'nikov (1940} found that the distribution of explosive
* anergy betwsen shock and heave could be effectively controlled by &
gapped charge In the biasthale, He ascartained that by reducing the initial
prassure of the datination products, and incteasing the duration of thelr
action on the rock, the blast encrgy is redistributed and thera is a reduction
in the losses, 1.e. In Inefficlent over-crusning of the rock (Mel'nikev &t al.,
1971). -
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Britton, Konya, and Skidmore (1984) investigated the primary mechanisim
Involved In braaking rock with explosives at a laboratory gsale, They varied
the decoupling ratio from 1 to 3, calculated both the explosinn shock
energy and the gas pressure, sleved and welghed the broken rock
materials obtalned. They observed that as the decoupling ratio Increased
from 1 to 3, the  1ss of the breakage decreassd by 20% and the
explosion pressure also decreased by 28%. The normalised shock energy
remained constant. They concluded that the breakage, stigmatised by both
t1e newly created surface areas and the dislodged inherent fragments by
the gas pressurg in blastholes, decreases with the increasing decoupling
ratio, while the shock energy remains constant. The impiication Is that the
constant stress waves or the shock energy does not contribute significantly
to varying the rock breakage In blasting and therefore the primary force by
which explosives break the rock is the gas pressure. -

n follow-up work, Konya, Britton and Lukovic (1987) backed up their
previous investlgaﬂons by iooking into the fragmentation gonerated by
decoupled charges, both In laboratory tests and In the field. Thelr rasﬂlts
are summarised In the plots of Figures 2.5a, 2.5b, 2.5¢, and 2.5d. These
results show that blasts In which the in-hole coupling is 100 % never
achieve optimum breaking results, in terms of the total anergy Imparted to
the rock, the total vaiume of broken rock and the fragmentation obtalned.
With ragard to fines generation, it was observed that it incraases with the |
increasing degree of the In-hole coupling. These investigations were
soncluded showing that the first sts;f: towards optimising blasting would be
to determine the most sultable decoupling ratio under the blast conditions
considered, This corresponds o the generation' of a maximum energy
release within the detonation, hence a better rack fragmentation. |
indeed, it is not possible at present to Isolate completely and acourately
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the sffects of shock from those of gas. That is to say, the assessment of
the respective roles played hy each energy phase dutlng the biast [s stilla |
matier of controversy. However, it Is weil established tha! induced cracks
In rock material are initisted by the effects of shock energy and that the
enhancement, extenslon, coalescence and fragments’ formatlon are duc to
the action of the explosion gas products.
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Figure 2 Sd Percentags of reduction in fines vs decoupling ratio
(After Konya. Brltton and Lukovic (1987)) -

- 2 2.14 caupifng offects and i‘nduceo‘ fractures at the blasthole

bottom '

A particular mode of fractures has been observed in laboratory blasﬁng
 work by a number of scientists, A so-called ‘umbrella fracture' was
- reported to develop at the bottom of blasted holes in perspex models. This
~ conical crack pattern was observed to Increase with an increasing gap at
_the bottom of the hols. Schultz (1972) reported this finding in & work
undertaken at the Unlverstty of the Witwatersrand in Johannesburg, in
. perspex cubes of 50 mm x 50 mm x 50 mm which were charged and
 blasted using a fow-energy detonating cord, He attributed the formation of
this fracture pattern to the tightness of the fitting of the cord that had not
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been pushed right to the bottomn of the drilled hole. Seligmann (1972) also
observed that the shape and size of the umbrella was not influenced by the
distance between the bottom end of the hole and the batiom of the mndel,
thus excludirig the effect of wave reflection. He postulated, after careful
underground observation, that the shape and size of the umbrella were .
influenced considerably by the confoal shape left at the bottom of the hole
by the shape of the drill bits used. By carefully rounding the bottom of the
hole, it was po._ssible to eliminate the umbrella shape since sharp comers
at the bottom of the hole were percelved to act as stress raisers. The

- theory of channel effect that was proposed by Johansson and Eerssoh_ o

© {1970) was used here to explain the mechanism of formation of this conical
fracture as foliows: The detonation. front would cause a high~pressure gir
. piug to be acoelerated by the instantaneous momentum of the reactian.
This plug would impact an the rock at the bottom of the hole, intensifying
localised fracturing which develop to form this fracture pattern.

Cunnirgham (1970) also feported on conical fractures observed in rock at |
the battom of blasted holes underground.' He asserted that their formation
was due to the impact of the detonation shock head on the botiom of the -
hole, In addition to stress intensification at the cbme_rs of the borehole.

He observed that the angle of this conical fracture was related to the shear

~ angle of the material, He thus concluded that the mechanism of formation

was shear fatlure unc'ier'the_ high shearing st"essés of the distortion pullse

generated in the material by the impact of the shock wave on the bottom of
the blasthols, o | | -

The contribution of Andérson, Winzer and Ritter (1984)'wés based on
investigations of the time-history of the principal strains generated in rock
by cylindrical explosives chardes, using strain gauges bonded in the
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borehole to monitor the strain-time in bench blasting. It was postulated that
- although very complicated sirain histories occurred in the affected rock,
~ the shear strains possibly due to shear waves were Nkety to Influence
fractures in rock breakihg. These reports highlighted the contribution of
shearing to blasting fractures and the assosiated damage. Although the
. conieal f'raature. phandmenon has been comprehensively dealt with, more

~ investigations are required to Investigate shearing stresses and the extent
of their contribution to blast damage. o

2 2.1 5 Cmshmg in bfasting

- Quian Liu and Katsabanis (1993) acknowiedged the difﬁculty of saparaﬂng :
- and thus rmeasurlng directly the peak shock pressure and the gas
pressures in the crushed zone formed around a blasthole In blasting.
Instead, they chose a theoreticat approach to study the crushing effects of
stress waves. Thelr report indicated that the generation of fines, quantified
- in torms of mass pe'r_centage of the rock blasted, increased with increasing

. explosive density in fully loaded blastholes. Their experimental work
" concluded that fines increases significantly with increasing powdser factor.
'The implication is that low-density explosives may be the key to the

" problem of raducing coal fines in industrial blasting.

& ','g '. In duced damage In cogl coal
Ghiappstta (1938) found coal fines ganeration to be slte-spemﬁc. He

. observed that in surface mining of coal, fines originate from various

sources that can be classiﬁed acoarding to the Speciﬁc cause of damage
~ as follows:
1. huge blasts involving large burdenfspacmg,

2. drilting and blasting into coal,
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Insufficient backfill of drilled hole in coal,
' poor decking (uge of small charge),
poor initiation and explosive performance,
bad location of primer, '
water in borehole or water saturation above or below the coal seam,
poor timing R '
dipping and rolling of seams, and
- 10. Structural_\geblog’y of the overburden and coal.

- T TR~ R QR Ny

" Among these parameters, thase related o the explasive energy input and
its distribution in the coai seam are critical, he says. The worst case of
Induced damage results from blastholes that are drilled through the coal. In
this case, the explosive energy is released directly into the coal that
conssquently sustains fremendous demage.

2.2.2.1 Drilling and blasting In coal

Coal Is subjected to direct dynamic loading. The shock stresses génerated '
by the detonation create an important zone of crushed coal around the
blastholes, Expanding gaseous products fifter through the fines o produce
huge clouds of coal dust assoclated with heaving of the fragmented coal.
~ The thick column of dust and fumes poiluting the environment can be
* detrimental o human health. The lack of an adequate free breaking surface

may result in the heaved coal not moving away fast enough from the wce

and re-directing gas stresses into the hanging wall (in underground mines)
or the highwall (in surface mining} to cause back-breaking. This can be
* hazardous since deep open fractures in the anging wall or highwall lead to

o : u_n'safe working conditions (falls of ground). It is therefore recommended, In

. surface blastihg, to stop overburden drilling above the seam so as fo leave
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a safe buffer of rock burden to contain the bottom fracturing wlthout
damagmg tha coal in the seam (Coleman, 1994),

.2. 2.2.2 The problem of drilling through coal

- In général most surface coal operafions have difficulty in implementing the

recommendatuon to stop drllllng above the seam. Black coal cuttings are
always regardsd as a srgnai to the driller to stop the ‘machine,

‘Unfortunately, at this stage, the drill bit is already desp into the coal.

Chiappetta (1994) advocated the backfiliing of @ portion of the borehale

drilled into coal. The problem has always been to assess the depth of the

hole In-the actual coal and the amount of backfill to use to enable effective
damage control

'2.3._ CONCLUSION
" It can be seen that the outgoing comprassive 'shock puise is responsible

for the zone of crushed coal set around blastholes in detonatic  Fines
: genemtloh in blasting can be altered by varying the parameters of the

interaction hetweern the in-hole explosiVe parformance and the properties
of the medium. In coal blasﬁng where oplimisation means reducing the
generation of fines, decoupling of the explosive charge would appear to be
the way to solve the problem. The most suitable decoupling ratio needs to -
be determined from optimisation investigations on site,

Fines generation is mainly assoclated with the comminution resulting from
the shock energy phase. Since the VOD of an explosive charge Is directly
proportional to the shock energy available, incre g it In a blast nay
enhiance the generation of finer particles despite the better breakage it
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may produce. Here again, the decoup!ing technique is recommended for -
use fo reduce the peak stress impacting on rock (Bligh, 1974; Mel'nikov et
~ al, 1978 and Hagan, 1979) 1o mention only few).

.'l"he"review of previous work has also shown that fittle research work has
been done by way of modefling fines generation in soft rock, for Instance

coal. It is not sufficient simply to state that coal fines are site-specific,

- There is a pressing need to study the behavioui' of coal subjected to the
dynamic loading such as thaf created by blasting. Condifions resaonsible

. for coal damagé require comprehensive research as to determine thelr
relation with the i Ines generation under several slte conditions. This will
enable adequate modaihng of the breaking process therefore op’umlsmg
1he minin; operations,

The modei must be sensit[ve to the em—.ryy partition betwesn shock and
heave. The present thesis attempts a oontribuhon to such modellmg by
're}atmg the peak strain!stress the material strength properties and the in-
hote charge geometry to the observed breakage in blasted coal,
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3 HYPOTHESIS OF THE THESIS
- 3.1_Basics of modelling fines generation i | blastin

The main theme this thesis evelves from analysis of the breakaye around
" a biasthole in dstonation, as shown in Figure 3.1. Two aspecis are
- considered: fhe path of the explosives’ breaking energy nioving through a
coal burden and the pattern of the indu.ce_d damage In the material,

-The explosive energy that brisaks coal burden is Imparted to the latter in
two consacutive phases, Théy are, the “dynamic phase” caused by the
actlon of the generated shock waves wmch propagate at a supersonic rate
into the coal burden and the "quas{ static phase of the action of the
-gaseous products resulting from the. decomposition of the explosives.
These two phases Induce fwo different breaking patterns that create -
damage of various nalures and extent in the coal. '

The dynamic 'phasé imparis the breaking energy to the coal
instantaneously, mostly by impact. The impulse of the shock waves
impacts on the coal of the blasthole walls. The coal Is thus loaded
dynamically well beyond its resistance and thersfore deforms beyond
recognition. It is shattered around the blasthole in an annular zone of
super-crushed (viira) fines. The naxt breaking phase results from the high
pressure and high temperature of the gaseous products formed by the
detonation reaction. These gases find their way through the network of

' induced fractures oreated by the shonk phase, extending and widening

 them to complete the fragentation. This sécond phase does not play any
considerable role in the generation of coal fines and is thus of litle Interest
to this study.
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Blasthole

| P Grushing threshold

biasthole in detonation

(%) fines (cr.,)
- _ ¥ d Not to scale
. ceres {n) 0 ' ciistance’(r)
K Burden N
: Primary crusiing Zone .
Secondary crushing
Figure 3.’1 buti breaking e and coal fines around &

(After Kabongo, 1995a)

3.1.1_Shock energy Imparted to coal

The shock energy imparted to ¢oal during blasting depends on the
avallable energy contained in the explosive, the drilled hole diameter en -
the In-hole confinement. The avallable enargy is measured by the wh.
Lownds (1988), quoting Cooks (1958}, referred to as the Absolute Strer. ..x

~Valug (ASV) of the explosive of iis Relative Strength Vaiue (RWS) when

oumparad to ALIFQ,
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- Considering the blasthole during detonation, s illustrated In Figure 3.1,
- the coal breaking energy deveiops from the initlation polnt in the blasthole
where it is SUddenly increased to the peak following the Instantaneous
_ reéctton of comhi.lstidn. The rising tme of this energy has been
 hypothetically assimliated to a linearly increase of pressure and gas
products volume within this very shott time frame. The peak stress
~ (pressure) o, shown In Flgure 3.1, corresponds the highest siress
ﬁeveIOpad at the Interface of the explosive and the coal in a tightly coupled
blasthole (coupling rafio = 1) or at the interface of the explosive and air
(coupling ratio < 1), ' |

Assuming that the conditions of the combustion reaction characteristic of
~ the detonation is complets, this peak energy is directly proportional to the
explosive density {p) and the square of the velocity of detonation (D). This
peak snergy may be predicted using a detonation code such a8 IDEX or
CIPEX (Lelper and Du Plessis, 1990) cr simply apuroximated by using the
converitional formula for detonation pressure:

1

Py = o D

-
-

3.1
where Py s the dynamic pressure, o is the densily of the explosive and D

is the VOD. The peak energy E. In coal can be calculated from the
equation: :

g,= PV 8.2

whera Vis the volume of gases producen per unit mass of explosive. .
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After its peak, the energy front enters a different medium and its increasing
trend changes, its prevaiiing conditions now depend on the dynamic
resistance offered by the medium to the energy flow. If an air gap Is

© provided befween the expiosive charge and the coal, the resulting energy

attenuation will be proportional to the decoupling ratio. Johansson and
Persson (1970j referred to this condifion as resulting from the channel
effect of an external air gap on blast output. This may be explained to say
that, If the gxplosive is tightly fitted in the blastheie, than the peal shock
pulse lmpacts directly on the coal, causing an important zone of crushing.
Thereafter, it decays rapldly as it propagates through the coal burden,
creating varlous fracture patterns ranglng from the primary crushing zone
(coal fines), to a network of axi-radlal fractures (fracture zone) and a zone
of no fractures at all Kutter and Fairhurst, 1971). Kutter justifies the zone
of rio freotures to say that the energy front that originaily propagated in the
burden at supersonic veloclty {(shock wavas) ends up travelling as a sonic
and subsonls harmless wave front, But, if on its way, It impinges a free
facs, this outgoing compressive wave wili ba partly reflected back into the
burden as a tensile wave package, fracturmg coal backwards from the free
face by spalling effacts,

The Figure 3.1 above deplats the relationships betwsen, on one hand the
fines ganeration and the radlal distance in tie coal burden and, on thé
othet hand the breaking stresses that corresponds to the sxplosive energy
and %he radial distance In the coal burden. These dependence curves
highlight a significant discontinuity in the respective decreasing trends of
fines and that of the breaking stresses. It may be worth noting a trend of
rapid decrease In generated fines cornpared to the decreasing trend In the
explosive energy atound the blasthole. This trend persigts untll at some
stage where despite the siresses belng lowsr than the crushing threshold o
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some fines could be stit found In the coal broken (Figure 3.1). This is to
say that fines wers observed to dwsll beyond the imaginable zone of high
shook stress concussion in the coal burden. This behaviour of fines
suggesteﬂ that the exploaive energy is not the sole parameter controlfing
. fines creation In blasting. There should be an additional mechanism which,
. alonhgside with that of the explosive energy, interferes In the creation of
fines during blasting. The question in this thesis has been to identify this
mechanism and prove its relevance with regard fo fines generation In
blasting,

“The concem on this question elucidated in this thests was sparked by
observations made from se\réral blast results analysed for fragmentation. it
observed that the function of the distribution of fines along the axi-radial
direction of the blasthole doss nat decay regularly up to zero fines as it
would, if it was depandent solely an the shock energy. Some localised cval
fines of varlaus praportions are always found in plies of blasted coal
beyond the prlma‘ry crushing zans, denoted K In Figure 3.1, The exisience
of such type of fines is evidence of a separate crushing machahl’sm
responsible far thelr ocourrencs. The hypothesis In this thesis is that these
fines result from the - Interaction between the talling shock pulse
degenerated Into elastlc stresses traveitlng in the coal hurden and the
Inherent discontinuftles In the material (cleats. ln~born opan or filled
fractures, and other flaws).

Pravious research done by the author with the Intention of investigating
whether the pre-existing fracturefa in coal have an influence on coal fines
“generation (Kabongo, 1995a) ascertainad that the basic mechanism
creating these locallss2 fines In coat involves shearing stresses, Thay are
-gaharated_ at the tips of lips or both, of the in-born fractures, depending on
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the direcﬁon of application of the stress. The background of this
hypothesis Is explained below, '

3.1.2 Location of fines in coal burden

Investigations Into the source of the fines that weia ob~erved In coal plles
in relation to the coal burden prior to blasting provided the following basic
understanding. it was observed that coal fines generated in blasts of the
same characteristics were always variable. Despite the shock energy
parameters being kept identical, the amount of generated fines was still
seen to vary. In-depth analysis of the blast results showed that the fines - ”
 orlginated from thres major sources In a coal burden: the pattern of the
biastholes centre-to-centre fines, 'the; free face:(bottom of the pile) And
scattered fines, These types of fines were atiributed respectively fo diwe
Impact of the shock waves on the biasthole walls, the casting dynamic of
the face coal {facs velosity and impact on the ground) and the Inherent
fractures. -

3.2 Mechanism of crushing around the blasthole
Biasting In coal involves complex foading strasses that vary in magnitude

" as they travel through coal, The stresses are itlally comprss;sive at the
interface of the explosive and the coai, They evolve as shearing and
tenslie stresses associated with the differential loading of the Induced and
the pre-extisting fractures, hoops stresses, and are finally reflected from the
disconfinuities’ boundarles. Coal is always consldered a soft and brittle
rock matetlal. Its response to such a complex stress situation depends on
the rate of loading, which i3 aiways a function of the explosive’s shock
energy release. The latter is in tum dependent on the VOD. The higher the
VOD, the b]ggef the zone of shock energy released thersfore the higher
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the loading rate of the coal.

Since the intensity of the loading stresses in coal is variable, it is importanit

to optimise fheir damaging effects throughout. Lizotte and Scroble (1994)

reported that the ‘annular zone of over-crushing corresponding fo the

* inception of energy fransfer fo coal (peak s_tress)_ exiends aro_tmd the

holes, with a radius not exceeding five times the hole diameter, and
‘generates less than 0.5% of ultra-fines. It is werth noting that purely
compressive stresses are L4, ited to this zone which absorbs most uf the
 blast shock energy. The Induced radial fractures are initiated at the border
| of this ZOhe'.' They are caused by the_ hoop tangential stresses associated
with i:pmp'r_assion and are responsible for the abundant netwsork of radial
craicks formed around the powdered coal zone. Small-size coal particles
are yielded (undersize). They are designate'd as coal fines as long they are
sized as minus & mm. |

Moving further inslde the burden, the rate of attenuation of the breaking
energy that Is dapendent on the coal’s internal structure, dictates the size
of the resulting lpa_r'ticles, The crack density decreases. Seme single cracks
continue growing In' preferential stress directions. The energy driving the
fracture tips decays progressively through the discontinuities unti) it dies
out. A.ong thelr paths, loading stresses interact with inherent fractures to
induse differential loading of the fractures features {tip, lips and fllling)
invelving shearing. Y is contended In this thesis that the shearing' Induced
in pre-existing fractures is the seoondary_ source of coal fines generation
 that takes place during the blast. Its effects are studied in next paragraphs,
considering three configurations of impacting loading stress on a
~ hypothetical fracture. o '




) 3

oY

p(t): dynamic presstire

 Figure 3,2¢ Effect of blasting stresses impact slong an angled fissure
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3.3 Modelling of coal fines in blasting
3.3.1_Primary crushing

Primary crushing of coal essentially depends on the action of the shock
waves. It Is directly prop‘ortiorial to the brisance’ energy of the explosive
~ harge which s defined by Lownds (1986) as being the sum of the
-poteh_ﬁal shock energy that is carried through the medium shocked and the
“sirain energy -around the borehole behind the shock. The coal of the
: blasthole walis is the most affected by the dynamic irﬁpact of the loading
shock waves. The coal Is thus over-crushed by these dynamic effects to
the extent that is proportional to the peak shock én’ergy imparted to it
within a very short time (i.e some microseconds). The relevance of the

. shock energy contributlon into the creation of the fragmentation observed _

after a biast has been and is stili a subject of fong-standing debates.
Hawever it is commonly agreed by blasting scientists that the this form of
energy Is. responsible fbr_creating the fines and the net\ivork_of cracks
around the blasthole. The instantaneous loading of coal by shock waves
' 'occu'rrlng_ in blagting may.be modelled in a simple and easy-to- perform

- test based on the fundamental principles of comminution, '

Voh Rittinger  (1867) established 'th.dt the energy consumed in a
comminution process (A) is propomona! to the area of newly developed
surface (S). '

A~S @3

Kick (1885) found that the work requurfsd in breaking is propottional to the
. reduction in volume (V) of the sample in comminution.

< Brisance ia the easose of the ability of an explosios to buesk o shatiee waterial by shod, This chameredstic i
mostlym_edfo:mﬂlmyex_ploﬁm
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A~V ' (3.4)

Bong {1952) came up with the above two theories together to say that the
wark Input Is proportional to the new crack tip length, and equals the work
input to generate the product-minus that .represented by the feed. What he
-~ said here is that since the surface area of a unit volume of material is
inversely proportional to the diameter, the crack length In unit volume is
considered to be- proportional to one side of the area and therefore
pro[_' artional to the square rodt of the diameter. Clearly he established that

ihe energy cansumption in commir_iutlon is proportional to both the volume

" and the aréa of newly created surface.

AMV,S - @5)

The general differentlal equation of ali these comminution theorles is of the
following form: ' ' -

X
dA=~Cox | | (3.6)

where A Is the energy consumption,
C Is a propertionality coefficient,
X ia the sampie dimenslon, and
n is the exponent:
‘o ltn=1, the equation (3.6) describes the Kick's theory:

 %ax D - -
~G |7 Gl 3.7y
4=-G%= g (3.7)

where C =Ky &*V; |
with Ky belng the coefficient of measuring units,
a the strength characteristic of the rock,
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V the rack volume being brakan,
- D theaverage diameter of te rock lump before breaking and
d the average diamster of rock after breaking.

. . ' ) :
Thus: A,,=-K._0“3P'Lnfg_~ | o (3.8)

e If n-2 the aquation (3.6) descrlbes the Rittinrgea s theory: -

‘--CRI Xz—Cn('E“‘“ <N

where Cn Koo g 2V} oo
with Kz being the coafﬂclent of measuring unlts, and
g the cosflicient of surface eneray consumpﬂon per unit area.

Since = g—n before or V= J?m after the blast  (3.10)

with n belng the number of umps pefore the blast,
" m - the number of lumps after the biast

then:

3
Ay = zS(O.'T-i';i!—iru -

3 : : .
= B eryh
o) n) = Ke(wd m—nD"n} (8.11)

but nt_}*n =S, isthe area of the rock surface before the blast and
aD*m= 8 is the area of the rock surface after the blast, |
then: AS = §;-S; I8 the area of the newly davalopad surfacs,.
therefore: ' -
Ay = K608 | - (3.12)

o quentiy L is called the Ritinger number which characlorises tho

K]
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maximum area being newly developed by the sh'oke of & unit energy on
the crushmg medluﬁ

' Lastly, if n=1 5, the equation (3.6) describes the Bond's theory.

Y 1 1. o
4y =“¢n£‘}fﬁ= CB(JE—JE) (3-13)
 where Cp=Koh 1357 V' (Boukharov, 1972) @14

with & being the bulk chatacteristic of the rock which characterises its
strength and surface energy consumption per unitaraa,
therefore (3.13) becomes:

A, = ~K,AVAS (3.15)

The conditions and limltations of usage of the above law of comiminution
have been a subject of contention until no\rvadays. However, Hukki (1975)
showed that the actual relationship between energy and particle size 5=
composite form of the three laws, He recommended the use of Kick's law ‘.
crushing range of about 10 mm diameter; that of Bond In the crushing |
range of the conventional rod-mill and ball-mill and the Rittinger's law for
the fine grinding range of 0.01 to imm (Wills, 1989). Tackling the same
‘question, Boukharov (1872) quoted that the total snergy consurmption by
" rock In blasting including the emergy consumed in the rock deformation
and that consumed in the formation of new surface may be assessed from |
the following equation of Rehbinder:.
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. A=%+%§- @.18)
i which o Is the strength characteristic of the medium,
- E is the Young modulus, -
g is the coefficient of surface energy consumption par unit area,
" AS is the area of newly developed surface, and
V is the volume of the medium considered.

It may be showed that the equation (3.16) is in perfect agreement with the

results of Hukii's investigations. In  blasting, the rock fraginentation

observed In mur™. piles is always created by sffacts of two distinct breakir*g _
- actions. They invalve the primary breaking by compression which results in
_ crushing and liberation of new free surfaces, and the liberation of the in-
situ inherent fragment Anck formed by the it *section of sets of inherent
discontinuities Scott, Lintombo and Kieire (1993). Depending on ftre
distance from the blasthole and the predonnlnant action inthe burden, the
breaking equatlon (3.18) may be skewed either toward the law of Kick or
that of thtlnger as shown Inthe foHowng development.

Consldarlng the equation (3.18), If —-— << 1 the equation transfunns inte

~the law of Kick's. This means that the fragmentahon will be dominated by' '
‘big lumps formed mostly by the phase of expanding gas products which
favours the liberation of inherent blocks In a fractured rock medium, le.

" coal. However, if %S-» 1 the equatlpn tranaforms into the law of
Rittinger. in this case fhe fragme;: station will rather be fine mostly due to the

compressive shock action of the blast.
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Practically speaking, the determination of the energy consumption in
_.blas_ting a is very cdmp_lex_problem. While the éxponentlal coefficient n in
the general equation of comminution {3.6) has been rélated to the radial
diétanoe in t_ha burden and the prevailing law of energy attenuation in the
medium,. _thé main compication in modelling comminution in blasting
remains the d'atei'min_ation .of the coefficlent of proportiona"ty C. This
coefficlent C={Cs, Cx, Cs} depends on the properties of the medium which
- i nelther homogeneous nor isctropic. Boukharov (1972) pointed out that
the failure to determine the C coefﬁbient which ought to take into account
all feature characteristics of rock medium, has left sclent{sts with no mher
: alternatlve than to resort fo experimentatuon '

The experiments! laboratory test sug‘gested in this thesls consists of
dropping @ hammer weight on a coal sample placed at the bottom of a-
mortar, as shown In Figure 3.3, so as to generate conditions of dynamic
loading similar to those oceurring in blasting., Despite the small scale of the
test and the eventual d[scrépancies due to the size-effect since cores are
extracted from the coal of the seam, it is assumed that the fundamental
' physleal behaviour with regard to coal strength properties remains the
same, It is also assumed that the crushing, therefore the generation of
fines that occurs as a result of the joading energy_ imparted to the coal
through the impact of the weight is only dependant on the incident shock
waves, It Is not mﬂuenced by the reflection of shock waves that may occur
from the ends of the coal samples ' :
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I e R S

Figure §et~u9 for the dynamic impact test
o (After Kabongo, 1995b)

_3.§.2 Secondary crushing

Beyond the shock zone, sonic stresses interact With' inherent
discontinuities in the coal to generate additional fines. The discontinuities
may | be in-born micrg- and meso-fractures or flaws such as grain _
boundaries. They are cenfres for the nucleation or exlension of cracks
which, dapending on the spatial location and the activating stresses, can
_ oontrlbute to auther fragmentation (coal lumps) or ﬂnes |
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3.3.2.1 Fracturs in a radlal direction

In a fissure orlenfed In a radial direction, the oulgoing radial loading stress
~ p{t} shown in Figure 3.2(g) is transmi&ed IthIIy or partially, according to
' the nature of the fracture (opén or closed) and the properties of the fill
. material, to *he sxtreme tip of the -ﬁséure. i then drives the tip fur'ther'
 inside the coal splitting it into upper and lower fragments (coal lumps). This

is typlcal. of the behaviour of layered coal when the biasthoie Is drifled
_ perpendic'ulai' to the bedding planes. Breaking takes place prefergntially

élong the iayerS'_plane.s of weakness and very limited fines are generated.
‘The fracture mechanic, In this case, is that the blasting pulse preésurises
the d_rack, widening it by expansion and extension untll the driving strass at

_ the tip falls under the critical limiting value called ‘stress intensity factor

that Is characterisﬂc of the coal toughness and fts mode of failura. it Is
- worth to underline that in terms of the mode of Ioadmg with respect to the
_ crack surface, three types of failures modes may be distinguished. They
~ consist of the mads | that is characterised by the stress intensity factor Kic
~ oceutring in material loaded In pure tension. The mode Il is characterised
by the stress intensity factor Kilc that 'a_cours in material loaded In pure
shear slong the piane of the crack. The third type is the mixed or
t‘:omb_inét{on of modes tand |l that s belisved to gcour very often In mining
related rock fracture problems (Quicherlony, 1974). Rossmanith (1994)
clarifies these definitions by cornsidering an in‘inite rock mass containing a |
| small crack to define the mode | fracture as nccu'r_ring when the toading'
farce {tensile) is applied to the crack lips. resulfing in extending the crack
fips. However the mods # ocours if a shear atrass is appl;ed and a
combined modes 1 and 1! occurs if both type of stresses are applled The
crlticai stress infensity factor Ke is understood to correspond thus to the
. strass stngularitv at the fracture t|p that causes failure.
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3.3.2.2 Fracture in a tangential direction

The'radial outgoing foading pressure p(t) impacts on the lip of the flssure.
. Depending on. the nature of the fracture and that of its fill, it is sither
s_topp'ed.at the interface (barrier) of the two materials (coa!l and fill, air or
void) or it loses some energy here but manages to cross over with redu,
magnitude (Kutter and Kulozik, 1994), At the moment of impact, the
momentum of the prooagaﬁng pressure produces 'oompressive stresses
- which, depending on their magmtude, may generate some coal fines
lacally (see Flgure 3.2(b)).

| 3.3.2.3' Fmture randomly oﬁented :

- Assuming that no loss of energy occurs at the point of intsraction (see
Figure 3 20). the radial expliosion stress p(t) will decomposed into two
companents, pt) and pi(t), respectively along the radial and the tangential
directions. The component pf) is essentially oompressiVe, whereas n(i} is
' tensle. The effects of the component p,{t) are opposed to the compressive
strength of the goal which once agaln, according to the ratio of magnrmde _
of the loading stress to the coal resistance, will sustain crushing and fines
generation as In the case shown in Figure 3.2b. The tangential component
() is involves a combination of fenslle and shear. lts effects will
contribute towards dﬂving the fissure's tip deep irito_the ceal along the
direction of the facture at the angle o, as shown In Figure 3.2a. It wil
¢ause some extension of the {ip until the magnitude of its driving pressure
- goes. beyond the inteneity factor, which is charecter_istic of the toughnees
of the material. The angle 6.is known as the friction angle that determines
the. direction along which the fracture's lips may develop shearing
stresses. Depending on the stress transmitied and the coal's shear
strength, additional shear crushirig, controlled by the mode It fracture

 sfress Intensity factor KIl, may deveiop.
| e




Chapter 3
" Two basic ~ishing mechénlsms contribute towards the generatidn of coal
fines in blasting: shock-driven primary crushing and = secondary
" mechanisms dependent on the inherent f'actures Much controversy has
been going on about which Is the greater confributor to the generated fines
observed in coal piles after blasting, However, the concér.n In thig thesis is
rather on the mechanism that may be confrolled so as fo reduce fines
generation In mining dperations. The shock-generated primary crushing
appears to be controiiable. It may be confrolled through the. rate of the -
' echloéi\}e energy release in the biasthole that Is a bhara_cteristic of in-hole
charge performanda in-situ. The highér the explosive strength in a-tight-ﬂt :
c_:oﬁpled blasthole, the bigger the annular zone of fines created around the
hole. The dynamic loading of the mechanism can be simulated In an
energy-controliable comminution laboratory test, as demonstrated in the
fotlowing chapters. The secondary crushing mechanlem is dependent on
the 'pr'e-é)dsting digconfinuities (in-born frécturés. flaws, eto.) v&hich may be
 difficult to assess. The hypothesis formulated in this chapter' WaS'iested in
a serles of investigations reported on in the subsequent chapters.
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4 SLAST-SIMULATED DYNAMIC LOADING OF COAL
4.4 Introduction |

The fnining of coal in South Africa, both in surface mining and in some

underground mines, makes use of explosive energy to extract coal from

the seams. This made of breaking generates damage that is mostly caused "
by the instantanecus loading of coat by the high stresses generated by the
detonation. Whatever size distribution the blast is designed to produce, the

huge amount of energy. released within a short ime during the blast

- subjects coal to sudden loadirg which resuifs in Kt fragmenting into three
size groups: ovet-, mld- and under-sizes. The amount of energy and me' .
time frame of fs release make investigation into the breaking process. very
. .difficult. To date, no reliable senéor. capabié of withstanding such -
conditions, is commercially available, and so this thesis avoided direct
measuring of blast energy in coal, However, it has decided to model blast
loading conditions of coal in a simple comminution test that is dealt with in’
 this chapter

- ;43 -Dm._ amlc behaviour of ¢

Coal breaking in blasting is governed by tﬁe's_tress-tlm'e parameters of the
blast energy Ivolved and the dynamic resistance to fracture opposed by
the material. The relationship betwsen the energy imparted to coal and the
time maty be represented by a single pulse propagating through the burden
and determining the correspondlng zones of coal deformation, as shown in
Flgure 4.1, Two distinct zones that are created In the coal burden are
Known as the stable zone in which coal is not affected by the biast offects
“and the failurs. zone where the blast has caused damage (Kutter and
Fairhurst, 19?1) The extent of the damage depands on the energy
attenuation properties within the burden. These are dependent on the in-
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situ strength of the coal, i.e. the internai siructure and the inherent
discontinuities (Zipf and Bieniawsl_d. 1989),

Blasting stress (o)
A

o Fu

0 fa ~ 7 {distarice)

| initiat b!astho!e :

Primary crishing zone

~

Stable zone

Fragmentation zone

" Es=0,/1a; E, is the loading dynamic energy at the interface
between the explosive and the coal, o, is the peak stress and
ro Is the radius of the biasthole. ' '

and g ettio_lres onse

Figure 4.1 amic loading & er 
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The fallure zons has iwo sub-zones: the crushed and the.fragmentation
zones. The crushec zone is characterised by the high rnagriitude of the
' loading energy, corresponding to the steep part of the function of the
- energy histoty in the radial direction. This is evident in the high rate of loss
oftl'ne._breaking energy consumed during the creation of the high density of
- cracks characteristic of the comminution zone around the blasthele. The
fragmentation zone consists of coal with particle sizes above the cut-off
éizé considerad for fines. The rate of energy loss through coai is reduced
but the stress level Is stil some. way above the strength re<istance of coal.
Conseqﬂentiy. i breaks into biggef fragments. Thé démage criterion hence
formulated is that soai Is only damaged in a blast if the stresses génarated
are higher than the critical stress o, and if their loading time is shorter than
a critical pulse time o characteristic of the strength of the particular coal.
~ This criterion may be used as a guideline for in-situ blast optimisation, i.e.
to chosé the most suifable explosive and blast geometry parameters {typs,
charge diameter, decoupling ratio, burden, spacing and tifning),

‘43 Interagtion between explosives and coal

Like any other industrial comminution processes, blasting is inefficient.

~ Usually, the energy available in ti~ expldéive is nat used effectively ... coal

* breaking. The rate of energy releass in a blast needs to match the physical
properties' of the coal In order to enable the optimum breaking to occur
(Udy, 1994), Effective rates of energy release in coal breaking depend on
the explosive performance characteristics inharént to its composition i.e.
the dynamics of pressure-volume {see Figure 4.2 (Lownds, 1992)) and the
. afttenuation . properties imposed by the material composition 18, the
function stress-time (Rhevsky, 1978). The achleved degree of intaraction
between the explosive and coal may be elu‘cidéted bya 'rejcorded signal
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trace of the function of stress-timo (stress-dlstah.ce) also known as the
function of the breaking-history deveioped in the coal burden during the
- blast shown in Figures 21and 4.1. It highlights the ducaying amplitude of
| the _blast stresses travelling mmuqh the coal burden. This breaking-history
: infofmation. togethar with the coal breakage observed in blast piles should

B . provide an excellent basis for an insight into the comminution' process

which has taken place. Unfortlmatély, it is not passible to capture refiavle
informationt in-situ because the current range of sensors cannat withstand
the high magnitude of the energy involved. The approach in the present
- research involved faboratory Investigations simuiating 'mé"blast—dynamic
'Idadlng.' The energy parfition 11 blasting was modelled by altering the

‘falling height of 8 hammer mass on a coal sample placed at the bottom of -

the stamp mortar apparatus devised for the simulation. This apparatus is
presented and fts functioning explained in the next chapter. However, in
the fisidwork undertaken, it was not possible to vary the explosive material.
instead, the pariition of the breaking energy Input into coal was varied |
‘through changing the in-hole geometry of the explosive charge. This
~ resulted in variable amount of shock and heave energy; depending on the
_decoupling ratio, being imparted to coal during the biasts. Thé reasoning
in these field trials was based on the simplified moda! of energy partition in
blasting proposed by Lownds (1986). He iliustrated that the energy
released by an explosive to the blast may be congidersd eqda! to the area |
underneath s Isenirope characteristic eurve (the function of energy
déﬂvéry from the shoock Hugonhiot point of the defonaﬁon) as shown in
' Figure 4.2, - - S |

it Is worth reminding that theoretically, two imporiant energy stages may be
distinguished in any detonation. They are on one hand, the adiabatic
compression of fresh explasive materlal that causes g rise of pressure,
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temperature and densnty in the reaction and culminates in the generation
| ~ofthe shock waves pulse in the reaction zone, preclseiy In the c-J! pomt
‘The energy at this pcint is not absolutely the highest of the reaction but it
is contended that It represents the peak of available energy in the blast.
The balance between the Von Neumann and C-J energy is always used to
sustain the reaction (backup) (Cook, 1971).

Pressurg
Py 1 ,,-w-Stﬁ.‘nessof coal (‘_: = E8}
o f s  Potentiat shock energy _ .
_ -_;‘f BT : S ;:'Shocksnergy(Esi)'_
Paf} M2 * s Straln energy SR
TN e » Heave or gas energy (Egi
Ny ‘ Cut-off point| 948 energy (Ea)
CPalif g T UTTp Wasted - energy
oY o R
0w w Vs _- oV VOIUITIB

| Figure 4 2. P a'd d;agram sng\_mgg the eneray gaﬁitlog m blagtlng
' (After Lownds 1988)

The C-J po_in"c 1(P1.V+) corresponds therefare to the biast peak pressure,
~ temperature and density (inverse of volume) as shown in the Pressure-
~ Volume (P,V) diagram of the Figure 4.3, -

1G] stan T ¢ Chapmian Jouget :
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' The energy imparted to the blast is defivered through the expansion of tie
~ detonation 'produ'cls along the characteristic isentrepe curve illustrated in
- he ™ 'gures 4.2 and 4.3. Along this Isentrope, the expanding detonation
~ products perform waork loosing therefore Internal and kinetic energy to the
“ benefit of the various forms of energy in the biast n'ame'ly shock  ~ave
aﬁd wasted energy. _

Pressuyre - : '
. % . o Von Neumahn paint (VN)
| L Chapman—Jduget paint (G-J)
P S HUGONIOT .&IHABAT
AN e EXPENSIC}N EMOPE
Py 2h 4 Cut-off point (COP)
P : TR
Ve Vi Vo Va . Vs >
' Voiume

Figure 43 llustrative P-V diagram of a stiock and reaction Hugoniot
The physicel meaning of different stages of detoria’tion shown in Figures
4.2 and 4.3 is briefly presented in the above list of major points of the

reaction path in the pressure vs volume plane:

o (Po,vu) explosive rnaterlal at the mitiai stage ef atmosphere oondi’dons
' (before the initlatien), _
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4 _(Pn,V4)' expahded gas prOdticfs at the final stage of atmosphere
conditions {after escaping at the free face)
P4 ,V1) C-J point corresponding to the peak e.nergy available to the blast,

' _ ) Z(Pz ,Vg) ‘energy at the interface between the shock and gas phases,

dependant on the in-hole axial and Iong{tudinal conﬁnement of
the explosive charge, and
3{Ps ,Vs) the cut-off—pmm: which means the limit of the effective breakmg '
~ energy availab!e to the blast. :

: 434 COmminJgiou eg’ eray ig cos} blasting o

“The shock energy is responsible for the comminuﬂon and the network of
. Induced fractures in cral (primary crushing). it also |nﬂuanoes the extent of

the secondary crushing, depending on the geology of the coal (Kabongo,
| 1997). The second breaking stage which invoives the effects o expanding
gaseous products may also generate additional crushing by s .4ring and
' other complex mechianisms dealt with earlier. Otherwiss the generated gas
sweeps through the zone of fines previously set around the blasthole,
1nf itrate into the cracks and extend them to complete the fragmentatlon
and so move the fragments away from ihe solid ooal

The total energy avatled to the blast by an exploswe charge is called the _
: "Absolute Strength Valug” {aﬂ\‘é‘:\/)1 or "Relative Weight or Bulk Strength"

(RWS or RBS) when compated in terms of weight of volume of ANFO,

(Ooqk. 1958). It is transferred to coal partly in the form of shock enér.gy

- input (Esi) and partly in the form of heave or gds energy Input (Egl). Partof

the Esi is consumed effactively In breaking the coal (Ese) and the other -

- part (Efo) fs wasted in various forms such as heat and loss at the free face.

- Thus one can write the following aguation:
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. Esi=Ese+Elo R

_ Aésumi_ng that the energy losses are kept constant through use of similar

~ blasting conditions (same coal Le. prssical properties assumed identical,
same explosive charge and accessories, .;ame blast geometry) it can be
written that _ :
Esi=F(Ese) | 4.2

where F Is a linsar function refating Esi to Ese. *

The law of comminution appiied here would mean that the effective shock

- energy imparted to coal which is responsible for causing the comminution
zdne; is proportional ta the coal fines generated therein. This. effective k

shock energy (Ese) can be measured through the fragmentstlion observed

In the coal plle after the blast. But, since the observed fragmentation
‘corresponds to both the comminution energy (ComE), and the fracture
energy (FracE), considering that all losses of energy at the free face have

been actounted for in the Elo of equation 4.1 above, it may therefore be

stated thaf; I |

o Ese = ComE + FracgE | 43

Comk is measured through _t":‘ie generated fines observed'in the Dlast plle.
Similarly to the above, the foliowing function can be established;

Eesfloom®) 44

i This is a fit approxhuation afthppmmlculuﬂkynbm\mimhhaﬁng. lnmmnglheenexgymyutinlhemd:
eitber uough the powdes Eiclor or the uie of 2 highes energly Mplosive resilta in 20 ingivase in, rock breaking
© {more Hoes and mduced cosmse fractions) 93 shown In Figupe 6.6, This dead; shows the sristenee of &
. proporionst seistionshlp briween the entrry input and the simin energy in the tock thet i mepomil:le for
* hrelting, 'The natute of this selationship Is » suliect for conttovepy, Micholls and Diuval {1963} ascey  *thaglt
iz 0 “some Tanction of the ofio of the chamcuedstic Impedange of the esplosive to that of the & a the
uhaem:e ofmxmnmq myment thls thesis sswames it near fof the sake of tnnwn.lenm.
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o whera f is cslled the “appearance function of comminution” which is a

' gharacteristic of the coat type and the biasting conditions considered. it
can therefore be deduced that fis a function of the input shock'enérgy and
the dynamic of its propagation through coal. That Is to say, f Is a material
function. '

3.2 of comminution in blastin on a reduced scale

: The mtantlon was to simulate the loading condifions of the shock waves
gengrated In blastmg at a controllable energy fevel. The d;fﬂculty In

assessing the bteaking process In ﬂe[d blasting due to the hure energy

scale Involved was overcome by. dawsing a labaratory fest to enable the
predtction, control and optimisation of comminution in coal. The test -
- teohn!que allowed an evaluation of the fines generated from coal samples |
submitted to dynamic loading stresses by the free fall of a hammer mass in
 a nortar, as described in the next chapter to measure the coal's uynamic
crushability. The Coal Dynamic CrUShabulity (CDC) is & measure of its
ability to resist dynamic crushlng stresses.

4.3,3_Coal dynamic crushability (CDC) test

The idea here was fo analyse the cc aisx phenomenon of coal resporse
to the blast-generated stresses through a serles of discrete simutations of
shock and gas actions in processes that may be controflable. The impact
 stamping mortar used was a steel mass of 20 kg. The hammer was
dropped in free fall on a coal core sample from an Indicated height. The
height of the fail could be varled to create different levels of impacting
gravity energy. The knetic energ/ input into the coal sample was -
determined and related fo the effectsve breaking energy (commmutlon
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energy, ComE) assessed from the magnitude of the strains recorded on
' “the core coal sample. The strain deformation history was recorded from
“each sample by strain gauges bonded onto the care. The fragments of

broken coal were collected and sieved to assess the resulting size
distribution and In particular the fines generation. The technique simulated
 the effects of shock -energy' in blasting relatively well, despite the
lirhi{ations of energy size and loading times involved. Fair correlation was
_ observed betwsen the results of the laboratory and field blasting tests, as
discussed in the next chapters,

" 44 Backaround to the experimental work -

The dynamics of the shock waves released in a coal blast are dictated by

' the rate of detonation of the explosives used. During a blast the coal mass - |

is shocked, pressurised, heated up and subsequently damaged (Kabongo,
1895b). Tne observed damage ranges from coarse, wellfragmented coal
to fines that end up in the waste heap. The challenge In commercial coal
mining is to minimise the fraction of unusable fines in favour of the
sa'sable fragmentation sizes so as to optimise the economlcs of the
operation. ' ' -

The approach to modelling blasting stresses adopted in this thesis was to
use mechanlca!ly cteated shock waves in coal samples As in previous .
work presented by Kim and Mg Carter (1993), the breakmg stresses in '
core-drilled coal samples were generatad by impact loadmg in the
apparatus described in the next c:hapter '

4.1_ Dynamic strain measureme
Core specimens of coal were ex mined with the naked eye for innate -
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“meso-fractures. in some cases, thin polished sections were prepared for

glectron microscope assessment of the inherent micro-fractures fsee
Figure 4.4). Foll strain gauges were bonded onto the core samples in a

* half-bridge resistive clrcuitry to measure strain In both the longitudinal and

radial directions (Figure 4.5). Strain recording was triggered automatically

" when the [oading shock stresses in the coal &. the bottom of the guiding

steel tube of the mortar reached a pre-set sensitivity level. The strain
signal was amplified in a double-channel sensitive amplifier before being
recorded. The reodrding system consisted of a high-speed blast wave
storage oscilloscope coupled to a 486 laptop PC for data capturing and
using appropriate software (see Figure 4.6). The test is user-friendly and
may be easily performed seither in the laboratory or on site. It may weil bs
the answer to Holmberg's (1993) recent call for simple and easy-to-use on-

site techniques for predicting blast results in order to make optimisation

declsions on slite.

Figure 44 |nhere i mhicro-fractures in coal seen at the Electron
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wicroscope of the University of Witwaters~and

59

Figure 4.5 Foil sirain gauges bonding on coal core samples for test
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Figure 46 Recording squipment used to capture strain varjation in tested

coal samples

60




Chaprer4

442 Crifical stress

Classic uniaiial eompressive sfrength tests were conducted on a number
of coal samples from the same coal blocks. Ultrasonic waves were
propagate‘d through the_doai to evaluate its physical _and mechanical
. properties. '

The dynamics of the impact stresses mép_onsible_ for damages were
deduced from the traces of'_the strain history {oscillogram) recorded.
Typical signal records are’ shown in the next chapter. The fraces were
analysed on thé- assumption that the dynamic behaviour of the coal
~ materizl obeys the elastic theory, “le. induced stresses produce
proportional strains. This implied that at failure (interface of the elastic and
plastic zones), the Hooke's eqﬁat!dn_codld be applied as follows: '

c,=B& - .. . 4B

where . is the critical stress
Eglsthe dynamic modulus of elasticity and
" 8, ig the critical straln rgbserved

443 Pulse enerqy

~The pulse energy responsible for developing the observed strain and the
resulting damage was assessed from the equation of Steverding (1976) as
being praportional to the square of the critical breaking stress (c;) and its
duration ©. The integration of the area undemeath the strain mgnal was
used to measure the strain pulse energy

jo”(t)dt | | o 46
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in view of the dynamic mode “f the impact {accumulated kinetic energy
proportionally transferred to coal according to its properties), the total
gnergy imparted to coal was assessed from Kim and Mc Carter relation:

W = AE J{&* ()dt | 4.7
}o" )4

where W is the coal-breaking energy,
A is the cross-sectional area of the impact,
'Ed is the dynamic elasticity medulus of coal,
V is the velocity of the weight at impact , '
3isthe stram reading recorded in the coal and
ot ls the current time.

4& Ccmcludlng ramarks

The prlmary crushing mechanism 'vields most of the reducible coal fines.
The present thesis almed at investigating ways of predicting, confrolling.
and optimising fines generation in blast:ng__and sought therefore to
 establish a relationship between the input energy, the loading time and the
resulting sizing of broken coal. This chapter has Jaid down the theoretical
background on which the discussion in the nexi chapter is based. Thus,
the next chapter presents the Iaboratory mvestigatmns done at the
University of the Witwatersrand and the main results obtamed :
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5 LABORATORY INVESTIGATIONS
A gbiectigshnd similarity criteria

The Investigations were aimed &t p’roﬁiding an Insight into the prdces‘s- of

"~ coal breaking in a Rynamic ioading mode. Understanding the process is =~

the key to controlling the mechanism and to predicting the end-resuits. The
qUaIitative blast work done In laboratory - at the Depariment of Mining
Engineering of the University of the Witwatersrand used a transparent
contiriuufn medium (parépex blocks) to provide an insight into the creation -
of the fractire zones af_ouhd the blasthale 'during detonation. The
quantitative trials attempted modelling the full-scale In-sifu bfastfng.thrbugh _
a Idy'namic crushing feét based 6n the fo!fowing physical si_milafity c_riteria:

. Simﬂérity of density: The coal samples uéed in .the trials were oollecfed
from various mines of the country. namely Kieinkopje, Greenside and

| Tavistock, Arthur Taylor Coliiery. The darjsity of coal in the models could

be considered similar to that in-situ, except that the modeliing of natural
fracturas in coal could not be guarantesd (due to size effects). . |

2. Similarity of geome'try: Cylindrical ekplosive charges In detonation
involve cylindrical expansion of blast stresses around the blasthale.
This induces a compressive loading in coal confined around the
biasthole similarly to that in' the test model. The test modet izsed coal
samples core-drilied to 42 mm diameter, approximately 105 mm long
{length of 2.5 imes diameter), with an average density of 1.450 gfce.

‘These were used f0 model the coal burden between 'c'onsecutivve
-~ blastholes in & blast {multiple-holes blasting).

- 3. Similarity of the breaking mechanism: The loading conditions -
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responsible for breaking were scaled down io controllable levels in the

o model,:_ ~while - maintaining the dynamics of the_ lmbac’c loading

characteristics of the blast-generated shock stresses. Mechanically
" general)d shock waves were imparted to the coal spécimen through the
Impacbng mass hammer faliing freely from a given helght. The free fall of
the hammer produced measurable dynarmic oompresswe ieading stresses
that broke the _samples The kinefic energy Input responsible for the
breakage was datermined. The dynamic strain gauges bondsd on. the
samples recorded the stress history in the specimen during the loading.
The ratio of the energy input to that _effe'crl:i_\ards;l'5«'r used In coal breaklng'calied
the “comminution energy_eﬁiciency" _{CEE}_index was determined-. '

4. The third theorem of simitarity that was. postulated by Borovikov and
Vanyagin (1995) states that “wo bodies prepared from the same material -
_ similar before the application of external forces, remain similar after the:
_ apphcatton of forces ihat are distributed over surface (voiume) in a similar
manner. The theorem adds “the values of such forces per. unit area
(volume) in_ both bodles ars identical”. According to this theorem, it may be

considered doubtful that fragmentation in the mode! is similar to that in full- .

scale blasting due 1o the effects of inherent fracturing, but the fines
generated in the model are Indlsputably similar to those generated by full-
st.‘.le shock waves.

. . Tachnioues used and resulfs obtained
- B.2.1 Blasts in perspex

) Laboratbry' blasting work uhdertaken involved detonating small charges df
PET’N expiosive in small holes of increasing diameters (2.4, 3.0, 4.0 and
4.5 mm). The ldea was ta vary the in-ho!é coupling ratio of the explosive |

64




Chaprer 5
charge in the blast 80 as fo' i'nvestigate the effect on induced fractures
resulting from the blast, Changing the In-hole coupling ratio armounts to
modifying the partition of the blast energy between its component ‘shock’
and 'heave’ phases. The test blasts were carried out in perspsx cubes {50
mm x 50 mm x 50 mm), Perspex was chasen to allow visial assessment of
the results. The cubes were pre-loaded bi-axially (static loading In two
directions, vertical and horizontal loading) on an AMSLER hydraulic press
to simulate the.underground conditions of coal in-situ confinement around
the blastholes. The blasts were fired through the free face as shown In
Figure 5.1a. The distrlbution of the blast-induced fractures around the
blastholes was assessad (see Figure 5.1b). The perspex cubes were later
sliced along the major principal stress direction to measure the extent of
- the longest crack induced. | ' |

Figure 5.1a Laboratory blast set-up for investi jating indyced fractures
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Major principal stress

g J— 'Mi_norprincipalstmss _

- Figurs 5.4b  Tyoical fracture pattem induced by blasting 8 confined
' medium - o

The results obtalned are summarised in Table 5.1. They are summarised
in the graphic of Flgufe 5.2 that is supported by the pictues in Figures 5.3
to 6.5. These results demonstrated that increasing the annular gap
between the explosive and the blasthole walls (increasing the sxplosive
- charge dscoupling, in other ‘words, reducing the in-hole coupling rafio) '
praduced the decreasing of the effects of the energy phase of shock
‘waves In coal, This led therefore to an extension of the induced fractures, -
subsequently 'due o the cdrnpsnsat_ory increase of the gas phase sffects. |
The cohsequence" of the rEd_u_ction of th_e' contribution of the shock energy _

- was evidenced by a clear reduction in the extent of the resulting zone of

crushing around the blasthole, i was noted, however, that the extent of the
overall zone of the induced fractures was increased. This was evidence of
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- the redistribution of the total energy available to the blast which occurred

between the two phases of shock and gas. The loss of shock energy.
enhanced the gas phase, resulting In the observed extended fracture zone
_ (Kabongo, 1895¢),

Tab.le 5,4 Effects of deooug!ing on fracture

‘Hole -dian'ietar Exploswa diameter Decoupling Fatio. Fracture exterision
Sty Sy ey | m
24 2.4 1 16
4.0 2.4 2.78 28
4.5 24 3.62 20
< 4] ey
i
51 '

5

mmm {oen}
o

. ya-amﬁ+m

decougllng rati
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" d=4.0 mm

‘d=24mm  d=3.0mm

Figure 8.3 Effect of decoupling on primary crushing and fracture extension
Note: For d = 4.5 mm, induced fraciures decreased (see in Table 6.1)

-

d=24mm d=3.0mm

Figure 5.4 Effect of decouplin en the ratio of axial to |ateral joading
exceeded one
Note: Beyond d = 3¢ mm, fractures could not be contained in the cubes.
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d=30mm  d=30mm  d=3.0mm
Aet=1 Ac = 1.56 Ac =278

Figure 6.5 Blasthols bottcin fracture

Note: In this investigation the variation of the decoupling ratio was obtalned
by Increasing the gap between the explosive end and the bottom of the
blasthole. = _ ' ' '

These results confirmed that the shock phase in blasting is responsible for
| determining both the density and the extent of radial fractures in the zone
 immediately around the blastholes, Fines are a result of the higher density
of fractures occurring ét the interface between the explosive and the
matarial at the blasthole walls. They are genérated through the brutal
transfer of the energy of the pulse of straln waves to the resisting material
- during the dynamic impact which Is characteristic of the detonation. The
higher the energy released in the shock phase, the de_apér the extent of
this primary zone of comminution, resul_ting In more fines being generated.

The results of blasts in perspex models also showed that the phase of the
_expansion of gaseous pmducts influsnces the final length of the Induced

1 Ae stands for decoupling ratks, 6
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~ fractures (zone of fractures). This phase deterh'ﬁnes the final size of the
matertal particles, that is the resulfing fragmentation of the blast, and the
canditions of the remaining excavation after the blast, or contral of the
averbreaking (Kabongo, 1985¢).

52 2 E;Ego!gion' of t'l_iese resufts to coal blasting

~ The outcoms of the described investigation tmph‘es that the decoupling of
the explosive charge In blastholes results in attenuated Impacting shock
_ waves pulss; which reduces the primary crushing and hence limits the
generaﬂo_n of excessive coal fines. This means that the energy responsible
. _for'odmniinuilun"ln coal blasting can be regulated through aftering the
. degree of the In-hole coupling of the explosive charge, This finding was
further pursuéd in fleld investigations aimed at devising techniques for
reducing fines ganeration of coal blasting. Ancther alternative proposal for
controlling the generation of fines In coal blasting would be to use an
explosive formulation with low shock energy. One would have to be caraful
not to tamper with the detonability of the explosive since this could be
compromised by efforts ta reduce the _shbck energy cormponent. The 1ast'
fleld of contention is the critical density of the explosive and the posstoliity
of malfunctions. it can give rise to problems of in-hole desensitisation and
misfires, | S

Ancther observation made duting the laboratory investigations concerned

the induced fractures extending at the bottom of the blasthole. They were

also observed to increase with the increasing decoupling ratio, This

implles i_hat high coupling at the bottom of the blasthole, in addltion to

highest energy concentration due to botiom priming, bred favaurablg
_ - o _
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: conditions for heavy localised crushing. However, this crushing is limited
in extent since the highly compressive shock stresses generated would
attenuate rapidly ove_'f a short distance from the source. Thus the reduced
gas energy phase generates shorter fractures, avoiding excessive c_iamége '
to coal.

When blasting the overburden to expose coal (surface coal mining) using
large diametér holes, the fi'acturing which ocour at the bottom of the
‘blastholes may be an Important source of damage to coal if adequate rock -
burden Is not left above the sea. Also, accldentai drilling thrjoug_h'the coal
seam commonly occurs. In both cases, Chiappetta (1994) recommends
that some backfilling of the blastholes be done prior to charging. However,
the major practical problem always encountered involvés the quantiﬂcation
~of ine required backfili since the length of the hole drilled into the coal is
oftan difficult to assess. Normally the operator stops the drill's advance
onyy when black powdered coal cuitings appear on the surface. At that
stags, the bit is already some 'distan_ce into the coal. '

5.24 Physlcal and mechanical properties of coal

Coal sample_s ware coliscted from two pilot collieries, Greanside'and
Tavistock, Arthur Taylor Colllery, both mining the coal from the Withank
coalfield. Sarmpling was conducted respectively in the No %, 2 and 4 |
Seams at Tavistock and In the No 2 and 4 Seams at Greenslde. Each
seam was sampied at the top, the middle and the bottom to give fairlv
rapresentative specimens. They were core-drilled at Wits to 42 mm oF
diameter and further prepared for tests to determine bbth their static and
dynamic' sirength properties. ' - '

n
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The tests conducted in the Iaboratdry included the uniaxial compressive
strength (UCS), the veldcity of prnpagation of ultrasonic waves through
ooa}, and the dynamic impact test for coal crushability (DICC).
The DICC test was performed using the apparatus devised in-house at
Wits shown In Figure 5.6. | |

- Figure 5.6 Coal crushing stamp mortar for the DICC test

5.24.1 uniaxfa: compressive strength test -

Coal Samples were prepared to the standards required by the international
Saciety of Rock Mecharics (Bienlawskl, 1979) with a ratio of core length to
 diamater of 2.5, Where hossibl_e at least three samples were considered
for each sampled horizon in a seam (i.e. top, middle and bottom), They |

~ wera submitted to an Increasing load until fallure oceurred, in ofder. to

12
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determine the resistance to static compression. The characteristics
'assessed- included  the density {p), the compressive strength {c.), the
dynamic efasticity or Young modulus (Es), and the Poisson's ratio (v}, the
\kelocity of-propagaﬁon of both the body (compressive component V) and
the surface (shear component V,). The resuits are summarised in Table
5.2, o | |
~ Table 5.2: Physical and mechanical propsrties of coal

027 | 2174 | 1480

4400 | 307 | 64.0

4 | 1450 | 126 | 666 | 029 | 2465 | 1350

1. | 1400 287 | 101.7 | 0.20 | 2736 | 2000

2 1580 | 259 | 1465 | 0.31 | 3162 | 1985

4 | 1430 | 150 | 565 | 029 | 2403 | 1296

Greenside Colliery mines coal from the No 2, 4 and 5 Seams. Tavistock,
* Arthur Taylor Colilery mines the No 2 and 4 Seams. The hardest coal
 tested was observed to come from the No 2 Seam at Greenslde. This coal
had a compressive strength of approximately 36 MPa In the direction
- parailel to or along the beddings, ahd 43.4 MPa across or perpendicular to
the beddings. The Tavistock coal had & compressive strength of 27,9 MPa
- along the bedding planes. The coal from the No 5 Searn lé. the softest at

GreenSide;_ It is mechanlcally mined underground using continuious miners
" or roadheaders. Currently, the No 1 Seam Is not mined at Arthur Taylor,

7B
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although It is still mmed at some other Tavlstock collierles. The genera!
trend observed is that the deeper the seam, the higher the compressive
' strength and hence the harder the coal. However the In-situ strength
situation may differ due fo varlations in the fracture frequency

The strength anis_otrdpy, defined as the ratio of the strength across fo that
§ along'the beddings, is approximately 1.2 {(see Appendix A). The ratio of the
elaéﬁc modulus in two directions is around 1.6, This im'plies that the coal of
this seam can be expected to transmit stresses relatively better across.
© rather than along -bed_d[rigs. More bkeakage in the plasto-elastic zone
~around the hole éan thus be expected in this favourable direction dus to
the stress effect being more effective, rather than in the opposite direction
_ where additional energy venting through 'dlsc':qntinuities leads to rapid
attenuation of pulses (along beddings). This effect was clearly apparent in
single-hole biasts performed In layered material. The experiment
highlighted the effect of the spacih_g of bedding planes on the blast results
| (Kutter and Kulozik, 1990) Closer spacing of beddings hémpers the
prapagation of blast energy' the blast effects are confined to the blocks_
- __around the blasthole, resultlng in a poor network of fractures that do not
penelrate into the coal. '

. The coal of Seam 4 can be considered as soft. The average compressive
strength Is 12.5 MPa at Greenside and 13.5 at Tavistock along the
bedding planes 12.6 MPa at Greenside and 186.6 MPa at Tavistock across
the bedding planes. The beds are hardly distinguishable, as calcite
appears to fill all the cleais, The strength anlsotropy in coal from
Greenside Is around 1.1, indicating that even breakage around blastholes
can be expetted. Tavistock coal presents a higher anisotropy ratio of 1.3.
- This peinted towards an uneven distrlbution of breakage around holes
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5.2.4.2 Dynamic Impact test for coal crushability (DICC)*

“The test is aimed at assessing the behaviour of coal subjected to dynamic
. loading. It assumes that the coal strength and the explosive energy that is
input for breaking are vital parameters controlling. the breakage and the
generation of coal fines. The relationship linking these parameters js
therefare the key fo the optimisation of the blast effects and final outputs,
* in particular the fragmentation. ' -

Early f_eseafch used the static failure recorded from models gently loaded

ina con_vaht_id_nal UCS test éé_criteﬂo_n In attempts to predict the blast

results and blastability of rock materials (Fogelson, Atchison,and Divall

- (1959), Allsman (1960), Kumao (1961), Langefors (1963), etc.). This thesis -
supports the work done by Kou and Rastan (1992) which considered that
since the release of the' breéking energy into material during blasting is a
dynamic process, it is advisable therefore to use dynamic parameters of
failure. The DICC test uses on the one hand, the measurement of the -
velocity of propagation of ultrasonic waves in coal that is recorded _us'Ing | _

thg equipment shown In Figure 5.7. On the other hand, it uses the data of
size. dlstributibn of particles produced by the free fali of the hammer mass
onfo coal sampleé in the stamp mortar of Figure 5.6. Data fnea‘sured aré
used to detsrmins-an enei‘gyfbreakage relationship cailed the “appearance
function” which is characteristic of the coal materlal. The function of
_énergy!breakage obtained may be used to predict the commi_rmtion _
{primary crushing) in goal in-3iiu, and the subéeq_uent_ fines generation

Dynamic slastic propertles of coal

The _dyna_mic elastié. properties were determined by passiig .ulfraécnic_

2 Coushability 1o defined as ﬁeshiityofawnlmdalm%nmmﬁma. _
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waves through the coal samples and monitoring the propagation time. The
time data were used i. - "mpute the velocity of propagation of the body or
p-waves (V) and the surface or s-waves (Vs). These were used to
determine the dynamic elasticity modulus (Eq) and the Poisson’s ratio (v)
using the equations (Rzhevski and Novik, 1971):

g (o)l -20)
E«=Vp Pm(l—v) 5.1
Ve - 207
0_2_(V;"T’Zz) 52

where p is the density of the coal.

In the present investigations, CNS transducers were used with a Pundit p
&s unit coupled with a Tektronix double-beam oscilloscope of type 565.
The equipment Is shown In Figure 5.7 and the data recorded are
preéented in Table 5.2. '

Flgure 5.7 C&SfPundit eq _uig'men_t used to measure the velocity of
' propagation of badv and surface waves in coal semples
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Eva!uatron of the efﬁc!ency of energy transfer

Like several other industrial comminution processss, blasting Is inefficient.
Wills (1988) stated that only one per cent of the total energy consumed in
conventional grinding s used in actually creating the new surfaces.

‘Niglson (1995) quotes Morrel et al. (1992) who have asserted that
Industrial crushers can effectively use only up to 20 per cent of their
energy input. Brinkman (1987) showed that even if the use of explosives
results in 20 per cent of the axpiosive energy being transmltted to the

_ material as elastic strain energy, part of it will still be consumed in the

generation. of micro-cracks which do not coniribute to the apparen_t

breakage. The importahce of the comminution énargy gfficiency in any .

attempt at defining the appearance function of any material is thus |

underltned

* In this thesis the efficlency of comminution energy is measured through a
parameter called ‘comminution energy efficlency (CEE)'. This parameter is |
defined as the ratlo of the input énérgy to that eﬁectlvéiy consumed in coal

~ breaking termed '‘comminution énei'gy (cémE)’. The energy input may be
~ ‘the kinetic energy that is accumulated In the hammer at the impact
o {labaratory conditions), or the chemical explosive energy in a real blast.

The comminution énergy was determined from the strain-history signals
recorded on loaded coal samples using dynamic strain gauges, Two foii
gauges of 20 mm Jength and 120 chms resistance ware carefully bonded
to & 1 sample In half-Wheatstone bridge. The gatiges were connected
20 ds to feed information to a sensitive recordi'ng system consisting of a
double-channel ampiifier and a high-speéd wave | re'oorder, trigoered
: autbma*jcally by the sirain leve! in the coal. The slignals recorded {see a

A
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typical sample in Figure 5.8) were downjoaded into a 486 laptop PC for
~analysis, using the High Speed Data Recording (HSDR} and the Digital

Signal Processing (DSP) software °.

" Comminution energy

_ The basm hypothesis of the test is that the behaviour of coal materia!

~ under load is elastic (Hooke material) within some limits of load and
deformation, ﬂepending_ on the-cbal. The strain is then proportional to tha

. stresses develo'pad Beyond this elastic domain, the comminution law
apphes. ie. the breakage observed In coal is pmportional 130 the energy
consumed in its generation.

“The strain signal recarded during the dynamic loading of the boal_samp{e,
e.g. Figuré 5.8 embodies slgnificant information pertaining to the coal
bresking history. The first wavelength of the recorded strain signal s
characferistic'of'the impulse that generates the majority of the breaking .
energy. The DSP software used enables the researcher to zoom-in on thls
wavelength and to smgle out the part of the signal oorrespondlng to the

- compressive pulse that generates the comminution (i.e. Figure 5.8). The
integration of this part of the signal yields a comminution enargy parameter

 thatls termed in this thesls “soniminution enargy, (ConiE)”.

- The commihutinn ehergy. Cde is calculated using equaﬁon 4.7 inwhich
~ the integration limits are restricted to the compressive purtion of the signal
-(tototn) asshown in Figure 5.9. '

ComE = AE,,V[ Sy

A —_— o "

3HSDR/DSP a0t Linde madis of TLG Softwase Limited.
i
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A is the cross-sectional area over which the breaking energy is

~ transmilited, in m?, Eq Is the dynamic modulus of elastlcity, In ka/m? V is the
-velocity of the impacting hammer welght on the sampls, in m/s, & is the

| strain developed in the sample as a result of the im' 3r 5= AL with al
being the chang_e in length of the sample In mm and L = origlnal Iength in
m), and dt is the impact elementary time in seconds. The integration Hmits
correspond to the time of coal loading in compressiontatot,

This thesis does not bring Into the discussion the considaration of elastic
energy that may be stored in the coal sampie during the process of core
“driling because of the carefui core driliing meﬂwdalogy employed. -Coal
- samples were drilled using sharp bits, with the rotary coring speed and
thrust set 5o as to produce minimal compression of the coal. Furthermore,
the sirain recording obtained from a specimen on which sensors were
carefully bonded takes into account the global affect of displacemants :
resulting from the impacting and the internal energy. '

Coal slzing and fines definition

The fragments of coal collected from the bottom of the mortar were sieved
using a vibrating laboratoty shaker, Eighl sieving stages were used as
shown in Figure 5.10. The standard sleving fime was fixed at tan minutes,
Thereatter the fractions retained in each sieve were weighed and the data
fed into the database, a summary of which is presented in Appendix B, The |
two bottom fractions of -1 B(j and -500 microns are called respectively ultra-
fines (U-F) and fines (F). They are used as the basls for comparison of the
comminution results of the invasﬁgatlon. Howaever, it Is worth noting that n

1
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the local coal mining Industry, the cut-off size conventionally used for coal
fines is 6 mm (Thorpe and Pearoncelli, 19886). :

T
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in the abova Il!.xsh'aﬂva example (Figure 5.9) tha time of nccurrence of the
" different loading evants are to = 0,100 Ms, t; = 0.185 Ms and © = 0,189 Ms.
This means that the time of the ecrnpressive loading associated with ComE
wast; *-_tu = 0,185~ 0.100 = 0,086 Ms = 85 us.
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Fig i
igure 5.10 Classification of coal fragments for the DICG test
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Comminution index (Com;}

' 'A comminution operaﬂon always involves three variables, namely the
energv, the mass and the resulting size reduc’uon {fragmentation). The
perameter used in this project to compare the comminution behaviour of
coal is called the ‘comminution index’ (Comil). It is defined as the ratio of
the specific comminution én’argy, called the ‘comminution factor’ (ComF),

‘to the nercentags of ﬂnés generated by the material being comminuted.

. Similarty o the pmnéder factor which is the ratio of the explosive mass to
the volume or mass of rock broken, the comminution factor is a
comparative parameter which indicates the specific comminution energy.

- ComF = ComE / M Al o 54
.where M [s the mass of coal being comminuted.

The specific comminution energy required for generating one percent of -
fines in a given coa! material is then called the comminution index (Coml),
it is a characteristic of the coal material and the commlnutlon energy
efficlency (CEE) of the process considered.

Coml= ComE/M/M% fines  [J/kg/% finas] 55

The dynamic crushing of & representative sample of any particular coal

can enable one, using this concept, to determine a model of prediction of
the required input energy to generate a glven level of fines. This may be

the raqmred height of fall in the DICC test or the powder factor in an in-situ

b{aat That is what the laboratory investgatlons of this thests were aimed

| _at |llustrating
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Laboratory results of coal comminutfon
Eleven sefs of approx!mately ten coal samples were tested. The
comminution data collected are given in Appendix B, but a summary of the
results Is presented in Tabie 5.3 befow. A 20 kg hammer mass was used to
impact coal samples af the bottom of the mortar, thus generating
measurable breaking energy. The impact icading time and the efﬁcientﬁy of
the energy transfers were determined (see Appendix B). However, the
calculated average specific commination energy per set of coal sampleé-

" tested (ComF) is given in Table 5.3. |

Table 5.3 pn‘i ared physical and comminution properties of cos

o b g b By ENER@V GEE:_ ComE | Fines [ Goml
SAUPLE' (kgin) Ny e k). ‘%j (""‘W"‘E’g’
e e RN
Goo# | 1370 ] 825 | 184 | 215 | 186 | 208 TN
T G2Bll | 1423 | 754 | 200 | 30.0 | 328 | 228 |  147.3
GABH | 1443 | G62 | 190 | 149 | 121 | 3.16 382
“GaBi | 1440 | B83 | 198 | 70 | 80 | 380 | 182
GaNE | 1475 | 725 | 178 | 17.9 | 172 | 4.08 42.7
GAMA | 1240 | 637 | 176 | 284 | 126 | 843 | 367
R 71 S
T8I | 1419 | 101 | 177 | 529 | 208 | 2.60 80.4
TITA | 1384 | 818 | 216 | 220 | 221 | 824 | 683
ToWi | 1657 | 2464 | 164 | 514 | 83 | 160 | 2105
TT4TMA | 1382 | 603 | 176 | 188 | 171 | 262 | 6527
“TaNw | 1480 | 604 | 180 | 20 | 180 | 828 | 548

- 4 Laend nsed fo sample [dentification: Mine (Grsenside or Tavistock) - Seam No 3, % o 4) - Samgle Incation i
tha coal spam {T'oy, Middle o Bottotn) wDitling d:mdg‘\lhn {/f paalled ar # pecpendicular to the beddiog planes),
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The relationships between the coal characteristic physical strength
properties and the comminution parameters (commimution energy

- efﬂt:iency (CEE), pe'rcehtage of coal fines generated, comminution factor
~ {ComiE) and the comminution Index (Coml)) are graphically represented in
 Figures 5.11 and 5.12.
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Figure 541 Physical vs comminution sirenath propsrties of coal
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‘it can be inferred from poor linear dependence
 exists between the generation of fines and the strength of coal However,
the trend observed is that the harder the coa!, the 1ess ﬁnes it generates.

tha Figure 5 14 that a

tis also learned that the commmutlon factor (GomF) is fairly well relatad to
al. The regression  goeffictent

" the physical strength propemes of 0
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observed is 52%. This Is well balow the minimum acceptable level of 58%

~ . at a 85 % confidence threshold.

The comminution Index (Goml) is welt related o the coal strength. The
abserved comelation coefficient Is 73%. This shows that Coml may be
~ predicted from the strength characteristics of coal with a levei of
confidence of 89 %. This result confirms that Comi is a reliable pararneter
~ that Is characteristic of the comminution properties of coals _

. The éommi_nution energy transfer {CEE) éppears to be well related to the .
- toal strengih. A regression coefficient of 74% shows that the harder the -
'coal the moare .the Input énergy effactively consumed in the-bréaking
Process. ' ' | S

Figurs 5.12 depicts a trend of decreasing fines' generation with the
 Increasing energy transfer. This is to say that the higher the energy
: ﬁ'énsférred into' coal the better the fragmentation, ie. the fower fines
 generated. Subsequently hard coals, which according to the result plotted
In Figure 5. 11 showed to oppose liitle resistance to the propagation of
strain waves, may be expected to generate lesser fines than the soft coals.

In fleld blasting, the efficiency of enefgy_transfer depends or: the in-hole
pérformant‘;_te- of the explosive charge and its confinement in the blasthole.
T_he confinement is understood to have two components, namely radial
~ confinement controlled by the coupling ratio and the cosl strength end the
Icrngltudinai confinement, which is controlled by the stemming Th-se
_parameters play 2 pivotal role in setting cond!tions for the fi nal blast
-_results The longitudinal confinement controls the time of retention of the
'explosion gaseous products ity the coal. It thus hias a direct influence on
87.




Chapter 5

~ the coal fragmentation. The radial confinement controls the extent of the

. crus'hing'zone through the coupling ratio. It is therefore around this aspect

that the present prbject devised Innovative ideas put forward In this thesis

as fechniques to reduce coal fines in blasting {optimization of coal

breaking). | o |

- Discussion of the laboratory commiﬁuﬁbn resuits

Tha rasuits in Flgures 5.11 and 5.12 appear to hear a great Influence of
-the samp[e T2M/l whose strength characl:enstlcs may be seen as
questionable. The considerably high varfance of the charagteristics of this
sample rhay be attributed to a high degree of contamination of coal of this
particular block by some heavy rock mateﬁa_l {Infrusions). However, in view
of its critical influence on the overall results, it is found worth to evaluate
the sens;twrty of the model by d:sragardmg The follorwing change in
resu!ts are therefore obsamed '

1. The regresslon curves of Figure 5,11 and Flgure 5.12 are modlﬁed as
follows '

8
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Figure 513 Sensitivity analysis of the resulir obtained (global . ..} data)

The changa observed calls for the foliovwhg comments: o
“s The relation between the comminution parameters of this thesls (ComF
‘and Coml) and the Elastic Modulus of coal has nct changed (the best-

fit function remains a logarithm function) However the confi dence jevel
has ' Jpped from 52% to 51% for ComF and from 73% to 53% for

~ Coml. _

~« Aslight changs is observed in the relationship between the CEE and
the comminution paramieters. Coml and ComF are stilt reasonably well
related to the coefficient of energy transfer but the best-fit functions

* have rather changed to power functions with a respectiva drop In
confidence level of 2% for ComF and approximately 24% for the Coml.
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2 The sensitmty analysis was conducted further o probe the validity of

) the refationship between the defined comminution indexes and the coal

strength at the Individual mines. Combined coal strength data from the
two mines were analyzed individually aé_shown ia figure 5.14-a and -b.

a) Greenside coal

] =,
3 0. e
E | M CEE(%)
150 3 ‘ComF(dkgl . .
E 100 3f Fltes{%) -
| % S} X Coml (ikgMifines) -
15 * mem=Log, (CamF gl
}1° ] st sy (Ciomi (WbegSifiries))
0 : s oot}
b} Tavistock ATC coal
= S ¥= M+12a17 + B "
_ _ . v
. B ' RE =8 “
ﬁmcu o _ N
| gm- S ¢ + ComF! Weg)
Bwnd - - y=m»«ao.,m _
R R L. = aaw_, x Coml (J/kg/%fines)
‘o w " = L (ngruines)
Dynanwu Elasﬂ? Modulus {GPa} o .

- Figum 314 gnﬁg_t_imx gﬂg[ﬁ;s of the resuits cbtained (cual dau.
msidered per individuat mine) .
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The following additional comments can be made:

s n overall, the comminution parameters defined in this thesis show an
‘acceptable degree of correlation for industrial standards bearing In
‘mind that assumptions made in the conceptual stage of the test are not
100% real. In addition, the strength characterization of coal is
particuiarly problematic due to gensric peculiarities of this rock type
{the nature of deposition and the natural fractures imbedded).

et may be seen that the confidence Jevel of the reiation between the

commintion parameters (ComF and Coml) and the coal strength
abserved in this research Is much mose improved when coals are

gonsidered accordlng"to"'iheir_orlgmai idcation raiher-ﬂian-wha_n they - - -

are collectiveiy considered,

524.3 Modeﬂing of cdmmfnuﬂon (coal crushability funcfions)

... The crushablity curves were platted to illusirate the relationship ??t.v?ée:r-.‘.. .

the breaking energy and the generation of coal fines. Coal fragments

 collectsd after impact were sieved and the behaviour of the two bottom
fractions, termed ‘fines’ for all the under - 0.5 mm (<500 microns) and
‘ultra-fines' for the under - 0,18 mm (< 180 microns) portions, was tested.
The size of these fractions s related 1o the energy properties observed in |
order to determine the chatacteristic appecrance function of the coal
material. The cbserved results are presented In a setles of curves shown
in Appendix C. These were found to best fit & theoretical exponertiaf
function of the general form shown in Figure 5.15 whose characteristic
gquation is:

 ComF [ikg] = B gl e 56

n .
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' ‘where A and B are coefficients faking into account the beaking condltions.

COM FAC
{Ike)

A
. B aIA{'}’u Finva}]

0 . (%) Coal fines

Figure 51§ Ge fo e comminution function of coat
From the general form of the comminution function observed, the
comminution index can be deduced as fol' ws:

Coml = tan o = ComF / % ﬂnes [Jika!% ﬂnes] 5.6

This index Is further used fo compare blasting techmques with regard to
the coal fines generated

The tabaratory investigation has shown that a reasonable good correlation
exist between the coal strength properties {dynamic elastic modulus), the
energy reqJired to generate fines (comminution energy) and the partion of
 the Input energy consumed In coal breaking Drocess (oommlr.ntion energy
” fransfer).
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_ Chapter 6 _

6. INVESTIGAT THE GENERATION QF FINES | cl
- BLASTING

6.1 _Introduction

The mode! Introduced In Chapter 3 assertsd that the secondary crushing
mechanism is responsible for an important portion of the fines cbserved in

* coal plles. The generation of these fines Is atiributable to the non-

homogeneity and amsulrow in coal material, exacerbated by its structure

S . p

" and In-sltu strengfh. The in- sutu strength encompasses the sffecty ofths =~ =" " 8

innate planes of weakness, which exert a sirong, i not dominant, |nﬂuence '
on the results obtained In blasting. The major fracture types in coai are
joints, cleats, cross-cleats and bedding planes. In this thesis, fractures - :
refer to ali pre-existing planes or surfaoes of weakness, whether open, - |
. closed,or filled, that.divide a masp of coal, Into segments, sach of which s
maore or gss Intact Breakage can easlly oceur along any of these p!anes '

'This chapter presents the results of thé_ site invesﬁgatton undartakan to

assess the modelled hypothesis given in the previous chapter in order to

prove the assertion that generated fines observed in coal piles after blasis

are related to the inherent fractures imbedded in te coal mass. The work
was conducted at Kleinkopje Colllery, a surface mining operation of the
AMCOAL. group. Tha results obtalned confirmed the hypothesxs as shown
-in the discussion below,

6.2 Bipaking strenath of coal

In furms of its geclogical structure, coal Is a sedimentary and stratified rock

material made of 2 number of naturailly bound layets (discontinuity planes) _

it ls therefore seldom that the elastic behaviour of laboratory samples,

whether cores or bulk samples, Is the same as that of the in-situ coal in the
93 ' '
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seam. However, over the years, it has bean' possible to evaluate the

~ sirength and blasting behaviour of rock material and coal using standard

tests such as the uniaxial compresswa (UCS) and tensile strength {UTS)
tests. These Indices are also used In the classification of a coal's potential

for fines generation since they correlate well with the relevant parameters

such as porosity, weathering and fissuring (Evans and Pomeroy, 1966, A _
rule of thumb commonly used is that, for similar mineralogy, the UCS

_ dacreasas with lnoreas!ng porosity, Increasing degree of wethering and
-' increasing degree of micro-flssucing (Brady and Brown, 1985). Vitukuri,

Lama and San_ua. 1974) added that the UCS may also decrease with
incredsing water content. The tenslle sirength of rock Is generally low and
coal is even worse In this regard as its innate fractures result in even less

ability ta transmit tensile stresses, Although the tensile bahaviour of rock is

net directly related to ﬁnes generaﬂon, 1he walls of fractures (lips) may act

as partial reflecting surfacas of stmsses, attenuatiig* iteir propagating

energy it an impact and resulting in some fines being generated. In =

additian, the differential ioading of a fracture may generate some shearing
at the tips, as illustrated in the model of Chapter 3.

The breaklng_ forces and _suhsequent damage that constitute an optimum
blast in coal depend greatly on the innate weaknesses present (bedding

~ planes and cleats). The cleats are generally meso-cracks at right angles or
- slightly Inclined to the stratification, which appear as main divisions

{primary tloats) or secandary divisions (cross~clea_ts) in coal matarial. In

general, it Is observed in South African coalfields that mors and better-

developed cleats are found in bright coals_and'that'mey are widely spaced_
or ever not at al apparent in dull coals. Anather natural properly of coal is
kniown as slip. This Is & crack quite distinct from cleating as it traverses the
full thickness of the codl seam and Is usuatly inclined at about 25 1o 40

o4
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 degrees to the vertical.' in general, a well-developed slip is advantageous

. 1p the extraction of coal whether donie by hand, by mechanical means or by

 explosives but causes major safety problems as it makes the seam (and
the roof) inherently unstable. '

" “The orientation and frequency of these natural features (discontinuities)
. are decisive factors in planning the direction in which coal faces should be
blasted. The assessment of fractures is necessary fo predict the size of
- fragments after blasting, as the fragmentation resulting from a blast is very
" much dependent on the inherent distribution of microfissures, joints,
bedding planes, fissures and faults (Maynard, 1990). Lilly (1986) and
Cunningham (1987) did acknowledge the merit of Including a "discontinuity
index" in thelr respective models, the mode! of rock blastabllity and the
KuzRam model of prediction of blasting fragmentation, These sfforts at
tmodelling blast “febilts* unfortbinately took’ bnly an overall view of -er o 3
ﬁagmentaﬁon. the aim being to predict all the oversizs and undersize |
particles generated. There has been no effort to determine the specific
influence of the inherent fractures on the genera‘aan of fines and this is the
focus of the current lnvestigation

6.2.1_Fracture freguency per metre (FE/m)

This is a simple method of quantifying discontmultles in coal material. The

assessment of the parameter consists In counting all the fractures

intersected by a.sampling line drawn on a core sample, any plece of the

extracted coal that has a plane surface, or an In-situ free face of the coal-

mass (face of a trench). The average number of fractures counted per

running metre of the coal sample is referred to as the fracture frequency
- per metre (FE/m). '

93
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6.2.2 Rock quality designation (ROD
Rock engineers make extensive use of the concept of RQD introduced by
Deere and Miller (1966} to quantify the fractures ‘n a rock mass. The
‘parameter is determingd from & core-recovery techniqué that makes use of -
all pleces of core sample dnlled from the coal seam that are jonger or

'equal to 100 mm. The sum of such lengths when expressed as a
percentage of the total length of the drilled core is the RQD index:

Zoval lengths > 1 Oamm
 Total length

Rgp(%) = 160 6.1

The RQD index was found to corelate well with the spacing of
discontinuities In hard rock. Priest and Hudson (1966) reported & good

. correlation, empmcally identified, to relate the RQD &s -an exponential
_functlonofﬂmefrach:refreﬁuencyasfundwy S T

 ROD = 1006014 +1) 62

" where A is the mean diécontinuity frequency.

- 8.2.3 Coal gradins

Coal is a combustible sedimentary rock believed fo originate from the
- sccurulation and deposition of vegetal organic matters during the course
of geological history (Evans and ‘Pomeroy, 1973), South African coal
~ depoasits are banded with different textures and brightness, The bands run
paraliel to the seams. Two types of coal are distinguished on the basis of
their brightness, namely “bright” and “duii” coal. Mc Carthy (1981)
-presented a classification of coal accordlng to the grade of brlght

elements. A summary of this classification is presented in Table 6.1
' - 96
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-below. Mo Carthy ascertained that the general pattern observed in South

African coalis as follows:

1. The brighter the coal, the higher the volatila matter and the higher the
ranking.

2. The brighter the coal, the hlgher the fractures and the less sulted to
blasting itis. '

- 3.The coal ranking, hence fracturing increasss with the d'epth in a seam.

. . ‘Table 6 1 _Oogl cigsgiﬁcation accordmg io brlghtness (Mc Carth!, 1981)

Bright - CBB | Nodul
. -—--_,—.‘—.;I“...l_' .. - — : - - -

Brightwith dullbands ° ° | CBD - -jiessthand0%dut .. .0,

Bright and dull interbanded - | Gll 50% bright/dull

Dull with bright bands CDB | Less than 50% bright

Dl - |eDD. | Nobright
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6.3 On-sited igatic of_ the cts of fracfures on coal fines
6.3.1 Obiectives

In order to study the effects of the pre-existing fractures on coal fines
gensration, a programme of fieldwork was undertaken at Kleinkopje
Calliery. The mine Is situated at about 13 kifometres south of Witbank and
apprommataly 130 kilometras east of Johannasburg

. 832 Geoldgx' ggg: mit_ling at Kleinlgoglg‘ Collig_m
| 6.3.21 Reserves and stratigraphy

T Yhe ooal reserves-of the colliery.are part of the Sprmgs-Wltbank coaiﬁald
which .is the most important one in the country. Of the five seaths of 1he_'-
Witbank coalfield, numbered from ihe bottom upas 1,2 3 4and 5, only

the No 1 and 2 seams are fully develaped and mineable. The No 4 seam is |
also present and it Is mined In some pits. The thickness of the seams
varlus-botween 2 and 8 m. They consist of various combinations of
interbanded bright and dult coal. The No 2 seam Is the largest. It is
subdiv!ded Into a number of distinet coal-quality zones aocording o the
amount of vitrinite (bright coal) present. The bottom part of the seam-
S Shink) o a@n@%uamy coal which is selectively

LA

_ mlned {"sélect") to produce both low-ash metamrc.al Wm“m
coal. The upper, poor-quality coal is mined as "non-select" {o produce '
steam coal., In argas of very poor quality, the top part of the coal seam Is
“mined as raw coal praduct to be stockplled as a future resource

* -_.-,.-Q t’..‘...l."‘ ..

Tha No 1 ssam has an average thickness of 2.2 m. It consists of high-

quality coal which is mined as "non-select" to produce steam coal. The

seam contains mainly lustrous to dull lustrous coal, separated fram the No |
. 2 seam by an overlying band of sandstone 1to 3 m thick. Both seats are
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overlaid by approximately 35 m of overburden rock, which s drilled,
- blasted and removed to expose the coal.

" 6.3.2.2 Mining

~ The opencast 6peratlon mines three pits (2A, 3A and 5W). The coal

reserves In each pit are subdivided Into a number of production blocks.
" The strip or cut mining method is used in which cuts 50 m wide are opened

and then excavated to expose the top of the No 2 seam. The overburden is

drilled, blavied and sldecast by draglines. The sandstone layer beween

' the seams Is selectively blasted off to allow coal extraction. The.coal is

 loaded by rope shovels and front-end loaders into bottom-dump trucks
whlch haeul the ooa_l'to the washing plant or to the temporary dumps. -~

0verbunfen dnmng and blasting

The mine hes four drills allocated to overburden removal {three. Bicyrus

" Erie 61R and one Bicyrus Erle 49R} aquipped to drill holes _311 mm (12 14
Inch) in diameter, The drilling pattern varies according to the thickness and

hardness of the sandstone. The explosive used Is ANFO augured into dry
biastholes. In areas where major water ingress is experienced malnly

during the ralny season, HANFQ Is used Anparently, considerabla efforts

e % ety ARVID . oy

e B 1w of AR [T

are made to oontrol %ragrnentetion and enhanca the dragline productwity

‘Motgarn  Initiation systems using both bottom and surface millisecond
delays associsted with the shock tubes technology is used to ensure better

. blast results, Explosive charge in blastholes Is initlated from bottom and
various t:a-ln techniques are used accordlng to the blast conditions
_ consldered. Staggered single chevron (V1) and double chevron (v2)
* shown In Figure 8.1a,b, and ¢ are currently prefarred.

9
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Previgus blast N

 Highwall

e K.:milisecond delay unit,

° : blasthole

Figure 6.1a

lan,view of a typical blasting pattern used st Kisinkople
Mustration of a V4 tie-In using row by row Initiation. '
{Apparent burden to spacing ratio of approximately 1:1)

Mt—- -i-sﬂwmw-—m.

¥ 4 [} ¥ » ¥ B ¥ [y U [\ 1 3 2 R
% ¥ . ¥
., .
) ps 0l g0
" Previgus blast ¥ e 1
l.‘m LT XY ".q A Y N, Qﬁ\f > Zy y_.{., ‘.ﬂ““ﬂ
T _ R Highwall
- Initiation _ ' -
Figure 6.1b } of ¢ blastm attermn used at Kl mko

lllustration of a V2 tle-In using row by row initiation _
(Apparent burden to spacing ratio of approximately: 1:3.5)
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- Figure 6.1¢ Plan view of a typical blasting pattern used af Kieinkopia
~ Hustration of a V3 tie-In using row by row initiation
{Apparent burden to spacing of approximately: 1:7.25)

Drilling and bfasﬁng In coal
The mine operates two Drilitecn C25 KL rigs equipped with the norrnal
 we. . thyes:wing drag bifs fo dril 130-mm-diamstor blastholes in coal. The
o drilting patiern ls often square sither 4 %4 O T %3t Thee Fegmenietion... .
obtained is ohviously a problem, one that this thesls sesks to address,
Oversize do not pose a problem. Fines generated are variable, however,
an average of 30% of the blasted coal enging up in the r_nai‘ginal category
. of coal fines (< 6mm). Since the m_the’a nprations are designed to
produce coal for export, thers Is thersfore great deal of interest in
optimising the blast output by raducing the coal gener’ation{

B cwn. g
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633 Mef gggloggoﬂhe investigations
The west!gatwn was almed at establtshmg a,relaﬂonship, tf there was

- ong, l;;,ﬁ,,u@e@he P 3 exisﬁng fractures and the coat fines generated in

LI vy ey

 ‘blasting. Prior . the blasting work, & number of boreholss were drilled na

vlrgm coal far away from the actual blasting sites. These boreholes were
part of the routine programme of coal reconnaissance but the diar nd-

dirllled samples of coal extracted were used to serve the purposes of this

project as wel, Diamond dnl!ing was organised In alf three of the comery‘s

pits and samﬂples were then teken. The inherert fractures i the coal in the
- three pits were asaesse tiiuugh examirmg the core samples collacted,
The two fracture-dsfinition parameters were utitised, namely the RQD and
the fracture frequency per' metre (FF/m). From, a_'-oompar!éqn of the
evaluations, a relationship between these fraclure parameters was T

established. This compared wall with the_ previous findings published by
‘Priest and Hudson (1976). Later, b!astin'g work was organised at the

- ‘sampled sites. It was closely monitored in ali three pits aid the results are

presented and discussed In tia. chapter.

' 6 3 3 1 Data coﬂectron far the mmamh

Data on dlsoonﬁnuities (n mmms In coal) were collected accordmg toa

strict modus aperandi to ensure sound and valid analysis. Crilled coat
. samples wera collected from the diamond-drilled horehales that were part h
of detailed prospecting In unrnlne:. horizms In the plis. Svmplas were :

examined for fracturc loggmg

Loggfng of fmctures

- A total of ™ boreholes were dri‘t.-.-.i Cores of 75 mm diameter were

racoversd, They wers ioggec_i to assess natural fracturing In the different

102




Cb@m 6

_ mal searns Of the 75 drilled cores, 24 came from Pit 2A, 29 from Pit 3A
wwe - e eand 22 from Pit W. The boreholes were drilled in & square mesh of 100
metres from each other to cover a distinct prospection block, Cores were .
examinad immediately after they had been extractod from the barrel. This
ensured minimum effects from exterr.sl factors such as weathering, drying
anid e'wgr’mél ovE*ai¥ing by desiccation. This aiso made it possible to
distinguish the fracturas freshly induced by the drilling operation from the
'original in-born fractures {In most cases filled with calcite).

L & R an

Geotechmca”oggmg . e e .

... ¥ was Intended to quantitatwely assess the fraglure frequency per metre
| ~ {FFim) and the rock quality designation (RQD) as shown in Appendix D.
_ The modus operandi of the on-site geotechnical logging was therefore as
follows: | ' - | "
1. Any artificiai fracture caused by the drilling prooess of resulting from

the eventual handltng of the core was dlscourited. . P R

2. .A smooth or somewhat weathered surface with soft coating or in-filling
~ malerial such as calcite was counted as a pre-existing fracture.

3. Occaslonally, part of the core rotated with the Inner barrel, resutting in
grinding of the fracture surfaces. In this cass, the rounded surfice was
assumed fo be pre-existng If it was diffieult to decide whether the
rounding was the result of a natural or artificial fracture.

4, Where fractures were very numerous (highty fractured), the fraquency
was determined by dividing the length of the highly fractured core by
the average particle size of the fragmented core. |

5. Where the core had been broken by handling or by the drilling process

- {iie. fresh fractures), the broken pieces were courited as ane unit,
_ provided they formad a Iangih of 100 mm as required for the RQD

determination. '

103




P‘uﬁ.-‘ CE SR AL N L

Chaptsr 6
Since tip-to-tip length measurement involves doublle-counﬁng at each
end of a core piece and fuily circular length measurement ignores core

pieces that happen to have been drilled with a small subtended angle
-to cne discontinuity (ISRM commission, 1978), centre -lin'e_length-

measurement was used.
Fracture- frequency and RQD were establlshed for pieces of core not
exceedmg 1 metre in Iength

' Geofogrr:af loggmg

. This was ntended to-determir.s the coal type and grading on the basis of
* the _proportion of brigit slements. It was ~one’ immediately after the
geotechnical Icgging’ Cores were spiit so as to identify the varione coal .
'tyne zones and the comesponding 12 .vnhs were. measured. The data
._qollecneg are nresented in Appendix D,

. ) o - -
amEr wd 8 - d - R -

Sampﬂng of biasted coal :

The blasted coal in muck piles was sampled aeeardlng to the rneihod'
described below. In No 2 seam, ‘coai was sampled in both the top cut and
- the select cut accordmg to the production selectivity requirements (M2T
~and M28). Sampling was performed In the three pits Immediately after
blasts under the fol!awlng conditions:
1.
-2,

Samplee were sollected in line at equal distances 25 metres apart
Since fines on the highwall side are genera!ly greater than on the Iow-

wall side (Slaughter, ot aI 1992), two sampling points per samp!ing' '
- profile were considered one corresponding to the product from the

highwalf and the other one to that from the low-wall as shown in Figure

- 6.2a. Where the mining face was narrow, a single central sampling .~
" pointwas considered. _
Three '-‘ampies per sampling pomt wera colleeted from three locations _
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cdrrespdnding to the top, middie ahd bottom of the plie using either a
PiH shovel, a front end loader or, in some instances, manual spades
The samples coflected were loaded in drums and immediately sentto -
" the preparation room. S
4, The 'v12T and M2S minlng horizons were samplad saparately

Figure B.4a Lay-out of coal sempling done sfter syrface blasfing -
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Preparation of sample

Samples of blasted coal were screened and weighed for classification into
size fractions {see Figure 6.2b}. The screening was done in two streams
that differed only- in the aperture of the last screening stage (fine scrgen).
One stream had a long slot screen of 0.5 mm x 1 mm and the other stream
had a square mesh screen of 0.5 mm x 0.5 mm. The upper s .ening
stages were 100 mm, 70 mm, 50 mm, 32 mm, 25 mm, 6 mm and 3 mm.

fr « w0 o5 8l

Figure 6.2b Scresning equipmenit used for arge industrial coal samples
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The fong slat screen was used to establish the influence of the shape
factor on qdal fines. Long and thin fragments, although they lower the
value of the coal as much as do square oy roundish ories, are sometimes
retained on a square mesh screen if they fall across their breadth (across
the longer dimension}. To ensure that ail the fines (under 0.5 mm) were
accounted for, it was Important to increase the probability of classification

by increasing the chance of settiement in the bottom screen by using a o

fong slot configuration. This configuration also made it possible to compare

the results of fines observed from samples collected directly from the pit
" with those obtained from the routine assessment operations in the plant.

“Nine screening stages were used with the Industrial vibrating screening
squiprwsnt shown In Figure 6.2c to gensrate the data presented In
Appendix D.

- Figure 6.2¢ Nine screening stgg'es used
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6.3.4 Results, interoretation and discussion

5.3.4.1 RQDvsFF/im

" Two indices are used to measure inherent fractures in rock and its
‘consequent in-situ strength: the RQD (see section 6.2.2) and the FF/m
o (see section 6.2.1). Tk 18 indices are generally used to define fractures of
- different size. The RQD is used for macro-fractures related to prbb_lems'of

stability of excavations in hard to medium bulky rock in mining and civil -
engineering excavations, lLe. tunnels, stopes and other underground

 workings. The FF/m is rather ussd for meso- and micro-fractures mostly
" related to medium and soft rock, for instance coal. A correlation was
 ‘established betwean these indices in the coal from Kieinkopje, as shown In

Table 6.2 and Figures 6.3a and 6.3b. The FF/m increases with the
increasing depth of the coal seam. Thus the deepast coal of Seam 1 was '

- obsetved to be the most fractured, with an average of 23, 30 and 50 .
fractures per running metre in respact!vely the 2A, 5 W and 3A plts of

Seam 1 (see Table 8.2).

B0
54
g o7
E=r
- & el
g 25 uSearrm [
E 1 " |mseam2
_ é ar CSeam 1|
3 150
ik '
_5
Block 24 . BWest Pl aA
" Samploed site '

Figure 6.3a Observed FF/m related to the seam depth
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Table 6.2 Average fracture freauency per metre end RQD at Kleinkopie

15

&1

18

46

23

33

SWest

~ Samplod she

Pitan

“I0Seam1

B 8eam 4
WSeam 2|

Flgure 8.2b Qbserved RQD (%) related to fhe seam dapth
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ItIs noted that: o |
1. The trénd'observed a't'lﬂeinkobje.of fracture frequency increasing with

' goal depth can be exp!ained'as resuiting from the pressure of the
averlying weight of soil on the deeper seams {action of gravity). The -
deeper the seam, the hlgher the pressure, lmplylng a higher degree of
fractunng

- 2. %he RQD wasg obsewgl to. dacrease with -coal depth This. *;end. :s.‘._'_
sumﬂartc that found by Priest arrd Hudson (1976) t exist between RQD

and FFim in hard and medium rock (sandstone._mudstona and chalk).
" These authors ascertained that an’ expanential 'rélatlonship exists
‘between the RQD and the FF/m of rock materials. The present

< dnvestinatiog hgs led 1p a Jinear bastf phose neagiy pprametgs go_.

_given in Table 6.3 below and which has been formulated as follows:

nSeamt:  RODO§)=-22FF/m+865 . 63
i Seam 2 ROD(Y = -2.0FF / m+86.9 s -

110




| Chapter 6 |
' Table 8.3 Relationship between RQD and FEfm

21885] 80 |.20 |869]| 70 |-3.4|%11| 98

. DN «--lf-'- - “NUtEd': Ca A isthe_s'Qpﬁog‘{heﬁnmw.e‘dJlrl.ear funcﬁon _ .
. . . ) . e e ThE g
Bis its intercept -
- A Is the confidence level in percentage.

The above negative linear relationship (Equations 6.3, 6.4 and 8.5)
~ showed the Nmiiations of the RQD as an index for characterising fractures
in coal FUndamenﬁiiy.- coal is a soft rock materlal that abounds in
inherent fractures. Sampling by diamond drilfing induced additional
fractures which tade further use of the RQD inappropriate. '

6.3.4.2 Fracture distribution and coal grading

Coal grading is _rélated to the amount of bright elements present.
. Kieinkopje Collisry groups its coal into two geological types categories:
mixed bright and duliflustrous. The types are easily assessed from the
cotour of the coal. Any amount of bright elements in a coal qualifies it for
classification as mixed brighit. Totally black coal, with no bright material is
called dullfiustrous. A detaited classification is presented in Appéndix 1
11t : '




Cogpters
Mixed brlght coal is generally seen In the bottom pari of the thick No 2
seam. i constitutes the colliery's richest reserves since it yrelds the Iow-
ash coal, which is in high demand. It is used for metallurglcal appllcatlons
due to its high oxidising properties. This coal is blasted selectively and
) handled thh care as lt is destined for the éxpor't market. Since it is foimd '

_ dlstributlon of fractures observed on site. The trend discerned confirms the
~ expettations: fractures increase with the depth of the coal seam. it is also _

noflced that, in the same seam, there appear to be more fractures in the
duliflustrous, top coal horizons than in the mikedfbright, bc_rttom horizons.'

_-This may be. attributed to the difference in stress-transmission properties
between the hard rock overlying the top coal horizons and the coal. Coal

: Spr'eads'overburden pressures longitudinaily, thus -cushi'on'ing the bottom-

- horizons and alleviating ‘e fracture Inductton. -

Table 6.4 Coal grading and observed distribution of fractures

B _f-jFracmre frequency per. matre

WX bright nulmustmus
B ~ 18
T Y EEE 1
21 22
3% | a0
1B 22
NP B
P 50
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6.3.4.3 Coal strength and fracture distribution

- fines generaﬁon. Table 8.5 shows the resuits of the uniaxial cor

e s

The strength parameters of coal in the different pits of the mine were
assessed to determine their relationship with fractures and subsequent

asive

strength (UCS) tests undertaken on. coa) samples from the coliizry. -@se
 are compared to the observed fractire frequency in coal. Wnen plotted In

.- Figure 6.4 & poor correlation was observed. This was obviously att ibuted

- fothe role played by the"_éfﬁ’i'é!—ﬂﬂiﬁg ‘the—fracturas{nawre%{ype-e‘i——_—'
: ﬁllzng) Depending on the ratio of filled to open fractures, the cornpresswe
strength may vary even \mthln the same coal block. In the case of the

present investigation, the ﬂll:ng of tha fractures was meainly an intrusion of

ulc_:[te or some grains of quariz and other minera!s in coal

H-.._"—ﬁ‘. e s e “‘m ol --—---«-q..-._, .

Table 6.5 Compressive strength vs fracturing in.coal -

w I e i ot e
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- 6.3.4‘.4 chture frequenc_y at the bighwaﬂ
Ffédtﬂreé induoed by blasting were assessed in ‘an effort {0 rilata the blast

© effects: and the resultung fractures mduced at the highwall. It is comman

knowledgs that blasting -induces additional . fractures In coal, ‘i‘he :
lntaraction of such induced fractures with the pre-existing fractures can '
lead to further breakage and eventual fines generated (< 6 mm). It was
therefore considetsd important e log, after each blast, every apparent !
fracture at the highwall i a plane situation (tm orthogonal directions
referred to as horizenta! and verhcal) The data on tha total fractures _
 abserved at the highwaii were used to assess the law of fracture increase
" in refation fo the blast parameters. Tha blast-induced fractures were
de'termlned by subtracting the in-born fractures pre-determined from the _.
geotechmcal sampling previously done, from the total fracMres observed
'atmeface after blast. o
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Chaptar 6 |
For technical reasons and safety considerations, the logging of face .
factures was limited to or 3 coal horizon in Seam 2. Ten sampling points
were considered. Two techniques, namely photography (see Appendix D)
and phy'sicaﬂ -gounting of fractures at the face, wers used to produce
_ reliable results. |

o - The fractures were logged along a sampling line in two directions, vertical
e LU g hordzorital. THe Sampling ling was' didwn on e face and apparent «
| - fractyr.s crossing the line were scanned with a digltal counter. A surnmary
 of the results obtamed is prasented In Tabie 6 8 and plotted in Flgures
6.5a, bandec,

S - - ‘No‘ﬂs‘gmm 'mn're'i‘tm viza dsand Loknocs- fractures - in orthucarw%; P

- directions (vertical and horizontal). Although a finear relationship has been
estabhshed in the graphs below, the confidence of carrelation Is lower than
the au:eptable threshold, This result is attributed mainly fo the forces
generating the fractures in coal. The so-ca!lad horizontal fractures -are

~ generally a result of the static loading of the coal horlzons by the overlying
ground, induced pressures resulting from activities on the surface and
other geo-tectonic movement to which the sarth's crust is subjectsd
(metecrites, eic.). The vertical fractures are mainly due to contraction
caused by changes In the weather and to the tangential compensating -
component of the compressive pressurss generated by the above-
mentioned loading. However, in terms of fines generation, the horizontal
fractures produce fines by the made shown in Flgure 3.2a. The vertical
fraclures tend to oppose the propagation of the breaking siresses
emanating from the blasthole, thersfore Involving the generation of fines by
'compresmon (see model discussed in Chapter &, section 3.3, 2.2)
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Fines generation depéﬁds on how the fraclures are oriented relative to the
expansion front of both blastinduced p-waves and s-waves. The
interaction of the fracture and these wave components will determine
whether the fracture expanus Jn gehsile or in shearlng mode. However,
Intultively one would expect the horlzontaily oriented fractures to develop
from flaws and ‘along the beds {(heterogensous oontact) of the various
deposited constitusnts of coal. They are aligned along the path of the
breaking stresses emanating from the blasthole and therefore ln\?o'lving
more of the finés genaration by shearing (see Mol disoussed In Chapter

B 3, section 3.3.2.1). The geatechnica work of logaing fractures done In the
present investigation dealt malnly with this type of fractures. The problem

~* matter In the next few pages evolves around whether these horizontally
" oriented fractures are significantly related to the coal fines Jn blasting piies.
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Table 6.5 Qbserved fractures at the highwall

Errer T PR Mt S

,I'.I..-f: il B FRSWC DI S o

20 | 14 | 34 17 37 | a

20 | 12 | 2 | 12 1 3 | 12 |

% | 9 3 | 13 ] 32 | 9

3 | 1B | 21 | 11 | 4 | 21

58 26 28 20 f§ 30 | 17

36 12 16 13 41 9

27 g )| 25 | 18 34 42

2 | 13 | 28 | 15§ 7 { m

Note: ' Vi vertical
. H= horizontal
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| Chapter 6

6.3.45 Observed fragmentatiop in blasted coal .

‘Blasting work undertaken in the aréas where coal samples for the

geotechnical assessment of inherent fractures were collect_éd was closely
monitored and samples were faken fo defermine the resulfing
fragmentation The blast design was kept identical throughout the series of

_blasts, The samples collected after each blast: were weighed and scresned =
for coal sizing. The coal fragments were grouped info ten classes, each of

which was weighed to determine the function of the size distribution
relative to the blast being considered. Ten equidistant sampling points of

. were |dentlf‘ td on the piie A volume of 008 m® of coal was placed in & -

drum u EPIJ‘tItU‘te an mdlxgﬂgai sampfe Three samples wers
systematicaily collected at each’ sampting point to oorrespond to the top,
the middle and the bottom of the pile. The size distribution data obtained
from the ﬂiirty samples from each blast werse récorde_d. _Thé average
fragmentation per blast and the respective characteristic curves are given
In Appendix E, However, Figures 6.6a,b,c show the overall trend of the
fragmantation functtans obtsined. These figures are plotted from the data
of the average fragmentation observed in a nurnber of blasts monitored in

different pits of tha colliery.

The fragm_entaﬂon results pIotted_ showed clearly that In general the trend
of the function of size distribution.of blasted coal is bi-madal in nature.

Observed functions were gither skewed to the leff, towards the modal

undersize of < 25 mm, or .skewed to the right, towards the > 25 mm
oversize. The modai size of 25 mm is far below the mean size of the range
oons!dered 50 mm, {l.e. 0 to 100 mm). This implles that the b[asts resulted |
in overbreaking of coal. '

11%

LY TR ST SR E ] PRI Mﬂﬁﬂ@dﬂﬁ




 Chgptars

= 50mm
¥ 100 fim
- - = ZA2Seam
_ C 25 mm = 2A45eRm

. S . . P
0 s— - t i {

8 1@©e

4 8§
_ -clﬂ_ssaffrwntslzg

o itrs e v 0 Wil TC B WD AL~ BB BB OB 4> BB D A S ak> S TRIIEE

Figure 6.6a Size distributions observed irt blasted coal of Pit2A _

8

mm

oy
m

b
o
L
—

—~ -GV Sear
~ g EWFSeam
ol o
~X—EWMZS
0 A i ]
0 2 4 8 8 .10

Ciags of tragment sizo

Figure 6.6b Size distributions observed in blasted coal of Pit 5W

120




"I RO AYS O =

D

Chgprer 6

100 mm

{ [—o—3ANT
—~—3AMS

et Sy Bt 3 meeﬂm-dggdlwaw R T smnai

n‘:-ﬁ.&b‘
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was stil required to fing-tune the blasting practics at the mine, However,

| the fragmeht’at‘ron curvas hfgl'-uighted peaks of accumulated fragment size

 Such fragmentation resutts Indicated that more work on blast optimisation -

in the intervals of 6 mm to 15 mm in the under-madal class and 32 mm to -

50 mm In the class of bigger fragments. A correlation with the fracture

_ frequency was sought and Table 6.7 below shows the prominent peaks of

- '. fragment size resulting from the blasting work undertaken for these

- investigations. The promingnt peak in each coal horizon is underlined In
the table
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Tahle 6.7 Observed peak fragment sizes and fracture frequency

Black 2A — =

15 mm - 50 8

“Block 5W I A

. 6mm-50mm | 20
Pit3A

gmm-50mm | - 35

-ﬂoua - l;Eeara
dﬁb-ta phcqaaoa s w ol FEOE 11 .ao .-!:‘Q L T 5 QQOO
T A |

Considering that Seam 2 is mined in both pits of the coll:ery, it is worth
noting the significant relationship betwsen the fragmentation and the
fracture frequency. The prominent peak fragment size is shifted from the
fragment class of blager size (50 mm) in coal of Block 2A that has distant
inharent fractures, to the class of smaller size (6 mm) in coal of Pit 3A that
has a higher fracture _frequency. In the coal of Block 5W, where the
difference in fracture frequency compared with that of Block 2A is small,

~ the prominent peak does not mave from 50 mm. However in coal of Pit 34,
rmore coai of smaller size is produt':ed thereby shifting the smaliar peak of
the fragmentation curve in favour of the fragment class of smaller perticles .
(6 mm}. This trend observed may be summed therefors to say that, the
closer the fractures, the more coal of smaller size is produced in the blast,
hence the fracture frequency hes a definite infiusnce on the sme of
fragmants generated by the blast

e o B ERA T

it rnust ba borne n mind that blastmg mvmves two complementary energy -
phases that contributs to the formation of the fragment sizes (shack and
122 '
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gas). The partition between these phases achioved during: the blast
determines the share of the resulting particle sizes. At present, it is n'ot
possible to accurately delineate the respective shares of the twa energy
phases in the fragmentation. Nevertheless, the effects of both phases are
hamp'ered by thé inherent fracturcs in coal. Thus it is logicat that the

observer trends should remain wvalid regardless of which phase is
- - prominent in particular blasting conditions. However, _the raducible paortion

of woal fines Is believed to resutt solsly from the effcts of shock energy.
These fines are set by two different crushing mechanisms, depending on
 the proximity of the sampling point to the axis of the in-hole expiosive. The

closer the sampling point to the hole, the higher the expected reducible

finss since in this region, primary crushing is the prevailing dominant .

| pulse interacts with pre-existing fractures 1o generate additional fines that
* are difficult to' control and optimise. At such locaﬂons the secondary
crushing mechamsm is dominant.

6.2.46 In-pit coal fines

The conventional practice used in l_ndustry to assess the coal sizes

generated in mining operations is to collect coal sampies from the feed to

| ‘the washing plant on the conveyer belt. For the present thesis, coal was

' ' mechanism. of, fines .9enamalion.«The smagritide-of tig-viasing shosk "~ 7
-‘ur-mc Muf« oud--mlmh—‘ o
i impulse decreases with radial distance. Far away from the borehole, the

sampled directly from the blasting faces in order to relaté the fines

. generation to the blastmg parameters. Thls was. done to avoid the
generation of additional fines that may occur during the Intermediate
operations prior. o the washing plant {loading, fransportation or
stockpii1g). At Kieinkaple Colliery, Delaporte and Helzmann (1995) had
as_t:eﬂainéd "tha_t_ in addition to the in-pit coal fines, an average of 3.3 %
finas was ingrementally géneréted during the loading and transportation
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" operations.

A. Pioneering efforts to reduce fines at Kieinkopje
 Investigations aimed at r_e_duc!ng the in-pit-generated coal _fine’é were
conducted at Kleinkople in 1993. Van Zyl (1993) reported to have achieved

B good resuits in improving the overall fragmentation, particularly the fines

generation, uéing the technique of decoupled charge by using cardboard _
tubes in verticat blastheles-to hold the charge of ulk smulsion (Powergel ... .. ...
P115)in place. He incrementatly varied the in-hole decoupling {diameter of
_ blasthols to diameter of'cha'rge).- using the ratios 1.3 {108 mm to 83 mm),

1.6 (130 mm to 83 mm) and 1.9 (130 mm to 70 mm). Unfortunately, he
“used & visual technique to assess the results and therefore no supporting

secosds.ae walallp, Mowever, the technigne was ipirgducsd attbe ming, |, ... we
. and is stil bemg used for coal productlon

' Dalaporﬁe and Heizmann (1995) Identified four major factors contnbutlng E'
- the amount of coal fines in mining pfoducts They partain 1o the geologlcal _
conditions, the conditions of the site (pre-mined or virgin area), thg
. blasting factors and the .loadingltré_ns;;ort operation. From their
éxamination of the in-pit-penerated fines, they identified a trend of
'-iecreésing coal fines with the drilled depth of the blasthole. The deeper
the :»le, the fewer in-pit fines are ge'nérated. Their finding is acceptabla
& for the same mass of charge, a longer hole implies lowering the charge
burial depth. This means that elther the area of contact between the
* explosive and the coal is reduced, ot the depth of the uncharged collar of
“the blasthole Is increased. The result is therefore a reduction of the
specific 'breakin'g energy In the coal burden, which transiates into fines’
reducﬁbn. They also confirmed the well-established blasting principle that
the more explosive used the more crushing generated. Figure 6.7 below
: ' 124 '
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depicts their obs’erve'd'tfend _'of increasing coal fines with increasing

" powder factor in coal blasted.
b= g
*

gvs +
st
O e = —f — = + .
.0 : o5 o I 1 -1 S 02 D25

s ; Pﬂwﬂwhchrﬂ:gmlbﬂmwtonofma!pmdmed] E :
..-:-'=."...--_"Ir.a q,..,.\-__. .-_..-...';- t.- -y - o-—-o.-. ..."ﬂ\‘i_“-_.._ “‘“;,.._.."_._. e l&b-‘-’ 'nﬂw—a e e - .‘. ;'..__q'_-_.__'

| _ thure 6.7 Observed cosi fi inas per pg_\ﬂer Ector (After Delaporte and .
- Helzmann {1995))

B. The present investigation

The trend of Increasing fines with increasing powder factor brings about |
O _ the need to understand the energy mechanisms involved in coal_ﬁries_
= generation. This thesis puts forward the hypotriesis tha: the shock energy
R phase has a duat action, affecting both the primary and secondary

- crushing mechanisms in coal during blasting. While the _i'nﬂuenpe_ of the

- primery crushi"ng mechanism is not in doubt, the pfesant'_mrk sought to
 establish- an eventual correlation between the secondary crushing
_ mechanlsm (mvoivmg inherent fractures) and the fines generated In

© blastedcoal,
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apher 6
The fragmentation observed in the blasted coal sampled weo studied
furthérto investigate ﬁné‘s generation (Figi.lre 6.8a, b and c). The < 0.5 mm
fraction is farmed coal fines as in the previous work conducted at the mine
and r_ep_orted above. However, the economic cut-off size recommended by
the South African Chamber of Mines is < 6 mm (Thorpe and Pedroncelli,
1986). This definition of fines as < 0.5 mm Is usually adopted to avoid
market penalties imposed on coal w:th a h[gh molsture oon’cent Since the <
0.5 mm fractions retain moisture longer and stick to coal Iumps. preventlng
7 themfrom dryl’ng well, they aré discarded from the saleable coal product———— ~

* The data on in-pit coal fines resulting from the blasting work undertaken
.. are compared with the fracture frequency in Figure 6.9 and Table &.8.
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Table 8.8 [n-pit coal fines vs fractures jn coal at Kleinkopie '
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it is noted that there is a strong exponential correlation between the
_ generatien of coal fines (< 6 mm) and the fracture frequency observed in
" coal. The coefficient of this correlation Is 77%. This corresponds to a
- gonfidence level of well above 95%. However, a poor relationship s
' observed befween the < 0.5 mm fraction and the fracture fi'eque_ncy. Thig
' resuit implies that the host of < 0.5 mm fines in coal plles are generated -
rather by the concussion of the primary crushing mechanism. Given the -
fracture frequency in coal, the following squation can be used fo predict
the level of_econemicel' g'eneraﬁon of ceal fines (< 6 mm) at Kleinkopje:

Y 5.64: o N X

. where Y is the percentage of < 6 mm fines generated and
xIs the FF/m abserved.

' .'0:_'”*-%'-'.1* e ﬂw SR e s_bq-_v-ﬂrw— Ttk s e B P WS d v g ol w
' 6.4 Concluslon _ ' '
The slze of the samples collected from the blasting piles may appear
'reiatlveiy small in comparison to the huge tonnage of broken coal per blast |
_usuelly handled in surface mmlng The aconomics of the investigation and
tha rellability of the results required dictated the methodology presented.
‘The technique of coal screening used to deterrnine the fragmentation
~ ensures high' accuracy of results desplte the limitation of sample size and
" not falking into account big blocks. The samplirig methodology was
_ COHSIdEI'ed sound and it was implemeﬁted carefully to give credibility to the
final resuits of the Investigaﬁons Theseé results allow varlous conclusian®
to drawn '

| 1. The higher the Inherent fracture frequency in coal, the higher the
- amount of fines generated In blasting. Thers is an exponential relation
" 129 ' '
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hetween_ﬁe inherent fractures and the fines generated (see Figure
6.9).

2. Longer blastholes resuif in less fines being generated In blasted coal.
 This is dus to the favourable disiribution of breakmg energy resulting
from either a longer collar ora reduchon in the contact surface between
the explosive charge and the coal. However, if the powder factor ls _
increased in a {onger hole, more fines can be expected
‘3. The use of a decouplsd explaswetharge in coal blasﬁng is Qﬁpeﬁectwa _
.techmque for reducmg coal fines generation in surface blasting (vertical
_ blagtholes).

. 4, There is no cotrelation with the fracture frequencies in othogonal . ..
B .. smoe mhdige'keﬁ* wosicn METBITZOMGE. Thisindlcates a dlfference in their _
' respective settlng mechanisms. ' : '
5. Coal fines generation is site-specific. A varfance of 8.4% to 21% by
mass of blasted coal was observed at Kisinkopje. An average of 12%
coal fines per biast can be accepted as characterising the 1n~pit-'
generated fines. The objective of an optimal blasting approach would
* then be to reduce this percentage yield. - |
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7 INVESTIGATION OF THE GENERATION OF FINES IN
- UNDERGROUND BLASTING

The trend in moder coal mining is towards the mechanisation of the
primary breaking operations in both underground and opencast mines.
However. in South Africa, blasting is still used in all surface coal-mining
aperations and in a number of underground colliertes. The keyword for the
survival of the mining Industry of this country into the next century is
‘productivity’, This means that. maximum output has to be achieved at the_—_-_; e

" mintmum posslble working cost. To satlsfy this conditlon, it is necessary for
every Individual mining operation, including drilling and biastmg, to be run
effectivaly Thls chapter presénts an overview of the current blasting
practice used in the local coal mining lndustry it highlights the generation

of coal finss resulting from the current blasting technology uspd, § Ao w

o o g B e O G e B
presents the resuls of investigations undertaken to seek ways to optimise

~_coal breaking by reducing the fines. Finally, It discusses 'th_e technique
suggested to curb excessive fines generation in blasted coal.

7.2 Coal _giasting methods for reduced fines

The major problem with the coal fragmentation obtalned at the face Is
essentially the undersize rather than the oversize fraction. The latter can
still berreduced to'the required size by & mechanical fesd-breaker before
defivery onto the conveyor belt. For opﬂmisatiori of its blasting results, a

- coal operation needs first to consider ways of controlling the geharation of
fines. '

" In recent years, one of the new téchni'ques developed to control coal fines
in blasting has been the active stemming technique widely used in
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~ opencast coal blasiing in Russia. Kutuzov (1994) repon: tnat the
' fragmentation results obtained with this technique are highly successful.
The basic idea of the fechnigue is to uée a type of a dense low explosive
{o stem the main high-explosive chargs in the blasthole. In this case, the
blasthole is fully active as opposed to the conventional inert étemming
The overail ’ame nf mterachon between the brealdng energy and ooal Is
increased Better breakage may be expected since, In addition to the
extanded reaction time, the violence of the impact of the head of the shock
‘waves at the Interface of the charge and the inert stemming Is reduced.
Instead of a wo[ent |mpac:t a rathar _smooth transition of raactmn rates

= e

These conditions ara conducive for reduced fines. generation

' Anbther technique for reducing ﬁnes -generaﬁon in underground nines Is
o Blastmg Off The Solid (BOTS) In this method, no. mechamcal cut is

pllic - Topot e Al A M- - AP b @ S A L L I et R
o required in the coal faoe prior to the drilling of blastholes for the blast The
method is similar to that used for the conventional development of
underground funnels. BOTS uses a number of closely drilied blastholes,
charged In a particular way with the explosive and fired 50 as fo breaka
central core in the coal face and provide an additional free face for the
_ hisst. Several configurations of cut holes have been tried out overseas and
the wedge cut emerged as the most effective. It is used erther in the middie
of the coal face or an ona corner in some mines (slab,shoot) As pointed
out by Cunningham (1991) a minimum of 30 % more drilling and explosive
ls required in the BOTS. Desplte this disadvantage over the currently used
undercutting method, Landman (1993) ahd_irécently Lubb'e' {1995) palfeve
that BOTS may be a viable alternative to undsrouiting. 5BO_TS_' pi'od_t__zces
 minimal coal fines since afmost 5% of the coal that ends up n the mﬁégory
of ﬁnes due to the undercuthng requirsd in the biasﬂng method presoribad'

i3z

" (bighe? to lowet raté) occlrs at the Interface of the explosive products
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by the South Afrlcan law, is saved.
The blasting method prescribed by the mining legisiation of this country is
“Coal Cut Blasting” (CCB). A slot Is undercut in the coa! face to serve as a
froe face towards which the coal broken by ani individual row of blastholes
is thrown, This configur ition ali®ws rapid debompressioh dus to the quick
release of pressure In the coal, thersby reducing the probabll'ity of gas
lgnitions' underground. The cut is made 'by a méchanical coal-cutter

powered by an electric motor supplied through a power line extended to -

the face. This undercutting produces-a- oonsnd&ran‘l‘ amount of small coal
partlc!as whlch when added to the fines generated by biasting, results in

nearly a third of the blast output being only marginally profitable. In this

respect, BOTS has a net advantage over the ieglsfated method. However,
the addiional number of blastholes required to break coal e_fﬁciénﬂy -
implles a high powder factor making therefore CCB the preferred method..
The alleged hazard caused by inadequate venting of gas at the coal face
when BOTS is used has not been proved beyond _féasonable doubt,
Therefore, it is sti'll_ possible that BOTS Is a viable solution to the high
levels of fines generated with the CCB method currently used in the local
industry. So far, most trials undertaken locally and overseas hdve not
proved clearly yet thet BOTS is in fact an unsafe blasting rr ithod (Nagy et

I, 1952; Ireland and Stern, 1987; Cunningham, 1991 and Lubbe, 1395).
On tha 'other hand consideraBle fﬁ'r'ther'wc;rk is required to prove that
BOTS can be safely used and to determine the safefy crrterla to be applied |
when BOTS Is used.

3 Blasting téchnology In underground coal mines
The biasting technology used in undserground collieries in South Africa was
investigated at the Greenside and Arthur Taylor Coilieries which are
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' situated In the viginity of 'ﬂuo‘Kloinkopje opencast mine where the previous
investigations discussed in Chapter 6 were conducted. This second phase
~ of the research was aimed at finding a technique that will resuit in fewer
fines in blasted coal products mined underground. S

The approach used in this fesearch entailed forging an understanding of

the problem of fines generatton in the Iooal mdustry by means of observing -

" blasting operations i in the selected mines. These mines were considersd to
be a representatwe sample of the industry. The_ approach entailed also
searching for the shoricomings In the current blasting practics used
undarground and proposlng technical ways -of reducing ﬁnes generatlon n
tha blastmg oparatlon

734 Evg!ggﬂou g{l in-mine generated coal fines
The Charmber of 'Mlnes runs a- section at Greenside coltiery in which
 tralniee miners from the entire local coal minlng- industry are trained. Work
is done according to the legal recommendations and is of a high standard.
This section mines coal in the No. 4 Seam. That is the site which was
_ _ considered for the present research along with two other sections of
- S TayTScks ATTUL Tayrﬁ‘l‘“tﬂery (Se@n 2 of Which mines tre coal of
' ~Seam No. 2 and Section 3 the coal of Seam No. 4). The two sections of
TavistoCk may be called ‘normat production sections' s opposed to that of
_ -Greenside, which does not have & praduction target, because it uses
' labour~in—trammg Generally speaking, the blasting standards presoribed
- wepp falrly wel! adhered to throughout these mvest:gaﬁons
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7344 The curront technology (see Table 7.1)

 Coal cut blasting is used to mine coal by the bord-and-pillar mining
methad. The bord dimensions are respectively 7.2 m wide x 3.3 m high in

© Seam 4 at Greenside; 6.6 m x 3.8 m in Seam 2 and 6.2 m x 2.5 m in Seam
4 at Arthur Taylor Colllery (ATC).

Table 7.1 Paraneters of the current blasting technology used in coal

mines

i"g;'.. N -—._----. T —

The blast patterns used {drilling and timing) depend on the strengti
properties of the coal (compressive strength and fracture situation at the
face) and the size of the bord, Figures 7.1a, b and ¢ depict the commonly

powersd by a rotary drill which was manually operated. At Tavistock, a

{umbo drill was used to drifl 40 mm diameter holes. The explosive charges

‘emulsion product manufactured by SMX at Tavistork. Both products are
- packaged into cartridges of 29 mm diameter weighing 200 g each. The
explosive - charge is frain-loaded inio the plasiels. Four cattridges
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used patierns. At Greenside, biastholes were drilled using a 38 mm bit

* used at these mines are respéctivel_y ENERCOAL, a permitted watergel |
product manufactured by DANTEX at Greenside, a.ad MX8, a permitted

 equivalent to 800 g are used per hale. They are tamped and stemimed
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using a mixture of clay and sand. Prior to drilhng, a cut is made in the coal

face with t + oal cutter to a length of approximately 2.5 m at Greenside
and 2.7 m at Tavistock. Blastholes are drilled to the respective lengths of

2.3 m at Greenside and 2.5 m at Tavistock. While at Greenside advances
of 80 to 100 % of drilled !angth could be achleved at Tavistock the

average was around T5 %.

Theoreﬁcally, engineering characterization of the coal needs to be

- un_dertaken'regularly so as to determine the sfrength properties of and

fracture situation in the coal in order to update the blasting parameters to

coal which has changlng propertlas {(Kabongo and Du Plessis, 1997) Itis
advisable for management t0 monitor the strength properties closely as
these constitute an important parameter for the optimization of blasting as
the coal face progresses underground. Sing and Pal Roy (1993) definea

o the optimum blast as that vmlch is associated with the efficient utilization of

blast energy in the breaking process. Such blast will reduce the blasting
cost through using fess explosive and wasting less explosive energy, with -
less throw of projectiles and materials. It will ganerate reduced blast

- vibration and result in a greater degree of safety and stability of the nearby

LELEE Y T N,

s{ructures.

The definition above mentioned underlines the great importance of the
blast Initiation system used In blasting. In local coal blasting, the row-by-
row timing pattern is preferred. The breaking sequence of coal is obtained
through the use of millisecond electric delay detonators, with increasing
delays from the cut outwards. In previous research conducted at Krlel

Colliery aimed at optimlslng the inter-row timing in biasting, Lubbe and '
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'characterlstlcs There cannot be a single solution to blasting in an in-situ
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* Kabongo (1995) observed that there was a considerable Increase in the
~ coal face ad'vanee per blast and the consequant broken coal obtained per
" blast when longer Inter-row delays were used. It was therefore proved that
" 'the optimum inter-row timing is that which delays the initiation of

consecutive rows of blastholes fong enough to maximize the interaction of
. -the generated breaking stresses between neighbouring holes. it is asG
| important that the fiming of the detonation of the next row of holes be
delayed I.ong; enough to avoid sympathetic detonations which may freeze
coal at the face. In addition, longer delays aliow a proper recovery of the
explosive detonability in the next row. The detonation of the first row of

N .blesmei_es.of the patiern generates s_hock"stresees that are Irradiatad intoe. -

the surrdunding coal, thereby influencing the properties of the charge in
the consecutive row, This may cause what is knewn as cross-blastholes
dynamic desensitisation if a fuil recavery is not achieved In the subsequent .
rewof blastholes (Wieland 1987),

[rp——

Mining legislation restricts the sequence of coal breaking (|nter-mw timing) .
in coiliery blasting to a max:mum delay of 150 ms between rows of
blastholes (Mines Acts and Regulaﬁens, 1% and 2™ schedules, 1990).
Table 7.2 presents a range of detonation delays that may be used in
~ collierles. Numbers 0 to 5, corresponding to delays of 5 ms to 150 ms, are
" the anly legally prescrived for use under normal conditions of coal
_ blasting. The extended defays may be used provided that permission s
obtained from _the inspectorate of mines. '

g Blasﬂng work done for the present mvestigatlons used the foﬂewing ti. ning
“sequences. At Greenside a 5-3-0 pattern was used with Statsafe Carrick’

1 AEC trade mark
_ | 137
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datohators'supplied 'by AECF. 15 biastholes were drilled 11 to extract coal
from the No. Seam 4. At ATC, Tavistock, a 8-5-3-0 pattern was used with
copper short petiod delay (SPD) supplisd by SMC. 21 z4¢ ~is blastholes
“were drilled In respectively the No. 2 Seamt and the No. 4 Seam,

; :
T 30 —T 55
7 55 7z 75
3 80 3 55
4 110 2 80
3 150 5 115
O 200 8 "145
= 250 7 175
e 300 8 205
1 ) 538

- 10 270

I 310

T Extendad Stalsafe Carrick Datonatcrs

It i$ noted that the above list of SPDs may be not sxhaustive. However, it
contains thosse that are mostly used i the local indusiry.

2 AECI: AﬂimExplom and Caemics! Industries Ld, » explosives manufachwter md distributor
3 SMX Secol Mimng Explosives Ltd., expiosives mamsfachurer and d‘wmbumr .
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Figure 7.1 mﬁmﬂmum_tgw =
) In Seam 4 at Greonside (soff coal, 15 ha!es)
- bv) In Seam 2 at Tavistock ATC (stronger voal, 21 holes)
¢ In Seam 4 at Tavistock ATC (mediuri-strength coal, 18 o
ho!es) :

The trial blast work that was undertaken under the conditions described
above was monitored to determine the fragmentation and particuiarly the
levels of coal fines generated In-mine. The methodoiogy used for sizing
the coal Is described In the paragraph below.

7.5.1.2 _The methodofogy used for coal sampling and sizing after
Singh and Pal Roy (1993) are quoted as asserting that guantitative
assessment of fragmentation from blasting on a mine-production scale Is a
very difficult task. The most refiable and acsurate quantitative method for
_sizlng matertal in the muck plle requires the ccreening of the entire mass of
the blast outputs. However, this Is Impractical on a productive mine scale.
Therefors, the present study used a sampling meihodology dictated by the
geanomics of the screening operation and the statistical imperatives for
 assuring representativeness of the blasted coal,

L L R
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Approximately 300 kg of blasted coal was collected from. eighteen
sampling points In nine areas of the pile, as shown in Figure 72 Biasted
coal In thi pile was collected using spades af indicated positions In the plle
" as the loading of shuttle cars proceeded, A numbér of full spades was
taken i the sampling area as indicated below during the intetvals between
the loating of consecutive shuttle cars.

TS e e IR QT T
- : ; -1 sample per face
Area Ared Area _ -
g X: 8 ¢ 7 ¢  9areasperface |
g U I T
Area Ared | Area 2 sampling points per ares
& LhS 4 S |
Aéa | Agu | Afea
3 d 2gd 1g

 Figure 7.2 Sampling method used -

Coal sizing was done by sleving through a four-stage column of sleves of |

the following apertures: 25 mm, 6.3 mm, 3 mm and 0,5 mm. The sieves

were _shaken by electrical vibrating equipraent ensuring that addltional coal

breakage by material collision ‘was minimal. Five coal fractions were
 classified, providing data for the plots of ﬁ'agmentatlon charactaristics_
- presented In Tables 7.3, 74 and 7, 5

7.3.1.3 m absmmgmm

-Approximately ten faces per site ware blasted tinder strict control. The

 three sites considered were, Seam 4 at Greenside, Seam 2 and Seam 4 at

Tavistock, ATC, The following coal yield results were observed: '
: © 140
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‘Table 7.3 Coal vield at Greenside Colliery. Seam 4

-
4 “Oversize > E0mm
9% ~ Nuts >25mm
| IRN7 XA o o PEas e - 25 mmta 63 mm,. ]
8% ~ Duff <6.3mm
4_% D_ust . <0.5mm’
T fipes: 22 % -
Table 7.4 eld at Tavistock, AT eain
0 # ~ Oversize > 50 min
B% Nuts  ' > 25 mm _
39 % Poas T 25mmio 6.3 mm
2% ~DuR <83mm
T 4% " Dust T <05mm
fines: 25
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Table 7.5 Coal vield af Tavistock, ATC, Seam 4

0@ |  Oversize > 50 mm
"% NUGs T >Hmm

31 % i " Peas 25mmio63mm
w% | *bw | <63mm
a% TDBust | <08mm

| Tuotal flnes: 24%

It was noted that Seam 4 at Greenside yielded fewer coal fines (22 %)
compared with the same Seam 4 at Tavistock (24 %). The difference In the
coal strength (see Tables 4 and 2 of Appendix B) and the number of holes
dﬁl_led per face (see Figure 7.1) could be the cause of the increase in
fines. Hdﬁev‘er, the respective values of the dynamic elasticlty modulus of

coal at these shes aie so close that the big difference in crushabiiity
observed doss not appear to be justifled. Consideration of the explosive -

charges used gave some insight, as the VOD of the watergel Is much
iower than that of the emulsion used at Tavistock (3000 against 5000 m/s).
it was conciuded, therefore, that the in-hole perfarmance of an explosive
 charge as assessed from the VOD achleved may be the factor that
determines the redutible coal fines, |

In concluslon, it was found that under controlled conditlons, the blasting

technology used in local mines results In nearly 30 % of the coal output
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being in the form of fines (under & mm). The biasting technique alone
generates approximately 25 % of fines. To this percentage must be added
aimost 5 % mora, calculated from.the aésumption that each blast produces
~ 60 tons of coal and generates 3 tons of duff (5 %) from the undercutting at
. theface to creéte“the breaking face. |

73,2 Criticism of the actual blasting technolo

S s I T | A -
v The provision for two free faces in coal blasting contained in the country's -

mining fegislation is based on the apparent beflef, widely heid in the =
industry, that the underoutting of coal at the face provides safer conditions
than solid blasting, Landman (1993) questioned Murphy of the USBM an
the validity of this aplnion. The latter was critical of the research done so '
far that has been unable to substantiate the oplnion beyond reascnable
doubt. it is contended that the use of recent technical developments in the
flald of blast-timing systems {extended delays, accuracy in timing, efc.)

_ would result in gas vent_tng at the face of a solld biast equally well as that
in a CCB section. Surely, a great deal of research work needs to be
invested Into this question. Such research effort, in the light of the .

_  experience with long defay timing that Is reported further in this thesis, may

- provide a ground for seeking for 2 global review of the present legistation

for coal mining in colileries. : '

The first step towards raducing coal fines in the industry is surely to do
~.away with the undercuttlng of coal that generates an additional 5 % of
- fines even prior to the shooting.
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The hig.h .ﬁ.nes generated with the current blasting technology has been
_associated with the recent striving for increased praduction, which has
R resulted in an increase in the drilled hole lengths underground. Currently,
drilled biastholes are ahvays'more than 2 m in {ength. Des;irté the increase
in drilled Iengtl_"i, the charge mass per hole has been kept by the lawto

800 g. The consequence has ‘been that the explosive chérge is always
 confined to the bottom of the blasthqlé.' lsaving a considerable collar of
'un'charged length at the coal face. Tamping of the explosivebarﬁidge‘s in
the blasthole further compresses the charge to fill up the ent:re section

v e ar A s mm b ek b = A

“aréa ot thé hile 16 tha extent tHat ntimats Th-Hiole caupung is caused. Tight

blast conditions are therefore created. The energy liberated by the
explosive is concentrated at the bottom of the hole and therefore over-

crushes the coal imniedla‘tely around the charge, mus'resultln:g' in high

_ | levals of shock-wave-generated fines. Desp‘rte the undercutting, the
inaccuracy and limited span (shOrt time delays) of the timing system used

| (scatter time) contribute to fines generatlon by way of mcreasing burdens .
in front of an indlvldual blastholes. which is detrsrnental to good break!ng

- results,

7.3.2.2 The solutlons suggested and their practicability

Konya, Britton and Lukovic (1987) recommended that the explosive charge
In the blasthole be decoupled to reduce crushing and hence the
~ generation of fines In blasting. Examining the fragmentation’ gensrated by

~ decoupied charges, they found that, in any cass, better fragmentation In
blasting was. produced by a decoupled charge rather than a fully coupled
charge In the_bla&{hole. They concluded that the first step in any blast |
optimization would be to determine the best coupling ratio for the particular
medium, §e. the ratio that _maximizes both the ¢énergy release and the
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~ fragmentation leading to reduced over- and undersize, Van Zyl {1993)
: applied this recommendation at Kie!rikopje and reported having improved
his blasting fragmentation . results quite remarkably Delaporte and

_'Heizmann (1995) reported a reduction in coal fines of 2.6 pereentage"

points brought about by the use of decoupled charges at the same mine.
- The successful results of this technique when used in the vertically drilled

 blastholes of surface-blasting operations prompted the present attempt to

use the technique, for the purposes of this thesls, in the horizontal

blastholes of underground coal-mining operafions. Two alternative
" decoupling tedm‘que‘s'iﬁrere‘dev!éed i a'ﬁmpfin sulve the protdenm: Cff:‘:f‘ T

B T T

excessive fines generation during blasting The techmques involved a
~ shart- and Iong-term plan of a_ctlon, with dlfferent purposes, as follows:

1. 10 increase the length of the in-hole explosive charge, thereby'

increasing the decoupling of the charge in the blastholes as well, and
2. to develop a permitted detonating cord to aliow taping of a number of

spaced cartridges onto the cord In order to enhance energy dlstnbutlon '

in the coal along the blastole.

It was decided to investigate Increasing the charge decoupling by
spreading the same expioswe mass (800 g) to cover a greater length of
the blasthole -

The study considered the following different possibilities:

1. _increeslng the charge length in blastholes by reduemg the charge
diameter {use of smaller-diameter cartndges) while keeping the same
charge mass (800 g), _ _ _ '

2. using low density charges to allow packing of longer explosive
cartridges with the same mass, and
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3 Usmg shorter blasﬂ'toles {As the productivity would be affected
negatively (reduction), this _alte_rnative_would not be acceptable to the
industry). '

7.3.3_Summary of regearch results

7.3.3.1 Introduction

"The blast trials were designed fo test the ideas presented above with
‘minimum disturbance of the normal mining operations undergrotnd.
- Special explosive products were ordered from the local manufacturers,
' DANTEX‘ and SMX. The products supplled for the frials wem essentially of
) 'the same cumpcsaﬁc? “but different ‘packagiig Was 1iged. " Smalizdiameter-
cartridges of 25 mm wer2 speclally produced for the project. They were_
used In standard drilled holes with diameters of 38 mm at Greenside and
40 mm at Tavistock, I addition, spécial ‘arrangements were made fo drill

small-diameter holes of 36 mm. DANTEX supplied two protiuct ranges, L

' namely DANCOAL also known as ENERCOAL, and SEAMEX, whereas
SMX offered only MX8. A spacial test was undertaken using a 27 mm

explosive carfridge of MX8 to dstermine the sensitivity trend in the .

dependence of coal fines generation on the in-hole VO,

The reasoning for the proposéd tachnique was that reducing the chargs -
tiameter would allow a longe'r charge in s’tandard blastholes and therefore
increase the decoupling beiween the coal and the explosive. This was
_expected to attenuate the primary crushing rasponsible for the reducible
coal fines. In arder to determine the most sensitive parameter, i.e. either
the charge length extension or the Increass in decoupling, the coupling
ratio was further increased through the use of small-diameter biastholes.
The results of thess Investigati'ons are summarized In the Tollowing pages.

4 DANTEX anofher company thatmanufnch:res and distributes explogives
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7 32 Coalb jing resuits

A. Cummt blasﬁng technology {Current: ©)

Coal strength (MPa)

: Dfilled hole diameter {mm)
Charge diamster (mm)
Charged length (m)

i Charge. density {g/ce)

VoD (unconﬂned in rm's)
Cut depth ().

~ Number of holes per face
Charge per face (kg)
Energy content (MJfkg)

 Fragrientation: Cabble (#)
Nuts (%)
Peas (%)
Duff (%)

Super fines (%)
Totat fines (%) -

kg of explosive per % fines

. (MJ per % fines)®

- 5 This criterion is use&'ima_wad ot‘the mmmmuﬂonlndex (Comnl) because of the d:fﬁmﬂtyln BSE2ES the .-

Greenside: _

: s_eam 4

126 .
a8
29

4 x0.27

1113_'.- 1.-?-

-2.7

4904

12

2443

2872

18.58

3.66

22.24

0.54

- 1.32

218

Tavistock:
Seam 2 . Seam4
219 15.0
40 40
| 29 29
4x027  4x027
- 112~ 113 112-113
B000° B B0g VT
225 '_ 225
21 8
168 144
318 319
0 0
3827 4537
38.82 30.84
2128 19.80
582 419
2511 23.79
o__"sj' - 0.61
193

WmmﬁbwnmaMMwhﬁhMmmmBeﬂemoMMr
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B, Special techniques tested: -

- B.1 Useof mduced cha:ye diameter (Small Diameter Charye SDC}
o Greenside Tavnstock.
Seam4  Seam2  Seam4

Drilled hole diameter {mm) 8- - 40 40

Charge diameter (mm) - - - 25 . 25 25

Charged length (m)  4X036  4x038  4x036

Charge density (gfce) 143412 112- 143 1.12-143

VOD (uriconfingd in m/s) 3000 5000 5000
T -Cui‘demh‘tmi"""‘;.“';;;-'w '_.' ot .2.7 - 2.25 - 225

Numberofholes per face 15 21 18

_ Charge per face k@ . 128 16.8 144

Energy content ‘MJ/kg) 244 349 319

Fragmentation: Cobble (#) 0 0 o

Nus(%) 3620 3834 4557
Peas (%) 37.17 39.18 3209
Duff (%) 2223 1892 19.01
Super fines (%)  4.31 3.56 333

Totaiﬁnes(%). 2654 = 2248 = 2234

kgofexp!osweper%ﬁnas '_ 048 - 074 _ 0.64
MJper%ﬁnes | S 116 238 204
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Bz Use of raduced ch arge diameter in smaﬂ-d.'ameter blastholes

(Smaﬂ Dfameter Charge + Smaﬂ Hole Drameter SD C+SHD)

Drifled hole diameter (mm) |

* Charge diameter {mm)
_Charged_ Ieng{h (m)

' 'Cﬁarge denslty {g/cc)

© VOD {unconfined in mis)

& Cutdepth(m) o

Number of holes per face-
Charge per face (kg)
 Entergy content {MJ/kg)

Fragmentation Cobble (#)
“Nuts (%)
Psas (%)
Duff (%)
Super fines (%)

i Tofal fnes (%)

kg of explnsﬂreper ¥ fines
M per % fines

‘Seam 4

25

L 2T

Greenside:

38

4 x0.36
143-12
3000

2.8

2.443

3675

3519
22.96

- 5.10 .

28.06

.11

149 .

25

200

Tavistock:
. Seam2  Seam4
36 36
25
4x036  4x0.36
142-1123 142-1.18
5 000 5000
225 2.25
16.8 144
3.19 3.9
0 0
40.30 43.62
32.92 32.52
20.88 20.01
5.90 3.85
26.78 23.86
0.63 0.60
- 9 =
1.93

g o _'___18 ool
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B3. Use of low-density charge in small-diameter blastholes
. (Low Densily E_xp!os'we: LDE) |

Greenside:
Seam4

Dritled hole diameter {mm) 36
_Charge diamater {rm) 25
* Charged length'(i} - 4x0.36
. Charge density (g/ec) - 1.13-1.2
VOD (Unconfined ins) 3000
. Cutdepth(m) 27 .
e _Numb@r—efbefes ger facs jﬁ_____ * - §
' Chargeperface (kg) 128 ' |
- Energy content (Mlkg). 226

Fragmentation: Cobble (#) 1

S Nuts (%) 3875
Peas (%) 3449
Duff (%) 2168
Super fines (%) 508

Total fines (%) 2676

T I

kg qfex'p_losf#épsr%ﬁnes  0u8
MJ per % fines 108
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7.3.4_Discussion of results
7.3.4.1 Intgoduction

Caal blasting is far from bsing a pure sclence because of the variability of
the working conditions. Taking Into account the changes In strength at the
coal faces, the number and timing of the drilled holes, and the human -
factor influencing tne drilling precision, tha discussion of the presant
results should be restricted to & comparisot: of the blasting work done in |
¢ach seam.

' The'tc;t‘a.! finas generated (seé Tables 7.6 to 7.9 and Figures 7.3 to 7.6) in
the blasts was not used as the only cbnclhsive eriterion for evaluating the
cutputs. Two other evaluating indices were used as well. The first
oomparad breakage from d:ffe,rent blasﬁng techniques In relatron to the

B N, —-—-Hmass ot explosf’es Uséd In the olasts (see Table 7.9 and Figure 7.6}. The -

second compared comminution in terms of the energy lnput m ear h blast

(sse Table 7. 10 and Figure 7.8). : |

- 7.34.2 camg_ aﬁ‘_-:dn of fragmentation per coal seam
The overall ceal fragmentation observed at the three test sites using the

varfous techniques Is presented in Tables 7.6 to 7.8 from whlch it may be
noted that: |

¢ Greanside { ' 7.3)1
S L : '
1. The total fines generated were lowest with the current blasting
technique. However, In the blasted plls, an average of four over-siZé

' coal blooks requiting secondary breaking were observed.
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2. The fraction of saleable coal was optimum in the current technique
which yielded 5.6 percentage point more exportable coal than in the
second-best method (SDC). '

3. The result showed that the suggested techniques fried falled to reduce

the coal fines ganierated under the conditions found at this mine., Three

possible reasons for the failure to get an irnprovément were hrought
forth: _ _

o The explosive product used (watergel) is characterized by a low
level of energy release In the shock phase. The Important coal-
breaking phase is therefore the energy of gas, which
unfortunately cannot be influenced by the su_qgested techn'iques

v The viscosity of the watergel is such that it easlly flows vt of the -
cartridge packing when tamped. Despﬂe the smaller diameter. |
the tamping stick prevents the desired decoupling effects, which
may attenuate the shoock crushing and reduce the ﬂneé. _

» The soft coal in this seam favors the secondary crushing

~ mechanism whose effects are random and uncontroliable.

Table 7.6 Observed franmentation in Seam 4 at Greenside

Tachnique e A R e
5 P‘-‘?’b@, N 0 o 1
T Nuis 4504 | 36.29 3%.75 3875
Peaa |27z | a7 35.19 3449
DU .| 18.58 22.23 2296 w & 2168
S!,jperfinee 366 | 431 5.10 5.08
Totalfines | 2224 | 2854 | 28.T 26.76
is2
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=
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Figure 7.3 Comparative fragmentation in Seam 4 at Greensids

At Tavistock's Arthur Taylor Colltery in Seam 2 (Yable 7.7, Figure 7.4 )

1, The total ﬂnes.g'enerated were lowest with the suggested blasting
technique invalving & higher decoupling ratio abtained by a reduced
charge diamseter. I general, coal fragmentation in this seam was bette_r '
than that observed at Greenside, Apart from the current technique,

which showed compearatively poor results, both the new techniques
improved the overall outputs, No oversize was produced, |

The SDC technique ylelded a perceptible Improvement in the fraction of

saleable coal {oxport), L.e. 2.63 percentage point more than with the
current blasting technique. '

3, This result shows that the technique can be recommended. The
additional in-hole charge decoupling obtainad with the SDC technique,
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e_nhanded by the low viscosity of the well-packed emuisi'on product
 ({internal confinement), successfully reduced fines generation.

4, The increase in the in-holu coupling ratio created with the 8DC + SHD
" technique did not mest the objective of this study. The saleable coal
fraction dropped even below that of the current technique (from 74.89%
fo 73.22 %) with a resultant increase In the total fines {from current:
25.11 % to 26.78 %). This result showed that the In-hole coupling of the
“axplosive charge Is the most sensitive parameter determining the fines,
The higher the coupling, the higher the fines generated under the
gonditions of this mine, | |

Tahle 7.7 O

SEIVe

agmentation |

gem 2 gt ATC, Tavistoc

36.27
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At Tavistock's Arthur Taylor Colliery in Seam 4 (Table 7.8, Fiqure 7.5)

Atrend similar to that In Seam 2 was observed.

- 1. The total fines generated were lowest for the suggested blasting

~ technique with a higher decoupling ratlo, i.e. the SDC technique;' No
oversize was produced. The fines per energy input in a coa! face were
bette, than those of Greenside In the same seam,

‘2. The fraction of ssleable coal was Increased by"‘!".45 percentage point,
- henice there was a fines reduction of the same proportion.

3, The increase in the In~hole coupling ratio (with SDC 4+ SHDY) confirmed -

the previous observation. The higher the coupling, the higher the fines
generated in the conditions of this mine.
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4, A comparison of the improvements achieved In these itwo seams using
the same emuision explosive (MX8) shows clearly that more benefit -
was derived in the hardest coal of Seam 2. The difference In the effects

of the technique can be attributed to the different coal strengths. The
harder the coal, the more sensitive it is to primary crushing since the
higher the velocity of propagation of sonic waves and the higher the
acoustic impedance. It Is thus apparent that the shock waves is the
prominent mechanism for fines generation in hard coals. Therefore the
reduction of fines can be achieven f:jiough altering the ratio of the in-
hole decoupling.

' The characteristic Impedance of coal from each seam was calculated.

- Table 7.9 depitts a clear trend of increasing characteristic Impedance and
the paak pressure transmitted to coal with the denslty which Is proportional
to the coal strength. This result confirms the trend observed in laboratory
investigations (the harder the coal the higher tha strain energy transmitted
and the better the fragmentation, that Is to say the lower the coal fines).

Table7.8 Qbserved fragmentation in Seam 4 &t ATC. Tavistock

e Rt e T gD | SDCH+SHD | LDE T
:_Fragmantaﬁm_ N SN AP IS
). Cobbles .} 0 | o L

T Muts | 4587 | 4557 382 | -
["Pess™ | G084 | 9208 | azbz .

o Dulf | 1980 |  18.01 2001 |~
BT I R —
~Tolaffines | 2879 | 2234 ] [ -

156




Chaprer 7
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' Figure 7.8 Comparafive fragmentation in Seam 4 at ATC, Tavistock

- Table7.9 Characteristic impedance and p ressure transmitted to coal

p Is the coal densiy, D is the velosity of detanation, V, Is the velocity of
propagation of body waves, Py is the detonation pressure (Py = 0.25 pe D?),
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' pa emuision = 1150 I(glm3 and p. Enercoal = 1200 kg/n?®, DI is the
~ detonation impedance (Dt = p, D), Cl is the coal characteﬂstlc impadance
(Cl = p Vi) and Poa is the pressure fransmitted to coal that is calculated
 from the foliowing formula (Sadwin, Okubo and Kennedy, 1963);
2(CDE,

o= @D |
7.1

7.3.4.3 'Eva!uat_lon of blasting techniques for reduced fines
o o N _ _
.Thre'e_ new blasting techniques were fried in addition to the current .
technology. Thelr respective coal fines generated were compared so as to
identify the most appropriate. one for each mine's conditions. Three
 evaluating criterla, as shown In the next pages, were used: '

A Comparison using the first criterion: Total fines generated . "
. The results obtained are summarized In Table 7,10 and Figure 7.6. They
show that the durrent technique works well In the soft coal of Seam 4 at
Greenside. Otherwise, the new fechniques result in an improvement In the

~ fotal fines generation. The minimuin fines were generated by the SDC
" technique in both Seam 4 and Seam 2 at Tavistock.

- 158




Chapter 7

Table 7.10 Comparison of fines generation between the current and
gggsted technigues (Criterion: Totai f nes generatad)

Technigue used |

Greenside
Seam 4

el

Ta\rlstnck, ATC
Seam 4

22.24

25.11

23 79

26.54

22,48

22.34

SoCveED

28.06

26,78

23.86

28.76

&ne
Blasting technique used

El Greenside
WATC 52
DIATG &4

SOCHSHD LDE

Figure 7.6

son of fotal fines g
used (Total fines considerad)

15%

grated with differ




Chapter 7
B, Comparison using the second criterion: Mass of explosive used In kg

per % fines generated

It is worth noting that higher explosive consumption per % fines means that
.. more energy during the blast has been optimally used in coal breaking.

The best blasting technique is that which uses more energy in
_fragm_entatidn-rather' than in coal crushing. In this context, the higher th
' eXpIosive consumption (kg) per % fines the better the blasting 1ech'niqhe.

The results of this aspect bf the investiéati'on are suminarized .in Tablé

7.1 and Figure 7.7, They show that, despite the biased result obse.ved :'.
at Greenside® in Seam 4, it was preferable to reduce the charge per meter

~ of drilled hole, thus extending the in-hole explasive charge length. The
- Implication of doing so is that, for the same charge mass, a reduction in the

confinement of the explosive charge in the hole Is achieved and less .

concussion occurs. The extent of improved fragmentation obtained with

this technique depends on both the coal strength and the ‘shack energy |
avallable in the explosive product used for biasting. The interaction

between these two parameters can be assessed from the In-hole VOD. -

$ This result is attributed to the change In coal strength at the blasting faces, [t is noted that the trial
blastsusing the current dnd suggested techniques compared hare wera conducted six months apart.
. . . 160 : '
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atween the current and

suggested technigues, {Criterion: Mass of explosive in kg pei‘

(%) fines)

‘Technique used
o seama -

" Greenside.

| Tavistock, ATC

| Sem2

“Tavistosk, ATC

@ .

0.54

To7

0.61

SDC

0.48

.75

0.64

SOCADT |

0.46

T0.63

0,60

0,48

kg of explosive per %fines

2 o

8

_ SDC+SHD
Elasting technlue used

B} Greenside
WATC 82

CATC 84

LDE

- (Explosive mass input considered)
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C. Cbmparfson using the third criterion: Energy Input’ in MJ per % fines
generated

It is important to ramember that the higher the explosive energy Input Inn
the blast (MJ) per % fines, the better the blasting technique

Thé result of 1his aspect of the ihvestigation is depicted in the Table 7.12
“and Figure 7.8. it was noted that both criteria that were Laed to assess the
vesulfs of the blasts. namely the fines par mass of explosive used and the
 fines per input energy ir. the cu “ace pointed towards the beneflts of the
technique that involved the in-hole deco_upl_ing of the explosive charge. =

'i‘_'able 7142 ' Q' m'ggrison of fines ceneration .betwae'n thes curren‘._, and
uggesteg tecnmguas, (Crltenon Energy input in MJ per
% fines)

2.38 2.06
200 188

7 Parameter associated with the cummnmhoﬁ index (Coml), used becmﬁe of the difficulty to asses. the
tomlmassofbtom:mlutIheihee,whichisneededtodatawﬁnﬂheeffecﬂvepwdermcmr '
162 - .
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MJ par % fines

£1Greenelde
MATC 82
DATG 84 |

¢ 8DC  SDG+SHD LDE
Blasting technique used

- Flgure 7.8 Comparison of fines generated with different techniques used

{energy considered)

Z.3.4.4 influence of the velocity of detenation (VOD)

The VOD was monii:or_éd in some trial blasts with the aim of agsessing its
Influencs on coal fines generation. Five faces were instrumented. The
VOD was monitored In biastholes using & VODR 1 apparatus provided by
SMX. The measurements obtained from the biastholes are shown in
Appendix F, however a summary of these results is given in Table 7.13.

“The trend observed from the In-hole VOD recordings (sse Figure 7.8)

 shows th_'at the detonation of permitted emulsion explosive in blastholes Ié,_
inittated by the boosted detonator with an instantaneous velocity well
above the steady final VOD (betweei 4 650 to 8 500 m/s), In four out of
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- five observations made, the VOD decreased as the shock wave front
moved away from the priming end towards the stemming. _The only time the
instantaneous VOD was seen to increase with time was when the highest
VOD observed in the irials (5 450 m/s) was recorded, corresponding fo the
second lowest fines generation result. The trend of Increasing VOD with
time suggests a high rate of combustion of the explosive. This can be
attributed either to the ‘explosive’s inner confinement (viscosity and/or

| packaglng) or to its outer confinement {tight fit of the 2xplosive in the
blastholes). Among these two causer, the inner confinement is {1e most
pr~bable heéa_'use a tightly fitted charge would increase the in-hole

. coupling and hen~s the transfer of shack snergy to the co=! rasulling in

‘more primary crushing as opposed to ﬂ\e’ inner corvnement vhir evoives
an action harmiess to e coal. fts subaﬂqn.ant '*ugh combustion rate would
be therefore conducive to Iess crushing.

K Is thus hots‘.td that a high degree of explosive packing in the Individual
cartridges causes an Increase in VOD which when associated to the in- -
hole decoupling technique leads to & redustion in coal fines generation,

- The high breaking energy developed in a detonation of such charge Is well

distributed through the air gap of decoupllng Into the coal burden,
especlally in the coal of the uncharged blasthole collar, hence favoring :
fragmentaﬂon '

- It was aiso noted that less steep graphs of VOD were obtained from the
blasts In the hard coal of Seam 2 {ses Appendix F). The VOD graphs with -
a steeper siope angle were refated to soft coal as shown in the typlcal -
representation of Figure 7.10. This observation Is understandable since
the rate of loss of the outer confinement as the detonation front progresses
In the churge depends ';ih the coal strength. This is to say that in general
_ e _ _




.

. the stronger coals, which are more brittle than the softer ohes. do loosse
' their ability to provide confinement to the shock waves front more q;._:ickly

than the fess brittle (soft) coals. The rapid loss of confinement in stronger

: and brittle coals is associated with pl.atic deformation and their easiness

to propagate fractures and hence to sustain deeper damage In soft coal,
more of elasto-plastic deformatlon takes place causing only_ superficial

.damage. Therefore, the slower the loss of confinsment of the in-hole shock
- waves' front, the higher the snergy in the front and the fower the amount of

fines generated.

‘2'1_03.. S
041
145
1.06 4
107
1.08 &
1.09
1.9
112
1.43
114

Figure 7.9 Tyglcal trage record of in-hole VOD (emulsion MX8) ina - |
 AQmm diameter blasthole ' '
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Diépiaoement o Displacement

Time P Time

-a- Strang coal  <b-Softcoal

Figure 7.0 Observed frend of VOD if strong and soft coals

Table 7.13 Recor_c_ls of in-hole VOQ and coal ﬂges gegeratzgn measured
nde[g[ound '

1 .pafal}faos Charge - VOD-. Charge ' | In-hole | ﬁeoouphng Grushir’rg
SO TR iength (mfs) di_amet_erf {:harge : ratio lndex

4‘#'2517'; 107" ST 290 -'1'.9*' '“-174'

M2E | 087 | 5450 | 25 | B3tz | 18 793

47 | 180 |5ae6 | 27 | 2r4 | 21 | 247

S5 | 079 | 8071 | 28 | S22 | i 558

24291 | 082 | 4708 | 29 318 | 18 | 244

_ Note Crushmg Index (%) % Coal fi nes observed
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. Dependence of coal fines on the in-hole VOD
Th. niformation collected from successful measurements of the in-hole
VOD at five éoal faces is plotted in the graph of Flgure 7.11. The general
trend in this figure shows that high VOD would generate fewer coal fines
and better fragmentation. The .Inferpretation of this result suggests thut
increasing the detonability of a permitied explosive of nearly 250 /s will
bring"about_ 1 percentage peint reduction in coal fines generated. This
" implies that increasing VOD may be a way of reducing both the number of |
Jarge coal fragments and the total fines in blasted piles, as long as a
 proper degree of dscoupling s applied. |

20 —
mly _:o. .
mb = -
g . . .
g_-as
R
R
5--.
0 T —. 4.._. e +
. 4ma 4800 400 5000 5100 520 830 540 5500
: ' I-hole VOB (is) - ' '
* Figure 7.11 Observe ndence of the coal fines on the ih-hols VOD
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) The distribution of the breaking energy in the coal burden s a very
| Importémt paraméter that determines the resulting breakage observed after
& blast. Fragmentation results showed that increased charge length in the

blasthole for the same mass of explosive {using a reduced charge
- diameter) resulted in better overall 'breakage of the coal. The number of

large coal fragments was reduced considerahly. However, this finding must
‘be treated with caution as a 4.3 % increase in fines was observed at
- Greenside althbugh a net reduction was obtainad at Tavistock.

- It was 'provéd therefore that in-hole coupling of explosives favors the
transfer of the dynamic stresses from a high VOD directly to the coal,
hence praducing more fines. A decoupled charge develdbs attenuated
' stresses that save coal from o#er-crushing- and drives breaking energy into
' _the coal &t the blasthole’s collar. Heowever, the air gap in the charge needs
to be optimal, as if too big, it may result in the dynamic desensitization of
the explosive charge through the. channel effect. in the present frials, no
signs of such a phenomenon was chsefved, either in the blastholes
monitored for VOD measurement or in the coal piles from the other blasts
performed. The explosive charge was equally tamped in the blastholes.

It is worth mentioning that it was observed that the reduced-diameter
: 'charge resuited in an Increase In coal fines in Seam 4 at Greenside and In'
decreased fines at Tavistock, compared with the current 'techn'ique. When
considering the measured coal strength, it appeared that the mechanisms
determining coal fines vary profoundly from the soft ccal of Greenslde
(oompresslve strength of 12.6 MPa) to the slightly harder coal of Tavistock
Iin the same Seam 4 (compressive sirength of 15 MPa), Badal (1995)
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asserted that inherent discontinuities (micro and macro fractures) are
responsible for the deformabllity of rock material submitted to dynamic
'stress'IOading. They determine the strength and the ébifiiy of a given .rock
to resist breaking and, in particular, crushing during biasting.

Flgures 7.12 and 7.13 show that for a charge length, after tamping, of
approximately 1m, the optimum in-hole confinement, in terms of fines
generaﬁ_bn. corresponds to & decoupling ratio of 1.8. This mess that
‘when using no_rrﬁal explosive cartridges of 29 mmt in bliastholes of 40 mm
iameter, there is no need for tightly confining the charge in the hole
bottom as slight tamping to increase the'charg_e dlameter to only 29,8 mm
is require for an optimum blast. | ' '

. Flgure 712 Dependence of coal fi@ g. enerstion on charge confinement -
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12

chﬁga1l'g|ylﬁ {nia} 1.4

_Figura 7 13 ggengegoe of Qﬂl fines gegeraﬂon on the ln-hgle chgr_‘g

!ength

_ Considering the aptimum d_ecéupling- ratio of 1.8, it may be stated- that the
© minimum -di-illing. diameter to minimize coal fines generation when using

the standard explosive cartridge diameter of 29 mm is 389 mm. ¥ is
_ mefefore concluded that the preblem of fines gerieration at G-2enside
where the standard drilling dt: weter of blastholes Is 38 mm perl:ains partly
to the moompatibility of the drllllng and the explosive sizes.

7.4 Conclusion
* The results abtained in these field trials indicated that 1he use of high-VOD
~ explosives In deOOI.Ipled blastholes Is an effective way of reducing fines
.generation in coal blasting. This technique can be used for any coal E
strength (strong or brittle and soff). The degree of such decoupling Is a'
 slte-specific parameter that needs to be defermined from blast
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investigations. for optimization an site. Desph.; the indication of good
results of fines reduction in hard rock beyond the decoupling ratio of 2
- mentioned by Kunya, Briton anc L ukovic (1987), the present investigafions
 undertaken in coal, a soft rock type, have indicated that the optimum in- -
 hole decoupling ratio is 1.8. The same trend of decreasing fines with the
increasing decoupling reported in the previous work referred to above has:
~ aiso been observed. The decoupling Is found to improve fragmentation in
~ coal-output up to a ratio of 1.8 that corresponds to a minimal of 18 % of
generated fines. Beyond this threshold further decoupling resulted in a -

drop in fragmentation (increased fines generation). '

. The results of this prbject'cén be summarized as follows:

1. The blasting techniqdes _curfently used in the local coal minirig industry

do have merit. However, they can be altered to optimize the outputs. -

~ Careful supervision of the charglng operations underground is critical

“fo the success of the blasting operation (i. e. 1o avold current over-
loadlng and over-ﬂ}ing of blastholes) '

2, Depending an the coal strehgttl and the nominat VOD of the explosive
* used, decoupfing the explosive charge in the biastholes minimizes coal
fines generation therefore improving the overall fragmentétIOn. it was
noted thaf, with the current practice, at Greensidé a theoretical
- decoupling ratio of 1.7 yieided the lowest fines generation with some
aversize. When this was Increased further fo 2.3, the fraction of fines
was increased by 3.4 percentage point with no oversize produced.
When the same technique was applied in smaller-diameter holes and
- the decoupling ratio was decreased to 2, the resulting fines showed the
same increasing trend, rising to 5.8 percentage point. This funny
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behaviour showed that In soft coal, the use of low-VOD explosive
' - makes ﬂnes production insensitive to variations in Shock energy. The

~ mechanism of fines’ creation in the coal of Seam 4 at Greenside Is
predominantly infiusnced by the interaction between the elastic waves,
the gas energy effects and the inherent fractures i the coal. This Is
exacerbated by the apparent incompatibility of the drlling diameter
used with the size of the explosive cartridge. That is the fundamental
~ shoricoming found out by these invésﬂgaﬂons.

. For coal biasting, permitted bhigh-VOD explosives have more
advantages than low-vOD o'ne_s.'_ They can be used suoceséﬂllly in coal
of any strength (hard and soff), provided a proper decdupllng-raﬁo is
designed and implemented on sfte The opinion that a big air gap
betwsen the explosive and the blasthole walls may Increase the hazard
 of methane ignition still needs In-depth consideration I further work.
However, no problem of in-hole dynarruc desensitization or me‘thana
|gmtron was encountered during the present trials,

. “The viscosity of the expioslvé charge plays an important role in
maintammg the in-hole decoupling. it aiso allows higher steady-state
vaD through increased Inner confinement. Such conditions render coal
fines confrollable and amenable to reduction by In-hole decoupling. For
example, it was natod that the watsrgel explosive used at Gresnside
was flowing Ints the blastholes when squeezed by the tamping stick,
‘thus further shortening the r-harged {ength and reducmg tha'
decoupling.
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Chapter 8
8. OPTIMIZATION AND CONTROL OF FRAGMENTATION IN COAL
BLASTING |

8.4 Intreduction

- This chapter intends to place into context the discussion of resutts
obtained from the investigations into fines generation described in
Chapters 6 and 7 with regard to the recen worldwide rcsearch effort which
facuses on .the canirol and optimizatici) of fractures processes in industrial
dynamic breaking operations. It also aims to outline the contribution of this

.' on-site research and pinpoints the subsequent recommendable practical
measures for .optimizinn coal blasting in the context of the local coal mining.
industry The sc:enttﬁc background io the empincal resuits Qf this work is
rewewed

82 D ing and the function of coal fines generatio -

The investigations of this thesis have shown that the reduction of fines In
blasting of the traditionally cafled soft 'rock materials, i.6. coal, may be
~ achieved successfuﬂy by using a hlgher VOD-explosive product rather
‘than a low-VOD product.

Previous work-done by Johansson and Persson (1971_)-,' Atlas Powder
‘Company (1987), Persson, Holmberg and Les (1994) to name only a few,
was used to secure @ background to the results of the present thesis.
* These sclentists ascertained ihat upon detonation of an explading charge -
Mih_..a length to diameter fatio greater th’an 6:1 in a bottom-primed
blasthole, there is a generstion of shock waves whose created strain
. waves propagate in the matsrial in a conical front coaxally with the
blasthoie The oonsequence of the quasmlmultaneous axial and radial
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- expansions of the blasthole that are due to the products of the reaction

created (shock waves) is that the pressure at the blasthole walls rises up
quickly to its peak and then rapidly drops, decaying exponentially. The
rapid decay is due to the great loss of energy trough pulverization,
crushing and/or displacement of material as well as the gas cooling. The
axial expansion of the shock front is Influsnced by the magnitude of the
shock that matnly depends of the composition of the explosive and on the
V0D, !-Iowvévc.:; the radial expansion [s dependent not only on the
compositio'n of the explosive charge, but also on its in-hole geometry. In a
~ blasthole that is fully packed with explosive (decaupling ratio equal to 1},
“the radlal shock wave is directly transmitted to the coal. Consequently,
* significant damage o coal is possible. However, in a blasthole with a
decoupling ratio greater _t_h;an' 1, the radial component of the shack wave
-wilt have decreased in magnitude due to the loss of energy at the interface
betwean the explosive and alr { i.e. flow Into a different medium), and have
expanded fo fill the annular gap hefore Impa’ctihg against the coal, Up.on
impact, the strength propertics of the coal come into play. If the coal is
stronger and generally brittie, the radial cuiponent of snergy in the shock
waves' front that Is directad agains the coal of the blasthole walfs meets a
sirong opposition to penstration. However, because of Its high magnitude,
fractures are likely to be induced in the coal. Such fractures propagate
much easler resuiting in deeper damage Into the coal (more coal fines
generation), If a considerable portion of energy of the shock wavas' front is "
associated with the damaging action described above, the axial energy
companent moving along the explosive charge may be slowed down
're_autting ina _Ies's';étéeper'VOD trace belng recorded in the blasthole
"seen in Fligure 7.10-a. . '
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8.3 _Stemming in coal blasting

In view of the considerable magnitude of the expanding ascendant
component of the shock wave propagating in the axial direction, and
considering the battom-initiation system which is mainly used In local coal
mining, both underground and in opencast, the stemming of biastholes Is -
crucial in coal blasting. it plays a dual role: firstly, it is an excellent safety
feature because it prevents the generated high-pressure and high- -
temperature detdnatlon products from being propelled out of the blasthole,
thereby limifing the hazard of the ignition of coal dust. Technicnlly, it
ccontrols the retentlon time, which Is the time periad for which the stemiming

remains In place, closing the hdie_ after the _expl'osives oal_umh has -

completely detonated (Ladds, et al. 1992). The longer the retention time,

~_ the better the inferaction between the explosive energy and the coal.

Kabango (1993) observed that an unstemmed blast resulted In 30 to 35 %
loss of frégmentétion. Earlier, Brinkman '(19_90) reporfed to. have
measured, in 40 mm blastholes, that one half of the total explosive energy
Is lost thrbug_h gases eécaping out of the blasthole collar when stemming Is
notused., - ' ' '

' 8.4 _Fragmentation In Industrial coal blas ung

Measurement of fragmentation after a full-scale blast has always been a
difficult task because of the size of Industrial blasts and the rudimentary
mathod of eva]uation_a'vailabte. Even In small-scale models, the processas
involved In the fragmentation observed around a blasthole in defonation -
are still a subject of contention between scientists. A deﬁnite lack of a clear
: furidamen{al understanding of the mechanism underlying the proéess has

led to two opposing schosls of thought in the past forty years, 'Joh'ansson
and Persson (1970), Comeau (1993), Persson, Holmberg and Lea (1994)
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and cthers hold to the befief that fracture around a borehole in detonation
i# not inftiated from the walls but, Instead Is seen to start from a point ohe
or twa radit inzide the material. It Is then from this locus that the initiated
fractures propagate radially outwards from and inwards into the materlal,
Allsman (1980), Kutter and Fairhurst (1971), Cunningham (1972), Shultz
(1972), Rosmanith (1997} and others are of the opinion that Is favored by
~ the author of this thesis that consider fractures to initiate from the walls of

" the expanded biasthole. They initiate thus from the interface between the
zone of fines, also termed crushed zone {Kutter and Fairhurst, 1671), and
the solid material, The-fractures therefore brOpa_gate radially outwards until
' the driving energy at their tips falls below the fracture stress Intensity factor
 {Kic) characteristic of the matsrial toughness. However, it worth noting that
- whichever theory Is favored, there is a consensus on the mechanism
_ _underlying fragmeritation. The fatter is a result of the combined effect of _
-mé_neﬁh.'ofk.-of inherant fractures, tﬁose freshly induced d'uring the dynamic .
phase of the detonation and the additional ones that may be created
- during the quasi-static loading phase of expanding gas products.

Fragmentation during mining Is defined glnbally as covering three fractions

or size groups: the over-, mid and undersize. The ultimate purpose of ény :
 blast is to produce mostly the desired mid-size. Howevor, because of the

lack of cantrol over the breaklng_ process, the three size groups are always
| present. Usually, industrial optimization of blasting Is. most concerned with
the control of oversize. The paramefers used at the blasting face are
aimed mainly at the primary breaking which produces fragments to suit the
aperture of the grizzly on the ore pass (productior,), waste rack pass
{development) or the crusher. Even the commonly us'_ed biast-evaluation -
techniques, 'i.e.' counting of boulders, photographing of the muck pile,
. visual analysis, assessment of the explosive consumption in secondary
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blasting, and measuring of the shove! loading rate and bridging delays at
the crusher, are all biased in favor of the oversize fragments. The current

mathematical models used for the prediction of fragmentation in blasting
-also model the big' fragments far better than they account for the

undersize, particularly the fines. The equations of Gaudin-Melay, Rosin
Ramier, Kuz-Ram and the Sve De Fo {(Holmberg, 1974} all have the same
3hortcoming of concentrating on the big size fragments, with the result that
the predictions always differ f_fom the post-blast realities. However, among
the prediction models listed above, the Kuz-Ram model proposed by
Cunningham'ﬁ 983 ahd.__1 987) is reputed to prrvide predictions very close
to reality (Singh and Pal Roy,. 1993). This model takes into account a B
number of 'b_lasting parameters pe_rtath.ing to the explosives properﬁés, the

_ geometry of the blast and the rock conditions, including the discontinuities..

It is evident that the reason for its successful modelling of fragmentation
lies in its ability to account for discontinulties. However, only the magro-
fractures (joints) and, to a very limited extent, the .meso—fractures can be
comprehensively consl'dered In the fhouel. But, sinéé the meso- and micro-
fractures are the most sensitive to coal fines generation, it Is therefore of

. little use In the prediction of comminution (fines generation).

8.4.1 _Comminution model and re guction.ofcoa; fines

~ Udy (1994) pinpointed the challenge to the blasting engineer at any

particular site as understanding the rock material he is dealing with. He
commended Lily .(1986)' for having provided an excslient tachnical and

' very practical method of clessification of rock in terms of its ability to resist

blasting and produce the required nu‘tpuis. termed "blastability”. Among the

five rock mass harémeters recommended for rock clagsification, the

structural nature of the rock is theé most important one determining the

fragmentation and its sconomic implications in the blast. in a massive rock
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with rélatively few Joints or in 'biocky ground, the fragmentation is entirely
dependent on the interaction between the explosive energy input into the
~ blast and the rock strength maracterzstlcs Whereas in a finely Jointed rock
or one of & powdery nature, the fragmentation ts of little concern as the |
explosive energy_ls only needed to dtsrupt the poor cchesion betwsen the
‘blacks and move the material from the blasting face.

L ltis evident that fragmentation In coal biasting would combine the effects

.of the primary breaking that result from the strength interaction betwaen

the exploswe gnergy and the coal’s resistance, and +he wedging action

© that controls the liberation of the individual pre-exigting blocks, These pre-

~ exiting blocks are dellneated by the In-born fractures in the coal as shown
_ ln Figure 8 1. ' ' '

-

Figure 8.1 Two identifisble stages of fragmentation formafion
. {(After Scott, Chitombe and Kieins (1993)).

179




E Chapier 8

Stagg, Rholl and Ottarnesé (1989) confirmed, once again in another
investigation of fragmentation in muitiple-row biasting, that fragmentation
' involVe'stwo'separate fractures mechanisms, These mechanisms estabiish
respectively the qoarse slzes, which appear to fit a Gaussian distribution,
and thé .ﬁ'ne' sizes, which include boﬂ1 the pre-blast fracture disfribution
“and the radi,  scturing around the borehole. They also observed that
decouplmg of the axpioswe charge in the blasthole oonsiderably reduced
the amount of finer sizes.

The Investigations of the present' thésis appear to confirn this theory of
two distinct mechamsrns {dynamic and quasi-static) occurnng during the.
- blast, resulting in the generation of the two size fractions, narnely the -
under- and oversize. However, it Is clear that there is a degree of overiap.
bstween these mechanlsrns to the extent that the total amount of undersize
‘observed in the plles originates from both mechanisms. Singh (1995)
expiains the crushing mechanism that ocours in-out blasting as being |
caused partly by the gases (the quasi-static é’nergy‘ phase) which are
génerated after the explosion. He acknowledges the primary Fale that i |
played by the compressive strain waves which radiate outwardly from the
explosive In detonation with & magnitude higher than that. of the
compressive breaking strength of the material. However, he underfines
that the explosion gases compress tl"le' thin wedges of rock bem_aen

- adjacent fractures thereby creating additional fines. The overlap of the

mechanistic effects creating the sfze fractions in blasting is not only
obvious in the shock phase, which is traditionally known to be résponslble _
for both the fines and the network of radial cracks around the biasthole. At

- the free face, the shock waves are refiected back Into the coal burden,
causing tenslle fracture by slabbing or spatling whlch may result in Iarge '
fragments of material breaking looss,
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To sum up tﬁls discussion oh the mechanistic ihstght gained from previous'
experlence and the present investigations on the generation of coal fines
In coal blasting, it is worth quoting Chiappstta (1994). He stated that:
"Contrary 1o the popular befief, there is not a single parameter that
 contributes solely to coal damage during the blast, but rather a number of
- interrelated blast design and geological factors which make it unwise to
‘expact coal fines Qeneration ta absolutely follow a unique trend"”.

It may be wise here fo agree with Boro\éikov and Vanyagin (1995). They
concluded their langthy discussion on the modelling of rock fragmentation
'in blasting by stating that “modeliing of the rock fragmentation in its-

_entirety Is a very difficult problem which cannat be solved practically, only

- an apbro;ﬁmate andlor a partial madelling of the phenomenon Is possibie”.

This implies that the ide of a unique mathematical or physical mode! for
coal fines generation in blasting is simply unobtainable. The =mpirical
route s the only way to work out a prediction model for damage in coal
during blastlng. The investigation of the present thesis has therefore been. -
& useful experience, which needs to be répeated i order to establish g
database from which strong relatlonships between coal blasting and
‘struectural parémeters can he deriﬁad_ and émpirlcal formulae deduced
{Kabongo and Darkwah, 1996). ' '

'8.4.2 Blast iming; the main t ctor in in-mine coal fines optimi

The technique of decoupling the explosive charge in the blasthole was

 successfully applied to attenuate the primary crushing and hence reduce

the generation of coal f_'.hes. However, the keyword that represents the

actual challenge to the' local coal mining Industry Is ‘productivity’. This

means breaking the taximum amount of coal at the minimum possible

working cost. Each individual mining operation, incili_'ding' the drilling and
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blasting. must be conduct. d effectively so as to reinforce the trend toward_s' :
optimisation. Among the factors that would influence productivity, the
timing of the breaking of the individual coal burdens in front of each
 blasthole at the coal '-faqe is probably the most important.

The blast timing has a great influence on the end-results of the blast in
~ the minmg of strong coal locally, blasting faces are prepared s0 as to
break coal in sequence, involving @ row-by-row breaking -pattern. The

standard blasting pattern used Is depicted in Figurs 8.2. In this ﬁgure__the _

inhole delay time used to initiate the defonation In the blastholes are

demgnated by a delay number which corresponds toa range of tlrne delay -~ '

whose time value is gwen in Table 8. 1.

Time delay = Time value +/- Scatter time

D0 O Oo o @

- _F.{'gm 8.2 Conventional GCB patfer
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Table 8.1 Delay numbers and corresponding delay time used in coal

ines

I Detay number: | Detayu}ne .

Permitted by law

Require special exemption

_Lubbe {1995), & former postgraduate student who worked under the
author's supervision reported a considerable increase in broken coal
' output {28 % to 47 %) obtained in trial biasts Which used time delays
between rows of blastholes longer than those convenﬂonally used. He
compared the face advances obtained in trial blasts undertaken at Kriel
Colliary. The trials used on one hand, the time delay system prescr{bed in
the South African mining legislation (No. 0 to 5 in Table §.1) and, on the
gther hand and under an exemption granted by_the inspectorate, & special
“range 6f__6xten'de‘d delay detonators given In the Table 8.1. The resutts of
this investigation are summarised in Table 8.2 and Figure 8.3.
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Table 8.2 Summary of results obtained from investigation on the optimum

- inter-row timing in coal blasting at Kriel Colliery -

""Detcnaiors --'-."-lnter—raw delay Advanue par hale Bmken t:ms per
o L ms) (%) - L blast
CARRIGRS 505540 81 60.20
EOD 25 oy 59.16
EDD - 75 76 T 69.73
"EDD BETVR 88 76.16
"EDD 125 79 66.54.
TEDD | 150 73 "60.14
EXT. CARRICK _ 160 o1 RS
=0 100 REV 7 % T70.24
EXT. CARRICK 100 REV 73 72.00
77

CARRICK

50,55,40 CHEV °

I

it was observed that, on average, the inter-row delay of 100 ms produced- -
the best advance with the optimum result being that obtained with the
'EXTENDED CARRICK of 100 ms delay which produced the highest call of

' brok_en coal per blast (see Figure 8.3). The change of the patterns of inter-
1..; delay timing from 50-55-40 ms, tradiionally used, to nearly 100 ms

- (s#s - yre 8.2) resulted in improved blast results (higher advan'ce_ and

- he ie higher tonnage). To quote the figures of results.reported.. the trial

achieved an Increase of between a third to a half of the usual output,

without any change 1o the mining method. The optimised pattern that was

recommended thereafter is shown in Figure 8.4, -

1 The initer-row seiimthails cirrently need in focal mﬂmhng (in accordspcetolaw), -
2 REV stands for REVERSED fiting a5 opposedtoﬂaenomnlorﬁ;mardﬁmg(seei&ppmd:x(})
3CHEV standsibrCHEVRONHnsﬁngtie mpattem(seeﬁppendxxﬁ)
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Parcentage observed

g ee g w8 g8 g
[V
188 :88::35, 1
¥ g o 2¥ 3
© . A E
% Detonator - imter-row delay s} 5 5 &
N " I Advanas par holo(%) K I8 Broken tons per blast i

| -Flgure 8.3 fgvanca and subsequent tons of broken coal per biast

obtained uslng different inter-row timing. (After L ©1bbe and
Kabongo 1995)

In a recent project raport on the foilow-up work undertaken so as to
~ provide additional support for the previous Investigation, Du Plessls (1997)
working under the author supervision, confirmed the merit of the blasting
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pattern using long iter-row delays. The new cha!lenge assigned to thls
- project was to investigate a number of delay pattern s canfigurations o as
- to reconcile the technical merit of longer delay timing (relief of coal burden
* and fragmentation) to the cost. A paper has been extracted from the
project report and; as it has not yet been published, it is inciuded in the
'Appendix G. It worth noting that the cost aspect of the work could not be
reported in this paper as it Is considered sensitive company information
therefore confidential. However, this project showed that the combination -
of delays in a pattern such as that shown in Figure 8.5 produced greater
~ advance, befter fragmentation and consequently a high return as
| compared to the in-line pattern of F-iguré 8.4. The fragmentaticin results of
 thig latter project supported those reported by Lubbe (1995) from the -
earlier Investigation which compsred the long “slays' pattern to the
legislated one. However, it Is worth acknowledging that In both cases
visual assessments were used and so, some quarters may conslder this
sliegation fo be less cc:nwncmg

__0-' (o Oo _ 0._.

O8O @ O O |

" Figure 8.4 Optimised blasting patter: { After Lubbe and Kabongo, 1995)
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In fact, this result is corroborated by a consideration based on | the
respective comminution indices (Coml) in these blasts, The Coml of a full-
scale blast Is defined as the ratic of the powder factor to the percentage of
coal fines generated, Considering that the coal output has been increased
for the same explosive energy used (powder factor) In these blasts, it may
~ be Inferred that much more energy was used Into breaking new surfaces in
- coal therefore improving the fragmentation. However, aven if it Is assumed
that the same amount (by mass) of fines was genei‘éted' in both blast
situations, a high-output biast will resuit in a higher Coml. This means that
a better energy distribution is achieved in such a blast.

it can therefore be concluded that the comminution index i5 a measure of
the blasting sfficlency. The greater the advance achievad in blasting, -
~ higher the fonnage of coal brokert and the higher the comminution index.

(s 7 Ry @7 (s

(M2 o e e
Figure 8.5 Resommended optimum blasting pattern for mining strong coal
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85 Problems associated with coal biast o@. mization through -

decoupling
8.5.4_Symoathetic detonation
Hagan (1879) pointed out that shortér Inter-row delays cause high levels of

~ fines generation, incomplete detachment of burdens, hindering of the

fragments’ displacement and tight muck piles. The optimum timing
sequence in blasting is one which delays the Inffiation of the consecutive

- blastholes or rows of blastholes iong enough to allow maximum Interaction - )

between the breaking strasses created In neighbouring toles. In coal cut

blasting, it is important that the breaking of the next row of _holes be

delayed long e_nough to avold ‘sympathetic detonations’ of expiosive

‘charges, Singh (1995) descrized this phenomencn as the premature ':

inftiation of a nearby charge by shock waves created by an earller-firing
charge. The explosive charges in the nearby rows are therefore set off

“nearly simultansously, resuliing In coal being frozen at the face because of

partial flushing of the broken coal from each row of blastholes.

~ The probability of syrnpaﬂ-ietlc detonation increases with decreasing Inter-

row burden, increasing sensitivit' of the explosive charge and/or the
initiator, increasing stral - ';:onductivity of the medium, insreasing number of
open fissures, and decreasing precision of the timing system {scatter time) -

: when shorter delays are used. The use of a long inter-fow delays

sequence in coal cut blasting is Yierefore an effective way to avoid this

- problem which threatens profuctivity in collleries. However, the most
- definitive solution would be tr. use & high preclsion initiation system such

as the electronic deionatcr. At this stage, the cost of the electronle
techriology does not justify its use In routine blasting work despite the fact
that several trials already done have yielded exceptionally goo: results.
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8.5.2 Dynamic desensitization

The shock waves generated in an sarlier-firing blasthole may not only
trigger a reaction in the neighbouring hole but also, and usuaily, may
| inhibit the detonabillty of its charge, Aler and Wieland (1991) maintain that
“when a blasthole charge is detonated during a delayed biast sequant:e in .
a coal mine, i_he shock waves It generéﬁes radiate in all directidnsmrough
the coal and interact with adjacent biasthole charges that are timed for
later detonation. The sffects of such Interaction are debilitative in nature,
-~ D an cause damage ranging from misfires to malfunctions, ‘such as
* weak detonations or out-of- sequence detonations. These effects are
| termed ‘dfoss—blasthules dynamic  desensitization’. The charge
desensitizaticn is usually temporary, although it may be permanent in
which casé the detonation is completely halted (misfire). Otherwise, in the
case of temporary desensitization, longer-delay timing always leads to a
full recovery of the charge properties, even In explosives of the non-
resilient type (Wieland, 1987). ' ' '

Anather type of explosive charge dynamic desensitization may take place
within the blasthole due o the decoupling of the charge in the blasthole.
This Is known as the ‘channel effect’ (Johansson and Persson, 1970),
When a decoupled charge is detonated in é'dry hols, the shock wave
generated in the alr annulus always- outruns the detonation wave in the |
explosive column thereby creating an air shock ahead of the detonation
front. This air shack exerts a lateral pressure on the fresh part of the
- unexpioded explosive that densifies and desensitizes the explosive column
‘shortiy before the arrival of the detonation wave. The probabliity of
occurrence of the channel effect in blasting incraases with the decdupling
ratio. This has been the major challenge in the blast trials of this thess that
aimed at Investigating the reduction of coal fines by using the charge
189 ' : :
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decoupling technique. The problem was overcome by adopting a charging
“configuration which allowed air gaps in the charge but obstructed the
~ channel annular air gap, as shown in Figure 8.6. The volumetric
~ decoupling ratio was therefore varled to achieve optimisation and the
" channe! effect av::ided. After each biast, the entire coal plle was Inspected
- for slgns' of”ahy explosiva daseris_ltiiation sffect, but no such effect was _
 detected, | |

. Figuré 8.6 ldeal charging confiauration to avoid the channel effect
8.6 _Blasting technigue for minimum coal fines

Blasting Off The Solid (BOTS) is an alternative method of coal biasting
- which does not require undercutting the coal face to provide for a second
fres face. The use of machine at the blasting face involves maintenance
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costs and waste of time in the blasting cycle which may be saved if the |
qués‘l— conventlonal development type of blasting technique (BOTS) is
cansidered.

in BOTS the second free face is created simultaneously by a number of
blastholes particularly displayed and charged so as {o Initiate the breaking
of a central core of coal fo provide a free breaking space for the rest of the
_ blast. Landman (1993) and Lubbe (1995) praject this technique as a
potentlal viable alternative to the undercutting. However, in a response to
Cunningham (1941), Mainiero sounded rather an opposite oplnion bringing
forward the improved powder factor efficiency and the . reduced
confinement effects which ensures more safety underground when the
undercutting Is performed. The great merit of the CCB over BOTS lies on
these key ;;ﬁints of its merit. Mainiero stated as well that these advantages |
- gonstaute the majo'r reason why this method is the most preferred in the
coal mining industry (flery mines) world-wide. Nevertheless, the debate to
‘determine the best blasting techniqu'é for coal mining will still continue so - .
fong that research inte BOTS is not intensified so as to proize beyond
‘reasonable doubt the so- called aafety deficiencies atiributed to the
method. '

8.7 Conclusion

Rock breaking during biasting is the subjact of much controversy by virtue
of the complex Interactions of phenomena characterised' by a muttitude of
varlable parameters. The results of the investigations reported In this
chapter lead to conclude that the comminution index Coml, brought to the
~ fore i this thesls, may be used to measure the biasting efficiencies. The
greater the advanoe achieved in blasting, the hlgher the output of coal

: broken and the higher the commlnuﬂon index.
- 191




Chapter 9
9 _CONCLUSIONS |
. 9.4_Review of this thesis
'--This thesis has established that coal fines generation during blasting is -
created by two categories of effect from the blast. They are: the impact af
the dynamic shock waves on the coal of the blasthole's walls (primary
_ crushing mechanism), and the interaction between the elastic waves and

the expanding quas-static gas-generated siresses with the inherent
- fracture network in the coal (secondary crushing _ma‘ohanism).

~ "The first category of fl.ies generated may be reduced by a controlled
blasting technology that uses' the technlque' of decoupling the explosive
charge in the blastholes. Th_e  investigations conducted on laboratory
modsls showed that the extent of the zone of crushing which is established
at the Interface between the medium .of the blasthols walls and the
explos{vé may be altered by using this technique. The dynam_tc impact_ test
for coal cruahabiilty prbpﬁsed In this thesis brovlded an empirical ﬁ':_armula
for predicting the sbility of cost to resist crushing in blasting. The
equations detived from this study can be used, as first approximation infa.
the prediction of the energy required for generating & required degree of
comeminution in biasting at the two pilot mines. However, it Is expacted that
" iIn the near future, this test will be performed on several other coals from
different mines to expand the present database. Accumulated data will be
used to derive more general comminution relationships. o

in the field Invastigations, the coal fines generated in.blasting Were'alsd-
observed to be sensfiive to- the decoupling technique. In both the
 qualitative report by Van Zyl {1993) and the quantitative assessment by
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_ [}elaporte_ and Heizmann (1995), the chargse decoupling technique was
‘confirmed to be effeclive in reducing coal fines in opencast blaétirig.
-operations; The site investigations undertaken for the present thesis have
é)dended the boundaries of knowledge further by svaluating the
applicati_un of the téchniqua in underground coal operations, It has been
- praved here that the techniqué can be used successfully in strong coals.
 The stronger the coal the higher the characteristic impedance and the
more suited fo fines reduction by daooupiihg. However the technique of
' de’cbuplihg may also be used in medium and soft coals, but it should be
bome in mind that the degree of reductton achlevable m:ght be less
.peroeptlbte

The second category of fines generated during blasting is assoclated with

the Inherent fractures in the coal. These are not controllable due to the

difficulty of determining the inherent fractures embedded in rock -
formations, At this stage of research in this field, the nature, number or the
extent and location of inherent meso- and micro-fractures in a coal mass _
cannot be defined accurately. This thesis has demonstrated their influence :

on fines generation as evidenced by the strong correlation which was '

found to link the fracture frequency in diamond—dnlled coal cores to the
fines observed In cosl piles after blasting, Hawever. It is acknowledged

that the relationship between the pre- and post-blast fracture situation
| e_stablished in this thesis may be of imited valldity singe it is based onthe .
assumption that the discontinuities observed in the diamond-drilied cores
are representative of the fracture network in the cosl seam. Since the rock
medium is rarely homogeneous and isotropic, a high degree of uncertainty

- 1Is assoclated with blasting which hampers efforts to control the blast' _
o outputs |
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The main concluding features of this thesis may be suinmarised as follows: -

1, Strong correlation have been found to exist, on one hand between the = -
"strengih properiies of coat (the dynamic elastic modulus) and its
comminution index (iaboratory resuits) and, on the other hand, betwsen
the inherent fracture frequency in coal and the coal fines generated
afer blastlng (slte work results) o

‘2. The higher the inherent fracture frequency in coal, the hlgher the |
 quantity of fines generated The relationship between these parameters"
g ha_s been Identified as an exponential function for the coal tested in the

three mined seams of the Witbank coaifield (Seam 1, 2 and 4). '

3. No correlation was found to exist between the fracture frequencles |
| (total- fractures, Le. inherent and induced) in the two orthogonal
directions of a blasting face of coal, i.e. vertical and horizontal, This -
indicates a difference in thelr respective sefting mechanisms. '

4, The powder factor is the prlme centronmg factor of coal fines
gensration. However, the distribution of the explosive breakmg energy
in coal may be improved by changing the geomefry of the charge in the
blasthole. The technique of decoupling the explosive charge in the -
blasthole provides an effective way of reducing fines geher_ation in both

~ goal biasﬂng'in surface mining where, gen‘erelly. iarge- diameter vertical
blastholes ate used, and in underground collierles where small-
diameter b. *zontal blastholes are used.
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B, It has come out clearly that despite the Husive trend of coal fines
dér:reasing wuth the i_nci‘eastng coal strength characteristics observed in

- small size .coal specimen in laboratory (size effect), the site work
revealed the inverse trend. This resuit confirnis ‘ance more that coal
fines generation is site-specific. The variable amounts of fines
‘observed in the field investigations described i this thesis appeared to
indicate a trend of decreasing fihes generation with Increasing coal
stré_ngth. On average, 22 % of blasted coal in the relatively soft coal of -
Seam 4 at Greenside was found to end up In the category of fines. in.

_ the medium-strengtfi coal of Seam 4 at ATC, Tavistock, 24 % of blasted
" coal wag observed to fall into this category. Finally, in the strong coal of
Seam 2 at ATC, the fines. proportion lncreased fo 25 %. However, a

~ score of between 8.4 and 21 percent (with an average of 12%) of
blasted coal was observed to end up into fines in the surface mining

| operations ai Kleinkople. ' ' g

6. It is inferred from the results above mét_opencast operations prodiice
fewer fines than underground ones. This is attributed to the advanfage_
of having two or three free faces widely .ava'iia'ble in the benching
method used in opencast mining to break coal (see Figure 6.1a,b and
¢) which implies the use of reduced powder factors.

7. ttis observed that fhe decoupling technique enables better reduction of

coal fines in hard coals than i does in soft coals. The harder the coal

" the higher the valaclty of propagation of sonic waves, the higher the
characteristic impedance, the higher the straln energy transmitted to

coal and the more [t is sensitive to primary crushing. |
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8. In coal blasting, perminied high-VOD esplosives have besn shown to.
" have more advantages than Iow-VOD ones. They have been used
successfully in coal of aifferent sirengths (atrong and medlum) and they
may also be used In soft coal, provided & proper decoupling ratio is
deslgned and {mpiemented on site. it remains true that a big air gap in
the blasthole may increase the hazard of meﬂ:ane ignitions. However,
this may be by-passed by using a longer charge calumn which, after
. tamping, will be deployed across the hole so as to avoid the formation
of a continuous annular air gap around the charge This wit! minimize
the risk of in-hole dynamlc desensitization or methane ignitiori as has
besn the case in the Investigations of this thesis. |

8. The viscosity of the explosive charge plays an Imporiant role in
maintaining the in-hole d_ecoupling.' It also allows higher steady-state
VOD through increased inner confinement. Such canditions render coal

| fines confrollable and amenable to reduct!or_a by in-hole decoupling. For -
* example, it was noted that the waterge! explosive used at Greenside
was flowing into the blastholes when squeazed' by the tamping stick,
thus further shortening the chargad length and " reducing the
: 'decoupllng

10.The comminution index (Corl) is a useful tool for the evaluation of

'  blasting resuits. It measures the degree of breaking achieved in a blast. |
it camhlnas together the Information of blast fragmentation and the -
b!asting efﬂclencles achieved in the blast.
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9.2 Rec_qmmend'ed future work
An enginsering approach 1o the blasting problem is the key to imbroved_
productivity. There is a need for the characterization of coal at every mine.

" The data on the coal's strength properties and the fracture situation" in the -

coal mass needs to be updated raguiarly_ as there cannot be a single
solution to biasting (routine) In an Insitu coal which changes lts properties.

_ This thesls has shed some Ilght on the relationships beﬂveen coal fines
.~ and coal strength on one hand, and the fracture frequency on the cther
~ hand. In addition It has put forwards a technique for optimizing the
generation of fines i blasting. However, addltional, different problems
~ which requite further investigation for a befter understanding of the .
. complexity of the -problem of fines generation have been brought to the
_ 'for_e. For instance, It has become imperative to acquire additional insight -
into the ffectiveness of the VOD into the _reduction of ﬂnés_. This would
eniail testing a wide range of éxplusive pi'cducts of different VODs under
different coal conditions. .~ |
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APPENDIX A

" Table 1: Static strenath properties measured on coal samples frg~ -
Greenside Colliery '

. GREENSDECOLLIERY -

Compressive sm'gtn {MPa) |

SEAMZ SEAM4
Top | Medium | Bottom | Top | Medium "Bottom
Paalll |~ | 3602 | 3585 | - | 1148 | 1357
Perpendicular | - w1 | A8 | - : 12,63

Elasticity Modulus at 0.5 x UCS (GPa)

Tap "Medium | Bottom Top | Mediur ~Bottom
Parallel | - 32 7.88 B T5.00 4583
Perpendicular | - 508 | 484 | - e 3

Poisson’s ratio at 0.5 x UCS

Top | Medium | Bottom | Tap | Medum | Bottom
Parallel . 0.23 0.27 - 1.85 021
Perpendiculer - 0.23 0.35 - - 021
Al
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APPENDIX A

Results of leboratory inv-stigation: Strenath properties of coa

* Table 2: Static strengih proper’ies raeasured on coal samples from
. Tavistock, Arthur Taylor Colliery '

' 1AVISTOCK, ARTHUR TAYLOR COLLIERY =

Compressive strength (MPa)

[ SBAM1  SEAMZ SEAM 4
[ Top | Med, | Bot. | Top | Med. | Bot, | Top | Med. | B,
Parallel 1877|3462 | - [1833]3739| - [1012 168 -
Perpendicular | 23.1 | 382 | - 218 - | - | 1314120071 -

Elasticity modulus ¢ 0.5 x UCS (Gpa) | |
A Top | Med, | Bot, 'I'oﬁ Me~. | Bot. | Top | Med. | Bot.
{ Paraiiel 403 | 1158 | - | 466 |1388] - | 22 | 375 | -
Perpendicular | 5.61 | 632 | - | 618 | « | - |11.89] 538 | -

Poisson’s ratio at _B._SxUC__S_ _ _ o _

Top | Med. | Bot, | Top | Med. | Bot. | Top | Med. | Bot,
Darallel | 0.15 | 021 | - | 033 | 0.27.| ~ | 035 ] 027 | -
Perpendicular | 0.18 | 027 | - | 031§ - - o3t tozs | -

Note:, Med, = Medinm ad Bot. = Bottara,
. ’ . .lﬂ;z
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' APPENDIX B

" T'he data contained in this Appendix is also included in a computer

disk aftached to the thesis. The tables are presented in Lotus
~ spreadsheets. The sample ID number contained in the first column of |
the tables identifies data of each table. ' |
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Results of laboratory investigation: Strength properties of coal
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Results of laboratory investigation: Strength properties of coal
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trenath properties of coal
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'RQ 'smlts of labaratory investigation: Strength properties of goal |
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Results |aboratory investi ation; Strength properties of coal

ﬁwwmmmwmm}
'mmm%%%wmg

?%%@%%ﬁ%é

“ByEE 5 'y gs;s gﬁ ﬂsﬂs f. g

aar




Appendices
>—u._wngx B

5t Strength pro eriies of coal

By




Appendices
APPENDIX B

%m%m%aﬁ
 W%wmﬁwx'




Appendives
APPENDIX B

Resu

lahoratoty investigation: Strens

ertias of coal

-._:.-sc,r.-r";eu':nz o surs-‘m, Tt

:g'.:: e
o

P

i

-!!E"-Ilah!‘.l!‘i

T " ‘b‘\ﬁ

-iiﬁ? -fimr-'?

_ﬂquﬂhﬂﬂﬁhﬂ#

AR RN

GyanguELuEn
(ﬁ&numg. =G

5wwwﬁ?§

;m. “~m‘r'lm
mﬁwmﬂ

=frnuoavaun9u
W

W ) J‘-Q-« U

en:ma‘.wma? -

\rl",‘i" RN HT«.

shigy 314 l?l'lﬂ

I :‘bc

=
::i.ez_. __'.u:r:' e
A,
| e

=i

. B ¥ -
f*] 3 & . gl_ﬁ.i tn‘} o]
@ p ) .3 i :; s
S BRI AU T T

b ma

RS
i
..""
=1

ot

=4

<D, o e T et

©
=
. s g
L @g
wmE
b2
o

i
s

CRpep g "w'Uéﬁn-lnxr buas dEDs CODYL BERA ondy L ..
£ AArA GBS HEhG wéin Ghrh Bem hgaj b1

9 sebn b
i

A
_»l ““‘dﬂ PR flﬁli

T ummesaT

LF
Cem
=)

© et

3 T K

L
1




@m’im -

APPENDIX C

) Results of jaboratory inyestigation: :
Crushability funciions to modsl comminution of conl
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Results of laborafory investigation:

Q.- rushability functions to model comminution of coal

1. Observed crushabiii

function for coal of Seam 4 at Tavisto

ATC

I

ComF {J

380 - e
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I
o
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Comminution energy vs Coal fines
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Comminution energy vs Uitra-coal fines
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~ Results of laboratory investigation:
Crushability functions to mode! comminution of coal

2. Observed crushabilify fi.lncil_oh for coal of Seam 2 at ATC, Tavistogk

CGomminution energy vs Coal fines
8O0 o SN

Ba0] e oy
u‘ 300 €4 7. .

AN A

o 2 4 8 8 10|
Coal fines (%) '
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Comminution energy vs Ultra-coal fines
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" Results of laboratory investigation:

3. Observed crushab '1Ii_tz function for_ coal of Seam 1 at AT S, Tavistock

Comminution eﬁergy vs Coal fines

'éoal fines ("2) ' 8 0

APPENDIX G -

Comminution energy vs Ultra-coal fines .
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 Results of laboratory investigation;
Qrushap‘gl’itﬁ functions to model comminution of coal

4. Observed crushabllity function for coal of Seam 4 at Greenside

Comminution er_mrgy ve Coal finas
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Results of lsboratory investigation;
Cru'sha.b_illil_ fur i ' it

5. Observed crushabllity function for coal of Seam 2 at Greenside

Comminution energy vs Coal ﬂnes

Uttra-coat fines (%)
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Results.of leld investigation; Surface blasting
~ Geotechnical foaging of fractures in coal

" 1._Observed FF/m and RQD (%) In different coal seams et Kleinkopie

T . ..15 o ——— _. ‘ . :

RQD(%) | 61 [1081] - | - | - | -

n 28 | - .

2 | FFm) | 18 | 1218 20 | 438 | 35 | 634
RGD(%) | 46 | 760 | 43 | 11.08| 20 | 12.68

N 24 02 29

"1 | Frgm) | 25 | 416 | G0 | 842 | 50 | -

RQD(%) | 83 |14.60] 25 | 1741 0 | -

- Legeénd:

X the fmean, _
s : standard deviation and
n : the number of observations




Appendives |
 APPENDIXD |
‘Results g:ﬁ_é!d '1n§é$t_‘;gaﬁonf$ﬁt_‘{ace blasting
- Gegtechnical longing of_'fracturés in.coal

L2 ._Qbserved- FF/m and RQD ( %) for diffe rent coal types af Kleinkobie

CUSEAM. | _.Pif..:' SR COALTYPE
IR T .} Mixed bright | Dultustrous
4 | Block2A | FF | 15 18 I
o RQD | 64 43
_ - n_ 16 15
2 | Block2A FE__ 19 | 24
| _ROD | 44 85
. s | 75
_ Blocks - FE M | 22
| { roD | 50 33
n _ _ 52 14
Block3A |  FF | 35 30
RQD 48| 18
n 60, 67
1 Block 24 FE_ | 15 22
RED | 7 | 88
: 0 1 1 23
BlockS | FF 30
' - RaD | I o7
. n | 18
 Block3A | FF 50
_RQb o g
n o | 1

.Do,
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Results of field investigation: Surface biasting
' Fragmentation obtained at Kieinkobie R

1. B lgstij_ q data and characteristics

Drllllng d:ameter 130 i S :

* Blasthole depih: variabie 2 to 4 m according to the seam thickness,
‘Explosive: AECI emulsion axploswe R 100 '

Mass per hole (kg): variable 5 to 15

‘Paitern Burden x ~pacing 14 mx4m

Powder factor: 0.2 kn/m®

2. lLegendof acron!mél's_gg '

" Frag Size : Fragment size

2K2s8 ~ :Coal from Block 2A in No. 2 Seam
2A4 8 - 1 Coal from Block 2A in iNo. 4 Seam
W18 ~: Coal from Block 5 West in No, 1 Seam.
5WF 8 : : Coni from Block 5 West, Full Seam blasted _
5WM2T « L1l from Block 5 West Middle No. 2 Seam, Top

A _ © horizon blasted. ' i
SWM2S " 1 Coal from Elock 5 West Middle o, 2 Saam, Select ‘e
o (Low Ash Coal of the bottom seam blasted saparahelv) [
3AM2T . :Coal from Block 3A Middls No. 2 Sean' Top - . 0
' ' '~ horizon blagfed T
3AM2S : Goal from Block 3A huddle No. 2 Seam, Seiect (Low e

Aa_h Coal of the bettom seam blasted separately)

E1




Appendiees
APPENDIX E

Results of field investigation; Surfage blasting
 Fragmentation obtained =t Kiein kople

2._Observed fragmentation in blasted coal (Calculated average valyes)

Fr?g sia) SA2 S | DA S SW‘{ ST SWFS [SWH2T[5Wif2S BAMR T SANRE
<05 1 08 | 11 1 07 | 12 14_[_08 | & 138 ]
06 | 38 | 5.1 4.2 5 54 | 48 | 104 ] 78
3 | 5% 4.8 87 1 a1 47 | 44 1 86 | 68
" 6 104 | 127 | 98 12 15 1 123 | 263 | 203
15 1182 | 14 | 113 | 128 | 126 | 122 | 1321 119
25. 48 [ 74 7.2 58 [ 82 | 81 | 54 | 82
_3a 79 | 203 | 183 | 149 13 . 152 | 7.3 2
B0 | 224 | 188 | 208 | 178 | 237 ! 21 17 1 198

75 1 118 | 85 | 11.2 14 74 1 108 | 41 | &5 |
100 | 184 [ 104 | 182 [ 124 | 114 | 128 | B7 { 84 [
Cumgiative fragme ntation
Ft:g “QAZE EAAS ws GWF s._fs_\@@g"ﬂﬁmzsﬂam’*ﬁﬂisf&e.n wi

) smm! o . r . .. 3 ] ) '.-:: '_ . . R R _.L:-‘_'.' '_ . - . ) b s I ) ___‘_.{
<05 0.6 ”1.1 0.7 1.2 | 14 1 .09 2 1. 151
0.5 4.5 6.2 4.9 862 | 65 , 58 [ 424 ] 91

3 1 84 | 108 | 88 103 [ 112 | 09 | 24 | 187
6 | 188 | 236 | 182 | 223 | 282 | 22, | 473 | 38
i5 |38 375 | 295 | 351 | 38.8 | 344 | 605 | 47,9
| 25 1398 | 446 | 367 | 408 | 46 | 405 | 659 | B6.1
32 477 | ©49 | ‘55 558 | b8 | 857 | 732 | 863
50 | 704 | B34 | 758 | 736 | 817 | 78.7 | 90.% { 85,1
75 | 816 | 899 | 8686 | 876 | 880 | 875 | oa3 | 917
100 100 [ 100 100 | 400 | 400 | 100 | 100} 100
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) ,Rfes:_.ilts' of field i;}v'es.tigation‘-'guﬁ ace gtast.in.g '
- _F;'agm.' entation obtained at Kielnkople

& Detalied data of fragmentation observed.

I3




Percent passing of samples from two seam of Bloch 2A

. [FRAGMENYT _ : PERCEN] _ PACSING o :
SIZE (mm} {KT2IFSIEE5H] RI2IF SIEBGL [R12F SIF 301 | K12/ S/ 30L | K12/ SIF80H]| K12/ SIF BOL [K12JF S/GIBH] K12I S 3bL]K 12 SIG 7 ONRI2/ SIG70L]
05 | 05 0.4 05 08 08 0.8 0.5. 0.8 0.7 08
" +05 £3 3B | 43 ~_36 34 44 | 38 ~ a3 45 a1
+3 45 35 _ 54 | AT a7 47 34 X 42 _al
) 112 102 ¢ 1258 | 87 65 10.9 o7 0.1 103 0.2
+18 368 | 488 o182 174 145 151 [ 143 16.8 138 16.8
35 {38 5.5 Tag 668 34 AT Tad 50 % 6.8
+32 1 B2 8.1 ¥ 64 6.6 58 7.3 — 03 Y 8.2
%50 282 ¢ 209 234 281 12.8 20.5 73 18.4 241 _ 263
+75_ 40 02| 136 43 228 180 115 104 43 | o7
+100 217 §8 123 70 28 178 202 24.4 168 128
. | %,
IE . Cumulativa percont passing of samples from twe ssam of Black 24, %
-+ VFRAGNENT ' . CUMULATIVE PERCENT PASSING ' - ) ”
SIZE (mm} [RTZIFS/EGHIK] BSLIKIZ QH] KI2IFS/30L | K124 SIFB0H] K12/ SIFB0L [R1F SIGaBH KA 2 SIGasL. [R12/ /GO K 12/ SIG70L)
b _ 05\ 04 RSN A X S 05 08 6.5 ] 0.7 DB
WE | a8 — 40 48 4.4 40 53 40 K - 48
23 jB3  h 788y 88 | TH 1.7 83 14 5.8 94 a.7
18 205 177 274 7.2 7.2 262 [ AfA {68 | 187 18.6
_ .15t 373 [ 35 | 406 M8 A7 | 353 314 | 328 | 338 35,
+26 —4os 4.0 455 362 351 4.0 347 37 380 iy
32 i aat b By 1 837 45.65 417 458 42.0 A7 a7 514
TUAsg [ 743 b BTOD [ 754 1 737 | 5648 __ 6.1 503 855 60.8" Fiki
+757 "1 783 a2 | srTr | Y 712 g21 | 708 75.8 831 | BiA
+100 100 100 100 60 T 60 100 o0 [ {6d 100 100




L |

FRAGMENT]

Parcent passing of samples from the four searn of Block 2A

PERCENT __ PASGING.

SIZE (mm) | K13/45/H0 | K13/45H0 | K13/45/S50H JK13/AS/SB0L] K13/45/ TOH| K13/45/TOL | K13/4S/X40 | K13/4S/Y30]
Y 22 C 22 ' 17 | 04 0.2 0.3 05 08 |
+0.5 - BY ._-8.0 32 4.9 36 ag a3 8.0
+3 63 | - 81 | a1l 4.2 3.2 3.9 _ 43 56

T Y- T Y 111 2.8 11.7 10.9 138 15.8
—#15__ 107 | 118 148 18,5 13.5 + 12.5 152 16.8

+25 5.3 7.0 7.8 7.9 6.5 76 7.6 7.4
+32 18.2 18.6 215 19.6 24.2 20.9 21.0 - 18.7
+50 154 17.4 212 18,3 23.0 27.3 14.8 10,8 -
+70 8.7 6.7 54 8.5 7.8 3.0 8.5 88
+100 12.0 8.7 10.2 9.8 6.4 9.7 12.8 . 106
Cumutafive percant passing of samples from the four seam of Block 2A
IFRAGMENT] _ . CUMULATIVE PERCENT PASSING o
| SIZE (mm) | KI3/AS/HD | K13/4910._|K13/45/S500 JK13/45/550L] K13/45/ TOH | K13/46/T0L ] K13/AS/XA0 | K13145/Y30]
' -0.5 2.2 - 22 1.7 0.4 D3 0.3 . 0.5 0.8
46,5 111 0.2 4.9 53 3.9 4.2 38 5.4
+3 17.4 16.3 8.0 9.5 7.1 81 B.1. 11.4
+6 29,7 297 19,1 923 18.8 19.0 230 _ 27.0
s 40.4 416 33.9 38.8 32,3 31.5 37.2 43.8
+25 457 48.6 41.7 46.7 - 33.8 38.1 44.8 51,2
+32 __ 8638 67.2 83.2 86.3 - B3.0 60.0 65.8 £9.9
+50 793 848 84.4 846 86.0 87.3 80.5 50.8
+70 £8,0 913 89.8 20,1 93,6 90.3 87.1 89.4
+100 100 100 —_ 100 100 100 00 180 100

. ——
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Peicent passing nfséfnp{as from the one seam of Block SW

Cumulative p'ercent pazsing of sapples from the one seam of Block SW-

[FRAGRWERTT " PERGCENT PASSING ' : 'mﬁl
{ SIZE {mm) {FTBSI025 1 6/1S/PE0 G a/Pi5] FIG/SIq0 | F1e/1S/Q2s F16/ 10/a60r 16115107
— 05 .08 b5 Y] ; o3 | o5 7 10
+H15 15 33 35 38 _4d 44 52 27
+3 38 34 32 a0 36 34 Xj 45
B 0.7 TR Xi] 83 10.8 .8 g, 33
+15 103 8.9 1.0 A I, 123 145 5. 78
B A 47 57 &3 1 - 73 7.0 138
*32 226 158 16.1 188 223 19.8 7.8 B.1
+50 257 142 168 17.3 206 26.7 184 4.5
+70 8.0 743 143 102 82 59 1.8 11.0
+100 T4 17.0 3 185 102 73 20.4 3.2

[FRAGNENT]__ _ PERCENT_PASSING o .

_SIZE {mm) [FTBASIGZ5] 160 [E161 REGERA -WW{: F16/15/050F 1615/
6.5 [T 0.5 [1X:] 03 R YT D A R ¥

I 34 48 43 4.7 48 5.0 37
+a T 7.2 .0 7.3 3 8.7 0.6 8.2
8| 88 15,1 7.0 6.6 16,1 i85 18,1 1.5

%18 203 240 280 FIN] 314 30 286 154
26 368 26.7 REV 4.0 38, 403 3.E 832
+32 50.4 445 40,8 528 B1.0 60.1 534 [ER

|__+50_ ' Bi6 58,8 B8.4 70.2 BiE 86.B 71.8 758
+70 B3 g’ 830 827 B0A 808 [N 78.6 868§
+100 100 10d 100 100 160 100 300 100

saaguadd
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Percent passmg of samples from M25 &seam) of Block: 5W

.FRAGMENT _ _ PERCENT PASSING - RN _

SIZE {mm) GZ3IZS!N30 G23/25/P10] (G23/25/R25 [G23/25/S30H] 623/28/S30L | G2312S/T 26H G23/25T 28] G21/28/C30| GZ1/25/N1 5] S5

E IS 10 1.4 1.0 8.7 08 | 04 0.8 - 141 0.9
+0.5 6.4 549 4.5 4.0 3.8 4.3 5.0 4.9 4.8
+3 52 4.3 - &5 4.0 a7 3.4 34 4.3 4.7
-~ +8 189 . 45,7 11.7- 10.0 124 _- 98 (K] 11.5 12.0
15 - 1.0 2.6 16.7 17.0 12.7 - 90" 128 121 1.7
+25 - 8,7 5.8 7.7 4.8 5.6 76 5.0 - £3 6.8
+32 10.0 8.6 153 6.8 -18.0 18.6 17.3 ~ 185 17.3
+50- 30.0 25.8 176 214 198.8 21.8 283 24.8 10.3
+70 1.2 1.7 - 36 10,6 8.3 16.4 14.0° 4.5 14.5
+100 3.8 15.8 10.4 0.7 J3.7 8.9 3.5 12,0 17.2

Cumuiative percant passlng of samples from M25 {2 seam) of Block 5W

FRAGMENT] - GUMUKTIVE F'ERGENT PAS§ING :

' SIZE (mml- G225 62312$fP10 1323/25/R25 G225/S30H| G msﬂl G2328MMT25H 1G23/25/T 251 G2128/C30| G21/28/MN15
0.5 1.0 1.4 - 10 0.7 0.5 - 0.4 0.3 1.1 0.9
+0.5 74 1.3 5.5 4.7 4.1 47 58 6.0 57
+3 12,6 116 i1.0 8.7 1.8 8.1 8.2 10.3 10.4
+f 325 213 287 18.7 19.9. 177 18.3 Z1.8 22,4
+]5 43.5 38.3 454 35.7 328 ki 308 33.9 34.1
- +25 40,2 421 53.1 40,5 39.2 . M3 .. 35.8 40.2 40.7
+32 59,2 50.7 68.4 41.3 §82 52.9 532 58.7 58.0
+50). 89,2 76.6 86.a 68.7 78.0 T4.7 ] "2.5 83.5 88.3
+70 96,4 84.2 B8.6 79.3 B7.3 911 96.5 88.0 82.8
-l‘_-'lnﬂ 190 100 100 100 108 100 100 100 100

sapsdifer '
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Percent paséing- of samples from the M25 (2 seam) arl Full (2) seam of Block 5W {cantd)

[FRAGMENTT ' PERCENT PASSING N
SIZE {mm) 162312 5/U35H| G2al2oILUa5L |GoaIr SVGUH| G2aIF SIVSOL] GoaIr SIWOH | G23/FGIWOL ] G21IFSIAZS | -
0.5 05 0.5 04 1.0 T4 | 22 1.2 :
405 47 43 49 43 52 _ 37 7.0
TG 3.7 3.1 3.9 3.0 3.3 4.1 8.0
+8 10.6 85 40,7 B8 "5.8. 10 22.4
+15 8.6 10.4 i3.0 11.4 132 15.0 11.6
+95 7.0 7.0 5.8 5.0 3.0 7.0 6.7
+32 17.3 19.3 185 17.3 - BA 204 8.7
+50 226 23.6 4.4 11,7 10.6 15.7 265
+75 B.8 5.5 7.2 23,7 27.5 74 44
“+100- 16.2 7.8 0.0 12,8 19.5 1335 5.8

Cumulafive peicent passing of samples from the M2S (2 seam) and Full (2) seam of Black SW (conta)

[FRAGMENT ' —___ CUMULATIVE PERCENT PASSING _ '
SIZE (mm) _[G23/2S/UAEH] G20/2S/U35L G2/ SVS0H] G23IF S/VB0L] G2o/F SO | 523/ S/WOL] GOTREIAZS |
05 |08 0.5 04 10 13 22 47
+0.5 57 48 53 53 6.5 58 B2
+3 8.5 1.9 92 83 5.8 0.0 i4.2
+6 16.5 16.4 16.9 174 174 210 36,3
+186° 281 26.8 az.e 285 306 _36.0 -~ 47.8
+25 38,1 338 - 3B.6 34.5 336 43.0 4.6
+32 b4 53.1 __5B4 1.8 _ 420 63.4 83.3
50 75.0 76.7 828 63.5 628 - 79.1 80.8
215 83.8 8.0 50.0 87.2 804 B8.5 842
100 160 100 100 160 100 100 _ 100

sappinddy
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" Percent passing of samples from the M2T {2 seam) of Block 5W

[FRAGMENT — _ PERCENT PASSING o
1 SIZE {mm) |GI32TINGS [G2a12 17030 | G2a/2 11P20 | G2a/2 1/R2D | G23/2 11530 | G23/21/130] G2/21/UAD | G21/21/C25 | G212 1NDS
0.6 09 - 13 1.0 IR:] 1.3 1.6 1.1 1.2 0.7
+0.5 -6E - 6.5 51 8.4 .81 5.5 a.8 56 - 43
-+ 5.0 8.1 5.0 5.6 A 5.0 3.6 4.1 36 |
48 22.5 20,2 186 “11.5 147 138 16.7 13.6 a7
+18 10.0 11,0 8.1 18.0 ~ 165 124 =1 124 7.1 18.0
125 6.8 4.9 6.8 50 B3 14 7.6 4.3 5.2 -
432 8.9 2.8 B.2 9.8 - 23 |1 187 208 6.4 _ 108
+50 223 26.6 237 573 146 _ 26.4 26,7 202 27.2
70 83 | - &6 B2 i 1.5 5.8 2,2 4.3 13.4 8.0
+100 7.8 8.0 153 . 9.0 6.5 - - 6.3 10.0 244 12.4
Cumulative percent passlng of samples from 1he M2T {2 seam) of Block 5W
I‘FRA_GMENT _ CUMULATIVE PERCEN‘][ PASSING
SIZE {mm} | G23/2T/N25 G233‘2Tf§3 ] GZA/21/020 | G2al2 T IR20 ] G2al /530 | _g_ga[‘z" T/1 90 ] G23/2TAJ40 G§iET!G2 G21/21INZ8
_ 08 | 08 13 | 406 | 08 | 13 | 16 XD 12 0.7
+0,6 I 7.8 8.1 83 74 - 1.0 438 6.8 5.0
+3 124 128 11.1 11.9 12.5 12.0 8.5 _10.9 8.6
+6 M. 334 9.7 234 22 255 ~18.2 24.4 18.3
+15 44.9 44.1 38.8 41.4 42.7 ~38.0 31,6 31.5 36.2
+25. 517 48.0 456 46.4 _51.0 45.4 38.2 358 41.5
- +32 806 58.8 538 55,2 73.3 _B5.1 80.0- 42,0 52.4
+50 82.9 - 854 _T76.5 - 83.5 87.9 g91.5 B5.7 822 79.5
70 922 22.0 84.7 21.0 93.5 93,7 an.0 78.6 . 87.6
+108 _ 100 100. 100 100 100 100 100 100 100.
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o o Percant passing of samples from the Mzs (2 seam ) of PitaA

[ERAGMENT] . - PERCENT PASSING ~
SIZE {mm) .a“"“‘c‘ﬁ""T'mns: 30 B785/030 878/ 25/-00B7 /259018 78/25/Go0B T‘_"é"‘_"msme B76/25N30 AT 21251Ca5 AT 21210
o5 114 3.1 286 s 15 1.0 0.8 9.6 03 - 2.2
+0.5 D% 15,2 B.4 7.5 . 82 BT &6 . 154 425
+3 } 88 125 59- 5.4 4.8 . 52 51 - 16.7 e .
6 271 313 213 5.3 1218 | 174 | 148 310 | 316
5 1.0 | 9.8 18 | B4 | 122 187 °| 189 a4 | 02
+25 1 55 i 47 686 34 i 55 89 . 87 87 75
432 50. 55 . 0.2 78 - 92 224 284 - 0.5 58
. +h0 . - 129 -11.6 226 | 207 | 222 | 126 10.6 o0 13.2
RT3 6.4 ] 4.8 . 6.3 10,2 7.6 . 64 N 4 - 1.6
+100 16,7 1.4 52 :T 200 10.3 . 22 ] 4.9 -0 55

% Percent passing of samples from the Mzs (2 seam yof P’tSA (contd) % )
FRAGMENT "DERCENT PASSING. 8
SIZE (mimn) 2!23!A80A?2!2 [AG AT2I25!MU 72!25! .
05 | 12 2.6 0.2 10 0.4
+0.5 74 | 123 1t 1.8 . 42 | 04
+3 7.5 18 2.2 1.3 0.5
+6 336 - 232 X 83 0.9
— ¥5 __{ 1241100 59 48 1.8
25 13.1 - - 5.0 ~ 125 15.7 - 13.0
+32 42 6.9 8.5 . 5.7 9.4
+50 149 18.2 38.8 36.4 429
+70 1 34 5.3 7.5 14.8 13.8
+0e 36 1 898 [ 118 8.8 16.9
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Cumulalive perr:ani passing of samples from lhs M2s (2 seam } ofPliaA

FRAGMENT] T GURULATIVE_PERGENT PASSING —

SIZE {mm) "“_"""“awzs;cso SRR E RS E R A e Er S R A MNP A
05 EE X 75 151 10 08 _ 0.6 0.3 22 ]
0.5 6.8 183 11.0 9.0 82 6.5 7.2 15.7 147

s 154 30.8 169 44| 118 | 17 123 A4 245
%6 425 2.1 36.2 207 | 328 28.8 269 624 56,1
5 535 720 501 | 381 50 | 15 45.8 3.8 86.3

25 59.0 76.7 557 5 50.5 B54c | B45 | 095 738

T+33 64.0 82.2 65.0 23,1 59,7 76.8 80,2 100 796
450 76.9 83.8 88.5 69.8 81.9 914 . 914 100 82.8
+7{ 83.3 98.6 948 _80.0 B9.7 87.8 95.1 100 84.4

- 100 100 104} %00 100 100 100 100 100 100

_ ;umulative percent passing of samples from the- M2S (2 seam)of Pit 3A (contd)

_ _ CUMULATIVE, PERGENT PASSING

|812E (mm) [AT2/2STARD [ A72I28/AB0 | AT2I25IA40 [ AT2I35IAZE | RIZIZGIAD |
05 12 %6 |63 10 | 04 |
+0.5 86 14.9 2.1 52 0.8
+3 16.1 225 4.3 6.5 i3
+6 457 457 | 14D 12.8 22
5 61.8 55.7 189 17.6 4.0
L ) B0.7 324 33,3 17.0
+32 791 | 676 1.9 39.0 26.4
¥50 344 B5.8 80.7 75.4 38,7
+70 57.4 811 88.2_ 80.2 831
+100 166 100 100 100 100,

saapusddy”
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Percent passing of samplas from M2T (2 éeam ) of Pit3A°

FRAGMENT o ~PERCEN]__ PASSING : :

SIZE {mmy) | B78/2TIETS | B78/21/F90 | B78/2T/GA0 | B78/2T/M50 | B78/21120 | A72/2T/CTS A?MT@ A7212T/AS0
0.5 33 1.9 1.0 12 40 .08 3.2 2.2
+0.5 85 I . 61 52 63 | - 111 17.2. 15.1 . 134
+3 8.8 58 4.8 4.5 78 18.3 8.8 92
+6 27,9 216 . 21.8 20,0 226 | 354 31.0 30.0
+15 3.0 - 113 12.2 12.3 88 . | " 240 12.3- . 1¢.8
+25 57 7.3 5& - 74 4.4- ] 82 4.4
+32 8.5 8.4 82 124 8.4 04 5.8 51
+50 21.5 21.8 222 295 . 15.9 0 12.9 11.9
+70 25 7.6 7.8 5.4 51 o 0.9 39
+100 1.3 8.4 10.3 1.0 -10.8 0 4.7 8.1

Cumulative percent passing of samplas fmm M2T { 2 seam)of PItSA

[FRAGWERT —__ CUMULATIVE PERGENT FASSHG - |

SIZE (mm) B?B!Z}_‘IE?S B?B!ZTIFSU B78/2T/90 B?Bmmso (B7821120 | A72!2T1575 A?ZIZTICO AT212TIAS
{15 1.3 1.8 - 1 1.2 4 0.8 . 2.2
+0.5 10.8 B 62 7.5 151 18 183 15.6
+3 . 196 13.6 i1 - 92 23 - 373 272 248
+6 47.5 352 . 32.8 22 45.6 727 . 582 54.8

_.*58 t 805 [ 465 [ 45 | 443 55.4 96.7 705 65.6
+25 66,2 538 50.5 91.7 59.8. 996 . - 157 70
+32 747 G622 59.7 64.1 - 88.2 100 81.6 75.1
+50 982 84 81.9 936 B4.1 100 . 944 BY

~+0 88.7 91.6 89,7 -89 89,2 100 26.3 90.3
+100 100 100 100 100 100 100 103 100

; Sespusddy”
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APPENDIXF

' Beéulf_s of fi‘_eld -in\rsstigatibh; Underground blasting -

- Innols VOD mea=red insitu af Tavist

© Blagt MX82#25]1 of 26/09/1996
Location: becticn 2, Road 3, Face: lefi :
Seam 2 at Tavistock, Arthur Taylor Colliery
. Charge/Drilled diameter: ZSmm! 36mm

Charge length
. theoretical: 4x360 s = 1.44 10
: - . megsared : 0.8 m

- Cut depth 225m
-Number of holes: 22 (7,5,5,5)

Resslft VOD of 5071 mfs

ez o5 . 6AT G5 0:@ 03RO,

0z
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APPENDIX F

i-hole VOD easured insitu at ATC, Tavistoc

Resuits of field investiaation: Underground blasting -

In-hole VOD megsurement in coal hlasting

Biast MX84#251 of 17/09/1994
Data; ' '

Locatiom: Section 3, Road &, Face: right

Seam 4 at Tavistock, Arthur Taytor Colliery

Charge/Drilled dlamicter: 25 mm/ 40 mm -

Charge length '
.. theoretical: 4 x 360 mm = 1.44m
. measured :107im -

Cut depih: 2.25 m

Number of holes: 1% (5,3,5,5)

Resylf:  VOD of 5100 m/s

| 12

Jeest
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AP_PEND!XF
I [ggsgjts of ﬁe[d mvgg_t:ggi n: ungg_r_gm_gng_glggt_ng '-

in-hol gog measured jns;tu at ATC Tawstock

Jhole VOD sieasurement in coal blastin

Blast MX84#252 of 17/09/1996.
Data:

Location: Section 3, Road 5, Face 1eﬁ _
Searn 4 at Tavistack, Arthur Taylor Colliery
Charge/Drilled diameter: ZSmm} 40 mm
‘Charge length -
. theoretical: 4 x 360 mm=1 44 m
. measured : 0.872 m
Cut depth: 225m
Namber of holes; 18 (5,3,5,5)

Remilts  VOD of 5430 mis

1.01
108
105

108
144
113

_ | P
e tros) .

. F3
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APPENDIX F

" Results of field jnvestigation; Underaround blasting .

In-hole VOD mggsumgént in coal blasting
Blast MX84#253 of . 7/09/1996

Datn;

Location: Séction 3, Road 4, Face: left
Seam 4 at Tavistock, Arthur Taylor Cofliery
Charge/Drilled diameter: 27 mm /40 mm -
Chﬂrge length . . : .

. theoretical: 4x 330 mm=132 m

. measured : 1.205m
Cut depth: 225 m '
Numiber of hioles: 18 (5,3,5,5)

Result:  VOD of 5396 mis

.04
105
1.06
.j'm:
RY.-¥ I
T2
1.1
112
113
1.14

Time (s
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_A_PPENDIX’. F
Eesults of field i gves :n_ d bla

In—no[g VQD measuxgg igsrtu af ATQ, Taglstock

In-hole VQD measuremeut it coal blasting
Biast Biast MX82/1291 of 26/09/1996

Duta

Location: Section 2, Road 1, Face: front
~ + Seam 2 at Tavistock, Asthur Taylor Colliery
Charge/Drilled diameter: 29 m /36 mm
- Charge length
: . theoretical; 4x??0mm=108m
o . mmeastred : 0.824 m
. Cut depth: 225m
. Number of holes: 22 {7,5,5,5)

Resuli:  VOD of 4709 mfs

o § obnenbucsd ' '.:.r 4
B ER285KBNRERS
Time [ms) - )
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Roof (6m wide)

| ®5 | 05,\

I_.--——-'"-'-'-)

Drelay mmnber

.’5-_ T o5 | 5 e | _

‘Conventional pattern of the Cut Blasting technique used é_lt Kriel Colliery
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. Roof (6 m wids)

a3

A Coal Cut Blasting pattorn tied in 2 V1 chevron. (CHEV) -
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" APPENDIX G

" Recent development of the project

. BLASTING EFFICIENCIES AT KRIXL COLLIERY

A paper extracted from the project mport by
- C. D2 Plessis' under supervision of K. K. Kabongo®
' Department of Mining Engineering -
University of the Witwatersrand

ABSTRACT

. The purpose of thx;s' report is (o investigaie the reasons for the poor face advances
. being achieved at Kriel Colliery and to establish whether tHal blasts couducwd
" with longer n'efays may be part of a solution. ' :

Very poor facs aémncem per blast have resuzted since the introduction of the
watergel based explosive, Enercoal. Because of the superior strength of previously
used Nitroglyeerin based explosives, cutting and drilling operations were less
critical. However, when blasting with Enercoal, precision work is required in order
2chisve acceprable Jace advances, '

. 1als commenced in November 1996 at one af the b!asang sectlons of the
_ "oL ery. ‘The wials were a follow up of the previous work done by C.H. Lubbe on
e Jptimization of delay timing in coul blasting at the same mine, The ob_;eclive of

- this renewed gffort was to determine if better face advances might be achieved with

longer delayed timing of the blast. Substaniial improvements resulted from theve
| trialy i the extent that the management has decided to the introduction of this
timmgsysrem in all smndmd blast work at the colliery.

! Student in the D&partment of Mining Engmeermg at the Unwmw of thte Witwatersrand
¥ Letturer of Blasﬁng Technology
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INTRODUCTION

il Colfiery forms part of Ameoal Colliery and Industrial Operations Limited and
is situated fn the northern wergin. of the Highveld cosifiel, It is approximately
midway between Ogies and Bethal, 12 km north-west of Kriel town. The colliery

- was established in 1976 to supply coal to Eskom’s 3000 MV™ Xriel Power Station.

Both underground and opencast exiraction methods are employad to produce a
* target of 8,5 million fons of coal per annum, of which the underground produces
* approximately 4 milkon tons and the opencast section the remainder. The
underground mine at North West Shaft currently utilises both conventional and
continuous mining methods, wnth two Voest Alpme AM 80 road headers and ﬁve _
- blasting sechons _ :

' GEOLOGY

Sediments of the. nyheld and Dwyka fcrmaﬁons deposited on a glaciated pre-
Karoo basement consisting of Rooiberg felsites undertie the Highveld coalfield. The
three principal seams are the number 2, 4 and 5 seams, The no. 4 seam is the most
: impoﬂantandcoversmostofthnreservemmedepthofthisseamvaﬁesﬁ-om
. sub-outcrops to 70 miefres below surface. The depth limitation for extraction by

opencastmsthodls%metres Coaldeeperman%metresmmedbybordand
pillar method,

. The seam thiqkness varies from 3,0 to 7,0 metres, with an average of 4,9 metres.
Three main quality zones may be identified as following. The upper poorer quality
that consists mainly of dull to dull shaly coal with interbedded carbonaceous shaie.
The middle good quality section comprises massive lustrous coal with thin bright

-bands. The Jower intermediate quality zone consmts of dull to lustrous coal with

minor thm bnght batids,

The full cnal seammmned in the opencast section, whereas lmdergmund mining is
contined to the Jower 3,5 to 4 metres. The fossil marker, which is a natural cleavage
planeonabngbtbandatthebasaoftheupperduﬂshalycaal ‘one, forms a
competent clean roof to the underground workings. A persistent shale band or shale
marker, 10 to 15 centimetres in thickness, can be easﬂyldenhﬁedappmmately 15

o _oenhmetr&sbelowthefossﬂmarkar

’I‘he remsining approximately 14 metres of poor quahty coal i5 Jeft hehmd in the
roof which is then supported by a set pattern of roof bolts and forms a buifer to
protect the overlying sed:ments from repid weathermg, thereby reducing the risk of
fall of ground

Gs




Thamahasbeeninﬁudedbyamnnberofdohritesﬂlsahddykes.Largea:easof

reserves have been burnt and rendered useless for exploitation. Intrasions have also -
caused significant displacements of the seams.

BREAKING A COAL FACE
The Energy Of Explostves

- Energy is required to bresk a coal face. All eommercial explosives are largely
“composed of oxidisers end fisels which, when detopated, react extremely rapidly fo
produce gases at very high temperatures and pressures. This rapid pressures
increase supply the energy needed to break the coal. In coat mining, where the rigk
of ah explosible atmosphere exisis, limitations are placed on the strength of the -
explosives to minimise the production of incandescont particles and flame on

~ detonation. The strength of en explosive is 2 measure of ity oapacity to break
- materiai,coalﬁariustance

Explosives Used At Krlel Colliery -

Traditionally the main explosives nsed at Krie} Colhery were Nitrog!yoarm based
explosives like Ajax and Coalex. Powergel was used at one stege but became too
expensive a5 Kriel was left as the only user. Afier an explosion at the AECI plant in
September 1994, the manufacivrer decided to cease the production of Nitroglycerin
~ based axplosxves amiEnmoalisnowused.

Trials attempted by the mine in cm:gunctmu With AHCI to detemme the feasiblhty
of using pumpable emulsion explosives were stopped in May 1995 hecausa of
unsatisfactory results,

‘A Comparisia Befween Ajax And Enereos] o
" Ajax is a Nitroglycerin based compovad consisting mainly of Ammon gelignite,

while Enercoal is a watergel sensitised by Monomethylamine Nitrate. The relative
weight strength (RWS) of explosives is defined as the energy per unit mass relative

" . to ANFO, which is used as a hase and faken as 100%. The RWS or’ Ajex is 96%

compared to the RWS of 79% of Enercoal Ajex is clearly a much stronger

' 'I'he Elements_Of A Blas&

Introduction L .

When the breaking energy i Lupphedbyelacmb-:tyt}mughthecutbngﬂmmofa

mechanwa‘ mner, the breaking action can be contiruoushv soutrolled and varied to
G6
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* achiéve the desired effect. In contrast, when explosives are used, the breaking
energy is produced almost instantaneously on detonation of the charges. Each hole
~ contains only sufficient explosives to provide the energy required for breaking its
desigzated burden, If the burden is too big due to incorrect marking, drilling or -
" gome other reason, blowouts will ocour with the resultant poor face advance. 1t is
thus of the utmost impottance that every element of the blast is correctly done,
especially when a relative weak explosive hke Enercoal is used. : :

vamon of the cut

© 'The putpose of the cut is to provide & free face to which the shot hioles can break
~ sequentially to excavate to the full length drilled, A frec face is probably the most

 critical element of a blast, as the face cannot advance further than the cut provided.,

It is suspected that under-cutting of the cut f4 probablythe single preatest reason for

poor face advances, The jib 1ength of the coal cutters m use at Kriel is 2,5 that
evables a cut dapth of 2,4m.

‘Controls must be instituted to ensure that cuts are provided to this full depth. over |
the complete width of the heading and that duff is removed from the cut before the .
 coal cufter is taken from the heading.

It is vital that the position of the sut in relation to the fleor, Le. Im above the floor,
. be corvect. If the out is located too close to the floor, the burden of the bottom
holas will be too little, while the burden of the row above the cut will be excessive,
A poor advance is inevitable,

Stelling bars must be used to stabilise the coul cutter. These were prGVmusly n use

| _ but were removed,

Drﬂkng the round

. The correct drilling of each shot hole with respect to placement, angle and depth is
essential for efficient breaking, 1t is important to relate the burden to the mass of
* explosives in the hole; overburdening will result in inadequate fracturing or blown
out shots. Under burdening leads to excessive fracturing and flying debris, Although
. & guide based on the strength of the various explosives is available, the ideal hole
- patrern ia so dependant on local conitions that is best established by trial and error.
- Whatever the required pattern, it is vitally important that drilling is accvrately done.
A hole meant to be drilled hovizontally inclined at §° at the collar, will end 220mm
- from its fntended position and poor fice advance will result.

A facedrill is used to drill 20 boles in 4 rows at a burden of 1 m spaced 1,5 in apart,
According to the requirements of the law, the hole wust be 15 cm shorter thun the
cut. Stoppers have recently been installed on the face drills to prevent over diilling,

: ' G7 '
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Charging the round

Shot soles pmst be cleaned from all drill cuttings before cha:gmg Up coDmences.
Apart from meking it difficult to get the cartridges into the hole, drill cuftings
between the cartridges can jead to misfires. To prevent deflapration of the charge, it
is important t¢ position the defonator at the toe of the hole and to trainload the
cha:ge to prevent air gaps or duff coming betWGen the cartridges.

The base of the detottor ghould point in the direction of the charge cnlumn aud it
is impurtant to attach the detonator lead wires securely around the cartridge to
prevent the detonator being pulled out of the. cartridge. Care must be taken to
ensure that the correct charge is placed in each hole. At Kriel permission hes been
obtamed toloadeachhole\wﬁzamxzmumcharge oflOO{} g

Sufficient tamping, done with clay am;:oules, is vital since 1t, not only prevant the
ignition of a possible explosive atmosphere, but slso it ensures containment of the
’ hothlghpresmgasesmordertoobtammamnmmbrealdngpuwer '

Timing the round

The last element of the blast is the correct timing of the tound, It is important fo
obtain sequential ﬁrmg of the holes in order to obtain a good face advance, Often
one hears the expression * the face does not want to break™, If, however, every step
ofthe operation is con'eatly done, the face will break.

monvcmom FROM THE BLASTING SECTIONS

The target for each of the five blasting sect'ons, operating on double shifls, is to
produce 45 Q00 tons per moptk Tu order to achieve thig it is required that each
section must blast, st an advance of af least 2,2 metres per blast, 15 faces during
each shifi. Face advances being attained, howsver, are far short from this
requiremient. Table 1 below depicts the face advance per biast achieved in the
various sections during the past year (1996).

Gs
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Tabie 1  Face advance per biast achieved in 1996

- |MONTH| Sect1 | Sect2 | Sect3 | Sectd | Sect5 |Average!|
Jan | 1.85 | 2.00 2.24 196 | 186 | 1.98
Feb 204 | 208 1.97 2.09 1.78 1.99
Mar | 171 1.1 1.87 | 1.88 1.64 1.80
Apr | 170 | 196 | 168 | 247 | 173 | 183
May 2.06 1.83 1.7¢ | 228 185 | 1.985
~Jun 1.58 1.68 206 | 197 1.6¢ | 1.80
Jul [ 08 200 1.85 1.71 177 | 1.86
Aug [-213 | 193 | 180 | 176 | 178 | 192
Sep 1.98 168 | 1.96 161 | 174 | 1.78
Oct | 213 | 215 | 194 180 | 1.90 2.00
Nov 1.62 1.68 1.31 135 [ 1.59 1,50
Deg 1.85 2.41 181 2.15 1,98 2.04

The mine’s average face advance for 1996 is shown on Figure 1 below: -

- Face Advances - 1998

B fr s e DS MY e e e e aeiem w1220

Actual

Figure1l Average face advance in 1996
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'The average face advance for 1996 was only 1,83 m. The production achisved from
these five blastmg sectmns durmg the past four calendar years is reﬂected below in
Table?.

Table2 “Production achievéd from the blasting sectionis over the last four years

YEAR | TARGET _| PRODUCTION_ %ACHIEVED i

1993 | 2700000 "2 300 000 84,9 %

1994 12250000 2 100 000 90,8 %

1995 2 700 000 2300000 | - 855%
1996 | 2700000 | 2300000 |  869% _
TOTAL | 10300000 9 000 000 865%
100

68 4

86 4

 Porcantage Achlaved

'1'99_5 . 1666 Average

Figure2 Production schisved from the blasting sections over the last four years

From the Table '2 &rid the Flgure 2 above, it is evident that the blasting sections are
not achieving the production targets. A major oonm‘butmg {actor for failing to reach
the pruductmn. targets, is the poor face advances being achieved,

- Gy




Duting 1996 the blasting sections produced 4 total of 2 300 000 tons against 2
target of 2 700 000 toos, & shortfall of 400 000 tons. The average face advance per
lagt for 1996 was §,83m. During this time, 28 270 faces were blasted. If the
average face advance conld. be increased to 2,%m, an inorease in the annual

production, as calculated below, can be attained:
‘No.ofblastss - 2821 o
Average road width: 6,0m
Average road height: 40m -
" Density: . 1,5
" Increased advance: 0,4Tm _
Tomegs = - 2~ 270 % 6,0% 4,0% 1,5 % 0,47

= 477 000 tons

This figure is well in excess of the shortfall of 400 000 tons experionced during

1996. | S o
The tonnsg® of 2 400 000 obtained during 1996 at an average face advance of

1,83m was achieved with 28 270 blasis. This same tonags could have been

" achieved by 23 300 blasts of 2,3m advance, This means that 5 000 faces were cut,

drillsd, charged and blasted additionally. At an average of 12 blasts per section per -

shift, this represents more than 40 working deys. _

Trial blasts were recently conducted in order to inves ioate the ways of improving
the face advance gitustion. Originally, with Ajax, Coalex aad Powergel in uee, the
{raditional “line timing” that was used is shown in Figure 3. This timing pattern
(standard) is chatacterised by identical detonators in each row of the face. From the
bottom upwatd the following delay detonators are used: _

No. 0 detonator, which is instantaneous, -
" No. 2 detonator, with 2 delay of 55 milliseconds '

No. 4 detobator, with a delay of 110 milliseconds

No. 5 detonator, with 2 delay of 150 milliseconds

¢ & & @
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5 5 5 5 5
4 4 4 4 4
2 2 2 2 2
)] 0 0. ] ¢

‘Wigure3 Sfandard timing pattern

With the introduction of the less powerfil Enercoal this timing pattern resulted in

tinsatisfactory face advance per blast. The major contributing factor for this drop in

output was believed to be the inaccurate in drilling and cutting. Operators of the -
. face drills and coal cutters were nsed to a system where less aftention paid to

: drﬂhngandcutﬂngshllproduoedsahsfactoryfaceadvancesduetothaestm:gthof

Ajax. -

. Atinﬁngpattefnsimilarto thatusediua dmg'mundwastriedinalltﬁeb]asting

- sections (see Figure 4). With this timing, the blast is detonated from the middle of
the face, with instantaneous detonators, outwards to the corners, where the No. §
detonators are initiated last, Some improvement in coal outputs was recorded but
. slill the blasting efficiencies (ratio of the out depth to the breaking depthaiter the
blast) wets ot optmml.

5 4 2 4 5
4 2 ¢ 2 4
2 0 0 0 2
5. 2 9 | 2 5

 Figure4  Timing pattern attempted (dfeg round)
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8 7 7 7 8
6 4 4 4 6
4 3 2 3 4
y) 0 0 0 2

Appendices

A i'eqtiest for an exemption to use longer delays was infroduced to-offize of the
Ingpector of Mines. After the exemption was obtained, detonators with delays
longer than the maximum permitted 150 milliseconds were: used in 200 trin! blasts,

" The No, 6, No. 7 and No. 8 detonators were introduced (see Figure 5). These

detonators have delays of 200, 250 and 300 milliseconds respectively. The longer
delays are intended to allow for greater relief of the burden. A mumber of

- - configurations of placing the individual delays in blsstholes was studied and tried.

The pattern given in Figure 5 below emerged as the most suitable and optimat,

Figure5 Optimal timing pattern achioved

RESULTS

After the introductlon of the above longer delay-timing pattern in the pilot blasting
‘section chosen for the trial (MI1) at the end of November, ihe face advance per
blast increased drastically, After each blast, the advance was carefully measured and
recorded, During the investigation, 153 blasts were measured at an average advance

of 2,34 thetres. Face advances of 2 Am or mote were fiequently obtained as shown
' mFxglmeﬁhelow
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~ Advence {m)

-Fig‘ﬁ:aﬁ Distri&uﬁon bfthereéﬁlting advances per blastrecorded

The avetage face advance per blast in this section during Decerber 1996 as
meagured bythe surveyors was 2,41 meires. '

Xt is worth noting that while the trials were bemg onnducted, a very hxgh Jevel of
supervision was being maintained. The section was visited regularly by the
mapagers. Everybody concerned was aware that deviations from requirements
“would not be tolerated. Care was taken to ensure that the cut was provided to the
full depth and that drilling was accurately done, Although the new timing patiern
also contributed te the !mprovemm in the face advance, it is contended that the
increase in the level of supervision was another major factor that played in fawour of
the better face advances achlaved

_ CONCLUSIONS

» Cm'ent producnon targets can be achwved w:thout additional costs .[f proper
‘face advances cant be attained,
. Sub-standard cuttmganddrﬂlmgisalmys themajorreasonsforthepoor face
». The existing standard of supervision needs attention, as it is inadequate.
¢ The trials in M1l aectlnu, with the delayed txmmg of the blast, proved
successﬁ.ﬂ.
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Appendices
' RECOMMENDATIONS |

-+ ® Operators of coal cutters and face drills need to-be re-trained, A course in the
“gettmg ‘back to pesic mining principles” program is recommended. Initial

" .. training could be conducted in the iraining cenire, where the importance of

. cotrect cutting and drilling should be stressed. Practical training should be done
in g designated section were the best operators should be employed ag trainers,

e Gangs need to be motivated and the imporiance of quality work rather than -

quantity must be emphasised, They need to understand that incorrect drilling

and cutting lead to poor face advances and product:on, and thereby decrease

" their bonuses.
- .- » The standard of supemsmn naet mpmve Sub-standard advances must not be
ageepted.’

# All coal cutters should be eqmpped with stelling bars to stebilise the machme'

during cutting.
o The new methodtumng of the biast should be introduced in all blasting sections,

_.LASTE_ST DEVELOPMENTS

The satisfactory results obtained from the 200 trial blasts discussed in this paper
have motivated an application to the Department of Mineral and Energy Affuirs for
-4 permanent exemption to use the longer delay detonators, The Inspector of Mines
has spproved the application (a copy of the exemption is appended to this paper).

* This timing round has been introduced in gli the blastmg sections at Kriel Comery
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APFINDIX G-

| Results cffgld 1nvest:gation Undergmgnd b!gsttng

- Recs t devsl mento ro ct

Notes

" The work described in this thesis and In the preceding pages has

resulted in a change In Interpretation of the Mining Regulations. The
. letter of exemption, which follows, shows that Ionger delays are now

permlttad under speclhed condltlons

G
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Appendicer

The Mine Manager
Kriel Colliery
P G Box 27 : ,
KRIEL M.0. POULTNEY
1997-03-20
.. oTiusesir -

s

ﬁ@ PTIONY __'E:iml\ii\”ﬂNERALS ACT] REGIILATIONS' 27

o

- In reply to your letter of applxcatmn, referenced mf‘fffIHODImc., dated 1996«12.-.:0

. partial exemption in terms of Minerals Act Regulation 3,15.1 is hereby granted from the
. requirements of Regulation 9.27 read with.the First Schedule, to the extent that short
period delay detonators ranging between D and 8 may be used, subject o the following

condmons being observed:

i, Th= charg_e per shot hole may not exceed 800 grams,

2. . 8u itable amang -ents must be made and maintained to ensure a sufficient
quantity of intake air in the face region to prevent the build up of methane, Any
heading being advanced: beyond 20 metres must be positively ventitated with at
least 0,2 cubic metres per second for each square metre of the average cross
sectional area of each of the faces being advanced of fresh airat a dlstance of not

“more than 10 r-'res from the face, '
Every shot hule must be properdy tamped wuh an approved tamping material in -
accordance with uu; reqmrements of the Regulations.

The shift boss appointed in terms of Regulation 2.15.1 must ensure by personal

" observation that the following Regulations are strictly adhered to

GI.?.




‘Regulation = 8.10.12
E 8.10.14
81030
10.6.6
10.8.1.1
10.8.2
10244

5. _Such shift bosses must da:ly, at the end of the shift, report in their log buoks
observations regarding compliance with the foregoing Regulations. The Section
Manager or Mine Overseer must by daily inspection of the Iog books satisfy
themselves that the snpulated condxtmns are properly adhered ta.

. ' Tms uxemptmn is valid for a permd of one year from the dan'. of tl'us letter ami may ; he_ .
- cancelled ot amended af any txme shoulu such action be considered necessary. -

w

All persous concerned must be made fully cnnversant with the terms of this exempt:ou
copxes of wkich shall be readily ava:lable to them.- :

Plf.a.?c acknowledge receipt of this letter.

. Tours faithfully

18




 Apendices

OT11/5/2/9-8107

The Senior Inspector
MPUMALANGA REGION
b PIONATO 0SB . ¥ "T.TE:.“' |
i R A Lot AR LI ) - o oy
GULATION S275 KRIE" ‘co?}LiERxf

; 1 © ‘The Mine Manager’s letter of appl:catlon, referenced mcfffﬂ-TOD!mc'? dated
1996-12-30 refers, .

2. Apphcanon is made for partlai exemption from the reqmrernents of Minerals
- Act Regulation 9.27 to the extent that short period deluy detonators ranging
between 6 and 8 may be used

3, A preyious pariial exempttou has been granted for a trial period of 200 faces o

. and these trials have now svecesefully been completed.

4. The results were such that the average face advance increased by 0,5 m, and at
the same time darnage lo the roof and sidewalls decreased due to the better
tirning which in tum increased the overall safety conditions.

5, During the trigl period nothing untoward was reported

6. Thiy application was discussed with the various employea orgamsauons and
their consent has been obtained.

7. Normal clay tamping will be used,

8. - Similar exemptions have been granted in the past with no untoward
. DCouImences, '

2. Considering the above, It is recommended that exemption be granted as per the
: attached draft letter. . _

.IVI.O.POUI.;’I‘NEY y.
. INSPECTOR OF'!
' IVIPUTvIALANGA REGION _ Gio

1997-03-20
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30 December 19%6 : ' Telephane Kriel 0176171711
e : : _ ) Facsiriie Kref 0124483910

Department of Mineral and Bnergy
Regional Diramctor

Private Bag X7279 .

WITBANK

1038

Attention: #r D, Du Plooy

memmmmm%
AND NO. B._ON MMMMMMA
ERIEL COLLIRRY

in terms of Regulation 3 15.1, exenption from Ragulation 9.2.7
"Fermitted Explosives," permission is reyuested to use the
fallawing detonators Na. B, 7 and 8 as part of our mim.ating
system in the Blasting Secnians '

The motivation behind tln_s-is as follows: .

‘frials were conducted in MIl Sec¢tion 2 at tiorth West Shaft from
the 18 November 1996 to the 30 bDecember 1996, During this time
198 faces were blasted using & pattern J.econuuemlnd by AEGCI. {All
Dats ware used)

The results were such that the avaerage fava advance inceeased
from 1.8m to an average of 2.3m, gilving an additional face
advance of & 0.5m, this in tons, added an extra 20 tons to each
blast for the same amount of offort and cost as hefore. For a
22 shift month and an average of 20 Faces blasted per shifb this
increased the tons produt:ed by + § 0040 tops.

Due to the laetter timing, the rib side conditions itnprm.eﬂ and
also less damage was evident to the roof thues overall safety
conditions improved with the use of these detonators

The long term advantage will be in cost per ton mined and tons
cer case of explosite™will increase proportionally, .

- - L, . . g : . .
NF‘H“!‘O Py (Cabinant, J P Bisomeas, VW Boyd sty AT a: O RISy A Lihousmg (B, J § Lo, A £ g2 @,
w RPm o sy, HB my,cwwmmn (B, ARLE 1, 1 SWicks (Brign), DB Wias o @@@ .
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. The average
1995,

As requested in your init

the following

Trial Eesglts

orki Flace ) -
Tld-'- e -
a, uUf Faces _ted -
Mining Dimensions -

" ghe average face advance

As can be seen from these
using the detonators was

S at.ie : e

| Bx Q;Lems. : Egcﬁqnge@
_-Emglgxggg_ggmggnsa -

face advance for all blasting sections was

Appundices

ia) Exemption Reg.. No. 0711/5/2/9-5107,
information is submitted. A

Ml Sect 2 Nerth West ghaft

Kriel Colliery .

18-11-1896 to 30-12-1996

198 -

{Al1 detonators w.xe used upj

Mining Height Aﬁg'é.im.’

pord Width avg 6.5m

Face Advy - - BvVd 2.3m __
for M1l since April 1996 was 1.63m.
1,83m far.
statistics the increase in face advance

3 0,47m,°

hs pef- diagram

None _

‘Happy to use them as the production

increased 50 their - bonus also.
-_increasad. ' : ' _

During the ~trial 'a  Technical

Representative checked on the use of
rhese detonators and had no problems .
Imp_rmfed Roof and R:Lb' cide conditions.

Querall cost saving on explosives and
detonators. . i :

trcrease propurtiunally

. G




- Agpp_a:édfm

Tn conclusion, the trials conducted using these detonators were
successtul and the overall performance was an increage in
production at no additional cost. The implementation of these -
detonators on a permanent bases in all the blasting sectlons will
- not only improve production, zeduce costs but will also improve
the safety aspect in the gections. ' -

Hoping that this épplic.'-atj.on neeats wit;h_ycur approval.

-G
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"1 ne following Unions and Safet} Representatives Mﬁ%ﬂ%ﬂte& and have agreed that the use of
detunators 6, 7 & 8 may be used in all the blasting sections on a permanent basis ; .

UNION REPRESENTATIVE'S SIGNATURES IN AGREEMENT :

{INE WORKERS UNIONS

M BEZUIDENHOUT =

NATIONAL UNION OF MINEWORKERS :

| NET.U.

" Safety Réprﬁehtn&ves signatures in sgresment :

"__JMQKGOPE:' | - . IBSEem
. PNICADMENG | _ ”
BMA.TARA _ o | : ﬂ-’lm t.ﬂl.---msf—- -
M MAKOETLANE IR “ﬁf}; Sz
T GRABES R Ve
TJZONDI | | . ,\}@@ .
E NDLUYA | D el pesve
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