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• ABS'l'RACT

Since blascing is a comminucion process. che feasibilicy of
escablishing a correlacion becween che Bond rod mill work index (kWh/ci
and some easily measurable physico-mechanical proper':ies relevanc co
blascing was invescigaced. Furcher. che concepc of operacing blasc work
index and ics pocencial applicacions were explored. Four differenc rock
cypes and a weIl documenced case scudy of cwo blascs were selecced for
chis scudy.

The work index is found co be uncorrelaced wich che densicy and
unconfined compressive screngch. slighCly relaced wich censile screngch.
and weIl correlaced wich dynamic rock propercies. especially che P-wave
velocicy and che bulk modulus. The scandard deviacion in measured
compressive and censile screngch values is found co be very high, compared
co cheir seismic and dynamic elascic propercies.

The case scudy encompassed cwc blascs wich idencical blasc-paccerns
and rock cype consuming almosc che same amounc of explosive {kg/cl buc
wich very differenc specific blasc energies (MJ/C). The agreemenc becween
operacing work index of che cwo blasts (13.4 kWh/t vs. 13.1 kWh/cl and
laboracory work index (17.0 kWh/t) was modesc (within 30 \"). The
operacing wcrk index corresponding to either blasts has been used co
predict the product size (Pm) of the other. The choice of feed size (Fm)
was discussed; whereas the previous researchers had used the theorecical
value of infinity, che use of much smaller value, the average of effective
burden and spacing, was proposed. This concept is used in a proposed
mechod to estimate blasting energy requirements as a function of blast
geometry, rock type and desired product size. FuCure test wcrk that would
provide a data base and va~idation for this concepL is described.

Key words: blasting, work index, physico-mechanical properties, feed
size, product size, explosive ene;9Y.
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Le sautage étant une forme de comminution, r.ous avons essayé
d'établir un lien entre l'indice de broyabilité de Bond (celui du broyeur
à barres) et certaines des propriétés physico-mécaniques faciles à mesurer
et utilisées dans les études de dynamitage. Nous avons également étudié
de façon préliminaire le concept d'indice de broyabilité opérationnel d~

dynamitage. Nos efforts se sont penchés sur quatre types rocheux
(calcaire, gneiss, granite et marbre) et une étude de cas de deux
dynamitages bien documentés.

Nous n'avons pas trouvé de corrélation entre l'indice de broyabilité
et la densité ou la résistance à la compression non-confinée. L'indice de
broyabilité était légèrement correlé avec la résistance en tension, et
bien correlé avec certaines propriétés dynamiques, soit la vélocité des
ondes P et le module (bulk modulusl. L'écart-type des résistances en
compression et tension était beaucoup plus élevé que celui des propriétés
élastiques de nature séismique et dynamique.

Les deux sautage de l'étude de cas avaient été faits dans le même
type de roche, avec des patrons de forage identiques, et presque la même
charge d'explosifs (en kg/tl mais pas la même énergie spécifique de
dynamitage (exprimée en MJ/t). L'indice opérationnel de broyabilité des
deux dynamitages était presqu'identique (13.4 kWh/t VS. 13.1 kWh/t),
inférieur de 30% à l'indice de broyabilité mesuré en laboratoire (17.0
kWh/tl. Nous avons discuté de la valeur du FOI à utiliser, soit une valeur
infinie (ce que les autres chercheurs ont toujours fait), soit une valeur
qui reflèterait le patron de forage. Nous avons proposé la moyenne
mathématique du fardeau réel et de la distance entre les trous de forage.
Nous proposons, à l'aide de ce concept, une méthode de prédiction de
l'énergie requise pour le dynamitage bas~e sur le patron de forage, le
type de roche et le produit désiré. Nous décrivons le programme
expérimental qui serait nécessaire à l'élaboration d'une base de données
et la validation de ladite méthode.

.' .
".z
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• ~.O nrrRODUCT:ION

1.1 BACltGRotlND

Breaking of rock has been one of t:he earliest: occupat:ions of

mankind. For count:less years t:his work was ent:irely manual, first: wit:h

rock implement:s (a first: form of aut:ogenous comminut:ionl, t:hen wit:h

met:allic t:ools. The indust:rial revolut:ion int:roduced mechanical energy

which replaced human labour, first: wit:h very low capacit:y unit:s such as

st:amp mills, t:hen· wit:h basic comminution units which have survived for

over one hundred years with little change, such as jaw crushers (invented

in 1858 by Eli Whitney Blake [1] l. rod and ball mills. The past twenty­

five years have signalled a second. more modest revolution in mechanical

comminut:ion machines, with the arrival of entirely new devices such as

tower and vibrating mill or pressure rolls [2]. and the emerging

dominance of the semi-autogenous mill to replace secondary and tertiary

crushing and rod milling in nearly all new applications.

The use of chemical energy for comminution actu~lly predates that of

mechanical energy. The first use of drilling and blasting has been

reported at the Oberbeiberstollen mine of Hungary in 1627 [3]. It is

likely that the Chinese. who mastered explosives cent:uries before. used

them for blasting as well. Lower power explosives have been replaced

t:oday by many other chemicals. such as dynamites. slurry. ANFO (ammonium

nitrate/fuel oill. emulsions etc •. Primary comminution today is still

largely achieved by blasting. except for softer ores such as halite.

potash and coal, which are extracted mechanically. Continuous miners are

also being used for harder materials for tunnelling, where applicable.

because a more regular tunnel profile can be achieved whilst protecting

the integrity of the remaining rock seructure.

With ehe dominance of chemical energy sources for primary breakage

and vireual monopoly of mechanical energy for secondary breakage. ehe ewo

1



• engineering fields have diverged and use of che cerm 'comminucion' was

progressively rescricced co mechanical breakage. Thus. AIME' s cwo

relacively recenc monographs on comminucion [4.51 exclude blascing.

albeic only implicitly. The twO now distincc fields have evolved

separately. tha:: of crushing and grinding focusing much more research

effort, both fundamental and applied. In aIl fairness co blasting

practitioners, crushing and grinding systems are easier to study, and of

those, the easiest one, baIl milling, has by far attracted more inceresc.

One of the first benefits of the studies of comminution was the

derivation of a reliable methodology to estimate energy requirements in

crushing, rod and baIl milling [61. The methodology i.s based on

calibrated pendulum, rod and baIl mills, named after the designer of the

method, Fred Bond [71. Energy requirements are correlated to the feed

and product size, and the ability to achieve a certain grinding race.

Bond's methodology is not so relevant to semi-autogenous milling, which

requires large scale testing (typically with a pilot miIl, 1.5 m in

diameterl, but oddly enough, recent efforts to derive a simpler

methodology for SAG mill scale-up and parameters for reliable simulation

use data derived from a pendulum very similar to that Bond created to

estimate energy requirements for crushers. Bond himself was confident

that his approach could be applied to large scale comminution, and even

tried to apply his equation to blasting [81. In fact, the derivation of

Bond's equation implicitly starts with blasting feed --i.e. a material

with an 'infinite' Fm (the 80t passing size of the feedl.

The above i5 a brief and somewhat selective history of comminution

engineering. Bond's theory has evolved little since the early forties.

Population balance models (PBMl have, over the past 25 years, become the

focus of more fundamental research, especially in academic circles.

Applications are manifold, but of interest to this work is the proposition

that PBM can be used for mill scale-up and plant design. PBM will be

briefly reviewed in this work, as they could be suitable for modelling of

2



• blascing, co assisc ulcimacely in assessing energy requiremencs.

Blascing. as a branch of engineering, has developed along a

differenc pach. limiced co che large scale fragmencacion of insicu rock

mass. The progress in blascing praccice had been uncil recencly focussed

cowards che opcimizacion of che process. During che lasc cwo decades che

focus has shifCed'cowards a more fundamencal underscanding of explosive-

rock inceraccion and quancicacive prediccion of blasc resulcs. These

developmencs have been slow however, due co che dynamic nacure of blascing

(che whole process lascing only a few milliseconds) and ics complexicy.

The complexicy is due co che inceraccion of various branches of science

such as chemiscry (of che explosive), physics (~f energy cransfer from

explosive co rock), and rock mechanics (of deformacion and fraccure of

rock). The usual inhomogeneicy, anisocropy and Cre macro- and

microscruccure of che rock mass are major concribucors co che complexicy.

Alchough che recenc advances in experimencal cechniques and in compucer

equipmenc have made prediccions of blasc resulcs a praccical realicy, much

remainS co be knoWn abouc energy ucilizacion in rock fragmencacion. Some

work has been reporced dealing wich energy-size relationship of blascing,

albeic, more or less on an empirical basis (Kuznetsov [9]; CUnningham

[10]; Just [11]; and Da Ganuna [12] ), buc much fewer scudies have

dealc with Che subjecc ac che fundamental level.

The propercies of explosives and rocks play an imporcanc role in che

blascing process. Much of the explosive properties are reliably known and

are reproducible. However, current knowledge of the propercies of rock,

due co ics inhomogeneity and anisotropie nature, are insufficienc co

explain its behaviour during blasting. The relevant properties of rock

during the blascing process can be grouped under physical and mechanical

properties. The physical properties consisc of density (resiscance

againsc mass movemenc); modulus of elasticicy (stiffness against

deformation); and seismic wave propagation in rock (energy transfer and

its attenuation). The mechanical properties (behaviour against applied

3



*

*

• loadl consists of static compressive, tensile and shear strengch. In che

present work the static and dynamic physico-mechanical properties of cne

selected rock types, such as density, compressive and censile strengch,

seismic wave propagation in rocks, and the dynamic modulus of elasticicy

have been determined. along with their work indices. with a view in

escablishing quantitative correlations.

The divergent routes chosen by comminution and blasting engineers

may in fact lead to the same end i.e. estimating and minimizing energy

spent in the process of size reduction. Seeking a correlation of easily

measurable physico-mechan~cal properties of rocks and their Bond work

inèices. therefore, appears to be a logical objective. This thesis will

attempt. albeit in a very modest and exploratory way, the reconciliacion

of these two approaches --i.e. comminution and blasting.

1.2 OBJZC'UVES

The objectives of the investigation are the following:

* A review of pertinent information in blasting. blast related

physico-mechanical rock properties and comminution (in the

classical sense) will be completed. Potential links will be

suggested.

For four different rock types (limestone. gneiss. granite and

marble). the rod mill work index and basic physico-mechanical

properties will be measured. An attempt will be made tO

co=elate the various fundamental properties to the work

index.

Results will be interpreted in ] '_ght of available data in

literature and testing methodology that incorporate both

approaches.

4



• 1.3 TllESIS STROCTllRE

Chapter two presents comminution from a blasting point-of-view. The

basics of blasting practices in both underground and open-pit, mechanics

of rock blasting and the relevant rock properties are outlined.

In the third chapter, a review of some salient aspects cf

comminution is presented. Basic comminution units are first described,

then, classical energy-size relationships are presented and discussed.

This section focuses on Bond's theory and work index, whose measurement

for crushers, rod and ball mills is described. Finally, population

balance models are presented. Their link to the estimation of energy

requirements in comminution is discussed.

Chapter four identifies t:he rock types used for this work. The

methodology of the specific measurements performed is described.

Chapter five presents experimental results: these are discussed in

depth in chapter six. Finally, chapter 7 concludes this essay: salient

findings are reviewed and suggestions are made as tO how this initial

venture can be pursued and further quantified.

,.... \,.-

'.
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• 2.0 PRrNCIPLES OF BLASTrNG

2.~ INTRODUCT~ON

Blasting is one of the most economical methods of comminution. In

this process, an explosive, a chemical compound, capable of producing

sudden outburst of energy at high pressure and temperature, is emplaced in

blast hales and detonated. The rock surrounding the charge is fragmented

and displaced due ta the sudden release of the energy of the explosive.

The important factors contributing to the fragmentation process can be

grouped under the headings of al rock properties consisting physico­

mechanical. geological and seismic properties; bl explosive properties

consisting of shock energy. gas energy, density. velocity of detonation,

initiation system; cl rock-explosive interactive properties consisting

explosive distribution, blast geometry. and energy transfer from explosive

ta rock.

2.2 REII1:EW OP BI.ASTDlG PRACT~CES

There is a w~de variety of conditions and factors that determine the

proper use of explosive in blasting. These factors include the mining

methods, the equipment selected. geotechnical characteristics of the rock.

properties of the explosives and their accessories. blast geometry and

environmental constraints. The type of explosive selected should be such

that it results in the desired fragmentation and rock movement for the

minimum overall cost. Blasting practice should also aim to minimize

flyrock. air and ground viLration. and backbreak.

2.2.1 ENERGY FACTOR: Competent rock requires explosives of high energy

for optimum fragmentation. For a specific blast configuration and

explosive type. this high energy translates into higher powder factor (kg

of explosive per cubic meter of material blastedl or more explosive per

6



• unie burden for che same cype of che explosive. le should be noced chac

a kilogram of dynamice, ANFO, or emulsion yields differen~ energy oucpucs.

However, che explosive loads in a blase may b~ comprised of ANFO,

dynamices, slurries and emulsions in differenc boreholes or in =ombinacion

in che same borehole, all wich differenC energies. This siCuacion

warrancs che developmenc of an "energy factor" approach rather than che

craditional "powder factor" approach.

The energy, strength or power of an explosive in the explosive

industry is used to rate the commercial explosives. The explosive energy

is associated with total release of energy. rate of release of energy and

the efficiency with which it is transmitted to the rock. All these

factors pose diffi~~lties in defining energy of an explosive with a single

parameter. Moreover, mest commercial explosives exhibit non-ideal

detonation behaviour Ctne ideal reaction in commercial explosive is

approached in extremely large diameters). By simply varying the charge

diameter. the explosive may behave in a very different manner. despite

having the same chemical composition. The effect of this non-ideal

reaction is most readily evident in the change of velocity of detonation

(VOD) as a function of charge diameter. In the case of ANFO approximately

20% decrease in VOD is reported with the decrease of explosive diameter

from 150 mm to 75 mm. Factors affecting explosive strength and the

explosive rating based on ideal and non-ideal detonation are reviewed

thoroughly by Mohanty [13]. The explosive energy is currently

calculated by the thermodynamics of the explosion. It is described by the

following parameters.

a. Absolute weight strength. AW5

b. Absolute bulk strength. ABS

c. Relative weight strength. RW5

d. Relative bulk strength. RBS

7



The AWS or ABS are che absoluce amounc of available energy (Megajoulesl in

each kilogram or in each cubic mecer of explosive, respeccively. The

racio of che AWS and ABS of an explosive co che AWS and ABS of some

scandard explosive, such as ANFO, is called che relacive weighc screngch

and relacive bulk screngch, respeccively.

Some of che imporcanc propercies of rock wich reference co ics

compecency are ics densicy, seismic velocity, modulus of deformacion, and

compressive, shear and censile strengchs. These propercies are discussed

coward che end of this chapcer. Their influence during blascing is

complex. These rock paramecers colleccively concribute to che blascabilicy

(a qualicacive term co represent the competence of a rock againsc

blasting, or lack of ic) of the rock i.e. the ease of blasting. The

blastability of a rock mass becomes complex in nature in the presence of

textural and structural variations. The complex nature of blastabilicy is

further complicated under confinement and dynamic loading as is

encountered in blasting.

2.2.2 OPEN PIT BLASTING: Blast diameters range from 50 mm to 450 mm, and

powder factors vary on an average from 0.3 to 0.6 k9/~ [131. The bench

height and the diameter of borehole are fixed for day-to-day production

blasts. The first and foremost parameter to be selected for che blast

design is the burden <the distance of first blasthole from the free face) •

It depends on various parameters such as bench height, pit width,

explosive and the initiation system employed. A booster or a detonator is

placed at the bottom and the rest of the explosive is loaded on top of ic.

The explosive column may be continuous or in the form of decks with inert

material filling the space in-between. The explosive is usually topped

with stemming, made from drill cuttings. The spacing. subgrade drilling,

decking and stenuning are selected on the basis of rock type and the

explosive to be used. A typical open-pit blast hole and blast pattern are

shown in Figure 2.1 [14].
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Figure 2.1: Blas~hole sec~ion view.(A) showing terminology

used in design and (B) pattern array for layout of holes [14J

Empirical relations have been proposed by Ash [15J. Pugliese [16J. Van

Ormer [17J. Hagan [18J. Dick et al. [19J and many others for ~he

design of blast geometries. Delay intervals between holes and rows are

designed to provide a free face for succeeding blastholes. This

sequential blast improves ~he fragmentation and throw of the blas~ed mass.

Sequential blas~ing also helps to control height of the muckpile.

overbreak and vibrations.

2.2.3 UNDERGROUND BLASTING: The details of underground blast design are

discussed by Langefors and Kihlstrom [20J. and Dick et al. [19J

Excavation in underground works is accomplished in two phases. The firs~

phase consists of the development phase such as shaft-sinking. tunnelling.

9



• raising etc. The second phase deals with the actual production of ore .

Due tO the limited number of headings and free faces underground. blasting

is more complicated. Different methodologies of development mining are

associated with different drilling patterns. A typical firing pattern in

tunnelling is shown in Figure 2.2 [21). The blasthole diameter can

lr'>fIo:r-- Rool Ilol..

• • • • • •
• • • • ••••• • • • 0 • • ••••
• •• • • •

.~:t::-",• • ,............~.~ .
~ .
:?'je

litI.. •••••••
1

."••
•,e A.I

•• z-l5ez ••
1•• e'•

1.

••1•••
•• ••
• •• •
••

Figure 2.2: Firing pattern in tunnelling [21].
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range from 32 mm co 75 mm. wich 45 mm being che mosc common. Explosive

loading and firing mechods vary wich mechods of developmenc and mi~ing.

Some of che holes are charged wich explosive. whereas. ocher acc as free

space. The cype of explosive varies from dynamice co ANFO. For

produccion blascing. inerc macerial in che form of carcridges is used for

scemming if necessary (buC never for developmenc rounds). Deck charging

is noc necessary due co che small lengch of borehole. Eleccric or non­

eleccric blascing caps wich delays of 25 milliseconds co la seconds are

used for firing. For underground coal mines only che explosives permicced

by local regulacory board are used. Fume characceriscics of che explosive

are very imporcanc in selecci."lg parcicular cype of explosive. A wide

range of explosives wiCh powder faccor ranging from 0.9 co 6 kg/m'are used

co meec che many differenc condicions in an underground mine.

2 .3 IIBCBAIIlJ:CS OP BLASTDG PROCBSS

Explosives. when iniCiated. produce a chemical reaccion propagacing

ac high velocity in the explosive column. The completion of the reaction

of all che explosive resulcs il> gaseous products in the borehole ac very

high pressures (la GPa) and high temperatures (3000' K) [201. The original

detonation reaction in the explosive generaces shock waves in che

surrounding rock. These waves propagates in the rock in a spherical.

conical or cylindrical front depending upon the shape of the explosive.

Radial and tangential stresses are generated in the rock which cause

primary cracking. In the vicinity of the explosive. the rock is crushed
1

wich very high expenditure of explosion energy. The crushed zone extends

co abouc 2-4 times the borehole radius. A zone of around 5-10 times the

borehole radius is affecJ;ed due to radial cracking. If the explosion is

near a free face. the radial compressive stress waves are reflected from

the free face as tensile scress waves. thus causing spalling. The energy

transfer from shock wave to rock mass depends on the respective acoustic

impedances of rock (product of stress wave velocity and density of the

11



medium). The radial compressive scress, che reflecced censile scress and

che cangencial scress and shear scress are all causes of primary breakage.

Following scress 'waves, highly pressurised gas expands inco che pre­

exiscing cracks or che cracks creaced in che primary breakage scage. This

is called che secondary breakage scage during which heaving of che rock is

iniciaced. The energy responsible for primary breakage can be accribuced

co shock energy. The effecc of shock wave during blascing has been

explained in decail by Kuccer and Fairhursc [22). Rinehan [23) and

Mohancy [24). The effecc of gas expansion energy is discussed by Porcer

and Fairhursc [25). and Langefors and Kihlscorm [20). Terciary breakage

is also observed due co in-flighC collision of che rocks as discussed by

Hagan [26) and Chiapecca [27). The sequence of blascing evencs is

shown in Figure 2.3 [14).

2.4 PBYSJ:CAL PROPBRTJ:BS OP ROClt

The behaviour of rock while blascing is dependenc upon several

facCors such as locacion. mineralogy. and macro- and micro-scruccures.

Minerals are the building blocks of rocks. The mineral grains are

interlocked by cementing material consisting of other minerals, cohesive

granular aggregates. and moisture. The structure of grain network. unlike

that of crystal lattice. is rarely homogenous and periodic. The mineral

matter is pervaded by microfractures such as cracks. pores etc. In larger

units. the rock is cut by macrostructures such as parting. joints. bedding

planes. faults etc. The spacing and orientation of these micro and macro

structures are rarely uniform [28). The properties of rock analyzed in

this investigation are density. strength. elastic modulus. and seismic

velocities.

2.4.1 DENSJ:TY

It is a characteristic property of mineralogy and packing density of

the grains only and is not affected as much by the presence of

12
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expanded borehole radius. respectively, p. is borehole

pressure a, and a, are tangential and radial stress

components. respectively [14].
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disconcinuicies and ocher crack syscems. le is a funccion of cemperacure.

pressure and che amounc and cype of fluid sacuracion. The weighc of wacer

and che air presenc in che void is noc considered in che unie weighc

(kg/m'). whereas bulk densicy (also kg/rrr) cakes inco accounc of pores and

wacer presenc cherein. Densicy in sicu is usually lower chan chac

measured in an incacc lab~racory sample.

Dry densicy-w,IV.

Bulk densicy- (W,+w..) IV.

where W, is che we;ghc of grain (kg). w.. is che weighc of pore fluid (kg).

and V. (rrr) is che bulk sample volume.

2.4.2 STRENGTH OF ROCK

Screngch is che resiscance co deformacion of a macerial againsc che

applied force. The screngch of rock depends largely on che nacure of che

micro-scruccure and less on ics che mineral composicion. le can be

defined only when all che screngch faccors such as che incensicy and

duracion of load. che size of che rock samples. confining pressure and

ce~eracure. moiscure and pore wacer pressure and che failure criceria are

known. The screngch of a rock increases wich increasing race of loading

and confinemenc. however. ic decreases wich increasing moiscure concenc

and cemperacure. Compressive. censile and shear screngchs are chree cypes

of rock screngchs which can be measured in a variecy of ways under scacic

and dynamic condicions. Generally. rocks have very low censile screngch.

moderace shear screngch and high compressive screngch.

The cbaracceristic phenomenon of high compressive screngch is chac

a loc of energy is wasced in friccion or plascic deformacion. Particles

broken are of smaller sizes wich a large number of pieces. The concinuous

cracks presenc afcer failuré scill remain incacc. In cension. failure

_~cakes place ac che weakesc parc of che macerial. There is no friccion

:
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• involved among che grains. Only cohesion cemes inco che piccure. This

may be che reason for che much lower censile screngch compared Co

compressive screngch.

2.4.3 ELASTIC MODULUS

The principles of linear elascicicy can be applied co many rocks

over some specified range of scress level. They are used in engineering

applicacions when deparcure from linearicy is noc significanc. The

modulus of elascicicy is a general cerm defined as che racio of scress co

corresponding scrain wichin elascic limic. Differenc loading geomecries

as shown in Figure 2.4, each defining a differenc elascic modulus.

Young's modulus (E) is defined as che racio of scress co scrain in simple

compression or cension. If a body is compressed equa11y from a11

direccion, ics original volume will be decreased. The racio of fraccional

change in volume co che applied scress is defined as che bulk modulus (KI.

The reverse of che bulk modulus is described as compressibilicy. The

shear modulus or modulus of rigidicy (~) is defined as che racio of shear

scrain to shear stress. Weathered and fractured rocks have low moduli of

elasticity.

2.4.4 POISSON'S RATIO

It ls deflned as the ratio of transverse strain to the corresponding

axial strain when loaded axia11y within its elastic limit. It can also be

calculated from the stress wave velocities.

v= <c;-2C:>
2<c;-c:>

2.1.

where Cp and C. are the longitudinal and shear wave velocities,

respectively (m/s).
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• 2.4.5 STRESS WAVES

Several types of waves are generated when an elastic material is

suddenly deformed by explosive action. If the direction of particle

motion is parallel to the direction of propagation, the wave is called

longitudinal. The particles in the path of these waves move backward and

forward along the line of propagation. This compressional or dilational

motion is also called primary or P wave. The speed of propagation of the

longitudinal waves is higher than that of the other Waves. It is given by

following:

c=p 2.2

C. is the velocity of the P wave (m/s) , p is density of rock (kg/m'). À and

~ are Lame's constants (GPa) from which moduli of elasticity can also be

calculated. The Lame's constant, ~ is same as the shear modulus or the

modulus of rigidity.

If the direction of particle motion is normal to the direction of

propagation, the wave is called transverse. These waves are also called

distortional, shear or 5 Waves. Transverse waves tend to change the shape

of material whil~ also compressing it. P and S waves are called body

waves. because they travel through the body of solid material. The

velocity of propagation of the S wave. Co is lower than that of the P wave.

C. and i t is equal to:

2.3

2.4.6 DYNAMIC EI.llSTIC HODOLI

The elastic properties such as Young's modulus (y). Bulk modulus

(K), Shear modulus (l') as explained above can be measured under bot.h

static and dynamic loading condition. Presence of moisture or liquid

results in lower static elastic properties. however. it causes increase in

17



• dynamic elascic propercies (wave energy is cransferred more efficienclyl .

The P and S waves measured are proporcional co che scress applied in che

rock sample co SOme excenc. The dynamic modulus is, cherefore, also

dependenc on che scress applied. The dynamic conscancs increase wich a

decrease in porosiCy while Poisson's racio remains more or less unaffecced

[29J •

For homogeneous isocropic elascic macerials wich bulk densicy (pl,

compressional (c"l and shear (C,l wave velocicy, che elascic moduli are

relaced by following equacions.

y. p. e; (3C;-4e;l
(c;-e;l

2.4

K= p (c;-4e;l

Il • p.e;

2.5

2.6

2.7

The specifie cests employed co obtain chese propercies are described in

more decail in chapcer 4.
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• 3 • 0 PRINCIPLES OP COlD!INlJTION

3.1 DlTROIllJC'1'J:OH

Whereas a loose definition of comminution would include a variety of

energy &ources, a strictus sensu definition (restricted to Mineral

processing) would deal solely with mechanical stress, resulting in

scraping, sawing, impacting, crushing, pulling, cutting, bending or

twisting processes [30]. In ManY respects, comminution is perhaps the

MOSt important operation in Mineral processing, for two very fundamental

reasons. First, the size distribution of the products, extent of

liberation and the amount of fines produced are determined in these

processes. These.in turn will determine the efficiency of the subsequent

separation processes. Second, comminution circuits often represent th~

largest capital and operating COSts [31]. This would not be surmised

from a theoretical analysis of the energy required for breakage, but the

efficiency of most comminution steps is surprisingly low (some estimates

are as lovas 0.6t in ball mill [32]), resulting in very large energy

requirements. much of it wasted in form of heat and vibration.

3.2 C"*iIDIUflOH PROCBSSBS

Comminution processes may be grouped into crushing and grinding

depending upon the initial size of the feed and the extent of size

reduction achieved. The conventional machines used in these processes are

jaw, gyratory and cone crushers (used to process feeds from 2 m down to 2

cm), rod and ball mills (for grinding material from 2 cm down to below 100

~m), and roll crushers lused for breaking materials in the intermediate

sizes). Traditionally. comminution was thus effeeted l:ly crushers down to

1 to 2 cm. and then l:ly mills down to final product size. The past tweney

five years have seen changes chat challenge this simple classification,

with grinding mills lmostly semi-autogenous mills. SAGs) handling coarser
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• feeds and crushers (Gyradisc. Wacerflus~) handling finer feeds. These

innovacions have even produced a comminucion approach chac invercs che

cradicional rank of crushers and cumbling mills: in ABC or SABC circuics.

an aucogenous. and more recencly a SAG mill. yields a producc whose

coarsesc parcicles are usually 4-5 cm. and are crushed prior co recycling

co che SAG. The fine fraccion of che SAG producc. below abouc 1-2 mm. is

direcced co a ball mill and ground co final size.

In crushing. che size reduccion is achieved by applying slow

compression. The force is applied co che macerial by a moving iron place

againsc anocher fixed or moving iron place. The size discribucion of che

producc depends on che opening of che outlec of che crusher. In grinding.

macerial is broken by impacc and abrasion. dry or in wacer suspension.

Grinding is usually conducced in rocacing cylindrical vessels known as

cumbling mills. The mill is charged wich a grinding medium consiscing of

sceel balls in ball mills. rods in rod mills. large balls and coarse ore

in SAGs. and ore or pebbles in aucogenous mills. TYPical rod and ball

mills are shown in Figure 3.1 (33]. The classification action of rod

mills (che ~sulc of the fanning of che rods ac the feed end) limics fines

produccion. and yields a producc more uniform in size (than a ball milll.

Rod mills are used for coarse grinding of feeds wich a top size of 10 to

20 mm (34]: che producc. wich a cop size of 1-3 mm. is usually fed co a

ball mill. However. ball mills can accommodace much coarser feed sizes.

nearly as coarse as rod mill feeds. provided ball size is increased

accordingly. This normally resulcs in a loss of efficiency. as the

diamecer of balls and rock parcicles is then poorly matched. BaU

milling is used for fine grinding-- i.e. to achieve an average size range

of 10 to 300 pm (351. Since fines provide an undesirable rheological

effect for the grinding process. they must be removed as rapidly as

possible. This is achieved by operating most baU miUs in closed circuit

with classifiers. usually hydrocyclones. In recent years. very few rod

mills have been commissioned. as the trend towards simpler circuits (hence
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• fewer units) has resulted in the replacement of secondary and tertiary

crushers (and the attached screening stepl and rod mills with SAGs or,

more recently high pressure rolls. This has resulted in a drop of capital

and operating costs of approximately 25\ for comminution. SAGs

incorporate large diameter balls to the coarse component of the ore

(typically up to 15-20 cm) to ACt as grinding medium. High pressure rolls

with large O/L (diameter to length) ratios apply very large pressures to

the ore to produce a large number of microcracks in the material. As a

result the specific energy consumed in the following processes is reduced

considerably [36].

Recent research in comminution is focused toward inter-granular

fracture rather than trans-granular fracture for Adequate liberation of

minerals [37]. Thermally assisted liberation of quartz has been

reported by Wills [38]. Electrical and thertllll.l energy has also been

used to modify the physical properties and related texture and structure

of heterogenous rock and ore. Generation of hairline crack Along the

grain boundaries and their propagationusing electric shock and ultrasonic

energy has been demonstrated by Parekh [39] and Andres [40J .

Pretreatment of minerals with microwave radiation has also been studied by

Chen [41] and Walkiewicz [42]. However, these new techniques are

still very much at the experimental stage, and show no signs of ever

replacing crushing and milling. If anything, this work has served to

illustrate that existing technology, though not e~ergy efficient,

represents a forceful compromise between the theoretical limits of

particulate breakage and the practical constraints of processing well in

excess of a billion tonnes yearly.

3.3 BlŒRGY-5:tZB RBLATZOIlSB1P

The breakage energy associated with any comminution process can be

explained by two approaches, stress and energy based. The stress approach

is used to explain the strength of the rock or material on macroscopic
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• scale such as compressive, shear or t:ensile st:rengt:h. The fract:ure st:ress

or t:he st:rengt:h (in MPa) depends on many fact:ors such as macro- and

microst:ruct:ure of t:he mat:erial, ext:ent: and rat:e of st:ress and t:he met:hod

of st:ress applicat:ion. Due t:o t:he lack of abilit:y t:o quant: ify t:he

st:rengt:h of a het:erogenous and anisot:ropic mat:erial. st:ress crit:eria are

oft:en lumped int:o an energy crit:erion. The energy approach is also a

macroscopic represent:at:ion of fract:ure st:rengt:h but: it: t:akes int:o account:

t:he crack size present in the material (the Griffith theory). With

knowledge of the strain energy (energy absorbed under stress application)

and surface energy (work done in creating unit surface area). the minimum

work required in a comminution process can be estimated (alternately. if

the actual energy used is measured. one can estimate how efficiently it is

usedl. The macro- and micro-structural and physico-mechanical properties

of material can be lumped into one term known as grindability (ease of

grindingl. Grindability is quantified in terms of an amount of undersize

(with respect to a specified size) produced in a specified machine. from

a known starting size. and for a given energy input (e.g. per revolution

of a calibrated rod or ball mill). The grindability of the material is

widely used in comminution engineering to determine energy requirements

and scale-up equipment. The specific energy consumed in a size reduction

process increases continuously with decreasing product size (see Figure

3.2 [43) 1 . The amount of energy expended in the process of size

reduction depends on the following factors:

i) initial size and reduction ratio ineended

iil seiffness. densiey and seruceure of ehe rock

iii1 eemperaeure and moiseure coneene

iv) ext:ene and raee of seress applied

vl .machinery and ies operaeing condieions.
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• Energy consumption in blasting is of the order of 0.4-0.6 kWh/t;

whereas in case of crushing and grinding it is 3-6 kWh/t and 10-30 kWh/t,

respectively. This difference is due to the differences in product size,

reduction ratio and discontinuous nature of boundary layers or cracks.

Discontinuities are present at both macro- and micro-scale, and at both

scales decreasing'particle size generally reduces their relative density,

as breakage takes place preferentially along the discontinuities. Formal

estimation of the energy spent in a process of size reduction, for a

specific reduccion racio. daces from che previous cencury. The classical

énergy-size relacionships. empirically derived for a comminucion process.

will now be described briefly.

3.3.1 RITTINGER'S LAW

The firsC cheory of comminucion was postulated by Ritting~r (1867).

It is also known as the surface theory. It states that the specific

energy consumed in the process of size reduction ls directly proportional

to the new surface area produced and hence inversely proportional to

product diameter. This theory is based on intuitive grounds: neither

mathematical nor experimental proof is available. The basic drawback of

chis theory is that it does not consider deformation done during breakage.

Actual work done may be considered as the product of force and

deformation. The force required for breakage is proportional to the

surface area over which it acts: this is the basis of Rittinger's law.

The deformation can be considered as shape change or change in strain

energy and is not considered. To understand the breakage mechanism. a

knowledge of stress applied and strain induced is necessary.

[44] modified it for aggregate rock mass as:

Austin

3.1

where K" is a constant. E is the specifie energy expended to change the

feed from a size of X, to a product of size x,.. For an aggregate rock mass
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che size may be defined as 50 or 80 percenc passing size chrough a square

woven screen lusually che laccer) .

3.3.2 KlCK'S LAW

Kick (1885) posculaced che second cheory of comminucion, also known

as che volume cheory. lC is based on a scress-scrain model. lc scaces

chac che specifie energy consumed or work done in a comminucion process is

proporcional co reduccion in che volume of che parcicle. The work done is

che same for che same reduccion racio irrespeccive of che size range. The

drawback wich Chis cheory is chac ic cakes inco accounc only scrain

energy, which is correcc only before fraccure propagacion cakes place.

When ic does, che surface energy has co be caken inco accounc.

MachemaCically ic can be represenced by:

3.2

where E is che scrain energy per unic maSS co reduce a feed size X, co a

producc size Xp. ~ is scrain energy per unic maSs co produce cen fold

reduccion in size, incorporacing che efficiency of comminucion process as

well. Kick also assumed Che rock mass to be homogenous, which is rarely

the case. Rock is characterized by flaws, dislocations, joints, etc,

which cause the macerial to break below its elastic limit.

3.3.3 BOND'S LAW

The above two theories met with many difficulties in explaining size

reduction processes over the full size range of comminution. Therefore a

third theory of comminution known as Bond' s law [45] was developed.

Bond summarised the three comminution principles as follows [7]: a) it

may be assumed that the energy content of a particle is inversely

proportional to the square root of its size. The required energy in the

course of size reduction is added to the initial energy content of che

feed to produce the energy content of the product. Therefore the net
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• energy required is che dif:erence becween che energy concent of feed and

product; b) che second principle states chat che useful work in che size

reduccion process i5 proporcional ta the lengch of new crac~ produced. In

ordinary comminucion processes. parcicles absorb serain energy and are

deformed under compression or shear u~til the weakest flaw in the parcicle

fails wich che formacion of a crack. The slighc deformacion causes ocher

crack cips co develop ac ocher flaw sices, and parcicles break chereby

releasing scrain energy as heac. The scrain energy required co break is

proporcional co che lengch of che crack formed; cl che chird principle

deals wich che relacionship of parcicle flaws co macerial breakage. A

flaw i9 defined as any scruccural weakness which develops as a crack under

scrain. Flaws are always presenc in briccle macerial and may cause wide

variacions in breaking screngch. The weakesc flaw in a parcicle

decermines ics breaking screngch in comminucion. lc also concrols che

number of fragmenès produced by breakage.

Though Bond cried co correlace his law wich crack cheory, in accual

sense he did a compromise becween che earlier cwo cheories. The concepc

lies in che facc chac che energy consumed is proporcional co che inicial

siz~ of che rock (firsc cheory) cill che scage of fraccure is reached.

once che sCage of fraccure is reached che energy consumed furcher by

fraccure is proporcional co che surface area creaced (second cheoryl. The

cocal specifie energy is Chus inverselyproporcional co che square rooc of

che inicial size.

E • K" / Jx.

where K" is a proporcionalicy conscanc. X. is che 80 percenc passing size

of che producc passing chrough a scandard square sieve aS adopced by Bond.

E is che cocal work done during che size reduccion process. Bond

generalised che aI:love relacionship furcher, and presenced t:he energy

consumed in a size reduct:ion process, E (in kWh/cl, from a specifie feed
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size tO a specific product size as follows:

E - ~o W, ~ ~(---).;x;.;x; 3.3

where l'l, is the work index (intrinsic property of a material. relating

energy input in kWh/st (~kWh-3.6 MJ). required tO break a given material

from a theoretically infinite size tO 80 t passing ~OO micrometers). ~

is the feed size. and X. the product size (both 80t passing).

3.3.4 MODIFICATIONS

All of the above theories can be expressed by an empirical equation.

which was demonstrated experimentally by Charles [46].

dE = -]Cc (.1:...) dX
x= 3.4

where dE is the infinitesimal change in energy input during a size

reduct ion process tO produce a change of product s ize dX. X is the

initial size of the aggregate rock mass. 'n' and '~' are the constant

depending upon the nature of rock broken and the method of rock breakage.

The negative sign.shows that an energy input decreases particle size.

Hukki [47] suggested that the relationship between energy consumed

and particle size i~ a composite form of the Rittinger, Bond and Kick laws

(Figure. 3.3 [47]). The value of the constant varies depending upon the

initial size and the breakage mechanism considered. The value of n is

equal to ~,2 and ~.5 for Kick's, Rittinger's and Bond's equations,

respectively. AuStin [44] pointed out that particles cannot De broken in

differential amounts, since the products of breakage must contain small

fragments even if the original particle is only slightly broken. The

correct equation can be written as
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• In all the above size-energy theories. only size. mean size or 80 t

passing size is discussed. In actual practice. the full size range cannot

be represented by one parameter (see Figure 3.4 [48)}.

SiN (rntel'onsl

60042229S

___o?'lI,

1

'80 % PCJS5l"9
size.

2111521047S
100

80

.~
60....

&.
;!. 40..
~

Si
:>
E
:>

(,J

20

Figure 3.4: Size distribution and 80t passing size [48).

At least two parameters. such as a size and distribution moduli. are

needed to represent the size distribution. This led to the fourth theory.

Charles [46] combined the famous Gates-Gaudin-Schumann equation (G­

S-Sl. a statistical size distribution equation to represent fragment size

distribution. with the generalised size-energy relation. and pointed out

that the size modulus (~) of the Schumann size distribution plot varies

with the specifie grinding energy (proportional to grinding time)

according to relation

E= c Ië-
(m-l) (n-m+l)' C

E· C~-
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where C is a constant specific to the size reduction process used and is

very difficult to estimate, as c is also unknown. 'm'and 'n'are the

exponents of the G-G-S equation and that of the generalised energy-size

relationship, respectively. If the size distribution of the product of a

comminution process follows the G-S-S equation with a slope 'n' then the

energy size relation plot on log-log plot will follow the same slope, but

with the opposite sign, as shown in Figure 3.5 [46).

400 200 100 48 28 14 a
TYLER MESH SIZE

4 ,

SLOPE-I-n1 - m

0.1 0.5 1.0
SIZE MODULUS.kJMM)

Figure 3.5: Size distribution and energy-size relationship [46).

3 .4 WOIUt :DlDD:

The work index (WIl, as discussed earlier, originates from the third

theory of comminution. lt is the propottionality constant of the Bond' s

law and takes into account material charaeteristics, the method of size
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• reduccion and che efficiency of che operacion. Bond [45J used Chis index

co model grinding circuics by assuming chac an almosc negligible change

occurs in work index during grinding. Thus. che energy requiremenc for a

macerial in a scandard grinding mill (2.44 mecer inner diamecer overflow

mill operacing under a given sec of s:andard conditions) can be predicted

for a specified feed and product size. The efficiency of any grinding

mill or circuics can also be evaluated using populance balance model

[49) •

Bond made use of separate bench-scale laboracory tests both for rod

and ball mills. He decermined the lab-scale work index (~) by equating

the work applied in che 2.44 mecer mill to che number of revolutions to

obtain che same size reduction. On the other hand che work index

calculated from the mill based on the power draw from the mocor and the

feed and product size is known as operating work index' (W~). The racio

of operating work index, W", to lab-scale work index, W\ is called the

efficiency factor of the size reduction process [51).

Presently che laboratory scale work index determination in ics

modified form (with a smaller calibraced mill) is used to escimate the

grinding energy required in the standard mill (inner diamecer of 2.44

meter size) for a specified feed and product size. The work index (WI) is

also used to represenc the relative resistance of breakage of differenc

materials. In the present work the wark index (WI) is used in the latter

form i.e. as a relative breakage behaviour. The work index measured takes

into account, ac leasc implicicly, scrain energy (elascic and plascic

energy), surface energy, kinecic energy (some of che klnecic ene~gy is

cranslaced inco heac, macerial and machine vibracion, sound, eleccricicy

and lighc generacion) and finally macerial-macerial and macerial-machine

friction. The work index is thus a meaSure of breakage performance in a

defined piece of equipment according co a scricc procedure. The differenc

l 'Ibc opcrarins worlc iDdcx duriDg blaslÏD8 is calcuJarcd by lbe explosive eDCIllY (kWhlt) spcIIt iD scuÏIl8 a
dcsiIed prodUct sizc (80% passiDg iD J'III) with the assumpIiOI1 of fced sizc lO be iDfiDily (8,501.
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• friccion. The work index is Chus a measure of breakage performance in a

defined piece of equipmenc according co a scricc procedure. The differenc

work indices measured by differenc lab unics are ouclined as follows:

3.4.1 Hordgrgye Index: The Hardgrove Index (HGI) is generally used co

represenc che sofcness of coal. The machine consiscs of a cop rocacing

ring wich eighc one inch diamecer balls which roll on a botcom scacionary

ring cavicy [52]. Abouc 50 grams of material of one size range is

selecced for grinding for 60 revolucions. The weighc (g) passing through

200 ASTM sieve size, W, is measured co calculate che Hardgrove index, by

an empirical formula:

HGI • 13 + 6.93 W

The HGI varies in an opposite direction to che Bond work index (che higher

che HGI, the lower is che work index). The use of che HGI is normally

restricted co coal.

3.4.2 Bond Ball Mill Tesc: The work index determinacion Dy this method

consiscs of a sCandard ball mill of incernal diamecer and length equal to

30.5 cm (12") [7J. The grinding medium consiscs of 285 sceel balls

weighing in cocal 20.125 kg. The size of the ball vary becween 3.68 cm

(1.45") and 1.55 cm (0.61") in diameter, out of which 120 are over 2.54 cm

(1") diameter. The mill is filled with 700 cm' bulk volume of dry minus

3330 j.LlIl (6 mesh) material and ground (70 %pm) for 100 revolutions. The

mill is dumped, the ball charge is screened and the feed sample is

screened on the sieve size tested (at 600 j.LlIl. 28 mesh, or finer). The

oversize is weighed and fresh unsegregated feed is added to make it to the

initial volume. This mixture is rjround further with Saale grinding medium

tO produce the desired undersize to maintain 250 percent circulating load.

The process is repeated till steady state of constant undersize is

achieved. The work index is determined using a standard formula.
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3.4.3 Bond Rod Mill Test: This test is conducted in a standard laboratory

batch mill of 30.5 cm (12") diameter and 61 cm (24") long with a wave type

internal lining. 'It can be tilted 5' from horizontal both side to reduce

the preferential isolation of the coarse material. The mill is charged

with two 4.4 cm (1.75") diameter iron rod weighing 6.5 kg each. and six

3.2 cm (1.25") diameter rod weighing 3.5 kg each. The rod length used is

53.3 cm (21") and the total weight of the system is 33.38 kg. The mill is

rotated at a fixed speed of 46 revolutions per minute. The material used

for the test should be less than 12.7 mm (1/2") size and the volume of the

sample tO be 1250 ~ [7]. Tests can be conducted at all sizes ranging from

4.75 mm to 208 !lm (4 to 65 mesh). At the end of each cycle the steel rods

are taken out and the mill is emptied by rotating it for 30 seconds at a

45' inclination. The product is screened at the screen size tested and the

oversize material is mixed with unsegregated original sample to make to

initial weight of 1250~. This new mixed sample is placed in the mill

and is ground for the estimated number of revolution so as to achieve the

100 percent circulating load. The grindability of the material is

calculated keeping the same volume of material in the mill. The average

grindability of the last three cycles at steady state is used to calculate

the work-index using a standard formula.

3.4.4 Bond Impact Te~: Iwo identical hammers weighing 13.6 kg (30 lbs)

are a=anged for simultaneous blow by impact or drop test or by pendulum

test on a test piece of rock. In the original test [7] the size of the

rock selected was of minus 7.6 cm (3") and plus 5.1 cm (2"). A series of

test is conducted by giving more energy to the hammer till the rock

breaks. The impact crushing strength, l (in kWh per unit of thickness),

and the impact work index, W1, are cal,culated as follows:

l = 2Hd
D
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• where

2.59 l
P

M: mass of one hammer (kg)

d: distance between the hammer (m)

0: thickness of rock (ml

p: specifie gravity of rock

W,work index (kWh/ml

3.5 POPULATIOB BALA!lCB KODBLS

Population balance models (PSM) are a relatively new concept in

comminution engineering. A PSM can be used to analyze and simulate the

size reduction proce~ses in terms of a mass balance [53). The feed

material in any comminution device is assumed to consist of different size

classes (e. g . ASTM or Tyler series). The specific breakage rate

(selection functionl and the primary breakage size distribution (breakage

functionl of individual size classes are used to quantify the comminution

process. The grinding time or the residence time distribution in the

process of size reduction are assumed to be divided into number of stages,

a concept first' given by Epstein [54)2. The product of the first

stage may be cOnsidered to the input of the second stage and the product

of the second stage is used to calculate the input of the third stage and

so on. Mathematical models associated with PSMs for batch mill dry

grinding will now be briefly reviewed.

The distribution of the fragments after rock breakage is common to

all size reduction processes. This is a statistical variable and is

referred as 'Breakage Function.' The other phenomenon associated with

tumbling mills is the kinetics of breakage; it is normally assumed that

first order k1netics apply. and the rate constant was originally termed

: AlterllllÏvdy, a colllÏDUOUS IeSidcllce lime distribulioll, typically!bat of taDks iD series, a weil kDown WcI1er
modcI ClIII be uscd [SS).
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the 'Selection Function.' If breakage is instantaneous (or nearly so,

such as in crushers), then the concept of breakage kinetics cannot be

used, and is often replaced by that of a 'Classification Function.' This

may well be the case of blasting. The difference between the two

approaches becomes important when linking PBMs to energy considerations,

as will be discussed in section 3.5.5.

3.5.J. BlŒAltAGB F1lNCTION

The breakage function quantifies the size distribution of particles

after minimum breakage. often referred tO as 'single breakage events.'

This breakage distribution is described either continuously (typically

with an equation) or discretely (with a vector). the latter being by far

the commonest approach. The size distribution is then divided into size

classes. typically with Tyler Series. Now consider a particle of original

size j being broken~; its fragments will be distributed amongst finer

size classes. i_j+1 to n, in a stochastic manner that can be represented

by a probability density function. This PDF. Bu. is the average mass

fraction finer than the lower size limit of class i. when broken from size

class j. Because.in any grinding process. the number of particles being

broken is very large. the stochastic nature of the cumulative breakage

function, BU' is often disregarded; it becomes the proportion of material

finer than size i when broken once from size j.

The actual breakage function. bu. is defined as the proportion of

material which appears anywhere in size class i (i.e. between the lower

limit of size classes i and i-1) when broken once from anywhere in size

class j. It is calculated easily from Bu. as:

bu-B"J-BU

From the above definitions one can draw useful conclusions:

1) By definition. we consider that material breaks only if it
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leeves its original size class'.

2) Qu1te obviously, Bij is equal to l if i<J.

3) We define size class l as the coarsest. and the size class n

as the finest, including "the pan". Bq. O.

Some of the research work at Julius Kruttschnitt Mineral Research

Centre has focused the use of one parameter breakage function (TIO )

typically useful for impact crusher, SAG mills, and possibly blasting

[56) • The breakage function, T,. is defined as the cumulative percent

passing one tenth of the geometric mean size of the test particle produced

under the specified laboratory pendulum test. It is interesting to nOte

that whereas the breakage function for a given material is considered

relatively environment independent when modelling ball mills, it becomes

very much energy dependent in the pendulum test. As one would expect, the

higher the energy input, the finer the product, and the higher the value

of T,.. Such an approach is likely to apply to blasting.

3 • 5.2 zao ORDBR RllIoB

This hypothesis states that in a tumbling mill the production rate

of fines or material finer than any size class is constant with respect to

time. In other words, it is independent of the relative coarse material

present therein, . at least for some initial, non-n.egligible grinding

period. The zero-order rate constant, F. is obtained by linear regression

of the mass produced finer than class i versus time, usually from breakage

of a single size class (or nearly sol. This linearity eventually breaks

down as less and less material coarser than the size considered is left

for grinding. The breakage function can be determined by a) back

calculation from feed and product size distributions, b) Bêrubê's method

>This is ubiuary. siDcc a paràclc could UDdergo sigDificam ble3bge. theoœlicaUy uP la 1/2.8 of ilS origiDal
mass. aDd yet rcmaiD iD die samc Tyler series.
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[57]. c) Herbst and Fuerstenau' 5 method [s8J. The latter relies On

the zero order rule. and will be used in this project on account of its

simplicity and numerical robustness. The cumulative breakage function (Bij)

is calculated by dividing the rate constant (of zero order. F,l by

selection function of the original class (Sj)' 80th of these constan:s can

be determined graphically or by linear regression (over the linear range) .

3 • 5 • 3 'rIIB SBLECT:IOH F1JHCT:IOH

This parameter quantifies the kinetics of particle breakage for each

size class in a grinding reactor. It can be defined as the rate of

disappearance of material in a particular size class per unit mass (same

as the specific rate of disappearance or first order kinetics rate

constant). In a batch mill. a plot of the mass fraction remaining in the

coarsest size class on a vertical logarithmic paper versus time should

follow a straight line (Figure 3.6 [59). if the material broken is

0.1

0.05

LlrMRcI..
8x10"*,,
25.4 cm dIam. mID

D.02'----';--':--L-.---L._+-J
1 2 3 4 5

GIlndIngTIme, mInutn

Figure 3.6: Mass remaining in the top size class [59).
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reasonably homogenous. The absoluce value of che slope is che seleccion

funccion. For ocher size classes, Chis linearicy is hidden because

macerial is broken from coarser classes.

The seleccion funccion, ~ (for size class il is normally decermined

by recrofic of eicher one or many daca secs'. Wich a single sec, an exacc

solut:ion can normally be found; wich mulciple secs, a leasc-square

solucion is used. The select:ion function can be estimated for each size

class, usually scart:ing with che "oarsest, or as a chree or four

paramecer relationship wich particle size (in which case a least-square

solucion is always usedl.

3.5 .... S:tZB-IQSS llALAHCB

The following hypotheses are assumed:

1) Rate of disappearance of size class j macerial • ~.~(t)

2) Rate of appearance of size i material • tbq.SJ'~ (t)

3) from 1) and 2) the net rate of production of size i material equals

the sum of the appearance terms from the breakage of all coarser

size classes minus the disappearance terro by breakage.

A differential mass balance in terms of Mj (t), the mass fraction of

particles in the i a size fraction at time t, would be

The selection function may be dependent on the state of the system,

Le.. on the environment of the i a size fraction at time t, and the

breakage function is assumed to be environment-independent. It is

essential that selection and breakage functions be considered average

• Each daIa set consiSlS of a ti:ed aDd product sizc disuibulioD. ID which is associa"'" a bœakase funcliOD aDd
a arindiDB lime (baIch) or teSidcncc lime disaibuùon (CODlÎDIIOus).
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• values for the particles in the size fraction.

The above equation in the matrix form, as suggested by [60J.

follows:

dH
dt = -(B-I) SM

Ha

o 0

5,0

o a

0 0 0 0

bz, 0 0 0

B a bz, 1>,. 0 0

0

bD-l.1 bD-l.2 brt-l.3 0

where M is a column matrix whose first term is the mass fraction of the

first size class and the last, mass in the n-l class. The selection

function matrix is given by the diagonal matrix S, whose elements are rate

constants for the first, second, .. , n-l size classes. The breakage

function matrix (B) is represented by a lower triangular matrix, with the

terms of the j'" column describing breakage from size class j and the terms

of the i'" row appearance into size class i. Hence any term bu refers to

the fraction broken from size class j into class i. l is the identity

matrix. The solution of the above equation is obtained by linear

transformation, using a matrix "T" such that:
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T-' (B-Il .S. T--S

which gives,

where ~(O) is che inicial size discribucion and che columns of T are che

eigenveccors of (B-Il S. The matrices T and T" can be escimaced by a

recurrence formula [61). The only addicional assumpcion made is chac S;

"SJ:ifi .. j.

3 •5 • 5 SCALE-OP tJS:IIiTG POPllLAn:05 BALll1IICB KODKL

populacion balance modelling has been successfully used in ball mill

circuic simulation [62.63). Similar concepcs can be applied in rod

mill modelling and its developmenc; however. the work done in chis

direction is meagre. Use of PBMs in ball milling is outlineà here very

briefly.

The breakage rate constanc (seleccion function) determined in che

laboracory scale batch mill is found to be heavily size dependenc (Figure

3.7 [64) and normally considered co follow power law.

s, • S ,.." Q

where S, is the selection function of the size class i. ,.. (mm) is its

geomean. The above equation shows Chat ~ normally increases with

increasing particle size. This trend reverses beyond a specifie size

class (the value of Q equals 1 for smaller sizes and becomes small for

large sizes) and is dependent of the mill environment; this is attributed

co the difficulcy of nipping particles of comparatively larger sizes and

the higher ener;;y levels required co break che larger particles. The

constant. a. normally varies between 0.5 and 1.5. a characceristic of the
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Figure 3.7: Seleceion funceion and particle size (64).

maeerial: ehe value of B will vary wieh mill condieions. The seleceion

funceion S for a plane mill can be eseimaeed Dy scale-up of laboraeory

deeermined daea. The necessary correceions applied are due to ehe

combinaeion of mill diameeer. ball diameeer. ball and maeerial charge of

ehe mill. and ehe roeaeional speed of ehe mill (65). The overall effece
.

of a mixeure of ball sizes on ehe seleceion funceion in ehe normal

breakage region is eaken eo be ehe linear weigheed sumo
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where m, is the weight fraction of balls of size interval denoted by k and

S~ is the specific rate of breakage of size i by balls of :his size.

The variation in breakage funccion due tO ball and material load and

mill speed is still an unresolved issue (that is why the breakage function

is usually assumed environment independent for ball millsl. Austin [62J

applied the necessary correction tO get the mean value of Bij as follows:

~.
"

S Bt.k J..t.Je

~

where B~ is the cumulative breakage function for size k balls acting on

size j material. In practice, determining B~ for a range of particle and

ball size requires an inordinate amount of work, which is very seldom

performed.

once the model parameters are known, mill scale-up of grinding

circuits can be completed. This also requires a model of classification

(ball mills are normally operated in closed-circuit with hydrocyclones);

many reliable ones are available in the literature, requiring no

additional laboratory test warks. The basic difference between the Bond

methodology of energy estimation and the PBM approach lies in the fact

that the former lumps grinding behaviour in a single parameter. the Work

Index, whereas the second phenomenologically describes the breakage of the

full size range. Surprisingly, the vast majority of ball and rod mills

are still scaled-up using the Bond approach. This can be explained by the

universal acceptance the Bond approach has achieved over the past 50

years, largely on account of its robustness and simplicity. No such claim

can be made for the determination of blasting energy requirements (there

is no established procedure as such), which means that a PBM approach

cannot be ruled out.
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• 4 • 0 HATER:IALS AND !ŒTBODS

4.1 MATR1UAL USED

Samples of four rock cypes, namely, Scanscead granice, gneiss (meca­

sedimencary rock), limescorle and marble, were cesced. The marble sample

was from Mines Gaspé, Québec; che gneiss was from Hemlo Gold Mine,

Marachon, Oncario. The Scanscead granice was from che Beebe region,

Québec, and che limescone from St. Cacherines, Oncario.

Figure 4.1 shows che approximace liChology of che four rock types.

The SCanscead granice is a coarse grained igneous rock wich a slighc

gneissicy. The gneiss is a metamorphic rock wich incermediace sized

grains having well developed foliacion. The limescone is highly

anisocropic in nacure; a well developed conglomerace of differenc minerals

is present irregularly in chis rock cype. The marble is fine-grained,

wich well-defined foliacion planes filled wich fine grained minerals,

including specs of biocice.

4 • 2 ESTIKAT1:OH OP TIIII: WOU: DlDEX

4 .2.1 CBOJ:CB OP JUlPARA'1'IJS

Since che objective of this work is to correlate an index used to

estimate comminution energy requirements to some easily measurable

physico-mechanical rock properties, che various apparati used for energy

index measurements are compared. The Hardgrove Index, as mentioned in the

previous chapter, measures the friability index of soft materials (such as

coal) , and is, therefore, unsuitable. The Bond ball mill test, on the

other hand, is used to measure the work index in finer sizes, 100% -3.36

mm (6 mesh), which is roughly the product of the rod-mill. This size is

too small to be well correlated with blasting energy requirements. The

rod mill, however, with a feed size of 100 percent passing 13.2 mm, is

more suitable, and was our final choice. Bond's pendulum test for
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crushing energy determination [57). with even coarser feeds ttypically -75

mm), would be better suited, but was unavailable at McGill University.

4 .2 .2 DE'rBRMIHATJ:ON OP THE WORlt DlDKlt

The traditional method of Bond index determination is a locked cycle test

which was described in section 3.4.3. The target is to achieve a product

with 50% undersize by weight. For this work, a product size of 1180 ~m.

which is a typical value for this test. was used. The required number of

revolutions was estimated using a population balance model (PBM)'. The

breakage function used for all rock types was that of a sample from

Baskatong Quartz. Saint-Urbain (66). The selection function used to

predict the required number of mill revolution was updated after each

cycle. which provided another basis for determining that steady-state had

been reached. The selection function was estimated using the GWBASIC

software "BALLMILL" and "BALLDATA". developed at McGill University.

The 80% passing size of the fresh feed. FOl' was determined by

screening. The grams per revolution (GPR) was determined at steady state,

when the desired circulating load. 100%. was achieved; the 80t passing

size of the under~ize. POl' was determined by screening the product of the

last cycle. The work index. W,. is then calculated from following formula:

1.102.62.5
4.1

where p is the product size at which W1 is determined (1180 ~ in the

present tests). The steps of the work index determination are shown in

Figure 4.2.

5 The mioœle for usiDg' the PBM is ilS ability ID cooverge ID the correct number of rcvOIUlÏoDS more
rapidly. This beDefit is ID DO avai1 if the bteakage fimctiOD ofeach materiaI œsœd is ID be dctemüDcd. a very time­
COIlSU1llÙl8 rask.
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• 4.3 PBYSICO-IŒCHAm:CAL Ts:STS

4.3.1 STATIC PROPERTIES OF ROCKS

4.3.1.1 QNCONFINED CQMPRESSIVE STRENGIH: The compressive screngch of a

rock as defined by ASTM 2938-86 [671 is che load ac failure per unic

cross seccion area of che core sample. provided che sample geomecry is

according co ASTM or ISRM scandards [681. This is decermined in che

laboracory by a servo-concrolled hydraulic sciff cescing machine (ROP­

2000). A cypical layouc is shown in Figure 4.3. A cylindrical sample of

rock. wich ics lengch co diamecer (54 mm) racio varying becween 2 and 2.5.

is caken as che scandard. The sample ends are maincained flac and

•

perpendicular co che axis wich a lapping machine. IC is loaded axially

using spherical seacing ac che cop under che cescing machine. The

ulcimace compressive scress ac failure gives che unconfined compressive

screngch.

The end effeccs of che rock sample are noc well underscood. If high

friccion is incroduced ac che end planes. a characceriscic shear conical

fraccure occurs giving high value of screngch. However. in case of sofc

capping or in presence of lubricancs becween che placens and che specimen.

che sample splits in censile failure wich a lower compressive screngch.

Th~ larger the sample size. che weaker is che screngch in compression.

This can be explained by weakesc Hnk cheory [281. The bigger che sample.

the greater is the chance of weak link. Moreover. in che case of a large

lengch to diameter racio. che sample breaks in bending before che

development of shear force. A formula is given by Oberc and Duvall [691

co correct che compressive strengch (~) for a lengch (L) co diameter (D)

racio with respecc to 1:1 racio.

0.222
ac·acl"u· [0.778+ L/D 1

A high race of loading cends co increase che compressive screngch of

a material. However. normal races of loading. such as 0.5-3.0 MPa/s. show
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moiscure reduces che bonding screngch, chereby reducing che compressive• no significanc change in compressive screngch [70). The presence of

screngch. Since che excenc of screngch reduccion depends on che rock cype

and che cesc condicion, moiscure should always be reporced. In che

presenc cescs, drY samples were used. In che laboracory cescs che effecc

of macro scruccure on compressive screngch can be assumed co be

negligible. Micro scruccure (Le. che cype of grain, grain size and grain

packing densicyl does affecc che screngch of a rock buc ics effecc is

known only qualicacively. The posc failure behaviour of rock during

compressive screngt:h cesc is guided by che sciffness of che machine. A

sofc machine releases all che energy scored ac failure which exceeds chac

required by che rock sample. The failure is cherefore violenc, due che

excess of energy. In a sciff machine, che energy released by che machine

is noc sufficienc in comparison wich che energy required by che rock

sample. The excess energy available in che rock is used in furcher

deformacion of che rock. In che laccer case, che posc failure CUrve is

scudied by 'servoconcrolled cescing machine.'

4.3.1.2 !ENSILE STRENGTH: The censile screngch of che rock samples was

decermined by the ASTM method, D 3967-86 [7l), by the so called

'Brazilian Test' [72). The rock samples prepared were of approximacely

same lengt:h and diameter (54 mm), as per the ISRM recommendations. The

cylindrical rock specimen, lying On its side, is loaded diamecrically

under compression (Figure 4.4). A vertical fracture develops along the

applied load due to the tensile stress. The tensile strengt:h (ail of the

rock in this test.is calculated by equation:

"e= 2.P
1: .D. t

where P is maximum load at failure, D is diameter of the specimen, and t

is height or thickness of the specimen.
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Figure 4.4: Schematic diagram showing Brazilian test [28].

It should be mentioned that the static strength tests conducted for

the rock samples were performed at random orientation with respect to the

bedding planes (as the core samples drilled from the rock were not

consistent ~ith respect to plane of weakness). The load applied was not

consistent with reference to the plane of weakness. This resulted in

larger than normal scatter in data but it was in keeping with the

intention of obtaining 'global' properties rather than that along any

specific direction.

4.3.1.3 BULK DENSITY: Since the rock samples used for the tests had

regular geometrical shapes, their density was calculated by measuring

their volume and mass at room temperature. The effect of moisture present

at room temperature in the rock was neglected.

4.3.2 DYNAMIC PROPERTIES OF ROCK

The strength of rock is only one of the physical properties defining

its reaction to explosive action. The strength of the rock --e.g.

compressive and tensile strengtbs measured by fracturing the sample-- is

valid for static or quasi-static loads. It may not be accurate in
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•
'describing che response of rock during blascing, an incensely dynamic

process. However, che dynamic propercies of rocks. such as che P and S

wave velocicy and che moduli of elascicicy, reflecc ics screngch againsc

rapidly increasing load and vibracions • such as chose presenc during

blascing. These dynam.'.c propercies were evaluaced by non-descruccive

ulcrasonic mechods for che presenc work. The dynamic elascic moduli can

be calculaced from chree independenc rock propercies. namely che 'P' and

·s· wave velocicies in che rock, and ics bulk densicy. These wave

velocicies are measured by cransmiccing an ulcrasonic pulse chrough che

rock using an electric probe. The oucgoing pulse is dececced by anocher

probe and che movemenc of acouscic wave is observed chrough an

oscilloscope connecced wich che ultrasonic instrument. A typical wave

pulse consisting P and S waves is shown in Figure 4.5.

Comprcssional wavc arrivai

~
pl

1
1

·1
1
1

Shc.1r wavc arrivoil

('
IS
1
1
1
1

Figure 4.5: A typical wave train in an ultrasonic test.
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• By measuring the distance. L (m) and the tioe, T (sec.) required for

compressive or shear pulse to travel through the rock. the corresponding

longitudinal or shear wave propagation velocity can be determined: The

travel time was measured with an oscilloscope having a calibrated sweep

rate by initiating the sweep with the driving pulse and recording the

arrival of the pulse from the transducer.

Cp =!;p (mls)

C = L. (mis)• T

4.2

4.3

where Lp and ~ are the distance traversed by the primary and secondary

waves in a time of 'T'. C; and C, are the 'P' and 'S' wave velocities.

respe.;:tively. Young's modulus. the bulk and shear moduli, and Poisson's

ratio were calculated indirectly by measuring the P and S wave velocities

in the rocks and its bulk density. Due to the inhomogeneity and

anisotropic nature of the rock the wave velocities were measured along

several directions. Moisture content affects the modulus of elasticity;

for this work, dry core samples were tested. If the bulk density of the

rock is P. then the Young's modulus of elasticity (E), the bulk modulus

(K), the shear modulus (Il) and the Poison ratio (v) are given by following

formulae:

y. p. e;. (3C;-4e;l

c;-e; 4.4

Il (GPa) • p.e;
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~-2~

2(~-~)
4.7

These elastic constants are determined without any externally

applied load. In the presence of axial load or confinement. their value

would increase. Details of the experimental procedure can be found in the

ASTM designation D 2845-83 [73].
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• 5.0 RESOLTS

5.1. won:œPEX

A summary of che irnporcanc va:iables - -grindabilicy (grams per

revolucion. GPRl. feed and producc size. Fm and Pm-- and che work indices

of che four rock samples is shown in Table 5.1.

TABLE 5.1.

SllMMARY OF THE WORK INDEX OF TEST ROCK TYPES

Rock type GPR Pm Fm Work Index

Unit (g/rev. ) (rmn) (mm) (kWh/c)

Granite 25.30 0.93 9.74 7.8

Gneiss 14.31 0.84 8.46 10.8

Limestone 7.82 0.96 9.20 17 .0

Marble 6.03 0.91 9.20 19.2

Details of che work index decerminacion of che limescone sample are shown

in Table 5.2 (similar tables for che ocher three samples are shown in

Appendices Al.-A3). These include the original size distribution of the

sample and that of the product of all C}·cles. the selection function of

each cycle (used to calculate the number of revolutions needed for che

following cycle). ·che GPR of all cycles and the size discribucion of che

producc of che last cycle (to calculate che Pm).
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•
TABLE 5.2: Details 01 work Index determlnatlon lor IImestone

Dlam. %SD Cycle 1 Cycle 2 Cycle 3 Cycle 4
(mm) Rev. 120 120 99 104

•

9.5 17.84 0.40 0.35 0.12 0.31
6.7 20.00 1.30 0.29 0.38 0.66 L1mestone
4.8 14.70 2.30 0.58 1.01 0.68
3.4 10.66 5.00 2.15 2.71 2.05 F80: 9200 mleromelre
2.4 7.71 9.72 6.39 6.99 5.71 P80: 960 mlerometre
1.7 6.63 12.85 14.84 16.06 14.\l6 GRP: 7.82 grammes per rev.
1.2 5.26 13.05 20.02 24.00 25.23 P: 1180 micron:etre

-1.2 17.20 64.48 55.38 48.75 50.69 WI: 17 kWh/t
Mass: 1920 grammes

U1 Tot. 100.00 100.00 100.00 100.02 99.99'" grammes per rev. 5.97 7.37 7.62 7.82
Produel slze

DJam. selee. selee. selee. selee.
(mm) lune!. lune!. lune!. lune!. Diam. Passing passing

(mm) grammes %
9.5 0.0316 0.0280 0.0449 0.0322
6.7 0.0321 0.0488 0.0475 0.0379 0.9 133.3 27.64
4.8 0.0332 0.0448 0.0426 0.0510 0.6 79.9 16.69
3.4 0.0228 0.0300 0.0318 0.0332 0.4 58.71 12.26
2.4 0.0170 0.0198 0.0200 0.0210 0.3 43.56 9.10
1.7 0.0125 0.0118 0.0113 0.0119 -0.3 163.33 34.11
1.2 0.0101 0.0084 0.0075 0.0076 Total 478.8 100



• The se1ec~ion function of each cycle for ~he 1imestone samp1e is

shown in Figure 5.1, as a function of partic1e size, on ~ log-log sca1e.

It eventua11y converges tO a constant curve for cycle 4, except for the

t.wo coarsest. size classes, where the limited mass of mat.erial in the

product (0.3-0.6%) makes its determination inaccurate. Simi1ar p10~s for

the other rock types are shown in Appendices A4-A6. Figure 5.2 compares

the abso1ute selection functions (in revo1utiorr') of the 1ast cycle for

the four rock types. Because different masses were used, the selection

functions ISFs) were norma1ized for a mass of 1920 g (used for the

1imestone samp1e) :

SF~ • SF x (actua1 mass/1920 g) 5.1

The norma1ized selection function of the four rock types (last cycle) is

shown in Figure 5.3. As expected, the selection function partic1e size

re1ationship was f~und to be a) size dependent and approximate1y 1inear,

bl materia1 specific (SF 1ine for granite is at higher 1evel than that of

marb1el of simi1ar slope, with no ohvious correlation with the work index

itself. Further there is litt1e difference between the abso1ute and

norma1ized selection function plots, presumab1y because al1 four materia1s

have a similar density, hence simi1ar masses for the Bond test. The

regression output obtained from lnlsizel and ln (selection functionl plot

for both abso1ute and normalized selection function is shown in Table 5.3.
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~1. 5.3 Regression ouepue of ln (size) and ln (SF) relaeionship.

Size vs. Allsoluee seleceion funceion

ROCK Conseane X coeff. r Err. of Y Err. of Conse.

Graniee -3.599 0.673 0.994 0.028 0.036

Gneiss -4.383 0.994 0.996 0.037 0.047

Limeseone -5.147 1.422 0.996 0.047 0.061

Marble -5,308 1.122 0.989 0.064 0.082

Size vs. Normalized seleccion funccion

Granice -3.630 0.673 0.994 0.028 0.036

Gneiss -4.514 0.994 0.996 0.037 0.047

Limestone -5.148 1.423 0.996 0.475 0.061

Marble -5.421 1.122 0.989 0.064 0.082

Limescone has che highesc slope (significancly higher chan che ocher ehree

rock cype). Ic is difficult eo assess che origin of che higher slope, bue

che WI appears beccer correlaeed wich the SF of che 1.2-1.7 mm ehan che

3.4-4.8 mm. This suggests a fissure or ineergrar,ular network chat assises

che breakage of che coarser size class. To investigace furcher chis

correlation, che work indices of the four rock cype were plotCed wich

respecc co che seleccion funccion (OOth absoluce and normalized as per Eq.

5.1) and are sho..-n in Figures 5.4 and 5.5. The work index and ics natural

logarichm were regressed againsc che logarithm of che selection funccion.

The regression ouc puc are shown in Table 5.4.
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Tab1e 5.4 Regression output of logarithm (WI) and logarithm (SF1.

Work index vs. Absolute selection function

Size Constant X coeff. r> Err. of Y Err. of Const.

1.2 mm 0.253 -1.828 0.991 0.088 0.123

1.7 mm -0.233 -1.499 0.988 0.082 0.114

2.4 mm -0.416 -1.272 0.954 0.142 0.198

3.4 mm -0.377 -1.152 0.881 0.214 0.299

Work index vs. Normalized selection function

1.2 mm 0.213 -1.840 0.971 0.160 0.223

1.7 mm -0,272 -1.511 0.961 0.155 0.216

2.4 mm -0.455 -1.283 0.904 0.213 0.296

3.4 '[I"..-n -0.416 -1.164 0.814 0.282 0.393

The logarithm of the WI. rather than the WI itself (regression output of

work index and logarithm of selection function relationship is shown in

Table 5.5), is better correlated with the selection function, normalized

or not for the two finer size classes. There are no significant

differences for correlation for the two coarsest size classes.

Surprisingly, correlation is slightly better for the non-normalised SF,

for either the WI or ln eWI) regressions of all four size classes. The

mes:: significant difference in correlation is associated with particle

size: correlation clearly improves with decreasing particle size. This

yields the highest slopes for the finest size class. with close to the

smallest standard deviation. For example. for regression of the tYPe

ln(SF1-bo+b,.lneW!1. b, - -1.828:0.123 (a relative error of 6.7 %1
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• Table S.S Regression output of Work index and logarithm of SF.

work index vs. Absolute selection function

Size Constant X coeff. r> Err. of Y Err. of Const.

1.2 mm -2.482 -0.142 0.968 0.167 0.018

1.7 mm -2.476 -0.116 0.964 0.144 0.016

2.4 mm -2.300 -0.100 0.956 0.138 0.015

3.4 mm -2.076 -0.091 0.895 0.201 0.022

Work index vs. Normalized selection function

1.2 mm -2.542 -0.142 0.945 0.222 0.242

1.7 mm -2.536 -0.117 0.933 0.202 0.022

2.4 mm -2.361 -0.100 0.901 0.216 0.024

3.4 mm -2: 136 -0.091 0.821 0.276 0.030

for the 1.2-1.7 mm, compared to 1:>, • -1.152±0.295 (a relative error of 25.6

\") for the 3.5-4.8 mm. This is not surprising, given that the finest size

class has the lowest SF; hence, its I:>reakage should I:>e 'rate-limiting' (Dy

analogy with a chemical reaction). This could indirectly support the Bond

approach of characterising I:>reakage with a single parameter, the GPR,

which is the production rate of material finer than the finest size class

(of the oversize) •

5.2 PBYS:ICO-IIBCBAIIIOL PROPBRTmS

The physico-mechanical properties of the four rock types are shown in

Table 5.6; the work index is also shown as a reference (these are plotted

in Figure 5.6-5.15). The static properties are presented first, and
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• dynamic properties second.

deviacion.

Errors are presented as ± one standard

Table 5.6 Properties of rocks

Property Unit Granite Gneiss Limestone Marble

W, MPa 7.8±0.1 10.8±0.1 17.0±0.2 19.2±0.2

CT, MPa 129.9±4.6 50.6±24.S 167 .4±11. 7 147 .2±104.8

CT, MPa 8.2±1.4 5.6±4.3 13.7±1.5 15.5±5.3

l' kg/m' 2643±12 2789±24 2606±27 2864±28

Co mis 4170±100 4770±290 5300±318 5430±170

C. mis 2670±90 3080±1l0 3250±195 2830±85

y GPa 43.44±1.80 60 .45±4 .45 65.98±5.74 60.25±3.0G

K GPa 20.84±2.74 28.18±8.12 36.50±9.83 53.86±5.62

Il GPa 18.84±1.27 26.46±1.90 27.52±3.32 22.94±1.40

" - 0.15±0.05 0.14±0.09 0.20±0.08 0.3l±0.02

'=--
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WI and P wave velocity
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WI and S wave velocity
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WI and Dynamic bulk modulus
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WI and Compressibility

CompresslblIIty (1/GPa)
0.06. 1

•

...
10

0.05

0.04

0.03

Granite

Gneiss

Llmestone

Marble

0.02 t- ............................................................•....

0.01 1 1 1 • 1 1 1 1 J

5 7 9 11 13 15 17 19

Work Index (kWh/t)
Figure 5.13



e •
WI and Shear modulus
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6.0 DISCUSSION

6.1 WORlt DlDBX

6.1.1 Errer ADa1ysis

The effec~ of random error associa~ed wi~h sampling and actual ~es~

(screening and grinding) in ~he determination of work index has been

analyzed by Laplan~e et al. (74]; :hey did no~ discuss if the error

(s~andard devia~ion) is constan~ or propor~ional to ~he work index.

However. for each ~ype of error. ~his is self-eviden~. For example. the

error associa~ed wi~h the number of revolu~ion obviously has a cons~an~

absolute s~andard devia~ion·. Table 5.6 shows ~he assumed errors for ~he

four rock ~ypes.

The effect of ~he sys~ema~ic error rela~ed to ~he weight used to

perform ~he ~est· and the size dis~ribu~ion of the fresh feed was

determined for a quartzi~e sample from Baska~ong (Québec) (64] (~his is

~he sample with which ~he breakage func~ion used for ~his work was

de~ermined). It was conclud~d tnat the mass used (determined as having a

volume of 1250 ~ in a graduated cylinderl had li~tle impact on ~he

calcula~ed work index. as McIvor (75] had proposed. The effec~ of feed

size dis~ribution was negligible for F., approxima~ely above 9.5 non. as

were all four samples used for this work. Consequen~ly. these errors were

no~ considered in ~his work.

6.1.2 LiJlk to ~tiCl1 Ba1ance 1Iode11:l.Dg

The use of PBMs ~o predict ~he required number of revolu~ions ~o

achieve ~he ~arget size dis~ribu~ion (i.e. Sot undersizel was p~icularly

powerful. as the number of required cycles was reduced from ~he usual

6 As opposed 10 Ibc relative SIaDdard dcvia!iOD, cquallO Ibc absolUle SIaDdard dcvialioll divided by tbe
c:oncspo....;llg mcasurcmcm. 111 praclic:c. Ibc wotd 'absolUle' is dropped, aDd wc œfer 10 ilas Ibc SIaDdard dcvialioll
vs. Ibc relative SIaDdard dcvia!i0ll.
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• eight to four or five. However. the savings in time were largely lost to

simulation; this could be avoided with a more user-friendly package that

would incorporate not only the steps performed by BALLMILL and BALLDATA.

but an automatic search of the rcquired number of revolutions.

Nevertheless. PBM still offers more advantages. such as a reduction in the

required mass (because steady-state is achieved in fewer cycles). and an

additional criterion to assess if steady-state was achieved (the selection

function). This is illustrated in Figure 5.1; the selection function

converges rapidly. even after only twO cycles. For all four rock types

the seleCtion function of the tWO coarsest size classes shows more

variability. as they hold little mass at the end of the cycle. and can be

significantly affected by the accumulation of the material in the dead

zones at the ends of the mill. However. these selection functions have a

high value. and correspond to the coarsest size class; thus their content

at the beginning of the cycle is rapidly ground into finer size classes.

and impacts little on the predicted size distribution of the product.

Selection functions are inherentlya measure of grindability (--i.e.

in terms of grams per unit time per gram of material in each size class).

The work index is itself a measure of grindability. as it is moSt affected

by the GPR term in Equation 4.1 (i.e. for a given feed size. Fm. and size

at which the work index is determined. P. the product size. Pm. is

remarkably constant for most materials). It follows. then. that the work

index and the selection function of materials should be closely correlated

<see Figure 5.3). especially if the selection function is corrected for

mass (even the non-normalized selection functions display good correlation

with the work index. Figure 5.2). This also suggests that the mill scale­

up using the PBM should be possible. as postulated by Austin et al [62].

Herbst & Rajamani [63] and Hodouin and Bêrubê [57]. The work index

remains the favoured method. not because it is more reliable (although it

probably is as of. today), but because it is far simpler. and generally

proves adequate. the most famous exception to this rule being the
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• Bougainville •scare' [76 J'.

6.2 PHYSJ:CO-KECHlUf.I:CAL PROPERTJ:BS

Errors encouncered during cescs of physico-mechanical propercies of

rock are mainly associaced wich sample excraccion. sample preparacion and

measuremenc. The errors incurred during descruccive cescs (unconfined

compressive and censile screngch cescs) are due co all che faccors.

However. for non-descruccive cescs (e.g. P and S wave velocicy

measuremenC). measuremenc errors can be minimized using a large number of

repeacs. For dèrived propercies such as moduli of elascicicy and

Poisson's racio. error propagacion was escimaced using firsc order Taylor

series expansions.

6.2.1 COIlIPreaaive Strength: The scandard deviacion of compressive

screngch is highesc for che marble and gneiss samples. due co che well

defined and inc1ined weak planes in Che former. and che large number of

inc1ined foliacion planes presenc in che laccer. For che granice sample.

reasonab1y homogenous and free from weak planes. che scandard deviacion is

much lower. For che limescone sample. large bedding planes were presenc.

buc affecced compressive screngch liccle. as ic was measured along ~he

normal to the bedding planes. lt can be concluded that the compressive

strengch depends only marginally on density and grain size. lt is largely

dependent on the scructure of the sample and its oriencation with respecc

co cl~~ direction of loading. No significant patcern was found between che

work index and the compressive strengch. as shawn in Figure 5.6. The

regression output of work index with respecc to compressive strengch ac

different scale (linear-linear. linear-logarichmic. logarichmic and

7 It was lbcn believed tbat Ihe Bollll approach would fail for large diamew mills [77]. A numbcr of
cxp1aDatiODS wcre ptoposcd [781; amusiDgly. Ihe problem did IlOt arise again. and allhough academic inœtest for
PBM as a scalc-up approacb survived. ptllCtilÏOIICtS aIe still using Ihe Bollll approach tDday.,
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log~rithmic-logarithmic) is shown in Table 6.1.

Table 6.1 Work index (kWh/tl and unconfined compressive strength IMPal

Combinations C011SL X Coclf. r ErToCY ErT Const..

WI-a, 50.85 5.323 0.305 52.23 5.69

WI-ln(a,) 4.034 0.051 0.242 0.58 0.06

ln(WI) -a, -30.29 60.29 0.240 54.59 75.77

ln(WI) -ln(a,l 3.316 0.552 0.178 0.605 0.84

Column 1 shows the different combination of X and y axes using natural

logarithm. The constants and the X coefficients are in column :2 and 3.

The correlation coefficient (r). standard error of Y-variable estimated

and the error of the constants are shown in column 4. 5 and 6. No

significant correlation is found. which confirms the lack of pattern of

Fig. 5.6.

6.2.2 Tenaile Str~: The measured tensile strength of the gneiss and

marble samples displayed a high standard deviation. That of the limestone

and granite samples was low. These differences are probably due to the

same considerations as for the compressive strength test. The wide

variation in the results could have been compensated by testing a very

large number of samples. which was not practical. Figure 5.7 shows tbat

work indices and the tensile strengths are slightly correlated for the

four samples tested. As tensile strength depends on the we~est plane

present in the rock rather than overall strength of the rock (grindability

vis-a-vis work index in the present case). this result is very plausible •
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• Table 6.2 Work index (kWh/c) and censile screngch (MPa)

Combinacions Const. x Cod!". r? En-ofY En- Const.

WI- CT, 0.005 0.785 0.805 2.511 0.273

WI-ln(CT,) 1.27 0.075 0.714 0.308 0.033

ln (WI) -CT, -13.53 9.503 0.726 2.975 4.130

ln(WI) -ln (CT,) 0.0001 0.899 0.631 0.350 0.486

The scaciscical analysis of WI and censile strength for differenc

combinat ions of 10garithmic and direct regressions is shown in Table 6.2;

ic confirms the exiscence of a slight correlation.

6.2.3 BuJJt D....ity, The 10w densicy of limestone. 2606 kg/m'. may be due

to the presence of excessive weathered zone. The bulk densities measured

were associated with the lowest standard deviations. In fact. the four

rock samples have very similar bulk densities. to the extent that they can

be considered virtually identical. Future work could incorporate it as an

inpuc variable. by using moterial such as iron orp or massive sulphides.

As bulk density is not a mechanical property. ic is almost independenc of

amount and orientation of weak planes present; in the sample. However, the

work index may be considered to be representative of physical as well as

mechanical property. Thus, one would not expect a strong correlation

between bulk density and work index (Figure 5.8). The regression output

of WI and density plot is shown in Table 6.3. and confirm the absence of

correlation.
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• Table 6.3 Work index (kWh/cl and bulk densicy (kg/m')

Combinacions COllSL XCoeIl: r= Err orY Err COIlSl.

Wl-p 2617.2 7.90 o.ll9 139.6 15.20

Wl-1n(p) 7.87 0.003 0.ll3 0.051 0.006

ln(Wl)-p 2469.1 100.3 0.ll8 139.7 193.9

ln(Wl) -ln(p) 7.818 0.036 0.ll2 0.051 0.071

6.2.4 Seismic Velocity (p and S w&ves): lt was found chac the velocicies

of seismic waves . (especially P wave) are higher fo= fine grained rock

(grain size is coarsest for granite. intermediate for gneiss. f:ne for

limestone and finesc for marble). These wave velocities vs. work indices

plots are shown in Figures 5.9 and 5.10. respectively. The P wave

velocity is almost linearly related with work index. buc the S wave is

noc. This relationship does not appear to be affected by the presence of

Table 6.4 Work index (kWh/tl and P wave velocity (m/s)

Combinat ions COllSL X CoeII". r= Errorv Err COllSL

Wl-c;. 3469.06 105.73 0.953 152.50 16.60

Wl-ln(c;.) 8.194 0.022 0.938 0.037 0.004

ln(Wll oc;. 1413.40 1371.23 0.986 82.56 ll4.61

ln (Wl) -ln(c;.) 7.764 0.286 0.977 0.022 0.031

discontinuities or weathering zones as it is present in gneiss and

limestone (variations in velocity are significantly lower than variations
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require more data for confirmation and to idencify whac i5 the nature of• in mechanical properties) . Correlation between P wave and WI would

the actual relationship (log-log, semi-log, or linear). The regression

output of the work index and P and S wave velocities correlationship is

presented in Table 6.4 and 6.5.

Table 6.5 Work index (kWh/cl and S wave velocity (rn/sI

Combinations Const. XCoctl: r' ErroCV Err Const.

WI-C, 2696.85 19.03 0.153 290.64 31.64

WI-ln{C,) 7.899 0.007 0.159 0.098 0.011

ln (WIl -c, 2204.65 1294.61 0.226 277.88 385.72

ln(WI) -ln{c,l 7.73 0.102 0.234 0.094 0.130

6.2.5 Dynamic Elastic P:qperties

al YOUNG' S MODULUS: The dynamic Young' s modulus of elasciciey, y, for

graniee, gneiss, limeseone and marble shows some correlaeion eo ehe work

index, as shown in Figure 5.11.

Table 6.6 Work index (kWh/el and Young's modulus (GPal

Combiuaeions Conse. X Coctr. r' ErroCV ErrConlL

WI-Y 38.44 1.39 0.573 7.827 0.851

WI-ln{Yl 3.68 0.026 0.575 0.147 0.016

ln(WIl-Y 8.36 19.24 0.672 6.85 9.51.
ln(WI)-ln(Yl 3.11 0.363 0.674 0.129 0.179
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The correlation, however, is we~k: the dynamic Young's modulus of the

gneiss, limestone and marble samples is similar, although their work index

ranges from 11 to 19 kWh/t. It can be concluded that the dynamic Young's

modulus is not truly representative of grindability or overall strength.

The regression parameters obtained with various combinat ion of WI and

Young's modulus are shown in Table 6.6, and confirm the weak correlation.

bJ BULK MODULUS: The bulk modulus of elasticity, K, shows better

correlation with the work index, as shown in Figure 5.12. The inverse of

bulk modulus --i.e. compressibility shows a linear decreasing trend with

respect to work index (Figure 5.13l.. Inspection of Eq. 4.5 shows that K

Table 6.7 Work index (kWh/tl and bulk modulus (GPal

Combinat ions Const. x Coclt r E:<ory E:<Const.

WI-K 0.417 2.513 0.881 6.00 0.654

WI-ln(Kl 2.48 0.073 0.936 0.124 0.014

ln(WIl-K -45.16 31.31 0.841 6.93 9.62

ln (WIl -ln (Kl 1.117 0.929 0.920 0.139 0.193

is primarily dependent on c" (because c" is on an average 1.8 times higher

than C. for most homogenous rocks, which is similar to what was observed

for the four rock type --Table 5.6l. It is, therefore, not surprising

that K is slightly less correlated with work index than c". A statistical

analysis of the regression between the WI and the bulk modulus for

different combinat ions of axes is shown in. Table 6.7; correlation is high,

but not as high as for the P wave velocity (Table 6.4).
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• c) SHEAR MODULUS (OR MODULUS OF RIGIDITY): The shear modulus or modulus

of rigidi"y, ~, shows "he same rela"ionship wi"h "he work index (Figure

5.14) as Young's modulus. Therefore, i" also fails "0 represen"

grindabili"y (as Young' s modulus did). The s"a"isücal analysis presen"ed

in Table 6.8 confirms "his observa"ion.

Tab1e 6.8 Work index (kWh/") and shear modulus (GPa)

Combina"ions Coas>. X Cod'C. r morv Err COnsL

WI-~ 19.22 0.345 0.217 4.251 0.463

WI-ln(~) 2.95 0.016 0.244 0.183 0.20

ln(WI) -~ 10.61 5.21 0.306 4.003 5.56

ln(WI)-ln(l') 2.55 0.239 0.336 0.171 0.237

d) POISSON'S RATIO: Poisson' s ratio obtained by dynamic tes"s, v, vs. WI

is plotteù i .. FigUre 5.15. Poisson's ra"io shows sorne correla"ion wi"h

work index: the two lowest WIs correspond to the two lowest vs, bu" "he

order is reversed. The two highest WIS also yield the two highest vs bu"

the difference between these two values of v, a relative 50 t, is much

higher than the difference between the two values of W" a relative 15 t.

The pattern looks to be opposite and a mirror image of the relation

obtained in the case of Young' s and the shear rnodulus. The poisson' s

ratio of marble is the highest and that of the granite is the lowest,

Again, the level of correlation can be explained by the ctependence

of v on C; and c.. Eq. 4.7 shows that the contribution of C. is as

important as that .of C; (contrary to K, where C; was more important). This

yields a poorer correlation between v and ~ than what was observed for K.

The results of the regression analysis of WI and Poisson' s ratio for

different combinations of axes (linear, logarithmic or both) are
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shown in Table 6.9.

~ Table 6.9 Work index (kWh/C) and Poisson's racio

Combinacions Consc. X C<>df. r ErroCY Err Const.

WI-" 0.029 0.013 0.732 0.050 0.005

WI-ln(v) -2.47 0.060 0.782 0.204 0.022

ln(WII-v -0.187 0.152 0.650 0.057 0.079

ln(WI)-ln(v) -3.49 0.719 0.699 0.240 0.333

6.2.6 Summuy

Altoget~er nine different rock properties were compared to the work

index. The densiry and the compressive strength were found to be

independent of the work index (liI). The tensile strength was found co be

slightly co=elated with the liI. The WI is found to have an approximat~ly

linear trend with P wave velocity. and virtually no co=elation with S

wave velocity. The moduli of elasticity calculated from P and S "ave

velocities show co=elation with the WI which depends on the extent of the

mathematical dependence on P wave velocity. Physically. K characterizes

the behaviour of rock under compressibility. which represents mest the

type of stress applied in tumbling miUs. It may. therefore. not be

surprising to observe a better co=elation with rhe liI. In the following

section the use of work index in blast energy calculation ~s discussed in

detail.

6.3 PRAGMKR'1' SIZB ABD BIilBRGY ~OIII DT BLASTDTG

6.3.1 A ca8e .tudy:

To compare the fragment size and specific grinding energy

(calculated from Bond's law) with respect to blast results and explosive

energy. a blast conducted in a limestone quarry in southern Ontario WaS
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sample of che limescone was selecced for che decerminacion of che work• selecced as a case scudy [79). This is che same quarry from which che

index and physico-mechanical propercies. A brief descripüon of che

explosive cypes. blase geomecry and che blase resulcs are presenced below.

The quarry employs a single bench and che blase consisced of 36

hales, iniciaced wich shore period deconacors in a scaggered 3";row

paccern. The burden, spacing, collar lengch and che bench heighc were 2.4

m, 2.7 m, 1.2 m and 6.3 m, respeccivel)'. Each 75 mm diamecer borehole

wi~h no subgrade concained on average 22 kg of 65 mm diamecer deconacor-

sensicive plas~ic-wrapped explosive. The coupling ra~io achieved was

abouc 92 %. The explosive cypes used were emulsions wich vllrying aluminum

con~en~s. The calcula~ed and measured de~onacion propercies of che

explosives are shown in Table 6.10. The sum cocal of shock energy

(capacicy of doing work by high amplicude scress waves resulcing from che

deconaüon of che explosive), and bubble energy {capacicy of doing work by

highly pressurised expanding gas produced following che shock wavesl gives

rise co che cocal measured energy. The racio of calculaced •ideal' energy

(calculaced from chermodynamic equacionsl co che cocal measured energy

Table 6.10 Paramecers showing explosive propercies [791.

Explosive Emulaioll'I(O"AlI Emulaioll n (5" AI)

Density (taIm') 1120 1150

Bubble Energy ('01q) 1.65 1.85

Shock Ene~ ('01q) 1.11 1.24

Total measured energy ('01q) 2.76 3.09

Calculated ideal energy ('01q) 2.88 3.65

Energy efficiency ("l 96 85
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• denotes the 'efficiency' of the explosive energy release. This is in fact

the 'actual' energy released by the explosive in that diameter. As an

example the emulsion #2, of density 1150 kg/rrr. has 1.85 and 1.24 MJ/kg ~f

bubble energy and "hock energy, respectively. The calculated ideal

energy. 3.65 MJ/kg, results an efficiency of 85 t in such a small diameter

of explosive.

The blast results were analyzed and quantified according to relevant

parameters. These included the face velocity, ground vibration, height

and throw of muck 'pile, bac'<break and the fragmentation achieved. These

parameters are shown in Table 6.11.

The size distributions from the resulting blasts were measured by

photographic analysis by means of a 1.33 m x 1.83 m plastic grid (each

grid measuring 0.61 m x 0.61 ml, placed at random at numerous sites on the

muck pile. A schematic layout of the blast pattern showing the initiation

sequence of the boreholes, the profile of the muck pile Obtained after the

blast and the fragmentation characteristics of the blast is shown in

Figures 6.1-6.3.

~1. 6.11 Parameters showing blast results [79].

Explosive Emu1Iioa'1 (0 ~ AI) Emu1Iioa'1 (5 ~ AI)

Maximum throw (ID) 21.0 32.0

Height of muck pile (m) 5.0 3.8

Baclcbrealt (m) 0.5 1.5

Face velocity (mJ~ 8.0 11.3

-
Fragment size. POl (ID) 0.92 0.66

Vibration level (~) 100 125
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•

Figure 6.1: Typical blast pattern of the case study [79].
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Figure 6.2: Profile of the muckpile after the bl~st [79].
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90



6.3.2 Bnergy Utilisation in Blasting:

The energy breakdown of the test blasts in question is analyzed in

terms of amount of explosive per borehole (kg). powder factor (kg/tl.

theoretical ideal energy (MJ/t) and actual measured energy (MJ/tl. These

parameters are shown in Table 6.12.

Table 6.12 Calculated parameters based on the present work.

Explosive EmuIaion,1 (0$ Al) Emulsion 12 (S$ Al)

Explosive (q/boIc) 21.36 21.93

Rock blasted ~) 106.3 106.3

Powder factor (\:lIt) 0.20 0.21

Ideal energy (MIll) 0.58 0.76

Actual energy ""lU 0.55 0.64

-. (0.15) (0.18 )

Since the blast geometry is the same for both the explosives (106.3

t of rock blasted per borehole for both) , the explosive content per hole

differs very little as the twO explosives have virtually the same density.

As a result the powder factor lkilogram of explosive spent in blasting per

unit weight of rock) is almost identica1 10.20 and 0.21 kg/tl. However,

the ideal energy density (theoretical energy per unit weight of rock

blasted) and the actua1 energy density (ca1cu1ated from the measured

energy in MJ/t) come out to be very different lenergy densities of 0.55

vs. 0.64 MJ/t, because of the higher energy content in emu1sion #2). It

has to be noted that the explosive energy is responsible for the •overall ,

blast results. These include, as Table 6.11 shows, fragmentation, heave,

as well as blasting vibrations and air overpressure, in addition to
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• significant energy losses through heat and stemming ejection. Although,

in a properly designed blast, a major fraction of the explosive energy is

utilized in producing fragmentation, it is by no means the only usage of

the explosive energy. In fact, a significant fraction of the energy is

'lost' through elasto-plastic deformation of rock. ground vibrations and

air shock (from high velocity gases escaping through cracks and stemming

ejectionl. and heating the surrounding rock.

The different energy densities result in smaller fragments (P~ of

0.92 vs. 0.66 ml. larger throw. backbreak. face velocity and vibration. as

shown in Table 6.11. Clearly specific energy. and not powder factor.

should be the basic measure of energy input in blasting.

6.3.3 Blast operating work iDdlax:

In this section the concept of work index is applied tc blasting for

the prediction of.the fragment size distribution {given a certain energy

densityl or the explosive energy required to achieve a given fragment size

distribution. The operating work index calculated for either blast can be

used to predict the fragment size (Ba % passing) for the other blast by

assuming the energy partitioning behaviour of the explosive to be the

same. Similarly for the known operating work index of the blast the

explosive energy requirement can be estimated for different product size

and blast geometries. Further. as discussed in chapter 3. the ratio of

operating work index to the laboratory determined work index can also be

used in evaluating the efficiency of a blast. The operating work index

{kWh/tl of a blast can be calculated by knowing total energy spent. W

{kWh/tl. the feed: size. FIO {"ml. and the product size. PlO {"ml. The

equation 4.1 follows.

la {_l l_l

p;;, .pt;
6.1

This analysis depends on an accurate measure or estimate of feed

92



• size. The assumpcion of feed size. F~. as infinicy [8.50) as well as chac

guided by drilling and firing paccern have been examined as possible

approaches. In che firsc approach che operacing work index for che cwo

blases is escimaced ac 13.4 kWh/c and 13.1 kWh/co (che laboraco~ WI. 17

kWh/c, is approximacely 30 t higher chan che operacing work index) and is

in good agremenc wich earlier published blase work indices. one conducced

ac che Taconice iron ore quarry of che Mesabi range near Aurora. Minnesoca

[50], and che second ac che underground Chriscmas mine of Inspiracion

Copper Company of Arizona [8].

In che second approach che F~ is assumed co be che arichmecic

average of the effective burden and eff.ective spacing. For che case

studies in quescion, these are 0.9 m and 7.1 m, respeccively. The

effective burden "is taken to be 10 t larger than che actual distance

between successive firing lines, perpendicular to the direction of Chrow.

The additional amount is intended to incorporate the extenc of backbreak

behind the row of blast holes. The operating WI cornes out tO be 25.7 and

22 kWh/t for the two blasts, respectively (50 and 30 t higher than the

laboratory rod mill work index, 17 kWh/tl. At this stage of the

investigation, it is not possible to state categorically chat one approach

is better then the other. Both approaches (' infinite' feed size vs.

average of 'effective burden and spacing') show significant discrepancy

. between laboratory WI and actual blast WI. Although the resulcs obtained

with an infinite feed size are in good agreement wit~ previous work, and

the choice of infinite feed size has less built-in subjecCivity. we know

it to be incorrect as energy utilisation <and to sorne excenc.

fragmentation) would then be largely independent of actual blasting

pattern and rock structure". The latter approach has the advancage of

incorporating actual blasting pattern and joint spacing. but is somewhat

subjective because it implies that there is. actually a physical

discontinuity in rock mass coincident with effective burden and spacing.

1 1bc effect of drilliDg paItCm could Ile iDcorpotaœd iDIo the BoDd approach witb the 'WJ",,' l1Itbcr thaD F~.

This bas becn the choice of commjmIC."riOD eugineers wbcD evaluaàDg the impact of circuit cfliciency.
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• Clearly, the proper choice probably lies some~here in between. However.

what is most encouraging and obvious is that both approaches are within

reasonable range of energy use.

The differences in work indices raise question whether the blast

operating work index is primarily a function of rock properties or

blasting paramete,s. Much additional work involving full-scale blasting

trials would be needed to establish a realistic feed size (if it exists)

as a function of blast geometry and rock structure.

6.3.4 Sstimation of fragment si:.:

Based on the operating work index of emulsion #1, 13.4 kWh/t, the

predicted product size for emulsion #2 (feed size of infinity. the total

energy input. W. of 0.178 kWh/t are used as inputs in Bq. 6.1) cornes OUt

tO be 0.69 m. as compared tO the aCtual blast fragment size of 0.66 m. A

similar asreement is achieved when' performing the reverse operation"

(within the range of ± 5 't deviation than the measured size). This

agreement is hardly surprising given that the operating WI is very similar

for the tWO blasts. However. in the second approach of finite feed size.

(Fm of 4.05 m) and the operating work index of emulsion. #1. 25.7 kWh/t.

results the product si:e of 0.79 m for emulsion #2. A similar agreement

is achieved when performing the reverse operation (within the range of ±

18 't deviation from actual measured size). For the two explosive types.

the measured and predicted fragment size. percent deviation and the work

index used for both the approaches are shown in Table 6.13.

The noted discrepancy.in measured and predicted size could be due

not only to the absence of a proper method of calculating effective feed

size in blasting (which may be some intermediate size between infinity and

the average of the effective burden and spacing) but also due tO the

implicit assumption that the 'blasting' and 'comminution' work indices are

" 1bc = opemIÏOII (work ÏDdClt of emulsiOIl if}. as a refcrcnce) docs IlOt give ail additiollll1 daIa set. but
shows !bat eitber blast could bave bccII uscd as a tefe=ce.
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• Table 6.13 Prediction of fragment size. P~ using the blast

operating work index for different feed size. F ~.

Feed size, m
_..

WI used. kWhfl P~pr<di_.m t Dc:viatioo

#1 13.1 0.88 -5

Infinite
#2 13.4 0.69 +5

"''' of e&c:l.iw 8IWcIll+SpIcira #1 22.0 0.78 -15

#2 25.7 0.79 +20

exactly equivalent: in fact. Figure 3.3 suggests that the r~lationship

between particle size and energy input should have an exponent closer to

Kick' s law than Bond' s law. The much higher strain rates of blasting may

also affect the nature of the relationship.

6.3.5 BstimatiOD of explosive .cergy:

In this section, a method is proposed to predict explosive energy

requirements (in terms of MJ/t of rock blasted or kg of explosive per

boreholel as a function of the operating work index of the blast. The

explosive energy is calculated with reference to emulsion #2 by using its

density and actual. energy density factor as shown in Table 6.10. A finite

feed size'· equal to the average of the effective burden and spacing, 4.05

m, and an operating work index of 22 kWh/t calculated for second blast

with emulsion #2 are used as inputs in Equation 6.1. Energy requirements

in terms of kWh/t, MJ/t and kg/hole of emulsion #2 required for different

product sizes, Pm, of the limestone rock type are ie shown in Table 6.14.

,. The samc exercisc could be rerfolDled with aD iDfiDilC f=d sizc.
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• Table 6.14 Explosive energy requirement for different product sizes for

limestone (feed size, Fm equal to 4.06 m, w,~ equal tO 22 kWh/t).

........... m ErIaI1. W l\WlIIIl EDan. W (Ml/I) ~(q/llCIk)

O.SO 0.150 0.542 lS.6

0.70 0.169 0.609 20.9

0.60 0.192 0.692 23.7

0.50 0.222 O.SOO 27.4

The required emulsion (kg/hole) shown in column 4 of the above table

implies that the same blasting pattern (borehole diameter and burden­

spac1ng) can not be employed for aU desired product sizes (or, at

constant product sizes, with rock types of different work index). It may

be physically impossible to increase the charge weight in a borehole in a

major way, as it is constrained by the borehole diameter and the bench

height. In this case, one would have to recommend a larger borehole

diameter or reduced burden and spacing, or a more energetic explosive. Of

course, any change in explosive type or diameter may require modification

tO the energy balance shown in the Table 6.10. As discussed earlier,

increasing borehole diameter leads more ideal behaviour from the

explosive, which would affect the energy-size reduction.

Similar to the exercise shown in Table 6.14, the explosive energy

(in terms of MJ/t or kg of emulsion per borehole) for a specific rock type

(limestone in this case) and for a specified product size (Pm-0.66 m) can

also be calculated for different blast geometries (assuming the same

firing sequence). The average of the effective burden and spacing (feed

size, Fm) for blast geometries of 2 m X 2.5 m, 2.4m X 2.7 m, 4 m X 4 m,

6 m X 6 m comes oût'to be 3.4 m, 4.1 m. 6.6 m and 9.9 m. respectively.
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• The cocal energy required in cerms of kWh/Co MJ/c and kg of explosives

(emulsion #2 in che presenc case) is shown in Table 6.15.

Table 6.15 Explosive energy (MJ/c or kg of explosive/hole) for different

feed sizes (Fm) in limescone (producc size. Pm equal co 0.66 m) .

F.s aC&. F. (m) W""",," W(MJI'l.) --,
3.4 0.129 0.600 20.6

4.1 0.137 0.640 21.9

6.6 0.158 0.733 25.1

9.9 0.171 0.795 27.3

The variation in explosive energy per borehole for the above cwo

cases--i.e. with respect to product size. Pm and feed size. Fm. are

shown in Figure 6.4.

Since the laboratory WI differs significantly from the operating

work index. the laboratory WI alone cannot be used in predicting explosive

energy requirement. Assuming the ratio of the operating WI of the second

blast (calculated with Fm-4.05 ml te the laboratory WI. 1.3 (the ratio

might be due to the scale difference between laboratory WI and actual

blasting WIl. to be the same for all rock types. the energy requirement

with reference to emulsion #2 can be calculated. Table 6.16 shows the

required blasting energy for a product size of 0.66 m. for the other three

rock types.
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• Table 6.16 Explosive energy requirements per borehole

for different rock types (Fm-4.06 m; Pm -0.66 ml.

OOCKTYPE W, ('t\Vblt1 WIMJJ\l W(MJI1I f.mabk:o (q.IIloW)

Granite 7.8 0.082 0.294 10.2

Gneiss 10.8 C.ll3 0.407 14.9

Limest.one· 17.0 0.178 0.640 21.9

Marble 19.2 0.201 0.723 27.2

{w: usea as a reterencel

6.3.6 COlIIlIl8DtS:

The selection of feed size. Fm. in the above calculations is very

critical. The Fm should take into account the macrostructure of the rock

as well as the blast pattern. For this work. only the latter was

considered. as no rock macrostructure information was available (nor is it

known how this information would be used. if available). This should be

the focus of future work.

An alternative tO using a Fm strictly defined by burden/spacing is

its back-calculation from Equation 4.1. using the laboratQry work index.

W,. and specific ~last energy input. Wll • Equation 4.1 can be rewritten

as:

F'D~ • <_1_
.p;;

1
W )2

- 10Wl

This yields for the two blasts of the case study Fm<l1 values of 21 m and

Il The implicit assumption is !bat the Iabozarory roc! miJl Wl caD bc used for blasliD& WI. or convcrscly, !bat
the diffeJ:e.oce betweeD the twO CID bc raIœD ÏDlll accollDt adequately iD the ?., œrm-i.e. usiDg the coDCCpt of
'effeclive feed size.' F.,d1.
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• 13 m. respectively. a value intermediate between infinity (Le. che

cheoretical value) and che average of burden and spacing; chis is the

expecced outcome. alchough ic greacly exceeds che geometrical limit of che

blast dimension.

The error in F",'" can be escimaced from che errors in P"" W and W,

using Taylor series, che variance of F",'" is equal co:

Whereas the standard deviation (SOI of the first two variables can be

estimated quite readily, that of W, raises an additional problem. The SO

of che actual laboratory WI determination has been escimated at 0.14 kWh/C

for a WI of 14.19 kWh/t by [74]. To the 'pure' laboratory error should be

added a second error which relates more to differences between the

laboratory rod mill WI and the operating blast WI. This second error is

of course impossible to estimate at the present time, but is expected to

exceed the first significantly. To estimate the SO of F",otl we will use che

same relative SO of la " for a11 three independent variables (P"" W and

w,l. Table 6.17 shows how the errer (or standard deviationl on W, W. and

P", propagates into the standard deviation of F",otl. The overall standard

deviation in F",otl is of the same order of magnitude as F",otl itself (15 m vs.

13 ml, and is largely a function of the standard deviations in total

energy input, W or work index, w, (since both are linearly related the

fractiona: errors shown in column 2 and 3 of the last row of the Table

6.17 are the samel. The error in the P", is clearly less critical.
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• Table 6.17 Fm values, standard deviations and the error propagation

with respect tO energy factor, W, work index, W" and product size, Pm.

x W, kWh/t W" kWh/t Pm, m Fa)cfT. m

Value 0.18 17.0 0.66 13

SD ( 11) :l: 0.02 :l: 1.7 :l: 0.07 :l: 15

(aFm/aX) , 25xlO" 25xlO" 0.7xlO· 1

(aFm/aX)'.17' (in m') 91 91 32 214

This observation is based on an extremely small data set. and would

have to be validated by future work. What would be of particular value is

an exploration of the relationship between Fm"'. blast operating work

index. blasting pattern and possibly rock macrostructure.
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• 7 • 0 CONCLUSJ:CNS

The rod mill work index of four different rock types with very

diverse lithological and mineralogical characteristics has been correlated

with their strength and seismic properties.

It was found that the 'static' properties such as the unconfined

compressive strength, were poorly correlated; the tensile strength was

slightly correlated. In contrast, the 'dynamic' properties Ce.g. seismic

velocities and elastic moduli) had much better correlation. Of these the

P-wave velocity and dynamic bulk modulus (or compressibility) were shown

to have the best ~orrelation with the work index. P-wave velocity and

bulk modulus are more easily measured than the work index; in sorne

applications work index measurements could therefore be replaced by P wave

and dynamic compressibility measurements.

The work index determined in the laboratory has been further

utilized to seek a quantitative correlation between size reduction

achieved in laboratory grinding studies and that achieved in rock

blasting. This has been carried out through a case study of two well­

documented blasts, for which the energy characteristics of the explosives

and rock properties (one of the four rock samples used in this work) were

thoroughly quantified.

Direct comparison between tne blasting operating work index and

laboratory determined work index or, conversely, between actual blasting

energy and comminution energy (calculated from the laboratory determined

work index) showed the differences to be lower in the case of feed size of

infinity (theoretical value) and higher in case of feed size defined Qy

effective burden/spacing. In fact, choosing an intermediate feed size to

calculate the blasting work index would yield a value equal to the rod

mill work index, for this case study. Further it was found that the

laboratory work index cannot be used alone in fragment size prediction
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and/or explosive energy estimation unless corrected for the blasting work

index. The correction factor may be applied to the laboratory work index

(1.3 as shown in this studyl when used with finite feed size, an average

of effective burden and spacing, or, to the feed size" when used with

laboratory work index.

The two main objectives of the investigation have thus been

•fulfilled,' albeit the first with only a limited data base, anù the

second in an illustrative rather than demonstrative manner with no

systematic study of important variables such as rock macrostructure. This

opens a potentially very useful venue. which would require an extensive

data base to validate the concepts proposed by this thesis .

.. The effective feed size. F.,;4t. give good agreemeDt wim observed resu11S. may gn:al1y exceed the geomeUical
limit of the blast dimeusioD, as sbOWD iD Ibis study.
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8.0 PUlURE WOU

The correlation established in this investigation between the work

index and dynamic properties s~ch as P-wave velocity and compressibility

on the one hand. and energy and size-reduction in blasting on the other.

is based on limited data. Clearly much additional work needs tO be

carried out to achieve a more reliable correlation. and test its accuracy.

Rod mill grinding is only an approximation of the size reduction

process inherel't in blasting. The main differences are the widely

different strain rates between the two processes and the scale of

breakage. It i5 quite possible that work index obtained through

explosion-induced fragmentation in rock at small scale (with strain rates

closer to full scale blast) could serve as a better guide for predicting

fragment size distribution and/or energy requirements in actual full-scale

blasting.

So far mast work index studies have been limited to low strain-rate

system. The dependence of breakage energy requirements on strain rate is

poorly understood at present. The first step in extending this work to

the dynamic case would be through the use of a suit&lle 'pendulum

apparatus' where both' strain rate and energy input into the subject sample

can be accurately contr9lled.

EStablishing a more accurate correlation among the properties

investigated in this thesis may not be sufficient to predict fragment size

distribution in actual blasting to the required degree of precision.

Determination and use of operating work indices (e.g. data obtained from

blasts or a crusher at the quarry or mine in question) may be required.

This would eliminate the scale-up problem and the problem of strain rate

differences. In either case the investigation has opened up a challenging

and potentially very useful avenue of research.

The above tes~ work could be aimed at both underground and open pit

operations. Intuitively, underground efforts should be at first the
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• easiest. because of the l~rger number of blasts. the better ability to

determine fragment size and worl< index (blasts are on small scalel.

Underground applications could also reap greater benefits in terms of

either improved productivity and reùuction of oversize.
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e
STANSTEAD GRANITE

Dlam. %SD Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5
(mm) Rev. 50 24 31 30 28

9.5 21.~ 0.23 1.33 0.37 0.86 0.45
6.7 19.37 0.36 3.12 0.96 0.78 0.85 Stanstead granite
4.8 10.42 0.43 3.47 1.19 0.74 0.98
3.4 7.53 1.22 5.63 2.61 1.98 2.49 F80: 9740 mlerometre
2.4 5.87 3.17 7.79 5.93 5.06 5.56 P80: 930 mlerometre
1.7 5.01 7.49 12.73 13.36 12.45 13.06 GRP: 25.3 grammes per rev.
1.2 5.26 13.42 20.02 24.55 26.91 28.21 P: 1180 mlerometre

-1.2 24.92 73.68 45.92 51.02 51.23 48.40 WI: 7.8 kWh/t

i!:
Mass: 1980 grammes

Tot. 100.01 100.00 100.01 99.99 100.01 100.00
grammes par rev. 19.31 22.74 25.28 25.42 25.20

Produet slze
Dlam. selee. selee. selee. selee. selee.
(mm) funet. funet. funet. funet. funet. Dlam. Passlng passlng

(mm) grammes %
9.5 0.0909 0.0104 0.1111 0.0861 0.1171
6.7 0.1216 0.1049 0.1184 0.1428 0.1403 0.9 127.61 25.12
4.8 0.1503 0.1223 0.1439 0.1870 0.1721 0.6 91.92 18.09
3.4 0.1085 0.0922 0.1100 0.1213 0.1153 0.4 74.17 14.60
2.4 0.0798 0.0718 0.0753 0.0778 0.0759 0.3 56.68 11.16
1.7 0.0523 0.0437 0.0435 0.0443 0.0414 -0.3 157.65 31.03
1.2 0.03013 0.0243 0.0232 0.0221 0.0212 Total 508.03 100

•



•
GNEISS

Dlam. %SD Cycle 1 Cycle 2 Cycle 3 Cycle 4
(mm) Rev. 80 55 60 57

•

9.6 11.49 0.00 0.43 0.22 0.32
6.7 22.83 0.63 2.29 1.24 0.66 Gneiss
4.8 13.41 1.49 3.91 2.08 1.64
3.4 9.36 4.02 6.70 6.19 4.16 F80: 8460 mlcromelre
2.4 6.16 7.26 9.10 8.34 7.88 P80: 840 mlcromelre
1.7 6.19 10.03 13.24 14.10 14.29 GRP: 14.31 grammes per rev.
1.2 4.38 10.48 16.19 18.13 20.03 P: 1180 mlcromelre

-1.2 27.18 66.18 49.14 60.70 51.02 WI: 10.8 kWh/1

~
Mass: 2190 grammes

Tot. 99.99 99.99 100.00 100.00 100.00
grammes per rev. 10.68 12.40 13.63 14.31

Producl slze
Dlam. selee. selee. selee. selee.
(mm) funet. funct. funet. funct. Dlam. Passlng passlng

(mm) grammes %
9.5 0.0505 0.0522 0.0553 0.0515
6.7 0.0506 0.0442 0.0490 0.0666 0.9 110.12 19.43
4.8 0.0510 0.0433 0.0531 0.0587 0.6 67.85 11.97
3.4 0.0389 0.0335 0.0367 0.0422 0.4 56.44 9.96
2.4 0.0298 0.0281 0.0296 0.0307 0.3 60.31 8.88
1.7 0.0232 0.0205 0.0203 0.0205 -0.3 281.94 49.75
1.2 0.0203 0.0168 0.0157 0.0151 Tolal 566.66 100



e
MARBLE

Dlam. %SD Cyele 1 Cyele 2 Cyele 3 Cyele 4
(mm) Rev. 80 200 150 139

•

9.5 17.92 4.27 0.33 0.49 0.15
6.7 19.60 11.19 1.06 1.63 2.02 MARBLE
4.8 13.76 10.20 1.83 2.10 1.81
3.4 9.64 10.63 4.09 3.40 3.85 F80: 8200 mlerometre
2.4 7.20 9.47 7.72 6.91 7.22 P80: 910 mlerometre
1.7 5.61 8.63 12.81 12.87 12.85 GRP; 6.03 grammes per rev.
1.2 5.81 8.75 17.01 20.47 22.48 p: 1180 mlerometre

-1.2 20.46 36.86 55.16 52.13 49.61 WI: 19.2 kWh/t
Mass: 2150 grammes

Tot. 100.00 100.00 100.01 100.00 99.99

~ grammes per rev. 4.41 5.12 5.86 6.03
Produet slze

DJam. selee. selee. selee. selee.
(mm) funet. funet. funet. funet. D!am. PassJng passlng

(mm) grammes %
9.5 0.0179 0.0175 0.0203 0.0301
6.7 0.0132 0.0186 0.0191 0.0176 0.9 123.16 23.71
4.8 0.0153 0.0201 0.0224 0.0263 0.6 84.83 16.33
3.4 0.0132 0.0161 0.0199 0.019 0.4 63.9 12.30
2.4 0.0129 0.0124 0.0139 0.0137 0.3 46.88 9.03
1.7 0.0088 0.0088 0.0094 0.0094 -0.3 200.62 38.63
1.2 0.0061 0.0061 0.0061 0.0058 Total 519.39 100
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