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Abstract

Paste fill is a cemented backfill used to fill the void left by mining to provide stability to the

mine. It consists of tailings mixed with a small percentageof cement and water. As the mining

sequence progresses and stopes adjacent to the fill are mined, the fill is subjected to blasting

loads, and subsequently exposed. The purposeof this thesis was to study the effectsof blast

loading on paste fill, and the research consistedof experimental and numerical modelling

components and some field work atCanningtonmine.

The field work involved monitoringof paste fill duringproductionblasts, in situ tests in paste

fill at Canningtonmine and laboratory tests on the paste fill samples. Triaxial geophones were

installed in stope 4261 atCanningtonMine, which hadpreviouslybeen mined and filled with

paste fill. These geophones were used to measure the velocity waveformsproducedin the stope

during the blasting in two adjacent stopes. The data collected as partof this field work resulted

in the estimationof a peakparticlevelocity at which paste fill begins to fail.

The in situ tests involved monitoring the explosionof 9 blast holes in paste fill. Triaxial

geophones were used to measure the velocity profileof each blast. The blast holes were

detonated individually in order to obtain separate velocity profiles. The results were used to

obtain a relationship between the peakparticlevelocity and the scaled distance from the blast.

The laboratory tests were conducted to measure the attenuationof a wave as it travels through a

column of paste fill. Paste fill was poured into a 2.7 m long column in which 4 accelerometers

were installed. A wave was induced in the column by striking the end of a column with a

hammer and theparticleaccelerationwas measured. The results were used to show the effectof

paste fill mix on theattenuationof a wave.

The finite element method based numerical modelling package,ABAQUS/Explicit, was used to

model the behaviourof paste fill due to adjacent blasting in an underground mine. The first

numerical model consistedof a single columnof explosive detonated in paste fill. The results

of this model were validated against the data obtained in the field tests. Once validated, the

model was run for different mixesof paste fill to observe the effectof cement and solids content

of the paste fill on its behaviour. A modelof a single columnof explosive in rock was also

developed and validated using the same method. The model was then extended to include a

single columnof explosive detonated in rock adjacent to a paste fill stope. This model was run

for a varietyof blasting conditions to observe the changes in paste fillbehaviourdue to different

blasting conditions. These different blasting conditions included varying distances between the

v



explosive column and the rock/paste fill interface and various positionsofthe explosive column

in relation to the paste fill stope. The model was finally extended to include a rowof explosive

columns parallel to the faceof a paste fill stope. This model was run for a varietyof blasting

patterns and delay intervals to determine their effect on damage to paste fill. The model results

showed that the peak particle velocity and therefore the damage to the paste fill reduced for

increased cement contentsofthefill. Similar results were observed forincreasedsolids content,

but to a lesser extent. The model results also indicated that the orderof detonationand the delay

time between thedetonationof blast holes has little effect on the damage to the paste fill.
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Chapter1 - Introduction

1. Introduction

1.1. General

Cannington Mine is an undergroundlead-silver-zinc mme that is located innorth-west

Queensland,approximately220 kilometres south-eastof Mount Isa. The mine, which is the

world's largest single mineproducer of silver, is owned andoperatedby BHP Minerals.

Canningtonis the first mine inAustralia to use the open stopingmining methodwith post­

placedpaste fill. The ore isminedin sections,referredto as'stopes'.Once the ore from astope

is removed, the stope is filled with paste fill to givesupportto the mine. Paste fill consistsof

mine tailings with a typical effective grain sizeof 5 urn mixed with a small percentageof

cement binder.

1.2. ProblemStatement

Paste fill is used in mines to fill the voids left bymining and to provide stability during the

remainingmining sequence. As themining sequenceprogresses,and stopes adjacent to the fill

are mined, the fill issubjectedto blastingloads, andsubsequentlyexposed. This may happen

several times during themining sequenceasadditionalstopes areminedin the area. During this

time, the fill must remain stable as itprovideslocal andregionalsupport to the mine.If the fill

fails and falls into the void left by the mining, theprocessingcost increases, asadditional

materialmust beprocessed,with no additionalmaterials produced. Thestability of the fill is

also a serious safety issue for the mine as failureof the fill could potentiallyresult in the lossof

life.

Cementis added to the paste to increase thestrengthof the material, withstrengthincreasingas

cementcontentincreases. However, the costof adding cement to the fill is high, with fillingof

the stopes costing 20 %of the entiremining operations. If the cementcontentcould bereduced

by 1 %, it would result in a savingof approximatelyonemillion dollars per year.It is therefore

necessaryto optimize the cementcontentofthepaste,ensuringthat adequatecement is added to

maintainstability while minimizing the cost.

As a result of researchon the staticstability of cement-basedfills, the cementcontentof such

fills has been reduced. However, as the cementcontentis reduced, aconcernarises over the

stability of the fill during dynamic events it is exposed to such as blasting. Moreresearchis

necessaryinto the dynamic aspectsof cementedbackfill to ensure that these fills will remain

stable. Oneof the reasonsresearchmay belimited is due to thecomplexityof the mechanicsof

transferof explosiveenergy to rock and to paste, and theresultingstress wave field.
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Severalnumericalmodelsof blastinghave been created,howeverthe majority of these models

consist of a single blast holelocated in a uniform massof rock. A few researcheshave

modelledthe effectsof an explosiveblast oncementedbackfill (refer tosection2.5.5), however,

these studies have notconsideredthe effects of multiple blasts on the backfill. During a

production blast in a mine,multiple blast holes aredetonatedwith small delaysbetween

detonations.The blast wave from each blast hole istransmittedto thebackfill material, and due

to the effectsof reflectionof the waves within the backfill, these waves cancombineto produce

larger peakparticle velocities within thebackfill than would be created by a single blast hole.

Therefore,the effectsof multiple blast holes must beconsideredwhen predictingthe effectof

blastingon nearbybackfill material.

1.3. Objectives

The objectivesofthis thesis are to:

• Develop acomputer-aidedmodel to predict dynamic responseof paste fill due to blast

loading usingcommerciallyavailablefinite elementsoftwarepackages;

• Measure blast response in paste fill and verifydevelopedcomputermodels using these

measurements;and

• Estimatethe blast damage usingpredictedresponse fordifferent scenariosand assess the

stability of paste fill stopes during and afterblasting

1.4. RelevanceofResearch

The costof backfilling the mine is the singlegreatestexpenseat CanningtonMine, contributing

to 20 % of the total costs. As the costof adding cement to the tailingscontributesto a great

proportionof this cost, it isnecessaryto minimize the amountof cement added to the paste fill.

However, thestrengthofthepaste fill isdependenton theamountof cement added to the fill.It

is thereforenecessaryto determinethe amountof cementrequiredto maintainthe stability of

the mine. As a resultof researchinto the static stabilityof paste fill, the cementcontentof paste

fills has been reduced. However, the paste fill is alsosubjectedto blast loadings frommining

adjacentto the fill, leading to concern over thestability of fills with reducedcement content.

Little researchhas beenconductedto determinethe effectsof blast loading on paste fill, and

suchresearchwill be relevantto the minesaroundthe world.

1.5. ThesisOverview

This chapter introduced the researchproblem and the objectives of this researchand has

identified the relevanceof the research. Chapter2 reviews previous researchthat has been

conductedinto paste fill. Previousnumerical modelling of blasting is also covered in this
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extensive literature review. This review also covers the various factors involved with the static

and dynamic analysisof cemented backfills.

Chapter 3 describes the field monitoring that was undertaken atCanningtonMine during

blasting carried out adjacent to an instrumented paste fill stope. The data obtained from the

monitoring are analysed and the conclusions drawn from these data are presented, including

observedbehaviourof the blast waves travelling through the boundary between ore and paste

fill and peak particle velocities at which damage to the paste fill is observed to occur. Chapter 4

presents the resultsof a setof field tests in which a numberof blasts were monitored in a paste

fill stope. The data obtained from these tests were used to obtain a relationship between the

peak particle velocity and distance from a blast in paste fill, to determine a blast loading

function to apply in a numerical model, and to validate the numerical models. Chapter 5 covers

a laboratory testing program in which stress waves were produced in columnsof paste fill.

Effects of curing age, cement content and solids contentof the paste fill on wavepropagation

were analysed.

Chapter 6 outlines methods for numerically modelling blasting in the scale required for this

research, and identifies the need for a Blast Loading Function. The developmentof the loading

function is presented in this chapter. The developmentof a finite element model to study the

effectsof blasting in an underground mine ispresentedin Chapter 7. This chapter includes a

general overviewof finite element modelling, including the capabilitiesof the numerical

modelling programABAQUS/Explicit which was used for this research. An overviewof the

models used in this research is given, and the model parameters used in each model are

presented. Chapter 8 presents results of the numerical models. Chapter 9 provides a summary

and conclusionsoftheresearch and somerecommendationsfor future research.
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2. Literature Review

The following chapter reviews previous research that has been conducted into modellingof

blasting, and studiesof paste fill. This review also covers the various factors involved with the

static and dynamic analysisof cementedbackfills.

2.1. Blasting

Before the effectsof blasting can be modelled, the mechanics of an explosive blast must be

known. Experiments have indicated that when an explosive detonates in a blast hole in rock,

the chemical reaction produces a gas at a very high temperature and pressure. This gas exerts a

very high pressure on the blast hole walls, pushing the walls outwards and shattering the rock

surrounding the blast hole. The high pressure sends a stress wave through the rock, which

expands cylindrically from the blast hole. The tangential stress from this wave causes radial

cracks to occur around the blast hole. The gases then expand into the cracks surrounding the

blast hole, opening up the cracks and reducing the pressureof the gas. If the stress wave

encounters a free boundary, the compressional wave is reflected back as a tensional wave, and

cracking known as spalling may occur at the boundaryif the tensile stressof the wave is larger

than the tensile strengthoftherock (Atchison 1968).

Damage to the rock structure during blasting occurs as a result of the stress wave, and the

explosion gas.Experimentalstudy has shown that the stress waves causes cracks in the rock,

and the explosion gases separate this crack pattern (Liu and Katsabanis 1997). The diameterof

the fraction zone was foundexperimentallyto approach 6 hole diameters for a spherical charge

and 9 hole diameters for a cylindrical charge(Kutterand Fairhurst, 1971).

2.2. WavePropagation

When a columnof explosive detonates in a rock mass, stress waves are generated and travel

through the solid.It is therefore necessary to have an understandingof these stress waves and

how they behave in order to model such waves. Thebehaviourof such waves is complex,

particularly near borders between two media.

2.2.1. Typesof Waves

Three separate groupsof waves can be identified fromseismographicrecords. The first group

of waves to arrive are dilatation waves which have the highest velocity, followed by distortion

waves. Finally, the surface waves, or Rayleigh waves arrive. These waves have a larger

amplitude than either dilation or distortion waves (Kolsky, 1963).
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There are two typesof waves that can bepropagatedthroughan elastic solid,p-wavesand s­

waves. Theparticlemotion of p-waves,which are alsoknown asdilatationalor compressional

waves orlongitudinal waves, is in thedirection of propagation,and theparticle motion of a s­

wave, which is alsoknown as adistortionalor shearwave, isperpendicularto the direction of

propagation.Othertypesofwaves can alsobepropagatedifthe solid has aboundary. Rayleigh

waves can be at a free surface, and in asimilar fashion, Love waves can bepropagatedat a

surfaceboundarybetweentwo surfaceboundaries.

For anisotropicelasticsolid, p-wavestravel at thevelocity givenby:

c �~�J�;�[�+�2�,�u
P P

where,

cp = speedofthep-wave

p = densityof the solid

Ie andIl = Lame'sConstants

(2.1)

The motion of these waves is along thedirection of propagation,and these wavesinvolve no

rotation(Kolsky 1963). For anisotropicelasticsolid, s-waves travel at thevelocity givenby the

following equation. Themotion of these waves istransverseand parallel to the wave front

(Kolsky 1963).

where,

c =ls p

c, = speedofthes-wave

(2.2)

Rayleighwaves are elastic surface waves that can occur when aboundingsurfaceis present.

The velocity of propagationof Rayleighwaves issmallerthan thatof dilatation or distortion

waves. Theeffect of a Rayleighwave decreasesrapidly with depth,althoughthere is no finite

depth at whichmotion in a direction normal to thesurfacevanishes. Rayleighwaves of high

frequencywill be attenuatedmore rapidly with depth than thoseof low frequency. There are

both horizontal and vertical componentsof Rayleigh waves, and intheory the vertical

componentshoulddominate(Kolsky, 1963).
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2.2.2. Behaviourof WavesatBoundaries

When either a p-wave or an s-wave intersects with a boundary, both reflection and refractionof

that wave occur. The reflected and refracted waves generally consistof wavesof both types,

with a totalof four waves leaving the boundary, two reflected and two refracted waves.

When a wave intersects with a boundary between a solid media and a vacuum, there are no

refracted waves. Similarly, at a boundary between a solid and air, it can be assumed that there

are no refracted waves. The reflectionof a p-wave at a free boundary is shown in Figure 2.1.

The solid lines in the figure represent p-waves and the dashed line represents an s-wave.

solidmedia

1
--'\;------------

J.pz
-. ..�: �~

Figure 2.1 - Reflectionofap-waveat a FreeBoundary

Whena p-wave
intersectsthe free
boundarywith angle
aI, a p-waveIS

reflectedat angleaz,
and a s-wave is
reflectedat anglepz.

If the incident wave is at right angles to the boundary, there is no distortion wave, and therefore

the amplitudeof the reflected wave is equal to the amplitudeof the incident wave. The

reflectionof an s-wave at a free boundary is very similar.

When a wave intercepts an interface between two media, reflection occurs similar to that at a

free surface, and two waves are refracted, as shown in Figure 2.2. The solid lines in this figure

represent s-waves and the dashed lines represent p-wave. When the incident dilatation wave

intersects the boundary at right angles, only dilatation waves are generated. When an s-wave

intersects with a boundary between two media, reflection and refraction occur in a similar

manner.

The amplitudeof the reflected stress wave depends on the characteristic impedanceof the

medium, pc. No wave will be reflected at normal incidence when the productof the density and

velocity is the same for the two media.
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When a p-wave
intersects a boundary
between two medium
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angle a3 while s-waves
are reflected at angle
Bz and refracted at
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Figure 2.2 - ReflectionandRefractionofap-Waveat a BoundaryBetweenTwo
Media

2.3. PeakParticle Velocity

As discussed in section 2.1, upon the detonationof an explosive, the reaction produces gaseous

products which are under high pressure. These gases expand, causing the borehole walls to

move outwards and creating a dynamic stress field in the surrounding rock. Anexpanding

stress field is set up in the rock mass as the gas continues to expand. The motion spreads in the

form of waves: p-, and s-waves, eachof which has acharacteristicpropagationvelocity in a

given material. These stress waves expand through the solid causing ground vibration. This

ground vibration causes the particles in the rock mass to run through an elliptical motion, and

the highest velocityexperiencedby the particle is known as the peak particle velocity (ppv)

(Holmberg and Persson, 1979).Experimentalevidence has shown that the peak particle

velocity of the wave decreases with distance from the charge. Thepropagationvelocity of the

p- and s-waves and their behaviour at boundaries between two different materials was discussed

in section 2.2.

The peak particle velocity, which can be measuredexperimentallywith geophones, has been

observed in studiesof blast vibration. The focusof manyof these studies has been on the blast

vibration occurring in the material located at a distance from the explosive source, which is

known as the far field. The far field is the name given to the region that is located at a sufficient

distance from the explosive source that the explosive source can be treated as a point source. As

a resultof these studies, theoriesof blast vibration in the far field have been reasonable well

established (Yang et al. 1994), and have resulted in the observationof the charge-weightscaling

law, which is discussed in section 2.3.1.

The peak particle velocity has been used to estimate blast damage, as Holmberg and Persson

(1979) showed that at a critical levelof peak particle velocity,permanentdamage to the rock

mass occurs. This concept is discussed further in section 2.3.3.
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HolmbergandPersson(1979) studiedthe peakparticlevelocitiesexperiencedat a distance from

an explosivecharge. The studyshowedthat the peakparticle velocity decreases with distance

from the explosivesource, and can bepredictedby the following equation, which isknown as

the charge-weightscalinglaw.

(2.3)

where ppv= peakparticlevelocity

W = chargeweight

R = distance

k, «, �~ = constantsspecificto the site

The constantsdepend on thematerialpropertiesof the rock mass at the site, and on the units the

charge weight, distance and peakparticle velocity are specified with. Equation 2.3 was

developedfrom data mainly from far-fieldvibration measurement(Yang et al. 1994), and is

suitable forpredictionof the peakparticlevelocity in the far field or from apoint source.

2.3.2. Prediction of PeakParticle Velocity for a Column Explosion

Equation2.3 can be used topredict the peakparticle velocity in the far field or from apoint

source. However, studies haveshown that this equationdoes notaccuratelypredict peak

particle velocities in the near field (Yang et al. 1994). Figure 2.3 shows atypical blast hole

arrangementconsistingof a blast hole is filled withexplosive, and 'stemmed'with an inert

material. In this situation,equation2.3 is only valid when the distance from the charge is large

in comparisonto the charge length and thechargecan betreatedasconcentrated(Holmbergand

Persson, 1979).HolmbergandPerssonmodified equation2.3 by integratingthe equationover

the lengthof the explosivecolumnto predictthe peakparticlevelocity from a blast hole loaded

with explosivesin the near field,resultingin the following equation:

(2.4)

where, ppv= peakparticlevelocity, (m/s)
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L = linear charge density, (kg/m)

k, a, 13 are site specific constants

Ro = the horizontal distance between the explosive and the geophone (m)

m = the angle shown in Figure 2.3 (radians)

H = the heightof the explosive in the blast hole (m)

x

�B�l�a�s�t�h�o�l�~

t �~ .•
Stemmmg

-+-_--+l/xplosive

H

• Geophone

�:�;�~ dx

----L__L..J".-::::.i.·§::: .
Figure 2.3 - Geometryofa BlastHole LoadedWith Explosives

For blast waves in rock,13 is often approximatelyequal to2a, for example, for hard bedrock

k = 700,a = 0.7 and13 = 1.5 ifW, Randppv are measured in the units given with equation 4.2

(Holmberg and Persson, 1979). Equation 2.3 has an analytical solution for the case when

a = 1Iz13, (Persson et al. 1994, Sartor 1999) which isof the form:

[ L]%[ (R tanliJ-H]J%ppv= k R
o

m - arctan 0 R
o

(2.5)

Sartor (1999) used this equation to model the vibration induced damage from blasting at

CanningtonMine. Data such as the timing and amplitudeof the peak particle velocity were

measured, using a setof geophones, and a site-specific vibration equation for Cannington Mine

was developed. The constants in the equation were found to be: k= 2938,a = liz13 = 0.66.

The column versionof the charge-weightscaling law (equation 2.5) can predict the peak

particle velocity in the near field, however the user must be aware that it has the limitations

listed below. Despite these limitations, thecharge-weightscaling law is widely used.

• In order to the equation to predict realistic values, the constants must be obtained

specific to the site. Yang et al. (1994) demonstrated this by estimating valuesof peak

9



Chapter2 - LiteratureReview

particle velocity by equation 2.3, using site parameters for the equation 2.3 typical of

the valuerecommendedfor many far-field vibrationpredictions(k = 700,a = 0.7, �~ =

1.5), integrated over the charge length (i.e. the process used to obtain equation 2.5).

These values were compared against the monitored blast vibration and its attenuation in

the near-fieldof a 2.4 m long columnof emulsion explosive. The valuespredictedwith

the equation were found to besignificantly lower than the measured values in the near

field.

• Although equation 2.5 can give some acceptable predictions is calibrated to the site, it

cannot provide any understandingofthewavepropagation(Yang et al., 1994).

• The charge-weightscaling laws (equations 2.3, 2.4 and 2.5) do not provide an insight

into any blast mechanisms and do not predict vibration variations with time. They only

provide a simple engineering methodof estimating peak particle velocity measured as a

function of charge weight and distance (Blair and Minchinton, 1996).

• Thecharge-weightscaling laws do not take into account the effectof anyjoints or other

discontinuities in the rock.If such discontinuities occur, the vibration response from a

blast hole becomes complicated due to wave reflection and refraction (Blair and Jiang,

1995).

Due to the limitations of thecharge-weightscaling law, numerical modelling has been used by

numerous authors to predict the effectsof blasting on the surrounding area. This is discussed in

section 2.5.2.

2.3.3. Prediction of Damageusing PeakParticle Velocity

Predictionof damage due to an explosive blast is complicated and depends on a numberof

factors including the strengthofthe rock mass in which the blast hole is located, the presence of

any joints and fissures in the rock mass, the charge size and the spacing between blast holes.

However, the peak particle velocity has been used to make reasonably reliable predictions of

where rock damage will occur from an explosive charge andof the degreeof fragmentation that

will occur in the near field (Persson et al., 1994). This method has been used for a number of

purposes including quantitative predictionsof fragmentations for different blast hole

arrangements and for predicting damage to the remaining rock.In order to use this method, the

peak particle velocity is correlated to levelsof damage found through experiments. For

example, the peak particle velocities characteristicof different levels of damage for hard

Scandinaviangranitic or gneissy bedrock is given in Table 2.1 (Persson et al., 1994).
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The estimationof damagefrom peakparticlevelocity is basedon theassumptionthat stress,and

therefore damage, isproportional to peak particle velocity. This relationshipbetweenpeak

particle velocity and stress isimplied by the following simple equationfor stresscausedby a

stress wave in a bar:

(2.6)

where 0" = stress

ppv = peakparticlevelocity

c = the wavepropagationspeed

E = Young'sModulus

Table 2.1 PeakParticle Velocity - DamageCorrelation (Persson et aI. 1994)

Peak Particle Velocity (m/s)

0.7 to 1

2.5

5

15

Characteristic Level of Damagefor Hard

ScandinavianGranitic Bedrock

Slight swellingandslightly decreasedshear

strength

Fragmentationbeginsto becomemarginal

Very goodfragmentationmainly alongplanes

of weakness

Crushingofthegranite

A similar relationshipwas used byBaylot (1993) whopredictedthe stressesimpactingon under

reinforcedconcretestructuresfrom explosives. Baylot (1993) estimatedthe peakstressin the

soil mass bymultiplying the peak particle velocity by the acoustic impedanceusing the

following equation:

where p =density

(Y = ppvxpc (2.7)
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The methodof predicting peak particle velocity to predict damage is useful where an indication

of where damage might occur is needed, such as in a situation where different blast hole layout

patterns are to be compared. However, this method cannot give exact calculations of where

damage will occur as it does not take intoconsiderationmany factors which affect blast damage,

including:

• The shapeof the waveform and the durationof the dynamic loading. These factors are

important as if the durationof the stress is too short, the stress from the blast wave may

exceed the material strength and not cause damage.

• The presenceof any joints in the rock mass and their effect on blast damage are not

taken into account.

• The velocityof detonationoftheexplosive material is not taken into account.

• The presenceof any free surfaces in the vicinity must be taken into account. These free

surfaces wereconsideredin thepredictionsgiven in Table 2.1.

2.4. CementedBackfill in UndergroundMining

2.4.1. Commonly Used Backfills

A variety of differenttypesof backfills are available for use in underground mines. Someofthe

commonly used backfills are as follows:

• Hydraulic Fill: the product resulting from the partial dewateringof the tailings (Cowling et

al., 1983)

• Cemented Hydraulic Fill (CHF): produced by mixing hydraulic fill and cementing agents.

(Cowling et al., 1983)

• Rockfill: crushed rock. At Mount lsa Mines, the rock is crushed to 300 mm and screened

at 25 mm. (Cowling et al., 1983)

• Cemented Rockfill: produced by mixing rockfill and cemented hydraulic fill. (Cowling et

al., 1983)

• Pastefill: mine tailings with a typical effective grain sizeof 5 urn mixed with a small

percentageof cement binder.

2.4.2. Paste Fill

CanningtonMine uses the open stoping mining method in conjunction withpost-placedbackfill.

The ore body is divided into a seriesof stopes, which are volumetric units in the shapeof a

rectangularprism. These stopes are mined systematically over time, and the void is filled with
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backfill. The typeof backfill used atCanningtonmine is known as paste fill,which consistsof

mine tailings,waterandapproximately4 % of cement.

Paste fill is arelativelynew technologythat is used to fill the voids left by mining. There are a

numberof benefits in the useof paste fills, including an effective meansof tailings disposal,

improvement of local and regional rock stability, greater ore recovery and reduced

environmentalimpacts. Paste fill is also used in anumberofmines in Canada.

2.4.3. Static Stability of Paste Fill

Bloss et al. (1993)reportedthe resultsof a numberof investigationsconductedat Mount Isa

Mines. Thedistribution of the fill materialwithin the stope waspredicted,and thestability of

the stope wasmodelledusing TVIS, athree-dimensionalelasto-plasticfinite-elementprogram.

Most of the modelpredictionswere conservative.The few cases where the fill waspredictedto

be stable and failureoccurredwere thought to be due to the effectsof blasting or weak fill,

which were notconsideredin this model.

In order to model the staticstability of the stope, thecompleteextractionand filling process

arounda given stope wasmodelled. This extractionsequenceis shown inFigure2.4. Oneof

the major conclusionsdrawn by Bloss et al. (1993) was theimportanceof simulating the

extractionand filling of adjacentstopes in asystematicmannerin order toaccuratelymodel the

stresses in the fill.

IThill
4 3

2 1

876
Figure 2.4 -TypicalExtraction SequenceArounda BackfilledStope

Bloss and Greenwood(1998) reported on further studyconductedwith the TVIS model.

Improvementsto the model showed that the original model hadunderestimatedthe confining

stresses on the middle stope,which resulted in overestimatingthe vertical stress and the

instability. This new setof modellingreportedby Bloss andGreenwood(1998) found that the

archingmechanismwasdominantin stabilisingthe fill.

A series of laboratory tests was carried out todeterminethe behaviourof paste fill from

CanningtonMine. Total stressparameterswere obtainedfrom the paste fill underunconfined

compression,confinedtriaxial compressionand tension(Rankineet al., 200 I). The resultsof

the laboratory tests were used as inputparametersto a stability analysis. Rankine (2000)

developeda modelof the extraction,filling and curing of an idealizednine-stopearrangement
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using FLAC3D
, a finite difference numerical modelling package. Theidealised nine-stope

arrangementused by Bloss et al. (1993) was used tosimplify the complexmining sequence.

The resultsof this model showedthat the primary stope was most stable whencompletely

surroundedby rock. As thesurroundingstopes wereexcavatedand filled, the vertical stresses

in theprimarystopeincreaseddue to theprogressivelossof arching.

A number of mines in Canada use paste fillinsteadof other alternativessuch as slurry or

cementedrock fill systems. This useof pastefill hassparkedsomeresearchinto the behaviour

of the paste fill. TheGoldenGiant Mine in Canada began using paste fill in 1996. As a result

of this change to paste fill, Pierce et al. (1998)conductedlaboratory testing and stability

analysisof paste backfill. Thelaboratorytests involved unconfinedand triaxial compression

tests, andconfined compressiontests on samples with a solids densityof 75 %, and cement

bindercontentsof 3, 5, and 7 % by dry weight. The cementcontentconsistedof a 50:50 mixof

Portlandcement and type C fly ash. Astability analysis wasconductedfor mining by blast hole

open stopingmethods, withcementedbackfills. Safety factors against failureof the fill were

obtainedusing limit equilibriummethods and the stability was thenmodellednumericallyusing

FLAC3D
.

For this model, aconfined block failure mechanismproposedby Mitchell et al. (1982) was

assumed. The factorof safety against failure for this failuremechanismis given by:

w cosetan¢+ dDw /
cD = n / cose

Wn sine

where <1> = factor of safety

Wn = netweight of sliding block

8 = angleof failure plate fromhorizontal= 45+<1>/2

<I> = fill friction angle

d = fill cohesion

D = distancebetweenhangingwall and foot wall

w = strike length

The netweightof sliding block without surchargeis:

(2.8)
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(2.9)

where h=fill height

h*=effective sliding block height = H-(wtana)/2

y = fill unit weight

K, = I-sino

From these equations, it was found that the factorof safety decreases with increased stope width

for a given binder content and curing time. As the binder content and curing time increases, the

factorof safety also increases.

2.5. Modelling an ExplosiveBlast

Numerical modelling has been used to model explosive blasts in order to improve understanding

of the mechanicsof a blast. The developmentof computer codes has allowed the useof

numerical modelling packages to be used to improve the modelsof blasting. This has allowed a

much more detailedprediction of blast damage than is possible with the useof the charge­

weight scaling laws (equations 2.3 and 2.5), as the numerical models are not limited by allof

the same assumptions and simplifications on which thecharge-weightscaling laws are based.

The influence of factors such as the material propertiesof the surrounding rock mass, the

velocity of detonationof the explosive and the effect of nearby free surfaces can be included in

the model. This allows an understandingof the effect of each of these factors on the

transmissionof the blast wave through the rock mass to be studied.

2.5.1. The Conceptof an "Equivalent Cavity"

Oneof the earliest models wasproducedby Sharpe (1942) who developed a solution for stress

distribution around a spherical explosive source. Sharpe (1942) modelled the explosive source

by applying a transient cavity pressure to the wallof a spherical cavity. The pressure function

used was applied to the wallsof an"equivalentcavity" insteadofthephysical wallsoftheblast­

hole itself. The radiusof the cavity was set a distance from the blast hole wall that ensured that

the strengthof the material is greater than the stresses experienced from the shock wave.

Outside this"equivalentcavity" elastic wavepropagationonly is expected to occur. Sharpe

(1942) showed that vibration predictions based upon pressure functions applied to the walls of

an equivalent cavity gave reasonable agreement with blast vibration field measurements. This

concept has been used by many authors since Sharpe (1942) developed it.
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The radius to use for an"equivalent cavity" was obtained by Kutter andFairhurst (1971).

Kutter and Fairhurst (1971) studied the fracture process in blasting with experiments and

numerical modelling. The concept of an"equivalentcavity" asproposedby Sharpe (1942) was

used in the numerical modeling.Throughexperimentalwork, thediameterofthefractured zone

around an explosion as found to approach 6 hole diameters for a spherical charge and 9 hole

diameters for a cylindrical charge. The stress fieldgeneratedby thepressurizedgas in this star­

cracked cavity was shown to be identical to thatof a pressurizedand uncracked'cavity' whose

diameter is equal to thatofthefractured zone. An explosive charge wasmodelledby applying a

pressure to the wallsof an"equivalentcavity". In orderto avoidmodelingthe cracking process,

the cavity was sized so that no crushing occurs around the blast hole. Cracks in the rock are

generatedwhen the pressureexperiencedby the rock is higher than the dynamic compressive

strengthof the rock. Therefore, at the point where new cracks are no longer initiated, the peak

wall pressure is equal to the dynamiccompressivestrengthof the rock. This point was found to

occur atapproximately4 times the cavity radius for a spherical charge andapproximately6

times the blast hole radius for a cylindrical charge. A higher radius is required for a cylindrical

charge because the rateof attenuationof the blast wave is smaller than for asphericalcharge.

2.5.2. Modelling a Cylindrical Charge

The modelproducedby Sharpe (1942) was for a spherical blast. However, in applying the

modellingto a blast hole, a modelof a cylindrical charge was required. Starfield and Pugliese

(1968) modelleda cylindrical charge by discretising the charge into a setof charge segments,

eachof which wasrepresentedby a spherical charge. The blast load was modelled by applying

a pressure with a sine wave function to the walls of the cavity. The strains and stresses at any

point could then be determined numerically. The modelpredictions from this model were

generally found to be in good agreement.

The methodof using a stackof spherical charges to model a cylindrical charge was also used by

Harries (1990) and Zou (1990). Zou (1990)considereda cylindrical charge as thesuperposition

of spherical charges. Using the stress wave theory in the spherical coordinate system and the

superpositionprinciple, the 3-Ddistributionof average energy densitiesof the stress wave in the

rock mass was calculated.

Harries (1990) simulated a cylindrical charge by using a stringof spheres. Hecalculatedthe

radial stress,tangential stress, axial stress, strain energy per unit length anddisplacement

expected by a string of spherical charges andcomparedthe results against that expected for an

infinitely long cylinder. He found that the stress distribution around a cylinder can be simulated
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by a stringof spheres,if the spheres have the same radius as the cylinder, and the centreof the

spheres are spaced one radius apart.

The dynamic case was modelled bysuperimposingthe resultsof spherical charges spaced one

radius apart with a time delay between each spherecorrespondingto the velocityof detonation

of the explosive. Harries (1990) found that in order to correctly model a dynamic blast,

attenuationand dispersion must be taken into account. This was achieved using the constantQ

model of proposed byKjartansson(1979). By using a valueof Q = 4.5, good agreement was

found between theory andexperimentalresults.

Work by other authorssuggestedthat the radiation from a vertical cylindrical source in an

infinite half-space cannot be accuratelyrepresentedby a modelof stacked spheres (Blair and

Jiang, 1995). Blair and Jiang (1995) found the useof a finite element model to produce more

acceptable results. Theymodelled a single blast hole using an axisymmetric model and

applying a blast load as atime-varyingpressureappliedto the wallsof an"equivalentcavity" as

proposedby Sharpe (1942). This model was used to study the influenceof charge length upon

blast vibrations, assuming that the explosives have an infinite velocityof detonation(i.e. the

entire columnof explosive detonatessimultaneously).The results showed that when the charge

length was greater than a critical value, the peak particle velocity experienced in the

surroundingrock mass did not increase. This is because the charge weight in the borehole is

proportionalto the charge length. This finding shows why theweightllengthvalue is used in the

charge weight scaling laws forcolumncharges.

2.5.3. Applying the Blast Load

Oneof the first considerationsin creating a numerical modelof an explosive blast is applying a

blast load to the model. The methodof applying the blast load that is most appropriate for a

model depends on the purposeof the model. Rock damage andfragmentationfrom blastingis

caused by stress waves and gas penetration.It is very difficult to model bothof these

mechanisms in acombinedmodel (Yang et al., 1996). Generally, only oneofthesemechanisms

is modelled, and the appropriatemechanismis dependent on the purposeof the model. If the

rock damage caused by the stress wave isof interest, appropriate blast loading methods include

applying a time varying pressure to the wallsof an "equivalentcavity". If the fragmentation

caused by the gaspenetrationis of interest, appropriate blast methods include applying a time

varying pressure to the wallsof the blast hole column and modelling the chemical reaction in a

blast hole using theJones-Wilkens-Lee(JWL) Equationof State Material Model.
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2.5.3.1. Applyinga BlastLoadto the Wallsofan "Equivalent
Cavity"

The advantagesof this method are that it accurately models the effectsofablast load to the rock

mass surrounding the cracked region and is numerically efficient which means that the model

will often solve in a reasonably short time frame. The disadvantages are that this method does

not provide accurate model results in the cracked region surrounding the blast hole and is

therefore not suitable for some applications. This method is typically used to model the

transmissionof the shock wave through the material when the effectof the rock mass or

structures within the rock mass isof interest.

In order to use this method, it is necessary to determine an appropriate pressure load to apply.

The load is applied as atime-varyingload which typically increases in magnitude very quickly

to a maximum value and decreases to zero. A varietyof different pressure loads have been used

by different authors. Asummaryofthemost commonly used pressure loads is given below.

Several authors including Jiang et al. (1995),Minchinton and Lynch (1996), Blair and

Minchinton(1996) and Blair and Jiang (1995) used a loading functionoftheform:

(2.10)

where pet) = pressure as a functionoftime

Po= maximumpressure

t = time

<p = decay factor

n = integer

Jiang et al. (1995) used this source function to model a spherical source in an elastic and

viscoelastic material, while Blair and Jiang (1995) modelled the surface vibrations caused by a

vertical columnof explosive by applying this pressure function to the wallsof an "equivalent

cavity" as defined by Sharpe (1942). The effectof the source parametersnand <p were

investigated. Peak particle velocity was found to increase with<p for n=1, and to decrease with

n for <p = 2000. Small valuesof n were used in bothofthesecases.

Olofsson et al. (1999) modelled ground shock wavepropagation usmg FLAC, a two­

dimensional finite-difference numerical modelling package. The purposeof this modelling was

to consider the effectof explosive loads from bombing in the designof underground civil
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defence structures. A spherical explosive source was assumed for this scenario. The computer

program CONWEP was used to estimate the explosion effects from a conventional bomb and to

estimate crater dimensions and peak particle velocities at a set numberof points. These peak

particle velocities were used to obtain a pressure load that was applied to the crater boundary

using the crater dimensions estimated by the computer program CONWEP. The load was

normal to the crater boundary and uniformly distributed along the crater boundary. Olofsson et

al. (1999) support the methodof applying loads at the boundaryof the crater created by

blasting, particularly when the numerical modelling code is not well suited to modelling the

detonation and formation of a crushed zone.

O'Hearn and Swan (1989) modelled the responseof a sill matof cemented hydraulic fill to blast

loads using UDEC, a explicit, time marching, distinct element code. The blast, a sinusoidal

pulse with a durationof 10 ms and a frequencyof 100 Hz, was applied to one sideof the model.

Several other authors have also used sinusoidal pulses, including Todo and Dowding (1984).

Sarracino andBrinkmann (1990) conducted experiments to determine which mechanisms

participate inproductionblasting. The resultsof these experiments demonstrate that the use of

an "equivalentcavity" to model blasting produces reasonable results. As discussed in section

2.1, blast damage is caused by two different energy sources: stress wave and gas penetration.

These sources act almost instantaneously, making it difficult to resolve their effects. Sarracino

andBrinkmann(1990) studied only the stress loading on the rockexperimentallyby preventing

the gases frompenetratingthe surrounding rock by lining the blast hole with a metal tube which

was closed at the bottom. Theaccelerationand strain measurements were compared against

measurements for normal blast holes and showed that the characterof the shocktransmittedto

the rock was the same. The results of this experiment indicate that a numerical model which

models only the effects of the stress wave will produce acceptable resultsif the user is not

interested in the crushing caused by the gas penetration. Sarracino andBrinkmann (1990)

modelled this explosive column in DYNA2D, anexplicit two-dimensionalfinite element code.

2.5.3.2. Applyinga BlastLoadto the Wallsofthe BlastHole

The advantagesof this method are that this method accurately models the effectsof a blast load

to the rock mass surrounding the blast hole, including the cracked region. The disadvantages are

that this method is numerically expensive due to complex cracking models and the small mesh

sizes that are required. This method is typically used to model the cracking in the region

immediately surrounding the blast hole.It is not generally used for large scale models.

In order to use this method, it is necessary to determine an appropriate pressure load to apply.

As for blast loads applied to the walls of an"equivalentcavity", the load is applied as a time-
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varying load which typically increases in magnitude very quickly to a maximum value and

decreases to zero. The formof the pressure load is used for both cases. A summaryof the most

commonly used pressure loads is given in section 2.5.3.1.

2.5.3.3. Modelling the Chemical Reaction in aBlastHole

A third methodof applying a blast load to a numerical model is to model the blast load. The

Jones-Wilkens-Lee(JWL) equation of state material model (Lee et al., 1973) has been used by

several authors for this purpose, including Liu and Katsabanis (1996), Thome et al. 1990 and

Yang et al. (1996). The advantagesofthis method are that it accurately models the explosion in

the blast hole, the loading on the rock masssurroundingthe blast hole and the cracking

surrounding the blast hole. The disadvantages are that this method isnumericallyexpensive due

to the complex reactions that occur in the blast hole and the complex cracking model sand small

mesh sizes that are required. This method is typically used to model the cracking in the region

immediatelysurroundingthe blast hole. It is not generally used for large scale models. The

JWL equation of state material model is discussed in section 6.5.4. Some cases where the JWL

equationof state material model have been used are described below.

Daehnke et al. (1996) used a coupled solid, fluid and fraction mechanics numerical model to

analyse the gas driven fracturepropagationphase, to predictpropagationrates and to give

insights into the pressure profiles and gas velocities within the fractures. The resultsof the

numerical modelling showed that dynamic material propertiessignificantly influence

propagationrates and need to beincorporatedin the numerical analyses. The results from the

numerical model were found to give similar results to laboratory experiments conducted as part

ofthis research.

Yang et al. (1996) presented a constitutive model for blast damage resulting from impulsive

loading from stress waves.ABAQUS/Explicit was used to model confined blast, axisymmetric

model, with an axisof symmetry down centreof borehole. The blast load was applied by

modelling the explosion using the JWL Equationof State model. A user-defined subroutine

was used for the material model. This model was validated by reproducing the observed crated

shape from field experimentsof single hole blasts. The model results indicated that

comparisons between measured and calculated vibration waveforms provide one approach to

the development andverificationofnumerical models for damage prediction.

Liu and Katsabanis (1997) modelled rock fragmentation from blasting by developing a

continuum damage model. Once the model was developed, the dynamic finite element program

ABAQUS/Explicit (version 5.3) was used to solve the problem. The systemof equations

developed in the model was coded into ABAQUS through user-defined subroutines. Liu and
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Katsabanis (1997) solved several problems, demonstrating the suitabilityof their damage model

for blasting analysis. These problems were run inthree-dimensionalspace, however, they were

small scale models, as full-scale modelling would have required extreme computer resources.

The element size close to the explosive was 80mm x 80 mm x 100 mm. Therefore, applying

such a model to the full sized stopes with heights of up to 100 metres would require a lotof

computer resources.

2.5.4. Modelling Multiple Blast Holes

Many studies were found where blast holes were modelled. However, the majorityof these

studies consistedof axisymmetric models with the centre line along the centreof the blast hole.

Few of these studies included multiple blast holes, orthree-dimensionalmodels. One of the

few studies to include multiple blast holes was by Preece and Thome (1996). Preece and

Thome (1996) modelled the detonationof two blast holes located 3 m apart using the dynamic

finite element computer program PRONTO-3D, a numerical modelling package developed at

Sandia National Laboratories. The model was produced to model the effectof detonation

timing on fragmentation, and used a damage constitutive model to simulate the dynamic

fracture of rock. This damage constitutive model was based on tensile failure and was unable to

predict damage in compression. The explosive detonation was modelled with detonation

beginning at the bottomof each explosive column and was modelled with a controlled bum

based on a specified detonation velocity.Although this model produced acceptable results for

the two blast holes, the complexityof model required approximately 4 daysof CPU time to

solve. Therefore, this approach would not be suitable to model the numberof explosive

columns used in aproductionblasts due to the time that would be required to solve the model.

2.5.5. Modelling the Effects of a Blast on CementedBackfill

Many researches have modelled the effects of an explosive blast on cemented fill, using both

physical models and numerical modelling. Asummaryofthesestudies is given in the following

section.

O'Hearnand Swan(1989)modelled the stabilityof cemented hydraulic fill. A numerical model

was producedof a sill mat composedof cemented hydraulic fill. A sill mat is a thin bedded

plug that is situated below weaker backfill and used to support the overlying fill when mining

underneath the stope. As seismic events in the region were known to cause failure,O'Hearn

and Swan (1989) produced a model in the numerical modelling package UDEC, an explicit,

time marching, distinct element code, to study the response of the cemented fill to seismic

events. The blast load was applied as a sinusoidal pressure pulse with a duration of 10 ms and a

frequency 100 Hz. From this project, it was found that peak particle velocities between 200 and
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300 mmls in the fill, caused the collapseof the overlying fill. This study focused on seismic

events occurring in the far field, with the nearest blast 20 m from the fill.

In another study, Lilley (1994) researched the near field effectsof blasting on cemented

hydraulic fill, and developed amathematicalmodel to determine the effectsof blasting on

cemented hydraulic fill (CHF). Lilley and Chitombo (1998)continuedthis research, improving

the model. Atransmissionof blast vibrations wasmodelled from the source,through ore,

across theore/CHF interface, and into the CHF mass using avibration transfer model. A

numberof assumptionswere made tosimplify the model.

The resultsdemonstratedthe dependenceof the model on the source. The source was assumed

to be a point in the modelproducedby Lilley, while Lilley and Chitombo (1998) assumed a

cylindrical source. As a result,Lilley's model predicteda low likelihood of damage, while

Lilley and Chitombo'smodelpredictedplastic deformationin the CHF, near the interface for a

source located 5 metres from theore/CHF interface with a peak particle velocityof 1500mmls

at the source, avelocity typical from blasting in hard rock (Pierce 2001).

In one another study, Itasca (Pierce 2001) used the numerical modelling package FLAC, the

two-dimensionalversion of FLAC3D
, to simulate blast and impact loadings on fill. A two

dimensional model was used, and the blast was simulated by applying a velocity pulse at the

centreof the pillar. A numberof assumptionsandsimplificationswere used in thedevelopment

of this model; however, this model was useful for an initialassessmentof the stability of fill

under blasting loads.

Physical models have also been used to predict the effect of blasting on nearbycemented

backfill. Nnadi (1990) used scale models to determine the stability of cemented backfills under

dynamic loading. Nnadi (1990) found that centrifuge modelling with increased gravity

loadings was required to obtain accurate results from scale models. Nnadi and Mitchell (1991)

reported the resultsof centrifuge models used to simulate blast loadings and predict the

responseof cemented mine backfills, using impact loading to simulate a blast. Thisexperiment

proved centrifuge modelling to be a useful tool for blast studies, although the impact load could

not easily becorrelatedto a given blast energy in the field.

Mitchell and Nnadi (1994)continuedthe centrifuge study, using a centrifuge model to evaluate

the effect of dynamic loads caused by ring blasting on the stabilityof an exposed face of

tailings. The loads induced no static failures. Thisexperimentindicated that theprobability of

ring blastingproducingore dilution from this typeof backfill is low.
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2.6. Summary

Much research has been conducted on the processes involved in blasting and in modelling an

explosive blast. This research has shown that the damage to a rock structure due to blasting

results from two mechanisms, the effectsof the explosion gas and thetransmissionof a stress

wave. Experimentalstudy indicates that the stress wave causes cracks in the rock which the

explosion gases expand into and separate the crack pattern.

The motion from a blast spreads in the formof waves which expand through the solid causing

ground vibration. The highest velocity experienced by a particle is known as the peak particle

velocity. The peak particle velocityof the wave decreases with distance from the explosive

source. The peak particle velocity can be used to estimate blast damage, as experiments have

shown thatpermanentdamage to the rock occurs at a critical peak particle velocity. This is

based on theassumptionthat stress, and therefore damage, is proportional to peak particle

velocity.

Equations 2.3 and 2.5 have been developed to predict the peak particle velocity in the far field

and the near field respectively. These equations contain constants which are specific to a given

site. Sartor (1999) used equation 2.5 to determine the constants for these equations for rock at

CanningtonMine. The constants for these equations for paste fill at Cannington Mine are

presented in this chapter 4ofthis dissertation.

Equations 2.3 and 2.5 have several limitations in predicting the peak particle velocity in a

realistic rock mass. For example, these equations do not predict vibration variations with time,

and they do not take into account the effect of anyjoints, discontinuities or free surfaces in the

rock. For this reason, numerical modelling has been used to predict the effectsof blasting on

the surrounding area. Someofthemodels that have been created include the following:

• Modelling a spherical explosive charge. Oneof the earliest models was created by

Sharpe (1942). Sharpe (1942) modelled the spherical explosive charge by applying a

pressure to the wall of an"equivalentcavity", rather than to the physical wallsof the

physical cavity. This ensured that the elastic wavepropagationonly had to be

modelled. Kutter and Fairhurst (1971) later determined that the radiusof the equivalent

cavity should be approximately 4 times the cavity radius for a spherical charge and

approximately 6 times the cavity radius for a cylindrical charge.

• Modelling a column explosive charge. The earliest models of a cylindrical charge

involved modelling the charge as a stackof spherical charges (Starfield and Pugliese,

1968; Harries, 1990; and Zou, 1990). However, work by other authors found that the
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useof a finite element model produced more acceptable results (Blair and Jiang, 1995).

Many authors have produced numerical models of a single columnof explosive in a

uniform material. This has allowed simplifications such as the useof axisymmetric

models to be used in order to reduce the computing timeof the model. While this

approach is useful for studying the effectsof blastingsurroundinga single blast hole,

this method is not able to predict the effectofproductionblasting in rock on nearby fill.

• Modelling multiple blast holes. While the majorityof the studies consistedof models

of a single blast hole, a few studies included multiple blast holes. One such example

was Preece and Thome (1996) who modelled two blast holes located 3 m apart using a

3-dimensionalmodel. This model was reported to produce acceptable results, however

the complexityof the model required approximately 4 daysof CPU time to solve. The

solving time makes theproductionof larger models consistingof many blast holes

impractical.

• Modelling the effectsof a blast on cemented backfill. A number of studies were found

where the effectsof an explosive blast were modelled.O'Hearn and Swan (1989)

modelled the effectsof blasting on a sill mat composedof cemented hydraulic fill. A

modelof the sill mat and the overlying weaker backfill was produced and the blast load

was applied to the side of the model to simulate the blast loading expected in the far

field, with the nearest blast load 20 m from the fill. Lilley (1994) modelled the near

field effects of blasting on cemented hydraulic fill, and the work was continued by

Lilley and Chitombo (1998). Atransmissionof blast vibrations was modelled from the

source through the ore and across the interface into the cemented hydraulic fill. Pierce

(2001) used a two dimensional model to study blast and impact loadings on fill.In this

model the blast was simulated by applying a velocity pulse at the centreof the pillar.

Although a large number of numerical models of blast loads have been produced, few of these

models consider the effectof blasting in rock on nearby backfill and noneof these models

predict the effectof the detonation of multiple blast holes in rock on nearby backfill. A

productionblast in a mine involves the detonationof multiple blast holes with small delays

between each blast. The blast wave from each blast hole istransmittedto the backfill material,

and due to the effectsof reflection of the waves within the backfill, these waves can combine to

produce larger peak particle velocities within the backfill than would be created by a single blast

hole. Therefore, it is important to consider the effectsof multiple blast holes. The objective of

this thesis involve the development of acomputer-aidedmodel to predict the dynamic response

ofpaste fill due to blast loading from one or more blast holes located in nearby rock.
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3. Monitoring of Stope 4261During Nearby Blasting

3.1. General

A monitoring program was put into place atCanningtonMine to measure the velocities

experiencedin a backfilled stope duringextractionof adjacentsecondarystopes. Stope 4261

was chosen for thismonitoringprogram. The stope had beenbackfilled with a combinationof

rock and paste fill after its extraction. The paste fillconsistedof 76 % solids and 3.8 % cement.

The rock pieces were found to beconcentratedtowards the centreof the stope andalmostnon

existenttowards the edgesof the stope. Stope 4261 is 60 m high, 30 m wide and 30 m long and

extends fromthy 375 m level down to 425 m level. Onesecondarystopeadjacentto 4261 had

been mined and backfilled prior to monitoring program. This was stope 4762, which had

dimensionsof 15 m wide by 15 m long by 100 m high, andextendedfrom 375 m level to 475 m

level.

A horizontaltunnelwasexcavatedtwo thirds of the waythroughstope 4261 at the 400 m level,

which was at the midheight of the stope. Monitoring equipmentwas installed in boreholes

drilled from this tunnel. Stope 4261 wasmonitoredduring blastingof adjacent stopes 4760 and

4763. Stope 4760 haddimensionsof 100 m high, 15 m wide and 15 m long andextendedfrom

375 m level to 475 m level.Blastingoccurredin 8 stagesbetweenthe 14th Septemberand 9th

October2001. Stope 4763 haddimensionsof 104 m high, 30 m wide, 27.5 m long at the base

and 36.5 m long at the top andextendedfrom 375 m level to 475 m level.Blastingoccurredin

8 stagesbetweenduring May 2002. Thepositionsof stopes 4760, 4261, 4762 and 4763relative

to oneanothercan be seen in Figure 3.1 and plansofthestopes are given inAppendixA.

3.2. Monitoring EquipmentUsed

The monitoringprograminvolvedthe installationof 5 triaxial geophonesin the backfilled stope

4261. During blast events, thegeophoneswere connectedto a BlastronicsBMX Blastmonitor.

Triaxial geophonesmeasure velocities in three directions, which areperpendicularto one

another. Thevelocity at that point can then beobtainedby calculatingthe vectorsum of these

velocity records.

Upon the completeextractionof each adjacent stope, the insideof the cavity wasscannedand

input into acomputerprogramwhich was used to provide an accuraterepresentationof the size

of the cavity. Thevolume of paste fill which failed during the removalof the secondaryand

tertiarystopes wascalculatedfrom this information.
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Figure3.1 - LayoutofStopes Used inMonitoringProgram

3.3. LocationofMonitoringEquipment

A total of 5 triaxial geophones were installed from boreholes drilled from a tunnel that was

excavated 20 metres into the paste fill stope 4261. A borehole was drilled from the endof this

tunnel towards the adjacent rock at an angleof 33° to the horizontal. Four triaxial geophones,

G3, G4, G5 and G6, were positioned in this borehole, as shown in Figure 3.2. The fifth

geophone, G7, was installed in a borehole drilled into the side wallof the tunnel, as shown in

Figure 3.3. As can be seen, geophone G3 was installed in the rock, while the remaining

geophones were installed in paste fill. The distancesof G3, G4, and G5 from the endof the

drive are shown in Figure 3.2.

3.4. TypeofExplosiveUsed in theProductionBlasts

The emulsion type explosive Powerbulk VE, at a densityof approximately 1.0 g/cm", was used

in the production blasts at Cannington Mine. Powerbulk VE is a primer sensitive bulk emulsion

explosive that has been designed for used in underground blasting applications. Powerbulk VE

is a fluid with a viscosity similar to thatofheavy grease.It is pumped into boreholes and can be

used for boreholesof up to 35 m length. The explosive can be detonated using either a primer

or a Powergel packaged explosive cartridge in conjunction with a detonator. Information about

this explosive, which was supplied by Orica, is given in Table 3.1.

26



Chapter3 - Monitoring of Stope 4261 DuringNearbyBlasting

Table 3.1 Properties ofPowerbulk VE

CalculatedVelocity ofDetonation(km/s)

3.5. EventsMonitored

0.8

4.3

1.0

5.3

1.2

6.2

Monitoring data wascollectedduringthe blastingof stopes4760 and 4763. Theblasteventsfor

which occurred during this blasting and the blast events for which monitoring data was

availablefor analysisis discussedin this section.

3.5.1. Stope4760

Stope4760 is asecondarystopewith two pastefill exposures.The first pastefill exposureis

stope4261, which is to the west, andinvolvesan exposurebetweenthe 375 mlevel and the 425

m level. Thesecondpasteexposure,stope4762, is to the north, andextendsfrom the 375 m

level to the 475 m level. Stope 4760 alsoextendsfrom the 375 mlevel to the 475 m level.
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Blastingwas carried out over a 3lizweek period, with a totalof 8 separate blast events. Table

3.2 lists the blast events for which data was collected. Blast plans and delay times for these

events are given in Appendix B.

The ring types given in Table 3.2 refer to the different typesof blast hole patterns used in the

productionblasts that were monitored. The following three typesof blast hole patterns were

used in the production blasts that were monitored:

• Winze

The winze is a vertical shaft that is excavated at thebeginningof the mining sequence

for a given stope. The winze monitored in thisproduction blast consistedof 12

productionblasts with a 69 mm diameter and 6 easers with a 152 mm diameter. The

easers are boreholes drilled into the rock to allow room for the crushed rock to expand

into during blasting. The layoutof the winze blast monitored for stope 4760 is shown

in plan view in Figure 3.4. All blast holes were vertical.
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Table 3.2 Monitoring Data CollectedDuring Blasting of Stope4760

File Name Blast Level Ring Massof Date Metres Comments

Number (m) Type Explosive Charged

(kg) (m)

BHP#13 904064 425 Winze 893 18/9/01 143.5 DataOK

Table3.4

09281751 904068 475 COS, 3204 22/9/01 576 DataOK

Rings
Table3.6

1,2,3,4

09291749 904072 425 COS, 3902 25/9/01 727 Saturation

Rings on most
Table3.8

1,2,3,4 channels

09301747 904078 400 COS, 9645 9/10/01 1531 Disk full-

Rings data lost

1,2,3,4

a

1000 mmo
o

o

o

o

�~�/�~�m
�~ 750mm

o �~ v >uU> 12productionholes
�~�A�t

o

/0
<, 6 easers 0

o 152 mm dia.
350 mm apart

o

1000 mm

o

o

Figure 3.4 - WinzeBlastHole Layout/orStope 4760
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• cos

The COS blast pattern consisted of rowsof vertical blast holes with a diameterof

89mm.

• Rings

The ring blast pattern consisted of a setof blast holes drilled in a radial pattern. The

blast holes in the rings had diametersof 76 mm for rings close to the paste fill face of

stope 4760, and diametersof 89 mm for the rings in the main bodyofthestope.

3.5.2. Stope 4763

Stope 4763 is a secondary stope with one paste fill exposure composedof fill masses from

stopes 4261 and 4762, on the south side. The paste fill exposureof stope 4261 involves an

exposure between the 375 m level and the 425 m level while the paste fill exposure of stope

4762 involves an exposure between the 375 m level to the 475 m level. Stope 4763 extends

from the 375 m level to the 475 m level. Blasting was carried out with a totalof8 separate blast

events. The southern most rings were firedtogetherfrom the bottom up, allowing the paste to

be exposed last to reduce the chanceof damage to the paste fill mass. Data was collected during

the firing of the southern main rings between the 475 m level and the 375 m level. This blast

involved approximately 30000 kgof emulsionexplosive installed in 89 mm boreholes. Table

3.3 lists the detailsof this blast event. Blast plans and delay times for these events are given in

Appendix C.

Table 3.3Details of Stope4763 BlastEvent Monitored

File Name Blast

Number

Level (m) Ring Type Mass of

Explosive

(kg)

Date Metres

Charged

(m)

09051801 904186

904187

904188

Total

375

425

450

Rings 5, 6, 10140

7,8,9,10

Rings 5, 6, 12809

7,8,9

Rings 5, 6, 2894.8

7,8

25844

9/5/02

9/5/02

9/5/02

1630.2

2059.4

465.4

4155
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3.6. CollectedData

Each geophone recorded a setof 3 velocity versus time profiles for each blast event that was

monitored. The overall velocity profile for each geophone was obtained by calculating the

vector sumofthesethree records.

3.6.1. Stope 4760

Records were collected for all 5 geophones during the first 3 blast events for stope 4760 listed in

Table 3.2. However, the monitor failed to record the data for the fourth blast event, blast

number 904078, as the disk on the Blastronics BMX blast monitor was full. The velocity

profiles measured during each blast are given in Appendix B

3.6.2. Stope 4763

The geophones were testedprior to blasting stope 4763. During this test, geophones G3 and G4

tested dead. These geophones were the closest geophones to the blastof stope 4760, and were

most likely to be damaged during the blast. As a result, velocity records for only geophones

G5, G6 and G7 were recorded during the southern main ring blastof stope 4763. Results

consistedof an 11000 ms duration sample for G5 (sample interval 200 us), a 2750 ms duration

sample for G6 (sample interval 50 us), and an 1100 ms duration sample for G7 (sample interval

20 us). The distancebetweenthe geophones and the main ring rangedbetween19 m and 83 m.

3.6.3. Volume of Stopes

In addition to the blast records, the cavityof each stope was scanned. The volumeof paste fill

that failed was determined by comparing the cavity extracted for each stope. These volumes are

shown in Figure 3.5 and Figure 3.6.

3.7. AnalysisofData

3.7.1. Volumeof Failed Paste Fill

The volumeof failed paste fill for each blast was obtained through a comparisonof the volume

of the cavity extracted with each stope. Once a stope is extracted, the inside of the cavity is

scanned. The volume that overlapped between the cavityof stope 4261 and the adjacent stopes

represents the volumeof paste fill that failed during the extractionof the adjacent stopes.

Computer software used byCanningtonMine was used to calculate the volumeof the

intersection between the stopes, and to plot imagesof this volume. The failure at the interface

of stopes 4261 and 4760 is shown in Figure 3.5, and the failure at the interface between stopes

4261 and 4763 is shown in Figure 3.6. The volumeof failure for each interface is given in
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(a)Front View (b)Side View

(c)Plan View

Figure 3.5 - Failure at IntersectionofStope4261and4760
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(a) Front View (b)SideView

(c) Plan View

Figure 3.6-Failure at IntersectionofStope4261and4763
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Table 3.4. The averagethicknessof failure in the paste fillestimatedfrom this data is also

given. As can be seen,generally the averageof thickness of failure of paste fill was

approximately1 to 1.5 m.

Table 3.4 Failure Observed During Blastingof Secondary Stopes

Interface of

Stopes

Volume of

Failure (rrr')

Estimated

Percentof

face failed

(m)

Estimated

Height of

Failure (m)

Estimated

width of

failure (m)

Average

Thicknessof

failure (m)

4261 & 4762 4674.8

4261 & 4760 463.1

4261 &4763 631

4762 & 4760 520.6

100 %

50%

60%

60%

60

60

60

90

15

15

12

12

5.2

1.0

1.5

0.8

3.7.2. PeakParticle Velocities MeasuredDuring Monitoring

3.7.2.1. Stope 4760

Blast904064

Blast 904064 consistedof a winze that extendeddown from the 425 m level. This blast

consistedof 9 productionholes with adiameterof 69 mmsurroundinga 152 mmdiametereaser

borehole. A total of 893 kg of explosivewas used, over a total blast holelength of 143.5 m.

The locationoftheboreholesdetonatedin blast 904064 areshownin Figure 3.7.

Velocity profiles measuredat eachgeophoneare given in Figure 3.8. Theseprofiles show the

arrival of several waves. The blastconsistedof 9 blast holeswhich are shaded yellow in Figure

3.7. The arrivalof these blasts can beidentified by the delay time used for each blast hole.In

some cases, more than 9 wave arrivals can be identified. This may be due toreflectionswithin

the paste fill from the first blast holesinterferingwith the waves from the later blast holes. The

peakparticlevelocity for each wave isgiven in Table 3.5.
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Figure 3.7-Location ofBlast904064Boreholes
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(b) Elevation

Comparisonof records from Geophone G3, situated in the rock, and geophone G4, situated in

the paste fill adjacent to geophone G3, show a reduction in peak particle velocity which can be

attributed to losses experienced at the rock/paste fill interface. Comparisonof Geophones G4,

G5, G6 and G7 generally show the peak particle velocity decreasing with distance from the blast

as expected. However in a numberof cases, the peak particle velocity increased with distance.

This increase in peak particle velocity may be due to the reflectionof waves from the paste

fill/rock interface. The waveforms given in Figure 3.8 show a relatively slow attenuationof the

velocity which also suggest that a significant amountof the wave is being reflected within the

paste fill.
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Geophone G3 - Magnitude of Resultant Velocity
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Figure 3.8 - Velocity ProfilesMeasuredDuring Blast904064
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Table 3.5 Results forBlast 904064

Geophone G3 G4 G5 G6 G7

Min Distance from Blast (m) 32.2 30.9 29.6 27.4 24.2

Max Distance from Blast (m) 54.9 53.8 52.6 50.1 47.3

Material at GeophoneLocation Rock Paste Paste Paste Paste

Wave 1 ppv(mm/s) 32.5 23.2 78.1 44.6 37.2

Wave 2 ppv(mm/s) 20.2 13.6 73.9 21.0 29.8

Wave 3 ppv(mm/s) 19.2 14.6 74.5 26.4 26.1

Wave 4 ppv(mm/s) 23.0 13.3 74.8 26.4 29.5

Wave 5 ppv(mm/s) 30.1 24.3 76.3 32.4 39.6

Wave 6 ppv(mm/s) 22.0 15.7 73.5 28.3 26.1

Wave 7 ppv(mm/s) 20.3 15.0 75.7 29.3 53.0

Wave 8 ppv(mm/s) 27.5 18.4 76.3 30.6 31.0

Wave 9 ppv(mm/s) 25.6 21.8 77.9 44.1 34.0

Blast904068

Blast 904068 consistedof the detonationof the 475 m level COS upholes and Rings1,2, 3 and

4. A total of 8 vertical COS boreholes of 89 mm diameter were detonated in this blast. Each

Ring consistedof between 12 and 14 boreholesof 89 mm diameter drilled radially from the

475 TA63 DS tunnel. A totalof 3204 kgof emulsionexplosive was used; over atotal blast hole

length of 576 m. The location of the boreholes detonated in blast 904068 are shown as the

yellow shaded section in Figure 3.9.
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Figure 3.9 - Location ofBlast904068Boreholes

Velocity profiles measured at each geophone are given in Figure 3.10. The record lasts for 3

seconds, and shows the velocities experienced during the firsthalf of the production blast.

These profiles show the arrivalof 5 waves. These waves were compared against delay times

identified in the firing plans to identify the blast holes responsible for each wave as shown in

Table 3.6.

As can be seen, individual wave arrivals could not be identified for several blast holes. In some

cases (COS 1 holes 4 and 5, and COS 3 holes 4 and 5) this may be attributed to the reductionof

the signal due to travelling through broken rock as a resultof previous detonation. In the

remaining cases, the absenceof an arrival wave indicated the misfiringof the blast hole. The

peak particle velocity for each wave is given in Table 3.7.
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Geophone G3 - Magnitude of Resultant Velocity
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Figure 3.10- VelocityProfilesMeasuredDuring Blast904068
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Table3.6Blast904068 DelayTimes

Blast Type Blast Hole Delay (ms) Delay (s) Arrival number

COS 1 3 200 0.2

COS3 3 200 0.2

COS2 4 400 0.4 2

RING 4 3 450 0.45 2

RING 4 500 0.5 2

COS 1 4 600 0.6 NO ARRIVAL IN SIGNAL

COS3 4 600 0.6 NO ARRIVAL IN SIGNAL

COS2 5 1000 3

COS 1 5 1400 1.4 NOARRIVAL IN SIGNAL

COS3 5 1400 1.4 NOARRIVAL IN SIGNAL

RING 1 8 1400 1.4 NOARRIVAL IN SIGNAL

RING 1 7 1675 1.675 NOARRIVAL IN SIGNAL

RING 1 9 1675 1.675 NOARRIVAL IN SIGNAL

RING 1 6 1800 1.8 4

RING 1 10 1800 1.8 4

RING 1 5 1950 1.95 4

RING 1 11 1950 1.95 4

RING 1 4 2275 2.275 NOARRIVAL IN SIGNAL

RING 1 12 2275 2.275 NOARRIVAL IN SIGNAL

RING 1 3 2400 2.4 5

RING 2 8 2400 2.4 5
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Table 3.7Resultsfor Blast 904068

Geophone G3 G4 G5 G6 G7

Min Distance from Blast (m) 30.9 29.6 28.2 25.9 23.6

Max Distance from Blast (m) 56.6 55.9 55.3 54.2 50.1

Material at GeophoneLocation Rock Paste Paste Paste Paste

Wave 1 ppv(mm/s) 88.6 39.7 124.6 97.3 71.9

Wave 2 ppv(mm/s) 48.6 39.0 94.1 63.0 78.0

Wave 3 ppv(mm/s) 63.2 65.2 117.8 89.4 83.8

Wave 4 ppv(mm/s) 80.4 70.6 108.0 57.5 83.0

Wave 5 ppv(mm/s) 60.4 34.6 86.9 52.3 70.1

Comparisonof records from Geophone G3, situated in the rock, and geophone G4, situated in

the paste fill adjacent to geophone G3, show a reduction in peak particle velocity that can be

attributed to losses experienced at the rock/paste fill interface. Comparisonof Geophones G4,

G5, G6 and G7generallyshow the peak particle velocity decreasing with distance from the blast

as expected. However, as observed in the results for blast 904064, in a numberof cases, the

peak particle velocity increased with distance. This increase in peak particle velocity may be

due to the reflectionof waves from the paste fill/rock interface. The waveforms given in Figure

3.10 show a relatively slow attenuation of the velocity which also suggest that a significant

amountofthewave is being reflected within the paste fill.

Blast904072

Blast 904072 consistedof the detonationof the 425 m level COS downholes and Rings 1, 2, 3

and 4. A totalof 8 vertical COS holes were detonated in this blast. Each Ring consisted of

between 13 and 16 blast holes drilled radially from the 425 TA63 DS tunnel. Each blast hole

was 89 mm in diameter. A total of 3902 kgof emulsion explosive was used; over a total blast

hole length of 727 m. The locationofthe boreholes detonated in blast 904072 are shown as the

area shaded yellow in Figure 3.11.

Velocity profiles measured at each geophone are given in Figure 3.12. The record lasts for 3

seconds, and shows the velocities experienced during the detonation of the COS holes and the

initial 3 blast holesofRing 1. These profiles show the arrivalof 5 waves.
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Figure3.11 - LocationofBlast904072Boreholes

These waves werecomparedagainst delay times identified in the firing plans to identify the

blast holesresponsiblefor each wave as shown in Table 3.8. The peak particle velocity for each

wave is given in Table3.9.

Table3.8 DelayTimesfor Blast904072

BlastType BlastHole Delay(ms) Delay(s) Arrival Number

COS 1 3 200 0.2 1

COS3 3 200 0.2 1

COS2 4 400 0.4 2

COS 1 4 600 0.6 2

COS3 4 600 0.6 3

COS2 5 1000 1 4

COS 1 5 1400 1.4 5

COS3 5 1400 1.4 5

RING 1 3,4and 5 1400 1.4 5
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Geophone G3 - Magnitude of Resultant Velocity
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Table 3.9Resultsfor Blast 904072

Geophone G3 G4 G5 G6 G7

Min Distance from Blast (m) 52.9 51.5 50.1 46.7 45.3

Max Distance from Blast (m)80.5 79.5 78.6 76.4 73.4

Material at Geophone

Location Rock Paste Paste Paste Paste

Wave 1 ppv(mm/s) 126.2 124.8 123.7 90.5 84.4

Wave 2 ppv(mm/s) 111.5 124.8 123.7 64.6 83.6

Wave 3 ppv(mm/s) 123.4 124.8 122.4 61.1 73.1

Wave 4 ppv(mm/s) 99.7 88.3 100.9 67.0 79.6

Wave 5 ppv(mm/s) 105.4 103.4 109.9 34.1 44.6

As can be seen, the results observed for blast 904072 were similar to those observed for blasts

904064 and 904068.

Blast 904078

The blastmonitor failed to record any data during this blast as the disk was full. Therefore, no

analysis could be conducted for this blast.

3.7.2.2. Stope4763

Stope 4763 was detonated after stope 4760. During testingof the geophones prior to detonating

stope 4763, geophones G3 and G4 tested dead. As a result, velocity records were only recorded

for geophones G5, G6 and G7. The velocity records for these geophones showed similar results

as those seen during the blastingof stope 4760. The peak particle velocities were generally seen

to reduce with distance, but in some cases these peak particle velocities increased. This increase

in peak particle velocity may be due to the reflectionofwaves from thepastefillirock interface.

As shown in Figure 3.2, geophones G3 and G4 were located on either sideof the rock/paste fill

interface. Since these geophones did not record any data during these blasts, thetransmissionof

the wave across the interface could not be analysed. Therefore, these waveforms were not

analysed further.
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3.7.2.3. Summary

Stope 4261 wasmonitoredduring theextractionof adjacentstopes 4760 and 4763.In all cases,

comparisonof peak particle velocities recordedat geophoneG3, situated in the rock, and

geophoneG4, situatedin the paste fill adjacent togeophoneG3, show areduction in peak

particle velocity which can beattributedto lossesexperiencedat the rock/pastefill interface.

Comparisonof peak particle velocities recordedat geophonesG4, G5, G6 and G7generally

show the peakparticlevelocity decreasingwith distance from theblastas expected.Howeverin

a number of cases, the peakparticle velocity increasedwith distance. Results from field

instrumentationtests discussedin Chapter4 indicate thatapproximately90 % of the pressure

wave is reflected at the paste fill/rockboundary. Therefore, the increase in peakparticle

velocity observedin the blastmonitoring can beattributedto the reflection of waves from the

paste fill/rock interface. Therelatively slow attenuationof the velocity observed in the

waveformsalso suggests that asignificant amountof the wave is beingreflectedwithin the

paste fill.

3.7.3. Wave TransmissionAcross the Rock/PasteFill Interface

The peakparticlevelocitiesmeasuredat geophonesG3 and G4 were used toexaminethe effect

of the rock to paste fill interface on thetransmissionof the wavegeneratedfrom the explosion.

GeophoneG3 was located in the rock andgeophoneG4 was located in the paste fill. The

geophoneswere 2.5 m apart. Thepercentageof the wave that wasrefractedthrough the

interface into the rock wascalculatedas thepercentageofthepeakparticlevelocity measuredat

geophoneG4 comparedto the peakparticlevelocity measuredat geophoneG3.

The resultsof the analysis are given in Table 3.10. As can be seen, thepercentageof refraction

into the paste fill variesconsiderably.This is due to anumberof factors includingthe geometry

oftheboreholesin comparisonto thegeophonelocations,and thereflectionof waveswithin the

paste fill from previousblasts interferingwith the peakparticlevelocity measuredat geophone

G4. A field instrumentationtest of blasts in paste fillindicatedthat the paste fill/rockboundary

reflects approximately90 % of the blast wave back into the paste fill.Therefore,during a

production blast involving the detonation of numerousboreholes with millisecond delays

betweeneach blast, a largeamountof reflection would occur. The peakparticle velocities

measuredat geophoneG4 is the peakparticle velocity experiencedat this locationas a sumof

all wavespresentat that time. Therefore,the peakparticlevelocities measuredat geophoneG4

may be muchhigher than the peakparticle velocities thatwould be experiencedif a single

explosivewere detonated. As can be seen in Table 3.10, in some cases the largeamountof

reflection of pressure waveswithin the paste fillproducedpeak particle velocities in the paste

fill that were larger than thosemeasuredin the rock. The results from this analysis indicate that
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Table 3.10Transmission of BlastWave Across Rock/PasteFill Interface

Ppv Measured ppv Measured Percentageof Percentageof

at Geophone at Geophone PressureWave PressureWave

Blast Wave G3 in Rock G4 in Paste Refracted into Reflectedinto

Number Number (mm/s) Fill (mm/s) Paste Fill Rock

904064 32.5 23.2 71.5 % 28.5 %

904064 2 20.2 13.6 67.3 % 32.7 %

904064 3 19.2 14.6 75.9 % 24.1 %

904064 4 23.0 13.3 57.6 % 42.4 %

904064 5 30.1 24.3 80.5 % 19.5 %

904064 6 19.0 15.7 82.7 % 17.3 %

904064 7 22.0 13.0 59.3 % 40.7 %

904064 8 20.3 15.0 73.8 % 26.2 %

904064 9 22.7 12.7 55.8 % 44.2 %

904064 10 27.5 18.4 66.7% 33.3 %

904064 11 25.6 21.8 85.3 % 14.7 %

904068 88.6 79.3 89.5 % 10.5 %

904068 2 48.6 39.0 80.1 % 19.9 %

904068 3 63.2 65.2 103.2 % 0%

904068 4 80.4 70.6 87.8 % 12.2 %

904068 5 60.4 34.6 57.3 % 42.7 %

904072 126.2 124.8 98.9 % 1.1%

904072 2 111.5 124.8 111.9 % 0%

904072 3 123.4 124.8 101.1 % 0%

904072 4 99.7 88.3 88.6 % 11.4 %

904072 5 105.4 103.4 98.0 % 2.0%

a large proportion of the stress wave is refracted from the rock into the paste fill, with a

minimum of 55 %of the wave observed to be refracted.
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The refraction and reflectionof waves at a boundary between two different materials is

complicated and the amplitude of eachof the waves generated at the boundary is dependent on

the characteristic impedanceof the materials, where the characteristic impedance is a material

property which affects thetransmissionof waves through an elastic medium. The characteristic

impedance is the product of the p-wave velocity and the density. When two different materials

have the same characteristic impedance, the wave will be fully refracted through an interfaceof

the two materials. When the characteristic impedanceof the second material is greater than the

characteristic impedance of the first material, the majorityof the wave will be reflected back

into the first material at an interface between the two materials. Similarly, when the

characteristic impedance of the second material is less than the characteristic impedance of the

first material, the majorityof the wave will be refracted from the first material to the second

material at an interface between the two materials.

The p-wave velocity, density andcharacteristicimpedanceof rock and paste fill at Cannington

Mine is shown in Table 3.11. As can be seen, the characteristic impedanceof rock is much

larger than the characteristic impedanceof paste fill. It is not surprising then that the majority

ofthe wave will be refracted from the rock into the paste fill. In a similar manner, in the caseof

a wave travelling through the paste fill towards a paste fill/rock interface it is expected that the

majority ofthewave would bereflectedback into the paste fill.

Table 3.11Characteristic Impedanceof Rockand Paste Fill atCannington Mine

Material P-Wave Velocity Density (kg/m') Characteristic

Rock

Paste Fill

(m/s)

2330

176

3950

2003

Impedance (Ns/m3
)

9203562

353031

3.7.4. Estimation of the PeakParticle Velocity at which Failure of
Paste Fill Occurs

The peak particle velocities at which the paste fill failed could not be calculated from the

monitoring data, as useable data was not obtained during the blastingof the sectionsof the

adjacent stopes that were the closest to the geophones. The recordings taken during these blasts

were"saturated",i.e. the velocitiesexperiencedat the geophones during these blasts were much

higher than the levels at which the geophones were set to record. Geophones G3 and G4 were

either lost or damaged beyond use during these blasts.
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The peakparticlevelocity that causes failure in the paste fill wasestimatedusing data from the

following sources:

• The blast plans for stope 4760

• The volumeofpaste fill that failed,particularlythe thicknessofthefailed section,discussed

in section3.7.1

• Equationsfor predicting peak particle velocities using constantspreviously reported for

rock at CanningtonMine (Sartor, 1999) and constants for paste fillobtainedduring field

instrumentationtests (seeChapter4).

The peakparticle velocity experiencedat the failure plane in the paste fill wasestimatedusing

the following method:

1. Determinethe locationofthenearestborehole to therock/pastefill interface.

2. Estimate the peak particle velocity in the rock immediately prior to the

rock/pastefill interface usingequation2.5.

The values of the constants for rock atCanningtonMine were obtained from

work by Sartor (1999). These values are k= 2938 and�~�/�2 = 0.66.

3. The peakparticle velocity in the paste fillimmediatelyafter therock/pastefill

interface wasestimatedby assumingthat 50 % or 90 %of the wave will be

refractedacross the interface, ascalculatedin section3.6.3.

4. Equation2.5 and the site specific constants for paste fillpresentedin Chapter4

(k = 1000 and�~ = 1.02) were used tocalculatethe equivalentdistance a wave

would havetravelledin paste fill to result in the same peakparticlevelocity.

5. Equation2.5, the site specific constants forCanningtonMine paste fill and the

equivalentdistance of the failure plane from anexplosivesource in paste fill

were used to estimate the peakparticlevelocity at the failure plane.

The results from thiscalculationare given in Table 3.12. From these results it can be seen that

failure of paste fill is expectedto occur when peakparticle velocities over 2.5mls are

experienced.
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Table3.12PeakParticleVelocity atwhich FailureOccursin PasteFill

Interface Average Diameterof Linear Distance ppvat ppv at interfacein EquivalentDistancefrom ppv at FailurePlane

Thicknessof Borehole Charge from interfacein pastefill (mm/s) Source toInterfaceif

PasteFill (mm) Density Interface(m) rock (mm/s) Explosive is inPasteFill

Failure(m) (kg/m)
50% * 90%* 50%* 90%* 50%* 90%*

4261-4760 1 89 6.22 2 12328.93 4418 7230 0.52 0.20 2.51 2.85

4762-4760 0.8 76 4.54 1.4 12943.39 4597 7522 0.35 0.14 2.48 2.76

Note: *Thepercentageof the wave assumed to berefractedthroughtherock/pastefill interface ascalculatedin section 3.7.3.
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Fourier Analysis

The fast Fourier transformof each waveform was calculated in order to analyse the frequency

contentof the waveforms. The fast Fourier transform is a method used by computer programs

such as Microsoft Excel to calculate the discrete Fourier transformof a signal. The discrete

Fourier transform is defined as:

N-l

F(iIJ.f)=Lf(nIJ.t)e-i(2iTif.1)(nf.t ) fori=O, 1,2,...,N-l
n=O

where N = the total numberof discrete samples taken in the time domain

T
.M= the time increment between samplesIJ.t = ­

N

T = total sampling time

f, = the sampling frequencyf = _1 = N
S IJ.t T

Af = the frequency increment for the output in the frequency domain

F(iM) = the discreteFouriertransform output

(3.1)

The discrete Fourier transform output is given as one complex number for each discrete

frequency and provides information about the relativecontributionof each discrete frequency to

the signal. The magnitudeof the complex number calculated by the fast Fourier transform is

used to compare the relativecontributionofthedifferent frequencies.

An exampleof the frequency spectrum generated for oneof the velocity waveforms is shown in

Figure 3.13. Similar frequency spectrums were obtained for all other waveforms.In all cases,

the frequency spectrums indicate that it is the lower frequencies that contribute to the waveform.

This is likely due to the higher frequencies attenuating prior to the waves reaching the

geophones. No significant difference was seen between thecontributionof the frequencies at

the geophone in rock compared to the geophones in paste fill.
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Figure 3.13 - FrequencySpectrumfor Blast904064, WaveArrival 1 Recordedat
GeophoneG3 in Rock

3.7.6. Damageto Walls of Tunnel in PasteFill

During theproductionblastsof stopes adjacent to stope 4261, minimal damage to the walls of

the tunnel in the paste fill was observed. The vibrations from the nearby blasts appeared to

simple shake the dustoff the walls. This indicates that the peak particle velocitiesexperienced

in the general massofpaste fill are less than required to damage the paste fill.

3.8. Summary

The paste fill stope 4261 atCanningtonMine was monitored during the extractionof adjacent

stopes. A totalof five geophones were used for themonitoring program, 4of which were

installed in paste fill and oneofwhich was installed in rock.

The following observations were made during the field monitoring:

1. Higher than expected peak particle velocities were observed in the paste fill when

compared to those observed in the rock. This indicates a largeproportionof the waves

that enter the paste fill arereflected back into the paste fill at the paste fill/rock

boundary. This results in the slowattenuationof the wave within the paste fill. This

slow attenuationwas also observed in the velocity profiles measured during the field

monitoringexercise.
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2. The majorityof the blast wave was refracted from the rock into the paste fill at the

rock/paste fill interface.

3. The peakparticlevelocity at the failure plane in paste fill wasestimatedto be 2.5m/s.

4. Damage to the paste fill was not visible at the tunnel wall due to the attenuationof the

blast waveprior to reaching the centreofthepaste fill stope.

5. A Fourier analysis of the data indicated that the higher frequencies had attenuated

before the blast waves reached the geophones.
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4. Field Instrumentation Tests

The monitoringof productionblasts discussed in Chapter 3 was useful to obtain information on

how blast waves travel from a blast hole through the rock and into the paste fill. However, in

order to obtain a relationship that describes the travelof a wave through paste fill, it was

necessary to record thetransmissionof a blast wave originating within the paste fill. Therefore,

field instrumentationtests which involved detonating blast holes within paste fill was conducted

at CanningtonMine. These fieldinstrumentationtests are discussed in the following chapter.

4.1. Introduction

A blast monitoring exercise was conducted at Cannington Mine on theli h and 13th of

September, 2002. The fieldinstrumentationtests were conducted with the helpof Mr. Dale

Luke from CanningtonMine and Mr. John Heilig, a consulting engineer from Heilig and

Partners. In this exercise, two geophones were used to measure velocity waveformsproduced

by a seriesof explosions. The tests were carried out in stope 4261, which haspreviouslybeen

mined and backfilled with paste. The purposeof this exercise was to obtain arepresentative

waveform caused by thedetonationof a single explosive. This waveform was used to develop a

blast loading function for use in the numerical models, as described in Chapter 6.Anotheraim

of this exercise was to observe the responseof the paste to the explosives. Nine separate blasts

were monitored by two geophones, oneof which was situated in the rock, while the other was

situated in the paste fill.

4.2. Location oftheBlastHoles and Geophones

The field instrumentationtests were conducted in stope 4261, at the 400 m level. Ten blast

holes with a diameterof 44 mm and a lengthof approximately3 m were drilled into the wall of

the tunnel leading into the paste fill stope, as shown in Figure 4.1. The orientationof each blast

hole is shown in Figure 4.1 and the chainage at which each blast hole was drilled is listed in

Table 4.1. Two geophones were installed into this wall, one geophoneinstalledin paste fill, and

the other geophone installed in rock, approximately 1 m beyond the paste fill/rock interface.

The blast holes were loaded with Orica 200 mm by 32 mm powergel plugs. Each powergel

plug was initiated separately using a detonation cord. The geophones were connected to a

Blastronics BMX blast monitor that was used to record the velocity waveforms resulting from

each blast. As each blast hole was fired individually, a separate waveform was recorded for

each blast.

The position of each blast hole was measured prior to the blasting exercise, and the depth of

each blast hole was measured. Thisinformation was used to calculate the distance from the
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centreof each explosive to each geophone. These distances and the depthof the blast holes are

listed in Table 4.1. The explosives are labelled by the nameof the waveform file that recorded

the detonationof that explosive, and the chainage at which the hole was drilled. The chainage

was measured from the entranceof the tunnel. The explosives were fired in the order they are

listed in Table 4.1.

Rock
�~�' Chainage 0 m,,,,,,

Not to Scale

Figure 4.1 - Plan ViewofBlastHoles andGeophoneswithin Stope4261
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Table4.1 DistanceBetweenExplosivesandGeophones

Chainage WaveformFile Blast Hole Distance from Distance from

(m) Name Length(m) Geophone 1 (m) Geophone 2 (m)

25 Cann#1 1.97 3.48 17.27

23 Cann#2 2.45 1.96 15.55

11 Cann#3 3.20 10.96 3.66

13 Cann#4 3.37 8.19 5.97

15 Cann#5 3.30 6.25 7.90

17 Cann#6 3.15 4.11 10.02

19 Cann#7 3.25 2.12 12.26

20 Cann#8 3.34 1.56 13.15

21 Cann#9 2.69 0.95 13.84

4.3. TypeofExplosiveUsed in the Test

Cartridgesof the emulsion explosive Powergel Powerfrag supplied by Orica were used for the

field instrumentationtests. The high strength, water resistant packaged explosive has the

properties listed in Table 4.2. Powergel Powerfrag is initiated through the useof a detonator

and is designed for priming applications and as a medium density column explosive in mining

and general blasting work. The explosive is suitable for use in blast holesof any depth, as long

as the depthof any water in any holes does not exceed 20 m.

Table4.2 Propertiesof ExplosiveUsedin Field InstrumentationTests

Diameter(mm) Nominal Density (g/cnr') Nominal Mass Typical

Length (mm) (g) Velocity of

Detonation

(km/s)

32 200 1.18 170 4.0
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4.4. TestMethodology

The following methodologywas used for the fieldinstrumentationtests:

1. A tunnel was excavated two-thirdsoftheway through the paste fill stope 4621 at the 400 m

level. This was at themid-heightofthestope.

2. A total of 12 boreholes of 44 mm diameter were drilled into wall of tunnel. Oneof these

boreholes was drilled into the rock, while the remaining 11 boreholes were drilled into the

paste fill. These boreholes had an average depthof 2 to 3.5 m. Twoof these boreholes

were to be used for the installationof geophones and the remaining 10 were intended for

use as blast holes. However, one hole became blocked and could not be used as a blast

hole.

3. A triaxial geophone was installed into the borehole in the rock and another triaxial

geophone was installed into oneof the boreholes in the paste fill. The geophone installed in

the paste fill was also used for the monitoring discussed in Chapter 3. Geophone 1 was

located in the paste fill, while geophone 2 was located in the rock. Geophone 2 was

approximately 1 m from the paste fill/rock interface.

4. The position and alignmentof each borehole and the geophones were measured to ensure

that the distance between each explosive and geophone could be accurately determined.

5. The boreholes that the geophones were installed in were backfilled with a cemented

mixture.

6. On the dayof the field instrumentationtests, eachof the boreholes was clearedof debris.

At this point, one borehole was found to be blocked and therefore unusable.

7. The geophones were tested and prepared for use.

8. Each of the 9 usable boreholes was loaded with one cartrideof Powergel Powerfrag

emulsion explosive supplied by Orica, and each explosive cartridge was connected to

detonation cord.

9. The depthof each borehole from the tunnel wall to the location of the explosive was

measured to find the positionof each explosive cartridge.

10. "Before"photographswere takenof each borehole that had been loaded with explosive.

11. A blastronics BMX blast monitor, supplied by Mr John Heilig, was set up, connected to

each geophone and prepared to record the first explosive blast. The velocities measured by

each geophone were monitored by the blastronics BMX blast monitor, and, once a trigger

value was reached the monitor recorded the data from the geophone. The trigger values

were based on the velocities detected by the geophones prior to each blast and were

therefore re-setprior to each blast.
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12. The first explosive cartridge,"Cann#I"was wired ready to fire and fired once all personnel

had cleared the area.

13. Once the dust had settled in the area, an"after" photographwas takenof the first borehole,

however due to the lackof visible damage to the walls, it was decided that"after"

photographs would not be takenof the remaining boreholes. The lackof damage apparent

of the wall of the tunnel was due to the useof only one cartridge in each blast hole.It was

necessary to use such a small amountof explosive to ensure that the tunnel walls did not

become unstable during the fieldinstrumentationtests as this would have been unsafe for

the people entering the tunnel during and after the tests. A much larger amountof explosive

is generally used in each blast hole when blasting in rock.

14. The BMX blast monitor was checked to ensure that it had recorded a waveform and set up

to record the next shot while the next explosive was wired ready to fire.

15. The next shot was fired once the area was clear.

16. Steps 14 and 15 wererepeateduntil all shots were fired.

17. At the completionof the field tests, the measured waveforms were checked by Mr John

Heilig to ensure that realistic results had been obtained. The waveforms recorded by the

BMX blast monitorwereconvertedfrom the Blastronics software format to Microsoft Excel

format in order to allow analysisoftheresults.

4.5. CollectedData

A set of three velocity waveforms was measured at each geophone during each explosive blast

of the field instrumentationtests. These waveforms represent the velocity at the geophone in

three mutually perpendiculardirections. Velocity waveforms were not recorded at either

geophone during the detonationof the explosive in borehole Cann#2 and geophone 1 did not

record a velocity waveform during the detonationof the explosive in borehole Cann#4. This

was due to the trigger value set for these geophones for these blasts being observed prior to the

blast occurring. Velocity waveforms were recorded at both geophones during the detonationof

all other explosives.

The data was converted from the format used by the Blastronics software of the BMX blast

monitorto Microsoft Excel format to allow analysisofthe data. The three waveforms recorded

at geophone G1 for one explosive blast(Cann#l)is given in Figure 4.2.
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4.6. AnalysisofResults

4.6.1. Calculation of PeakParticle Velocity

Each geophone recorded velocity waveforms for the radial, transverse and vertical directions.

These velocities are the particle velocitiesexperiencedin mutually perpendiculardirections at

the locationof the geophone.In order to calculate the peak particle velocity, the magnitude of

the resultant velocity was calculated using the following formula:

2 2 2
V = Vradial + Vtransverse+ V vertical

where V is the magnitudeoftheresultant particle velocity

(4.1)

Vradial' Vtransverse and V vertical are the particle velocities in the radial, transverse

and vertical directions respectively

The magnitudeof the resultant velocity was calculated for each time step in order to obtain a

resultant velocity magnitude waveform. The peak particle velocity, which is the maximum

resultant velocity magnitudeexperienceddue to the blast, could then be observed from the

resultant velocity magnitude waveform. The valuesof peak particle velocity obtained from the

resultant velocity waveforms were used for the analysisof the field instrumentationtest data.

The waveforms recorded at geophone 1 during the detonationof the explosive in borehole

Cann#l is given in Figure 4.2 along with the resultant velocity magnitude waveform.

The waveformsrecordedat eachgeophonefor each blast are given in Appendix D.

4.6.2. Equation for Predicting PeakParticle Velocity in Paste Fill

The peak particle velocities measured at Geophone 1 were used to determine the constants of

the equation used to predict peak particle velocities in paste fill. The mechanicsof what

happens in the material surrounding a borehole when an explosive detonates is discussed in

detail in Section 6.2. The detonationof an explosive charge in a borehole produces an initial

shock wave in the surrounding material. This shock wave quickly decays into a stress wave.If

the pressure of the initial shock wave is greater than the strengthof the material, crushingof the

material will occur as discussed in Section 6.2. As the wave moves out from the borehole, the

pressure decreases and the wave becomes an elastic compressive wave known as a p-wave. The

different typesof waves are discussed in section 2.3.3. The wave strength in this region can be

expressed in termsof the peak particle velocity (Holmberg and Persson, 1979). The peak

particle velocity can be predicted by equation 2.3.
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For blast waves in rock,�~ is oftenapproximatelyequal to2a, for example, for hardbedrockk =

700, a = 0.7 and�~ = 1.5 if W, Randppv aremeasuredin the unitsgiven with equation2.3

(Holmberg and Persson,1979). If it is assumedthat �~ = 2a, equation2.3 reduces to the

following:

Takingthe logarithmof each sideof equation4.2 producesthe following relationship:

JW
logppv= logk + f3log-

R

(4.2)

(4.3)

The logarithm of the peakparticle velocity measuredat geophone1 during each blast was

plottedagainstthe logarithmof the term JW asshownin Figure 4.3 toobtainvaluesofk and
R

�~ for paste fill.

The lineof best fit wascalculated,and had thefollowing relationship:

JW
logppv=3.00+1.02log-

R
(4.4)
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Figure 4.3 - PeakParticle Velocity in PasteFill

The valuesof k and�~ calculatedfrom equation4.4 were k= 1000 and b= 1.02, which produces

the following peak particle velocity equation for paste fill:

(
JWJ1.02

ppv= 1000 ; (4.5)

Equation4.5 is valid when the entire wavepropagationis within paste fill. The following items

must be considered whenestimatingthe peak particle velocity in paste fill from a blast in rock:

• The peakparticlevelocity equation for paste fill(Equation4.5)

• The peak particle velocity equation forCanningtonMine Rockpreviouslycalculated by

Sartor (1999)

• The percentageof the blast wave observed to cross the rock/paste fill boundary (section

3.7.3)

A proposedmethod to estimate the peak particle velocity in paste fill from a blast in rock is

shown in section 4.6.4. Asimilar method was used in section 4.6.3 to assess the effectof the

paste fill/rock interface on thetransmissionoftheblast wave.
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Effect of the PasteFill/Rock Interface

The peak particle velocities measuredat Geophone2 were usedin conjunction with the

constantscalculatedfor equation4.2 to examinethe effect of the pastefill to rock interfaceon

the transmissionof the wave generatedfrom the explosion. Geophone2 was located in the

rock, approximately1 m from thepastefill/rock interface.

The methodologypresentedin the following steps was used for thisanalysis. The calculations

for the blastwave from Cann#laregiven as anexamplebelow.

1. The peakparticlevelocity in the paste fill at theinterfacewas estimatedusing equation

4.5.

2. The peak particle velocities measuredat Geophone2 were used tocalculate the

equivalentdistancebetweenthe geophoneand anexplosivesourcethat would give the

samepeakparticle velocity if the explosiveand thegeophonehad both beenlocatedin

rock. Equation2.3 was used for thiscalculation,along with values of the constantsk

and �~ calculatedfor CanningtonMine Rock by Sartor (1999). The valuesof the

constantsare k = 2938 and�~ = 1.32.

3. Theequivalentdistancefrom anexplosivesourcein rock to theinterfacewascalculated

basedon theequivalentdistancescalculatedin Step 2 and the fact thatgeophone2 was

locatedin the rock 1 m from thepastefill/rock interface.

4. The peakparticlevelocity in the rock at theinterfacewas estimatedusing equation4.2

and theconstantsfor CanningtonMine rock reportedby Sartor(1999).

5. Thepercentageof the wavewhich was refractedthroughthe interfaceinto the rock was

calculated.

An examplecalculationis givenbelow:

Example4.1 Calculationofthe effectofinterfaceon blastCann#l

Step 1

R = distancefromblast topastefill/rockinterface= 16.3m

W= 0.17 kg

Peakparticlevelocity in thepastefillat the interface is:

v = lOOO[ JQ.17J1.02
PP 16.3

= 23.1 mm/s
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Step2

At Geophone2,ppv = 0.93 mm/s, W= 0.17 kg

0.93�~ 298{�~ J"
r;:-;-;:;( 2938 )X32R = '\/0.17 --

0.93

= 185 m

Where R= the equivalentdistance between explosive source and geophoneG2 �~�f

the blast hadoccurredin rock.

Step 3

The equivalentdistance between explosive source and geophoneG2 �~�f the blast

hadoccurredin rock = 185 m

ThedistancefromgeophoneG2 to thepastefill/rockinterface= 1 m

Therefore, theequivalentdistance between the explosive source and the locationof

the interface= 184m

Step4

Thepeakparticlevelocity in the rock at the interface isestimatedasfollows:

v = 2938(..f0I7J1.32
PP 184

= 0.94 mm/s

Step 5

ppvonpastefillsideofinterface= 23.1 mm/s

ppvon rock sideofinterface= 0.94 mm/s

Therefore, thepercentageofwave whichrefractedthrough the interface

= 0.94x 100%
23.1

=4.0%

The resultsof the analysisare given in Table4.3. Theanalysisindicatedthat between4 % and

10 % ofthe wavewas refractedthroughthe interfaceinto the rock,while the remaining90 % of

the wavewas reflectedbackinto the pastefill. The tendencyof the pastefill/interface to reflect

the majority of the pressurewave back into the pastefill indicatesthat once apressurewave

entersa pastefill stope, it will be transmittedback and forth within the stope until the wave

attenuates.This result agreeswith observationsmadeduring the blastmonitoring discussedin

Chapter3 where it was observedthat once thewave enteredthe pastefill, it seemedto bounce

aroundwithin the pastefill and takea long time to leavethe material.
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Table 4.3 Effect of PasteFill/Rock Interface on Transmission of p-Wave

Equivalent Equivalent Percentof

Distance Distance ppvon Distance: Distance: Percentof Pressure

from ppv from PasteFill Explosiveto Explosiveto ppvon Pressure Wave

Explosiveto measuredat Explosiveto side of Geophone, Interface, Rock side of Wave Reflected

Blast Geophone2 Geophone2 Interface Interface both in Rock both in Rock Interface Refracted into Paste

Number (m) (mm/s) (m) (mm/s) (m) (m) (mm/s) into Rock Fill

Cann#l 17.27 0.93 16.27 23.14 184.6 183.6 0.94 4.1 % 95.9 %

Cann#3 3.66 10.77 2.66 147.82 28.9 27.9 11.28 7.6% 92.4%

Cann#4 5.97 3.99 4.97 77.85 61.2 60.2 4.08 5.2 % 94.8 %

Cann#5 7.90 3.72 6.90 55.65 64.6 63.6 3.80 6.8 % 93.2 %

Cann#6 10.02 4.13 9.02 42.34 59.7 58.7 4.22 10.0 % 90.0%

Cann#7 12.26 2.78 11.26 33.74 80.6 79.6 2.82 8.4 % 91.6 %

Cann#8 13.15 2.19 12.15 31.19 96.4 95.4 2.22 7.1 % 92.9%

Cann#9 13.84 1.06 12.84 29.48 167.7 166.7 1.06 3.6 % 96.4 %
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Predicting ppv in PasteFill from Blast in Adjacent Rock

The following steps can be used topredictthepeakparticlevelocity in paste fill resultingfrom a

blast in rock:

1. Estimatethe peakparticle velocity in the rock at therock/pastefill interface using

equation4.2 and the constants k and�~ calculatedfor CanningtonMine rock by Sartor

(1999). The valuesoftheconstantsare k= 2938 and�~ = 1.32.

[
JWJ1.32

ppvint = 2938 R
W

mt .

where ppvint is thepeakparticlevelocity in the rock at therock/pastefill

interface(mm/s)

Rint is thedistancefrom theexplosivesource to therock/pastefill

interface (m)

2. Estimate the peak particle velocity in the paste fill at therock/pastefill interface

assumingthat between50 % and 90 %of the amplitude of the blast wave will be

refractedfrom the rock into the paste fill as occurred in theproductionblasts that were

monitoredat CanningtonMine (refer tosection3.7.3).

ppVpasteint = 0.5PPVint

where ppvpasteint is thepeakparticlevelocity in the paste fill at therock/paste

fill interface (mm/s)

3. Calculatethe equivalentdistancebetweenthe interface and anexplosivesource that

would give the samepeak particle velocity in the paste fill at thelocation of the

interface if theexplosiveand thegeophonehad both been located in paste fill. This

conceptis shownin Figure 4.4.

[
1000 JX.02

R pasteint = JW ---­
ppvpasteint

where Rpasteint is theequivalentdistancebetweenanexplosivesource in paste

fill and the interface (m)
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1

Rock Paste 1 1
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Rock/pastefill interface

Blast in rock adjacentto Equivalentdistancesif the
pastefill blasthadbeenlocatedin

Figure 4.4 - EquivalentDistancesfor Blastin RockAdjacentto PasteFill

4. Calculatethe equivalentdistance between the geophone and an explosive source that

would give the same peakparticle velocity in the paste fill at the locationof the

geophoneif the explosive and the geophone had both been located in paste fill.

R paste geo= R pastein! + R in! geo

where R paste geois theequivalentdistancebetweenan explosive source in paste

fill and the geophone (m)

R in! geo is the distancebetweenthe rock/pastefill interface and the

geophone (m)

5. Estimatethe peak particlevelocity in paste fill using equation 4.5 andRpastegeo .

(
JW J1.02

ppvpaste = 1000
R paste geo

where ppvpaste is the peak particle velocity in the paste fill due to the blast in

the rock (mm/s)

An examplecalculationis given below:

Example4.2Estimationofppvin pastefill due toblastin nearbyrock

Problem:

2Q kg of explosive is detonatedin rock 5 m from a rock/pastefill interface.

Estimatethepeakparticle velocitymeasuredat ageophonelocated2 m beyondthe
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rock/pastefill interface.

Calculation:

W= 20 kg, Rint = 5 m, Rint geo = 2 m

Step 1

[
J20J1.32

PPVint = 2938 -5-

= 2535 mmls

Step2

PPVpasteint = 0.5X 2535

= 1267 mmls

Step 3

r;:::;;( 1000)X.02R . ='\/20-
pastemt 1267

=3.5 m

Step4

Rpastegeo = Rpasteint + Rint geo

= 3.5+ 2

=5.5 m

Step 5

[
J20J1.02

PPVpaste = 1000 55

= 803 mmls

Therefore, apeakparticle velocity ofapproximately800 mm/swouldbe expected

at the geophone.

4.6.5. Damageto PasteFill During Field Instrumentation Tests

During the field instrumentationtests,"before" photographswere taken of the tunnel wall at

each borehole location and an "after" photographwas taken of borehole Cann#l. "After"

photographswere not taken of the remainingboreholesas there was novisible damageto the

tunnel walls. This is due to the useof a single cartridgeof explosive in each borehole. The

boreholeswere all between2 and 3 m deep. Usingequation4.2, the peak particle velocity

predicted2 m from theexplosionof a single 170 g cartridgeof explosiveis 198mm/s. This is

muchlessthanthe 2.5 to 3.5mls requiredin orderto causedamageto pastefill observedin the

field monitoringdiscussedin Chapter3.
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The maximumpeak particle velocity observedduring the field instrumentationtests was 335

mm/s. This wasrecordedat geophone1 during theexplosionof boreholeCann#9 which was

located 0.95 m from the geophone. Based on these results and the lackof visible damage, it is

expectedthat the paste fill was onlydamagedin the immediate vicinity of the explosive

material.

4.6.6. Fourier Analysis of Data

The fastFourier transformof eachwaveformwas calculatedin order to analyse the frequency

contentof the waveforms,using themethodpresentedin section3.6.5. The analysisshowed

that themaximum frequenciescontributingto a waveform generallydecreasedwith distance.

This indicates that the higherfrequenciesareattenuatedprior to lower frequencies from a blast

wave. The resultsoftheanalysis are given in Table 4.4.

4.7. Summary

A set of field instrumentationtests wereconductedon stope 4261, a paste fill stope at

CanningtonMine. These testsinvolvedthe installationof two geophones,one in paste fill and

one in rock, to measure velocities during thedetonationof 9 boreholes. Theboreholeswere all

located in the paste fill and eachboreholewas loaded with onecartridge of the emulsion

explosivePowergelPowerfrag.

The following observationswere made as aresultofthesefield instrumentationtests:

1. The peakparticle velocity can bepredictedthrough the useof equation4.2. The

constantsfor this equationwere measuredto be k= 1000 and�~ = 1.02 for paste fill at

CanningtonMine. For rock, k = 2938 and�~ = 1.32 asreportedby Sartor(1999).

2. Approximately90 % of the blast wave isreflectedback into the paste fill at the paste

fill/rock interface.

3. Damageto the paste fill was not visible at thetunnel wall due to the small massof

explosivesused in the field tests. The lackof damageapparentofthe wall ofthetunnel

was due to the useof only onecartridgein each blast hole.It wasnecessaryto use such

a small amountof explosiveto ensure that the tunnel walls did not become unstable

during the field instrumentationtests as this would have been unsafe for thepeople

entering the tunnel during and after the tests. Despite the smallvolume of explosive

used in these tests there was stillsufficient data to meet the aimsof the field

instrumentationtests.
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Table 4.4 Resultsof Fourier Analysis

Geophone 1Maximum Frequency (Hz) Geophone 2Maximum Frequency (Hz)
Distance from Distance from

Borehole Geophone 1 (m) Radial Transverse Vertical Geophone 2 (m) Radial Transverse Vertical

Cann#1 3.48 550 650 660 17.27 140 220 200

Cann#3 10.96 720 670 580 3.66 1090 870 1330

Cann#4 8.19 N/A1 N/A N/A 5.97 640 730 1270

Cann#5 6.25 720 720 2050 7.90 600 560 570

Cann#6 4.11 1640 1330 2200 10.02 500 550 500

Cann#7 2.12 2110 2090 2200 12.26 340 430 540

Cann#8 1.56 1700 2100 2110 13.15 360 360 400

Cann#9 0.95 2240 2120 2490 13.84 290 240 280

1 The blastmonitordid not record a useable signal at geophone I for blast Cann#4
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4. Higher frequencies attenuate faster than lower frequencies during thetransmissionof

the blast wave.
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5. The Studyof Blast Attenuation in Paste Fill using
Laboratory Tests

A setof laboratory tests was conducted to study the attenuationof a longitudinal wavetravelling

through a columnofpaste fill. These tests are discussed in this chapter.

5.1. General

Work on determining the strength parameters of Cannington Mine paste fill has shown that the

strengthof paste fill changes with curing age, and the cement and solids contentof the fill

(Rankine, 2004). Since the strengthof the material changes, it was decided to seeif the

attenuationof waves travelling in paste fill would show similar changes with curing age and

paste fill mix. Therefore, a setof laboratory tests were conducted to study the transmissions of

longitudinal waves through acolumnofpaste fill. The aimsofthis experiment were to:

• Measure theattenuationof a longitudinal wavetravellingthrough acolumnofpaste fill;

• Study the effectsof cement content on the attenuationof a longitudinal wave in paste

fill;

• Study the effectsof solids content on the attenuationof a longitudinal wave in paste fill;

and

• Study the effectsof curing age on the attenuationof a longitudinal wave in paste fill.

This experiment involved measuring thetransmissionof a longitudinal wave in a columnof

paste fill using accelerometers. The paste fill was cured in 2.7 metre lengthsof pvc pipe, and

accelerometers were placed at several locations along the column. The wave was induced in the

column by ahammerstrike to the endof the column.

5.2. SeismicAttenuation andDispersion

Attenuationis the weakeningof a stress wave as it travels through a medium.It occurs due to

two main mechanisms, geometric spreading and energy loss. Geometric attenuation occurs

when waves are radiated from a source such as an explosive blast. When waves radiate from a

source, the energyof the wave is spread over the area of the wave front, which increases with

distance from the source. The energy per unit area therefore decreases as the distance from the

wave source increases. The amplitudeof the wave isproportionalto the square rootof energy

per unit area, and hence the amplitude decreases with distance from the source (Sharma, 1997).

Geometric attenuation can be expressed as:
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(5.1)

where A = Amplitude(m/s)

Ao= initial amplitudewherer = Om(m/s)

r = pulsetravel distance(m)

K = geometricattenuationexponent.

Values of K dependon the type of waves, where K is 0 for plane waves, 0.5 for cylindrical

waves,and 1.0 forsphericalwaves.

Other energylossesalso occur, in the formof frictional dissipationof the elastic energy into

heat. Theselossesareknownasinternalfriction and can beexpressedasshownin equation5.2.

The frequency of the wave affects the attenuationcharacteristics,with higher frequencies

attenuatingmore rapidly than low frequencies,as theenergyloss in higher frequenciesis more

rapid. Thecombinedeffect of both methodsof attenuationis givenby the relationshipgiven in

equation5.3.

(5.2)

where f= frequency

c = wavevelocity

Q = quality factor

(5.3)

where a = attenuationcoefficient

Attenuationis commonlymeasuredusing the rockquality factor, Q, which is defined by the

following relationship:

a= if
Qv

The quality factor can found usingthe risetime relation,as follows:

(5.4)
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Q=Q + Ct
o Q

where n = the pulse rise time (s)

no= the initial pulse rise time at t= 0 (s)

t = the timeofpulsepropagation(s)

C = constant,experimentallyestimated to be 0.53± 0.04

5.3. Apparatus

The apparatus used for the laboratoryexperimentis described in the following section.

(5.5)

5.3.1. General

The laboratory tests were conducted in two stages. The first stage consistedof a preliminary

test to measure the waves that can be induced in a columnof paste fill with a hammer strike and

to determine the most appropriateinstrumentationto use to measure the wave. Thepreliminary

test was also used to determine whether or not accelerometers could be recovered from the

column oncompletionof the test. Thepreliminarytest was conducted on paste fill set in a 2.5

m long column which had twoaccelerometersinstalled in the column. The accelerometers were

connected to an oscilloscope to measure the waveforms produced during the test.

On thecompletionof the preliminarytest, a measuring device was purchased to enable the use

of 4 accelerometers in each column in the full test stageof tests. The paste fill was poured in

columns that were 2.7 m long and had 4 accelerometers installed in the column. In both stages

of the laboratory tests, a steel plate was attached to the paste fill at the endof the column to

ensure that the load was applied evenly across the paste fill and to protect the paste fill from

damage from repeated hammer strikes to the same spot. Waves were induced in the column

with a hammer strike.

The apparatus for theexperimentconsistedofthefollowing items:

• Accelerometers;

• Short lengths of 100 mm diameter pvc pipe. These pipe sections were between 0.5 and

0.7 m long;

• 4 pipe joiners for each column;
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• An end cap for each column;

• Two steel plates for each column;

• An oscilloscope for thepreliminarytests;

• A USB 26IlDAQ analog data acquisition device;

• Two hammersof different lengths and weights;

• A stand to hold the hammers; and

• A protractorto measure the angle the hammers were raised to before striking the paste

fill.

5.3.2. J\cceleronneters

The accelerometers were made by Dr Peter Grabau, from the Electrical andComputerSchool of

Engineering. They consistedof an Analog Devices ADXL202E low-power 2-axis

accelerometerconnected to a circuit board as shown in Figure 5.1, and encased in resin inside a

small black box as shown in Figure 5.2. The purposeof the resin was to protect the

accelerometers when they were placed into the paste fill column, as the moisture present during

the pouring of the column would have destroyed an unprotected accelerometer. The

accelerometers are capableof measuring both dynamic accelerations such as vibration and static

accelerationsuch as gravity. The accelerometers can measureaccelerationon 2 axes. The

output is a voltage whose duty isproportionalto acceleration.

Figure 5.1 - AccelerometerConnectedto Circuit Board
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Figure 5.2 - AccelerometerInstalledin Casing Prior toPouringResin

A problem faced early in the test process was identifying a methodof placing the

accelerometers into the paste fill column in such a way that the following criteria were met:

• The accelerometerwas not damaged during the pouring and curingofpaste fill;

• Theaccelerometerhad good contact with thesurroundingpaste fill;

• Theaccelerometerwasorientatedcorrectly; and

• The exact locationoftheaccelerometerwas known.

In order to protect the accelerometers from damage due to moisture in the paste fill, the

accelerometers were encased in a small black box fullof resin. In order to allow the

accelerometerto be set in the centreof the pipe and in the correct orientation, brass tubes were

placed in the black box (see Figure 5.3) during the pouring and settingofthe resin. These tubes

were used to locate theaccelerometerin the centreof the column. Holes were drilled through

the pvc pipejoinersand the accelerometers were held in place in the centreofthepipejoiner by

placing brass poles through the holes and the brass tubes. Once the paste fill was poured into

the column and had set, the brass poles were removed, ensuring that theaccelerometerwas in

contact with only the paste fill, not the pipe. By placing the accelerometers into the paste fill as

it was poured, the paste fill set to theaccelerometeras it cured, providing good contact between

the accelerometerand the paste fill. The holes that were drilled into the wallof the pvc pipe

joiner could then be measured to determine the exact locationof the accelerometeralong the

lengthofthecolumn.

The final problem was setting the accelerometers in the desired location along the lengthof the

pipe. Since a 2.7 m long pipe was used, it would be difficult to reach into the pipe to set an
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accelerometerinto the middleof the pipe, so an alternative was required. Short lengthsof pipe,

varying in length between 0.5 m and 0.7 m were used instead, connected with pipe joiners. The

accelerometers were placed in the pipe joiners, every 0.5 m along the lengthof the pipe. The

advantageof this system was that it allowed the accelerometers to be placed in the desired

location, while eliminating damage to theaccelerometersduring thecompactionofthepaste fill.

The paste fill was poured in 0.5 m sections and compacted. Thejoiner containing an

accelerometerwas then added, before the next pipe section was added, and more paste fill was

poured and compacted.

Figure 5.3 - AccelerometerInstalled in Pipe Joiner

5.3.3. Pipe

Rather than set the paste fill into a single long pipe, short sectionsof pipe were used andjoined

togetherusing pipe joiners. These pipes varied between 0.5 and 0.7 m in length. This not only

allowed the accelerometers to be placed in the correct orientation, but it also allowed the paste

fill to be correctly poured and compacted. Steel plates were used on each endof the paste fill

column to allow the ends to be hit with a hammer without damaging the paste during testing.

By placing the steel plates on the ends during pouring, the plates were set in place as the paste

fill cured, eliminating the need to use an adhesive. During pouring, the paste fill was compacted

using a steel rod. This was done in order to simulate the paste fill found in stopes inCannington

Mine, where the huge distance the paste fill falls to the stope acts to compact the wet material.

For thepreliminarytest, 0.5 m lengthsof pipe werejoined together to form a 2.5 m long pipe,

and the accelerometers were placed 1 m apart, 0.5 m from one endof the pipe. Steel plates were

used to cover the end of the pipe, so that when a wave was induced with a hammer, it was

uniformly distributed over the end surface, and the paste fill ends were not damaged. The

apparatus for thepreliminarytest is shown in Figure 5.4.
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Figure 5.5 - Apparatusfor the Full Test Stage

For the full test stage, four 0.5 m long pipe sections and one 0.7 m long pipe section werejoined

together to form a 2.7 m long pipe. Four accelerometers were placed in the column, 0.5 m apart

and 0.5 m from one endof the pipe. Steel plates were used to cover the endof the pipe, so that

when a wave was induced with a hammer, it was uniformly distributed over the end surface, and

the paste fill ends were not damaged. The apparatus for the stage 2 tests is shown in Figure 5.5.

5.3.4. MeasuringDevice

An oscilloscope was used to measure the acceleration during thepreliminary test and the

calibration of the accelerometers. The oscilloscope however could not be used to measure

signals from more than two accelerometers atanyone time. For this reason, an Eagle

Technology USB 26IlDAQ analogue data acquisition device was used for the full test. The

IlDAQ has 16 analogue input channels. Data measured from theIlDAQ software was converted

into Microsoft Excel format to allow analysisof the waveforms.

5.3.5. Hammer

A hammer was used to induce a wave in the paste fill by striking the endof the column. In

order to supply a consistent force each time to the column, the hammer was be set up so that it

swung on a pivot point, striking the paste fill column as it reached the vertical position. A

protractorwas used to measure the angle the hammer was lifted to. The hammer was raised to a

set angle and then allowed to fall. Two different sized hammers were used to induce wavesof

varying magnitude in the paste fill. The hammer apparatus is shown in Figure 5.6.
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Figure 5.6 - Hammerusedto Initiate Waves inLaboratory Tests

5.4. TestMethodology

The testmethodologyis described in the following section.

5.4.1. Preparation of Pastefill

Several drumsof tailings wereprovidedby CanningtonMine for use in the laboratory tests.

The tailings in these drums were found to have quite a high water content, so they were allowed

to dry until the water content was reduced to below the water content required for thelaboratory

tests. The water contentofthepartially dried tailings wasdeterminedto allow calculationofthe

quantities of cement and water to be added to the fill to create the appropriate mix. The

following steps were followed to prepare the paste fill:

1. The water contentof the tailingsprovidedby CanningtonMine was determined.

2. The tailings were allowed to air dry.

3. The water contentofthedried tailings was determined.

4. The quantityof tailings, water and cement required to produce the desired mixture of

paste fill was calculated.

5. The tailings required for the mixture wasmeasuredand placed into the cement mixer.
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6. The water and cementrequiredfor the paste fillmixture was measured. The cement

mixer containingthe tailings was turned on and thewater and cementpowder were

added to thecementmixer, asshownin Figure 5.7.

7. The cementmixer was left running for half an hour to ensure that the paste fill was

uniformly mixed.

8. Thecolumnswerepouredwith paste fill.

The pastefill mixturesused for thelaboratorytests aregiven in Table 5.1.

Figure 5.7-PasteFill BeingMixedin the CementMixer asCementis Added

Table5.1PasteFill Mixes used inLaboratoryTests

Column Preliminary 2 3 4 5 6

Cementcontent(%) 4 3 4 3 4 4 2

SolidsContent(%) 74 77 77 79 79 77 79

5.4.2. Pouringof Columns

The pouringmethodconsistedofthefollowing steps:

1. Preparepastefill as outlinedin section5.4.1.

2. Place end cap onto alengthof pipe and sit steel platewithin the pipe inside the end cap.

Pourin paste fill whilepipe is standingupright. Compactwith a steel rod.

3. Place a pipejoiner containingan accelerometeron to pipe. A paste fillcolumnpoured

andcompactedto the first pipejoiner is shownin Figure 5.8.
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Figure 5.8 - PasteFill Column Filled to theFirst Accelerometer

4. Place next sectionofpipe into pipe joiner. Pour in paste fill and compact.

5. Repeat Steps 3 and 4 three times, ensuring that theaccelerometerin each new pipe

joiner is aligned the same way as the first accelerometer.

6. Place steel cap on the topof the pipe. Cure upright for 7 days. A finished paste fill

column is shown in Figure 5.9.

7. Relocate paste fill column to sithorizontallyon a long bench to allow for testing. Three

columns are shown in Figure 5.10.

5.4.3. Test Procedure

The columns were tested at curing agesof 7, 14 and 28 days. The followingmethodologywas

followed for the testingofthecolumns:

1. The hammer waspositionedon the stand so that the tipof the hammerlined up with the

centre of the steel plate, which was marked on the plate. Thehammerstand was

positionedin front ofthe steel plate so that the tipof the hammertouched the steel plate

when thehammerhung freely from thehammerstand.

2. The hammer waspositionedon the stand so that the tipof the hammerlined up with the

centre of the steel plate, which was marked on the plate. Thehammerstand was

positionedin front ofthe steel plate so that the tipof the hammertouched the steel plate

when thehammerhung freely from thehammerstand.
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Figure 5.9 - FinishedPasteFill Column

Figure 5.10- ColumnsReadyFor Testing

3. The accelerometers were connected to the monitoring device, which wasconnectedto

the computer. Themonitoringprogram was set up to record.

4. Thehammerwas raised to an angleof 15 degrees and then allowed to swing and strike

the steel plate at the endofthecolumn.
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5. After each hammerstrike, the recordedwaveformswere checkedto ensurethat the

waveformhad beencapturedand thewaveformswere savedto disk. Themonitoring

programwasthenset up torecordthe waveformfrom thenexthammerstrike.

6. Steps 3 and 4 wereperformedtwice for eachmeasurementrequiredto ensurethat the

waveformsobtainedwere reproducible.

7. The hammerstandwas thenpositionedin from of the steel plate at theoppositeend of

the columnand steps 3 and4 were repeated.

Waveformswere inducedandmeasuredfrom bothendsofthecolumn,and for curing agesof 7,

14 and 28 days.

5.5. Calibration oftheAccelerometers

Prior to using the accelerometersin the laboratory tests, they required calibration. The

calibrationprocesswas used toobtainthe gain of the accelerometer.The accelerometerswere

calibrated in the mechanical vibrations lab at JamesCook University by comparing the

accelerometersagainsta referenceaccelerometerusing a method similar to that outlined in

International StandardISO l6063-l:l998(E) section 5.3. The method used to calibrate the

accelerometersand thecalibrationfactorsobtainedarediscussedin the following section.

5.5.1. Method of Calibration

The accelerometerswere calibratedagainsta referenceaccelerometerfor which the calibration

is known. In this methodof calibration,both accelerometersare subjectedto the sameinput

motion and their outputs are measured. The gain of the new accelerometercan then be

calculatedfrom the following equation:

(5.6)

where SI = the gainofthereferenceaccelerometer

S2 = the gainoftheaccelerometerbeingcalibrated

U1 = the outputofthereferenceaccelerometer

U2 = the outputoftheaccelerometerbeingcalibrated

The input motion was applied to the accelerometersthrough the useof a shakertable. The

shakertable consistedof a shakerwhich was suspendedabove analuminiumplate so that the
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needle from theshakeris touchingthe plate asshownin Figure 5.11. Theshakerwas used to

apply sinusoidalmotion to the aluminiumplate. A frequencyanalyserconnectedto the shaker

was used in order to vary thefrequencyofthis motion. Theaccelerometerswere attachedto the

aluminiumplate using anadhesiveand anoscilloscopewas used tomeasurethe output of the

accelerometers. The output of the accelerometerswas measuredfor frequencies ranging

between250 Hz and 1000 Hz,which was the rangeof frequenciesexpectedto be encountered

in the laboratorytests. Thereferenceaccelerometerwas aBruel & Kjaer accelerometertype

4384 which had thecalibrationgiven in Table5.2.

Figure 5.11 - Apparatususedto CalibrateAccelerometers

Table 5.2Calibration for ReferenceAccelerometer

Description

ChargeSensitivity(pC/g)

VoltageSensitivity(mV/g)

Capacitance(pF)

Value

983

7.85

1253
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Calibration Factors

The gain for each accelerometerwas calculatedusing equation5.6. The resultsobtainedare

given in Table5.3.

Table 5.3Calibration of Accelerometers

AccelerometerNumber

2

3

4

5

6

7

8

A

B

5.6. AnalysisofResults

Gain (mV/g)

271.6

344.9

78.9

226.8

228.4

342.6

426.0

265.9

341.5

485.0

A set of accelerationwaveformswas obtainedfrom the LaboratoryTests. Thesewaveforms

were convertedto velocity waveformsand analysed. The results of the laboratory tests are

given in the following section.

5.6.1. Reproducibility of Results

In order to ensure that the data obtained from this experiment was reproducible, each

measurementwas repeated. The two waveformsobtainedfrom eachmeasurementwere then

compared. Waveformsrecordedin column6 at acuring time of 14 days areshownin Figure

5.12. As can be seen, thewaveformshave the same shape and the samepeakparticlevelocities.
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This was seen for all waveforms which were recorded. These waveforms demonstrate that the

method used for the laboratory tests produced reproducible results.

5.6.2. Transmission of a Wave through a Column of PasteFill

Waveforms were measured at four locations along the column for each hammer strike. A

comparison of waveforms measured at 0.5, 1.0, 1.5 and 2.0 m from the locationof the hammer

strike is shown in Figure 5.13. These are the waveforms measured at column 6 when it had

been cured for 14 days. The waveforms for columns 1 to 5 are given in Appendix E. As can be

seen, the wave measured at a distanceof 0.5 m from the source has a high amplitude and a short

wavelength whereas the wave measured at a distanceof 2.0 m from the source has a low

amplitude and a long wavelength. The reductionof amplitude as the wave travels through the

paste fill corresponds to a reduction in peak particle velocity with distance from the source.

This result is consistent with the resultsofthe field instrumentationtests (see chapter 4), and the

peak particle velocitiespredictedby the charge weight scaling law (see equation 2.3).

A comparison between the waveforms measured at different locations along the column shows

the wavelength increasing and the frequency decreasing with distance from the source. This

result indicates that the higher frequencies attenuate before the lower frequencies. This result

was observed for each column at each curing age tested. The fast Fourier transformof each

waveform was calculated in order to analyse the frequency contentof the waveforms. Abrief

description of the fast Fourier transform method is given in section 3.7.5. The frequency

spectrum generated for the velocity waveforms measured in column 6 at a curing ageof 14 days

is given in Figure 5.14. This figure shows that for the waveform recorded at 0.5 m from the

source, some high frequencies are present. These high frequencies are dramatically reduced in

the waveforms recorded at 1.0 m from the source and the waveforms recorded at 1.5 m and 2.0

m from the source do not contain any high frequencies. Similar frequency spectrums were

obtained for the waveforms recorded in the other columns. In all cases, the frequency

spectrums showed that the higher frequencies attenuate faster than lower frequencies in paste

fill.

In order to provide a measureof attenuation, the quality factor discussed in section 5.2 was

obtained for the paste fill in each column for each curing time. The quality factor was obtained

from the relationship between the pulse rise time and the timeof pulsepropagationwhich was

given in equation 5.5. The pulse rise time and the timeof pulsepropagationwas determined for

each measured waveform and plotted. A linear trendline was obtained, from which the slope of

the line was equal to c/Q. The quality factor was then obtained using a valueof c = 0.53.

The quality factors obtained from the laboratory tests aresummarisedin Table 5.4.
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Figure 5.12 - WaveformsRecordedforColumn6After14Days Curing Time
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Table 5.4Quality Factors for Paste Fill Obtained in Laboratory Test

Column 2 3 4 5 6

Quality

Factor

N/A* 0.78 2.40 0.76 1.06 1.50

*lnsufficient datawas obtainedto calculateQas oneoftheaccelerometerswas faulty.
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Effect of Curing Age onAttenuation

The columnswere testedfor curing agesof 7, 14 and 28 days. Thewaveformsrecordedat the

different curing ages werethencomparedto determinewhetherthe curing age has aneffect on

the transmissionof a wave throughpastefill. A comparisonof the waveformsrecordedfor

column5 is shownin Figure5.15.

The waveformsrecordedfor the 7 day and 14 day tests were very similar. As can be seen in

Figure 5.15, similar peakparticlevelocitieswere recordedat all locationsalong the column. A

slight increasein wavelengthwas observedbetweenthe 7 day and the 14 day tests,with the

increase in wavelength becoming more pronouncedwith distance from the source. The

waveformsrecordedfor the 28 day tests weresimilar in shape to thewaveformsrecordedin the

7 and 14 day tests.However,the peakparticlevelocitiesfrom the 28 daywaveformswere less

thanthose for the 7 and 14 day tests. Aslight increasein wavelengthwas alsoobservedfor the

28 day tests.

Theseresults showthat the waveattenuatedfaster in thepastefill once it had fully cured. The

pastefill reachesits full strengthwhenit is just fully cured. Therefore,the results show that as

the strengthof the materialincreases,wavesattenuatefasterwithin the material. This indicates

thatwavesof a level capableof causingfailure of the materialare likely topenetratedeeperinto

a weakermaterial,resultingin greaterfailure of that material. Similar observationswere made

for the other columns analysed. These results indicate that in order to reduce thedamage

observedin the pastefill during blasting,the pastefill shouldbe allowedto fully cure beforeit

is exposedto nearbyblasting.

5.6.4. Effect of PasteFill Mix on Attenuation

The columnsweretestedfor a numberof differentpastefill mixes, which arelisted in Table5.1.

The waveformsrecordedin columnsof differentpastefill mix were thencomparedto determine

whetherthe cementor solids contenthad aneffect on thetransmissionof a wavethroughpaste

fill. A comparisonof the waveformswith a solidscontentof 77 % andcementcontentsof 2 %,

3 % and 4 % isshown in Figure 5.16. As can be seen,waveformsof similar shape were

recordedfor distancesof 1.5 m and 2.0 m. Atdistancesof 0.5 m and 1.0 m, theamplitudein the

waveformsrecordedin the columnwith 2 % cementis seen toattenuatemuchslowerthanthe

waveforms recordedin the columns with 3 % and 4 %cementcontent. This reflects the

observationsmade with theeffect of curing time, where thewaveformsattenuateslower in the

weakermaterial.
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Figure 5.15 - ComparisonofWaveformsRecordedfor DifferentCuring Times
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In Figure 5.16, peak particle velocities and wavelengths weresimilar in the waveformsrecorded

at distancesof 1.5 m and 2.0 m from the source. Similar observations were made when the

waveformsof two different solids contents were compared. As thestrengthof the paste fill

changes with solids and cement content, a greater effectof the material composition on

attenuationwas expected than that measured. These waveforms were induced from very small

loads, resulting in waveforms with very small amplitudes. In order to study the effectof paste

fill composition, agreatervariety ofpaste fill mixes and larger loads may be required.

5.7. Summary

A setof laboratory tests wasconductedto study theattenuationof a longitudinalwavetravelling

througha columnof paste fill. These tests involved thegenerationof a longitudinalwave in a

column of paste fill. Accelerometersinstalled along the lengthof the column were used to

measure theaccelerationat four locations along the column, from which theattenuationof the

wave within the paste fill could be determined.

The following observations were made as a resultoftheselaboratory tests:

1. Peakparticlevelocity was observed to decrease with distance from the source.

2. Wavelength was observed to increase with distance from the source.

3. Higher frequencies were observed to attenuate faster than lower frequencies.

4. The wave attenuated faster in the paste fill once it had fully cured and reached its full

strength. Therefore, in order to reduce the damage observed in paste fill during

blasting, the paste fill should be allowed to fully cure before it is exposed to nearby

blasting.

5. As the strengthofthematerial increases, waves attenuate faster within the material.
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Figure 5.16 - Comparisonof WaveformsRecordedfor Different CementContents
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6. Applying a Blast Load

6.1. Introduction

Oneof the mostimportantaspectsof building anumericalmodel to estimate the effectsof blasting on

paste fill isto ensure that arepresentativeblast load is applied to the model. A numberof methodsof

applying a blast load are available. The most suitable methodof applying a blast load to a numerical

model isdependenton the purposeof the model. For this project, it isnecessarythat the blast loading

function is representativeof loads applied to the blast hole walls during a blast, and isnumerically

efficient. The different methodsof applying blast loads available inABAQUS/Explicit and the

method chosen for this project arediscussedin this chapter.

6.2. WhatHappensWhen anExplosiveDetonates?

When an explosive detonates in a blast hole in rock, the chemical reaction produces a gas at a very

high temperatureand pressure. This gas exerts a very high pressure on the blast hole walls, pushing

the walls outwards and shattering the rock surrounding the blast hole. The high pressure sends a

stress wave through the rock, which expands radially from the blast hole. Thetangentialstress from

this wave causes radial cracks to occur around the blast hole. The gases then expand into the cracks

surrounding the blast hole, opening up the cracks and reducing the pressureof the gas. The response

of the material surrounding the blast hole to loading from thedetonationof an explosion can be

categorizedinto the following three zones (Brady and Brown, 1993):

1. Shock zone or crushed zone: In the immediate vicinityof the blast hole, the rock behaves

mechanicallyas a viscous solid and the stress wave causes the material to be crushed or

extensively cracked. The radiusof the shock zone isapproximatelytwice the radiusof

the blast hole.

2. Transition zone: Thetransitionzone isimmediatelyoutside the shock zone. The rock

behaves as anon-linearelastic solid subject to large strain in this region. New cracks are

initiated in the radial direction in this zone by interactionof the stress wave with the

crack population. The radiusof this zone isapproximately4 to 6 times the radiusof the

blast hole.
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3. Seismic Zone:Beyondthe transitionzone, the rock behaveslinearly elasticallyand rock

behaviour can adequatelybe explainedby elastic fracturemechanicstheory. Crack

propagationin this region occurs byextensionof the longest cracks in thetransitionzone.

These zones are shown in Figure 6.1. Duringblasting in the mine, the paste fill is always located

within the seismic zone and neverwithin the shock ortransitionzone. Thereforethe interest in the

numerical modelling is mainly with the seismic zone. This can be clearly seen from the field

monitoring discussedin Chapter3. The productionblasts monitoredconsistedof 89 mm diameter

boreholes,with a transitionzone radiusof 0.18 to 0.27 m. Thenearest boreholewas located2 m from

the paste fill.

Seismic Zone

Figure 6.1 - FragmentationZonesArounda BlastHole in Rock

If the stress waveencountersa freeboundary,the compressionalwave isreflectedback as atensional

wave, and crackingknown as spalling may occur at theboundaryif the tensile stressof the wave is

larger than thetensilestrengthof the rock(Atchison 1968).

As these two energysources,shock wave and gas penetration, occur bothsimultaneouslyand almost

instantly, it isdifficult to determinewhich explosive effects occur from each source. A look at the

literatureshows that authors aredivided over which energy source has the greatest effect, and shows

that in order toaccuratelymodel thedamageto the blast hole walls, both effects must be considered.

Sarracino andBrinkmann(1990) comparedthe damage caused byexplosivesenclosedin metal tubes

to prevent gaspenetrationand normal blast holes. Theaccelerationand strainmeasurementsshowed

that the characterof shock transmitted from both were the same. Although there is some

disagreementbetweenresearchersover the effectsof the shockwave and the gaspenetration,many

authors agree that the shock wave stresses and causesaccelerationto the surroundingmaterial, while

93



Chapter6 - Applying a BlastLoad

the majority of fracturing is caused by gases penetrating into crack surrounding the blast hole

(Sarracino and Brinkmann, 1990; Daehnke et al., 1996; Liu and Katsabanis, 1997).

The gases produced during the explosion provide the load to the surrounding rock. During

detonation, the gases are produced quickly, and so the load would be expected to increase from zero

to the maximum load over a very short period of time. When the rock immediately surrounding the

blast hole is shattered, the gas expands into the new volume available, reducing the pressure and

therefore the blast load. The gas pressure continues to reduce as the gas expands into the cracks

produced by the shock waves. This reduction in pressure would be gradual due to the time required

for the gas to expand into the cracks. Therefore, the expected shape of the load curve relative to time

is a sudden, almost instantaneous increase from zero to maximum load, followed by a gradual

decrease.

6.3. MeasuringBlastDamage

In order to model the effect of blasting on paste fill, a measure of blast damage is required. When an

explosive detonates, stress waves are generated and travel through the solid, causing ground

vibration. This ground vibration causes the particles in the rock mass to run through an elliptical

motion, and the highest velocity experienced by the particle is known as the peak particle velocity

(ppv). Persson et al. (1994) were able to make reliable predictions of rock damage based on the

vibration particle velocities in the rock. Field monitoring results presented in chapter 3 indicate that

damage is observed in paste fill when peak particle velocities of the order of 2.5 mls are experienced.

6.4. Prediction ofPeakParticle Velocity

As discussed in Section 2.3, when an explosive detonates, stress waves are generated and travel

through the solid, causing ground vibration. This ground vibration causes the particles in the rock

mass to run through an elliptical motion, and the highest velocity experienced by the particle is

known as the peak particle velocity (Holmberg and Persson, 1979). The peak particle velocity

decreases with distance from the charge, and can be predicted by equation 2.3 for a spherical

explosive.

However, explosives are commonly loaded into blast holes, as shown in Figure 2.3. In this figure, the

bottom of the blast hole is filled with explosive, and the blast hole is'stemmed'with an inert

material. Holmberg and Persson (1979) modified equation 2.3 to predict the peak particle velocity for
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blast waves resulting from columnsof explosive, resulting in equation 2.5 which is valid whenPis

equal to2ex,which is often seen in rock.

As discussedin Section 2.3, Sartor (1999) used this equation to model the vibration induced damage

from blasting in rock at Cannington Mine. The constants in the equation were found to be: k= 2938,

ex = YzP= 0.66. Field testsconductedin paste fill describedin Chapter 4 were used to develop a site

specific equation for the paste fill atCanningtonMine. The constants were found to be k= 1000 and

P= 1.02.

Equation 2.5 can be used to determine the peak particlevelocity a loading function should produce at

various distances from the charge. This can be used to validate the loading function. The average

linear charge density and blast hole length for a setof mass blastsmonitoredat CanngintonMine is

given below in Table 6.1.

Table 6.1 BlastParametersfor Stope 4760

Blast Number

904061

904064

904065

904066

904068

904072

904077

904078

AverageBlast Hole Length

(m)

15.7

2.0

15.5

14.7

20.6

20.0

20.1

20.7

AverageLinear Charge

Density (kg/m)

6.217

6.223

6.213

6.212

5.563

5.367

8.611

6.300
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6.5. How Can BlastLoads beAppliedin ABAQUSIExplicit

A literature search including the ABAQUS (2003) manuals revealed the following four methodsof

applying blast loads in numerical modelling, which are discussed in detail in the following sections:

• Applying a time varying pressure to the wallsof the blast hole column;

• Applying a time varying pressure to the wallsof the zone in which cracks occur during a

blast;

• Applying an incident wave field; and

• Modelling the detonationof the explosive using the Jones-Wilkens-Lee (JWL) Equationof

State (EOS) material model.

6.5.1. Applying a Time Varying Pressureto the Walls of the Blast Hole

Perhaps the simplest methodof applying a blast load in the numerical model is to apply a pressure to

the wallsof the blast hole column. IN ABAQUS, the pressure can be applied as a surface load using

the *DSLOAD command in conjunction with the *AMPLITUDE function to vary the pressure with

time. Since the pressure is applied to the wallsof the blast hole, the cracking region adjacent to the

blast hole must be modelled. This results in the useof a complex material model and cracking model

which causes the model to take much longer to solve. This method is appropriate for situations where

the cracking pattern or damage adjacent to the blast hole is required, but is not practical for use in a

large scale model due to the time required to solve such a model. An example where this method has

been used is seen in the work by Grady and Kipp (1980) who used a combinationof experimental

work and numerical modelling to develop a fracture model for rock incorporating both rate sensitive

featuresof the fracture process and material wave propagation characteristics.

6.5.2. Applying a Time Varying Pressureto the Walls of an
"Equivalent Cavity"

This method involves applying the blast load as a time varying pressure using the *DSLOAD and

*AMPLITUDE commands as discussed above, however the load is applied at a boundary beyond the

cracking zoneof the blast hole. This enables simpler material models to be used for the analysis

which reduced the computation time for the model. Examples where this method has been used

include Jiang et al. (1995), Minchinton and Lynch (1996), Blair and Minchinton (1996), Blair and

Jiang (1995) and Potyondy et al. (1996). The applicationsof these models included studying the
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damage zone around a blast hole (Blair and Minchinton 1996) and studying surface vibrations due to

a vertical columnof explosive (Blair and Jiang 1995).

6.5.3. Incident Wave Field

The *INCIDENT WAVE option is used in ABAQUS to apply incident wave loads such as those

experienced due to an underwater explosion or a blast in air. This method is designed to model loads

due to external wave sources, which occur in a fluid external to the structureof interest. This fluid is

often air or water. Different methods are available depending on whether the user wishes to model

the wave in the fluid and the structure, or the wave only in the structure (ABAQUS 2003). Since

blasting in an underground mine involves explosives detonated in the rock mass, and not in a fluid,

the *INCIDENT WAVE option was not considered a feasible option for loading the numerical model.

Applications of this method include modelling the impactof air blasts or underwater explosions on

nearby structures.

6.5.4. Modelling the Chemical Reaction using the Jones-Wilkens-Lee
Equation of State Material Model

Jones-Wilkens-Lee (JWL) equationof state material model (Lee et al., 1973) is used to model the

detonationof non-ideal detonation.It was developed to allow fitting to pressure data obtained using

the cylinder expansion test, and hasbeenused in the designof explosive devices and in the modelling

of non-ideal detonations (Persson et al., 1994).

This method involves modelling the generationof pressure as the explosive detonates by assigning

the JWL material model to the explosive elements and defining detonation points in the explosive.

The material model is defined using the *DENSITY, *EOS, TYPE=JWL and *DETONATION

POINT keywords. The JWL equationof state used in ABAQUS can be written in termsof the initial

energy per unit mass as follows (ABAQUS 2003):

(6.1)

where J, B,'¥), '¥ 2 ande are material constants

emO is the initial energy per mass unit

pois the densityof the explosive
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P is the densityof the detonation products

The arrival timeof the detonation wave at a material point is calculated as the distance from the

material point to the nearest detonation point divided by the detonation wave speed, and takes into

account the detonation delayof the given detonation point (ABAQUS 2003).

This method was used by Yang et al. (1996), Liu and Katsabanis (1996) and Thorne et al. (1990).

Applications included the developmentof constitutive models for blast damage (Yange et al. 1996,

Liu and Katsabanis 1996) and investigationof the fundamental mechanismsof cratering (Thorne et

al. 1990).

6.5.5. Discussionof Blast Loading Methods

The advantages and disadvantagesof the methods discussed above are given in Table 6.2. The

methodof blast loading to choose for any project depends on the purposeof the modelling and the

desired results. The purposeof this project is to assess the effectsof blast loads on nearby paste fill

material. The blast holes are located in the rock, and the paste fill material is located near by but

outside the cracking zoneof the blast hole. The lackof symmetry in the regionof interest requires

the full paste fill stope to be included in the model, resulting in large scale models in 3-dimensions.

Due to the large scaleof the model, a blast loading method that is numerically efficient is required to

ensure that the model can be solved within a reasonable time frame. The resultsof interest are the

velocities experienced in the nearby paste fill as a resultof the blast. Therefore, the blast loading

method for this project must provide reliable results in the paste fill at a distance from the blast

source, but reliable results within the cracked zone are not necessary. The methodof applying a

pressure to the wallsof the zone in which cracks occur (see section 6.5.2) was found to satisfy these

requirements.

6.6. Conceptofan "Equivalent Cavity"

A cylindrical "equivalentcavity" was used in order to model only the seismic zone, in which elastic

wave propagation is expected to occur. This method avoids modelling the region where new cracks

in the material are initiated from the shock wave during an explosion. The conceptof an"equivalent

cavity" was first proposed by Sharpe (1942).Sharpe'swork, and work by other authors (Kutter and

Farihurst, 1971; Blair and Jiang, 1995) have shown that the useof an "equivalent cavity" gives

reasonable agreement with field measurements. When this concept is used, the blast pressure is

applied to the wallsof the "equivalentcavity" insteadof the wallsof the blast hole. The radiusof the
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Method

Applying a timevarying

pressureto the wallsof the

blast hole column (see

section6.5.1)

Applying a timevarying

pressureto the wallsof the

zone in which cracks occur

during a blast (see section

6.5.2)

Applying anincidentwave

field (see section 6.5.3)

Model the chemicalreaction

in a blast hole using the JWL

Equationof StateMaterial

Model (see section 6.5.4)

Advantages

Accuratelymodels the effectsof a

blast load to the rock mass

surroundingthe blast hole,

includingcracking

Accuratelymodels the effectsof a

blast load to the rock mass

surroundingthe crackedregion

Numericallyefficient

Models the loading onstructures

due to explosives blasts in a

"fluid" external to the structure

Accuratelymodels the explosion

in a blast hole and the loading on

the rock masssurroundingthe

blast hole, including cracking

Disadvantages

Numericallyexpensivedue to

complexcrackingmodelsand small

mesh sizesrequired.

Does notprovideaccurate model

results in the crackedregion

surroundingthe blast hole

Not applicablefor caseswherethe

blast occurswithin the structureof

interest.

Numericallyexpensivedue to

complexreactionsin the blast hole

andcomplexcracking model sand

small mesh sizesrequired.

Typical Use

Generallyused formodellingthe

cracking in the regionimmediately

surroundingthe blast hole. Not

generallyused for large scale

models.

Used to model thetransmissionof

the shock wavethroughthematerial

Generallyused for loading due to

underwaterexplosionson structures

or airblast loading onstructures

Generallyused formodellingthe

cracking in the regionimmediately

surroundingthe blast hole. Not

generallyused for large scale

models.
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cavity is set a distance from the blast hole wall that ensures that the strengthof the material is greater

than the stresses experienced from the shock wave, which is typically thought to occur between 3 and

9 times the blast hole radius (Kutter and Fairhurst, 1971). A valueof 3 times the blast hole radius

was used in this dissertation. This will result in the load being applied in the transition zone shown in

Figure 6.1.

The methodof using an equivalent cavity allows the behaviourof the material in the seismic zone to

be modelled without the need to model the cracking that occurs around the blast hole. For large scale

models such as those used in this work, this method dramatically reduces the solving timeof the

models, as complex material models and cracking models are not required. As the paste fill is not in

the area immediately surrounding the blast hole where cracks are expected to occur, the development

of the cracks surrounding the blast hole does not need to be modelled.It is the shockwave travelling

through the ore and into the paste fill which causes the damage to the paste fill and threatens the

stability of the stope. In ABAQUS, if a sufficient load is applied to the model, the program will

model thetransmissionof the shock wave through the material. Hence, an initial load is required that

will transmit an equivalent shock wave through the model as that measured in the field. Since the

purposeof this work is to model the behaviourof paste fill rather than the behaviourof the rock in the

immediate vicinityof the blast hole, the useof an equivalent cavity is appropriate. However, the use

of an equivalent cavity would not be suitable if the behaviourof the rock in the vicinityof the blast

hole was required.

6.7. ExplosivesBeingModelled

The loading function applied to the numerical model will be dependent on the explosive used in the

given application. Emulsion type explosives were used in both the field tests and the production

blasts at Cannington Mine. In the test blasts in paste fill, cartridgesof the explosive Powergel

Powerfrag were used, and in the production blasting that was monitored, the explosive Powerbulk

VE, at a densityof approximately 1.0 g/crrr' was used. Both explosives were supplied by Orica.

Information about these explosives is given in the Tables 3.1 (Powerbulk VE) and 4.2 (Powergel

Powerfrag).

Powergel Powerfrag is a high strength, detonator sensitive packaged explosive.It is designed for

priming applications, such as the initiationof explosive columns, and for use as a medium density

column explosive in mining and general explosive work. Powergel Powerfrag is supplied in

cartriges. Powerbulk VE is a primer sensitive bulk emulsion explosive that has been designed for
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used in underground blasting applications. Powerbulk VE is a fluid with a viscosity similar to that of

heavy grease.It is pumped into boreholes and can be used for boreholes of up to 35 m length. The

explosive can be detonated using either a primer or a Powergel packaged explosive cartridge in

conjunction with a detonator.

6.8. Form oftheLoadingFunction

As discussed in section 6.2, the pressure from an explosive blast is expected to increase to maximum

pressure quickly, and slowly dissipate as the gasses penetrate the cracked region. In ABAQUS, a

time-varying pressure is applied using the*DSLOAD function inconjunctionwith the *AMPLITUDE

function. When the load is applied, the data lines on the*DSLOADfunction include the name of the

amplitude function, and the maximum pressure. The maximum pressure is then multiplied by the

amplitude function. Therefore, a'unit' amplitude function is required.

The literature was consulted at this point of the development of the blast loading function to

determine the expected shape for a blast loading function, or the functions used in numerical models

by other researchers. A summary of loading functions used to model explosive materials is given in

Table 6.3. These loading functions were used to model a variety of scenarios. Only the functions

used to model blasting in a mine were considered as a possible loading function for use in this

dissertation. Jiang et al. (1995) used the function given as equation 2.10 to model an emulsion

explosive in rock, by applying the pressure to the walls of an equivalent cavity. Emulsion type

explosives are also used at Cannington Mine. Therefore, the loading function represented by

equation 2.10 was used to apply blast loads to the numerical models. The unit function is shown in

Figure 6.2 for n= 1 andP= 2000 used by Jiang et al. (1995). These values fornandPwere adopted

for this work. The calculationof the initial peak pressure is discussed in section 6.8.1.

101



Table 6.3 Loading Functions found in Literature

Loading Function

�p�(�t�)�~ P{I- :. J
where Po = initial peak pressure

to= durationof blast loading

Description

Modelledthe loading from a spherical

source in air on aluminium cladding using

LS-DYNA.

Chapter6 - Applying a BlastLoad

Reference

Hanssen et al. (2002)

p(t) �~ po[:. } to

where Po = initial peak pressure

to= durationof blast loading

Modelleda cylindrical blast by applying the Grady and Kipp (1980)

pressure to the blast hole wall.Interestedin

the explosive fracture in oil shale.

�p�~�)�= potne-qJt

where p= pressure

Po = initial peak pressure

t = time

n = constant

<p = constant

Modelledexplosive in rock, applying

pressure load to walls on an equivalent

cavity. Some authors used a spherical

source, others a cylindrical source.

Jiang et al. (1995)

Minchintonand Lynch (1996)

Blair andMinchinton (1996)

Blair and Jiang (1995)
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t-fa

p{t) = PrJl- (t - tJle ;Yr,

where Pm = resultingpeakoverpressure

ta = arrival time

b = waveformparameter

Ts= positivephaseduration

Chapter6 - Applying a BlastLoad

Description Reference

Modelledthe explosionof a bomb in a city Smith et al. (2000)

street usingsmall-scaleexperimentsand

numericalsimulation. This was aspherical

source from an air blast.

Vmax
v, (t) = _r- (t - t ) t �~ t �~ l.ltoIt a a a

• a

[ ( J
l (I-I)t t II -04 _a

�V�r�~�)�= v;uax 1-0.4 �~�a a �~�e . la Llz, < t

�V�r�~�)�= 0 �O�~�t�~�t�a Modelledground shock wavepropagation

using FLAC toconsiderthe effectof

explosive loads in thedesignof

undergroundcivil defence structures. A

sphericalexplosive source was assumed.

Olofsson et al. (1999)

where Vr = radial velocity relative to the centreof charge

vr
max

= peakradial velocity

ta = arrival timeof ground shock time,t a = ;;:p

r = distance from centreof charge

cp = longitudinalseismicvelocity

t = time after explosion
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Loading Function

P(t)=Pm:

P(t)=Pm

p(t)= pJO.76+2000t)-2

where Pm = tnaxtmumpressure

tr = rise time

t[ = fall-off time

p(t)= Po sin(mt)

t < t,

t; :<::; t < t f

t > t f

Description

Applied a time-varying pressure to the

outer surfaceof a cylinder three times the

diameterof the actual blast hole, avoiding

simulationof the crushed zone. A

cylindrical source was used.

Modelled a sill mat in a mine which was

subjected to seismic loads

Chapter6 - Applying aBlastLoad

Reference

Potyondy et al. (1996)

O'Hearnand Swan (1989)

Modelled structural response to sinusoidal Todo and Dowding (1984)

excitation and real blast vibration transients
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LinearPressurePulse

maximumpressureat t = 0 s

Description

Modelledsacrificial claddingsunderblast

loading from an air blastexplosion

(spherical source)

Chapter6 - Applying a BlastLoad

Reference

GuruprasadandMukherjee

(2000)

zeropressureat t = 0.00108 s

JWL Equationof State

Notedthe sphericalpressurefront can be

approximatedas a planepressurefront if

the distanceof explosionis high compared

to thedimensionsof the plane surface that

is subjectedto the blast loading.

Modelledcratering due to an explosive

charge, using a new damage model for

rock.

Yang et al. (1996)

Liu and Katsabanis(1996)

Thomeet al. (1990)
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Figure 6.2 - Unit LoadingAmplitudeAppliedto ABAQUSlExplicitModels
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Calculating the Initial PeakPressure

The calculationof the initial peak pressure used in the loading function (equation 2.10) is

discussed in this section. The initial peak pressure was calculated for two cases, the explosion

of a Powergel Powerfrag cartridge in paste fill, and the explosionof Powerbulk VE in rock (see

Tables 4.2 and 3.1). The method used in thiscalculationis outlined below. The finite element

models created for this dissertation were created through a three stage modelling process. The

first stageof the modelling process involved validating the numerical model resultsof the

transmissionof blast waves through paste fill against data from the fieldinstrumentationtests.

The models created for stage 1 consisted of a single blast hole located in paste fill. Since the

stage 1 model was based on the fieldinstrumentationtests in which one cartridgeof explosive

was loaded into the blast hole, the pressure blast calculated for the explosionof a Powergel

Powerfrage cartridge was applied to the model.

The second stageof the process involved validating the numerical model resultsof the

transmissionof blast waves through rock against the peak particle velocity predictions obtained

from equation 6.3 and the stage 2 model consistedof a single blast hole located in a bodyof

rock. The third and final stageof the modelling process involved modelling blast holes located

in rock at various distances from a paste fill stope. The blast pressure calculated for a column

of Powerbulk VE was applied to both the stage 2 and stage 3 models. The problem definition

and geometryof the models from all three stages are discussed in section 7.3.

1. The following numerical modelsof a single blast hole were used:

a. Paste Fill: The stage 1 model, described in section 7.3.2, was used to model the

detonationof a cartridgeof explosive located in paste fill. This model was

based on the fieldinstrumentation tests described in chapter 4. The

axisymmetric model consisted of a 3 m deep borehole, which was assumed to

contain a 0.2 m long cartridgeof explosive material. An area 15 m wide and 6

m deep was modelled, with infinite elements along the side and base of the

model in order to provide anon-reflectingboundary. The mesh for the stage 1

model is shown in Figure 7.3.

b. Rock: Model 2, described in section 7.3.3, as used to model an explosive

column in rock. The axisymmetric model consistedof a 3 m deep borehole,

which was assumed to consistof 2 m of explosive material and 1 mof

stemming material. An area 15 m wide and 6 m deep was modelled, with

infinite elements along the side and baseof the model in order to provide a
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non-reflectingboundary. The meshfor the stage 2model is shownin Figure

7.5.

2. The model was solved for a variety of blast loads using the timevarying amplitude

specified by equation6.5 and initial peak pressuresranging between 100 kPa and

1000 MPa. For eachloading case, thepeakparticle velocity (ppv) wascomputedat a

numberof points in the model that were locatedbetween0.5 m and 14.0 m from the

centrelineof the blasthole.

3. The results from all of the different loading cases were collated. For eachpoint at

which the ppv wascalculated,the ppv calculatedby the model was plottedagainstthe

initial peakpressureappliedto the model. Thiscreateda separateplot for eachpoint of

interestwhich showedthe effect of the peakinitial pressureon the ppvinducedin the

surroundingmaterial. Trend lines were fitted to themodel results. Theplots for the

points located2.0 m and 5.0 m from thecentrelineof the blasthole in rock can be seen

in Figure 6.3. The plotscreatedin this step were used in steps 4 and 5 toestimatethe

peak initial pressurethat shouldbe appliedto the model to producethe peakparticle

velocitiesshownin the experimentaldata.

4. For eachplot createdin step 3, the ppv waspredictedusing theformulaepresentedin

section6.4. The initial peakpressureto be appliedto the model to calculatethis ppv

wasthenread from theplot asshownin Figure6.3.

5. The initial peakpressurevalue to apply to themodelswas theaverageof the values

obtainedin step 4.

A pressureof 502 MPa was used forexplosionsin rock, and 45.1 MPa was used forexplosions

in pastefill.

6.9. ValidationoftheLoadingFunction

In order to validatethe loading function, the model of the explosivecartridgein pastefill and

the modeloftheexplosivecolumnin rock were run with the blastloadsdescribedin Section6.8

applied. Theresultsof thesemodelswere comparedagainstthe predictedppv values forthese

scenarios. The resultsof the explosivecartridgein pastefill are shownin Figure 6.4 and the

resultsoftheexplosivecolumnin rock areshownin Figure6.5.
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Figure 6.3 - ppv VersusPressurefor 2 m Long ExplosiveColumn in Rock
(a) 2 mfrom BlastColumn (bj5 mfrom BlastColumn

As seen in Figure 6.4, for distances greater than or equal to 2 m from the explosive in paste fill

the model matches the predicted ppv quite closely, although the ppv are overestimated at

distances less than 2 m from the source. Similar results are seen in rock.
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The model overestimates the ppv close to the explosive source as the crushing and cracking

mechanisms that occur in the vicinitysurroundingthe borehole are notconsideredin the

numerical model. As discussed in section 6.5.5, since the purpose of the modelling for this
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dissertationis to predictthe ppv in paste fill as a resultof blastingin adjacentrock, the effectof

the stress wave isof interestrather than thecrushingand fracturing which occurs around the

blast hole. Since the paste fill is notwithin 2 m of the blast hole in the stage 3 modelof blast

holes in rock adjacentto paste fill, the results shown these models were found toproduce

acceptableresults.

6.10. Variables WhichAffectBlastLoading

The modelsdiscussedpreviously in this chapterconsistedof a single explosive in a rock or

paste fill mass. However, theproductionblast for theextractionof a stope in anunderground

mine consistsof multiple blast holes which aredetonatedwith milliseconddelaysbetweenthe

detonationof each blast hole. There are many variables that can exist for aproductionblast,

including the type of explosive used, the sizeof the blast, the blast holepattern and the

propertiesof the rock mass. These variables affect the stresses and peakparticle velocities

inducedin a rock mass due to theblastingthat occurs during theextractionof a stope. Someof

these variables arediscussedin the following sections.

6.10.1. Types of Explosives

The propertiesof explosivesvary dependingon the typeof explosive. Commercialexplosives

used formining applicationscan bebroken into two groups, low and highexplosives. Low

explosives,such as blackpowder (or gun powder), areexplosivesthat can beinitiated by a

flame, whilehigh explosivesareexplosiveswhich requireshockor impact fordetonation. High

explosivesconsistofthe following four main groups:

• Ammonium Nitrate-Fuel Oil (ANFO): As the name suggests, ANFOexplosives

consistsof a mixture of ammoniumnitrate and fuel oil. Theperformanceof ANFO

decreases when theexplosiveis exposedto water andmixturescontainingmore than 10

% water may fail to initiate. ANFOexplosiveshave a velocityof detonationin the

rangeof 2200 - 4000mls (Sen, 1995).

• Watergels: Watergels consistof a mixture of a gel base withammoniumnitrate and

sometimesaluminiumpowder. Theseexplosiveshave agelatinousconsistencywhich

makes themsuitablefor use in wet conditions.Watergelexplosiveshave avelocity of

detonationin the rangeof3500- 5000mls (Sen, 1995).

• Emulsions: Emulsionexplosivesconsistof fine microscopicdropletsof oxidisersalts,

finely dispersedinto the continuousphaseof fuel oil. Theseexplosiveshaveexcellent
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water resistanceand can bedetonatedin deep wetblast holes. Emulsion explosives

have avelocity of detonationin the rangeof4500- 6100mls (Sen, 1995).

• Gelignites: Gelignitesare explosiveswhich are based onnitroglycerine. They can be

manufacturedin gelatinousor semigelatinousform dependingon the power,density

and waterproofingrequirements.Gelignite explosiveshave avelocity of detonationin

the rangeof3500- 5500mls (Sen, 1995).

Emulsiontype explosiveswere used atCanningtonMine for the field tests, and theproduction

blastswhich were instrumentedandmonitoredfor this project.

6.10.2. Rock Properties

The rock structure and material properties will generally have a greater effect on the

performanceof blastingthan theexplosiveproperties. For thepurposeof this modelling, it has

been assumedthat the rock mass is anisotropic and homogenousbody, however, this is

generally not the case. Rock massescontain joints and bedding planes which effect the

transmissionof the blast wave through the rock. Thesejoints and beddingscomplicatethe

predictionof peakparticle velocities and stresses in a rock mass due to thereflectionsof the

blastwavewhich occur.

Rock material properties such asdynamic compressivestrength, elastic modulus, density,

porosity, internal friction, water contentand in situ static stress effect thetransmissionof the

blastwavethroughthe rock and thesubsequentdamageto the rock mass.

6.10.3. Mining Methods

The mining methodwhich is used in aparticularore body depends on the typeof rock and the

geometryof the ore body. The variousundergroundmining methodsinclude longwall, open

stope (alsoknownas long holestoping),cut and fill, room and pillar,shrinkage,sublevelcaving

and vertical craterretreat. Theblastingpatternused for aparticularmine will be dependenton

the mining method.

At BHP Billiton's CanningtonMine, the open stopemining methodis used withpost placed

back fill, where the ore isminedin blocks referredto as stopes.In open stopemining, access to

the top andbottomof the ore block is set up withtunnelsand avertical hole isexcavatedfrom

the top to thebottomof the stope. Blastholes are then drilled in order toexcavatevertical slabs

off the ore block(e-Gold Prospecting& Mining n.d.). Thebrokenore from the stope is then

loadedinto trucks from drawpoints at thebottomof the stope and hauled to the surface (BHP

Billiton n.d.). Once the stope has beenextracted,the void is filled withpastefill.
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The blast load applied to a rock mass isdependenton many factors including the geometryof

the ore body, the numberof blast holes, theplacementof the blast holes and the detonation

order and delay timing. The blast pattern chosen for an ore body depends on theapplicationof

the blasting, the mining method being employed, the shapeof the ore body, the depth and

geologicalcharacteristicsoftheore body.

The following definitions are useful for thediscussionof blast hole patterns.

• Burden: The distance from the blast hole to the nearest free face

• Spacing: The distance between adjacent blast holes, measuredperpendicularto the

burden

• Charge length: The lengthof explosive in a blast hole

• Stemming: An inert substance, such as sand, filled between the explosive charge and

the collarofthe blast hole to confine theexplosiongases. Materials such as water, drill

cuttings, sand, mud andcrushedrock are often used as stemming

• Decking: Atechniqueof dividing the explosive column into two or more charges in the

same blast hole,separatedby stemmingmaterial.

• Charge density: The charge massdistributedin the columnof a blast hole, measured in

kg/m

A number of mining methods used inundergroundmetal mines are shown in Figure 6.6,

categorisedby mining application. The blasting methods shown in the figure are broadly

categorisedinto developmentandproductionblasts. Developmentblasts are the blasts required

to access the ore body andtransportthe material after excavation. This typeof mining includes

tunnelling, shaft sinking, cross cutting and raising. Descriptionsof the blasting patterns used in

developmentblasts are given in Sen (1995).

113



- Development -

Chapter6 - Applying a BlastLoad

- Wedgecut
r-- Tunnelling------L__ Pyramidordiamondcut

- Dragcut

- Fancut

- Burncut
Blastingin an
underground­
metalmine '--- Shaft -cConecut

Benchcut

- Production -[
Short-HoleBlasting

. ---c RingBlasting
Long-HoleBlasting L Bench

VerticalCrater

Figure 6.6 - BlastingMethodsUsed inUndergroundMetalMines

Productionblasts are the blasts used inmining of the ore body. Thelong-holeblastingmethods

areof interestto this work. The three long-holeblastingsystems are:

1. Ring Blasting

Ring blastingis the name given to themining methodthat involves radialpatternsof blast

holes. It is used in themining of massiveore bodies. Ringblastinginvolves the three steps

listed below. These steps can be seen in Figure 6.7.

a. Excavationof the "ring drive", which is atunnelrunning the full lengthof the stope

b. Excavationof the "slot", which is an empty space located at the endof the ring

drive

c. Drilling of setsof "rings" parallelto the slot

In ring blasting,the burdenis definedas thedistancebetweentwo consecutiverings, while

the spacing is defined as thedistancebetweenthe endsof adjacentholes in the same ring,

measuredas shown in Figure 6.7.

The collarsof the blast holes are closetogetherin ring blasting. As a result, avariable

stemminglength is used to avoidoverchargingthe ore body in this region.
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Figure 6.7-Ring Blasting (Sen, 1995)

2. BenchBlasting

Bench blasting involves the useof a senesof parallel blast holes, and consistsof the

following steps:

a. Excavationof a developmentheading at the topof the sublevel to provide drilling

space; and

b. Drilling of blast holes. The blast holes can be horizontal, vertical, or inclined.

Either square drill patterns or staggered drill patterns can be utilised with bench blasting.

Staggered patterns produce a more uniform blasting effectthrough the rock mass than

square patterns. The effectiveness of aparticularblasting pattern isdependenton the order

of detonation.

3. Vertical Crater Retreat

In the vertical crater retreat method, the stope is mined from the bottom up. Blast holes are

drilled downward from the top level to the bottom level. A sliceof ore body is excavated

from the lower level upward using the same blast holes for the different levels. Spherical

charges are used in this method, and gravity assists the excavation process. The vertical

crater retreat method is shown in Figure 6.8.
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Blast holes charged
ready for firing
4 - 5 m slice

Drilling level

Stope- backfrom previous slice

Swell removed

Production level

Vertical crater retreat method(after Agnew Ni ckel)

Figure 6.8 - Vertical CraterRetreatBlasting (Sen,1995)

A combinationof bench blasts and ring blasts were used in theproductionblastsmonitoredat

CanningtonMine.

6.10.5. Initiation Patterns

Initiation patterns can vary greatly, with the optimal initiation depending on the blasting

application, and geology.Initiation patterns are chosen to ensure that the blasting pattern is

always working towards a free face.

6.10.6. Delay Intervals

Delay intervals between thedetonationof blast holes in a blast round are used to reduce the

ground vibrations and to increase fragmentation. The short delays are designed to allow the

rock of previous blasts to move away and the free faceof the next blast hole to be uncovered so

that the blasting pattern is always working towards a free face. The delays are kept short

enough that the rock from previous rows is still hanging in the air at the timeof detonationof

the next row, and is able to stop rock fragments from the second row from moving with greater

speeds than average. The optimal delay time for a blast isdependenton the burden.
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The predictionof ppv from an explosive blast was discussed in section 6.4 and equations were

presentedfrom which to predict ppv based on the massof explosive and the distance from the

source. Fromequation6.1 and 6.3 it can be seen that an increase in the linear charge density

(mass per unit length)of explosive will results in acorrespondingincrease in ppv. Therefore,

the ppv andconsequentlydamage to the surrounding material can be decreased by reducing the

mass of explosive detonated atanyonetime. This is achievedthrough the useof delay

intervals.

6.10.8. Velocity of Detonation

When an explosive detonates, the detonation is initiated at a point in the explosive material and

a detonationwave travels through the explosive material. The rate at which this wave travels

throughthe explosive is known at the velocityof detonation. The velocityof detonationis used

in determiningexplosive performance, and often depends on both the explosive type and the

blast hole diameter. Explosives with lower velocitiesof detonationtend to release gas energy

over a longerperiodof time than explosives with higher velocitiesof detonation. This results in

less fracturing around the blast hole and more heaving action. Therefore, the velocityof

detonationof a given typeof exp losive can be used to determine whichexplosiveis required for

a given application.

6.11. Summary

A blast loading function was identified in this chapter.In order to identify a methodof

applying a blast load to the numerical model, the methods used by other authors and the

mechanicsof a blast were investigated. The typical use and the advantages and disadvantages

of the different methods was considered along with the intentof the models created for this

dissertationto determine the most appropriate methodof load application for this work. The

blast load was applied to the numerical model by applying atime-varyingpressure pulse to the

walls of an "equivalentcavity". The formof the time-varyingpressure pulse was based on the

function used by Jiang et al. (1995) to model thedetonationof the same typeof explosive. The

initial peak pressure for thetime-varyingpressure was set to the value required to produce peak

particle velocities similar to those observed in field tests. At the endof the chapter, variables

which affect the stresses and peak particle velocities induced in a rock mass due to the blasting

were discussed.
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7. Developmentof the Finite Element Model

The finite element modelling package ABAQUS was used to model the effectof blasting on

adjacent paste fill in an underground mine. This chapter describes the modelling package used,

the problem definition and the input data for the numerical models created for this project.

7.1. Finite ElementAnalysis

This section outlines the finite element analysis process used for this project.

7.1.1. General

Finite element analysis is a computer technique which is commonly used inengmeenng

analysis to study complex systems where it is difficult or expensive to use field experiments and

where the solution to a problem cannot be solved using closed-form analytical solutions.In

finite element analysis, a numerical technique known as the finite element method is used to

solve a systemof simultaneous equations. The system being modelled is represented by a

geometricallysimilar model which consistsof finite elements. The solutionof a finite element

model is approximate and the accuracyof a model depends on the qualityof the finite element

mesh. The systemof simultaneous equations are produced by applying physical characteristics

to the model such as constitutive models, equationsof equilibrium and loads.

The modelling process generally includes three steps:pre-processing,analysis and visualisation.

The pre-processingstep is the step in which the finite element model is created. Most

modelling packages provide built-in codes to create the finite element model. The analysis step

is where a solution is computed, and the visualisation step is where the results are analysed.

Finite element packagesgenerallyprovidevisualisationtools for the displayofthemodel results

in different formats.

A number of finite element software packages are available for different applications.

ABAQUS/Explicit was determined to be the finite element modelling package that was most

suitable for modelling blasting outof those available at the James Cook University Schoolof

Engineering. The other alternatives include ANSYS, PLAXIS and FLAC.

7.1.2. ABAQUS

ABAQUS is a finite element modelling package where the entire suite includes the following

components:

• ABAQUS/Standard:A general-purposefinite element program;
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• ABAQUSlExplicit: An explicit dynamics finiteelementprogram;

• ABAQUS/CAE: An interactiveenvironmentused to create models, submit andmonitor

jobsand evaluate model results; and

• ABAQUSNiewer: A subsetofABAQUS/CAE (theVisualizationmodule)used to evaluate

model results.

The modelling process usmg ABAQUS is shownschematically in Figure 7.1. A brief

descriptionofeachcomponentis given in the following sections.

Preprocessing Analysis Visualisation
ABAQUS/CAE �~ ABAQUS/Standard�~ ABAQUSNiewer

ABAQUS/Explicit

Figure 7.1 - ABAQUSModelling Process

7.1.2.1. ABAQUS/Standard

ABAQUS/Standardis a general-purposesolver. It usestraditional implicit integrationscheme

to solve a systemof equationsimplicitly at each solution"increment". ABAQUS/Standardcan

be used for a numberof different analysisproceduresincluding:

• Static analysis;

• Eigenvaluebucklinganalysis;

• Unstablecollapse andpostbucklinganalysis;

• Quasi-staticanalysis;

• Direct cyclic analysis;

• Implicit dynamic analysis; and

• Complexeigenvalueextraction.

The transmissionof blast waves through rock and backfill material is a dynamic analysis. Since

ABAQUSlExplicit provides a moreeconomicalsolution to this styleof analysis than the

solution methods used inABAQUS/Standard,ABAQUSlExplicit was used for this project.

ABAQUS/Standardwas only used for the natural frequencyextractiondescribedin section

7.5.1.6.
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7.1.2.2. ABAQUSIExplicit

ABAQUS/Explicit is a finite element program designed for solving highlynonlineartransient

dynamic problems. The explicit dynamicprocedureperforms a large numberof small time

increments using acentral-differencetime integration rule. The solution for a set of

simultaneous equations is notcomputedat each increment, making each increment relatively

inexpensive. The explicit central-difference operator satisfies the dynamic equilibrium

equations at the beginningof the increment, t, and the accelerations calculated at time t are used

to advance the velocitysolution to time t+ �~�t�/�2 and the displacementsolution to t+ �~�t�.

Therefore, the explicit method is efficient for the analysisof large models with a relative short

dynamic response time (ABAQUS version 6.4Documentation,2003).

In the explicit dynamic analysis procedure, the equations of motion for the body are integrated

using the explicit central-difference integration rule as follows (ABAQUS version 6.4

Documentation,2003):

.N _. N �~�t�(�i�+�1�) + �~�t�(�i�) ··N
U(. 1)-U(. 1)+ U(i)

1+- [-- 2
2 2

where UN is a degreeof freedom(displacementor rotation component)

U is velocity

U is acceleration

i refers to theincrementnumber in anexplicit dynamic step.

Theaccelerationsat thebeginningofthe incrementarecomputedby:

"N (MN.J \-1(0./ 1./)
U(i) = J F(i) - (i)

where MNJ is the mass matrix

pJ is the applied load vector

IJ is the internal force vector

(7.1)

(7.2)

(7.3)
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A lumped mass matrix is used in this calculation. This is because the inverseof the matrix is

simple to calculate and the vectormultiplication of the mass inverse by the inertial force

requires a limited numberof operations (the numberof degreesof freedom in the system)

(ABAQUS version 6.4Documentation,2003).

An analysis inABAQUS/Explicit may require an extremely large number of increments.

However, as the increments are relatively expensiveABAQUS/Explicit often results in an

economical solution. ABAQUS/Explicit has been used in the past to model blast induced

damage in rock (Liu and Katsabanis 1997; Yang and Turcotte 1994), and has been shown to be

capableof generating acceptable results. Therefore,ABAQUS/Explicit was chosen as the most

suitable program in which to conduct the modelling for this project.

7.1.2.3. ABAQUS/CAE

ABAQUS/CAE is an interactiveenvironmentfrom which models can be created, run and the

results analysed.It is broken up into modules, eachof which is used to define a step in the

modelling process.ABAQUS/CAE contains the following modules:

• The Part module: used to create parts which are used as building blocks to build a model;

• The Property module: used to define material properties and assign sections to parts;

• The Assembly module: used to create an assembly using the parts defined in the part

module;

• The Step module: used to create analysis steps, specify output requests and specify solution

controls;

• The Interaction module: used to define interactions between regions in the model. These

reactions include mechanical and thermal interactions, analysis constraints and connections

between two points;

• The Load module: used to define loads, boundary conditions and fields;

• The Mesh module: used to define node spacing, element types and create a meshof the

assembly;

• The Job module: used to create input files and to submit and monitor jobs; and

• TheVisualisationmodule: used to analyse the resultsofthemodel.
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ABAQUS/CAE was used to create and mesh basic input files for this project. The input files

created byABAQUS/CAE were then edited to use infinite elements which are not available in

ABAQUS/CAE, but are available inABAQUS/Explicit.

7.1.2.4. ABAQUS/Viewer

The Visualization module from ABAQUS/CAE is also licenced separately as

ABAQUSlViewer. This module allows the resultsof a model to be displayed in several formats

including the ability to plot x-y data, view the deformed shapeof a model and to plot contours

of componentsfor which field data was calculated.ABAQUS/Viewer was not used for this

projectasABAQUS/CAE was used to view model results.

7.2. TheABAQUSinputfile

Both ABAQUS/StandardandABAQUS/Explicit are run as batch applications. The main input

to these modules is an input file which contains the modeldefinition and the steps to be

processed. The input file is usually created by apreprocessorsuch asABAQUS/CAE, although

it can be written manually using the keywords given in the ABAQUS manuals. For this project,

ABAQUS/CAE was used to create a basic input file for each model type which was then edited

manually to include elements not available inABAQUS/CAE and to run the analysis for

different scenarios.

ABAQUS Input files contain the following two typesof data defined in two separate sections:

• Model data

• History data

7.2.1. Model Data

The first section of the input file contains the model data which are used to define the model.

The model data includes the following required data:

• Geometryofmodeldefinedas nodes and elements; and

• Material definitions.

In addition to the required data, the following optional model data can be defined:

• Parts and anAssembly;

• Initial Conditions;
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• BoundaryConditions;

• KinematicConstraints;

• Interactions;

• AmplitudeDefinitions;

• OutputControl optionsfor controlling the modeldefinition data to bewritten to the output

file;

• EnvironmentalProperties;and

• Analysis Continuationinformationif the analysis is beingcontinuedfrom apreviousmodel

run.

The modeldata used in thisprojectaredefinedin section7.5.

7.2.2. History Data

The secondsectionof the input file containsthe history datawhich are used to define the steps

to be applied to the model. Thehistory data arebroken up into steps,which are individual

componentsof ananalysis. A new step can be used to definechangessuch as adifferenttype of

analysis,a changein the magnitudeof a load or achangein outputrequests.Multiple steps can

be used and there is no limit on thenumberof steps in a model. Therequiredhistory data for a

step includesthe analysistype. Theoptionalhistory data for a stepdependson the typeof step

and canincludethe following:

• Loading;

• BoundaryConditions;

• OutputRequestsincluding componentsto be outputand thetime steps atwhich the output

data arewritten;

• Contact;and

• Auxiliary Controls.

The history data used in eachdifferentanalysisfor this projectarediscussedin section7.5.
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Data Definitions

All data definitions in ABAQUS, whether model data or history data are written as option

blocks, which are sets of data which describe partof the problem definition. Only the options

that are relevant to theparticularapplication are used. The options blocks are defined using

three types of input lines in an ABAQUS input file, namely keyword lines, data lines and

comment lines. Keyword lines are used to introduce options and have an asterisk preceding

them. Keyword lines often have parameters, which are words or phrases which appear on the

keyword line. Some parameters are required for a givenkeyword while others are optional.

Parameters may also be assigned a value. An exampleof a keyword line is as follows:

*ELEMENT, type=CPE4,elset=Paste

Data lines follow most keyword lines and are used to provideinformation that cannot

adequately be defined using parameters. Comment lines are used to provide comments for users

reading the input file and are ignored by ABAQUS. These lines must start with two asterisks

(**) and can be placed anywhere in the input file. An exampleof a keyword line, data line and

comment line is as follows:

Commentline

Keywordline

Data line

** Surface Load. Name: Blast side2 Type: Pressure

*Dsload,amplitude=JIANG

BlastS_surf2, P, 4.Se+07

Where applicable, the keywords and parameters used for each option for the models created for

this project are given in section7.5.

7.3. Problem Definition

The problem definition for each model developed for this dissertation is described in the

following section.

7.3.1. General

The finite element model for this dissertation was developed through a three stage modelling

process. A setofmodels was developed for each stage as follows:

• Stage 1: A single columnof explosive in paste fill;

• Stage 2: A single columnof explosive in rock; and
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• Stage 3: Columnsof explosive in rock adjacent to paste fill.

The stage 1 models were used to validate the model resultsof the transmissionof blast waves

through paste fill against the data obtained in the fieldinstrumentationtests discussed in chapter

4. Once validated, these models were then used to compare thetransmissionof blast waves

through different mixesof paste fill. Similarly, the stage 2 models were used to validate the

model resultsof the transmissionof blast waves through rock. The stage 3 models were then

used to model blasts in rock adjacent to paste fill. The problem definition and geometryof each

model are given in the following sections.

7.3.2. Stage 1 Model: SingleColumn of Explosive in Paste Fill

The stage 1 model was based on the scenario encountered in the field tests discussed in chapter

4. The purposeof this model was to validate the numerical model against the field

instrumentationtests and to predict the effectof cement and solids contentof the paste fill on

thepropagationof the blast wave. Once the model for stage 1 was validated, the material model

developed for this stage was used for the stage 3 model.

This scenario consistedof a blast hole in a massof paste fill containing a single cartridgeof

emulsion explosive, as shown in Figure 7.2. The blast hole was 3 m deep and 44 mm in

diameter. The cartridgeof explosive was 200 mm long and had a diameterof 32 mm. For the

purposeof this modelling, it was assumed that the rock/paste fill interface was at a sufficient

distance from the explosive column to not affect the model results.In this situation, a lineof

symmetry exists down the centre lineof the blast hole. Therefore, only the region outlined in

Figure 7.2 had to be included in the model. Due to the symmetryof the geometry, an

axisymmetricmodel was used.

Figure 7.2 - ScenarioRepresentedin Stage1 Models (Not to Scale)
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The 15 m wide and 9 m high finite element model mesh is shown in Figure 7.3. The blast load

was applied to the wallsof an "equivalentcavity" with a radiusof 66 mm, which is three times
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the blast hole radius. Theconceptof an "equivalentcavity" was used in order to model the

transmissionof blast wavesthrough the fill without modelling the cracking immediately

surroundingthe blast hole. This method allows thepropagationof the blast wavewithin the

materialto bemodelledwithout the need to usecomplexmaterialmodels and cracking models.

For large scale models such as those used in this work, the useof an "equivalent cavity"

dramaticallyreducesthe timerequiredto solve the model. Thisconceptis discussedfurther in

section6.6. Infinite elements were placed along the side and baseof the model in order to

providea non-reflectingboundary. The blast load applied to this model isdiscussedin chapter

6, and theremainderof the modelparametersarediscussedlater in this chapter.

load

Figure 7.3- Finite ElementMesh/orthe Stage1 Model

This model was initially solved for a paste fillmIX of 76 % solids and 4 % cement,

representativeof the 76 % solids and 3.8 % paste fill mixof the stope used for the field tests.

The model results werecomparedagainst the prediction of the ppv using theparameters

obtainedfrom the field tests in order tovalidate the model. Thevalidation of this model is

discussedin Chapter8.

This model was then run for thedifferentmixesof paste fill given in Table 7.1 in order to assess

the wavepropagationin differentmixes of paste fill. Thematerialpropertiesfor these mixesof

paste fill are given in Table 7.2. The resultsof this assessmentarediscussedin Chapter8.
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Table7.1PasteFill Mixes used intheStage1 Model

SolidsContent(%)

CementContent(%)

76

2

76

4

76

6

78

2

78

4

78

6

80

2

80

4

80

6

Table7.2 MaterialPropertiesused forPasteFill

PasteFill Mix ElasticParameters Drucker-PragerModel Parameters Damping

p E v tan f3 K \jf O'c kPa E a

(kg/nr') MPa (deg)

74%S2%C 2056 4 0.2 1.066 0.778 0 81.2 0 0.000567

74%S4%C 2021 23.0 0.2 1.001 0.778 0 396.3 0 0.000567

74% S 6%C 2021 81.0 0.2 0.9185 0.778 0 621.6 0 0.000567

76%S2%C 2130 23.0 0.2 0.9963 0.778 0 204.6 0 0.000567

76%S4%C 2003 56.0 0.2 0.9614 0.778 0 692.5 0 0.000567

76% S 6% C 2003 98.0 0.2 0.9225 0.778 0 1176 0 0.000567

78%S2%C 2182 17.0 0.2 0.9054 0.778 0 252.1 0 0.000567

78%S4%C 2008 74.0 0.2 0.9160 0.778 0 959.4 0 0.000567

78% S 6%C 2088 140.0 0.2 0.9264 0.778 0 1747 0 0.000567

80% S2% C 2057 25.0 0.2 0.9054 0.778 0 358.6 0 0.000567

80% S4% C 2057 121.0 0.2 0.9160 0.778 0 1272 0 0.000567

80% S 6% C 2057 233 0.2 0.9224 0.778 0 2290 0 0.000567

S = solid content;C = cementcontent
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Stage 2 Model: SingleColumn of Explosive in Rock

The stage 2 model was based on the scenarioof a single columnof emulsion explosive in a rock

mass, as shown in Figure 7.4. The blast hole was 89 mm in diameter, with the diameterof the

explosive based on the diameterof blast holes used in the productions blasts monitored and

discussed in Chapter 3. The blast hole was 3 m deep in this model, outofwhich a 2 m length is

explosive material andaIm length is stemming material. The stemming material is used to

ensure that the gases provide a load to the wallsof the blast hole rather than escaping from the

blast hole, and does not provide any strength to the system. Therefore, the stemming material

was not modelled. For the purposeof this modelling, it was assumed that there was no paste fill

in the vicinity of the explosive column. In this situation, a lineof symmetry exists down the

centre lineof the blast hole. Therefore, only the region outlined in Figure 7.4 had to be included

in the model. Due to the symmetryof the geometry, an axisymmetric model was used.

Ii

6m[
1:(-----------------------------;1

15 m

1m

2m

,,
Ii :
f-'

Legend

D Rock

�~ ExplosiveMaterial

D StemmingMaterial

Boundaryof
modelledregion

Figure 7.4 - ScenarioRepresentedin Stage2 Model (Not to Scale)

This model was similar to the stage 1 model and consistedof a 15 m wide and 9 m high finite

element mesh, as shown in Figure 7.5. As for the stage 1 model, infinite elements ware placed

along the side and baseof the model to provide anon-reflectingboundary and the blast load was

applied to the wallsof an "equivalentcavity". A radiusof 134 mm, which is three times the

blast hole radius used in theproductionblasts, was used for the"equivalentcavity". The blast

load applied to this model is discussed in chapter 6, and the remainderof the model parameters

are discussed later in this chapter.

This model was solved for the rock types listed in Table 7.3 in order to assess the effectof rock

type on wave propagation. The material properties for these rock types are given in Table 7.4.

The resultsof this assessment are discussed in Chapter 8. The model results when Broadlands

rock type was used were compared against theprediction of the ppv using the parameters
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obtainedfrom the Sartor's(1999) work in order tovalidatethe model. Thevalidation of this

model is discussedin section 6.9.

Figure 7.5 - Finite ElementMesh/orStage2 Model

Table 7.3 Rock Types Used in the Stage 2Model

Symbol

BL

BM

GH

HDMT

PXAM

QZGAlIT

QZHD

Rock Type

Broadlands

Burnham

Glenholme

Magnetitebearinghedenbergiterock

PyroboleRock

QZGA: garnetiferousquartzite/arkose

QZIT: metaquartzite/arkose

Hedenbergitequartziterock

129



Chapter7 - Developmentof the Finite ElementModel

Table7.4 MaterialPropertiesused forRock

Rock ElasticParameters Drucker-PragerModel Parameters Damping

Type

p EGPa v tan f3 K \jf O'c a

(kg/m') (deg) MPa

BL 3950 19.3 0.2 0.876 0.778 0 216.8 0 9.6102

BM 4440 20.9 0.2 0.876 0.778 0 220.0 0 9.4326

GH 3480 10.3 0.2 0.876 0.778 0 44.3 0 6.7008

HDMT 4060 11.7 0.2 0.876 0.778 0 142.7 0 7.3806

PXAM 3670 12.1 0.2 0.876 0.778 0 162.0 0 7.8942

QZGA 2930 16.0 0.2 0.876 0.778 0 189.3 0 10.1598

QZHD 2870 18.9 0.2 0.876 0.778 0 222.1 0 11.1570

7.3.4. Stage3 Model: Columnsof Explosivein RockAdjacentto
PasteFill

The stage 3 model was based on the scenarioof columnsof emulsion explosive in a rock mass

adjacent to a stope which has beenpreviously mined and filled with paste fill, as shown in

Figure 7.6. Two different stage 3 models were created, one using a blast hole diameter of

89 mm and the other using a blast hole diameterof 76 mm. These diameters were based on the

diameterof blast holes used in theproductionsblastsmonitoredanddiscussedin Chapter3.

The paste fill stope in this model was 25 m by 25 m in plan view,representativeof the average

dimensions of a stope. Several models were run with the columnof explosive at2.5,5,7.5 and

10 metres from the paste fill.

Figure 7.6 shows the geometryof this model. Many attempts were made to create and run a

three-dimensionalmodel of this scenario inABAQUS/Explicit, howeverthese attempts were

unsuccessful due to the large numbersof elements required. Therefore, this system was

modelledusing plane strain elements to model the system in plan view. This scenario was

approximatedusing atwo-dimensional,plane strain model. Plane strain elements are used
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Figure 7.6 - ScenarioRepresentedin the Stage3 Model

when it can be assumed that the normal and shear strain in the z-direction are zero. This

generally applies in cases when the body is very thick in comparison to the dimensions in the x­

and y-directions. The rock and paste stopes and the blast hole may berepresentedwith plane

strain elements as they are thick in thez-directioncompared to the x- and y-directions. The
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representationof the blast hole with plane strain models provides realistic results in the region

surroundingthe middleof the blast hole.

There are some limitations to representing a blast hole with a plane strain model.In the region

surroundingthe endsof the blast hole column there is no symmetry to enable the system to be

modelledwith a two dimensional model when the blast hole is located in rock adjacent to paste

fill and a three-dimensionalmodel would be required to provide accurate results. As discussed

in section 2.5.2, the peak particle velocityexperiencedfrom the detonation of a columnof a

given diameter with a given typeof explosive does not increase as the lengthof the column

increases, as the charge weight in the blast hole isproportionalto the charge length. Therefore,

the peak particle velocitiesexperiencedat the endsof the blast hole are not expected to be

greater than those in the centreof the blast hole column. As a result, the results obtained in a

plane strain model are expected to berepresentativeof the maximum peak particle velocities

which would beexperiencedfrom a givenblasthole.

In addition to the scenario shown in Figure 7.5, a versionof the stage 3 model was set up with

loading applied to by a lineof blast holes with ageometryshown in Figure 7.6. This model was

run for severaldetonationpatterns including the simultaneousdetonationof the blast holes and

detonationdelays between each blast.Productionblasts in mines generally consistof many

blast holes, and thearrangementshown in Figure 7.7 is not uncommon. This arrangement was

used for the vertical blast holes referred to as COS blast holes in theproductionblasts discussed

in Chapter 3. In a productionblast, these blast holes are generally detonated with a delay time

of severalmillisecondsbetween blast holes.

The finite element model meshof the plane strain model is shown in Figure 7.8. The model

was run for a varietyof loading patterns. The locationof all blast hole locationsmodelledis

shown in the figure. These blast holes were not all applied in one model run. The stage 3

modellingwas run for three different loading scenarios which aredescribedas follows:

• Scenario 1: A single blast hole was detonated adjacent to the centrelineof the paste fill

stope. This scenario was run for blast holes located at2.5,5.0,7.5 and 10.0 m from the

rock/paste fill interface.

• Scenario 2: A single blast hole was detonated at a location offset from the centreline of

the paste fill stope. This scenario was run for blast holes located at an offsetof 2.5, 5.0,

7.5 and 10.0 m from the centreline of the paste fill stope. All blast holes modelled in

this scenario were located 2.5 m from therock/pastefill interface.
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Figure 7.7-ScenarioRepresentedby Stage3 Model(Plan View)

• Scenario 3: A rowof blast holes located parallel to the faceof the paste fill stope was

detonated. These blast holes were located 2.5 m from the rock/paste fill interface and

were spaced 2.5 m apart. The following three detonation patterns were modelled:

o The detonationof all blast holes simultaneously;

o The detonationof the blast holes one at a time starting from one end and

working towards the other end; and
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o The detonationof the centre blast hole followed by the blast holes to each side

systematicallyuntil all blast holes have been detonated.

The models for scenario 3 weremodelledwith delaysbetweenthe detonationof each

blast holeof 100 ms, 200 ms and 400 ms.

The loading scenarios and thedetonationpatterns for the stage 3modellingarediscussedfurther

in section 8.3.

Similar to the stage I and stage 2 models, the blast load was applied to the wallsof an

"equivalentcavity" with a radiusof three times the blast hole radius and infinite elements were

placedalong the sidesof the model in order toprovide a non-reflectingboundary. The blast

load applied to this model isdiscussedin chapter6, and theremainderof the modelparameters

are discussedlater in this chapter. This model was solved for theBroadlandsrock type, and a

paste fill mix of 76 % solids and 4 % cement. The resultsof this assessmentare discussedin

Chapter8.
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Figure 7.8 - Finite ElementMesh/orStage3 Model
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7.4. SimplificationsandAssumptions

The numerical models for this project were created based on the following assumptions and

simplifications:

• Velocity of detonation will have negligible impact on the peak particle velocity and

therefore can be ignored. The pressure from the detonation is applied over the entire

lengthoftheblast hole instantaneously.

• The rock material is homogeneous and does not contain anyjoints or faults. This is

considered to be a conservative assumption, as it is likely that joints and faults in the

rock do exist within the ore body. The presenceof ajoint or fault between the location

of a blast hole in rock and the paste fill would result in thereflectionofpart of the stress

wave from the explosive, reducing the impactof the stress wave on the paste fill.

Therefore, the absenceof joints and faults in this model is representativeof the greatest

load that would be expected to occur on the paste fill material as a resultof nearby

blasting in rock.

7.5. ModelParameters

The model parameters for all modelling undertaken for this dissertation are discussed in the

following section.

7.5.1. Material Properties

The material properties for both paste fill and rock are discussed in this section.

7.5.1.1. Constitutive Models

The outputof the finite element model is highly dependent on the materialbehaviourapplied to

the model. Soils consistof an accumulationof mineral particles, with the voids between the

particles filled with water and/or air. Thebehaviourof such particulate materials is complex

due to the various interactions between the particles. However, when considered at the

macroscale, thebehaviourof soils may be idealised as behaving like continua (Prevost and

Popescu, 1996). Constitutive models are used to describe such soil behaviour, and many

models exist. Previous research on the materialbehaviourof both paste fill and ore from

CanningtonMine indicate that both materials can be adequately described using the Mohr­

Coulomb material model (Rankine, 2004).
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7.5.1.2. Mohr CoulombMaterial Model

The Mohr-Coulombfailure criterion is widely used for materials such as soils and rock. The

shear strength of a soil at a point is expressed as a functionof the effective normal stress at the

same point by the following equation:

T f = d' + a', tan¢

where 'rf = shear strength

d' = cohesionintercept in termsof effective stress

a', = effective normal stress

¢ = angleof shearing resistance in termsof effective stress

(7.4)

The shear strength of a soil can also be expressed byMohr's circle, which is defined by the

effective major and minor principal stressesa; and a; at failure. At failure, the line

representedby equation 7.4 will betangentialto the Mohr Circle as shown in Figure 7.9. From

Figure 7.9, theMohr-Coulomb failure criterion given below can be obtained. This failure

criterion isindependentoftheeffectiveintermediateprincipal stress.

Laboratory testsof both paste fill and rock fromCanningtonMine indicated that both materials

can be described by theMorh-Coulombfailure criterion (Rankine, 2004).

o{

T

Fai lure envelope

<,
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Figure 7.9 - Mohr CoulombStressConditionsatFailure (Craig 1997)
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7.5.1.3. Material Models to apply inABAQUSIExplicit

Both paste fill and ore are bestdescribedusing theMohr-CoulombMaterial Model. However,

this materialmodel is not available inABAQUS/Explicit. Out of the materialmodelsavailable

in ABAQUS/Explicit, the modified Drucker-Pragermodels were found to be theclosestmodel

to the Mohr-Coulombmaterial model. Therefore,the paste fill and rock were bothmodelled

using theDrucker-Pragermaterialmodel.

7.5.1.4. Drucker PragerPlasticityModel

The Drucker-Pragerplasticity models (Drucker & Prager, 1952) are used to model materials

which exhibit pressure-dependentyield (ABAQUS, 2003). Drucker-Pragermaterials are

typically granular, like soils and rock. TheDrucker-Pragerplasticity models available in

ABAQUS/Explicit can be used inconjunctionwith the elasticmaterialmodel.

The yield criteria isdescribedby equation7.5 and the yield surface for theDrucker-Prager

materialmodel is given in Figure 7.10. Theyield surface isshownin the meridionalplane.

G=g-mtanlJ-d=O

where G= yield criteria

g �~ a deviatoricstress measure�~ �~++ �~+-�~ Hn
j = the third invariantof deviatoricstress

q = the Misesequivalentstress

(7.5)

K = is the ratio of the yield stress intriaxial tension to the yield stress in

triaxial compression

p = the equivalentpressurestress

11 = the slope of the linear yield surface in the p-t stress plane

commonlyreferredto as the friction angleofthematerial

d = the cohesionofthematerial
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Figure 7.10-Drucker-PragerYieldSurfacein the Meridional Plane

The Drucker Prager plasticity model is specified using the *DRUCKER PRAGER and the

*DRUCKER PRAGERHARDENING keywords.

The *DRUCKER PRAGER keyword is used to define the yield surface and flow potential

parameters for elastic-plastic material models that use oneof the Drucker-Pragerplasticity

models. The data lines for the*DRUCKER PRAGERkeyword are as follows:

1. The material angleof friction, 11, in the p-t plane, given in degrees.

2. The ratioof the yield stress in triaxial tension to the yield stress in triaxial compression,

K. K must be between 0.778 and 1.0 to ensure that the yield surface remains convex

(ABAQUS, 2003).

3. The dilation angle,\1', in the p-t plane, given in degrees.

The *DRUCKER PRAGERHARDENING keyword is used to define the hardening data for

elastic-plastic material models that use oneof the Drucker-Pragerplasticity models. The data

lines for the*DRUCKER PRAGERHARDENING keyword are as follows:

1. Yield Stress,cre
D

• The yield stress is the stress which must be exceeded in the material

to cause plastic deformation to the material. Prior to reaching the yield stress, elastic

deformation will occur. The yield stress is shown on the typical stress-strain curve for a

ductile material shown in Figure 7.11.

2. Absolute valueof thecorrespondingplastic strain,c.
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Figure 7.11-Typical Stress-StrainCurvefor a Ductile Material

7.5.1.5. Matching Mohr-CoulombParametersto the Drucker­
PragerModel

The Mohr-Coulomb theory assumes a linear relationship between the deviatoric and pressure

stress, and can therefore be matched by the linearDrucker-Pragermodel (ABAQUS 2003).

Unlike the Mohr-Coulomb model, theDrucker-Pragermodel does not assume that failure is

independentof the valueof intermediate principal stress. The Mohr-Coulomb is generally

considered to be accurate for most geotechnical applications, although the failureof typical

geotechnical materials generally includes a small dependence on the intermediate principal

stress. A comparison between theDrucker-Pragermaterial model and the Mohr-Coulomb

material model is given in Figure 7.12.In this figure, theDrucker-Pragerand the Mohr

Coulomb yield surfaces are shown on the deviatoric plane where S1, S2 and S3 are the principal

stresses. The Mohr-Coulomb model has vertices, while theDrucker-Pragermodeldoesn't.

s.

,;
s,

/ Mohr-Coulomb

,

Drockor-pragc-r (M isosl

Figure 7.12 - ComparisonofMohr-Coulomb and Drucker-Prager Models in the
DeviatoricPlane (ABAQUS 2003)
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The Drucker-Pragerparameterswere obtainedfrom the Mohr-Coulombmodelby matchingthe

triaxial test response. Using this method, the Drucker-Pragermaterial properties can be

obtainedfrom the following equations:

f3
6sin¢tan =---'-----

3-sin¢

a" = 2c cos¢
c 1-sin¢

K = 3-sin¢
3+sin¢

7.5.1.6. Damping

(7.6)

(7.7)

(7.8)

Damping was applied to the numerical model in two formats: bulk viscosity and Rayleigh

damping.

Bulk Viscosity

Bulk viscosity is used tointroducedampingassociatedwith volumetric strainingto the model,

and improve the modelling of high speed dynamic events. There are two forms of bulk

viscositythatcan beappliedin ABAQUS:

1. Dampingof the "ringing" in the highestelementfrequency. This form of bulk viscosity

generatesa bulk viscosity pressurewhich has the following linear relationshipwith

volumetricstrain:

(7.9)

where pbvl = bulk viscositypressure

bl = dampingcoefficient

p = density

Cd = wavevelocity

I, = anelementcharacteristiclength

i:vol = volumetricstrain
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The defaultvalue of bl =0.06 was used in this analysis.

2. Damping in solid continuumelementswhich has thefollowing quadraticrelationship

with volumetricstrainrate:

(7.10)

where pbv2 = bulk viscositypressure

b2= dampingcoefficient

This form of dampingsmears ashockfront across severalelements,and isintroducedto

preventelementsfrom collapsingunderextremelyhigh velocity gradients. The default

value ofb, =1.2 was used in this analysis.

Rayleigh Damping

Rayleighdampingis dampingwhich is proportionalto the stiffnessand massof the material. It

can beexpressedin termsofthefractionof critical dampingby the following relationship:

(7.11)

where �~ = fractionof critical damping

XR = factor for massproportionaldamping

DR = factor for stiffnessproportionaldamping

(OJ = naturalfrequencyat this mode

The massproportional damping factor introduces damping forces causedby the absolute

velocities of the model,which the stiffnessproportional damping introducesdamping forces

causedby the elasticmaterial stiffness. Rayleighdampingis appliedto ABAQUS modelsby

specifying the XR, and DR factors. Massproportional damping was applied to the models

producedfor this project.

The massproportionaldampingfactor, XR, wascalculatedusing thefollowing method:

1. Calculationof the fractionof critical damping
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The fractionof critical dampingin paste fill wascalculatedfrom velocity versus times

curves obtained during the field testsdescribedin Chapter4. Such data was not

available tocalculatethe fraction critical damping in rock, so a searchof literature was

conducted. According to (ABAQUS, 2003), rockgenerallyhas a fractionof critical

dampingof 2 to 5 % and 3 % fractionof critical damping(i.e. �~ = 0.03) is suitable for

analysis. This value was used for rock in the absenceof suitable waveforms from

which to calculatethe fraction.

2. NaturalFrequencyextraction

A natural frequencyextractionanalysis wasconductedto extractthe naturalfrequencies

for different nodes. Thisextractionwas run on aversion of model 1 to obtain the

frequencies for paste fill and on aversionof model 2 to obtain the frequencies for rock.

The models were run using the *STEP,TYPE=FREQUENCYkeyword. The natural

frequencyobtainedfor eachmaterialfor mode 1 was used in thecalculationof the mass

proportionaldampingfactor.

3. Calculationof XR

Once the fractionof critical dampingand the natural frequency are known, the mass

proportionaldampingfactor iscalculatedfrom Equation7.11 bysettingDR equal to 0.0.

7.5.2. Interface between PasteFill and Rock

A tunnel was excavatedinto a paste fill stope atCanningtonMine to conductthe field tests

discussedin Chapter4. The interfacebetweenthe rock and the paste fill was visible within the

tunnelwall. Observationsof the interfacebetweenthe paste fill and rockshowedthat the paste

fill had completelyfilled the void in the mine, and no gapsbetweenthe rock and paste were

visible. The rock face had a rough surface, so that it is likely any failure would occur within the

paste fill adjacentto the interface ratherthanat the interface.

In order to model thetransmissionof the stress wave across the interface, thereflection and

refractionof the wave need to bepredicted. The amountof energy that istransmittedthrough

the interface depends on theimpedanceof the rock and the paste. Theimpedanceis calculated

from the densityof the materialand thevelocity of the wave in the material, bothof which can

be calculatedfrom the materialproperties. Since the wavetransmissionis dependenton the

material propertiesof the rock and the paste, contactdefinitions were not used to define the

interface. Contactdefinitions would not make anydifferenceto the transmissionof the wave
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across the boundary, but will add to the solution timeof the problem. The interface was

specified by assigning different material properties to elements on each sideofthe interface.

This method of modelling the interface was applicable as the intentofthe model is to model the

transmissionof a blast wave through the material, and blast damage is measured using ppv.If

the removalof the ore and the stabilityof the nearby paste fill material were to be modelled,

contact definitions would be necessary to define the interface, as thebehaviourofthematerial at

the interface becomes important.

7.5.3. Boundaries

Infinite elements were located at the boundariesof the models to avoid provide anon-reflecting

boundary. The infinite elements were used on the base and sideof the axisymmetric models,

and on the all sides of the plane strain model to provide a"quiet" boundary to the model. The

infinite elements introduce additional boundary damping which minimise the reflection of

dilatational and shear wave energy back into the finite element mesh.

7.5.4. Element Definitions

7.5.4.1. ElementTypes

A wide varietyof element types are available in ABAQUS, which enable the modelling package

to be used for a wide varietyof analysis types. These element types are broken up into families

based on the different geometry types. The element families which are useful for the analysis of

soil and rock are continuum (solid) elements and infinite elements. Within the continuum

elements and infinite elements families, the elements are further classed within groups based on

the dimensionsof the problem. Since axisymmetric models andtwo-dimensionalmodels were

used for this project, discussionof elements available will be limited to these classes.

AxisymmetricElements

Axisymmetricelements are used when the system being modelled can be described using polar

coordinates (r, z and8) and the loading is symmetrical about the axis. A modelof a single blast

hole is an exampleof such a case.If the loading and material properties are independentof 8,

the solution can be described completely in the r-z plane. A typical axisymmetric element is

shown in Figure 7.13.
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Figure 7.13 - TypicalAxisymmetricElement(ABAQUS2003)

Four node, bilinear axisymmetricelements(CAX4) were used in the stage 1 and 2 models

discussedpreviously in this chapter. The active degreesof freedom for theseelementsare u,

and u.,displacementdegreesof freedom in therandz-directions. The elementsare specified

by providingthe r-zcoordinatesof the nodes anddefiningthe nodes that make up the elements.

The nodes arespecifiedin the order shown inFigure7.14.

Face 3

Face 4 Face 2

1 Face 1 2

Figure 7.14 - NodeNumberingon 4 nodeAxisymmetricElement(ABAQUS2003)

Two-DimensionalElements

Two typesof two-dimensionalelementsare availablewithin ABAQUS, planestress and plane

strain elements. Plane stresselementsare used when thethicknessof a body is smallrelativeto

its in-plane dimensions. This type of element is typically used for thin, flat bodies. The

elementsare defined in the X-V plane, as are all loadings anddeformation. Plane strain

elementsare used when it can beassumedthat the strains in a loaded body are functionsof the

planarcoordinatesand theout-of-planenormal and shear strains are equal to zero. Plane strain

elementsare typically used for bodies that are verythick relative to their lateraldimensions.
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The elements are defined in the X-V plane and all loading and deformation also occur in this

plane. Plane strain elements were used for thetwo-dimensionalmodels created for this project.

Four node, bilinear plane strain elements (CPE4) were used in model 3. The active degreesof

freedom for these elements areUx and uy, displacementdegreesof freedom in the x and y­

directions.

The elements are specified by providing the X-V coordinatesof the nodes and defining the

nodes that make up the elements. The nodes are specified in the order shown in Figure 7.15.

Face 3

Face 4 Face 2

1 Face 1 2

Figure 7.15 - NodeNumberingon 4 nodePlaneStrain Element(ABAQUS20031)

Infinite Elements

Infinite elements were used in all three models to provide anon-reflectingboundary. These

elements are often used in cases where the regionof interest is small compared to the

surrounding medium and they provide a"quiet" boundary to the finite element model in

dynamic analyses. Infinite elements are designed to be used in conjunction with planar,

axisymmetric orthree-dimensionalfinite elements and are available as plane stress, plane strain,

three-dimensionalor axisymmetric infinite elements. The standard finite elements are used to

model the regionof interest and the infinite elements are used to model the far field.

The material properties assigned to infinite elements must match the material properties

assigned to the elements adjacent to the infinite elements. Since the solution in the far field is

assumed to be linear, only linear material properties can be applied to infinite elements. The

material response is assumed to be isotropic in infinite elements.

Four-node, axisymmetric infinite elements (CINAX4) were used in models 1 and 2, while four­

node, plane strain infinite elements (CINPE4) were used in model 3.

Infinite elements are specified in a similar manner to the typeof elements they are to be used in

conjunction with. However, the node numbers must be specified in such a way that the first

face is the face that is connected to the finite element mesh, as shown in Figure 7.16. The
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locationof the nodes located away from the finite element mesh in the infinite direction (nodes

3 and 4 in Figure 7.16) is not meaningful for an explicit dynamic analysis as these nodes are not

used in explicit dynamic analyses.

Face 1
2._----____.1

Face 2

3
Face 3

ace 4

4

Figure 7.16 - NodeNumbering on4 Infinite Element (ABAQUS 2003)

The infinite elements introduce additional normal and shear transactions on the boundary that

are proportional to the normal and shear componentsof the velocity at the boundary during

dynamic steps. The boundary damping constants are chosen to minimise the reflectionof

dilatational and shear energy back into the mesh. While this formulation does not provide

perfect transmissionof energy outof the mesh, it usually provides acceptablemodelling for

most practical cases (ABAQUS 2003).

7.5.4.2. Elementtypesusedin Models

The following element types were used in the numerical models:

• The stage 1 model in paste fill (section 7.3.2) and the stage 2 model in rock (section

7.3.3): 4 node, bilinear elements (CAX4) were used for the body and 4 node linear,

one-way infinite elements (CINAX4) were used for the side and baseof the

axisymmetricmodels.

• The stage 3 Model (section 7.3.4): 4 node, bilinear plane strain elements (CPE4) were

used for the body and 4 node linear, one-way infinite elements (CINPE4) were used for

the sidesof the plane strain model.

The blast load was applied as a surface based distributed load using the *DSLOAD keyword.

This typeof loading is available to all elements which havedisplacementdegreesof freedom,

and was able to be applied to both the axisymmetric and plane strain elements.In the caseof

axisymmetricelements, the distributed load is the load applied per unit area.
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Loading of Model

The blast load was applied to the models for all three stages as a surface load applied to the

surfaceof an equivalent cavityof the blast hole. The load is applied using the *DSLOAD

keyword, using theAMPLITUDE parameterto specify the nameof the amplitude curve that

specifies the variationof the load with time. The nameof the surface and the pressure is

specified in the datalines. The loads applied to the models are calculated bymultiplying the

pressure by the amplitude curve. The amplitude curve is specified in the model data using the

*AMPLITUDE keyword. For moreinformationon the loadingof the models, refer to Chapter

6.

7.5.6. Outputs

ABAQUS/Explicit creates the following output files during an analysis:

• Data file (job-name.dat): a text file that is generated by the analysis input fileprocessor

and contains printed outputof the model definition, the history definition and any error

or warning messages that were detected whileprocessingthe input file;

• Output database file(job-name.odb): a binary file used to store results for

postprocessingwith theVisualizationmoduleofABAQUS/CAE (ABAQUSlViewer);

• Selected results file(job-name.se!): a file which stores user-selected results which are

converted into the results file;

• Results file (job-name.fiiy: a file containing results which can be red by external

postprocessors;

• Message file(job-name.msg): a text file containing diagnostic messages about the

progressofthesolution; and

• Status file (job-name.sta): a text file containinginformation about the statusof the

analysis, diagnostic messages and information about the stable time increment.

The resultsof an analysis were analysed usingABAQUS/CAE to analyse an output database

file in the Visualizationmodule. FromABAQUS/CAE, the deformed mesh can be plotted and

results can be viewed as contour plots on the mesh or as graphs.

Two typesof output data are available in ABAQUS, field output and history output, which are

defined as follows:
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• Field output: output data used forinfrequentrequests for a largeportion of the model.

This data is used to generatecontourplots, animations, displaced shape plots and x-y

plots. This data isrequestedascompletesetsof basic variables.

• History output: output data used for frequent requests for a small portionof the model.

This data is used to generate x-y plots. This data can be requested as individual sets of

basic variables, such as aparticularstress component.

The output data is controlled by the *OUTPUT option. Field output data is requested by using

the FIELD parameteron the *OUTPUT option, inconjunctionwith the *CONTACT OUTPUT,

*ELEMENT OUTPUT, *NODE OUTPUT, or *RADIATION OUTPUT option,dependingon

the typeof output required. History output data isrequestedby using the HISTORYparameter

on the *OUTPUT option, inconjunctionwith the commandfor the typeof output required. The

number of history output requests is important as more than 1000 requests causes the

performanceto degrade. As eachcomponentof a variable isconsidereda separate request,

typically only the componentsof interest are specified. The output frequency is also specified

with the output request.

The following output requests werespecifiedin the numerical models for all three stages:

• Field Data: The VARIABLE=PRESELECTparameterwas specified to indicate that

the default output variables for the procedure type should be written to the output

database.

• History Data: Acceleration,Velocity andDisplacementin directions 1 and 2

Field output data was requested for the entire model in all three models. History data was

specified for the following:

• Stage 1 Model (section 7.3.2): Output was specified at nodes level with the explosive

cartridge, at 1.0 m intervals.

• Stage 2 Model (section 7.3.3): Output was specified at nodes at mid heightof the

sectionoftheblast holecontainingexplosive, at 1.0 m intervals.

• Stage 3 Model(section7.3.4): Output was specified at nodes in both paste fill and rock

at mid heightofthesectionoftheblast holecontainingexplosive, at 1.0 m intervals.

The analysisofthenumericalmodels isdiscussedin Chapter8.
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8. Numerical Model Resultsand Discussion

The resultsof the numerical models are presented in the following chapter. A description of

each model is given in Chapter 7. As discussed in section 7.3, the numerical modelling was

conducted in a three stage process, with a set of models created for each stage. The stages were

as follows:

• Stage 1: A single columnof explosive in paste fill;

• Stage 2: A single columnof explosive in rock; and

• Stage 3: Columnsof explosive in rock adjacent to paste fill.

8.1. Stage1 Model: Single Column ofExplosivein PasteFill

8.1.1. Stage 1 ModelScenarios

As discussed in section 7.3.2, the stage 1 model was based on the fieldinstrumentationtests

discussed in chapter 4.In these tests, blast holes within the paste fill were detonated and

monitored in order to obtain a representative equation for predicting peak particle velocity

within paste fill. The purpose of the stage 1 model was to validate the numerical model against

data obtained in the fieldinstrumentationtests, and to model the effectsofthecement and solids

content of paste fill on the transmissionof blast waves within the material. The field

instrumentationtest data was used for validationofthemodel as it ensured that thetransmission

of blast waves within paste fill was being modelled correctly. Although blasting within the

paste fill would not normally occur, it was considered necessary to conduct the field

instrumentationtests and model this scenario to ensure that thetransmissionof the blast wave

through the paste fill could be correctly modelled. Thetransmissionof blast waves through

rock and across the rock/paste fill interface were modelled in stages 2 and 3. The scenario

modelled in this case can be defined as follows:

• The blast is through one 3 m long, 44 mm diameter borehole containing one cartridge of

emulsion explosive;

• The borehole is located in a uniform massofpaste fill;

• The paste fill/rock interface is located at a sufficient distance from the blast hole that effects

ofthereflectionoftheblast wave from the interface are negligible; and

• The borehole is drilledperpendicularto the floorof the tunnel.
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The stage 1 model was run for the mixesof paste fill shown in Table 7.1. An input file for a

stage 1 model with a solids contentof 76 % and a cement contentof 4 % is given inAppendix

F.

8.1.2. Stage1 Model Resultsand Discussion

8.1.2.1. ComparisonofModelResultsandField Data

The results from the run of model 1 for a paste fill mixof 76 % solids and 4 % cement content

was comparedagainst the dataobtainedduring the field instrumentationtests as shown in

Figure 8.1. The model results are alsocomparedagainst the peakparticlevelocity predictedby

the ppv equationand the constantsobtainedfor paste fill from the fieldinstrumentationtests.

The form of the ppv equation is given in Equation 4.5. The charge weight for the field

instrumentationtests was 170 g.

- ppv Equation based on Field Data

• Numerical Model (76% Solids, 4% Cement)

" Field Data (76% Solids, 3.5% Cement)
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Figure 8.1 - Stage1 ModelResultsandField Instrumentation TestData

As can be seen, for distancesgreaterthan or equal to 2 m from theexplosivein paste fill the

model matches the field data and thepredictedpeak particle velocity quite closely. For

distances less than 2 m from theexplosivesource the modeloverestimatesthe peakparticle

velocity. The modeloverestimatesthe peakparticle velocities close to the explosive source as

the crushing and crackingmechanismsthat occur in the vicinitysurroundingthe borehole are

not consideredin the numericalmodel.
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As discussedin section 6.6, the blastpressurewas applied to the walls of acylindrical

"equivalentcavity" in order to model only the seismic zone around the borehole, in which

elastic wavepropagationis expectedto occur. Thismethodavoidsmodellingthe region where

new cracks in the material areinitiated from the shock wave during anexplosionas the blast is

applied at apoint where thestrengthofthematerialis greaterthan the stressesexperiencedfrom

the shock wave. This allows thepropagationof the blast wavewithin the material to be

modelledwithout the need to use complex material models and cracking models. For large

scale models such as those used in this work, the useof an "equivalentcavity" dramatically

reduces the time required to solve the model.In productionblasts, the blast holes are located

within the rock and therock/pastefill interface is generally locatedbeyondthe region where

cracks are initiated. Since thepurposeof this project is to predictthe behaviourof the paste fill

adjacent to blasting, the ability to model the crackingmechanismin paste fill was not

considerednecessary.

The velocity waveformsproducedby the numericalmodel were alsocomparedagainst field

data. The shapeof the velocity profilepredictedby the numericalmodel issimilar to the field

data.

8.1.2.2. Damageto Paste Fill

Figure 8.2 shows thedeformedmesh and the stressexperiencedin the model in the area the

blast was applied. As can be seen, thenumericalmodel predictslocalizeddeformationonly,

which agrees withobservationsduring the field tests.

8.1.2.3. Effect ofCement Content on Peak Particle Velocity

The stage 1 model was run for mixesof paste fill with different cement contents and solid

contents to observe the effect these changes have onpeakparticlevelocity. A comparisonoffill

mixes with 76 % solids and 2 %, 4 % and 6 % cement content is shown in Figure 8.3. Figures

8.4 and 8.5 showsimilar comparisonsfor mixtures with 78 % and 80 % solidsrespectively.

The results show that the peakparticlevelocity in the paste fill decreases as thestrengthof the

paste fill is increasedby increasingthe cement content. This intum means that the damage

caused to the paste fill byblastingdecreases as thecementcontent is increased.
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Figure 8.4 - Stage1 ModelResultsfor PasteFill with 78%SolidsContent
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8.1.2.4. Effect ofSolids Content on PeakParticle Velocity

The stage 1model was run for mixesof paste fill with different cementcontentsand solid

contentsto observethe effectthesechangeshave onpeakparticlevelocity. A comparisonoffill

mixes with 6 % cementand 76 %, 78 % and 80 % solidscontent is shown in Figure 8.6.

Figures 8.7 and 8.8 showsimilar comparisonsfor mixtures with 4 % and 2 % cement

respectively. The resultsshow that the peakparticle velocity in the pastefill decreasesas the

strengthof the pastefill is increasedby increasingthe solidscontent,whenthe cementcontent

is low. For acementcontentof6 %, theresultsweresimilar for all solidscontents.This in tum

meansthat the damagecausedto the pastefill by blasting decreasesas the solidscontent is

increasedwhenthe cementcontentis low.

8.1.2.5. Comparison betweenEffect ofCementandSolids Content

Figure8.9 shows acomparison betweenthe resultsfrom all pastefill mixes thatwere run in the

stage 1 model. Thisgraphshowsthat an increasein cementcontentproducesa largerreduction

in peakparticle velocity in the pastefill than a correspondingincreasein solids contentdoes.

Theseresults indicatethat a small decreasein cementcontentcan beoffset by an increasein

solids contentwithout increasingthe volumeof pastefill that fails, asreportedin van Gool et al.

(2006). Forexample,a 76 % solids and 6 %cementmixture of paste fill resultsin peakparticle

velocitiesin the fill of the samemagnitudeas an 80% solidsand 4% cementpastefill.
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Figure 8.6- Stage1 ModelResultsforPasteFill with 6% CementContent
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8.2. Stage2 Model: SingleColumnofExplosivein Rock

8.2.1. ScenariosModelled

As discussed in section 7.3.3, the stage 2 model was based on the scenario of a single column of

emulsionexplosive in a rock mass. The scenariomodelled in this case can be defined as

follows:

• 89 mm diameter borehole, as used in theproductionblasts atCanningtonMine;

• One 3 m long borehole containing a 2 m lengthof emulsion explosive and 1 m of

stemming;

• The borehole is located in a uniform massof rock;

• Therock/pastefill interface is located at a sufficient distance from the blast hole that effects

of the reflectionof the blast wave from the interface are negligible i.e. the entire blast and

the effects areconfinedwithin the rock; and

• The borehole is drilledperpendicularto the floorof the tunnel.

156



Chapter8 - NumericalModel ResultsandDiscussion

The stage 2 model was run for the following rock types found atCanningtonMine in order to

assess the effectof rock type on wave prop agation:

• Broadlands (BL)

• Burnham (BM)

• Glenholme (GH)

• Magnetite bearing hedenbergite rock (HDMT)

• Pyrobole Rock (PXAM)

• Garnetiferousquartzite/arkoseand meta Metaquartzite/arkose(QZGAlLT)

• Hedenbergitequartzite rock (QZHD)

An input file for a stage 2 modelof an explosive column in Broadlands rock type is given in

Appendix F.

8.2.2. Resultsand Discussion

8.2.2.1. ComparisonofResultsagainstPeakParticle Velocity
PredictionEquation

A site specific peak particle velocity equation for Cannington Mine rock developed by Sartor

(1999) was used to validate the stage 2 model. As discussed in section 2.3.2, Sartor used

equation 2.5 to model the vibration induced damage from blasting in rock atCanningtonMine.

Data such as the timing and amplitude of the peak particle velocity were measured, using a set

of geophones, to develop a site-specific vibration equation for Cannington Mine rock. The

constants in the equation were found to be: K= 2938,a = liz �~ = 0.66.

The model results when Broadlands rock type was used were comparedagainstthepredictionof

the peak particle velocity using the parameters obtained from theSartor'swork in order to

validate the model. The resultsof the explosive column in rock are shown in Figure 8.1O. As

can be seen, for distances greater than or equal to 1.0 m from the explosive in rock the model

matches the predicted ppv quite closely, although the ppv areoverestimatedat distances less

than 1.0 m from the source. The model overestimates the peak particle velocities close to the

explosive source as the crushing and cracking mechanisms that occur in the vicinity surrounding

the borehole are not considered in the numerical model. Since the purposeof this project is to

predict thebehaviourof the paste fill adjacent to blasting, and the closest borehole modelled
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was located 2.5 m from the rock/paste fill boundary, the ability to model the cracking

mechanismin rock was notconsiderednecessary.

8.2.2.2. EffectofRockParameterson PeakParticle Velocity

Figure 8.11 shows acomparisonbetween the results from the different rock types that were run

in the stage 2 model. As can be seen, the majorityof rock types yieldsimilar results in the

model. The exception is the Glenholme (GH), which is the weakest rock type that was

modelled. Peak particle velocitypredictionsfor the other 6 rock types will yieldsimilar results.

TheBroadlands(BL) rock type was used for the stage 3 model.

The peak particle velocitiespredictedfor the Glenholme are much higher than thosepredicted

for the other rock types, as expected for the weaker rock. Peak particle velocitypredictionsfor

this rock type are likely to beoverestimatedin the steep regionof the curve. Therefore, peak

particle velocitypredictionsfor Glenholme are likely to only be accurate for distances greater

than 4 m from the rock.
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8.3. Stage3 Model: ColumnofExplosivein RockAdjacentto
PasteFill

8.3.1. General

As discussedin section7.3.4, the stage 3 model was based on the scenarioof columns of

emulsionexplosivein a rock massadjacentto a paste fill stope. The system wasmodelledin

plan view using plane strain elements. TheBroadlandsrock type and a paste fill mixof 76 %

solids and 4 % cement were used for this analysis. The paste fill stope in this model was 25 m

by 25 m in plan view,representativeof the averagedimensionsof a stope. Several scenarios

were modelled, with the differencebetweenthe scenarios being thenumberand locationof the

boreholes.

8.3.2. Scenario1: SingleBoreholeDetonatedAdj acentto the
Centrelineof a PasteFill Stope

The stage 3 model scenario 1consistedof modellinga singlecolumnof explosiveadjacentto a

paste fill stope. Thecolumnof explosive was locatedadjacentat the centrelineof the paste fill

stope as shown in Figure 7.6. The followingvariationswere includedin scenario 1:
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• Two different borehole diameters were used, 89 mm and 76 mm. The majorityof the

boreholes in theproductionblasts monitored and discussed in Chapter 3 were 89 mm

diameter boreholes, however, someboreholesadjacent to the paste fill had adiameterof

76mm.

• The model was solved for the detonationof a single blast hole. Four different models

were solved with the blast hole located at a distanceof2.5, 5, 7.5 and 10 m between the

rock/paste fill interface and the blast hole.

An input file for a stage 3 scenario 1 modelof an explosive column located 2.5 m from the paste

fill stope is given in Appendix F.

8.3.2.1. Effect ofRock/PasteFill Interface

Figures 8.12 to 8.15 show the particle velocity in the rock and the paste fill at 5, 20, 45 and

90 msrespectivelyafter the detonationof an 89 mm diameter blast hole located 2.5 m from the

rock/paste fill interface. Together, these figures show thetransmissionof the wave across the

rock/paste fill interface. The boundary between the rock and the paste fill is shown with a red

line and the locationof the blast hole is shown with a red circle. The following observations

were made from the models:

• A portion of the wave was reflected back into the rock at the rock/paste fill interface. This

resulted in some high velocities being observed at the boundary wall in Figure 8.12.

• The refracted wave travelled through the paste fill much slower than the reflected wave

travelled through the rock. The reflected wave can be seen leaving the system in Figure

8.13 prior to the refracted wave in the paste fill has moved a significant distance from the

rock/paste fill boundary.In Figures 8.14 and 8.15, it can be seen that as the refracted wave

begins to cross the paste fill, the reflected waves has left modelled regionof the rock.

The much slower velocityof the wave in the paste fill in comparison to the rock is due to the

different p-wave velocities in the different materials. As shown in Table 3.10, the p-wave

velocity in the rock is 2330mls while the p-wave velocity in paste fill is 176m/s. These model

observations agree with observations made from the field monitoring program discussed in

Chapter 3.
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Figure 8.12 - Particle Velocity 0.005 sAfter Detonation
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Figure 8.13 - Particle Velocity 0.020 sAfter Detonation
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Figure 8.14 - Particle Velocity 0.045 sAfter Detonation
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Figure 8.15 - Particle Velocity 0.090 sAfter Detonation
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8.3.2.2. Internal ReflectionsWithin Paste Fill

Figures 8.16 to 8.21 show the particle velocity in the rock and the paste fill at49,98, 147, 196,

245 and 294 ms respectively after the detonation of an 89 mm diameter blast hole located 5.0 m

from the rock/paste fill interface. Together, these figures show thetransmissionof the wave

across the paste fill stope. These figures show the internal reflectionsof the blast wave within

the paste fill after the wave has crossed the rock/paste fill interface (shown in Figures 8.12 to

8.15 for an explosive column located 2.5 m from the rock/paste fill interface). The boundary

between the rock and the paste fill is shown with a red line and the locationof the blast hole is

shown with a red circle. The following observations were made from the models:

• The wave is observed to travel across the stope (Figures 8.16 and 8.17),reflectback into the

stope at the paste fill/rock boundary on the right hand side (Figure 8.18), travel back across

the stope (Figures 8.19 and 8.20) and reflect back into the paste fill at the paste fill/rock

boundary on the left hand side (Figure 8.21).

• Somerefractionof the wave is seen at the paste fill/rock boundary opposite the sideof the

stope that the blasting occurred on (Figure 8.18).

• Reflectionofthe wave is also observed at the paste fill/rock boundary to the top and bottom

ofthefigure.

The velocity profiles within the stope show the presenceof a second wave arrival. The velocity

profiles at a point on the centrelineof the stope and 3.5 m from the rock/paste fill boundary are

shown in Figures 8.22 and 8.23 and the locationof the point is shown in Figure 8.24. The

second wave arrival in the velocity profile is the arrival of the reflected wave at that point. The

reflectionof the wave back and forward within the paste fill was observed in themonitoringof

the productionblasts discussed in Chapter 3 and in the fieldinstrumentationtests discussed in

Chapter 4. Both the field data and the numerical model indicate that once a wave enters a paste

fill stope, it stays within that stope and attenuates within the paste fill.
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Figure 8.16 - Particle Velocity 0.049 sAfter Detonation
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Figure 8.17- Particle Velocity 0.098 sAfter Detonation
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Figure 8.18 - Particle Velocity 0.147sAfter Detonation
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Figure 8.19 - Particle Velocity 0.196 sAfter Detonation
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Figure 8.20- Particle Velocity 0.245 sAfter Detonation
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Figure 8.21 - Particle Velocity 0.294 sAfter Detonation
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8.3.2.3. EffectofDistanceofBoreholefrom PasteFill on Peak
Particle Velocity

In order to analyse the model, the peak particle velocities along the centrelineof the paste fill

stope were compared. The peak particle velocity wasplotted against distance from the

rock/paste fill boundary so that the boundary closest to the borehole was at 0 m and the opposite

boundary was at 25 m as shown in Figure 8.24.
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The peakparticlevelocitiespredictedfor the detonationof boreholeslocated at 2.5, 5.0, 7.5 and

10.0 m from therock/pastefill boundaryare shown in Figure 8.25. From this figure it can be

seen that as the distancebetweenthe boreholeand the paste fill is increased, the peakparticle

velocities generatedin the paste fill decreasedand thereforethe damage to the paste fill is

reduced. The distance into the paste fillof the expectedfailure plane is given in Table 8.1.

Thesedistancesare based on failure to paste filloccurringwhen peakparticlevelocitiesof 2.5

mls or greateris experiencedin the paste fill for a mixof 76 % solids and 4 %cementas

discussedin Chapter3.
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8.3.2.4. EffectofBoreholeDiameteron PeakParticle Velocity

The productionblasts monitored for this project consistedof mainly 89 mmdiameterboreholes

with 76 mm diameter boreholes in the setof blast holes located adjacent to oneof the paste fill

faces. The locationof the 76 mm diameter blast holes is shown in Figure 8.26. The smaller

diameter boreholes have asmallerlinear charge density andthereforeapply a smaller load to the

surroundingmaterial. The load for the 76 mmdiameterboreholes was determined using the

methodpresentedin section 6.8.1.

The peak particle velocitiespredictedfor 76 mm diameter boreholes was compared against

thosepredictedfor 89 mm diameter boreholes as shown in Figure 8.27. From this figure it can

be seen that the smaller diameter boreholes result in lower peak particle velocitiesgeneratedin

the paste fill and therefore the damage to the paste fill is reduced. The distance into the paste

fill of the expected failure plane is given in Table 8.1. These distances are based on failure to

paste fill occurring when peak particle velocities of 2.5mls or greater atexperiencedin the

paste fill as discussed in Chapter 3. The results show that 89 mm boreholes located 7.5 m or

more from the paste fill are likely to cause damage to less than 0.5 m into the paste fill stope,

while 76 mm diameter boreholes located 5 m or more from the paste fill are likely to cause

damage to less than 0.5 m into the paste fill stope. Therefore, smaller diameter boreholes

should be used for boreholes 5 m or closer to paste fill.
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Table 8.1ExpectedFailure of Paste Fill from Single Column of Explosivein
NearbyRock

DistanceBetween

Boreholeand Paste Fill

(m)

Location of Failure Plane: Distanceinto the Paste Fill from

Rock/PasteFill Interface (m)

2.5

5.0

7.5

10.0

89 mm Diameter Borehole

1.25

0.5

< 0.5

< 0.5

76 mm Diameter Borehole

0.90

< 0.5

< 0.5

< 0.5

8.3.3. Scenario2: Singe BoreholeOffset from the Centreline of
the PasteFill Stope

The stage 3 model, scenario 2 consisted of a plane strain modelof a single columnof explosive

adjacent to a paste fill stope. The columnof explosive was offset from the centrelineof the

paste fill stope as shown in Figure 8.28. Offset distancesof2.5, 5.0, 7.5 and 10.0 m were used.

An input file for a stage 3 scenario 2 modelof an explosive column located 2.5 m from the paste

fill stope with an offsetof 2.5 m is given inAppendixF.

8.3.3.1. Effect ofLocation ofBoreholeRelativeto Paste Fill

In order to analyse the model, the peak particle velocities along the faceof the paste fill stope

were compared. The peak particle velocity was plotted against offsetof the point from the

centrelineof the paste fill stope as shown in Figure 8.29.

The peak particle velocitiespredictedfor the detonationof boreholes located at offsetsof 0, 2.5,

5.0, 7.5 and 10.0 m from the centrelineof the paste fill stope are shown in Figure 8.30. From

this figure it can be seen that a single columnof explosive produces a high peak particle

velocity in the area near the borehole site, and produces reasonably constant peak particle

velocities across the restof the paste fill face. Typically, the peak particle velocities would be

expected to reduce with distance from the explosive source, however the constant peak particle

velocity predictedacross the entire paste fill face can beexplainedby the reflectionsofthewave

which have beenobservedto occur within the paste fill.
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8.3.4. Scenario3: Detonation of a Row of BoreholesParallel to a
Faceof the Paste Fill Stope

The above model analyses were all based on the detonationof a single borehole. However, in

practice, productionblasts consistof the detonationof multiple boreholes with small delays

between each detonation. Therefore, a cumulative effect from the multiple boreholes will be

observed, and the damage to paste fill will be much greater than that caused by a single

borehole. The stage 3 model, scenario 3 consistedof a plane strain modelof a rowof explosive

boreholes 2.5 m from a paste fill stope. The boreholes were spaced 2.5 m apart. The boreholes

were numbered as shown in Figure 8.31. The analysis was run for detonation delaysof 100 ms,

200 ms and 400 ms, where the delay is the time between two blasts. The following blast

patterns were modelled:

• Blast Pattern 1. Simultaneous detonationof all 9 boreholes

• Blast Pattern 2. Detonationoftheboreholes in the following order:1,2,3,4,5,6,7, 8, 9.

• Blast Pattern 3: Detonationof the boreholes in the following order:5,4 and6,3 and 7, 2

and 8, 1 and 9.

Input files for stage 3 modelsoftheblast patterns described above are given inAppendixF.
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8.3.4.1. ComparisonofSingleBoreholeVersus MultipleBoreholes

The peakparticlevelocitiesin paste fill predictedfor multiple boreholeswere comparedagainst

the peakparticlevelocitiespredictedfor a singleborehole. A comparisonof the peakparticle

velocities along the centreline of the paste fill stope is shown in Figure 8.32 while the

comparisonalong the faceof the paste fill stope is shown in Figure 8.33. As expected,multiple

boreholesresultin higherpeakparticlevelocitiesthat areapproximatelyconstantacross the face

of the paste fill stope,except for the ends. Thedetonationof all boreholessimultaneously

results in muchhigherpeakparticlevelocitiesalong the faceof the paste fill face. The useof

delaysbetweenboreholesresults in the wave fromearlierboreholesbeing allowedto propagate

for a short distancebefore the nextdetonation. This producesa more uniformly crushed

productin the crushedzonewhile reducingthe peakparticlevelocitiesand damage tomaterial

in the far field.

The velocitiesalong thecentrelineof the stope arehigherfor multiple boreholesthroughoutthe

length of the stope. The curve for a singleboreholeis much smootherthan the curves for

multiple boreholeswith delays betweenthe boreholes. This is due to theinteractionof the

reflectedwaves from theearlierblasts with the waves from later blasts. Thepredictedfailure

planein the paste fill is given in Table 8.2 formultiple boreholeslocated 2.5 m from a paste fill

stope. Thesedistancesarebasedon failure to paste filloccurringwhen peakparticlevelocities

of 2.5 m/s orgreateris experiencedin the paste fill for a mixof 76 % solids and 4 %cementas

discussedin Chapter3.
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Table 8.2ExpectedFailure of Paste Fill from Multiple Boreholesin 2.5 m from
Paste Fill

Blast Pattern Delay (ms) Location of Failure Plane:

Distancefrom Rock/PasteFill

Boundary (m)

o 4.5

2 100 2.0

2 200 2.0

2 400 2.0

3 100 2.5

3 200 2.5

3 400 2.5

- Blast pattern 2, 100 ms delay
- Blast pattern 2, 200 ms delay

Blast pattern 2, 400 ms delay
- Blast pattern 1, simultaneous detonation
- Blast pattern 3, 100 ms delay
- Blast pattern 3, 200 ms delay
- Blast pattern 3, 400 ms delay
- Sin Ie borehole
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Figure 8.33 - ppv PredictedAlongthe Faceofa Paste Fill Stope

8.3.4.2. ComparisonofDetonationPatterns

A comparisonof peak particle velocitiespredictedalong the centrelineof the stope is shown in

Figure 8.34 for the three detonation patterns modelled, with a delay timeof 200 ms. The graph

shows that blast pattern 1 where, thedetonationof all boreholes occurssimultaneously,

produces higher peak particle velocitiesthroughoutthe full length of the stope. The peak

particle velocities near the rock/paste fill boundary are much larger than thosepredictedfor the

other two blast patterns, and the failure zoneof paste fill ispredictedto beapproximatelytwice

as wide as those for blast patterns 2 and 3. The failure zone ispredictedto be 4.5 m wide failure

zone forblastpattern1,2.0and 2.5 m wide failure zone for blast patterns 2 and 3 respectively.

Blast pattern 3, thedetonationof the boreholes starting in the middle and working out to the

endsofthestope is shown to produceslightly higher peak particle velocities across the paste fill

stope when compared to blast pattern 2. However, acomparisonof the peak particle velocities

predictedacross the faceofthe stope (Figure 8.35) shows that these higher velocities only occur

along the centrelineof the stope and thatsimilarpeak particle velocities arepredictedacross the

rest of the paste fill. Similar results were observed for delaysof 100 ms and 400 ms. These

results show that from the pointof view of reducing damage to nearby paste fill, a delay

between the detonation of multiple boreholes is necessary, however the actual orderof
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detonation has little effect on the damage to the paste fill. The detonation order does play a

large role in the resulting material in the crushed zone and should be designed accordingly.
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8.3.4.3. EffectofDelay Time onPeakParticle Velocity

A comparisonof peak particle velocitiespredictedalong the centrelineof the stope for different

detonationtimes is shown in Figure 8.36 for blast pattern 2. The graph shows that there is no

significantdifference between themagnitudeof the peak particle velocitiesexperiencedin the

paste fill due to the different detonation times. The peak particle velocities in the region near

the rock/paste fill boundary are due to the initial wavetravelling in the paste fill. These peak

particle velocities do not vary with the differentdetonationtimes. The peak particle velocities

throughoutthe rest of the paste fill are the resultof the waves from each blast beingtransmitted

throughthe paste fill and the reflections of these waves on the paste fill/rock boundary. Due to

the different delay times, the times when these waves interact with each other varies, resulting

in the slight variationof peak particle velocity at a given pointthroughoutthe majority of the

paste fill. A comparisonof the peak particle velocities across the faceof the paste fill stope

(Figure 8.37) shows nosignificant difference between the peak particle velocitiespredicted

from different delay times.
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- Blast pattern 2, 100 ms delay
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Figure 8.37- ppvPredictedAlongthe Faceofa PasteFill Stopefor DifferentDelay
Times

These results show that from the pointof view of reducingdamage to nearby paste fill, the

actual delaybetweenthe detonationof boreholeshas little effect on the damage to nearby paste

fill, although results presentedabove show that a delaybetweenthe detonationof multiple

boreholesis necessary. Like thedetonationorder, the delay timebetweenboreholesplays a

large role in theresultingmaterialin the crushedzone andshouldbedesignedaccordingly.

8.4. Summary

8.4.1. Stage1 Model

The stage 1 model was run for a paste fill mixof 76 % solids and 4 % cement, which

correspondedto the mixture of paste fill the field instrumentationtests wereconductedin.

Comparisonbetweenthe model results and the field datashowedthat the modelcorrectly

predictsthepeakparticle velocityin thepastefill at distancesequal orgreaterthan 2 m from the

explosivesource. Comparisonbetweenvelocity waveformsbetweenthe model and the field

datashowedsimilarpatterns.

The stage 1 model was run for anumberof different mixes of paste fill to study the effectof

solids contentand cementcontenton the peakparticlevelocitiesexperiencedin paste fill during

nearby blasting. Themodelresultsshowedthe following:
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• A decreasein cementcontentofthe paste fill resultsin a higherpeakparticlevelocity in the

pastefill, and in tum a largervolumeof pastefill that is likely to bedamagedduring nearby

blasting.

• For low cementcontents,a decreasein solids contentof the pastefill results in a higher

peakparticlevelocity in the pastefill, and in tum a largervolumeof pastefill that is likely

to bedamagedduringnearbyblasting. For acementcontentof6 %, the resultsweresimilar

for all solids contents.

• A small decreasein cementcontentcan bepartially compensatedfor by an increasein solid

contentof the pastefill. For example,a 76 % solids and 6% cementcontentmixture of

pastefill results in peakparticle velocities in the fill of the samemagnitudeas an 80 %

solids and 4 %cementcontentofpastefill.

8.4.2. Stage2 Model

The stage 2model was createdto validate the model against the peak particle velocities

predictedby the peakparticle velocity predictionequation. Once themodel was validated, it

was run for anumberof different rock types tostudythe effect of rock type on thepeakparticle

velocitiesexperiencedin rock massduring nearbyblasting. The model resultsshowedthat the

majority of rock types atCanningtonMine yield similar resultsin the model. Theexceptionis

the Glenholmewhich is the weakestrock time and forwhich muchhigh peakparticlevelocities

werepredicted.

8.4.3. Stage3 Model

Model 3, scenario 1 modelled the detonationof a single borehole located adjacentto the

centrelineof a paste fill stope. Themodelwas run for apastefill mix of 76 % solids and 4 %

cementand thebroadlandsrock type. Themodelresultsshowedthe following:

• A portion of the wave wasreflectedback into the rock at therock/pastefill interface. This

resultedin some high velocities being observedin the rock at therock/pasteinterfaceas

shownin Figures8.12 to 8.15.

• The waverefractedfrom the rock/pastefill interfacetravelledthroughthe pastefill much

slowerthanthe reflectedwavetravelledthroughthe rock.

• Once the waveenteredthe pastefill it was observedto reflect back into the paste fill at the

boundariesof the paste fill. This reflection was observedto continue until the wave

attenuatedwithin the pastefill.
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• The damage to paste fill isreducedas the distancebetweenthe boreholeand the paste fill is

increased. Forboreholeslocated at distancesgreaterthan 5 m from the paste fill, the

thicknessofthefailure zone from asingleboreholeis predictedto be less than 0.5 m.

• The damage to paste fill isreducedas the diameterof the borehole is reduced. For

boreholeslocatedat distancesgreaterthan 2.5 m from the paste fill, thethicknessof failure

from a singleboreholeis predictedto be less than 0.5 m.

• In order to reduce the damage to paste fill,smallerdiameterboreholesshould be used for

boreholeslocatedwithin 5 m ofpaste fill.

Model 3, scenario 2modelledthe detonationof a singleboreholelocatedadjacent a paste fill

stope and offset from the centreline. The model was run for a paste fill mixof 76 % solids and

4 % cement and theBroadlandsrock type. The model resultsshowedthat a singlecolumnof

explosiveproducesa high peakparticlevelocity in the area near theboreholesite, andproduces

reasonablyconstantpeak particle velocities across the restof the paste fill face. Theconstant

peak particle velocity predictedacross the entire paste fill face is due to thereflectionswhich

have beenobservedto occurwithin the paste fill.

The detonationof a row of boreholeswas modelledwith model 3, scenario 3. The results

showedthe following:

• The detonation of all boreholes simultaneouslyresults in muchhigher peak particle

velocitiesand damage than thedetonationof multiple boreholeswith small delays (100 ms

to 400 ms delays were modelled).Therefore,delays arenecessaryto reduce damage to the

nearby paste fill during blasting. Delays aretypically used in mining applicationsto

producea moreuniformly crushedproductin the crushedzone.

• A comparisonbetweenresults from thedifferent blast patternsmodelledshowed that the

order of detonationhas little effect on the damage to the paste fill. Thedetonationorder

doesplaya large role in theresultingmaterial in the crushedzone and should bedesigned

accordingly.

• A comparisonbetweenthe results from the same blastpatternswith different delay times

showedthat the delay timebetweenthe detonationof boreholeshas little effect on the

damage to nearby paste fill.However,a delaybetweenthe detonationofmultiple boreholes

is necessary. Like thedetonationorder, the delay timebetweenboreholesplays a large role

in the resultingmaterialin the crushedzone andshouldbedesignedaccordingly.
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9. Summary, Conclusionsand Recommendationfor Future
Work

9.1. Summaryand Conclusions

The following gives asummaryof the work conductedfor this dissertationand theconclusions

thatwere drawnfrom it.

Field Monitoring

• Productionblastswere monitoredin orderto measureppv experiencedin pastefill due

to blasting of a secondarystope, toprovide field data on thetransmissionof a blast

throughthe rock/pastefill interfaceand toestimatethe ppv atwhich damage occursin

pastefill.

• Site observationsindicatedthat the once the waveenteredthe pastefill, it appearedto

remainin the pastefill, reflectingon thepastefill/rock boundary.

• Analysisof the data on each sideof the paste fillinterfaceindicatedthat a largeportion

of the waveenergyis reflectedat theboundary. The ppv in thepastefill is between55

% and 85 %of the wave in the rock.

• Fourier analysisof the waveformsindicatethat the higher frequenciesattenuateearlier

thanthe lower frequencies.

• Basedon observationsfrom the field monitoring,the field tests and work by others, the

ppv atwhich damageto pastefill begins to occur isestimatedto be in thevicinity of2.5

to 3.5m/s.

Field Tests

• Field tests wereundertakenin pastefill in orderto study thetransmissionof a wave in

pastefill without any effectsoftherock or therock/pastefill boundary.

• Peak particle velocities were obtained from the field test waveforms and used to

calculatethe parametersfor the ppvpredictionequation.

• The parametersfor the ppvpredictionequationare:

• k= 1000
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• �~ = 1.02

• The field data was used to validate the paste fill numerical model.

Laboratory Tests

• Laboratory tests were used to study theattenuationof longitudinal waves in a paste

column.

• Peakparticlevelocity was observed to decrease with distance from the source.

• Wavelength was observed to increase with distance from the source.

• Higher frequencies were observed to attenuate faster than lower frequencies.

• The wave attenuated faster in the paste fill once it had fully cured and reached its full

strength. Therefore, in order to reduce the damage observed in paste fill during

blasting, the paste fill should be allowed to fully cure before it is exposed to nearby

blasting.

• As the strengthofthematerial increases, waves attenuate faster within the material.

Numerical Models

ABAQUS/Explicit was used to model effectof blasting on paste fill, using ppv as a measure of

damage.Numericalmodels were created and calibrated against data obtained during field tests

and the field monitoring.

A single blast hole in a paste fill mass wasmodelledwith the stage 1 model. The results

showed the following:

• A decrease in cement contentofthe paste fill results in a higher peak particle velocity in the

paste fill, and in tum a larger volumeof paste fill that is likely to be damaged during nearby

blasting.

• A decrease in solids contentof the paste fill results in a higher peak particle velocity in the

paste fill, and in tum a larger volumeof paste fill that is likely to be damaged during nearby

blasting, when the cement content is low. For a cement contentof 6 %, the results were

similar for all solids contents.

188



Chapter9 - Summary,Conclusionsand
Recommendationfor FutureWork

• A small decrease in cementcontentcan bepartially compensatedfor by an increase in solid

contentof the paste fill. For example, a 76 % solids and 6 % cementcontentmixture of

paste fill results in peakparticle velocities in the fill of the samemagnitudeas an 80 %

solids and 4 % cementcontentofpaste fill.

A single blast hole in a rock mass wasmodelledwith the stage 2 model in order to validate the

loading in the rock. The resultsshowedthe following:

• The majority of rock types atCanningtonMine yielded similar results in thenumerical

model. Theexceptionis the Glenholmewhich is theweakestrock time and for which much

high peakparticlevelocitieswerepredicted.

The detonationof a singleboreholelocated adjacent to thecentrelineof a paste fill stope was

modelledwith model 3, scenario 1. The model was run for a paste fill mixof 76 % solids and 4

% cement and thebroadlandsrock type. The model resultsshowedthe following:

• A portion of the wave wasreflectedback into the rock at therock/pastefill interface. This

resultedin some highvelocities being observedin the rock at therock/pasteinterface as

shownin Figures 8.13 to 8.16.

• The waverefractedfrom the rock/pastefill interface travelledthroughthe paste fill much

slowerthan thereflectedwavetravelledthroughthe rock.

• Once the wave entered the paste fill it was observed to reflect back into the paste fill at the

boundariesof the paste fill. This reflection was observedto continue until the wave

attenuatedwithin the paste fill.

• The damage to paste fill isreducedas the distancebetweenthe boreholeand the paste fill is

increased. Forboreholeslocated at distancesgreaterthan 5 m from the paste fill, the

thicknessofthefailure zone from asingleboreholeis predictedto be less than 0.5 m.

• The damage to paste fill isreducedas the diameterof the borehole is reduced. For

boreholeslocatedat distancesgreaterthan 2.5 m from the paste fill, thethicknessof failure

from a singleboreholeis predictedto be less than 0.5 m.

• In order to reduce the damage to paste fill,smallerdiameterboreholesshould be used for

boreholeslocatedwithin 5 m ofpaste fill.

The detonationof a singleboreholelocated adjacentto a paste fill stope and offset from the

centrelinewasmodelledwith model 3,scenario2. The resultsshowedthe following:
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• A single columnof explosive produces a high peak particle velocity in the area near the

borehole site, and produces reasonably constant peak particle velocities across the rest of

the paste fill face. The constant peak particle velocitypredictedacross the entire paste fill

face is due to the reflections which have been observed to occur within the paste fill.

The detonationof a row of boreholes was modelled with model 3, scenario 3. The results

showed the following:

• The detonation of all boreholes simultaneouslyresults in much higher peak particle

velocities and damage than thedetonationof multiple boreholes with small delays (100 ms

to 400 ms delays were modelled). Therefore, delays are necessary to reduce damage to the

nearby paste fill during blasting. Delays are typically used in mining applications to

produce a moreuniformly crushedproductin the crushed zone.

• A comparisonbetween results from the different blast patterns modelled showed that the

order of detonation has little effect on the damage to the paste fill. Thedetonationorder

doesplaya large role in the resulting material in the crushed zone and should be designed

accordingly.

• A comparisonbetween the results from the same blast patterns with different delay times

showed that the delay time between thedetonationof boreholes has little effect on the

damage to nearby paste fill. However, a delay between thedetonationofmultiple boreholes

is necessary. Like the detonation order, the delay time between boreholes plays a large role

in the resulting material in the crushed zone and should bedesignedaccordingly.

9.2. Recommendationsfor Future Work

The following recommendationsfor future work were drawn from this study:

Monitoring

Undertake amonitoringprogram in which ppv are measured for blasting occurring adjacent to

the section of the paste fill in which themonitoring equipmentis installed in order to confirm

the estimationoftheppv at which damage to paste fill occurs.

Numerical Modelling

Run the stage 3 model for an extended periodof time to study how long the stress wave in the

paste fill continues to reflect internally within the paste fill.
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BlastingRecords



Ring Delay
Blast Stope Level Ring Kilos Date Metres no. Length Time (ms)

425mLv COS 1 904064 4760HL 425 Winze 893 18/09/2001 143.5 1 21.9

425mLv COS 2 904064 4760HL 425 Winze 893 18/09/2001 143.5 1 22

425mLv COS 3 904064 4760HL 425 Winze 893 18/09/2001 143.5 1 22

475mLv COS 1 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 3 16 200

475mLv COS 1 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 4 16.2 600

475mLv COS 1 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 5 16.3 1400

475mLv COS2 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 4 15.6 400

475mLv COS 2 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 5 15.6 1000

475mLv COS 3 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 3 15.6 200

475mLv COS 3 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 4 15.7 600

475mLv COS 3 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 5 15.8 1400

475mLv Ring 1 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 1 3.6 3000

475mLv Ring 1 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 2 9.4 2650

475mLv Ring 1 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 3 9.1 2400

475mLv Ring 1 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 4 9.3 2275

475mLv Ring 1 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 5 10.3 1950



475mLv Ring 1 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 6 12.1 1800

475mLv Ring 1 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 7 14.1 1675

475mLv Ring 1 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 8 13.4 1400

475mLv Ring 1 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 9 11.8 1675

475mLv Ring 1 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 10 10.9 1800

475mLv Ring 1 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 11 10.8 1950

475mLv Ring 1 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 12 10.8 2275

475mLv Ring 2 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 1 5.5 4350

475mLv Ring 2 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 2 10.5 3900

475mLv Ring 2 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 3 10.7 3800

475mLv Ring 2 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 4 10.7 3450

475mLv Ring 2 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 5 11.3 3050

475mLv Ring 2 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 6 12.7 3000

475mLv Ring 2 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 7 14.8 2650

475mLv Ring 2 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 8 15.3 2400

475mLv Ring 2 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 9 13.4 2650

475mLv Ring 2 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 10 11.6 3000



475mLv Ring 2 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 11 10.9 3050

475mLv Ring 2 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 12 10.6 3450

475mLv Ring 2 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 13 10.8 3800

475mLv Ring 3 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 1 5.6 5600

475mLv Ring 3 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 2 11.2 5500

475mLv Ring 3 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 3 10.9 4700

475mLv Ring 3 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 4 11.1 4600

475mLv Ring 3 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 5 11.9 4350

475mLv Ring 3 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 6 13.6 3900

475mLv Ring 3 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 7 16 3800

475mLv Ring 3 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 8 14.2 3450

475mLv Ring 3 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 9 12.1 3800

475mLv Ring 3 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 10 11 3900

475mLv Ring 3 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 11 10.5 4350

475mLv Ring 3 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 12 10.6 4600

475mLv Ring 4 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 1 4.7 9700

475mLv Ring 4 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 2 11.2 9600



475mLv Ring 4 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 3 11.2 8600

475mLv Ring 4 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 4 11.1 8500

475mLv Ring 4 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 5 11.4 7400

475mLv Ring 4 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 6 12.1 6400

475mLv Ring 4 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 7 13.4 5500

475mLv Ring 4 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 8 15.2 4600

475mLv Ring 4 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 9 14.8 4350

475mLv Ring 4 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 10 12.8 4600

475mLv Ring 4 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 11 11.5 5500

475mLv Ring 4 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 12 11 6400

475mLv Ring 4 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 13 10.6 7400

475mLv Ring 4 904068 4760HL 475 COS, 1,2,3,4 3204 22/09/2001 576 14 10.5 8500

425mLv COS 1 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 3 21.7 200

425mLv COS 1 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 4 21.7 400

425mLv COS 1 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 5 21.7 600

425mLv COS 2 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 4 21.6 400

425mLv COS 2 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 5 21.7 1000



425mLv COS 3 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 3 21.6 200

425mLv COS 3 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 4 21.6 600

425mLv COS 3 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 5 21.6 1400

425mLv ring 1 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 1 26.6 1800

425mLv ring 1 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 2 26.5 1675

425mLv ring 1 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 3 26.7 1400

425mLv ring 1 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 4 27.2 1400

425mLv ring 1 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 5 28 1400

425mLv ring 1 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 6 27.6 1675

425mLv ring 1 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 7 23.1 1800

425mLv ring 1 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 8 19.8 1950

425mLv ring 1 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 9 15.5 2275

425mLv ring 1 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 10 12.1 2400

425mLv ring 1 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 11 10.7 2650

425mLv ring 1 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 12 9.9 3000

425mLv ring 1 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 13 9.2 3050

425mLv ring 2 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 1 26.6 2650



425mLv ring 2 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 2 26.7 2400

425mLv ring 2 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 3 27 2275

425mLv ring 2 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 4 27.6 1950

425mLv ring 2 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 5 28.6 2275

425mLv ring 2 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 6 25.8 2400

425mLv ring 2 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 7 21.7 2650

425mLv ring 2 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 8 18.5 3000

425mLv ring 2 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 9 14.7 3050

425mLv ring 2 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 10 12.6 3450

425mLv ring 2 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 11 11.3 3800

425mLv ring 2 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 12 10.2 3900

425mLv ring 2 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 13 10.3 4350

425mLv ring 3 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 1 26.8 3800

425mLv ring 3 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 2 26.8 3450

425mLv ring 3 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 3 27 3050

425mLv ring 3 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 4 27.5 3000

425mLv ring 3 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 5 28.4 3050



425mLv ring 3 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 6 28 3450

425mLv ring 3 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 7 23.2 3800

425mLv ring 3 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 8 20.1 3900

425mLv ring 3 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 9 15.8 4350

425mLv ring 3 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 10 13 4600

425mLv ring 3 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 11 11.4 4700

425mLv ring 3 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 12 10.6 5500

425mLv ring 3 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 13 9.9 5600

425mLv ring 4 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 1 26.8 6400

425mLv ring 4 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 2 26.9 5500

425mLv ring 4 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 3 26.9 4600

425mLv ring 4 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 4 27.1 4350

425mLv ring 4 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 5 27.6 3900

425mLv ring 4 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 6 28.2 4350

425mLv ring 4 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 7 28.7 4450

425mLv ring 4 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 8 25.1 4600

425mLv ring 4 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 9 22.8 4700



425mLv ring 4 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 10 19.2 5500

425mLv ring 4 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 11 15.5 5600

425mLv ring 4 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 12 13.2 6400

425mLv ring 4 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 13 11.6 6500

425mLv ring 4 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 14 10.6 7400

425mLv ring 4 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 15 9.3 8400

425mLv ring 4 904072 4760HL 425 COS, 1,2,3,4 3902 25/09/2001 727 16 9.1 9600



Appendix C - Stope 4763

AppendixC - Stope 4763



BlastingRecords



ORICA
PARTNERS FOR PERFORMANCE

Ring (6)

CANNINGTON

DATE 6/05/2002 OPERATOR NK LEVEL 375
DELIVERY NO. 904186 STOPE I 47 63

RING I 6
HOLE Diam Design Actual Collar Charge 80% Delay COMMENTS

RING 6
1 89 5.8 5.8 1 4.8 4.00 720
2 89 13.9 13.9 4 9.9 8.26 680
3 89 13.6 13.6 1 12.6 10.51 640
4 89 13.4 13.4 5 8.4 7.01 620
5 89 13.7 13.7 1 12.7 10.59 600
6 89 14.5 14.5 6 8.5 7.09 580
7 89 15.8 15.8 2 13.8 11.51 560
8 89 17.6 17.6 8 9.6 8.01 540
9 89 20.2 20.2 1 19.2 16.01 520 DP
10 89 24.6 24.6 13 11.6 9.67 500
11 89 27.8 27.8 4 23.8 19.85 495 DP
12 89 26.7 26.7 14 12.7 10.59 515
13 89 26.1 26.1 1 25.1 20.93 535 DP
14 89 22.7 22.7 11 11.7 9.76 555
15 89 22.1 22.1 6 16.1 13.43 575 DP
16 89 21.9 21.9 2 19.9 16.60 590 DP
17 89 23.9 23.9 1 22.9 19.10 610 DP
18 89 24 24 9 15 12.51 630 DP
19 89 10.2 10.2 3 7.2 6.00 650
20 89 3.5 3.5 1 2.5 2.09 670

Total 268 223.51

METRES CHARGED 268 I
EMULSION
BATCH NO. I IKGs 1666.96 I
GASSER
BATCH NO. I

CALIBRATIONS
EP PUMP OK
GASSER PUMP
5 ko SCALES OK
25 ko SCALES OK

TIME
CUP WEIGHT
TEMPERATURE

IDensity delivered

Page 1

TIME
CUP WEIGHT
TEMPERATURE

Sheet I.d 24/7/98 V1



ORICA
PARTNERS FOR PERFORMANCE

Ring 5

CANNINGTON

DATE 8/05/2002 OPERATOR NK LEVEL 425
DELIVERY NO. 904187 STOPE I 47 63

RING I 5
HOLE Diam Design Actual Collar Charge 80% Delay COMMENTS

RING 5
1 89 27.9 27.9 1 26.9 22.43 550 DP
2 89 28.3 28.3 13 15.3 12.76 510 DP
3 89 26.6 26.6 2 24.6 20.52 490 DP
4 89 27.1 27.1 1 26.1 21.77 470 DP
5 89 27.9 27.9 10 17.9 14.93 450 DP
6 89 28.9 28.9 16 12.9 10.76 430
7 89 32 32 3 29 24.19 410 DP
8 89 32.7 32.7 18 14.7 12.26 390
9 89 28.3 28.3 9 19.3 16.10 370 DP
10 89 23.8 23.8 1 22.8 19.02 350 DP
11 89 20.5 20.5 8 12.5 10.43 330
12 89 18.3 18.3 2 16.3 13.59 310
13 89 16.6 16.6 6 10.6 8.84 290
14 89 15.5 15.5 1 14.5 12.09 270
15 89 14.9 14.9 6 8.9 7.42 250
16 89 15 15 2 13 10.84 230
17 89 15.5 15.5 6 9.5 7.92 210
18 89 16.5 16.5 1 15.5 12.93 190 DP
19 89 18.4 18.4 8 10.4 8.67 170
20 89 20 20 3 17 14.18 150 DP
21 89 18.5 18.5 8 10.5 8.76 160
22 89 16.4 16.4 1 15.4 12.84 180 DP
23 89 15 15 5 10 8.34 200
24 89 14.2 14.2 1 13.2 11.01 220
25 89 12.5 12.5 3 9.5 7.92 240
26 89 13.4 13.4 1 12.4 10.34 280

Total 408.7 340.86

METRES CHARGED 408.7 I
EMULSION
BATCH NO. 73 I IKGs 2542.1141
GASSER
BATCH NO. A27 I

IDensity delivered 1.0

CALIBRATIONS
EP PUMP OK
GASSER PUMP 310
5 kq SCALES OK
25 kg SCALES OK

TIME
CUP WEIGHT
TEMPERATURE

11.00am TIME
1999 CUP WEIGHT

35 TEMPERATURE

12.00pm
1597

35

Sheet I.d 24/7/98 V1

Page 1



ORICA
PARTNERS FOR PERFORMANCE

Ring (5)

CANNINGTON

DATE 8/05/2002 OPERATOR Gary LEVEL 450
DELIVERY NO. 904188 STOPE I 4763

RING I 5
HOLE Diam Design Actual Collar Charge 80% Delay COMMENTS

RING 5

2 89 14.7 8 3 5 4.17 130
3 89 15.1 6 2 4 3.34 110
4 89 16.1 6 3 3 2.50 90
5 89 17.5 5 1 4 3.34 70
6 89 19.6 5 3 2 1.67 50
7 89 22.6 5 1 4 3.34 30
8 89 21.9 5
9 89 20.9 8 1 7 5.84 0
10 89 22.7 11 2 9 7.51 20
11 89 23.5 16 4 12 10.01 40
12 89 22.8 22.8 11 11.8 9.84 60
13 89 22.1 22.1 1 21.1 17.60 80 DP
14 89 22.1 22.1 9 13.1 10.93 100
15 89 22.2 22.2 1 21.2 17.68 150 DP

Total 117.2 97.74

METRES CHARGED 117.2 I
EMULSION
BATCH NO. 73 I IKGs 728.9841
GASSER
BATCH NO. A27 I

IDensity delivered 1.0

CALIBRATIONS
EP PUMP OK
GASSER PUMP 310
5 kq SCALES OK
25 kq SCALES OK

TIME
CUP WEIGHT
TEMPERATURE

8.00pm TIME
1988 CUP WEIGHT
35 TEMPERATURE

9.00pm
1568
35

Sheet I.d 24/7/98 V1

Page 1
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--WEST

Section
Looks North

�R�~�n�g �D�e�s�~�g�n �d�r�~ �~�n�g report:

Date: 11-reb-02

Ring: 5
�-�-�-�-�-�-�-�-�-�-�~ _______________________M _______

o. RL OS Collar OS Dip Dump Length bit------------------------------------------
1 1.71;; 4.11;; 144 90 3.9 N
2 1. 71;; 3.71;; 165 90 12.8 1'1
3 1.71:: 3.71;; 176 90 12.4 N
4 1.7E 3.7E 187 90 12.4 N
5 1.7E 3.7E 198 90 13.0 1'1
6 1.7£ 3.7E 208 90 14.0 1'1
7 1. 7E 3.7E 218 90 15.5 1'1
8 1. 7E 3.7E 226 90 17.7 1'1
9 1. 7E 3.3E 233 90 21.2 1'1

10 1.7E: 2.9£ 240 90 25.9 1'1
11 1. 78 2.8E 244 90 26.1 1'1
12 1.7£ 2.5E 249 90 23.2 y
13 0.7E: 1.4E 252 90 22.5 y
14 0.7E 1.2E 258 90 21.7 Y
1S 0.7E 0.9E 265 90 21.7 Y
16 0.8N 0.7N 268 90 21.8 Y

MASTER17 0.8\1 0.9N 273 90 23.3 N
18 0.8N 1.1N 278 90 22.5 N
19 0.8rl 1.4Y1 285 90 11. 6 N20 O. �8�1�~ 2.1l'1 302 90 4.6 N------------------------------------------

347.9------------------------------------------

Ring 5

o
Hole diameter: 89mm

Ring Burden: 2.6m

Toe Spacing: 3.0m

Ensure all down holes

are bagged off

Date: ll-reb-02

47 •• 63 HL
Ring 5, 375 mLv
Looking North

�~ BliP CANNINGTON

Scale: 1: 250

Date

425mLvoI
...,1
0.'

�~�I
3L.
�~ SURPAC2000 - SURPAC Software International



t

j
I

J
6l

\

�~�W�E�S�T

Section
Looks North

.1ng
r

MASTER
362.2-_...;: ....__ ... �_�-�~�-�'�-�;�.�.�.�-�_ ...._-.;..,---_._----....---------,....---

F::, Design dnlLlng �'�<�i�l�p�p�t�~�,

�~�~�:�~�~�,�o�"�o�;�;�;�;�;�~�o�;�-�-�,�,�;�'�o�;�;�;�;�-�;�,�;�;�;�-�,�;�;�,�;�;�-
�r�-�~�~�.�~�-�~�g�~�~�~�"�-�7�~�-�~�F�i�~�-�-�i�~�~�-�-�-�i�g�-�-�-�~�r�r�-�-�~�-
II 3 C.7E 2.7£ 172 SO 13.6 N
.4 0.7B 2.7E 182 90 13.4. N
i 5 0.7E 2.7E 193 90 13.7 N
i 6 O.'E ;).7li:. 203 9.0 14.5 N
! 7 0.7E 2.9£ 212 90 15.8 N
I 8 0.7'£ 2.7'£221 90 17 • 6 N

I 9 0.78 2.6E 22a 90 20.2 N.
. 10 c. 'Ie 2.2E235 90 24.6 N

11 0.78 1.9£ 239 90 27'.8 N
12 (}.n 1.7E 244 90 26.•7 N
13 O. 2N O.7E241 90 2G.r .N
14 0.2\'1 0.5E ;153 9.0 22.7 Y
15 CLaW 0.2E 259 90 22,1 Y
1'ii 0.2\1 0.0"1 266 90 21.9 Y
17 1.2\1 1.2W 269 90 <3.9 N
III 1.2N 1.4W 276 90 24.0 N
1'9 l.2W 1.8W 284 90 10.2 N
20 1.2W 2.7" 3D:} 90 3.5 N

375 ... Tc65

(-
I
I
II'·'!
11
l',

I
I,
II
II
f
!

I

Hole diameterl 89mm

Ring Burden: 2. tim

Toe Spacing: 3.0m

\
I

Date:l1-Feb-02

47 .. 63 HL
Ring 6, 375 mLv
Looking North

..BMP Cl;,NNING1'ON

are-bagged off

Ensure. all dOI,,;'n.holes

!

L-- �4�~(



Rlong Design dn long report:

Date: ll-f'eb-02

Ring: 7

-------------------------------------._---
• o. RL OS Collar OS Dip Dump Length bit------------------------------------------

1 0.4E 2.01:: 127 90 3.4 N
2 0.41:: 2.1E 152 90 ILl N
3 0.41:: 2.2E 162 90 13.7 N
4 0,41:: 2.2E 168 90 14 .2 N
5 0.4E 2.2E 178 90 13.9 N
6 0.4E 2.2E 188 90 14 .0 N
7 O.4E 2.21:: 198 90 14.6 N
8 0.4E 2.2£ 207 90 15.6 N
9 0.4E 2.2E 216 90 17.1 N

10 0.4E 2.2E 224 90 19.2 N
11 0.4£ 2.1E 231 90 22.1 N
12 0.4£ 1. 7E 237 90 26,2 N
13 0.4£ r.ss 241 90 27.4 N
14 0.4£ 1.3E 246 90 26.4 N
15 0.4E 1.1E 251 90 25.4 N
16 0.61'1 0.1\'/ 255 90 24.9 N
17 0.6\'/ 0.3\'/ 261 90 24.4 N
18 �0�.�6�~�1 0.5\1 267 90 24.2 N
19 2.11'1 2.11'1 270 90 24.2 N
20 2.11'1 2.31'1 275 90 21,5 N
21 2.m 2.81'1 287 90 5.8 N------------------------------------------

386.2------------------------------------------

MASTER

Ring 7

<a-WEST
Section
Looks North

l().
r-JN
N'

"J'
N

Hole diameter: 89mm

Ring Burden: 2,6m

Toe Spacing: 3.0m

Ensure all down holes

are bagged off

425mLv

�~ BliP CANNINGTON

47 .. 63 HL
Ring 7, 375 mLv
Looking North

Date :1l-E'eb-02Scale: 1: 250
International

"uw
-<

"
�3�~�. _
�~ SURPAC2000 - SURPAC Software



�R�~�n�g �D�e�s�~�g�n ri �~�n�g report:
ate: 11-Feb-02

a

o. RL os Collar OS Dip Dump Length bit
�-�-�-�-�-�~�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-1 0.2E 0.78 99 90 3.0 N

2 0.2E 1.8E 126 90 4.1 N
3 0.2E L.9E 147 90 7.9 N
4 0.2E 2.0E 161 90 14.7 N
5 0.2E 2.08 171 90 14.2 N
6 0.2E 2.0E 181 90 14.0 N
7 0.2E 2.0E 191 90 14.3 N
8 0.2E 2.0E 201 90 15.0 N
9 0.2E 2.0E 210 90 16.1 N

10 0.2E 2.0E 218 90 17.8 N
11 0.2E 2.0E 226 90 20.0 N
12 0.2E 1,8E 232 90 23.2 N
13 0.2E 1.5E 239 90 28.1 N
14 0.2E 1.3E 243 90 27.1 N
15 0.2E 1.0£ 249 90 25.9 N
16 0,2E 0.8E 254 90 25.2 N
17 0.2E 0.6£ 260 90 24.6 N
18 1.6W 1.3W 262 90 24.4 N
19 1.6W 1.6W 269 90 24.2 N
20 1.6W 1.8N 275 90 24.4 N
21 1.6W 2.2W 286 90 8.2 N

------------------------------------------
376.5------------------------------------------

MASTER

Ring 8

-a-WEST

Section
Looks North

375 ..

Hole diameter: 89rnm

Ring Burden: 2.6m

Toe Spacing: 3.0m

Ensure all down holes

are baggedoff

�~ SURPAC2000 - SURPAC Software International

�~ BliP CANNINGTON

47 .. 63 HL
Ring 8, 375 rnLv
Looking North

Date:11-E'eb-02JScale: 1: 250

Date

425mLvo



4-WEST
Section
Looks North

lng Deslgn drl lng report:
Date: H-Feb-02

.0. RL OS Collar OS Dip Dump Length bit
------------------------------------------

1 O.OW l.IE 114 90 3.7 N
2 0.01'1 i . 5E 134 90 6.0 N
3 O. ow i . 6E 14 9 90 9.4 N
4 0.011 1.7E 160 90 15.2 N
5 O.OW i , 7£ 166 90 14.0 '{
6 O.OW l.BE 176 90 13.7 'i
7 O.OW 1.8E 186 90 14.4 N
8 O. Ow i . 8E 196 90 14 .9 N
9 O.OW l.BE 206 90 15.9 N

10 O.OW 1.8E 215 90 17.4 N
11 O.OW 1.BE 223 90 19.4 N
12 O.ow 1.8E 230 90 22.2 N
13 O.ON 1.4£ 236 90 26.4 N
14 �O�.�O�\�~ 1.2£ 240 90 27.9 N
15 O.OW 1.0£ 245 90 26.9 N
16 O. OW 0.7£ 250 90 25.7 N
17 O.OW 0.5E 256 90 25.0 N
18 0.011 0.2E 263 90 24.5 N
19 �1�.�2�1�~ 1.111 266 90 24.4 N
20 1.2N 1.311 273 90 24.3 N
21 1.211 1.511 278 90 19.3 N
22 1.211 1.911 288 90 B.5 N
23 1. 2W 2.8\1 308 90 3.3 N

�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�~�-�-�- 402.6

MASTER

Ring 9

------------------------------------------

@

Hole diameter: 89 rom

Ring Burden: 2.6m

Toe spacing: 3.0m

'?
(?'@f

@r;.
0)

l"-j (y) N
• Il:>

'<1'
N Il:>

Ensure all down holes

are bagged off

Date:14-Feb-02

47 .. 63 HL
Ring 9, 375 mLv
Looking North

�~ BHP CANNINGTON

Scale: 1: 250

Date

425mLvo
SURPAC2000 - SURPAC Softwure International



-WEST
Section
Looks North

Rlng Deslgn on ng report;
Date: ll-E'eb-02

Ring: 10

�-�-�~�-�-�-�-�-�-�-�-�-�~�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-o. RL as Collar as Dip Dump Length bIt------------------------------------------
1 O.lW 0.4E 100 90 4.3 N
2 0.1W 1.3E 126 90 5.9 N
3 0.11'1 1. 6E 145 90 9.7 N
4 O.Hq 1. 6E 159 90 15.9 N
5 o�.�1�~�1 1. 7E 164 90 15.0 N
6 0.11'1 1.7E 172 90 13.9 N
7 D.lIq 1.71:: 183 90 14 .4 N
9 0.11'1 1.7E 193 90 14.7 N
9 D.W 1. 7E 202 90 15.5 N

10 O.lW 1.7E 211 90 16.8 N
11 0.1W 1.7E: 219 90 18.5 N
12 O.HI 1.7E 227 90 20,9 N
13 O.lN i .ss 233 90 24.2 Y
14 O.lN 1.2E 238 90 27.3 'f
15 0.11'1 1.0E 242 90 27.7 N
16 O.HI 0.8E 247 90 26.4 N
17 0.11'1 0.5E 253 90 25.5 N
18 O.Hq 0.3E 259 90 19.0 Y
19 0,911 0.7N 264 90 19.0 Y
20 0.9;1 0.911 270 90 24.4 N
21 0.9\'1 1,21'1 277 90 24.7 N
22 0.911 1. 61'1 287 90 9.5 N
23 0.9\'1 2.51'1 306 90 3.5 N

�-�-�-�-�-�~�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�- 396.4------------------------------------------

MASTER

Ring 10

Paste from
42 .. 61.HL stope

Ring Burden: 2.6m

Hole diameter; 89mrn

Toe Spacing: 3.0m

400mLv

Paste from
47 .. 62 HL stope

,.,

+
+

+
+

+ + +
+ + +

+ + +
+ +

+ + +
+

+
+

+

+

�~
�~

Ensure all down holes

4#> BRit CANNINGTON

47 .. 63 HL
Ring 10, 375 mLv
Looking North

are baggedoff

�~�'�,
L425mLV

----SURPAC2000- SURPAC Software �I�n�t�e�r�n�a�t�i�~�n�a�l

o Geology

GcotQch

Supt

lIpPxGl,led

'Survey Scale: 1:250 Date:ll-E'eb-02





Date:i i-rce-oz

47 .. 63 HL
Ring 5, 425 mLv
Looking North

�~ BliP CANNINGTON

Ring Burden: 2.6m

Toe Spacing: 3,Om

Hole diameter: 89mrn

�~�W�E�S�T

Section
Looks North

Date

Ring 5

Survey

SUP.I:

l\pprovcd

OesllJnl!d

Gcotach

Reviewed

Geology

400 .. Tc65

450.

are bagged off

Ensure all down holes

o

I�R�i�;�g�-�-�~�S�l�.�g�n r a lng report:

I Date: i r-res-oa

!�~�~�:�~�~�~�~�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-o. RL as Collar as Dip Dump Length bIt
�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�~�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-1 1.4W 1.5W 89 90 27.9 N

2 1.4W 1.2W 94 90 28.3 N
3 1.4W 0.9W 100 90 26.6 Y
4 0.5E 1.1E 101 90 27.1 Y
5 0.5E 1.3£ 106 90 27.9 Y
6 0.5£ 1.5£ III 90 28.9 Y
7 0.5E 1.7£ 115 90 32.0 N
8 0.5£ 1. 9E 119 90 32.7 N
9 0.5E 2.0E 123 90 28.3 N

10 0.5£ 2.2£ 130 90 23.8 N
11 0.5£ 2.4£ 137 90 20.5 N
12 0.5£ 2.4£ 145 90 18.3 N
13 0.5£ 2.4£ 155 90 16.6 N
14 0.5£ 2.5£ 164 90 15.5 N
15 0.5£ 2.5£ 175 90 14.9 N
16 0.5E 2.5E 186 90 15.0 N
17 0.5E 2.5E 196 90 15.5 N
18 0.5E 2.5E 206 90 16.5 N
19 0.5£ / 2.5E 215 90 18.4 N
20 0.5E 2.5E 222 90 20.0 N
21 0.5£ 2.5E 228 90 18.5 N
22 0.5E 1.9E 238 90 16.4 N
23 0.5£ 1.3E 249 90 15.0 N
24 0.5E 0.9E 260 90 14.2 N
25 1.4W 1.1N 262 90 12.5 Y

I �-�~�~�-�-�-�:�:�~�~�-�-�-�-�-�-�:�:�~�~�-�-�~�~�~�-�-�-�~�~�-�-�-�:�~�:�~�-�-�-�:�­
J �-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�~�~�~�:�~�-�-�-�-�-

I
I

�~�!

�~�l0,
�~�I�_�L�.�.�-�-�.�.�. __--J

�~ SORPAC2000- SURPAC Software International



Date:ll-feb-02

47 .• 63 HL
Ring 6, 425 mLv
Looking North

�~�h BliP CANNINGTON

Scale: 1: 250

Ring Burden: 2;6m

Toe Spacing: 3.0m

Hole diameter: 89mm

�~�W�E�S�T

Section
Looks North

Date

Ring 6

Tc65. .400

450 .. Sj67

are baggedoff

Ensure all down holes

o

425.. 8j67

I Rlng Design dri lng report:
I! Date: ri-res-oe

I�c�~�:�:�:�~�:�~�~�:�~�~�~�~�~�~�:�~�~�:�:�~�~�~�:�~�~�:�~�~�i�~�:�~�2�~�:�r�-�-�-�t�-�-�-�-�-�-�-�-�-�-�~
1 1.5W 1.5W 90 90 28.8 N
2 1.5W 1.2W 95 90 28.7 N
3 O.5W O.OW 99 90 26.4 y
4 0.18 0.8E 104 90 27.3 Y
5 O.lE 1.08 108 90 28.1 Y
6 0.1& 1.3E 113 90 31. 5 N
7 0.18 1.5E 117 90 32.6 N
8 0.18 1.68 121 90 30.5 N
9 O.lE 1.8E 127 90 25.8 N

10 O. 1E 2. OE 134 90 22.2 N
11 O.lE 2.1E 142 90 19.5 N
12 O.lE 2.1£ 151 90 17.6 N
13 O.lE 2.1£ 160 90 16.3 N
14 O.lE 2.1£ no 90 15.5 N
15 O.lE 2.1E 181 90 15.3 N
16 0.1£ 2.1£ 191 90 15.6 N
17 0.1£ 2.1£ 202 90 16.5 N
18 0.1£ 2.1E 212 90 17,9 N
19 0.1£ 2.1£ 220 90 19.9 N
20 O.lE 2.1£ 225 90 20.7 N
21 O.lE 1.8£ 233 90 17.8 N

I 22 0.1£ 1.2£ 243 90 16,0 N
23 1.5W 0.6W 248 90 15.4 N

! 24 1. 5W 1.1W 258 90 12.6 Y
25 1.5W 1.SW 271 90 12.5 N

�-�-�-�-�-�-�-�-�-�-�-�-�-�~�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�~�-�-�-�-�-�-�-�-�-�-�-

I �-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�~�~�~�:�:�-�-�-�-�-

I

I
I
I
J
':'1

�~�I
�~�i
°1
'"',

�1�!�=�~�:�:�:�-�:�:�:�:�"�:�'�:�:�:�=�;�:�=�:�=�~�"�:�'�:�'�;�:�:�;�;�;�:�;�=�:�:�=�:�:�;�=�=�=�;�=�=�=�~�~�=�=�=�=�=�=�=�=�=�=�=�=�=�;�;�:�:�!�d�L�.�.�:�.�.�:�.�.�:�.�=�-�L�.�.�.�.�:�.�.�-�.�.�.�L�.�-�-�-�-�L�.�:�:�.�.�:�.�:�:�.�:�.�;�.�.�.�.�.�:�.�;�.�.�:�:�.�.�:�~�.�.�.�.�.�I�_ --l
�~ SURPAC2000 - SURPAC Software rnternational



Ring 7

3.0mToe Spacing:

Ring Burden: 2.6m

Hole diameter: 89mm

-WEST
Section
Looks North

o

;1Ring �D�e�s�~�g�n dri �~�n�g report:

IDate: 11-Feb-02

I�:�~�;�:�:�~�[�~�:�~�~�~�~�~�~�:�~�i�:�:�'�j�j�:�~�j�~�:�~�j�i�~�j�:�~�~�j�:�I�-�-�,�4�-�-�-�-�-�-�-�-�-�-�-�-
2 1.BN 1.6W 94 90 28.7 N
3 1. HI O. �7�~�1 98 90 28 .6 N
4 1.lW 0.4W 103 90 29.3 N
5 1.lW O.lW lOB 90 30.0 N
6 O.lE 1.lE 110 90 30.8 N
7 O.lE 1.4E 115 90 32.2 N
8 O.lE 1.6E 119 90 32.6 N
9 O.lE 1.7E 123 90 28.7 N

10 O.lE 1.9E 130 90 24.3 N
11 O.lE 2.0E 137 90 21.1 N
12 O.lE 2.0£ 145 90 18.7 N
13 O.lE 2.0E 155 90 17.0 N
14 O.lE 2.1E 165 90 15.9 N
15 O.lE 2.1E 175 90 15.4 N
16 O.lE 2.1E 186 90 15.4 N
17 O.lE 2.1£ 197 90 16.0 N
18 O.lE 2.1£ 206 90 17.1 N
19 O.lE 2.1E 216 90 19.3 N
20 0.1£ 2.1E 221 90 20.9 N
21 O.lE 2.1E 227 90 18.9 N
22 O.lE 1. 7E 233 90 17.1 N
23 O.lE 1.2E 242 90 15.6 N
24 1.lW 0.2W 246 90 15.2 N

I
25 l.lW O. �6�~�1 256 90 14,2 N
26 1.eN 1.5W 261 90 12.0 Y
27 1.aN 1.aN 270 90 12.3 N

I�:�~�:�=�=�=�:�=�=�=�=�~�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�=�~�=�=�~�~�~�~�~�=�=�=�~�=
I

1

Date:ll-Feb-02

47 .. 63 HL
Ring 7, 425 mLv

Looking North

�~ UBtp CANNINGTON

Scale: 1:250

Date

....
c.

�~ Ensure all down holes...
"81 are bagged off

"'I
�b�.�:�:�:�=�~�~�~�7�~�;�;�:�;�~�~�=�:�=�;�~�~�;�:�;�:�'�f�~�'�F�=�=�=�=�=�=�=�=�=�=�=�=�b�L�=�:�:�"�.�.�l�~�C�_�L __�l�!�.�:�:�~�:�'�:�"�"�~�~�_�~�:�:�:�:�'�:�'�;�:�:�'�:�:�~�~�~�~ SURPAC2QOO - SURPAC Software International



8

3.0mToe Spacing:

Ring Burden: 2.,6m

Hole diameter: 89rnrn

+-WEST

Section
Looks North

Ring

450.. Sj67

:Lng report:

o

0425..Sj67
�'�f�-�r�n�-�!�~�~

! EUng Deslgn drl

"

Date: i i-ree-oz
• ing: 8

-----------------.------------------------
,0. RL as Collar as Dip Dump Length bit
------------------------------------------

1 1.311 1.411 89 90 28,8 N
2 1.3W 1.0W 95 90 28.9 N
3 1. �3�~�1 0.711 101 90 29.1 N
4 O.lE O. 8E 103 90 29.7 N
5 a.re 1.DE 107 90 30.3 N
6 °.1E 1.2E 112 90 31.5 N
7 O.lE 1.4E 117 90 32.9 N
8 O.lE 1.5E 121 90 31.3 N
9 O.lE 1.7£ 126 90 26.5 N

10 0.1£ 1.9E 133 90 22.8 N
11 O.lE 1.9E 140 90 20.1 N
12 0.1£ 2.0£ 149 90 18.0 N
13 O.lE 2.0E 158 90 16.5 N
14 a.1E 2.18 168 90 15.6 N
15 O.lE 2.1£ 179 90 15.3 N
16 O.lE 2.1£ 189 90 15.5 N
17 O,lE 2.1£ 199 90 16.2 N
18 0.1£ 2 , 1£ 209 90 17.5 N
19 0.1£ 2.1E 218 90 19.7 N
20 0.1£ 2.1£ 224 90 20.7 N
21 0.1£ 1.8E 231 90 18.8 N

I 22 O.lE 1.4£ 239 90 17.2 N

II �~�~ �~�j�~ �6�:�~�~ �~�~�I �~�g �i�~�j �~
25 1.3W 1.0N 260 90 12.2 Y
26 1.311 1.4W 272 90 12.9 Y

�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�~�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�~�-�-�-�-�-�-�-�-I�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�~�~�~�,�~�-�-�-�-�-

I
I

Date: ll-Peb-02

47 .. 63 HL
Ring 8, 425 mLv
Looking North

�~ BMP CANNINGTON

Scale: 1: 250

Date

Approved -

are baggedoff

Ensure all down holes

"-'
0-

s:
u..
-<..
811
�r�,�;�~�~�~�~�~�:�:�:�:�:�:�:�:�:�:�:�:�=�:�"�"�'�?�=�;�;�:�;�:�:�;�;�=�=�=�:�=�;�=�:�:�:�=�.�.�=�=�=�=�=�=�=�=�=�=�:�:�L�:�:�:�.�,�:�:�:�.�.�.�.�L�-�:�.�.�.�:�:�-�.�.�.�.�L�-�-�L�~�:�.�:�.�.�:�.�.�.�~�~�-�L�=�:�.�:�.�.�:�.�.�:�:�:�.�:�.�:�.�.�:�:�.�:�:�.�:�:�.�:�:�:�:�:�~



9

47.. 63 HL
. 9 425 mLvRing I

Looking North

Date : 11-Feb-02

�~�B�I�I�P

Scale: 1;250

t r : 89mmHole diame e .

den: 2.6mRing Bur

, 3.0mToe Spacing,

�~�W�E�S�T

Section th
Looks Nor

450.. 8j67

425.. Sj67

o
11 down holesEnsure a

are baggedoff

1ng report:ffiRi ng Design dr1

I .11-Feb-OZDate.

Ring: 9 �-�-�-�-�-�-�-�-�-�-�-�D�-�-�~�-�L�;�~�9�t�h �b�/�~�_-------- Dip �u�m�~ _I --------05 Collar OS -- 28 5 NI RL --------- 90 _ N
I �~�:�-�-�-�-�-�-�-�-�-�- 1 . �4�~�1 89 90 28.5 N
- 1.31-1 0.5W 92 90 28.6 N

• 1 0 6\'1 0 2\1 97 90 29.1 N
II 2 0 .61-1 O· 1E 102 90 29.7 N

3 0: 6v/ 0: 8E 106 90 30,7 N
4 0 Ovl 1 1E 111 90 32.1 N
5 0:01'1 1:3E 116 90 32.9 N
6 0 Ovl 1 58 120 90 29.5 N�~ �O�:�O�~�I 1:6E 124 90 24.4 N
9 0.011 1.7E 130 90 21.2 N

0.0\1 1.8E: 137 90 18.8 N
1? 0.01'1 1.9E 146 90 17.1 N
1 0 ON 2 OE 155 90 16.0 N
12 0'01'1 Z'OE 165 90 15.5 N
13 0'0\'1 2'08 175 90 15.5 N
14 0'01'1 Z'OE 186 90 16.1 N�1�~ 0:01'1 2:0E 196 90 17.2 N
1

7
O.Ovl 2.0E: 206 90 18.6 N

1 1 0 OW 1 9E 215 90 20.9 Ng �O�:�O�~�I 1:98 222 90 20.3 N
20 0.01'1 1.9E 228

5
90 18.3 N

1 O.ON 1.58 23 90 17.0 NI �~�2 �O�.�O�~�I 0.5E 241
9

90 15.9

9

N
o 6vl 0 28 24 90 14 • N

23 0'61'1 0'21'1259 90 12.3 yI �~�~ 0: 611 0: 6vl �~�~�~ 90 �1�~�:�~ _26 O.6N 1. �4�1�~ 0I 27 �-�-�~�:�~�~�-�-�-�-�-�-�-�-�-�-�-�-�- �~�~�:�: _

I �~�~�~�~�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-

rnternationa1C Software--SVRPAC2000 - SURPAc,:
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Date:05-Feb-02

47 .. 63 HL
Drill Plan
450m Level

41:>BHP CANNINGTON

Scale: 1: 250

DateSigned

Survey
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!Rlng Design drililng report:

Date: 06-Feb-02

iRing: 5

�~�~�~�-�-�R�L�-�o�s�-�c�;�l�i�;�;�-�o�s�-�-�D�i�~�-�D�~�~�;�-�L�;�~�g�t�h�-�b�i�t�-
------------------------------------------

1 0.7£ 2.7£ 172 90 14.8 N
2 0.7£ 2.7£ 183 90 14.7 N
3 0.7E 2.7E: 194 90 15.1 N
4 0.7£ 2.7E 204 90 16.1 N
5 0.7£ 2.7E 213 90 17.5 N
6 0.7£ 2.7£ 222 90 19.6 N
7 O. 7E 2. 5E 229 90 22.6 N
8 0.7E 2.2£ 234 90 21.9 N
9 0.7£ 1.9£ 240 90 20.9 N

10 0.7£ 1. 6E 246 90 22.7 N
11 0.7£ 1. 4E 253 90 23.5 N
12 0.7E l.1E 260 90 22.8 N
13 0.7£ 0.8E 266 90 22.1 N
14 0.6\'/ 0.5\1 270 90 22.1 N
15 �0�.�6�~�1 0.7\'/ 275 90 22.2 N------------------------------------------

298.8------------------------------------------

o

[ �~
400 .. Tc65

MASTER

425.. Sj67

Ring 5
+-WEST

Section
Looks North

o 450 ..

<'\II\)
.1\)

('\J.
('\Jl-'

I

Hole diameter; 89mm

Ring Burden: 2.6m

Toe Spacing: 3.1m

Signed Date
�~�B�H�P CANNINGTON

Ensure all down holes

are bagged off

ReviO"Jld L-.. itd 11Z-1--7.
Geology q
.e.tech Af;,/J tltlt"'H
Supt :•.tk... �4�~�1 ......r:rhhL
·P.<ov,o .V:.L �I�(�"�I�!�I�~�'�[

47 .. 63 HL
Ring 5, 450 mLv
Looking North

�~ SURPAC2000 - SURPAC Software �I�n�t�e�r�n�a�t�~�o�n�a�1

Survey I' Scale: 1:250 1 Date:06-Feb-02



fling �D�e�s�~�g�n �d�r�~�~�l�~�n�g report:
Date: 05-Feb-02

Ring: 6

�~�;�~�-�-�R�L�-�O�S�-�C�;�l�l�~�;�-�o�s�-�-�D�i�p�-�D�~�;�p�-�L�;�~�g�t�h�-�b�/�t�-
�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�~�-�-�-1 1.IE 3.1£ 176 90 14.4 N

2 1.1E 3.1£ 186 90 14.4 N
3 1.lE 3.1E 194 90 14.6 N
4 1.1E 3.1E 204 90 15.7 N
5 1.1E 3.1E 214 90 17.3 N
6 1.1E 3.1£ 223 90 19.6 N
7 1.1E 2.7E 231 90 23.2 N
8 1.1E 2.4E 237 90 21.0 Y
9 1.1E 2.1E 242 90 20.5 N

10 1.1E 1.8E 249 90 19.3 N
11 1.1E 1.5E 258 90 17.7 N
12 1.lE 1.2E 266 90 16.8 N
13 0.6W 0.5W 268 90 16.8 N
14 O.OW 0.8W 276 90 16.5 N------------------------------------------

247.8------------------------------------------

[ J
400..Tc65

MASTER

Ring 6
-WEST
Section
Looks North

/,----------------...'"�~

425..Sj67

Hole diameter: 89mm

o

D

1-_-14.4- CD

JS. 7-------0
.(;> �~�I
�:�;�;�,�J�~ CD

th f-' I�~ �~ �~ �~�J �~ �t�b�~ �~�V�'�. �6�'�~ "'I?\
rl co co ......l. '0' 0 �.�~ "" �~ 0

U
475 ...Ta64

Ring Burden: 2.6m

Toe spacing: 3.1m

CANNINGTON

47 .. 63 HL
Ring 6, 450 mLv

Looking North

�~�B�H�P

Scale: 1: 250T Date:06-Feb-02survey I

Geotcch ':A4' �t�t�~ 6{7!'}(,."rJ"

Sup. - ./;:zIJ.l< "-
!\pp,ov.. '11.ft!1. �~�/�1�A�4

Reviewed LJuj, tfNteot
Geology V

Da.:;ign£ld IJ.. �~

Signed Date

are bagged off

Ensure all down holes
...
0.
....
w

"...."tl

�s�~�~�~�=�=�=�=�=�~�=�=�=�=�=�=�=�=�=�:�L�.�.�.�:�.�:�.�:�.�.�:�.�.�:�.�:�.�.�.�-�-�l�.�.�-�-�L�.�:�:�.�:�:�;�.�.�:�:�.�.�;�.�.�.�.�:�.�~�_�:�.�.�:�:�.�.�:�.�.�:�.�.�:�.�.�.�;�"�,�.�.�.�.�.�.�.�:�.�.�.�.�:�.�.�J
�~ SURPAC2000- SURPAC Software Internatlonal



Rlng Deslgn drilllng report:

Date: 06-reb-02

�~�i�n�g�: 7

�~�~�~�:�=�~�~�:�~�~�=�~�~�~�~�~�~�:�~�~�:�:�~�;�~�=�~�~�~�~�=�~�~�~�~�~�~�=�~�2�~�=
1 0.9g 2.9B 176 90 14.5 N
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AppendixF - FiniteElementInput andOutputFiles

Appendix F - Electronic Copy of Finite Element Model Input
Files



The attacheddisc contains thefollowing input files:

File Name

stage 1_764

stage2kBL

stage3s1

stage3s2

st3s3bpl

st3s3bp2

st3s3bp3

Stage

Stage 1

Stage 2

Stage 3,ScenarioI

Stage 3,Scenario2

Stage 3,Scenario3

Stage 3,Scenario3

Stage 3,Scenario3

Description

Singlecolumnof explosivein paste fill. Paste fill

mix of76 % solids and 4 % cement

Singlecolumnof explosivein rock. Broadlandsrock

type

Singlecolumnof explosivein rock adjacentto the

centerlineof anadjacentpaste fill stope.Blasthole

located2.5 m frompastefill

Singlecolumnofexplosivein rock offset from the

centerlineof anadjacentpaste fill stope.Blasthole

located2.5 m frompastefill, offset2.5 m.

Multiple columnsofexplosivein rock adjacentto a

paste fill stope.Blastholeslocated2.5 m frompaste

fill. All blast holes detonatedsimultaneously.

Multiple columnsof explosivein rock adjacentto a

paste fill stope.Blastholeslocated2.5 m frompaste

fill. Detonationpattern2.

Multiple columnsof explosivein rock adjacentto a

paste fill stope.Blastholeslocated2.5 m from paste

fill. Detonationpattern3.
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