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Previous approaches to pre=split blasting have tended
to concentrate on the mathematical theory of dynemic
stress wave interaction, whilit recognising some
interaction with Qquasi=static stresses induced by
expanding gases in the borehole, However the decouplind
introduced during oree=splitting is specifically designed
to reduce dynamic effects and -to emphasize quasfe=static
effects, end it can be arquedrthat'the process has more in
common with hydrofracture than with conventional use of

explosives,

Investigetion of the mechanics i{nvolved during the
fracturing processh;roung both single and multiplie line
charges in model testing {n polyester resin proved the
quasi=static gas component of energy release to be the
predominant mechanism controlling fraéture growth around

blast holes and in the formation of preesplit fractures,

Both field and test observations {ndicate that the
predominant geotechnical factor affecting the reletive

success of pre=splitting {s the orientation of major
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discontinuities and or sets in relation to the pre=-split
line, Decreasing discontinuity intersection angle is
shown to progressively fincresse overbreak from ninety
degrees to twenty degrees, below which a dramatic increase
{n overbreak s observed with a failure of the pre=split
in the finsl face, Discontinuity frequ;ncy is shown to
have no major discernable effect on the success of

prg-spllttino.

The effects of further varying geotechnical factors on
the success of pre=split blasting are discussed, including
anisotropy, grainsize, texture, weathering, ground water,

stability and geostatic stress fields.
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INLRUDUCIIQN

| Pre=split blasting may be briefly defined as a
technique used to reduce disturbance to excavation
profiles during blasting by pre=forming a continuous
fracture between parallel boreholes lightly charged
with decoupled explosives along the line of the

required surface, (norsey et, al., 1931),

Following difficulty with pre=split blasting on
various highway contracts in Scotland, a study was
fnitiated {into, the effectiveness of controlled blast
techniques in discontinuous rock, This work formed

part of the above study,

The work undertaken by the author was funded
Jointly by the Transport and Road Research Laboratory
and the Science Research Council through a C.,A.S.E.

(Co=operative Award in Science and Engineering) award,

Out of yuo and a half years resesrch, the author
was employed at T.ReRelLe (Scottish branch) at
Livingston for a totel of six months during which he

was fnvolved ins

1. Examination and enalysis of previous pre=split



blasting case histories and visits for on=site

6bservation of the affect of pre=split blasting,

2. Appraisal of site investigation and preesplit
blasting with the objective of formulating designs

for contract work,

3, Monitoring of pre=split blasting contracts,

A1l leaboratory work was performed at the Rock
Mechanics Laboreatories of the Mining Engineering

Department at the University of Newcastlee=upon=Tyne,

Due to the conflicting views (which are still held
and voiced) over the varying importance of the rbles/
plaved by the dynamic and gas components of explosive
energy 1in the mechanics of pre=gplit blasting, it was
tound necessary to fnitially research into the actual
mechanics of pre=splitting, Consequently  the

following three <chapters are necedearilv concerned

with the solution of this controversy,

Although meny people have touched on the ffold of
pre=splitting and have written papers on the toric in

the past, no=one (to the author’s knowledge) has
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researched in the lacoratory on the geotechnical
factors which may affect pre=splitting and only
Trudinger (1973) has published on=site observation§ of
the effect of varying major discontinuity orientation

on preegplitting in the field,

It is not possible to refer to individual sites by
their names or to give locations, chainages etc, as
many of the projects are still active,

‘The views and opinfons expressed in this thesis are
those of the author and are not necessarily those of
the Transport and Road Research Laboratory or the

Department of Transport,
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2.1

SUYMABY QE_EREYIQUI.HORK

ORIGIN_CGE BRE=SELII.BLASIING

The techn{quo of pre~forming final excavation
limits by pre=split plasting was first: used at the
Niagra Power Project (Paine eot,al., 1961),  The
project consisted of an intake section, two oparallel
conduits ebout four miles long, an open canal 4,000
feet long, & mein genersting plant and 8 pump
generating olant and was excavated i{n roughly
horfzontal messive dolomite and limestone groups,
Several milljon square feet of rock face had to be
orepared to within a tolerance of six {nches, over
tive million square feet on the conduits (averaging
110 feet in hefght) alone, The contracts stipulated
that rock protruding more then six inches into the
final excavation from the design face line had to be
trimmed back by the contractor and if any overbreak
from the design line occurred in excess of six inches
due to blasting f{naccurscies, the contractor was to
foot the bill for the excess concrete used in 1ining.

Due to the high cost of 1Jine drillings the tota)

inadequacy of bulk blasting and the failure of smooth



wall blasting to sufficiently reduce overbreak in the
early sections of the contracts, & new perimeter

plasting technique was required,

Of the techniques used, pre=splitting gave by far
the best results, the maximum drill depth of pre=split

staying within the six i{nch tolerance being 64 feet,

The pre=split technique was developed by D, Ke

Holmes' as a modification of smoothwall blasting,

differing from the latter in the respect that the
pre=splitting was accomplished prior to the drilling

and blesting of the bulk pattern rather than after,

Pre=splitting consisted of half eight ounce sticks
of 40X gelatine extre taped to a length of Primacord
eaual to that of the hole at one foot spacings, placed
in 2.5 to 3 inch holes at two foot spacings, esch hole
being stemmed completely with minus 3/8 inch cleen
stone chips, Detonation wes Sy Primecord trunk lines

or individusl short: delay detonators in each hole,

10.
and

Ke Holmes was blasting engineer for MerritteChapman
Scott Corporation of New York who were responsible for

work sections one and five of contracts N«=5 and Ne3
respectively,



2.2

BRACIICAL.ELELO.USE

Since the first extremely successful use of
pre=splitting et the Niagre Power Project, the
success%&l' application of the tecnhique in both Civi)
Engineering and Mining has been reported by many
authors and has been wused {n virtually every

conceivable appolication,

On the surface it is now widely incorporated i{nto
highway rock excavation specifications {n both the
United States and Eurcpe, for both stabilisation of
rock slopes for safety, as reported by Hoover (1972),
falbot (1977) and Jones (1978) etc, and economy,
according to Teller (1972b) and Baker (1972), The
soplication of the technique in open cast auarrying is
reported by Stenhouse (1973) end Forsthott (1973) for
the stabilization of haul roads, and for economically
producing safe stable final and production faces
without the necessity of scaling, in napers‘ such a3}
Unknown Author (1964), Brown and Bigando (1972),

Stenhouse (1973) and Johnston (1973),

Articles have been published on the successful
adoption of opreesplitting in} shaft sinking (Unknown

Author, 1977) in order to reduce overbresk, tunnels
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(Plewman end Starfield, 1965 and Holman,1967) {n order
to reduce overbreak, boring down times and tunnel
resistance to air flow, underground to delinfate
molybdenum ore from waste (Smith and Barnett, 1965)
and in underground room and pfillar limestone ‘mines
(Bjorn; 1969) for increasing extraction ratio and

pillar strenagth by decreasing blast damage,

The technique has also been used {n such diverse
applications as the destruction of i{ce fslands

(Mellor, 1976 and Mellor et,al,y 1977).

The various uses of pre=splitting, preesplit
blasting patterns and suggested charge specifications
are also given in a number of blasting handbooks and
rock slope manuals such as ’Rock Slope Engineering’ by
Hoek and Bray (1977), Calder’s ‘Pitslope Msnual’
(1977). and Langefors and Kihlstrom (1978), These
publications also quote the advantages and possible

disadvantages of using the technfiaque,

BOLE_QE_PRE=3EBLIL.BLASIING

It is universally agreed that the utilization of

pre~splitting oroduces cleaner, less damaged feces
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than with bulk oblasting and that pre~splitting
significantly reduces the damage from nefghbouring

bulk blasts,

Bergal (1976) ergues that the pre=split reduces the
damaging effect of the bulk shock wave by reflection
and has shown that the presence of a preesplit
fracture significantly reduces blasting vibrations,
However, in total contradiction both Devine (1965) and
Leroque and Coates (1972) heve shown that the converse
is the case, and ascribe the effect to venting of

explosive gases,

IHEQRELICAL ANQ_SMALL_SCALE_MODELLING

The first published theoretical work and prectical
research involving modelling and underground work on
pre=split blasting was by Fennel, Plewman and Brown in
1966, Their theory was based on rock breakage by the
dynamic component of energy release (this being the
main theoretical mode of explosive fracture at the
time), Pre=splitting was shown to be possible
underground in adverse stress conditions and that with

care, net savings using the technique could be made,



In the same year, Aso (1966) put forward &
comprehensive hypothesis on the ‘Phenomena Invo]ve& in
Pre=splitting by Blastinq'.} His theory and highly
complex mathematica) anajyais was based primarily on
the initiation of the pre=split midedistance between
blast holes by the superposition and addition of their
shock waves, However no actual values were given end
the results of limited experimentation {involving
pre=splitting in mortar fajled to substantiate his

hypotheses,

Nicholls and DQVQI (1966a) performed a series of
surface field trials in the presence of a high static
stress field, From their results they concluded thet
pre=split fracturing {s not fnitiated <centrally
between adjacent holes but as separate fractures at
individual borehole walls which are procagated in o
wedge like manner by explosfon gases to connection,
both expanding gases and {nteraction of stress weves

playing important roles,

In 1967, Kutter submitted s Ph,d, thesis entitled
'The Interaction Between Stress wWave and Gas Pressure
in the Fracture'Process on an Underground Explosion in
Rocks with Particular Application to Pre=splitting’

which up to the present time {s considered to be the
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major contribution to the mechanics of pre=splitting.
He concluded that a pre=split 4{s formed by the
connection of fracturing from adjacent holes,
initiated by the dynamic‘shpck wave ‘and extended by
the quasi=static gas pressure remaining within the
shot holes, His opinion of the processes {nvolved
however, seem to have radically changed near the end
of his research, as the majority of his fnitial work
was concerned with the effect of dynamic shock waves
in isolation, the quasiestatic component only being
simulated by hvydrofracture near the end in relatively
few tests, > Following his thesis, Kutter published
‘severa) papers on and around the Qublect with
Fajrhurst (Kutter and Fafirhurst, 1968 and 1971),
verifying his d{nitial conclusfons on the mechanisms

involved in pre=splitting,

Kutter’s theories are further verified by Brost
(1970) and Schultz (19?2)) who claim to have observed
explosive gases entering dynamically {initiated
tractures, and causing their extensive propagation {n

both single and multiple hole testina,

In contradiction to the trend of opreesplit

2 No actual modelling with explosives was undertaken and
therefore no direct relationship with the use of explosive
blasting was formed,
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publications, Griffin (1973) produced a paper entitled
*Mathematics) Theory to Preesplitting Blasting’, a
half theory and half empirical approsch to oprevious
dynamic theorfies, However, rather than besing the
mechanisms on the {nteraction of dynamic tensile
tangentisl shock wave components, he states that the
complete shock wave s compressive in nature,
pre=splitting befng initiated mid=distance between
borehbles by the reflection in tension of shock waves

from one another,

In 1973, Ketsuysma published work on ‘Computer
Calculations of the Effects of Pre=split on Blasting
in Close Proximity to It°, Besing the main mechanics
of explosive fracturing on the dynamic shock wave, he
calculated for normal blasting wavelengths, thet {f
the pre=split aperture is grester then 1 mm, wave
motion will not propagate across the pre-split, For
multiple fractures, he celculated that an sperture of

0.25 to 0.5 mm would be sufficient,

More recent work by Dalley end Fourney (1977) edds
further cqnfusion to the mechanisms responsible for
the crestion of a pre=split plene, They state that in
blasting, fractures may be extended to over ftifty

times the borehole diameter {f the gas produced by



® 12 =

detonation flows 1into the cracks and that premature
crack arrest can be avoided by wusing long stemming
columns to prevent the escape of borehole pressure,
They then in contradiction state that preesplitting is

caused by the dynamic intersction of stress waves.,

work {involving the surface morphology of pre=solit
fractures from explosive model testing in Plexiglas by
Carrasco and Saperstein has shown that pre=split
fractures may be formed by both dynamic and
predominantly quasiestatic means, However for
economic pre=split borehole separatfons in the field,
the quasi=static gas component {8 predominantly
responsible for the pre=split, with fracture
fnitiatjon at or near the borehole walls and‘grouth to

interception rather than initfation in the middle,

The most recent work on pre=-splitting has been
undertaken by Jones (1978), He stipulates that the
dynamic component of energy releese is of minimum
1moor§cnce in the mechanics of pre=splitting as it is
reduced to an insignificent level by the combination
of the Jow charge weights gnd decoupling, He has
shown from model experimentation 1in gypsum that &

pre=split may be obtained by hydrofracture aslone.
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ANALYIJICAL _ASSESSMENIS OF _THE GECQTECHNICAL_EACIURS
EEEECLING.ERE=SELIIIING IN_IHE_EIELD

Although the mechanics of pre=splitting have
attracted some attention in the past and present,
relatively few people have worked on the varying
geotechnical factors eaffecting the success of
pre=splitting, the majority df authors working on the
effect of geostatic stress fields (Nicholls and Duval,
1966a and Fennel, Plewman and Brown, 1966), More
recently McCormick (1972) defined the geotechnical
factors that he c¢onsidered may effect blasting 1in
general, However no practical work was inclu&ed in

this publication,

Fleld observatioﬁa of the effect of weathering on
the success of pre=split blasting have been reported
by Hoover (1972) and Talbot (1977)., They both
conclude that the presence of highly weathered

material leads to poor results and overbreak,

The most important publication up to the end of the
seventies is by Trudinger (1973), entitled ‘An
Approach to the Practice of Preesplitting in
Anfsotropic Rock “asses’, During pre=splitting {n the

construction of dam spillwgvo fn South Australia,
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Trudinger observed that the main geclogica)l festure
affecting the auality of the pre~split, was the
relative orientation of the predominant regional
tolfation, From recorded measurements and further
observations he concluded that where the angles
between the required batters and foliation were less
than twenty five degrees, pre=split results were
unsatisfactory, between twenty five and forty degrees
the pre=split planes followed paths partly along the
folfation and partly across the fabric of the rock and
where greater than forty degrees, the resulting
pre=3plit planes occurred almost entirely across the

fabric,

In addition, further work on the mechanics of
pre=gsplitting has been published by the author (horsey

et.al, 1981),
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ISCQRY_QE_ERE=3QELILLING

It is logical that a reversal to basic oprinciples
be made by considering the mechanisms involved in
explosive fracturing around single shot holes before
dealing with the complication of fnteracting multiple

shot holes,

COYEONENIS QEEXBLOSIVE _ENERGY _BELEASE

According to Johansson and Persson (1970) the
process of detonation of an explosive charge 1is
extremely complex, involving both steady and
none=gteady state reactions, The process consists
basfcally of a shock wave which travels through the
explosive charge at extremely high.velocity, producing
an extremely high pressure and temperature reection
zone in fts immediate vicinity and a radiating steep
fronted (short rise time) shock wave into the
surrounding media. Following this reaction front,
pressure decreases as the further chemical reaction
end the expansion of gaseous explosive products into
the hole proceesds, This process {s wunfversally

accepted by the explosive and chemical {industries,
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The velocity of the detonation wave through the
explosive or as a shock wave through rock {s dependent
on the confining shock velocity of that medium, As a
shock wave travels faster than the seismic velocity of
the medium, shock and detonation wave velocities can
be expected {n excess of 2,5 to 7,0 km per second,
The build up of gas pressure within the borehole,
produced by further chemical reaction and expansfon of
the gaseous products of detonation takes place within
a period of milliseconds, the rate being dependent on
such factors as borehole or charge 8ize and the
chemical composition of the explosive, However in one
millisecond the detonation end resultant shock wave
will have travelled in excess of 2,5 to 7.0 metres
from any reference point along the explosive column,
Therefore it can be unequivocally stated thét the
dynamic and quasiestatic gas components of energy
release may be treated as totally separate events,

being separated both by type and {n time,

BQCK_ERACTURING.BX.IHE DYNAMIC COMPONENI.QE_ENERGY
BELEASE
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3.,2.1 Eactors_Affecting._the Dypamic_Component
Magaltude

Before examining the processes of rock fracturing
by the dynamic component, it is important to firstly
consider the factors which may affect the size of the
dynamic pulse from the moment {t reaches the borehole

wall to its dissipation at infinity,

The first factor which ultimetely decides the
initial peak ﬁagnitude of the detonation wave and
ultimately that of the shock wave is the charge wefght
of the explosive, The total dynamic energy (Ed)
released on detonation will be proportional to the
charge weiéht (W),

fe@y Ed 5 Kkon

wheret k {8 a constant of the explosive

(per unit weight of explosive)

If we consider a spherical charge, then tha peak
velue of the dynamic component will be proportional to
the cube root  of the charge wefight or volume, A~
series of comparative studies of explosives in a range
of rock types by the U,3, Bureau of Mines (Atchison
and Roth, 1961, Nicholls and Hooker, 1962, Atchison

and Pugliese, 19668, Atchison and Pugliese, 1964b,
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Nicholls and Duval, 1966 and Bur et,al.s 1967) has
resulted in equations for peak strain caused by a
dynamic shock wave at any point {n that rockmass, of
the formg

e = Kc(RM%)'1
where: e = peak strain

R = the diptonce to the shot

K.= strain intercept at a scaled distance

of one unit
n = weighted everogo’slope (log=log axes)

and {s a function of the rock

As stress (0) can be related to strain (e) by the
following simple formulas
0= Ee
where: E {8 the Youngs Modulus of the material
Then stresss

: 1
G = EJKe(R/WD)

Héuever exect formulations for the strength of a
dynamic shock pulse do not exist to the best of the
author’s knowledge at the time of writing, although
the Geothermal Energy Project at the Cambourne S?hool

of Mines i8 known to be uofking on the problem,

As the dynamic wave moves away from the explosive
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charge it is subject to large pressure drops due to -
dynamic impedance mismstch at the explosive=air and
airemrock {interfaces, When @ shock wave meets the
boundary between two layers of differing acoustic
velocity, then only @& portion of the energy |{s
transmitted, the remainder being reflected in the
opposite component, i.,e, compression as tension and
viceeversa, The equations for transmissfon and
reflection for any point on an fncident wave form ere
as follows:
O, = 0, (2/1¢R) 1
0. = =((1=R)/(1¢R))C, (2)
wheres U,is'the fncident pulse
J,1s the transmitted pulse
and O,1s the reflected pulse
R = p, Vs, /p, Us, (3)
where: p = density of first medfum |
Us, = shock velocity of first medium
p, ® density of secondary medium

Ust= shock velocity of secondary med{um

The explosive=alir {mpedance mismatch may be
eliminated by the use of slurry charge as 8

replacement for cartridged charges, where complete
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courling 3 is 1impossible to achieve due to sticking
problems with fndividual cartridges in the borehole on
loading i1f the cartridge diameter is not significantly
smaller than that of the hole, However, pre=splitting
as already stated in the introduction utilises light
decoupled charges, therefore a highly sianificant drop
in dynamic pulse strength is to be expected (Atchison
et.ales 1964) due to the extremely low density and
acoustic velocity of air {in relationship to the

explosive.

On release from the explosive charge the dynamic
component {8 & pure compressive pulse in form, This
is easily indirectly verified as the air aurrounding
the explosive charge cannot sustain substantisl
tension or shear and therefore cannot allow the

tranamission of such components,’

As the dynami¢ component spreads away from the
detonated charge and borehole it decays, firstly due
to c?lindricel expansion of the wave front subject to
simple square law decay and secondly by attenuation
(Austin et,al,, 1966, Asklof and Nylander, 1968 etc,)

caused by the rock which does not act in a perfectly

3 Coupling is the measure of how well the explosive charge
fills the blasthole and {s measured either by a straight
volumetric percentage (0~100X) or by the ratio of the
charge to borehole diameter,
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(1968)°  that tensile tangential stresﬁes will develop
at a distance of three to four hole radii from the
centre of the Dborehole, In c¢ontradiction Selberg
(1951) states that significant tangential tensile
strain {s devalopedbat the hole boundary, Howeverp
although Johansson and Persson credit the discrepancy
between their analysis and that of Selberg to the
oversimplifying assumptions of the Selberg treatment,
the author feels that Selberg”s {nftial assumptions
are fundamentally wrong and that significant tensile
strain at a2 hole boundary cen only be created by the
following auasi=static ogas combonent and not by the

dynamic component,

3.2.3 Rxnapic.Ecactucing

According to Kisslinger (1963) and Pearson (1980)
it is possible to distinguish three zZones of
deformation and fracturing around a detonated charged

holes=

1. A strong shock (hydrodynamic) zone {immedfately

surrounding the hole,

“ The numerical model was developed for calculating high
amplitude shock wave processes in liquids,
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2. An intermediate (nonelinear) zone with fracturing
varying from severe crushing, through plastic

deformation to partial fracturing.

3. An outer (elastic) zone 'exhibiting predominantly

radial fracturing.

However this model elso fncorporates the quasiw=static
component which is disregarded by these authors 80 the

author therefore proposes the following mechanismsse

In rock it is obvious that {f the charge weight and
coupling are excessively high then the dynamic pulse
compressive oeék may exceed the dynamic compressive
strength of the rbck and crushing (fee,
dissagregation) of the rock will occur around the
porehole wall, Due to the amount of enerqy expended
in this process, the compressive pesk will rapidly
drop to below the dynamic compressive rock strength
and the crushing process will cease, Such zones have
been reported by Kutter and Fairhurst (1971) etc., An
interesting phenomenon which has been observed in some
blssted perspex models (depending on the explosive
loading geometry adopted) is the existance ot a clear
zone {mmediately surrounding the holes of

oonroximaielv one hole radius in extent (Johansson and
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Persson, 1970, Schutz, 1972 and Pearson, 1980), This
effect is attributed to plastic flow by Pearson (1980)
and is elleged to occur when the maximum jnduced
stress in the rock mass exceeds its elastic limit
(Hugonfot  Elastic Limit) for which pressure the
relationship between maximum and minimum compressive

stresses, and ist

\ g, = Vv U;
1 » v

Above this 1imit the Mohr circle falls below the Mohrp

failure envelope and frecturing may not occur,

For granfte with @ uniaxial compressive strength of
135 Mpa, Pearson gives a maximum dynemic principle
stress of 3,57 GPa above which a Hugonfa (annular

clear zone) will exist.s

It the tensile component of the dynamic wave
exceeds the dynamic tensile strength of the rock then
tensile fracturing will occur, Carrasco and
Saperstein 1977) have shown that for modef
pre=splitting in Plexiglas, fracture 1{n{tiation does

not occur at the borehole wall but at a short distance

5 The author refrains from discussing this particular
topfc further as such high charge densities and coupling
are purposely avoided in preesplitting practices where )ow
charge densities and decoupling are used to reduce damage
to the final face, Further discussion is therefore deemed
frrelevant to this thesis, '
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away from the borehole wall and then propagates
outwards.~ This work agrees with the previaus
postulations and in addition model testing solely
utilising the dynamic component (Chapter Four) hes
"shown that meny of these fractures extend back to the

borehole wall,

The maximum velocity of stable crack propagation §s
of the order of one third of the acouatic velocity of
the medium (Fourney et,al,, 1974 and Barker et,alq.
1979). Hence the frecturing created by the outward
radiating dynamic shock wave will be predominantly
tresh fracturing and not produced by extension of the
exfsting fractures, although fracturing will continue
preferentially along the path of existing fractures,.
Therefore, the instant the tensile component of the
dynamic pulse falls below the dynamic tensile strength
of the medium, fracturing by this means will ceese,
From this pofnt onWwards the medium will act in an
elastic manner and sufficient energy will- have been
dissipated from the dynamic pulia for it now to exist

a3 an acoustic rather than a shock wave,

This wave will continue to decay to thooreticaj
zero at infinity unless it confronts én abrupt change

in medium or & free face where part or the whole of
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the pulse respectively will be reflected in }the
opposite component (as previously discussed),’ The
passage of the tensile tail of the radial component,
according to Kutter (1967), if sufficient may cause
minor deflectional growth of the fractures
perpendicular to their original paths, The effect of
the following shesr wave is minimal due to i{ts lower
strength {n comparison with the pressure pulse and
occurrence of any fracturing will be in the form of
fracture extension which will rapidly cease due to the
ratfo of maximum fracture propagation velocity and

shear wave velocity,

This extensjon (L) may be given by the follouing'

g

wherei \.= shear wave length

equationt
n=1®

L=X\>\SC,7+§

2 ¢,

X = fraction of shear wave length
above critical shear value
C,= maxi{mum fracture propagation velocity

C,3 shear wave velocity

Kutter (1967) divided the dynamic zone of
fracturing ito a 2one of dense radial fracturing and a

zone of less dense fracturing which were well defined
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in lYaboratory models in Plexiglas,

the fractures of the dense 2one are caused by

® He states that

tensile

hoop stresses associated with the compressional wave

exceeding the dynamic tensile

strength of the

material, and that many smal) fractures are infitiated

by the passage of this wave, These, however do not

have sufficient time for growth before the wave passes

on, for the reasons already given, These factures

eventually Join because of resicdual stresses at their

tips, which form rough surfaced fractures,

‘This is {n

agreement with obpservation of fracturing by Carrasco

and Saperstein (1977) and the euthor,

Kutter ascribes the fractures of

the - second 2zone

which are continuous fractures rather than a series of

smaller ones joined together and

are extensions of

individual factures from the first zone, to various

residual hoop and tangential stresses, However {t s

obvious to the author that these are in part produced

by quasi=static effects’ which the author admits is

virtually impossible to eradicate totally, even

vented half boreholes,

X A L X L0 0 02 B 2 2 L A4 & 2 X J
r,

obervations (Chapter Four),

7 The electro~hydraulic- effect used by
the dynami¢c component being created by
in water which however vapour{ses some
producing pressurised steam and thus @
component,

“ This is in agreement with the author’

using

8 results end

Kutter consists of
electric discharge
of the watar,
quasi=static
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The fraction of strain energy dissipated by the
shock wave during the fracturing process is estimated
to be approximately 1UX (Fogelson et,al,, 1959,

Langefors and Kihistrom, 1978, Pearson, 1980),

3.3 ROCK_ERACIURING.BY.ILE QUASI=SIALIC GAS_COMPONENI_QF
ENEBGYRELEASE !

3,3,1 Calculaticn.cf.the Quasi=static _Lampanant

After the passage of the dynamic component {nto the
rock, the products of detonation still remain {.e,
both gaseous and solid (smal) particles of explosive),.
Oue to the high temperature produced during
detonation, reactfon continues until a stable gaoebus
mixture 1is reached, The explosive gases rapidly fill
the borehole, applying 1{incressing oressure to the
borehole wall," Because of the relatively small time
perfod in which peak pressure is obtained, the process
can be assumed to be adiabatic in nature, Therefore
the peak quasi=static oas pressure may be simply
obtained {f one knows the gas volume after firing in

1/kg, the density of the explosive, the decoupling and
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the temperature of explosion, by the following
equations®

PE = Va.p(TE+273)/(293,D%)
where$ PE = peak gas pressure

Va resultant ges volume at S.T.P,

n

measured in 1/kg
p = density of explosive
TE = explosion tgmperature (degrees Centigrade)

D = decouoling ratio

Peak gas pressure, along with detonation velocity
and explosive temperature may also be calculated
directly from the ratios of chemical components using
the Pecus=Yevick equatfon of stete, An excellent
mathematically worked description of this is biven by
Edwards and Chafken (1974) which has proved to give

‘acceptably accurate results,

The ease with which the peak pressure of the
quasi=stetic gas component may be obtained is {n stark
contrast with the problems i{involved {in the direct
calculation of the dynamic component, which to the
best of the author’s knowledge s stil) under

fnvestigation,

® This equation {s a modified form of the equation found
in Section 5,1,3 and incorporates decoupling,
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3.3.2 Mechanisms.of.Quasi=static Eracturing

Once peak pressure is attained, the explosion gases
begin to escape from the borehole;‘resultinq in a fall
in pressure within the hole, This escape may be

_effected in two separate waysj firstly by the direct
escape of these gases by venting from the borehole
collar after displacing any top stemming that: may be
present end secondly by escape of the gases into the
explosively produced and natural fracturés uurrdund!nq
the borehole, Due to the relatively long length of
time in which the quasi=static gas component of energy
releese {s active on the rock immediately surrounding
the borehole <c¢ompared with that of the dynamic
component, due to the latter’s rapid radiat%on from
the hole (tens of miiliseconds compared with
micro;econds)' the quasiw=static component of energy
release i{s believed to ‘be the dominant factor

controlling the breskage of rock fn blasting,

Kutter (1967) showed in model blasting in Plexiglas
thst by statically pressurizing a dynamically
fractured hole, that existing electroehydrolically
induced aynamic. fractures could be extenced by a
factor {in excess of ten, Dally et.,al, (1975) tound

from exploding charges in thin perspex sheets that
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containing the charges produced cracks which were
larger by a factor of seven than those produced with
the charge vented, {.e, the quasi=static component of
energy release was responsible for fracture extension
six times the length of dynamic fracture {nitiation,
Further 1§t has been sﬁoun that by notching boreholes
and meximising the effect of the aquasi=static gas
component, fracture planes could be extended over a
considerable distance (fifty ¢times the borehole

diemeter = Dalley and Fourney, 1977).

It {s obvious therefore that the aquasiestatic
component of energy relesse {s the most important
factor controlling fracture extension, However the
dynamic component of energy release is responsible for

fracture initiation,

In model testing performed by Brost (1970) and

Schultz (1972), after detonation of the charge the

expanding gases were observed to enter the zone of
dynamic fracturing almost {instantaneocusly, These
fractures were then seen to extend, the gases
following but drooping further and further behind the
propagating fracture tips, Further evidence of the
penetration of the aquasiestatic component {nto the

tractures surounding the borehole is given in Chepter
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Eleven by the author,

It has been suggested by Russian {nvestigators
(Barenblatt, 1962 etc,) that during the process of
hydrofracture, fluid does not extend completely to the
end of the crack, (see Chapter Eleven), It (s
therefore obviously valid to sassume that the extension
of dynamic fracturing by the aquasiwstatic gas
component {8 by a mechanism exceedingly similar to

hydrofracture,

The processes {nvolved {n tﬁis can be best
explained by the use of the Energy Balance Concept
(Perkins and Krech, 1968), Original theory on
hydrofracture was based upon elastic behaviour at the
tracture tip., However according to the elastic
solution (Sneadon,1946)3

0 = =2,ercsin(rt/r) = 1

p T Lerrrt) =1
if & uniform pressure p {s applied within a fracture,
then tensile nfreasoo'approeching intfinity would be
created at ijts tip, Such a solution is of course
invalid as no knoin material ocould sustsin such
stresses and remain relatively intact, It is obvious
therefore that en elastic solution {s f{nvalid. The

partial elastic energy balence solution given by
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Perkins and Kretch is as follows:

Increasing ths pressure within a fracture will
result in an increase in the extent of the stress
altered reaion around the fracture (Figure 3.1),
maintaining the crack in e state of elastic stebility
up to a certain point, However {if this point is
fractionelly exceeded then the system will become
unstable and the crack will extend slightly in radius,
the stress altered region extending in unison to
effect a return to stability and thus curtailing
fracture extension, The differential work done 1in
extending the fracture is the product of the volume of
the fracture‘and the pressure 1ncremen§. The change
in the system’s energy 1is accounted for by two
different means, Firstiy, due to the pseudo=elastic
nature of the system, some of the energy will be
stored reQersib!v a8 elastic strain energy, Secondly,
energy 1s required to create extra fracture surface
area, and {s thus {irreversibly absorbed during the

change,

With this approach, the work done by the increase
in fluid pressure is equal to the total energy
accounted for by increaso in reversible elastic strain

energy and frreversible new fracture surface energy..
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ceflection including
non-ideal behaviour.

deflection assuming
linearly elastic behavior
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Fig.3.1.

Fracture with damaged region stresses in the
plane of the crack.
-after Perkins and Krech, 1968.
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The energy balance egquation (Perkins and Kretch, 1968)

{8 given below?

p-s 2
[p"] - | 775siv 17Ty
' 2
x 1+ i fr]arc-ca /- —2-s
2-5 | a2+ fr |
_raf
2(1-v9r,

where: £ = Young’s modulus

f = Fraction of tensile strength that cen be

sustained across the damaged region

°
i

pressure applied within a ¢rack
r 3 radius under consfderation

fracture radjus

-
]

total earth stress perpendicular to
the fracture plane

T = tensile strength of the rock

a = specific surface energy

v 2 Poisson’s ratio

o = stress in the plane of the crack

If p remains constant however the fracture can
theoretically extend to infinity, This enomaly s
accounted for by the drop in gas pressure within the
hole due to the escape of geses into the dense zone of

fracturing around the borehole wall, 1loss into
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prewexisting discontinuities cutting or running close
to the hole ana by venting through the coller of the
hole by displacement of any top stemming as alreedy
described, There will . therefore exist e critical
pressure below which fracturing will cease to

propagate,

If dynemic fracturing does not extend back to the
borehole wall and a ‘clear 2zone’ exists, then a
selection of these fractures will be induced to extend
pack to the borehole wall by tensile tangentisl hoop
stresses created during the pressur{fzation of the
borehole by the rise of the quasi=static ges

component,

The equations for both {nduced radial, tangential
and longitudinal stress around 8 pressurized
cylindrical opening (see Figure 3,2) with internal
pressure P are: | | |

g.= + P r2/R?
g, = P r?/R?
g =20

(assuming plane strain)
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Fig. 3.2.

Stresses at a point in the vicinity of a
pressurised cylindrical borehole .
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3.4  IHEQRY_QF MECHANISMS _QF ERACIURE BEIWEEN_MULTIELE
HQLES

As explained in the previous chapter, there are two
extreme views on the mechenisms of pree=splitting which
are totally opposed, These are the dynamic and
hydrofracture approaches, the two polarfzations of
thought both still being supported by various
researchers and practising engineers, Before the
actual mecﬁanisms proposed b; the author are given,

these extremes will be discussed,

344,41 Qxpapic.Apacaach.to Bra=aplit_flasting

Various authors (Aso, 1966, Larogue and Coates,
1972, Gritfin, 1973, Ratan and Dhar, 1976, Fries,
19 ) argue that pre=spjit }ractures are ceused solely
by the {nteraction of the dynamic components of energy

release from neighbouring boreholes,

Griffin (1973), stipulates that the pre=split
fracture i8 initiated at the midpoint between
boreholes by the ‘bouncing back® of the dynamic
compressive shock pulses in tension from one another,

By this theory the pre=split initiated at the cental



« 30 =

point between holes §i8 extended back to the holes by
the reflected tensile waves, This theory {s obviously
based on totally invalid assumptions and {s impossible
to sustain by using simple physical wave theory {in
which the addition of {nterfering waves occurs not

reflection}

An  alternative theory (Aso, 1966) s that
tangentifal tensile hoop stresses are created (section
3.242) &8 a direct result of the radial compressive
strain 1{induced by the radial compressive stress
component of the dynamic waQe and that the interaction
of these from neighbouring boreholes 1is responsible

for the creatjon of the pre=split,

Aso considers three separate ceses (see Figure 3.3)

in whichs

1. The rock strength i8 too great for the pre~split

hole sepgrations.
2, Optimum rock strength tor pre=splitting exists,

3, The rock strength is far Jower than the maximum

for pre=splitting,
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FRACTURE PATTERN

NV i
. | ‘““\\_ case I S
; .
§0.6-
0.4 //// N\ /,/}

,

Q
(W)

Maximum tangential tensile d
9 .
N

S
-

middle point Distance.

Fig.3.3.

Effect of rock strength on the superpcsition of
dynamic components from neighbouring boreholes
related to fracturing.

-After Aso(1966).
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In the first case, radial fracturing {s created by
the tangential tensile (hoop stress) component of the
dynamic  shock wave around the borehole but the
borehole separation is too great for the rock strength
to be overcome for fracture connection between holes,.
As soon as the maximum tangential tensile stress drops
below_ the dynamic tensile strength of the rock,
fracturing around ‘the borehole ceases, At the
midpoint ~ batween the holes the two dynamic waves meet
and interfere, resulting {in the addition of their
tensile components at that point, However their sum
is considerably less then the dynamic tensile strength

of the rock and no further fracturing occurs,

In case two however, the rock strength is just less
than the addition of the tensile components of the two
waves and fracturing is inftiated midway between the
holes, This fracture then extends back to the larger
radial fracture zones around the boreholes and a

pre=split {8 formed between the two holes,

In the third case, the rock strength s 8o low
compared with the cherging and borehole separation
that the tensile tangential component of the dynamic

wave from each borehole exceed the dynamic tensile
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strength of ¢the rock for a distance of over half the
borehole separation.. The {nftial radial fracture
zones around boreholes now interlock and excessive

damage to the rock around the boreholss is {incurred,

Th{s hypothesis totally rules out the possibility
of any contribution by the quasiestatic gas component
of eneryy release and relies on the assumption that
gas pressure build up within the hole {s purposely
reduced to a non=active level by the use of

decoupling,

However this can be proved not to be the case, as
the effect of decoupling (especially that of air = see
section 3.2.1) on explosive charges is to
significently reduce the peak dynamic component more

than that of the quasi=static gas component,

In addition, for maximum or field pre=split
“borehole separations, fracturing fs not {initjated at
the midpoint between boreholes (Nicholls and Duval,
1966, Carrasco and Saperstein, 1977) but .at or near
the borehole surface in agreement with the author’s

opservations (see Chapter Four),"
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3,442 Wuasi=atatic.Gas.Bressure.fperoagh

It is suggested by such authors as Porter and
Fairhurst (1971) and Jones (1978), that the role of
the dynamic shock wave is minimal in the pre=splitting
process, as the charges are specifically deQigned to
incorporate the use of decoupling which minimises the

dynamic component,

Such theories are based on the super=position of
static stress fields induced by the pressurization of
adjacent A boreholes, resulting in more favourable
fracture initiation conéitions at the borehole wall in

a directiqn along the pre=split line,

The mathematical argument by Jones (1978) (ammended
by the author) is as follows:
Ignoring the {nternal. pressure of a borehole, the
stresses at the surface of the borehole (assuming
plain strain along th§ axis of the borehole) will bes
0;= 0 +0,+2(0, =0, )Cos20 |
o, = 0
where: U.= tangential stress
Ug® radial stress
O = radiel angle measured clockwise trom O,

axis
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Therefore maximum tangentjal stresss
MAX

0, = 301-05 when B8 = 0 and T
and minfmum tangential stresss
MIN
g, = 30,-0, when 6 = T/2 and 37/2

It the pressure P within the hole is alowly {ncressed
then the conditions at fracture will be:

g, = 30,=0,«P, =1 at 6 = /2 and 37/2
wheres T is the tensile strength of the rock
It a neighbouring prassurised hole, also of internal
pressure P is the sole contributor of the external

stress field at the first hole then the equation for’

an {nternally pressurized thick=walled cylinder {s:

N X Sl X W 10 VU W
YRrRT 2 _ L2 2_ .2 2
r, n (f‘o rI)r-
-and

2 2 2.2
o AW - AN, (R -RIAD
T 2 2 (rl-r2) 2

I‘° I‘t I'o I‘I r

where: P, = the external stress

r, = the external radius of the cylinder
P, = the internal pressure
r, = the internal radius of the borehole
r = the radius of the point at which

the stress is to be found

O, = the resultant radius stress at a point
0, = the resultant tangential stress at a point

As the external radius of the thick cylinder 1s
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infinity and the external stress zero then this

resolves to:

2
g. = ¢+ PLZI

Then as ﬁ is positive O, is positive ana O, negative?
UR is 05 and UT is Uz
Thus preferential splitting occurs in the dirgction

directly between holes,

Theoretically the process is fdentical to
hydrofracture with a single pair of diametrically
opposed fractures being produced, Jones (1973) shows
fllustretions of this ‘in the field, However it is
extremely difficult to observe fractures that are not
open in rock without the use bf specialised techniqués
such es the use of fluorescent dyes, However in model
testing (Carrasco eand Saperstein, 1977 and Worsey
et,aler 1981) this hes been shown not to be the case
and in addition it is possible to find highly

frectured pre=split boreholes in the field,

The hypothesis’s main downfalls are: firstly there
is no room available for inclusion of the preceding

effect of the dynamic component of energy relesse and
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secondly its mechanics dictate that the presence of
pre=existing fractures within the borehole surface
would 1induce the boreholes to open along these
features prematurely, excluding the possibility of a
pre=split fracture, This is seen not to be the case
in the field where fractures intersecting boreholes at
between sixty to ninety degrees to the pre=split line

have not inguced fajlure to solit,

3.4.3 Cempbination_Acacscach.to the Mechanics. af
Bee=salitting

A combination of both the dynamic and quasi=static
components in the mechanics of pre=splitting was first
suggested by Kutter (1967) and other authoraytince
have also suggested this, However apart from work by
Carrasco and Saperstein, 1ittle ectual direct proof
has been given,” It 118 however the author’s deep
conviction that both components of explosive energy
release play important roles in the formation of a
pre=splfte The process may be briefly described as

followss

Fracturing around each borehole 1{in the pre=split

line s inftiated oy the tangential component of the
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dynemic wave of each shot hole produced on their
detonation, Short circular dense radial fracture
zones are created as these waves radiate away from the
holes of their origin (as already described in single

holes = see Sectfon 3,2),

Outside this radial fracture zone the tensile
dynamic wave peak drops below the dynamic tensile
strength of the medium and therefore is unable to
continue to create fractures although {t may cause the
extension of suftably orientated pre=existing
fractures, Such fractures are encountered as the
radially decaying waves from adjacent holes traverse
their neighbouring holes, resulting {n extension of
the fractures parallel to the compressive radial
component of the dynamic pulse and perpendicular to
its tensile tangential component {,e extension occurs
paralle]l to the 1ine of pree=split, However maximum
extension of these fractures will be a fraction of the
waves’ half uavolongth_agd will b; given by?

- xzﬁ[7 _ }[_f_]]
2 Cp Cp |
for fracture prooagation asgainst the direction

of dynamic wave travel and

1 = X2 3[7 4+ " [_g_;]n]

2 G
for fracture propagation with the direction

of dynamic wave travel,
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maximum length of fracture extension

where: |
x = fraction of tangential component above
critical tensile fracture extension stress
Nz wavelength of dynamic pulse
C; = maximum frecture velocity in medtuml
C,= acoustic velocity of mediunm
thus resulting in fracture zones around each borehole
of slightly ellipsoid form with longest axes paralle!

to the line of ore=split,

As the quasi=static gas component of energy release
builds ups, the explosion gases penetrate the fractures
surrounding the borehole, extending them and the
longest fractures becoming dominant at the expense of
the shorter ones, The super=position of stress fields
from nefghbouring boreholes creates conditions more
tavourable for crack propagation oparallel to the
pre=split line and conditions less favoureble
perpendicular to it, The direct result of this
phenomenon {s to favour growth of the radisl fracture
zZones around sach successive borehole fn an
intensifying elliptical shepe, with the longest

fractures propagating at the greatest rates,

nhen extending radial fractures from nefghbouring

boreholes {intersect, a through fracture botukan
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boreholes is created, On formation, the pres=split
plane opens, resulting in the venting of explosion
gases which reduces borehole pressure and crestes a
redistribution of the stress field around the
pre=split plane, such that fracturing perpendicular to

the pre=split plane s curtailed,

IHE_BOLE_QF _IHE.BRE=SPLII_PLANE_IN_SUASI_DAMAGE
EREVENLIQN

Seismic refraction studies (Swindells, 19351, bnd
Matheson and Swindell, 1981) on road contracts and
quarry feces in Scotland has shown that ordinary bulk
blasting wusing high explosives creates detectable
disturbed zones of up to eight metres into the final
face (see Figure 3,4) whereas pre=split faces show an
equivalent disturbance depth of -less than twenty

centimetres,

There are two main theories of how a pre-split
plane curtails or eliminates the damaging effect of
neighbouring bulk blasting from the final face, these
beings firstly reflection of the dynamic component
(Katsuyama et,al,, 1973 and Ratan and Dhar, 1976) and

secondly by venting of bulk gases into the pre=split



Fig.3.4.

Results of a bulk blast
at location 9.
Illustrating bulk blast
damage - C. Swindle
standing at the furthest
extent of open surface
fracturing some 4m +
from the face in the
foreground. (Pre-split
pannel along line of

stakes.)
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plane (Devine et,al,r 1965, Laraque and Coates, 1972,

Lutton, 1977),

3.5.1 Qupnamic_Reflectiaon _Iheory

Katsuyama et,al, (1973) have calculated by
computer finite element techniques, the minimum
separation of a pre=split fracture for complete
.dynamic reflection of & bulk blast to be 0,05 cm,
They also quote that {f multiple fractures rather than
8 single pre=split fracture are present then they need
only have a minimum separation of 0,025 cm each, To
the best of the author’s knowledge no actusl
measurements of the openness of pre=split planes have
been recorded and therefore it iuv not possible to
verify that such openings exist although their

presence under normal conditions s most likely,

However Devine et,al, (1965), Laroque and Coates
(1972) and Lutton (1977) have conclusively shown that
the presence of @ pre=split plane between 8
measurement point and a bulk charge does not
sfgnificantly reduce the magnitude of the bulk charge

dynamic wave,
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3,5.2 Yenting.ot Bulk.Gases lheory

The venting of bulk gases into the pre=split plane
is postulated to be the key to the aeffectiveness of
pre=splitting (Devine et.al., 1965, Jones, 1980),
This view is partly supported by the author, At
pre=split location number nine during bulk blasting
after a previously fired pre=split trial panel (shown
fn Figure 3.5), bulk gases or a displacement of air
and dust were seen to be emitfed from the pre=split
panel shortly after detonation of the bulk charge,
This event was fortunately recorded on video, the
éequonce being shown {in Figure 3,6, where by close
scanning down the series of photogrths these gases
can be seen to be exhumed from the bottom portion of

the pre=split plane nearest the bulk blast,

However the author feels that this alone is not the
simple solution of the argumeﬁt.‘ Firstly with the use
of pre=splitting the last row of bulk charged holes
are at least a minimum of two t§ three metres and
normally up to four metres away from the final face
compared to normal bulk blasting without
pre=splitting, The lest row of bulk holes are used to
only break rock to the pre=split face if designed

properly, It is therefore obvious that the pre=split



Flg 3 . 5 : Video recording of pre-split panel at
Location 9 showing sequence of detonation of

4 adjacent panels of 6 holes each (1-2-4-3).



Video recording sequence of bulk blast firing
adjacent to pre-split panel in Fig. 3.5 showing
gases venting from pre-split fracture. (mid-

right around line of pegs).
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plane has only approximately the last 50X of the deoth
of Qulk blast disturbance (the weakest zone of damage)
to contend with and contain, This fracturing would
have been created by quasfestatic fracture extensfon,
which supports the above view., However the effect of
the pree=split plane at this depth of bulk fracturing
fs thought by the author to allow opening of fractures
intersecting the pre~=split plane by the nature of {ts
low shear resistance (being fractionally open), Thus
the stresses at the blast fracture’s previous tip are
not transmitted to the opposing face and fracturing

therefore terminates,
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IESIING QF IHEQRY.GY MODEL _BLASIING

AlM3

In order to test the validation of individual
previous theories on the mechanisms {nvolved in
pre=splitting and to verify the author’s postulated
theories, & series of model tests incorporating the
use of axplosives were devised, The ultimate aim was
to derive the mechanism by which pre=splitting
functions and to evaluste the relatfonship between,
and comparative {mportances of gas pressure and

detonation waves in pre=splitting,

SEEARALLUN.QE.QYNAMIC AND _QUASI=3IALIC EEEECIS

In order to study the effect or relative
importances of either the dynamic or quasi=static
components 1in blast fracturing it s {importent to

firstly eliminate the other component,

Kutter (1967) claims to have separated the dynanmic

component by using spark discharge apparatus in water,
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However, fnducing such high energy effects in water §s
bound to cause quasie=static pressure to build up by
the vapourisation of some of the water to steam, which
is enhanced by the effect of water being relatively

incompressible,’

Apart from the complex apparatus and reserves
needed to produce such effects on the acale wused 1in
this experiment programme and also other praectical
problems, there {8 no physicsal means of matching the
dynamic effect of electric discharge to that of a
detoneated explosive within the same physical confines,
i.e, boreholes of between 5/16ths and 1/10th of an

{nch width and three inches in length,

It is therefore felt that Kutter’s experiments are

unrepresentative of normal model blasting,

At the other extreme Jones (1978) attempted to
isolate the quasi=static component by replacing it
with  hydraulic fracturing using pressurised oil.
Unfortunately this is a totally static type of loeding
and the fracturing which would normally be initiated
by the dynamic component in explosive fracturing s
not present, Subsequently his tests showed that

fracturing occurred along the easiest path, which was



- 58-

ysually baralle1~to the grain of the material he used

‘rather than along the pre=split line.

It therefore can be concluded from the choice of
available alternative techniques that: the only method
of comparing the dynamic and quasi=static components
in their independent roles of fracture initiation and
extension and to quantitatively compare their effects,
is to isolate each effect in testing incorporating the

use of high explosive meterial,

As the dynamic effect {is the first in order of
occurrence, it was decided that this should be the
effect to be 1{initially studied, As the dynami¢
component {s caused by the rapid detonation of the
explosive, it is therefore dependent on the detonation
wave which travels through the explosive, It {s also
dependent on the velocity of detonation of the
explosive compared with the seismic velocity of the
surrounding medjum fee, the' ralative accoustic
impedances for its shape (maximum peak and duration
which are 1Hver:ely related), (See Plewmen eand
Starfield (1965) and wWiebols and Cook (1965).) The
dynamic component is wholly fndepcndont of the

quasi=static component,
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The quasi-static component {8 dependent on the
confinement of the explpsive, thus eliminating
confinement will reduce the gas pressure to a minimal

amount {f not negating it completely,

4¢3 MAIERIAL_USEQ_IN.IESLING

The material chosen for use 1in testing was
Polyester resin, a transparent ‘plastic’, This
meterial wes chosen es it afforded flexibility in
block sfze and good optical <clarity at an economic
price, The material was purchased from Strand Glass
Plastics Ltd, and was of resin Type C, The methods
and materjals used §n the casting of the resin into
biocks, the curing and the assocfated problems

encountered are given in Appendix A,

4.4  MACHINING QE_BLOCKS

After cutting to size before explosive testing,
each block was subject to both top and bottom surfaces
being machined flat, Also any other faces which were

found to be substandard were machined by lathe,
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Turning by lathe was found to give both a good flat
finish and reasonable optical clarity, However, {f
the latter was Vnot Up to acceptable sfandardn a

further polishing with perspex polish was undertaken,

1

4,5 EXELOSIMES_USER_LN.IESIING

The main type of explosive used was PETN detonating
cord (Cordtex), Unfortunately ordinary commercially
avaflable Cordtex has a charge weight of fifty gratins
oer foot, so therefore a Jless powerful cord was

needed,

Initially an eleven grain per foot PETN cord was
experimented with, but agafin this was cons{dered too
powerful, Eventually four grain per foot PETN Low
Energy Detonating Cord (LEDC) was obtained through ICI

from Canada,

PETN Detonating Cord was used because PETN a8 an
explosive has the relatively unique property of its
detonation velocity being independent of charge
diameter, {ta detonation velocity being approximately

seven thousand metres per second,
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Unfortunately one disadvantage of using such @ th#n
explosive cord is that {t is prone to misfire due to
its Jlow mass, Usually in normal blasting practice {f
this type of cord is.gc be used béostora of higher
weight c¢ord are strapped on at epproximately half
metre intervals, During this phase' of blasting two
holes misfired out of ninety one using four grain per
foot cord. 1In both cases this was attributed to

non~initifation at the detonator,

The initfation of the LEDC was by electric
detonators numbers six and efght, the former being
used {n the majority of tests, the latter having been
purchased with the eleven grain cord and were only
used with the four grain LEDC when there were no

number 8i{x’s available,

Sinqle'strand four grain per foot PETN detonating
cord was wused in gll series (a),(b),y(c)s(d) and (e)
experiments, .

MEIHCD

Initiel experimentation was undertaken to determine

the optimum charge weights and dimensions of testing
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and to obtain a *feel’” for the materials used and

experiments to be undertaken,

It wes decided that before an attempf should be
made to unravel  the mechanisms involved in
pre=splittings the basics of fracture formation and
extensfon around single blast holes should be
investigated {n relation to the degree of explosjve

coupling,
These first series of tests comprised oft

1. A serfes of ten single hole experiments using
single strand cord, varying the borehole width
from 2,5 mm (0. 25 mm) to 1 in (1 in) to determine
the blast damage for a rance of decoupling ratios
(1 = 10) in 150 mm x 150 mm x 75 mm (6 x 6 x 3 in)

resin blocks,

2, A similar serfes of five single hole tests but
using half vented holes formed by sawing the
blocks in two, These tests were designed to
eliminate the quasiestatic gas component, thus
allowing investigation of the relation between Ehe

dynamic damage and decoupling ratio.
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The series (b) half vented holes were constructed
by drilling the required holes midedistance between
ends, near to the edges of half blocks and then
machining those edges down until only half of each
borehole remained in that face, the boreholes in each

gseries of tests being vertical,

The second series of experiments were pre=splitting
tests rather than single borhole tests and comprised

ofs

7 A series of twenty tests to determine the effect
of decoupling on the maximum borehole separation

for successful prewsplitting,

2e- An attempt to pre=split using the technfque in (b)
with single cord taped to 1/8th inch half holes
(as this theoretically gave maximum dynamic pulse,
being the minimum size of borehole used in serjes
(c) testing and afforded easy emplacement of the
detonating cord), 1{in order to examine the effect
of the dynamic component in d{solatien, (four

tests),
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For the - consruction of series (d)‘ experiments?
pairs of holes of the specified diameter were drilled
‘at specified spacings in blocks of resin, These were
then machined down perpendicular to the line of the

holes, from each end until two half holes remained,

The size of resin blocks generally used  in
experimentation were approximately three inches deep
by six inches wide, The block lengths varifed on the
fndividual test requirements, varying from a minimum
of three centimetres (series (d)) to a maximum of

forty six contimetrea'(soriea (e)),

. A final experiment (e) was performed to ascertain
the role of the {nteraction of stress waves, by
purposely excluding their interaction by delayed
detonstion of successive boreholes, the full theory
and calculations of which are displayed in Appendix C,
The test composed of three x 9,525 mm holes spaced at
38.1 mm <centre with 27 micro=seconds delay {ncrement
per hole which were made by adding increments of 19

cms of detonating ¢cord to successive holes,

A ful) list of test numbers for esach series may be
found fn Appendix D and test specificaations and

complete blasting records in Appendix E,
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Nave traps were used in all tests to significantly
reduce the tensile reflection of ‘the dynemic
compressive pulse back into the block and thus reduce
the effect of extra fracturing and fracture extension
due to the immedfate proximity of the free surfaces of
the resin block, A full description of the wave traps
and the associfated theory behind them is given in
Appendix B, The blocks with wave traps were placed in

constraints for blasting,
446,41 Copatraints
Constraints were necessary for three reasons?

1« To hold the wavetraps in positon,

2. To =stop the rocks disintegrating and scettering

over a wide areas,

3, To simulate normal ground conditions in

pre=splitting, 1.e, semieinfinite ground extent,

The constraints were manufactured of bers of mild

steel, there being two different typest=
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The first constraints to be made were for six {nch
cubes, However, the size of block was reduced to a

depth of three inches due tog -

1 Lack of availability of long series small dijameter

drills of sppropriate length,

2. Economic factors (increasing no, of blocks by a

factor of two),

3. Avaijlability of blocks due to casting time,

and therefore only one constraint was used per block,
The design of the constrafnt for serfes (a), (b) and

(d) §is shown §n Figure 4,1,

Due to the inflexibility of the first constraints a
further constraint was needed when {t became obvious
that larger blocks for series (c) experiments were
required, This constraint was fabricated of heavier
mild steel bar and bolt holes were drilled to order
for different size blocks, (see Fig, 4.2)e The torque
on the bolts was measured and wasa found to be
considerably 1less than ten ft 1bs, the minimum

calibration on the‘torque wrenches available,

'
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FIG. 41.

Small scale
constraints

FIG. 4.2.

H ’ Medium scale constraints.
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4,6,2 Geperal. Asseably

The wave traps and restraints were assembled as
shown in Figs, 64,3, 4,4 and 4,5 for test series
(a)+(c)+(e), (b) and (d) respectively, The blocks
were transported to the departmental garage where the
explosive. testing was undertaken, The garage
possessed the facility of a fiye foot deep concrete
lined pft which could be covered with purpose cut
railway sleepers, The explosive cord was then placed
in the holes, To prevent the cord from moving efither
through or out of the latter two precautions were

taken;

1« A piece of insulating tepe was used to seal‘the
bottoms of the holes to prevent ¢the cord from

protruding{

2. The c¢ord was secured at the top of each hole by
twisting insulating tape arbund the cord and then
securing the latter onto the top surface of the

block,

These two precautions were found to work exceedingly

/

weH.
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Assembly for series (a),(c) and (e) experiments.
X-section of charged block in restraints set

up for blasting.

Detonator ——e__

LEDC ——=—

Protective plate

= JIC

A

.

\ Block

Fig.4.4.

' — Restraint
,1 ——Hole
7 VT,
tape Wave Trap

Assembly for series (b) experiments-minus
protective plate and detonator.

Centrali DC —
Vo | g Y
T
Half ;, [ {
Hole

;fmf’

Centralising Tape

Restraints
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restraint bolt

. . -\ .' . '. .

explosive cord

\t

=4

restraint—=—

’ -
wave trap—Z— bgck

MMM AN ANNAN
OSSNSO

Fig. 4.5.

Assembly for series (d) experiments with
constraints and wave traps, ready for
blasting.

Top view.
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NeB o No attempt was made to centralize the
detonating cord in the hole except with the vented
single hole experiments as it was not considered
important, The results as discussed later appear to
support this assumption, In series (b) and (d) the
explosive cord was taped to the holes centrellyvuith

insulating tape as shown in Figure 4,4,

Equal lengths of detonating c¢ord were wused for
ordinary multiple holé experiments (except in series
(e) experiments) to ensure that detonation occured
simultaneously and congruently for each hole, the
lengths of cord variina>1rom six to fifteen inches

dependent on the separation of the boreholas,

The bottom three inches of the four grain LEDC
remained restrained within each hole, the excess being
fed through the appropriate drilled hole in a 1/16th
inch mild steel plate which was separated from the
resin block by small ‘wooden blocks, This plate was
designed to protect the Dblock from the electric
detonator which was taped to the free end of the LEDC
(NoeBe an earlier 1/32nd inch steel plate had to be
replaced very early on due to substantial detonator

shrapnel damage),



. 72 e

The bloﬁk was then placed on wooden chocks and the
rajlway sleepers replaced over the pit., At this stage
the detonation wires were attached to the detonator
leads extruding from the pit and a 9v battery was
brought to the site, The blast was subsequently

initiated from outside, with the garage doors ¢closed,

4,7 WEASUREMENI_DE_BLASI_DAMAGE_AND_ERACIURBING.

4.7+1 Letermination.af.fBlast._Dapage.Zone.

A considerable amount of work has been undertaken
in the past on the process of cracking in various
materfials around s borehole due to the detonation of
an explosive charge, Research has been carried out on
the relationship petween the radial length of cracks
and their frequency by Fennel, Plewman and Brown
(1967), (see Fig.4,6), However, alfhough thei{r
results show @ good hyperbolic relationship between
crack frequency and crack length, the preliminary
tests by the author in polyester resin displayed very
concentrated high blast damge zones which were

visually distinct, The damage caused by the explosive
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N=Number of cracks.
a=Borehole radius.
r =Distance from borehole.
1500 - Curve drawn for 0% decoupling
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Fig.4.6.

Relationship between the number of cracks and
the radial distance from the borehole. After-
Fennel, Plewman and Brown (1967).
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Qas found possible to be categorised into two readily

differentiable zonesg
1., A dense zone of closely spaced fractures,

2. A zone around the first 1in which {individual
fractures from the - former are preferentially

elongated, (see Fig, 4,7).

A Y mwn-&aaaunam&b&.ﬂmxi}caLiM_&u
| Use.al.the.Blaat_lamage.Zone

To assess the damage caused around each hole in
explosive testing some physical quantity which
afforded easy measurement was required, Seversl of
the parameters which were considered are discussed in

the followings

The first obvious parameter toc be considered was
the maximum crack length generated by the blast, This
could be easily messured from fts tip to the centre or
edge of the oorehole, However, being a single crack
from @ single Dborehole this suffers from relative

atatistical {nvalidity {f ft is to represent average



Fig.4.7.

Photograph

of fracturing around a detonated shot hole in

polyester resin, illustrating two distinct zones:
1.

2l

A circular dense zone of closely spaced fractures

A zone of less frequent extended fractures.




- 74 =

or even optimum ¢reck length (due to imperfections in
loading of the explosive cord and casting
fmperfections within the block etc.). To approech
this would necessitate the reproduction of each test
until a mean with an acceptable standard deviation was
obtained, The second failing with this approach 1{s
that for low decoupling values (usually below 2.5)
cracking on testing frequently reached the edge of the
block, rendering the maximum crack length

unobtainable,

The second parameter to be considered was the
length of the nth longest crack, The main problem
with this paramefar fs the selection of the velue of
Ne If n was too small then it would suffer from the
two above fatlings, but if n wa# too large , it would
become too difficult and painstaking to locate the
appropriate crack, Taking test 21 as an example,
fifteen of the cracks propogated to the edge of the
block in some form or other, Thus the correct value

of n to be used should be greater or equal to sixteen,

The third parameter to be considered and yltimately
chosen was the blast damage zone, The reasons for its

choice were as follows:
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1. Something that could be easily visually seen,

2. Because of the above, can be easily determined

(measured),’

3, Is not unidirectional (as a single crack)

therefore is more representative,.

4, One can take more than one reading on the radius
of the roughly circular 2zone combared with a
single crack and it is therefore more
stotisttcally. valid, (Eegs {f there is & weak
stress field set up by the restraints this might
cause elongation of cracks in a certain direction
and restrain other cracking perpendicular to {t,
(An ellfipsoid =zone can be reqarded as possessing
the same area as a circuler zone within certain

limits,))

The main oblJection to this method of measurement is
that a visual concept {8 not easily mathematically
defined and may therefore vary from one observer to
another, However, this should not {ncrease the
scatter of results if the measurements are taken by

the same observer,
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It thus Dpecame necessary to create a mathematical
definition for the blast dsmage zone, A  tinal
solution to the problem was found by taking the radius
in which a minimum of x fractures were bresent in an
arc of any one y degrees, (x and y were taken as 3

and 45 respectively,) Thus:

lhe crcadius af the hklaat damage 2902 fg2 apy
guadrant of 43 deacenss is dafinad as ths ;aunxh of the

3icd lopaeat vectical fracture that ia oresant 4o the
sane guadranta

Measurements of the longest and second longest

crack lengths were also taken,

448 RESULIS

448e1 sSepies.fal.bxasciments

The results from normal single hole tests
strikingly displayed the dependency of blast damage
extent on borehole diameter, (see Figure 4,8). Blast

damage was measured from both centre and edge of the.



Fig.4.8.

Series (a) test results for single varying hole diameters,

clearly illustrating the dependence of damage extent on
decoupling. Hole sizes increasing from 2.5mm (decoupling

factor 1) - top left to 25mm (decoupling factor 10) - bottom

right.
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borehole, but it was found that when measured from the
centre, fnitially blast demage rapialy dropped with
- {ncreasing borehole dismeter as should be expected,
but then levelled off and began to rise, (see Figure
4,9). Initially these results caused some
consternation but this was soon explained by the

followings

As borehole diameter fncreases, the cracks
emanating from the borehole become shorter, Above a
certain diameter the rate of decrease in crack length
becomes less than the rate of increase {n borehole
diameter eand thus the bla#t damage 2z0ne redius

increases,

However, when blast damage is measured from the
edge of the borehole then it fits a hyperbolic
relationship with borehole dismeter extremely well,
This {8 shown 1in Figures 4,10 and 4,11, In Figure
4,11 the values of both damege and borehole diameter
were plotted on logelog axes and a straight liée fit
was found to be highly satisfbctory with a very low
scatter of points, However this was found only to be
the second best statistical fit with a goodness of fit
of 94%, The best relationship only gave a 2% better

fit, the remeaining slight (hyperbolic) curve of the
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points in Figure 4.11 giving rise to the small
deviation, Thus {t seems that another fector is
affecting the relationship, From careful observations
it is concluded that this is due to the varfation in
borehole size rather than having a standard sized
borehole and altering the decoupling by wusing
different charge weights, thus this is entirely e
geometric effect, However frém the resylts it can be
seen that it is fairly insignificant within the
experimental limits and as the effect on the points
obtained {s only of .the order of experimental
variatfon it can therefore be ignored, (Without
specialist explosive loading facilities
experimentetion; cannot be wundertaken on the latter
effect for the lower range of borehole sizes, but 1is
theorectically possible with boreholes of a larger
diameter,)

Column 1 = Test Number

Column 2 = Borehole Diameter in mm

Column 3 = Decouprling

Column 4 = Av, Blast Damage Zone Radius (from centre)
Column 5 = Av, Blast Damage Zone Rediqa (from edge)
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7 476 1,97 19,75 17,74

8 6,35 2.63 18,60 15.70

9 796 3.29 16,30 12,32
10 Be73 3.62 14475 10,40
11 3.18 1.32 26,00 24,40
21 2454 1.05 32.20 30,90
22 3.97 1465 21,10 19410
23 12.70 S5.26 17,10 10.75
2h 1.1 4.60 17.60 12,00
23 15.88 6.58 17.45 9,451
26 19.05 790 17.40 7.90
27 25,40 10.52 20,40 7.70

Table 4.1, |
A full 1ist of blast damage values is gjven in

Table 4.1 and the graph of maximum

each 1individual

test against borehole

crack

length for

diameter is

given in Figure 4,12, showing a similar relationship,

4,8,2 Series_fbl.Bxgacimenis

Vented series (b) testing in which the quasi=static

component was removed, provided a very smal]l amount of

fracturing/damage

normal confined tests,

around the boreholes compared with

E.G. for 3.175 mm ho"'.
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A COMPLETE BOREHOLES

A-max crack length.

A O-damage zone extent.

HALF BOREHOLES

A
x-max crack length.
O -damage zone extent.
A
A
A
o)
A
o A
o3 A
O X
O o) o
a x ©O Q
O ] 0
| 4 ] ! I ¥ I 1 i 1 1
5 10’ 15

Borehole diameter mm.

Fig.4.24 and 12.

Comparisons of maximum fracture length and damage
zone extent between series (a)(complete borehole) and
series (b) (half borehole) tests.
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! { Damage Extent Volume |
L Vented { 12.25 mm { 150 samm,

L Normal 24.4 mm 595 sqmm/

Also, virtually no elongation of cracks from the
damege zone were observed, Those which were present
only measured up to approximately fifteen millimetres
fn length, whereas elongated cracks in normal confined
series (a) tests of the same borehole difameter (3,175
mm) normally exceeded 110 mm {n length with a few

exceeding 130 mm in length,

In these experiments the object was to eliminate Qa
far as possible the gas pressure produced 'by
detonation of an explosive in a confined space, thus
leaving only the detonatfon wave from the explosive
itself, Centralizing of the explosive in the half
boreholes by taping was found to give consistent
results, although the damage tended to be cgmulatfvo
from the direction of explosive cord detonation, (see
Figure 4,13), Again, an excellent hyperbolic
relatfonship was found between borehole diameter and
blast damage, (see Figure 4,14, values given in Table
4,2)s The most striking feature of these experiments,

as already describad, was that the blast damage extent



Fig.4 13.

Single vented hole series (b) test illustrating the cumulative

effect of the dynamic component of a line charge (initiation
from right to left) resulting in the extension of fracturing
created by previous elements of explosive (fracture extension

requiring less energy input than fracture creation).
q g gy P
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Plot of radius of dynamic fracture zone against borehole diameter
for series (b) tests (half-vented single boreholes ) .
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was vastly reduced, showing that although the
detonation wave causes the {nitial cracking the
majority of the fracturing is caused by the gas
oreésure.

Borehole Diameter

Column 1

Column 2 = Test Number

Column 3 = Av, Blast Damage Zone Kadius (from centre)
Column 4 = Av, Blast Damage Zone Radjus (from edge)

3,18 33 - 13,84 12.25

4,76 36 11.01 8,63

Te94 37 10,00 6,00

9463 46 10,53 5«75

12,70 47 10,85 4,50

Table 4,2,

The results of series (b) testing are also
displaved, on log=log axes, in Figure 4,15, The slope
of the log=log relationship is similar to that for
normal single boreholes and thus these results ére
considered to be valid, showing the same scale

relationship,
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4.8.3 Sepies_(cl.Exaeciments

In serijes (c) testing the borehole diameter was
found to be the pprimary factor controlling the maximum
successful pre=split separation, This feature is
exhibited quite markedly in Figure 4,16 where the
results show a distinct hyperbolic trend, When the
results are plotted on log=log axes a strafght
regression line may be fitted, (see Figure 4,17),
Although this regression is not perfect and a similar
trend ot results (in respect of oborehole size
variation) is obtained to series (a) results,
comparative accuracy {8 well within the 1imits of
experimental variation, The relationship derfved was

found to be of the form:

"

Y 2 A ¢+ (BxX)

where: Y log borehole diameter log(mm,)
X = log maximum separation log(mm,)
A 2 Y intercept = 2,57 log(mm,)

B = slope of regression (Y/X) 5 =(0,9

A higher amount of blast damage (although roughly
the same degree a2s in series (a) testing) compared
witn the maximum succesaful pre=split borehole
separation was found in the course of ser{es (c)

experimentation than was originally expegted, on
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Plot of borehole separation against diameter for series (c] experiments.
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reflection this is only to be expected as any minute
fracturing that is present around a borehole in poGk
“ill be "invisible, However when dealing with a
transperent medium only a few molecules thickness of
air s needed 1{nside a crack to produce an optical
reflective and refractive phenomenon which {s

distinctly obvious,

One possible explanation of this phenomenon {8 that
the material is highly conducive to brittle
fracturing, except that the material on inspection
tends to remain fairly intact, as with similar blast
holes in rock, and possess a residual strength,
Therefore the original expectations may have been

wrong and resylts obtained fair,

Approximately circuler blast damage zones tending
to & slight elliptical shape with the longest axis
parallel to the pree=split were Observed around each
hole in each test, suggesting an apparent effect of
fnteraction between successive boreholes in each
pre=spli{t test,” These were slightly Jless circular
then those ootafned in single hole testing (series

(al)).

Multiple splitting was seen between neighbouring
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boreholes, especially where the boreholes were {n
closer proximity, For each borehole diameter,
individual fractures from adgjacent boreholés were
observed to have met and coalesced approximately
midway between boreholes for separations up to and
including the maximum successful pre=split separation,
(see Figure 4,18), Also failures to split show no
fracturing to have been initijated midway between
boreholes but show all fracturing to orfiginste from

each borehole, (see Figure 4,19),

Examinations of the actual pre=split surfaces using
fracture morphological techniques show that in every
case fracturing was initiated at or near the surface
of each borehole, propogated outwards and met at a
point approximately mid=distance between pairs of
neighbouring boreholes, This ?eature is clearly shown

in Figure 4,20,

4.8, Series_(dl_Expaciments

Only three tests were carrfed out, a summary of the

results being included belows=

Test 343 Borehole Separation S5 ¢m = shattering



Fig.4.18.

Multiple hole simultaneous initiation series (c) splitting test
(near maximum successful pre-split borehole separation) clearly
illustrating that no fracturing is initiated middistance between
holes and that the origin of all fracturing is from the vicinity

of individual boreholes.



Fig.4.19.

Multiple hole simultaneous initiation series (c) test with
failure to split. Illustrating that there is no initiation
of fracturing midway between holes due to the interaction of

their dynamic components of energy release.



Fig. 4.20.

Photograph of pre-split produced in test 41 (series (c))
illustrating the direction of fracture propagation.

Note that fractures originating from adjacent boreholes
intersect and coalesce midway between holes, fracturing

is not seen to be initiated at this point.
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around holes, some resemblance of a pre=split, i.e,
fractures along pre=split line in middle, but are not
inter=connected or not of any significant area. Block

fairly intact therefore no definite pre=split,

'Test 38: Borehole separation &4 c¢cm =« apparent
cracking between bDoreholes but not completely through
block, Block remains intact therefore no pre=split

present,

Test 44t Horehole Separation 3 ¢cm = high shattering
and slabbing around holes, block not {n two pieces,
but cracks seen in backs of boreholes, UBlock flexes
around middle and will only teke moderate pressure to
break, Therefore only Just not split, (see Figure

".21).

As a successful preesplit was only Jjust not
obtained in Test 44 the maximum successful pre=split
was deemed just below @ borehole separation of three
centimetres, The photographic results of each series
(d) test are to be found in Figure 4,21, It can Dbe
seen 1in this preesplit testing with the dynamic
component isolated that some fracturing is initiated
midedistance Detween boreholes and extends outwards

along the line of pre=split towards the holes, This



Fig.4 . 21.

Series (d) experiments.
3, 4 and 5 cm.
Illustrating dynamic

fracturing between vented

pre-split holes.

- 10T -
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feature was most prolific {in Test 34 but did not
extend throughout the block, However this feature is
no greater in Yength than the fracturing around each

half borehole,

beBeS seriea_fel. Expecinenta

A 100X successful pre=split was obtafned with very
good breakage along the pre~split line, (see Fig. 4.22

and identical non=delay Fig, 4.,23,)

The maximum 100X successful pre=split separation
experimentally obtained was at a borehole separation

Of 50'8 mm.

4,8,6 (oabinatisn.gt.feaulis.icon.Secisanfalefbl and
Lol '

For the extent of blast damage around a single
borenole = series (a) = the hypervolic relationship
obtained was of the form of?

Y = A ¢ (BxX)
wheret Y = log blast damage zone extent log(mm)

X =2 Jog borehole diameter log(mm)



Fig.4.22.

Photograph of delay experiment - Test 15.

Fig.4 23.

Photograph of identical configuration simultaneous

initiation experiment - Test 13.
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Y intercept = 1,66 Tog(mm)

>
]

<
u

slope of regression = Y/X = =0,589

The smaller 2zone of blast damage obtained from
single vented hole testing = series (b) = was found to

give a simflar relationship, being described by the

equations
Y 2 A + (BxX)
wheres Y 2 log blast zone extent log(mm)
X 3 log borehole diameter log(mm)
A =Y intercept = 1,43 tog(mm)

B = slope of regression < Y/X % 40,702

As series (a) sxperiments contafned both dynamic
and quasi=static components whereas serjes (D)
experiments contained only the dynamic component, then
the extent of the damage z20ne created solely by
Quasi-static gas phase i8 thus}

Y = Yog " (AM+(B1%X)) = log ' (A2+(B2#X))

wheres A1l 1.66

B1

0,589
A2 = 1,43
le= -0.702

X 3 log borehole diameter



- 105 =

Y is in all cases greater than the extent of the
dynamic blast damage component, Thus the area ratib
is greater than three to one for blast damage caused
by the quasie=static effect compared to that caused by
the dynamic effect, As the blast damage creasted by
the detonation wave is small compared with the tota)
blast damege, the detonatfon wave {s therefore not
considered to be the major factor {n the fracturing

process around blast holes,

A comparison of maximum creck length and damage
2one extent for both series (a) and series (b)
experiments is given in Figure 4,24 where it can be
seen that the effect of the dynamic component {8 far
Jower than the combined effects and that the greater
extent of fracture propogation s caused by the

quasi=static component,

The blast demage 2zones and maximum crack lengths
tor series (c) experiments were generally seen to
stightly decrease for closer preesplit borehole
spscings end were at a maximum for individual holes =
series (e) = or where multiple holes = series (c) =
were above the maximum successful pre-=split spacing,
This effect {s postulated to be caused by premature

venting of gases into and redistribution of the stress
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field Around the pre=split fracture for closé borehole

separations,

When the two "maximym c¢crack lengths per single
borenole = series (a) = were plotted against the
maximum successful pre=split borehole separation =
series (¢) = a good straight 1line relationship was
obtained, the regression passing through the origin,
(see Figure 4,25), The slope of this‘ line was
approximately 0,5, This infers that maximum length

cracks are just able to join to form the preesplit at

the maximum successful pre=split borehole separation,

Thus fntuitively this would seem to infer thet there

is no or little quesi~static stress field interactioh.
However the points on the graph (Figure 4,25)
represent the length of the longest and second longest
fractures for each borehole diameter = series (a).
These fractures have a random angular orientation from
the borehole and therefore there must be quasiestatic
interaction between boreholes which atigns the longest
fractures with the pre=splfit axis or induces the
further propogetion of fractures orientated fn this

d{rection.

The plotting of blast damage zone extents = serfes

(a) = @against maximum successful pre=split borehole
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separations on log=log axes gives a straight line
relationship through the origin whiech {8 J{llustrated
in Figure 426, However, as this obtained
relationship is well below that for overlapping blest
damage zones (& straight line with a gradient of 0,5),
'then it can be astated that the fracture damage 2zone
has no ‘direct’ influence on the maximum successful

pre=split borehole separation,

4,9 CONCLUSIONS

The Pre=splitting effect {s predominantly produced
by the quasiestatic gas pressure component, but not
wholly for the previous reasons (interactive
quasi=static stress fields), as the maximum crack
lengths obtained for single holes are usually not
significantly less than half the maximum preesplit

separation for {dentical borehole diameters,
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4e9.2

The extent of the damage caused around & borehole
for a specified charge type and weight {s dependent on

the borehole diameter and thuys the decoupling,

be9e3

The s8ize of i{nitial damage 2zone caused by the
detonation wave i8 also depenadent on borehole diameter

and thus decoupling,

44944

As the | maximum preesplit separation in
experimentation for normal 3,175 mm holes is in the
order of over fifteen cm and the dynami¢ maximum only
less than three cm, then the dynamic component {s
definitely not the main contpributing factor {n the
normal pre=solitting process, Also as the extent of
damage zone caused by the detonation wave {s small
compared with that of the total damage zone (ceused by
the combination of both components) and the scale

factor between them i8s a great deal larger than root



- 111 =

twor, ft can be concluded that pre=splitting between
blast holes in normal field geometry is definitely not
produced by the 1{nteraction or superposition of

detonation waves,

44945

The absence of the interaction of detonation'woves
mideway between boreholes does not have a3 significant
effect on the maximum successfu) preesplit borehole

separation,

4,96

Examination of pre=split planes using frscture
morphology analysis showed no indication that
fracturing is inftiated midedistsnce between
boreholes, but proved conclusively that fracturing {8
initiated at each. borehole and that {ndependent
fractures from neighbouring boreholes extend outwards
and generally coalesce at irregular intervals between
the holes, |
The process of pre~splitting may then be described o8

followss
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4,9,7 Egrmaticn.af_a.Bre=split

On detonation of the explosive the detonation wave
travelling through the explosive column also tfavels
outwards and on transmission into the rock becomes the
dynamic component, As the tangential component of
this dynamic wave {s usually of greater magnitude than
the tensjle strength of the medium, it produces a
radial fracture zone around the borehole, However,
the process of fracturing the rock removes
considerable energy from the dynamic pulse and {t
rapidly decays until it is of a magnitude less than
that of the tensile ‘strength of the medium, Therefore
as 8 result, the extent of this radial fracture zone
{s small with relatively few fractures extending out
from this zone and none further than a few mm, due to

the consistency of the dynamic pulse,

At the same time the gas pressure in the borehole
is building up by the adiabatic expansion of the
gaseous products of detonation, The radfial cracks
already present are elongated until certain cracks
which are longer start to propagate at a much higher
raete and other cracking terminates, At this stege it
is possible that wedging action in the cracks by the

detonation gases predominates, At the same time the
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stress fifelds from neighbouring boreholes overlap and

cause a preferential line of split between boreholes,

This has two effects

1.

2.

Those elongating fractures orientated in suitable
directions are encouraged/assisted by this
pressure overlap to the detriment of those
orientated against the field, and the former

cracks then become dominant,

Existing fractures, not aligned with the stress
field have their direction of propogation altered
by the composite stresa field and tend to bend

towards the direction of pre=split,

Once the pree=split s complete, gas pressure {3

reduced and thus further fracture elongation

terminates,



- 114 =

'S NQN=GEQIECHNICAL._EAGIQRS. AEEECIING IHE_SUCCESS_QE
PBE=SR2LLILLING

5.1 EXELOSIVE_AYQ.BQUREHOLE_PARAMEIERS

56161 Eacengrd

Before describing the geotechnical factors
affecting the application of pre=split blasting to
rock slopes it is considered important that the major
non=geotechnical factors affecting the success of

praesplitting be stated and their effects described,

without proper understanding of the
non=geotechnical factors that may {nfluence the
success of a pre=split penel, {t i{s {nadvisable to
infer that the occurrence of any failure is due solely
to adverse geotechnical factors, For example the
loading, drilling and blasting at pre=spiit locations
three to eight {nclusive were carried out under
inadequate supervision and by unsuitably qualified

personnel, The low gqgueality of work undertaken {8
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plainly visible within the resulting faces ana has 1{n

certain cases played a major role in the fajlure of

pre=split faces,
geotechnical

important

to

although there are generally adverse

conditions prevailing. It is therefore

gain an understanding of the besic

‘non=geotechnical errors that may be made and thus gain

the abiljty

to

identify end correct these before

serfous permanent damage {8 1nitfated.

Se142

suyccessful

Bercebala.Seaacatian

As shown in the previous chapter, {f the maximum

pre=split borehole seaparation i3 exceeded

then a fajlure to preesplit will occur, resulting i{n

either underbreak or overbreak and excessive demage to

the final face,

of

dependent on the relative positioning

the bulk charge in relation to the pre=split line,.

For maximum successful pre=split borehole separation a

maximum depth of blast fracture damage from the

pre=split holes is incurred in the pre=split surface,

For

successive

a smaller depth

between

holes

integrity final

to

the

ealier

reductions of borehole separation both
of damege and a straighter fracture
is 1{nduced, giving cleaner, higher
faces, This effect is primarily due

connection of fracturing between the



- 116 =

pre=split boreholes, resulting in the venting .of
detonation gases whiCch csuses premature retardation of

fracture propagation,

5 ..'1 «3 Bacehale_dize

Smaller sfzed boreholes for a standard decoupling
possess a ‘'more restricted borehole separation range
than larger diameter boreholes, In Europe small
diameter boreholes of 100 mm down to 50 mm are used at
separations of up to ten times the borehole diameter
whereas the trend in America is to use large diameter
holes at larger borehole separations (Johnston, 1973),
Larger boreholes for the same decoupling ratio
generally imply a greater smount of back damege, thus
loosened rock and larger borehole separations, which
allow larger amplitudes of irregulerity in the final
face from the 1{intended line, although the overall
shape of ého faces may be the same, Therefore the
degree 'of underbreak and overbreak in the final face
will {ncrease with the use of larger boreholes with
their associfated larger sepsrations, However due to
the {ncreased separations, larger boreholes may be

drilled to greater depths due to the scale factor,
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Se1eb Explosive. lxas

There are two main clesses of explosive = high and
low = which refers to their detonation velocities

(Dick, 1968).

High explosives are classéd as explosives whose
detonation velocity is greater than their seismic
velocity, On  initifation the explosive material
decomposes at & very high rate and emits a high degree
of seismic energy 1in the form of a s8shock wave,
Typical commonly used high explosives are blasting
gelatines and dynamites which are now virtually phased

out,

In low explosives the rate of decompésitton is
slower than the seismic velocity and the explosive
tends to burn, all -be it at a high rate, rather than
detonate, This Tow rate of decomposition {s

technically termed deflagration,

High explosives tend to give high seismic impulses
to the rock on detonation whereas low explosives
impeart low seismic impulses when they deflagrate, Due
to the higher energy contained within the chemicel

matrix, high explosives also give higher o8s
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pressures, Low explosives were superceeded early in
this century by nitroglycerine, the base constituent
of all gelitines and dynamites, The replacement of
low explosives was mainly due to the higher breakage
power and far superior water and damp resistance of
high explosives, Low explosives are now no longer
used in commercial operations and their use is mainly

confined to the manufacture of fireworks,

The present concensus of opinion is that within the
high oxpldsivos group there are two extremes of
explosive properties, Firstly it is argued that there
are high dynamic = low quasiestatic (gas pressure)
explosives and secondly at the other extreme low
dynamic = high quasi=static explosives, This view is
partly supported within the explosive i{ndustry,
Aowever, {nformation on gas pressures and dynamic
values for individual explosive brands is not readily
availeble and that that is, is arrived at by obtuse

methods,

The technical information availeble from which the
dynamic and quasi=static components can be correctly
formulated is8 <« the volume of explosive gases at
SeTePer the explosion temperature, the velocity of

detonation and the density,



- 119 =

The explosion gas pressure for a confined charge is
as follows:
Taking:
Va = gas volume after firing at 20 C and
760 mm Hg pressure, water as vapour
(iee, at normal temperatures and
pressures) measured in litres/kg,
Te = éxplosion temperature calculated in
C (uncorrected for loss),
p = the density of the explosive,
As densijty & Mass
volume
fee, p 3 ME
vE
then the volume of an explosive
VE = ME
p
taking & unit mass of explosive thent
VE = r.»'1 (1) where V {s measured in litres,

Va as stated above {8 the volume of explosive gases

at atmospheric poressure at room temperature, Thus
using the combined gas equationt
Pi Vi = Ppr Vp where { = fnitfa)

Ti Tr . r s resultant

by

we can reconstitute the geses to the volume and
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temperature just after detonation and thus calculate
the confined pressure of the gases after detonation of
the explosive,

Taking:

normal temperatures and pressures to be initial

and explosion temperatures to be resultant then

Pi Va = PE VE

T TE (2)
taking the unit measure of pressure as 1 atmosphere

then va = PE VE

T TE
PE = Va Te
VE Ti (3)

Substituting for VE froﬁ (1) into (3)
PE =Va TE

Py
= V6 p TE

Ti

However the unit of temperature used in. the
combined gas equation i8 the Kelvin and both TE and Ti
(room temperature 20 C) are usually quoted in C.

PE = Va,p,(TE+273)
. (20+273) where TE is in C
PE = Va,p,(TE+273) '

293 ' (4)
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NeBse Zero degrees Centigrace is 273.15 degrees
Kelvin but the common approximation of 273 is used

here,

A table of the confined explosive gas pressures of
some E.C.P., explosives along with their velocities of

detonation may be found in Figure 5.1,

Explosive Explosive Pressure VeO,D4
Blasting Gelatine 170,634 A 6,000
Fortex 19,505 A 6,000
Plaster Gelatine 15,143 A 6,300
Gelamex No, 1 14,639 A 3,000 « 5,000

iGelamex 11,602 A 2,500 = 5,000
Quarrex ‘A’ 11,625 A 2,800 = 4,500
Guarrex 8,174 A 2,500 « 4,400
Ammospex 8,247 A 2,000 « 3,000

Figure 5,1

Table of Explosive Gas Pressures and Velocities

ot Detonation for Vartbua E.C.P, Explosives,

To obtain the gas pressure for any hole size the

following equation may be used?



- 122 =

PB = PE g’
Eﬁ
wheret PB is the borehole gas pressure
PE 18 the confinéd explosive gas pressure
d is the diemeter of the charge

D is the diameter of the borehole

A relative means of measurement of the confined
explosive gas Dpressure {8 the ballistic morter test,
In this test the explosive’s quasi=static component’s
ability to detflect a heavy steel mortar {s measured,
the dynamic component giving no discernable impetus to
the mortar, The balistic morter test is basically an
empirical test for comparing different explosives,
The abil{ty of standard weights of different
explosives to deflect the mortar is compared with that
of T.N.T. and the strength of the explosive {s
expressed as a percentage of the strength of T.N,T,,
In the past this strenath measurement of explosives
has been widely critisized by Dick (1968) and others,
However as the gas component of an explosive creates a
greater volume of fracturing ‘than the dynamic
component (in the absence of a free face in the
immediate proximity) then both we!qht strength
(strength % per unit wefght) and cartridge or bulk

strength (strength X per unit volume) iro extremely
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important explosive properties to be considared in the

choice of explosive,

The dynamic pulse, due to fts nature, {s difficult
to measure both directly or indirectly at a distance
due to {its rapid decay {in amplitude around the
borehole due to the leaching effect of rock breakage,
Howaver several approximate equations of detonation
pressure’ exist, the best of which is gfven by Dick
(1968), 1.e,

P = 4,18 x 1075C7 /(1 + 0.80P)
where: P = detonation pressure in kbar

P 3 spacific gravity

C = detonation velocity in fps

From the calculations given it is obvious that the
suppcosition of converse extremes of dynamic and
quasi=static components within the renge of
commercially available explosives i8s unfounded and
thus contrary to certain belief within this country,
the enerqy contained within the Qas component
increeses with increasing values of the dynamic

component,

(2 2 X X 2 X 2 2 X X X X R K X 3 N J

9 Detonation pressure, which fs & function of the
getonation velocity and density of the explosive, s a
measure of the pressure in the detonation wave,
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Thus it may be <concluded that when utilising
decoupling, approximately similar conditions may be
obtained by both wusing s standard charge of a lower
range strength high explosive or an accordingly

reduced charge of a high strength high explosive,

5¢1ed Charge. . Density

We can define charge density as the amount or
weight of explosive per unit volume or unit length of
borehole., As can be seen from Section 5,1.3,
explosive type {s an important factor in the selection
of charge density and dictates the relative amount of
explosive used, dependent on the explosive’s
*strength’, The level of charge density will (for o
single hole) dictate the degree of damage incurred
around that hole and for s line of holes, dictate the
relative maximum borehole separation for a successful
pre=split (isolating and keeping constant other

varfables),

An excessively high charge density will cause
crushing of the rock within the borehole walls and' an
excess of damaging fracturing around the borehole,

This will lead to a less intact final face with a zone
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of dramatic311§ weakened rock apparent, especially
around the boreholes. For maximum charge density
(i.es for bulk charge condftions) a disturbanpo zone
may result of up to eight m?tres depth (dependent on
rock conditions), with the opening up of new and
existing fractures, Thus {f stebility is marginal,
foe. the factor of safety is say between 1 and 1,2, a
weakening of the rock fabric may occur such that
failure in the final face will result by either plane,
wedge or toppling failure, The amoﬁnt of failure
produced both initislly and over a period of time may
be enormous, e,g. the Forth Road Bridge cuts,

(Swindells and Matheson, 1981),

On the other extreme, too low a charge density will
cause a failure to split between neighbouring
pre=split boreholes. This is evident on the west face
of pre=~split road cut number three where a relatively
jow charging of only single strand superflex (40g/m)

in 75 mm boreholes was used, (see Figure 5.2),

5.1.6 Qecouplina

Decoupling is the relative measure of the diameter

of the borehole to that of the charge, It can either



Fig. 5.2.

Photograph illustrating
line of pre-split
holes having failed

to produce a split

at Location 3 due to
ridiculously low
charging in strong

metamorphic rocks.
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be given as a direct ratio for line charges or as a

percentage measuring relative volumes for spaced

charges, The decoupling ratio for a line charge is:
De = D/d

and the decoupling percentage {8}

De = 02/d° for linear charges
and
De = (DZx(L+s)/Ca®xL)) x 100 %
for spaced charges
wheret Dc = decouonling
D = dismcter of borehole
= diamefer of explosive

d
L = length of certridge

s = spacing between cartridges

Decoupling is the inverse measure of coupling which
can be calculated from the tollowing formulal
C = d’xLx100/(D%(L+8))

where: C 3 couoling measured fn %

According to. the conclusions of work by Fogelson,
D’Andrea and Fisher (1965) "Both the amolitude and
duration of the dynemic pulse are significantly
decresased by increasing the decoupling®”, In Chapter
Four the effect of decoupling was conclusively shown

to decrease the magnitude of both dynamic and
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quasi=static components, thus reducing the amount of
damage to the rock around each borehole, By wusing
boreholes larger than the chosen charge, the dynamic
component {8 cushioned by the high fmpedanco mismatch
of explosive to eair and air to rock and the
quasiestatic gas pressure is lowered by the larger

volume of hole than explosive,

Due to both components being affected ;o the same
extent by the inverse square law in respect of their
magnitude at any particular distance from the charge,
and with the adaftional excess reduction of the
dynamic component related to impedance mismatches, the.
degree of decounliné present has a greater reducing
effect on the dynamic component than the auasiwstatic
component, Decoupling may therefore be considered to
be a means of preferentially reducing the magnitude of
the dynamic comoonent with respect to the gas

component,

CHABGING
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5.2.1 .Jlxpe.af_Exploaixa_ lrain lUsed

There are two types of explosive train tnat may be
employed in pre=splitting which ares firstly a
continuous uniform explosive column and secondly

spaced individual charges within the borehole,

Continuous charge {s availale from several
different explosive manufacturers, These charges
usually consist of either caraboard or plastic thin
cylindrical containers filled with explosive powder
usually of a nitroglycerine base, Successive
cont?iners or 'sticka'~mey be joined by either screw
threads or clios built into the ends of each charge,
These are usually taped to a ’cordtex’ downline which
ifs tncrementally lowered down the borehole thor each
stick has bean attached (upendina an assembled ten
metre plus explosive column and placing it down a

bbrehola being {moractical),

The reason for using continuous explosive columns
is that the explosive charge 1is uniformly spread
throughout the hole and therefore there {8 no
concentration of explosive, The Scandinavians have
gone one steo futher by centralizing the column by the

use of plastic ’fpathoro' to ensure that the charge
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does not contact the borehole surface and thus

theoretically cause extra damage at the contact,

Spaced individual charges wusually consist of
individual pierced charges of up to eight ounces tied
to @ single strand of “coratex’ at regular {intervals,
Alternatively the charges can be taped to the
*cordtex’ downline. This technique of spreading the
charge weioht throughout the borehole was the first
loading technique to be adopted 1in pre=splitting as
continuous charges were not oriainallvvavaiiable.‘ The
advantages of spaced charging are twofolds firstly it
is less expensive, more commonly used and more readily
avajlable (eight ounce sticks of explosive may be
used) and secondly the charge density may be easily
altered by changing ¢the charge separation without
having to change the type or diameter of the explosive

charge used,

However some would argue that the irregularity of
charge density throughout' the borehole may cause
individual areas of excess damage corresponding to the
positions of the individual charges, but this is not
verified from observations made by the uuthér. Also,
there being no opractical means of centralizing the

charges within each poraholeo the fracturing from esch
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charge would tend to be wunidirectional rather than
unjform it that charge was in contact with the rock of

the borehole wall,

In contradiction, the results of field observations
indicete that this {is not the case and no visible
areas of excessive br preferential fracturing were
discovered in final pre=split faces produced using the
latter technique except the i{ndividual zones of
excessive closely spaced fracturing associated with
the use and positioning of base charges, Fennel
et.al, (1966) also found "No difference between
stringing cartridges and having a continuous charge”
from observations of experimental work underground {in

South Africa.

Apart from the need for proper aisemblyp the only
detrimental fector which was discovered from field
observations when using spaced charging was that it s
possible for the bottom charge to lodge fast in the
hole prematurely above the béttom. on charging,
causing the base charge to create an excess of damage
in the final face (locations one and five), This
error {8 not easily noticeable due to the weight of
the train when Jlowering it down a hole, It s

therefore recommended that with non rigid explosive,
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single or multicord charging, care must be taken that
the correct length of cord 1{s measured and marked
pbefore chargina the hole rather than just lowering the
explosive train into the hole until the weight of the
base charqe 1is released, Incomplete full depth
losding of boreholes was obvious at pre=split
localities one to eight i{nclusive, being most
prevalent at cutting number one., Figure 5,3 clearly
shows the excessive damage (crushed) zone at the
positioning of the base charge far above the base of

the hole,

5.2.2 Qetonatian

There are two types of detonation commercially
available, These are by detonator or by ‘cordtex’
trunkline, For a column pre=split charge, as the
VeDoeDe of “cordtex’ is normally far in excess of that
of the pre=split charge then the detonation can be
thought of as axial, Wilbur et,al, (1965) have shown
thet exial detonation produces a slightly higher
magnitude but a shorter duration dynamic pulse for a
single column charge, i.e, the same energy is released
in a shorter time by axial detonation, However due to

the relatively low importance of the dynamic component



Fig.5.3.

Photograph displaying crushed zone of rock (around 7 x 8 cm compas)

in pre-split face at location 1 created by incorrectly located

base charge. This has been attributed to incomplete full depth

loading of pre-split holes resulting from poor charging

practice.



- 134 =

compared to the gas component (in the absence of a
free face) there §3 no significant difference in the

end results obtained from the two methods,

For absolute accuracy in the . simulteneoua
detonation of a line of charges in preesplitting the
proper use of ’cordtex’ trunklining is far superfor in
accuracv‘ than that which c¢asn be obtained using
commercial detonators (0,8 to 2 milliseconds spread
according to Bergmann et,al., (1977)) for the firing
of each hole, However the successful use of single
zero delay detonators for the detonation of individual
holes in pre=splitting has been reported by Paine
et.al, (1961), vLutton (1977) and Langefors and
Kihlstrom (1978) and was also observed by the author
at location nine,. This is not a surprising result as
it has already been conclusively proven {n Chapter
Four that the absence of fhe superposition of the
dynamic components from neighbouring boreholes {n a
pre=split panel has no significant effect on either
the integrity, smoothness or maximum borehole

separation for a successfu) split;

The advanteges of using ‘cordtex® trunklining
rather than zero dqelay detonators are as follows,

Firstly as 1long as oproper attention is paid to the
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linkage of individual downtrains to the trunkline end
it is performed in an approved manner then the
likelihood of individuel hole misfire is gqreatly
reduced, If a misfire occurs it will most probably be
located at the trunkiine’s {nitial detonator which
will only cause detrimental effects {f the pre=split
and bulk charges are fired in the same Dblast,
Secondly the chance of acciﬁontal detonation of any
remaining misfired charges during mucking out will be
dramatically reduced due . to the absence of {ntact

datonators within the charge,

However the main di{sadvantage of using “cordtex’
trunklining is fts assocfated high airblast, making
ifts use f{nadvisable in or near ’built up’ areas on

environmental grounds,

The preesplit charge should be fired at a minfmum
of fifty milliseconds before any mafn bulk charge"
within ten to fifteen metres of the pre=split,
According to Matheson end Swindells (1981), from
seismic refraction survey results, thé zZone of
explosive fracturing around a standard 100 mm bulk
hole may extend for up to eight metres depending on

the rock conditions. Firing of the pre=split -at or

after the inftiation of the bulk blast may result in
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Vthe damage created by the latter extending acrosé the
line of opreesplit and thus lowering the inteqgrity of
the final fasce and thereby negating the reason for
using opre=splitting in the first place, This is
suspected to have occurred on some sections within
localities one to eight (Jones, 1980), the pProof

however was never substantiated,

The recommended method of firing is well in advance
(time wise) = up to a couple of days or more prior .to
the initiation of the bulk blast = to avoid any

problems associated with a misfire,

5.2.3 Base.Charges

It hes become standard practice to use base charges
to ensure that no toe is left on the final face (Paine
et,al,, 1961, Jones, 1980 etc.). Base charges of 0,5
to 1.0 kfilo are normally used in holes up to 100 mm in

diameter,

Their effect is to fracture the ground surrounding
their placement at the base of the borehole in excess
of that normally produced by the ore=split charge

density,
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However {f it is necessary to produce the final
. face by more than one ljft without extensive benching
then the presence of shattered zones in the final face
is not desired and therefore the use of base charges

should be excluded in pre=split design,

The alternative is to subdrill below gqarade by
approximately 0e5 to 15 times the borohol&
separation, The standard pre=split charge density s
used throughout (except for the collgr of the hole),
This techniaue may be extended if a rock trap 1is
required at the bottom of the face, as & clean
fracture is provided to break to using ‘trenching’
charges which again reduces the risk of unnecessarily
undercutting the toe of the face and the associated
extre initial cost would reduce the total costs {n the

long run,

The main disedvantage of using subdrilling however
is fte higher 1initial cbst compared with base
charging, in that the drilling is normally much more
expensive than the explosive to be contafned within

the hole,
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5e2eb Steamina

Stemming can be used in two ways; fistly to help
couple the charge better in the hole and secondly to
cep the hole in order to help contain the charge and
thus bring about a more efficient use of the
explosive, Stemming can be of three types = sand,
aggregate (e.g., hydrostone) or drilling chippings end

aqust,

For full length stemming Fogelson, D’Andrea and
Fischer (1965) have conclusively proved that the
Qmolituda and duration of the dynamic pulse are }ittle
affected by the bpresence or type of stemming, Thus
the only major effect stemming has is° to effectively
decrease the volume of the hole and thus more greatly
confine and subsequently increase the magnitude of the

quasi=static component,'°

It can therefore be concluded that stemming may be
used combined with reduced charge density in areas
where a reduced vibration Jlevel is required or to
increase borehole diameter and thus borehole spacing

without altering the quasi=static cbmponent and thus

1% Maximum coupling by the use of the listed types of
stemming cannot be achieved in practice due to the air

voids between particles within the stemming even {f it is

compacted,
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provide greater economy, There is no major
discernable difference {in result from the use of
different types of stemming, However for hole
capoing, fine material should be used to reduce the
hazard from the projection of coarse particles,.
Drilling ‘*chipoings’ are 1{deal for this purpose and
also do not add extra cost to the work, A capping of
twice the borehole separation is generally accepted in

standard practice (Teller,1972¢c).,

5.3 LRILLING_ACCURACY

5¢3.1 tocehole bavautfMacking Qut)

To ensure optimum accuracy in the position of @
borehole throughout its length and the maximum
sccuracy of face positioning, extra care should be
taken during the marking out of the borehole line,
especially in the marking out of each 1{individual

borehole,

For uniform face alignment, the %ise and fsll of

the surface should be taken into consideration and the
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surface positioning of each hole should be back
calculated from; the specified positioning of the toe
of the' face or benchy the intended face/bench .
inclination  plus orientation and the specified

borehole separation,

As can be seen in Figure 5,43 the 1ine of the holes
has to be brought back for an increase in surface
elevation, If this is not done then a “bulge’” in the
final face will result and the pre=split may even
cross the first row of bulk holes, causing damege to

the face,

5.3.2 Qeilling.Blatfocn.RBigidity

To minimise borehole wander during arilling it is
important that the dril) rig remains stationary and
does not move position.or orfentation, For this to be
feasible the drilling rig must be seated on solid
ground, It is therefore recommended that all
superficial material is removed down to solfd bedrock
before marking out, The removal of superficial
material also greatly reduces the risk of losing an
individual hole due to collapse and blockage,

Insufficient removal of this type of material was
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Effect of rise and fall in topography on the
positioning of boreholes and panel layout.

bagse line.
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observed by the author at site nine where numerous
holes had to be redrilled due to poor alignment caused
by drilling movement., Similar observations were made

by Jones (1978) at s{tes three and four,

Positioning on a flat surface also reduces drilling
lateral movement and drilling from a flat, solid bench
allows an increase in acccuracy of the alignment of

the drill rigs,’

5.3.3 Drill.Alignmeot.and Eage_Height

Accurate drill alignment is essential for the best
pre=split results, Accurate hole poasitioning ensures
constant borehole separation at any height along the
lengths of parallel neighbouring holes and thus good
results should normally be obtained, If however holes
diverge, then a failure to produce a clean split will
occur below where the separation exceeds the maximum

successful ore~split borehole separation,

Inaccuracies 1in drill alignment may occur in two
ways} firstly by error in drill rod dip and secondly
by error in azimuth (i.e., Yining up). Sevaral methods

of aligning and checking the alianment of drill bits
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prior to the commchement of drilling are available
and include = set sauares, T bar plus inclinometer and
‘the DOrill Orientation Device (D,Cl.D.) (Matheson,
1979b), of which the latter i8 the most accurate, The
dip accuracy of the borehole after drilling may be
ascertained by ‘torching® the hole by lowering an
electric torch attached to a line down the hole and
then “sighting’ it with an optical i{nclinometer,
However the only method of accurately measuring both
its azimuth and dio is by using the D,0,D, externally
on a straight two metre plus length of aluminfum

scaffolding tubpe,

The effect of decreasing accuracy in borehole dip
is given in Figure 5,5, However borehole deviation {s
not the only factor that influences the distance of
deviation of the borehole toe auav‘from the face in
the horizontal plane, | The actual {ntended borehole
inclination also has an increesing effect away from
the vertical as is shown ifn Figure 5,6 for a practical

borehole inclination range of 90 down to 50 degrees,

Inaccuracies in azimuth have two similar effects to
{naccuracies in dips in that firstly and more
importantly azimuth deviation may {ncrease or decrease

borehole separation between pairs of neighbouring
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boreholes and secondly it will cause irregularity in
the line of borehole toes, However experience has
shown that it 1is much more difficult to obtain a
certain azimuth accurecy than for the corresponding

dip accuracy,

Field .observotions made by the author conclusively
prove that borehole accuracy has a pronounced effect
on the final face profile. For example at site ten
accurate and consistant drilling as can be seen from
Figure 5,7 was noted with only azimuth deviation
between panels with correspondingly qood results,
However at the right hand end of the second bench
(from frontal view = see Appendix F) an extrohely bad
section of face occurs, Here the drilling was
observed to be highly erratic in nature for & couple
of panel lengths (approximately ten holes per pannel)
as is fllustrated in Figure 5,8, There was no reason
to believe that it was due to any other‘reason other
than inaccurate drilling as the pre=split was located
in rock which occurred 1{in both the bench below end

othe panels in the same bench,
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5304 Bgorehale_dander

The occufrence of borehole wander as shown in
Figure 5,9 was present at many of the sites visited,
being mainly confined to high faces, Borehole wander
cayses the misplacement of the borehole bottom and
thus has the same effects as drilling f{naccuracies,
There are thought to be four main contributing factore
to the degree of borehole wander which are ljsted {n

the author’s order of importance, These are;
1« Face height

2. Drill bit thrust

3. bLrill rig type

4, Geological factors

1 Face height was deemed the most important because
as soon a8 a borehole was seen to start to deviate
along its trace a rapid {ncrease in ’bending’ was
always observed, It {s therefore possible to
minimise borehole wander by choosing the minimum
optimum face height for which the effect s

nonedetrimental, Borehole deviation was seen to
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Fig.5.9.

Excessive borehole curvature resulting from excessive drilling

thrust with drifter rig. (75mm hole)
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be acceptable for faces not exceeding ten to
fifteen metres in height for 61‘ types of drill

rige

DrilVing thrust is deemed the secondmost important
factor in borehole wander as excessive thrust
leads to bowing of the drilling steel (Teller,
1972¢). Borehole deviation (curved boreholes) due
to excessive drilling thrust Jloading is easily
identified in the field by the random nature of
deviation direction, It is easily differentiated
from borehole deviation due to geological factors
as such deviations tend to ‘bend’ in the same
direction, Deviations exceeding.ten degrees are
common at Jlocations three, four, five and seven
where blunt drill steels and excessive pressures

were allegedly used (Jones, 1980),

The pormal tyce drifter rotary acfion rigs are
commonly susceptible to drill steel flexure as the
diameter of the drilling steel is normally far
less than borehole diameter, Without the use of
stabilisers excessive drill) bit wander may occur,
Down the hole hammer rigs possess larger diameter
({n respect to hole diameter), hollow drill steel

which 18 less flexible than used by drifter rigs
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and due to the hammer action at the base of the
hole the éveraqe compressive force on the dri)l

steel is less,

It the drill bit 1is {incident against resistant
lamination of bedaing dipping steeply across the
path of the drill bit or if the drill bit
encounters a plane of weaker resistance such as a
slightly open and weathered major joint then
deflection may occur, resuliting in deviation along
this feature, Examples of this were observed at
sites three, four and seven, Further pivotal
changes in direction of the drilling bit may be
inducea by the penetration of alternating hard and
soft layers (Trudinger, 1973 and PritchardeDavies,
1970). As the drill bit penetrates obliquely
through a band of soft rock to a band of hard
rock, pivoting of the drill bit occurs in the weak
rock, (see Figure 5,10a), However the opposite
effect (see Figure 5,10b) occurs when drilling
through hard rock into soft. rock and 1is of o
smaller magnitude due to the drfll pit being
partial}v restrained by the harder rock. Thus the
deviations do not cancel out and hence the overall
deviation in a foliated rock with numerous

alternating bands of hard end soft rock tends
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Fig. 5.10 a & b.

Possible mechanisms for deviation of drill
holes - after Trudinger(1973).
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towarads the normal to the folfation, This latter
effect was observed in the high portion of the
successful pre=split face at location nine,
Borehole deviation produced by geological rock
foliation can be easily identified and separated
from bad drilling practice as the deviations tend
to be uniform and the boreholes remain roughly
parallel whereas for the latter random deviations

are the rule,

503545 &aawngmcn:.-ni-thn.ﬁiis‘n&.ni.nulling.macnucanun
Qa.a.Bcoezaplit

To quantify the effect of drilling fnaccuracies on
the resulting slope profile it is essential that the
fece chosen possesses & qood splitting {index
(Matheson, 1979a) end thus traces of boreholes
(half=barrels) in order to obtafn the required
results, In addition e spread 1in borehole bottom
positioning accuracy is required, For these two
reasons a reletively successful pre=split with a high
face is required and accordingly the preesplit face at

location nine was chosen,
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Wwith  the use of scaffolding bars erected against
the face and with the aid of measuring tapes, profiles
of the rock‘face\betueen neighbouring hole traces in
the face were recorded and are displayed in Appendix

G,

The areas of overbreak and underbreak from ad)jacent
pairs of holes were then measured {in the horizontal
plane from the reconstuctions, The resulting values
. of wunderbreak and overbreak messured {n  square
centimetres were then plotted against their delimiting
borehole separations in metres (Figure 5,112 and

5.11b) and their summation can pe seen in Figure 5,12,

Although there i3 a fairly wide spread of points on
both Figures 5,11a and 5,11b, the overall trend for
greater overbreak and underbreak for increasing
borehole separations is apparent, These results also
show quite markedly that there {8 no damaging effect
caused by boreholes wandering too close together,  On
the contrary (and contrary to popular belief)
overbreak snd underbresk rapidly decrease below the
standard borehole separation (for location nine 100 mm
holes charged with Trimobel & were spaced ot 1 m
centres), In addition no evidence of excess damage

due to the higher charge concentration is apperent in
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Fig. 5.12 .

Plot of Net breakage between individual boreholes
against borehole separation.

Illustrating fairly clean profiles for up to a
borehole separation of ~1-2m. above which major
irregularities may occur. Underbreak being more
predominant than overbreak.

Field measurements from pre-split location no.9.
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any of the iocations examined and these reduced
borehole separations in fact give the imoression of
reduced damage,’ This observation may be exolajned as

followss

Due to their reduced separation the boreholes may
be linked earlier by the pre=split fracture and thus
the stress situation will be altered {in their
immeadiate vicinity earlier, this causing the
premature termination of propagation of radial
fractures perpendicular to the preesplit 1line, thus
reducing dJdamage to the intended face and producing a

stratghter split between boreholes,

From Figure 5,12 (the total breakage against
borehole separation) {t cen be seen that although
overbreak is predominant below & borehole spacing of
1.4 m, above this value underbreak {s prevalent
generally = resulting in large toes, The spread of
values of b}oakaqe can be seen to fan out with
fncreasing borehole separation in the shape of a

wedge,

The spread of results in each of the three granhs
represents the geotechnical i{influences st location

nine which were predominantly the presence of minor
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Jointing sub=parallel to the face, which in certain
cases the breakage to which has reduced both
underbreak and overbreak and {n other cases has
marginally increased overbreak by the fracturing to

jointing Just behind the line of the final face,

EROXIMITIY _OF _BULK.CHARGE

The separation of the pre-opliﬁ banel from the bulk
charge at all points is essentiel for a successful
final face to be achjeved on completion of mucking out
after blasting, The bulk charge should be close
enough to the pre=~split Jline to oproduce adequate
breakage of the {ntermediate ground but should be
seoar@ted from that line to give sutficient protection

to the final face from the power of the bulk blast,

If an inclined pre=split o&nel is used then care
should be taken to ensure that the toe of the last
line of bulk holes does not infringe within the
minimum acceptable limits of separation, (see Fioure
5.13a), If necessary these bulk holes should be
inclined at the same inclination and azimuth as the
pre=split boroﬁolaa (Figure 5,13b) or snort bulk holes

should be drilled in between the bulk and prewsplit
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Fig. 513 a,b&c.

Diagram of different bulk blasting techniques
and borehole configurations for use with
pre-splitting.
p =pre-split line,
b =bulk holes,
-t ='pop’ holes.
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holes in order to ensure breakage of the intermedjate

top wedge of rock (Figure 5,13¢).

For surface operations the minimum distance between
pre=split and bulk blast holes recommended by the
author {8 two metres or twice the pressplit borehole
separation (which ever is the greatest) and the
max{imum distance {3 half the optimum bulk hole
separation, If the bulk charge is larage then the
maximum separation should be used and also a reduction
in charge density (kg per m or 1b per ft) of the last
row should be considered {n order to protect the fina)l

face,

Another important consideration {8 the accuracy in
the drilling of the bulk charge holes and particuler
care should be taken in the drilling of the last row
pbefore the opre=split panel anag holes should not be
charged {f they come within two metres of the final

face,

Bulk holes have been observed to c¢cross the
pre=split panels at location two to efght {nclusive by
Talbot (1977), Jones (1978) end Metheson (1980) where
the accurscy of bulk hole alignment was low, creesting

extenaive zones of damage within the finsl faces and
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negating the effect of the pre=splitting. Misfired
bulk holes were discovered in the final face still
full of pink ANFO prill by Jones (1978) at locations
three and four and intact bulk holes which presumably

had misfired were also discovered by the author,

The objective of using the pre-splitting technique
is té create a relatively undisturbed stable clean
face of planar nature rather than a highly disturbed
uneven unstable bulk face, therefore any pre=splitting
should be carefuly designed with that of the bulk

blasting and not as totally separate {ssues,
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The most striking result obtained from the work
undertaken {in understanding the mechanisms involved in
pre=splitting is the amount of frecturing and its
extent around the borehole compsred with the maximum
pre=split separation, This effect is not expected or
explained by trying to describe the mechanism involved
by either dynamic stress wave interaction or by

hydrofracture alone,

The resolution in two dimensions of the resultant
pattern of fracturing that is obtained by splitting in
polyester resin, 18 that of marginally overlapping
approximately elliptical zones of fracturing, with the
largest axis of fracturing parallel to and {in line

with the axis of the pre=split, (see Figure 6,1)

It one were to assume the mechanisms which are
involved in pre=splitting as those which have been
previously given as correct, then the zone of

fracturing around each borehole {in e simultaneously
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Pre-split line

FIG. 6.1. ..
Inter-fingering of elliptical fracture
Zones.

borehole / v

fracture
Zone

FIG.6.2.

Expanding fracture zone around

borehole with first fracture to
breach discontinuity opening.
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detonated preesplit line will originate as a circle,
and then gradually assume an ellfptical form as {t
expanas, the rate of change in ratio of the lengths of
the axes of the ellipse increasing slowly with the

area of the 20ne,

Now consider the presence of a single discontinuity
at an angle alpha to the opre=split line, and a
distence of x from the borehole concerned, (see Figure
6.2) 4 The first fracture within the expanding
elliptical zone to breach the discontinuity will cause
slight shearing mot{on a!ong the discontinuity,
"assuming that it hss no considerable shear strength,
which may be caused by high cohesion or high shear
strength, For shearing!
Jw » Ot
where OQ is the normal force across the opening
trecture caused by the wedging action of the gas,

Ot = ON tang ¢+ C

where: Ot = shear strenath of the discontinuity

ON 2 normal force acting on discontinuity

¢ = angle of friction of the discontinuity
interfaces

C = cohesion along the discontinuity
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Also GN may be reduced by these gases of detonation
migrating ihtob the discontinuitv: depending on fts

openness,

This shearing aloﬁq the discon;inuity is due to an
opening of the fracture which is in turn caused by the
wedging action of the explasive gases against the
fracture walls, Upening of the fracture will allow
extra explosive gases to flow i{nto the fracture,
further pressyrising the fracture walls (up to the
pressure within the 'borehola itselt), causing a
redistribution of the stress field around it, and will
result in it becoming the dominant fracture,
suppressing the growth of other fractures, (see Figure

6.3)0

If a pressure P is exerted on the walls of the
dom{nent fracture then the force exerted on @
nefghbouring fracture will be Op, where Op s a

function of the distance frdm the dominant fracture,

If Op x sin w > =(0t = T ) propagation will cesse
where Ot is the tensile stress at the fracture tip,
normal to the fracture, and T is the tensile strength

of the rock,
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Effect of bpen' pressurised fracture on an
adjcent extending fracture. '

pre-split
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FIG.6.4.

Simplified pre-split with discontinuity and
dominant fractures.

Diagram of the geometry involved in the
formulation of theoretical overbreak e.t.c.
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The shearing action along the discontinuity will
also theoreticelly create tensile forces in the rock
opposite the dominant fracture, a tensile ‘stress
bulb’ being created, This may influence the extension
or. direction of growth of fractures under propagation
from a nefghbouring simultaneously detonated blast
hole located on this side of the discontinuity, or may
even induce failure in the discontinuity wall {f the

tensile stresses created exceed its tensjile strength,

Due to the ogeometry involved, this dominant
fracture will be orfentated perpendicular to the
discontinuity, or subeperpendicular by a few degrees
towards the oéa-solit line, say y degrees where y {8
dependent on the geometry of the ellipse of fracturing

around the borehole involved,

It is postulated that the fracture zone will be
more elliptical for borehole separations near the
limits of a successful pre=split, and conversely more
circular in shave for closer borehole separations,
However, the degree of deviastion of th; dominant
fracture from the perpendicular to the discontinuity
is mainly dependent on the positioning of the
discontinuity in relatfon to the borehole, and thus

the state of qrowth of ¢the fracture zone when f{t
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reaches the discontinuity,

Thus the first, and subesequently dominant breakage
between adjacent -boreholes. bisected by 8
discontinuity, will be directly perpendicular to that
discontinuity from the hole, then travelling along the
discontinufty’s length to where the next borehole has
fractured to {t, From this statement it is obvious
that the orientation of the discontinuity to the
" preesplit Jine and the positioning of the
discontinuity in respect to individual boreholes wil)
greatly affect the degree of underbreak and overbreak
obtained, and also determine the smoothness/regularity

of the final face,

By simplifying the fracture ellipsoid to a circle
the maximum irregularity and overbreak may be readily
calculated, (see Figure 6,4)3
Letl x be the shortest distance from hole to joint,
the angle of incidence of joint to 1ine of pre=split
be < and the distance from intersection to hole be d,

Thent x = d sinx ceesell)

Thus the measurement of maeximum departure h of the
resultant face from the desired face st

h = X cos
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substituting for x from (1)

h = d sinc coso
As the area of a triangle is given by half fts base x
height, then the area of maximum overbreak between
hole and the joint will bet

d/2 x d sinx cosx
therefore:

Ares = (d .8inx coBx)/2 ceeeal2)
This function gfves a maximum for 8 value of < of
forty five degrees for a constant d, equal to or less
than half the borehole separation, Examples of this
geometric - effect on frregularity ~and

overbreak/underbreak are given §in Figure 6,5

Still considering a circular fracture zone, the
approximate maximum distance that the‘zone may reach @
discontinuity away from a borehole will be equal to
half the borehole separation (providing reasonable
borehole separations are used), Therefore overbreak
may only occur for values of x equal to or less than
half the borehole separation,

feey tor x < 8/2
where s {is the borehole separation, For maximum
possible overbreak h must also be at a maximum value,
fee, h = x & 8/2

but
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FIG. 6.5.

Geometry of fracturing between
boreholes with vairying bisecting
discontinuity orientations.
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h =2 x cOSc
therefore
coscc = 1

and therefore

but
ginoc =. x/d

therefore

Thus maximum overbreak will occur with parallel
discontinuities to the pre=split 1line which are
located at half the borehole separation away from the
ore=split line,' Therefore, the overbreak caused by s
single discontinuity within the confines ofs

x < 8/2
will give the asymptotical functiong
Overbreak area = d2/2 sinxcosx
and
Max overhbreak = s2/8tanc (see Figure 6,6)

NB This solution is for analysis in 2 dimensions only,
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AEEECI QN _IHE.SUCCESS QE A_BRE=SBLIL

~ For maximum overbreak, fracturing from each
borehole will join with the discontinuity behind the
line of the intended face., Although a pre=split
fracture may be formed, the rock will be loose and the
integrity of the face low, On excavation this rock
will be removed to the discontinuity, The
discontinuity itself may take over the role of the
pre=split behind the {ntended face, protecting the
rock behind, Thus all traces of the pre~split half

barrels and thus intended pre=split face will be lost,

It §is therefore essentfal to find out at what engle
of discontinuity to borehole line the effect of
loosing half barrels due to overbreak is completely
eradicated,

Using the constraints d < s end x < 8/2
As sihm: x/d
then < & sin(x/d),
Substituting for meximum vaelues of d and «x
<z sin " 8/28
= 8in " 1/2

(]

thereforecxsz 30
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A complete graph of discontinuity intersection
angle against maximum number of halt barrels lost by
one discontinuity (in two dimensions) {8 given in

Figure 6,7,

It can be seen from Figure 6,7 that the curve of
this function becomes asymptotic exceedingly quickly
below f{fteen degrees, and that extensive fractures

‘uithin ten degrees of the pre=split 1ine will cause o
virtual extinction of the proposed final face and the

half barrels within {t,

EXEERIMENIALLON.IN.RESIN

It was decided to finitially continue explosive
mode]l testing using Polyester resin blocks, due to the
fact that there were a small number of blocks end a
quantity of resin which had rema!hed unused from the
first phase of model blasting, The transparent
qualities of the medium also made it highly sujtable

for examination of the fracturing and breaskage

processes in detail,




]

> 80"

/o]

'890D) 0) ANUUOISIP 4O )

x=sin! }%)

$ da
. $ b

N N N "N
- e L y o

9 2 3 4 5 6 7 8 9 1o 7 7 s

N - Maximum number of boreholes lost in resultant face.

FIG. 6.7

The theoretical effect of the angle of a continuous single discontinuity
on the maximum number of half barrel lost in the final presplit face.
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6.3.1 Malbaod

A borehole diameter of 3/16 inch and separation of
three {nches were chosen as suftable dimensions from
the results obtained during previous model blasting
tests, It was decided to use three holes of the
stated diameter and épacingp with @ single machine
sawn discontinuity positioned midway between each pair
of édjacent holes, the width of the saw cuts being
taken into account when marking out the hole
positjons, Accordingly a block length of ten {nches
was chosen, block dimensfons being 10 x 6 x 3 inches,
The saw cuts were left, as fairly good matching ‘of
surfaces was achieved and machinind of these faces was

deemed an unneacessary. expense,

A series of seven experimental tests were
constructed {n this manner, incorporating successive
increments of fifteen degrees to the discontinuity to
preesplit line intersection angle from zero to ninety
degrees, In all seven tests the blocks, including
wave traps, were restrained fdentically to first phase
model tests, and ware similarly loaded with four grain
per foot PETN detonating cord and {nftiated for
simultaneous detonation from [ ainglé electric

detonator, The usual precautions agafinst dotonutor
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shrapnel damage were taken, Full blasting records are

given in Appendix D and E,

6.3.2 Results

A1l tests provided breakage betwaen each three
holes, The results of blasting are shown {n Figures
6.8 to 6,14, The results ot each model blast backed
up theoretical postulation of dominmant open fractures
being formed roughly perpendicular to, and vented into
the discontinuity present, The fracture zones are
also shown to be circular/ellipsoidal in shape, except
at their contact with discontinuities where the

fracturing is curtailed,

Few fractures were actually seen to cross the
discontinuity concerned and these were extensions of
the dominant fracture or fractures across the
discontinuity, (see Figures 6,12 and 6,13), Notably
this effect was only encountered in tests where the
discontinuity to pre=split line angle was equal to or
less than thirty degrees, In comtradictjon however,
in test 57, (Figure 6,14), which 1{incorporates two
discontinuities parallel to the preesplit line (one on

either side) no fracturing was seen to propagate
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Test 57 - pre-split test in resin with single discontinuities.
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Discontinuity 1intersection angle = O .
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Test 54 - pre-split test in resin with single discontinuities.

. . . . . (6}
Discontinuity 1ntersection angle = 15 .
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Test 48 - pre-split test in resin with single discontinuities.

o . . . . O
Discontinuity intersection angle = 30
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F:

h single discontinuities.
(o]

1n resin wit
le

= 45

intersection ang

continuity

Dis



Fig.6.12.

Test 49 - pre-split test in resin with single discontinuities.
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Discontinuity intersection angle = 60 .
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Test 55 - pre-split test in resin with single discontinuities.

3 S : : o
Discontinuity intersection angle = 75" .



Fig.6.14.

Test 56 - pre-split test in resin with single discontinuities.

p o i . ; o
Discontinuity 1intersection angle = 90 .
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further than the discontinuities, which acted as
perfect pre=splits themselves 1{n a sense, confining
fracture damage to the shothole side, This
contradiction may tentatively be explained by the fact
that in tests 48 and 54 (thirty and f{fteen degree
discontinuities respectively) the discontinufties are

separated by less than half of the borehole spacing,

Test No, Angle Separation/Borehole Spacing

48 30 0,69
54 15 0.26

The fracturing within these slabs has possibly been
inftiated by "the high tensile stresses {n the
discontinuity surface, built up at the {ntersectjon of
a dominant frecture and the discontinuity by the
shearing of the discontinuity walls, which in turn {8
produced by the opening of the dominant fracture or
fractures under the force of the explosive gases, (see
Figure 6.,2), This, coupled with the lower tensile
strength of the thinner slabs of Polyester resin
located between the joints and the close proximity of

the holes to the dfscontinuities {nduces feilure,

wheress in the remainaer of the tests with
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interdiscontinuity thickness in excesas of half
borehole sracing, the strength is too. high and the
blast holes due to the geometrical factor are locat?d
further away from the discontinuity, resuiting in
lower tensile forces being created at the
discontinuity, .This ‘explenation' is backed up by
examination of these fractures by fracture
morphological techniques, which show the fractures to
have been fnftiated at or near the
discontinuity/dominant fracture interface, and to have
propogated in a direction away from the borehole
concerned, Fractures were not found to peass over

single discontinuities,

In relin.toating with discontinuities, the dominant
fractures were observed to only have minima)l effect on
the suppression of the connection of other extending
fractures with the discontinuity concerned, However,
syppression of the ‘opening’ of other fractures was
achfeved, The former effect becomes f{ncreasingly
apparent with decreasing discontinuity orfentation
angle and resulting reduction of the sepasration of the
discontinuity and hole, This s attributed to the
greater driving force behind the extending fractures,
due to their proximity to the borehole and the

corresponding shorter time interval after detonation,
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This gives a higher driving pressure within the
borehole and thus the opening of the dominant fracture
will have less of an effect, Also the length of the
dominant fracture will be shorter and thus have a

smaller effective area of influence,

Overbreak was defined as any ground in the tests
within the pre=split 1ine that is surrounded, f.e.
separated from intact ground by the connection of a
discontinuity end blast fracture, the ground in this
case being resin, The amount of ovarbreak was
measured orthoganally between the two end holes in

square millimetres,

Table 6,1
Angle (degrees) Overbreak (sq mm)

] 5,904
15 3,042

30 2,597
45 - 2,360
60 1,491

75 1,385

90 998

Pressplitting with Discontinuities in Resin,
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Tota) erea of overbreak obtained per ore=split side
for discontinuity borehole 1i{ne angle from zero

to ninety degrees,

Maximum overbreak was found to occur for acute
angles of discontinuity to pre=split line and
conversely mimimum }overbreak was concurred when the
discontinuities were orientated perpendicular to the
pre=split line, This conforms well with the theory
for maximum possible overbreak poitulated previously,
but clashes to some extent with theory for the
qeometric constraints of the tests, The results of
overbreak are given in Table 6,1, and displayed in

Figure 6,15,

The values of overbreak obtained were significantly
higher than those geometrically calculated on the
basis of theory, (see Figure 6,22) and also no
underbreak was obtained contrary to the postulated
theory based on dominant fracturing, This excess of
overbreak and absence of underbreak is genersted by a

combination of three factors,

Firstly, as has been already stated, the dominant

fractures failed to suppress other neighbouring blast
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fractures sufficiently to 1inhibit their connection
with the discontinuity, The result {s that a fan
shaped zone of strajght fracturing from the horehole
to the discontinuity {8 formed, with the dominant
fracture posfitioned approximately central, The effect
of the fractures within this fan on either side of the
dominant fracture are to {ncrease overbreak on the
side furthest away from the preesplit line, and to

decrease underbreak on the side neasrest,

Secondly, fracturing across discontinuities which
were at or under a separation of half ¢the borehole
spacing, (tests 48 and 54), als0 caused an excess of

overbreak than was predicted,

.Thirdly, as shown most markedly by test 43, (see
Figure 6.11), certain fractures are seen to suddenly
change direction and deflect towards the {ntersection
of a dominant fracture from an adjncenf borehole with
the discontinuity, }Thia *secondary’ effect, although
not totally unexpected, was of a far greater magnitude
than was originally conceived, This feature alone
almost totally eliminated the possibility of

underbreak and greatly increases overbreak,

The combination of the above three effects results
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in a zone of fracturing between each borehole
dictating the degree of overbreak, which will egual
approximately half the area of this zone, over double
that predicted by theory, The width and thus the area
of this zone (refer to Figure 6,15) increases with
decreasing values of discontinuity intersection angle
down to approximately thirty degrees, where the
fntegrity of the pre=splft begins to diminish, At an
angle of fifteen degrees the pre=split becomes a wide
zone of fracturing and no evidence of half barrels
will remain, At this stage and below the pre=split
may be termed as a failure on the degree of overbreak

"alone,

NeB, The setting of the spacing of the
discontinuities as bisecting edjacent boreholes has
most certainly changed the conditions for meximum
overbreak, most widely in the tests incorporating
discontinuity 1ntcr§ection angles less than forty five
degrees, However, it is obvious that the trend of the
degree of overbreak produced for decreasing
discontinuity {ntersection angles s qualitativoiv
valid for any ¢fixed separation of discontinuity
planes, and thus over & 8sfzesble length of ectual
pre=split face is valid for even a distribution of

discontinuity spacings,
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EXBERIMENIALLGN.LA.BOCK

Due to the ~relatively high misfire rate that had

been obtained using four grain cord, and the ‘drying

up’ of 1its supply source, it was replaced by larger
and more consistant eleven grain PETN detonating cord,

which was more readily avsilable, This change

~warranted an increase in the size of individual mode)

tests, and due to the size of test now involved, the
use of Polyester resin became economically prohibitive

and a new test material was needed,

A d?cision to - continue model testing in rock was
made in order, firstly, to verify the relultl.obtained
in resin testing and secondly, and more {mportantly,
to use a material which was ‘granular’ in nature with
flaws, and more typical of the material pressplitted
fn the fifeld than the fsotropicy homogeneous,

artificial medium of Polyester resin,

After a wide search for a suiteble rock type,
Soringwell Sandstone, which is 8 carboniferous
sandstone from the Springwell Quarriea was chosen for

the following reasons}

1, It was a readily avajlable material from a nearby
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source,

2. Offcut slabs of suitable thickness were available

at a relatively low cost,

3. It is a ’granular’® homogeneous rock with extremely

consistant strengths and mocguli,

4, The rock {8 of medium strength and other
properties, and therefore was not an atypical rock

to use,

5. Soringwell Sandstone has been regularly used 1in
the department and there was a large amount of
data on the engineering characteristics of the

rock readily available,

The rock cutting equipment at Newcastle was limited
to a slice of eleven inches depth which restricted the
thickness of sandstone slab to be acquired, The stone
eventually purchased was rough 5.5 to 9,5 {neh thick
slabs which were cut down at the department to
rectangular blocks of an epproximate size of 24 x 9 x
6 inches each, The exact individual sizes for each

tegst ore given along with the blasting deta in

AY
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Appendix E,

6elel Metbod
Initially, a serjes of tests were carrfed out to
determine & suitable borehole lpacing and charge
density, (tests 50 =« 52), A borehole diameter of
0,375 inches was chosen from a selection of sizes,
This choice was mainly governed by the availability of

long serfes masonary drills of sufficfent length,

From the results of this d{nit{ia) testing, @
.borehole separation of four 1{inches and a charge
density of twenty four grains per foot were adopted

for each of the five vertical boreholes used,

Single joints/discontinuities bisecting each
successfive paib of holes were i{ncorporated 1{into the
main testing, as previously used with testing 16

reain,

To avoid needless repetition of results and to fill
in some of the gaps {n the data from testing with
discontinuities in resin, the angle discontinuity to

pre=split line was decreased i{n increments of ten
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degrees from ninety to ten degrees (with the exception
of seventy degrees, which was accidentally missed

out).

The discontinuities were again machine sawn with
the width of cut of the rock sawn taken into accbun£
when marking out the hole positions, which were

drilled prior to the discontinuities,

The blocks were restrained for oblasting {in =
specially constructed constraint of two feet squere
internal dimensionsa, which consisted of welded s8ix
fnch ‘1’ section steel girder and tensioning bolts,
The complete set up can be seen {n position within the
pit in Figure 6.16,

|

Edual lengths of single strand eleven grain PETN
detonating cord, doubled over and taped, Qare used for
simul taneous detonation produced by ) single
electrical detonator in each test, Due to the
fncreased amount of explosive used and resultant air
plast, dampensd sacking was laid over each test, This

precaution proved quite statisfactory,




Fig.6.16.

Heavy steel restraint used for simulation of 'near infinite

ground' during model blasting in rock. Illustrating test 53

in position shortly after blasting.
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6.402 Besulls

A ful) photographic record of thé results are
displayed in Figures 6,17 to 6,21, and the full record

of each test can be found in Appendix D and E,

As in resin, -all tests provided breakage between
all holes, Testing in asandstone gave results simi{lar
in nature to those achieved {n resin except {n some

instances, which will be discussed later,

The main most immediately noticeable difference was
that the degree of visible fracturing was far less
than that encountered {n previous resin testing, This
effect was most marked 1{n tests with discontinuity
fntersecton angles above fifty degrees, {in which a
general maximum of only three fractures were observed
per borehole attempfing to c¢ross between boreholes,
The dominant perpendicular (to jointing) fractures and
their associated deflected counterperts were the most
distinct, It is thus supposed that the more brittle
nature of the Polyester resin {s more conducive to
extensive fracturing and mult{ple fracture
propogation, whereas the sandstone, due to the
presence of vast numbers of microfractures and flaws,

fs more conducive to the singular propagation of



Fig.6.17.

Pre-split tests in rock with single discontinuities.
o

75

90°

Test 65 - discontinuity intersection angle

Test 66 - discontinuity intersection angle




Fig.6.18.

Pre-split tests in rock with single discontinuities.

60",

Test 59 - discontinuity intersection angle

(8]

Test 60 - discontinuity intersection angle = 50°,

]



Fig.6.19.

Pre-split tests in rock with single discontinuities.

(o]

40
10°

Test 61 - discontinuity intersection angle

Test 62 - discontinuity intersection angle



Fig.6.20.

Test 53 - pre-split test in rock with single discontinuities.

Discontinuity intersection angle = 30°



Fig.6.21.

Test 58 - pre-split test in rock with single discontinuities.

Discontinuity intersection angle = 20°
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dominant fracturing and the associated suppression of
other sub=paraliel fracturing, In addition, the
transparent nature and optfcal clarity of the
Polyester resin blocks allow every fracture ‘open’or
*closed’ to be seen, even if they are not Ilinked to
the surface, Only a fracture wall separation of a few
molecule diameters of air are required for sufficient

optical refracgtion,

From comparison of sandstone and resin testing
results, these fractures although present in sandstone
are not of major importance and therefore in Qhe resin
testing results only distract from the dominant open

fracturing of zero strength,

On the diamaﬁtling of the blocks for storage the
top surfaces of the blocks were seen to be wholly
representative of the fracturing at different levels
throughout the blocks, the blasf fractures present
being vertical in nature, although {n some cases a
certain amount of wundulation {in their surface was
observed, The fracture walls however, were of a
notably lower strength than the 1{intact rock, pieces
trequently scebbing off from their surfaces, revealing
closed fractures benina, This would tend to support

the findings in resin testing of other fractures being
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produced around the borehole. put not being as
extensive and not connecting with all “free surfaces’.

as seen with the dominant ocpen fractuyres,

Less suppression of other fracturing was seen in
tests with discontinuity angles less than fifty
degrees, but these were never seen to be as extensive

as in resin testing,

Secondary ’deflected® fracturing connecting with
the 1intersection of dominant fractures and Joints was
far more evident, and these fractures were present for
discqntinuity angles from ten up to and including

saighty degrees, (see Figure 6,17),

Direct breakage across single discontinuities was
not present {n testing {n sandstone, This may be
attributed to two factors., Firstly the sandstone 1is
less brittle than the Polyester resin, {in that
fracturing once inftiated is likely to travel with o
Jower (scaled) velocity than in resin, Secondly, the
number of discontinuities per test were reduced from
one per pafr of boreholes down to one every two pairs
of boreholes below twenty degrees, due to the problems
ot eccurately sawing and drilling at the tolerences

involved, this having ¢the effect of more widely
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spacing the discontinuities,

Maximum overbreak again occured at the minimum
discontinuity intersection angle of ten degrees and
was at a8 minimum when the discontinuity and hole 1line
were mutually perpendicular, The results obtained are
given in Table 6,2 and are graphically represented {n
Figure 6,224 (The value of overbreak for ten degrees
was doubled since the number of discontinuities was

halved in this test = 62,)

Table 6.2
Dfscontinuitv
Intersection Angle Overbreak
90 1,848 mm
80 3,184 mm
60 . 89451 mm
50 15,104 mm
40 11,426 mn
30 6,022 mm
20 6,438 ﬁm
10 16,870 mm




( 1unit= 1,000 mm* )

Total overbreak

10

™
|
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0,0

10° 20" 30" 60 90
Discontinuity intersection angle

FIG.6.22.

Values of overbreak obtained in sandstone
testing with single discontinuities , for
various intersection angles.
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/

Table of the total overbreak per side of pre=split
liné obtained for changing discontinuity intersection
angle whjlst testing with single discontinuities per

pair of boreholes in Springwell Sandstone,

However, the type of overbreak distribution for
resin testing was not fncurred, Due to the fact theat
no fracturing trangressed discontinuities, an
overbreak peak for a test value of discontinuity
intersection angle of fifty degrees was obtained, For
the joint pogitioning constraint used this is only to
be expected, due to the geometric constraint imposed,
(see Figure 6,5) and a theoretical peak of ovefbreak
should occur at a discontinuity intersection angle of
forty five degrees, A scaled comparison of the
amoﬁnts of overbreak produced by testing in both resin
and sandstone, with the theoretical predicted
overbreak curve (incorporating the given constraints)
given for different values of discontinuity

intersection angle {s displayed in Figure 6,23,

The graph clearly illustrates the importance of the
secondary (deflected) fracturing 1in i{ncreasing the
overbreak from that theoretically predicted, The
higher overbreak which {s shown by the resin and 1{ts

exponential distribution, is due to fracturing
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Single Discontinuities.

Graph of scaled overbreak per hole for
resin and sandstone tests including
the theoreticaly predicted overbreak
curve based on dominant fracture and
discontinuity geometry.
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occurring across successive joints, due to their close

. proximity for acute engles of discontinuity

intersection, coupled with the more extensive
fracturing to discontinuities, Because of these
effects the results can be Ilikened to values and
trends of the maximum possible overbreak graph given

earlier, (see Figure 6,7),

EXBEBIMENIALLON.LUCONCRETE

So fary, only the effect of vertical discontinuities
on vertical pre=split 1ines had been experimentslly
deduced, However, in field situations the presence of
jointing which fs perfectly vertical, or whose
orfentation is such that the 1line of i{ntersection
between Joint and proposed excavation limft s
parallel to the boreholes within the pre=split panel,
are isolated, Therefore, it was decided that a
limited number of experiments to discover the ‘effect
of discontinuity; vertical deviation (dip)s and
orfentation on a pre=split should be undertaken for

completeness,

Due to the size of test required and the technical

problems involved with the sawing of discontinuities
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widely varying orientations, coupled with the

associated size of cutting disc required (far in

excess of what was avajlable), it was decided to

change from using sandstone to using concrete, The

reasons for chosing concrete were as follows?

1.

2,

3.

4o

64541

Jointing can be easily placed in the blocks at any
orientation required, by casting the blocks in

layers,

The eradication of having to trim the blocks to

size and shape,

Comparatively low cost of concrete,

Concrete can be considered as a fairly homogeneous

artificial sedimentary rock,

¥Meibod

Two wooden casting moulds were constructed to

produce concrete blocks twenty four {nches longs, nine

inches wide and six dnches hfigh, to fit the

constraints used for blasting previous sandstone
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tests, From consultation of the Concrete Lesign Manual
a concrete mix of four parts building sand to one part
cement by weight was used, All blocks were left for
at least twenty eight days before blasting, for curing

purposes,

An inftial series of four trial tests using 3/8
inch vertical boreholes and single eleven grain cord
were performed to find the optimum successful borehole
separation, The result of these tests showed the
pre-splittihg effect to start to fade at a borehole
spacing of 4,5 inches, A borehole separation of four

inches was accordingly chosen for the main testing,

Two values of discontinuity dip, forty five and
tnirty degrees, and orientations of zero, forty five
and ninety degrees, to the pre=psplit line were picked
to give a representative selection of discontinuity
orfentations, thirty degrees dip being selected to
assess the effect of lower angle disconfinuities.’ The
combinations of these values gave six separate tests

in all,

Successive Jlayers of concrete were cast at a
thickness of 2,9 inches, with the exception of inftial

and finishing casts, Immediately after Douringa each

O AN O R 45
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layer of liquid concrete was vibrated wusing a
vibrating probe in order to settle the concrete and to
release any remaining trepped air, The moulds were
then left for twenty four ﬁours and thin sheets of
paper were lafid down to form a joint between the cast
and fts successor, The different orientation angles
of the aiscontinuities for each test were achieved by
orifentating the cesting box at the appropriate angle

hefore casting commenced.

Six 3/8 1inch boreholes per test were drilled

vertically at four i{inch centres, with the blocks

restrained in testing position using a portable drill,

Each hole was loaded with equal lengths of single
strand eleven grafin cord, and detonated simultaneously
by a single electric detonator, As with the sandstone
tests, damp sacking was placed over the specimen

before firing to reduce the airblast,

6.,5.,2 HBesulis

A full photographic record of the results is given

tn Figures 6,24, 6,25 and 6,26, and the specifications

of each test are given in Appendix E,
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Fig.6.24.

Pre-split tests in concrete with regularity
discontinuities.
Test 77 - discontinuity strike intersection

Test 78 - discontinuity strike intersection

(2%")

angle

angle

spaced

90°, dip=30°
= 90°, dip=45°
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Fig.6.25.

Pre-split tests in concrete with regularity (2%'")

discontinuities.

Test 75 - discontinuity strike intersection angle

Test 76 - discontinuity strike intersection angle

spaced

45°, dip=30°
45°, dip=45°
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Fig.6.26.

Pre-split tests in concrete with regularity (234'")
discontinuities.
Test 81 - discontinuity strike intersection angle

Test 82 - discontinuity strike intersection angle

spaced

I

= 0°, dip=4r)0

= 0%, dip=30"



- 217 -

The first, most noticeable result was that there
"was a failure to split between certain holes in tests
77 and 75, with other examples of weak splitting
present, In both cases one or both of the holes were
positioned relatively close to the too emergence of a
discontinuity, and both were in tests with
discontinuities dipping at thirty degrees to the
vertical, This signifies that there was some verticeal
heave in the soecimen caused by explosion gases
venting into the less well constrained thirty degree
discontinuities, This argument {8 beacked up by a
small amount of noticeable movement along Joint; in

test 75,

In tests 77 and 78, (Figure 6,24), incorporating
thirty and forty five degree discontinuities dipping
paraellel to the pre=split line, no undue effect was
observed, other than a 'slight undulatfon on the
pre=split line causing fracturing from neighbouring
boreholes not to 1ine - up  exactly across
discontinuities. Also small amounts of overbreak were
seen at the surface of the block where the upper joint
walls were fractured near holes, These fractures
however, terminated at the Joint and were absent i{n

the layers beneath,



t
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Unfortunately, one layer '1n both tests 77 and 78
fajled to set prooerly, due to prior hydration of some
of the cement used and resulted in very low étrength.

This can be seen clearly in Figure 6,24,

In tests 75 and 76, (Figure 6,25), 1{ncorporeting
thirty and forty five degree discontinuities striking
at forty five degrees to the preesplit lines, two
predominant effects were seen, Firstly, an irreguler
direct split was formed between holes, This feature
extanded throughout the depth of the testing blocks of
concrete and was by far the most dominant feature of
the test, Secondly, fracturing from {individual
boreholes ren directly towards the discontinuities,
and was perpendicular or subeperpendicular to the
latter by up to fifteen degrees in the direction of
the pre~split axis, This.iu best fllustrated by test

76,

Tests 81 and 82, (Figure 6,26), show a strong bﬁt
slightly irregular/uneven pre=split with no sign of
direct fracturing to discontinuities, although from
the size of the fly rock proauced in each test there
are indications that this has occured within the
removed material only, However, no evidence of this

was found in the corresponding bottom laver, there?ore
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overbreak {s only present at the surface on the updip
side of the preesplit’ li%e in both cases, In the
field this effect would only cause slight overbreak ot
the top of the face for outward dipping
discontinuities, and no overbreak would occur for
inward dipping discontinuities, On the dismantling of
the blocks the 1ndiv1dual’ layers were founa to be
highly unstable, especially in the forty five degree

dip test, as was only to be expected,

CONCLUSLIONS

Fracturing around & pre=split borehole extends
outwards in an elliptical shaped 2zone, In the
presence of a verticsl discontinuity the first
fracture within that zone to reach the discoentinuity
will become the domimant fpracture, Due to the
geometry involved this fracture {s perpendiculer to
the  discontinuity or  subwperpendicular by a few

degrees towards the preesplit axis,

The high degree of fracturing im resin testing
signifies & zons of weakened material which is not
immediately visible {n rock testing, although the

fracturing is present but not open,



- 220 =

The quantity of overbreak, although primerily
produced by dominsant (perpendicular) fracturing to
jointing, {s higher than theoretically predicted,
This excess s caused by secondary fracturing linking
up with dominant fracturing from aedjacent boreholes,
IThis secondary fracturing also eliminates the bulk of

any underbreak,’

For single jointing the maximum overbreak possible
is highest for low discontinuity intersection angles
and s at a minimum for jointing orfentated

perpendicular to the 1ine of pre=split,

. Overbreak becomes noticesble, with jndividual half
barrels being lost from the final face, for
discontinuity fntersection angles below thirty
degrees, A complete failure to pree=split will occur
for values at or below fifteen degrees where two or
more half barrels per continuous discontinuity will be
lost. This effect s repidly accentusted below an

intersection angle of ten degrees,

The presence of discontinuities below ninety
degrees to the intended face will ceuse a s)ight
reduction in the maximum possible successful pre=~split

borehole separation,
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Discontinuities that are 1less than forty five
degrees to the vertical will cause less overbreak than
their vertical counterparts, overbreak occurring

primarily at or near the surface,

Discontinuities at less than thirty degrees to the
horfzontal may allow explosion gases to vent into
their lengths, thus causing slight ground heave in the
upper strata, Flyrock from the surface may also be

producéd it no too stemming is used,

Low angle discontinuities have no effect on the
path of the preesplit fracture, However, i{f they are
fntrinsically unstable in the final face orientation,
stablility problems may affect the outcome of the

pre=split,

The type of fracturing to look for {in site
investigation for pre=splitting is large scale planar
discontinuities of similar angle of dip to the
proposed pre=split and which posses intersection
angles at around or under f{fteen degrees, If
fractures of these specifications are present in
sufficient numbers, the pre=split will fail and @& high
degree of overbreak will be i{ncurred, Also a
stability analysis for the '?}ngl face should be

undertaken at this stage,
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EEEECTI QE_SINGULE.QLSCQNILINULITICS = EIELD_QRGERVAIIQNS

BOREHQLE EBACIURLNG.IQ_JOINIING

Telel Eisld.Rata.lecacded

The major measurements teken were the inclination
and az{muth ofg
(a) The pre=split face
(b) Blast fracture to joint (the break)

(c) The discontinuity See Figure 7.1

The length of break to the discontinuity and the
discontinuity outcrop extent out of the face were also

measured,

A total of 453 sets of measurements were taken,

2,265 in all (including minor measurements), random

‘'samples being taken from all pre=split Jocations one

to eleven inclusive,

These parameters were chosen in order to verify the
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Fig. 7.1.
Diagram of orientation measurements take in the
field of :

(a) break to joint.
(b] discontinuity (joint).

(c] line of pre-split.
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results of model testing and to examine in detai) the
Processes involved when pre=splitting in the opresence
of discontinuities in the field, The processed data
required for each set of measurements as 4{llustrated
{n Figure 7.1 weret
(i) Angle of breakage to Jointing
(1i) Angle of intersection of the
discontinuity with the final face

where both (i) and (ij) are the‘gcuto angles measured,

These results were obtained by usimg a computer
program devised by the author working on the principle

of vector analysis,

7.1.2 Besulis

The raw data results/output from the computer
progremj break to Joint angle and Jjointe=face
intersection angle are plotted in Figure 7,2, To give
a better visual assessmeht of the data the points are
roughly contoured as percentage occurrence from the
base of the graph from ten to fifty percent as
displayed in Figure 7.3 (the question marks reflect

fnsufticient data for contour calculation),
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JOINT TO FACE ANGLE
Fig.7.3.
Contoured break to joint data plot

(fig.7.2.)
Percentage occurrence measured from
joint to face angle axis.

? - denotes absence of data points
due to pre-split failure for low joint
to face angles.
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Tele3 Summary.ef.Besults

From Figures 7.2 and 7,3 there are three distinct

observations and deductions which may be made

Firstly the majority of data points lie at or near
the ninety degree break to joint angles This infers
that the predominant fracturing from pressplit
boreholes to. neighbouring discontinuities is
approximately perpendicular to the discontinuity,
Also these fractures (breaks) become increasingly
sub=perpendicular, tending to the direction of the
line of pre~split with decreasing Joint=face

intersection angle,.

Secondly there is a greater spread of points for
the lower velues of Joint=face intersection angle,
This may be attributed to secondary fracturing aa‘
observed and described {n the previous chapter
(Chaoter Six) which s non=existant for Jointeface
intersection angles of around ninety degrees but is
more prevalent between thirty end sixty degrees from

the results of model testing,

Thir&ly and finally the relative thinning out of

results i.e. their lower occurrence for low Jointeface
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intersection angles, especially below a value of
fifteen degrees reflects an absence of half barrels in
the final face at these values and thus the
progressive failure of the pre=split down to a value
of fifteen degrees where total fajlure ot the

pre=split occurs,

EEEECIOE JAINI.INIERSECIION QFE_BOREHULES

The intersection of pre=split boreholes along their
trace lengths by {ndividual Jointing whether closed,
tight or cemented was conclusively demonstrated to
have no major observeole detrimental effect on the
pre=splitting process in the ffeld, This {s most
~apparent and Dbest displayed at pre-split location
number nine, where closely space “foliation Jointing’
fs orientated at aspproximately ninety degrees to the
line of pre=split (es displayed {n Figure 7.4, a
computer stereoygraphic plot (Matheson, 1981) of joint
densities) and was opbserved often cutting pre=split
bporeholes along their length but with no observable
effect, At this location excellent pree=split results

were obtained with a pre=split {ndex '

"

The pre=split index (after Matheson, 198Q) {8 the

percentage length of borehole half barrels visible in the
final face and thus can be used as an assessment of the
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Fig.7.4.

Stereographic plet of discontinuity field
measurements -Location 9 -illustrating

follation perpendicular to pre

-split.
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of over 95%,

EEEECI QE_THE.CONIINULIY QE.RISCONLINULIILIES

It was immediately noticed that small scale
discontinuities i,e, those less than 20 cm {n extent
have little effect on the outcome of the final face,
although their presence may cause a slight weakening
of the face, However, the effect of medium (above 20
cm) and large (above 5 m) scale discontinuities on
pre=split success may vary according to the

intersection angle from minor to major importance,

A comparison of their relative effects may be made
from Figure ?.5 and 7,6 where the effects of medium
and large scale discontinuities are shown
respactively, Both photographs were taken of separate
portions of the same face at pre=split location number
two. Here the discontinuity set in question strikes

to within fifteen degrees of the face line,

The medium scale discontiﬁuitiot shown {n Figure
7.5 in conjunction with the other discontinuities

present have caused a total failure of the pre=split

11 (cont’d)relative success of a pre=split,



Fig.7.5.

Photograph illustrating
the effect on the
integrity of the final
face of interconnected
medium scale discon-
tinuities at location

2 which intersect the
pre-split line at less

0
than 15,

T
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Fig.7.6.

Large scale planar
discontinuity (location
2) striking within 15°
of the face line
resulting in failure to
pre-split with the final
face breaking back to
the discontinuity for

over 5an of its length.

S}
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face with virtually no half barrels left visible in
the resultant face, The final face {s blocky in
nature, refecting th; extent of continuity of the
discontinuities and sits at a slightly lower angle of

repose than designed,

In contrast the presence of the large scale
continuous discontinuity shown in Figure 7,6 (of the
‘Same set) has caused the individual pre=split holes to
break back to {t, resulting in the final face
following this feature cleanly for some 5 m with a
complimentary splitting index of zero, Here the
resultant face has more integrity than in Figure 7,5
and {8 mof; stable, This effect §s further discussed

in ChepteE Seven,

At the other end of the discontinuity i{ntersection
angle scale both large and medium scale Joints which
intersect the final face at an angle of ninety dearees
have no effect on the final pre=split face, as can be
seen from Figures 7,7, Here at pre=split Jlocation
number nine a splitting index of over 95% was recorded
with minimal overbreak and underbresk, uﬂich generally

only occufrad ifn the toe of the face,



Fig.7.7.

Successful pre-split
with minimal over-
break at location 9.
Dominant jointing/
foliation is orientated
perpendicular to the

final face.
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LARGE_SCALE _DISCONIINUIIIES ACIING. A4S _BBE=8SBLLILS

If large scale fractures are present {in the
immediate proximity of a design face then when either
bulk or pre-solitA blesting is sufficiently close,
breakage will occur back to these surfaces, resulting
in them becoming the final face on completion of

excavation,

Many examples of this feature were observed by the
author in the field, these large scale'discontinuities
acting as ‘pre=splits’ in their .own right, as for
example shown in Figure 7,6, In order to ascertain
their actua)l effect on the fracture disturbance
process Swindells (Swindells,1981) carried out a
seismic refraction blast damage survey on a
particulary dominant feature at pre=split location
number nine which 18 shown on the left hand side of
Figure 7.8« At the time of photography a previously
tired pre=split trial panel in the background was 1{n
the process of bQina excavated after a bulk blast
which had also broken back to the massive
discontinuity in question (on the 1left of the
picture), The results of his seismic survey showed
that the degree of measureable damage due to the bulk

blast behind this plane was comparable to that of the



Fig.7.8.

Large scale discon-
tinuity (left) at
location 9 having
reacted in a similar
manner to a pre-split
trial panel (centre-
right) during bulk

blasting operations.

- 957 -
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pre=split plane, i.e, less than 20 cm, Therefore this
discontinuity plane, although closed had effectively

acted in the same manner as the preesplit plane,

It is therefore obvious that if such features exist
at a favourable orientation within rock to be
excavated, then these large scale features should be
mapped and utilised whenever possible as ready made

pre=split planes during blasting operetions,

CONCLUSIONS

Field observation primarily confirms the results
obtafined 1{n laboratory mode testing and the
hypotheses made based on those results, In addition a

petter understanding of the processes {nvolved has

| been acquired, From the observations made within this

chapter and {n consort with the previous chapter {t
may be cogcludad that the most {mportant geotechnfcel
factors affecting the success of the application of
pre=split blasting to rock slopes are discontinuities

and their geometries,
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IHE _EEEECT OF MULLIBLE DISCONIINUITIES_AND_IHEIR
'EREQUENCY

IHEQRY

The results of the previous experimental chapter
have shown that although fractures from a pre=split
borehole cannot cross single discontinuities, they may
in the presence of two sufficiently closely spaced
discontinuities, cross at least the first, From these
results it would seem that the predominant factor
determining = fracture extension across multiple

discontinuities is their separation,

From the results of resin testing, the fractures
observed to cross discontinuities were orientated
perpendicular to @ discohtinulty end originated at its
edge, These fractures were seen to be in line with
dominant fractures and can thus be presumed to b?

their extension,

The mechanism for failure across the joint has been
described earlier, (see Section 6.1), the opening of

the dominant fracture causing shearing of the
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discontinuity, thus forming a tensi{le stress bulb in
the face opposite to the dominant fracture, (see
Figure 6.3), For a tensile strength of the
inter=discontinuity slab lower than the tensile
stresses produced, failure will occur normal to the
direction of maximum tensile stress, Thus fracturing
will be formed perpendicular to the joint surface and
will propagate in a direction.normelly away from the
Joint, This feature becomes the extensfon of the
dominant fracture and so long as the previously stated
conditions hold, this fracturing will continue to
propagate through other discontinuities of the same
set, As the only fracturing to cross discontinuities
is dominant fracturing then the shape of any overbreak
will be dependent on the combined geometry of these
fractures and the positioning plus intersection angle
of the discontinuities, Thev amount of overbreak
obtained will depend also on how far the dominent

fractures can be progagated,

The maximum length of dominant fracture propagation
will be dependent on two factors; firstly, it will
depend on the maximum radius of the fracture zone for
a single borehole in nonejointed similar material, and
secondly, it will be affected by the fracture

frequency and the actual fracture positioning, The
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thinner each individual layer of rock (s petween
successive discontinuities, the lower their tensile
strength and thus the further the fracture will be

able to propagate,

MEILQQ

‘ fhe testing using multiple discontinuities per paér
of boreholes, was a continuation of testing with
single discontinuities {n Sanastone, Therefore the
same borehole specifications were used, which were:

Borehole diamneter = 0,375 inch

Borehole inclination = vertical

Borehole spacing 2 4 inches

Charge density 22 x 11 grain cord
Identical sized blocks of sandstone were used, salong
with the same marking out and cutting technfaues., A
standard discontinuity intersectfon angle of sixty
degrees was used throughout testing (with the

exception of test 70), All Jointing was vertical,

The testing undertaken followed two overlapping
paths} firstly, with testing designed to determine the
effect of discontinuity froquencv/apacino; and

secondly, testing designed to determine the effect of
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multiple discontinuity positioning. In the first line
of testing, individual tests were undertaken with two,
three and four joints per pafr of boréholes (tests 63,
68 and 69) at joint spacings of 2,00, 1,33 and 1,00

inches respectively,

The second line of testing composed of three tests
incorporating twin discontinuities per pafr of
boreholes, These were separated as tollowsj}
equidistantly (test 63), equidistantly between
béreholes (test 64), and 1,33 {nches from each

borehole,

A further test was designed to explore the effect
of multiplo‘ discontinuities at varying angles,
including discontinuities bisecting individual
boreholes, In this test the boreholes were drilled
with the block restrainad‘ after sawing the

discontinuities,

A1l tests were loaded and fired fn an fdentical
manner to previous testing in sandstone, (see Section
6.4,s1)e The exact specificetions for each test, along

with their blasting records are given in Appendix E,.
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RESULIS

A photographic record of the results obtained 1is

given {n Figures 8,1, 8.2 and 8.3,

Taking the results obtained from the fracture
posftoning experiments, dominant fracturing was seen
to cross the discontinuities nearest the borehole
concerned but was observed to terminate at the
discontinuity located immeaiately before the next
borehole, This occurred in every test, snd was even
the case in test 67, where the discoﬁtinuity slabs

containing the holes were half the width of the

fractured slaos,

A possible explanation that the fracturing should
cease there, is that the slabs containing each
borehole are under axial compression caused by the gas
pressure within the borehole and ocpen dominant

fracturing, which is perpendicular to the Jointing.

The results from i{ncreasing Joint freauency were
similar, in that for all f{racture frequencies wused,
the dominant fracturing from each hole extended.in all
cases up to the discontinuity prior to the next hole,

Al) fracturing aecross Jointing was seen to be



Fig. 8.1.

Tests 64 and 63,
Effect of multiple
disconttnuities on
pre-split success and
overbreak.
Discontinuity inter-
section angle = 60°.
Note: dominant
fractures crossing
discontinuities at

right angles.
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Fig.8.3.

Test 69.

Effect of multiple
discontinuities on pre-
split success and over-

break.

Test 70.

Effect of multiple
discontinuities with
varying orientations
and of discontinuities
intersecting boreholes

on pre-split success.

- Sve -
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perpendicular as in previous tests,

Secondary fracturing was seen {n most cases to 1ink
up with dominant fracturing. However, the higher the
fracture frequency, the lower the volume of rock
enclosed by the secondary fracture and conversely the
higher the VvoJume of rock enclosed by the dominant

fracturing,

In al) tests the majority of overbreak was caused
by the dominent fracturing, which was seen to extend
for a length nearly as far as the pre=split borehole
separation {in test 69, Overbreak volume increases
from single to multiple discontinuities, for
increasing ‘diacontinuitv frequency but this increase
rapidly tails off for values at and above four

discontinuities per borehole specing,

In test 70 fracturing between boreholes was
‘achieved for Jointing bisecting boreholes, although
the splitting power from that borehole is noticeably
reduced (see middle borehole, Figure 8,3), Mowever,
for Jointing with similar intersection angles but
obposing directions, a failure to split betwaén holes

was produced,
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ELELR.QGSERVALLQNG

8ol Measucemenls

To ascertain the effect (if any) of discontinuity
frequency on oreesplitting in the field, it weas
decided to take scan lines at f{ndividual pre=split
localities where other geotechnical factors such as
instability were not dominant and compare these

results with the actual success of the pre=split,

This however. presented somewhat of @ problem in
that there is no exact method of m&asurinq the success
of a pre=split directly, as it is difficult (if not
impossible) to distinguish between the pre=split path
and other fracturing, (predominantly caused by the
bulk c¢charge) and natural discontinuity surfaces
present. within the rock, This problem is created by
the pre=split not only inducing new fracturing eslong
its path but also utilising the preeexisting joint

network within the rock mass,

A final solution to this problem was achieved by

using an {ndirect method = the splitting {ndex
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(Matheson, 1980) where the splitting {ndex i3 the
measure of the percentage length of pree-split half

barrels left visible in the final face,

The s8scan lines taken varied from 4 m to 30 m {n
length dependent on the continuity of the splitting
index within each location, the latter being meesured
at a later date from photographs of the exact
localities invéJved. These measurements are displayed
in"Figure 8.4 in which pre=split success (splitting
index) {8 plotted against .fractura frequency (or

intensity),

8,4e2 D.ianuuinn-nt-&ugulu

The first obvious and mein observation that may be
made from Figure 8.4 i8 that there is no discernable
statistically valid relationship between splitting
{ndex and fracture intensity, the almost random spread
of points confirming this, Howéver a slight decrease
in splitting index for the higher‘values of fracture
{ntqnsity is Just djocernable. This is thought not to
reflect & reduction in pre=split success but has been
logically concluded by the author to reflect a weaker

tace ({.e. a greater number of discontinuities will
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result in & reduction of overall strength in a rock
mass) which results in the traces of halt barrels
becoming more prone to removal on excavation, This
was observed to be the_ case during excavetion at
pre=split location number nine where an _over
enthusiastic Priestman 150 Mustang operator attempted
to remove parts of the face of a opre=split trial

panol. scabbing material from the pre~split plane and

thus reducing the splitting index,

It fs also a possibility that ({nstability was
reflected in the wide spread of points in Figure 8,4,
However extreme care was taken in the choice of
measurement localities end only the relatively most
stable locations (i.e, location numbers one, efght,
nine and eleven) were {ncluded {n the survey, (see

Chapter Thirteen),

CQNCLUSIONS

Pre=splits may be produced in ground with a high
dominant discontinuity freauency, provided that the
intersection of the discontinuity set with the
pre=split axis is not below the guide given {n the

previous chapter,
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The amount of overbreak obtained is highly
dependent on the orfentation of the discontinuity set
involved, Maximum overbreak will occur for low
intersection angles end minimum overbreak for sets of
discontinuities perpendicular to the pre=split, The
degree and shape of the overbreak due, is almost
entirely a geometric effect, No underbreak will

occur,

The aquantity of overbreak caused will {ncrease for
increasing values of joint freaquency, but will level
oft rapidly at and above four d!scontfnuitiea per
borehole separation,

Pre=splitting may be echieved even 1{if holes are
intersected by a discontinuity, as long as it is
closed, However, a reduction in the splitting ability

of that hole in {incurred,

From field evidence {t may be concluded that
increasing fracture {intensity does not have any
serfous effect on preesplit success and that there {8

no discernable relationship between these two factors,
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ROCK.SIRENGIH

IMEQRIANI_CONSIQEBALLQNS

Considering a blast {s something of & ‘dynsmic’
event in respect of i{ts time scale, the relevant
parameters for the deduction of oﬁtimum charge
densities for blast boreholes {n homogeneous rock are
the dynamic compressive and tensile strengths, the
dynamic strengths of rock being higher than their

static strengths,

The dynamic compressive strength is only relevent
to the crushing of rock in the borehole wall which s
jndicetive of over charging and under decoupling,
However such high enough charging and coupling to
produce crushing 1{s opurposely avoided {n pre=split
practice in order to keep the degree of blast damage
to a minimum and thus protect the final pre=split face
and therefore the dvnamié compressive strength of rock

is frrelevant within the pre=splitting process,

Although' research has been undertaken {in the field

of dynamic compressive strength testing a lack of
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information exists on dynamijc tensile strength
tbsting. This can most probably be attributed to both
the difficulty in acquiring the tensile dynamic

strength compared with the comoressifve dynamic

“strength and the associated high cost due to the

sophisticated equipment which would be required, Due
to these factors the dynamic tensfile strength {s also

of little use to the practical blasting engineer,’

The normal strength parameters which can be easily
and relatively inexpensjvely obtained are the “static’
tensile and less importantly in this case the ‘:tatic'

compressive strengths,

Afth these considerations {n mind {t was obvious
that testing should be undertaken to determine the
eftect of static rock strength on the maxfimum
successful pre=split borehole separation for a

standard charge density and borehole dfameter,

LABQRAIORY_LESLLUG
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9.2.1 Matacials
It was considered {important ¢that to obtain o

reasonable wunderstanding of the effect of rock
strength in the pre=splitting proccess it was
essential to perform tests in the maximum number of
varying rock tyces and strengths, Also the
avaflapnility of stone in suitable dimensions was an
fmportent factor in this choice, However, due to the
number of tests required in each rock type and the
corresponding tine available, the minimum number of
rock types in order to produce a valid representation
of results was used, The following six materials were
chosen?

Springwell Sandstone (as used {n Phase 2 Testing)

431 mix Concrete (as used in Phase 2 Testing)

Dolerite (Anhin Sill)

Creetown Granijte

Dolomitic Limestone (Permian)

Shelly Limestone (Permian)
A brief description of these materfals may be found in
Appendix H along with source locations and both

tensile and compressive strengths,
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9.2.2 Exgerimental._tathed

Single strand 2,31 gm/m (11 grain per foot)
PEsTeN, cord was loaded in open ended 3/8 inch hammer
drilled holes positioned in line at c¢onstant spacing
in rough blocks of approximately six inches thickness,
In eech test explosive cord per hole was of equal
length and the free endavwere detonated by a single
detonator to ensure instentaneous detonatfon of the

charges in each hole.

Split blasting was continued in each rock tvba
until both a failure to split and a success had ' been
recorded for successive decreases of borehole

separation,

Cores of intact rock were then taken from the test
specimens and/or unblasted blocks (depending on the
availabflity after testing) {in order to fabficato
compressive (84 X 42 mm dijameter) and tensile
Brezilian Dice (42 mm diemeter x 21 mm thickness)
strength test specimens, The results of the
subsequent strength testing for each material are

gfven in Appendix H,
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9¢2e3 Besults

A complete list of tests aﬁd rock descriptions with
compressive and tensile test results can be found 1{n

Aopendices D and H,

Graphs of the combined results of each test
indicating rock type are displayed in Figures 9,1 and
9.2 in which pre=split bLorehole seperations and

" guccess are plotted against tensile and compressive
strengths respectively, As would be expected, both
figures show that the maximum successful opre=split
borehole separation decreases with increasing tensile
and compressive strengths, Each figure shows ]
hyperbolic relationship between maximum successful
pre=split borehole separation and strength, all points
of the former except for the Whinstone tests‘fitting
onto a single curve, Surprisingly the compressive
strength values give @83 good a fit as the tensile
strength values even though the spreed of strengths is

inferior,

In an attempt to quanti{fy the relationship it was
decided that ¢the ¢two variables might be simply
inversely proportional to each other, The {nverses of

the strengths were then plotted against maximum
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successful preesplit borehole separation for each rock
‘type and are displayed {n Figures 9,3 and 9,4 with
better results, In Figure 9,3 it can be seen that
each rock type with the exception of the Whinstone
fits closely to & straight 1ine with:

Y axis interceot (A) = 6,35 cm (2,45 ins)

Slore (8) = 8,01 cm MPa

Giving the relationships

Y = 6435 ¢ 8,017 ¢m

where? Y = maximuym successful pre=split borehole
separation

T = tensjle strength

However the Whinstone value of Y {8 only 66X of the
predicted value “from the above relationship and l{es
well below the regression line {n Figure 9.3,
Initially it was thought that there had been
exceptional circumstances or some misteke but on
rechecking the blasting data sheets and the actual
specimens it was shown that the Whinstone was

unusually resilient and resistant to blasting,

Although it did not possess the greatest
compressive strength of the rocks tested, it possessed
by far the largest tensile strength (see Figure 9,1),

On visusl re-assessment of the blast damage around
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each borehole it was discovered that in both
unsuccessful and successful whinstone pre=splft tests
no damage other than a pree=split fracture where

present could be detected,

It i{s reasonable to asahme that there comes a limit
to the strength of a rock that can be preesplit, it
being impossible for the s;raight line relationship to
reach the Y axis otherwise a maximum successful
pre=split borehole sopération of 8,01 ¢cm at a tensile
strength of infinity could be obtained, The
relationship must therefore at some point deflect from
the straight line of Figure 9,3 to the reciprical of
the tensfle strength axis, However it cannot reach
this axis in practice aue to the finite diameter of
the boreholes, It is suggested by the author that the
path of the relationship for 0,9525mm (0,375 inch)
holes loaded with single eleven grain (2,31 om/m)
PeEeToeNe cord defects sharply downwards at a tensile
strength of approximafelv 11 MPa and Passes through
the Ahinstone maximum successful pre=aplit borehole

separation point values,

Figure 9,6 for compressive strength values shows a
similar effect but a greater spresd of results,

However this {8 only coincidental and due to a tenuous
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1ink between tensile and compressive stronqtha.and
therefore the compressive strenath should not be used
in design etc, esoecially when a petter relationship
between maximum successful pre=split borehole

separatfon and tensile strength exists,

9.3 EEEECI.UE_ERE=SRLILIING.ON_INSIIU_SIRENGIH

9.3.1 HMethod

The effect of rock strength on pre=splitting having
already been explored it was decided to find what
effect the pre=split has on the insitu rock strength,
As any disruption to insitu rock will be affected by
the disruptive presence of i{individual holes, three
compressiQe test and three tensile test specimens were
taken from test No 58 around the end borehole at the

following centre spacings = 30 mm, 44 mm and 65 mm,

Test 58 was chosen as Springwell Sandstone 1is an
extremely homogeneous rock and strength testing in the
Department has shown it to have extremely consistant

strengths and moduli, In addition test 58 offered a
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sufficiently large ‘intact’ piece of rock for the
drilling of cores at suitable diatanceé from a
pre~split borehole, Tests were carrfied out using
standard sized cylindrical specimens (84 x 42 mm
diameter = compressive, 21 x 42 mm diameter =

tensile),

9.3.2 Besults

The results of compressive and tensile testing are

as follows

Distance | Compressive | Tensile

30 38,98 MPa 2.85 MPa
be 42,38 MPa 3,20 MPa
69 44,75 MPa 3,20 MPa
intact 48,82 MPa 3.80 MPa

These results are graphically displayed in Figures
9.5 ond 9,6, Both tensile and compressive strengths
show & decrease for decreasing distance from the
ore=split hole, However at the distance of half the

porehole separation there 18 only a reduction of six
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The same but for tensile strength,
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and eleven percent respectivelv. It can therefore be

concluded

‘that any substantial lowering in rock

strength along the pre=s3plit line will be confined to

the {mmediate vicinity of the pre=split boreholes and

the rest of the face will remain relatively unaffected

back from the preesplit line,

9.4 ELLLR.RAIA

9.4.,1 Methad

Strength testing was carried out in the field using

a portable point load testing rig on each rock type at

successive

localities, The testing was carried out

under the guidelines suggested by Reichmuth (1967) and

tensile strengths were calculated from the equation:

St
where} st
P

h

Ks

ks P/n? ¢ K P

tensile strength (Pa)

applied load at fajlure (N)

3 height (distance between
loading points, m) |

shape factor

relative brittlieness 1ndox‘(m )
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Ks was taken 88 0,7 h/w (for Prisms)
and K as 1550 (m )

where! w = width of specimen (shohtost) {m)

9,402 Hasults

The number of tests taken, the mean point 1load
tensile strengths and their populatfon standerd
éoviations for each rock type and their localities are
given in Figure 9,7, Due to the fact that some
specimens failed at very low loads along microfissures
anad cemented Jjoints etc, the means and steanderd

- deviations are shown for both with and without these
results, The loading densities and charge layouts for

each site are shown in Figure 9,8,
9.4,3 Qiscussica_nti.Besulta

As can bes seen from Figure 9,8, the loading
densi{ties vary enormously between sites, the jowest by
tar being for sites one to efght {nclusive, However
st these sites the strongest rocks are found as
f1lustrated by Figure 9,7 (these sites were also the
leaat successful), The best pre=split results from

these sites were obtained st cutting number one which
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S{te No. INo X St., |No X St,

In Dev, |Ex Dev,
1 26113428 [14,53[13|24426]|13,43
2 21129.80 (20,41 (1932,67|19.34
3 (Gneiss) 20124.00(13,76|20(24,00]|13,76
3 (Felsite) 5161.32 (13,55 5/41.32(13,55
4 2822456 13,14 (27 |23.26(12.86
5 26124,52 (18,42 (20(31,01{16,08
6 23(22,11 (12,69 (23 {22.11(|12.,69
7 21125.69 (19,78 (18 [29.37[19.02
8 ' 162777 (15,91113133.35|12.05
10 (upper) 10({10,22( 9.95| 8{11,30]10,02
10 (lower) 11] 9,09 5.,17]10] 9.82) 4.85

11 (upper limestone) [21{14,13| 8,57(15(|18,83| 5.04
11 (middle limestone) | 8(26,41( 8,24| 7(29.,34| 2,98
11 (middle mudstone) |13]| 4,67 1,08|13| 4.67| 1.08
11 (middle sandstone)| 5| 2,36 0,71| 5| 2.36] 0,71
11 (lower limestone) [19[16,94]| 5,00[19116,94| 5,00

Figure 9,7
Table of Results from Point Load Testing in the Field
In = including low failure values

Ex = excluding low failure values
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has the lowest rock strength of this group of
ore=spl{t Jlocations, In ¢ontra61ctionp excluding low
failure values there are three other sites which have
lower tensile rock 8trengths, two of which, numbers
three and four, the application of preesplitting to

the final faces has proved very unsuccessful,

As shown in Chapter 5 (Figure 5,2), at loction
three pre=split boreholes in gneiss were observed to‘
have failed to connect, the results of pre=splitting
being on the whole very poor, However the best
results were observed to have been obtained in e
felsite intrusion (sill) orientated with the major
discontinuity planes dipping at an angle into the line

of the carriageway,

These contradictions seemed fnitially to be
insoluble, but on close examination {t was decided
that the jointing structure within the rockmass was
plaving a decisive role, It was discovered on
revisiting location three that all of the accessible
telsite which was present in the rock trap or reposed
sgainst the face was hand sized in dimensions and
bounded by three flat joint sets which were roughly
mutually perpendicular with no fresh surfaces, From

the size of felsite block encountered it would be very
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difficult for a 100 mm borehole not to cut at least
one of these i{nterconnected discontinuities at any
point along the borehole’s lenath, In comparison, the
gneiss in which pre=split failure occurred is massive
in nature with few discontfnuities and boreholea‘were
observed to be rarely cut by discontinuities except in
the case of the main ’bedding’ which cuts across the
holes and not along their length (as illustrated in

Figure 5,2),

Examining the point 1load tensile strength data
obtained from gneisses at location number one {t s
obvious that the small scale closed flaws, “cleavage’
planes and cemented smal) discontinuities are widely
disseminated throughout the rockmass in great numbers
@8 50% of the random Qamples failed at extremely low

loadings due to their presence,

Essentially it {is the author’s opinion that
generally the rock strength at locations one to efght
due to the general failure of the pree=split and the
high occurrence of intact borehole lengths in some of
these faces, was too high for the charge densities and
borehole separations used, Infact the use of triple
strand superflex gives & low charge density end

resultant quasi=static gas pressure {ncurred compared
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with those used at locations nine to eleven although
the exact charge densities are not available for

locatidn ten (see Figure 9.,8),

At location eleven (Dunbar GQuarries), excellent
pre~splits were .obtained {n the upper and Jlower
limestones, excessive back damage and a general
loosening of the face by opening up of fissures was
observed in the middle beds within the mudstone and
silty sandstone horizons, Fbom consultation of Figure
9.7 this should not be totally unexpected as their
tensile strengths are extremely low = 4,67 and 2,36
MPa respectively compared with meaﬁs of 10,22 and

16,94 MPa for the upper and lower limestones,

CUuCLUSIONS

The tensile strength of rock may affect the success
of a pre=split panel if {t {s too high for the

pre=split charge to totally overcome,

From laboratory experimentation there {8 a definite
inverse relationship between “‘static’ tensile rock
strength ondvthe maximum successful pre=spli{t borehole

separation., However this relationship does not hold
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above a critical tensile rock strength (which may be
ditferent for differing borehole diameters, charge
densities and explosive types). where the dynamic
component may be insufficient to fracture the borehole
wall, the effect being to rapidly reduce the maximum
successful pre=split borehole separation above this

value,

From field results {t has been shown that the
presence of abundant micro=fissures, flaws and small
scale interconnected Jjointing d}amaticallv increases
the maximum successful pre=split borehole separation,
In such conditions the importance of ¢the 1{ntact
tensile strength of the rock in the determination of

the success of a pre=gplit is aramatically reduced,
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AEAIHERING

HEAIHERING PROCESSES IN_KELAIION TQU_IHE_ROCK_MASS

The affect of weathering (chemical) on insitu rock
is to weaken the fabric through mineral decomposition
and by the breaking up of the matrix through minersl
recrystallization e,0, Feldspar to Kaolfnfte and

Serficite etc,

The jointing within & rock mass plays a major role
in the weathearing process, as weathering generally
permeates strata through the system of

discontinuities, progressively attacking the rock of

the joint walls wuntil just cores of rock remain

between Joints, Weakening of Joints by the associated
reduction of their cohesion and also opening- may
occury thus an 1{increase {n permeablility {s common
which in turn lesds to intensification of the

weathering process,

Eventually, through weathering the rock may become
completely altered so that {t possessas the strength

of a soil but stil)l retains the texture and ’fabric’
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of the original rock, The overall effect of
weathering is thus a reduction in strength and

stability of the strata involved,

EEEECI_QOFE WEAIHERING AMD. KECOMMENRAILQNS

A1l weak weathered materfal which {8 rippable
should be removed before drilling to prevent the loss
of holes due to borehole collapse in the upper regions
of the holes, which mey be 1located in ‘loose’

weathered material,

Norma)l practice in pre=split blasting is to use a
constant charge density throughout the borehole
length, with the exception of the top 1 to 1.5 mm of

hole with, (in some ceses), the provisfon of & base

charge, It is critical to ascertain the depth as well

as the degree of weathering as boreholes may ’bridge’

both highly weathered ground and fntact strata,

Consider a . borehole within a pre=split penel
surrounded by extensively weathered weask material {in
its upper half and intact stronger unwesthered rock in
its lower half, (see Figure 10,1a), If a charge

density for the hole is calculated or selected on the



(a) Normal Practice. [b) Recommended Practice.

“downline. downline.
N /. -7 : .
/ / i s/temmlny / / / / st/emm/ng
/ , / /
/ Weathered Zone / reduced charging
(Ll L e
________________ [___/ s _____ sBdecking. ! _’_
/ / / / ’ ! / / ! / / ’ p p / / ’ /
2 ,Intact Zone , ,
/ , ‘ ’ , / , /
/ / / / / / 4 / /
’ |l standard charge. / , o+ '’ l|llstandard charge.
/ ! / . ) ’ /
‘ / / base c;mrge. / / ‘ S 2 base charge. / '/
Fig.10.1.

Diagram of normal (a). and recommended(b) charge string layouts for blasting in
rock with sizeable weathered Zzone.

- 9.4 -
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strength of the intact rock, then the upper portjon of
the hole within the weathered strata will be
overloaded and excessive damage will be 1likely to
occur on detonation, especially {n respect of opening
the Joints, reducing cohesive strength and  thus
corespondingly that of the surrounding rock mess, In
extreme cases slight ground heave may be encountarea
and ft may become necessary to dispense with any top
stemming to negate this effect, A weakening of this
ground may result in extensive instaoility problems at

the top of the final face,

Conversely {f the charge density for the hole is
calculated or selected on the sfrength of the
weathered portion of the strata, then the Jlower healf
of the borehole will be undercharged, Here failure to
pre=split mBYlOQCUP' resulting {n efther a tée or

excessive damage from the accompanying bulk blast,

1t such a contrast between wecther?d and
unweathered zones exists then they must be treated as
differing rock types or horfizons and the charge
density along the borehole lengths should be veried
accordingly, with a reduction ot charge densfty within

the ueethéred ground,
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The reduction fin charge density at any one point
will reduce the degree of dynamic damege to the
borehole wall, proaducing smaller and shorter radfal
fractures for quasiestatic extension which i{in turn
will be reduced, To diminish the 1nfluence of the gas
component from the more highly charged Jowsr portion
of the pre=split holes a small amount of decking (say
0,5 to 1 m of tamoed clay=sand mix) may be introduced
at the approximate ‘interface’ of the weathered and

unweathered zones, (see Figure 10,1b),

10,3 EIELD.QHSERVAILONG.UN IHE INFLUENCE QF WEATHERING

The effect of weathering and the absence of reduced
charging in the'uaathered zones can be clearly seen at
rock cuttings one, two and five, Here wedge and plane
fai{lure has opredominantly occurred in the upper
regions of these pre=spl{t faces where the opening of
discontinuities is the most marked, Talbot (1977)
attributes the failure to produce a clean split in the
upper portions of these faces (locations one, two,
five etc.) to the presence and degree of weathering,

(along with other factors), (See Figure 10,2,)

It is howevepr important to note that the upper



Fig.10.2.

Highlv weathered rock

at location 2 in the
upper portions of the
face in certain 1ireas
has shown to be
totally unsuitable
for obtaining
reasonable pre-split
results, giving rise
to both excessive
backbreak and

instability.

6LC
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areas of the pre=split plane should theoretically
produce the best face, This is due to the fact that
borehole deviation and drilling 1{naccuracies are
minimal compared to the foot of the pre=split, A
major contributor to the failure to pre-splif in these
areas can be attributed to the degree of weathering

present,
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BALIER

IHEQRY

The free water content uith1n’a rock mass should be
considered as an important constituent of the strata,
It may affect jts strength and/or stabflity and even
the seismic velocities of the medfum, Leaving aside
the mafn stability problems arising {n certain
sftuations which may be accentuated by the presence of
excess water, by far the m§st important factors
controlling the effect of water on the process of
pre=split blasting are the actual level of the water
table and the ease with which the water is allowed to
pass through the rock mass, {n relation to the
pre=split boreholes, The important jtems which should

be considered can be broken down to the following?

1. Height of the water table in relation to the base

" level of the boreholes,

~

2, Rate of filling of the boreholes,

35, Rate of flow of water through each borehole,
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If there {8 the possibility of there being water
present then care must be taken of at least {tems (1)
and (2), I1f water s present and drains into the
boreholes, filling them, the explosive used must be:
water resistant and the-charges fired on the same day
as loading to avoid water saturation of the explosive
or deteriation due to leakage through any protective

seal,

Deterioration of the explosive charge will result
in a reaguction in strength, (both seismic and gas
pressure) with the possibijlity of misfire {n some
water susceptible explosives, Generally the lowest
water resistent explosives are the low strength
ammonegelignites and n,g, powders whereas the higher
strength gelignites have superior water resistance,
(Dfeck, 1968), If there is water flowing through the
borehoies the pre=split charges should be fired
without delay as the effect of flowing water is more

detrimental than that of static water,

With charges consisting of individual sticks of
high explosive attached to cordtex downlines or with
charges of single or multiple strands of tlexible high

explosive cord, the Specific Gravity of the explosive
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train should exceead 1,0 (S,G, of water), If this
condition is nmot met within top stemmed holes sliowly
ti1ling with percolating ground water the charge will
tend to floa¥ up the borehole with the rising water,
resulting in a charge concentration near the top and a
4oossible ebsence of explosive at the boftom. This
will result in excess damage at the top of the
intended face ana {f a weathered zone ", present {t
may be excessively loosened, This portion of the face
ifs the most important in a stability sense as maximum
damage may occur due to the falling of rock from the
‘higher regions of the face, Conversely the fracturing
at the base of the hole will be drastically reduced
and failure to opre=split at lthis point may occur
regulting {in an unbroken toe of rock at the base of

the pre=split,

It a base charge {3 incorporated in the explosive
train then the point along the borehole’s length at
which it rests will concede excessive damage on
detonation resulting 1{in a pocket of highly frectured

rock at this point in the final pre=split face,

Boreholes drilled in *impervious’ strata may become
unexpectedly filled from surface or subsurface water,

as was observed by the author at site nine, Here
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water was observed to heve drained {nto the pre=split
boreholei over a period of one to two days from direcf
drafnage from the layer of overlying Glacial Till
and/or subsurface rivulets at the Guartzite/Gneiss and
Glacial Ti1) interface, Rapid filling was observed

during wet periods,

The se;oﬁd effect that a column of water around an
explosive charge in a borehole has is to effectively
fncrease the coupling and thus increase the
*fracturing’ power of the explosive charge, This {8
effected in two. waysj
1, Water s a far more efficient medium than air for

the transmission of pressure pulses and sonic
waves as it {8 denser than efr and thus, as f{t
possesses a higher acoustic velocity it therefore
produces less damping, Due to this higher sonic
velocity a better impedance match between the
explosive and water and also between the water and
rock is achieved, allowing a substantially higher
proportion of the dynamic pulse to be transmitted
into the borehole wall and thus into the rockmass,
The combined effect will be to {ncrease the
amplitude of the dynamic pulse, thus giving rise

to a more extensive zone of dense radial
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fracturing 1in the rock around the borehole before
the quasi=static gas pressure component tekes over

in crack propagation,

2, water unlike eir (or any other gas for that
matter) is relatively incompressible, therefore
the decoupling of the explosive is dramaticelly
reduced and thus a far nigher gas pressure will be
achieved after detonation of the explosive column,
This will induce the formation and extensjon of
fracturing far beyond that which could be expected
for a water free case, However on the detrimental
side to fracture development water instead of gas
would be forced into the cacks sround the borehole
uall; the water due to fts high surface tension
(molecular attraction) and higher moleculer size
would infiltrate these fractures at a reduced rete
and thus maximum quasi=static wedging efficiency

would be lost,

In order to deduce which theoretical factor is
dominant in practice or whether the opposed factors
cancel each other out, experimental testing
incorporating the use of water filled boreholes was

devised,
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EXEERIMENIAL.MELHOD

For ease {in measurement of fracturing a reversion
to polyester resin blocks was made, for reasons which
have been previously stated (Chaoter Four), Two tests
were devised using 6.35 mm (0,25 ins) and 4,76 mnm
(3716 ins) diametér holes (tests 84 and 85
respectively), These hole diameters were chosen as
previous results from decoupled single borehole
testing incorporating these borehole‘ diameters
(Chapter Four) opave good correlations to the overall

trend (i,e, they did not give atypical results),

The holes were drilled centrally in {ndividual
polyester resin blocks of dim?nsionsa 150 x 127 x 75
mmn (6 x 5 x 3 ins), The blocks were then assembled
with wave treaps and constrained as specified
previously in Chapter Four, Single four grain PETN
explosive cord was then positioned {in eech hole with
approximatelv one centimetre protruding through the
;ase of the blocks, The base of the hole {n each test
was then sealed with water resistant sealant (see
Figure 11.1) and the end of the explosive cord was
likewise sealed to prevent moisture attacking the

explosive within, The holes were then filled with

water and left open at their tops, & protective plate
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X -SECTION.

Water filled hole
4 grain cord

Resin block

Sealant

FIG.11.1.

X-Section of water coupled tests
84 and 85.
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was placed above each block to shield {t from
detonator fragments as in previous standard proceedure

and the tests were fired separately,

RE3ULIS

Both water coupled tests 84 (6,35 mm) and 85 (4,76
mm) shown in Figure 11,2 produced higher degrees of
blast damage than their eaeir coupled counterparts
illustrated {n Figubal11.3. The extent of the damage
zone produced was also greater than that produced by
test 21 (2.54 mm) also shown {n Figure 11,3 = the
smallest hole size afr coupled test (2,54 mm being the
minimum size of hole available {nto which the tour
grain cord could easily be inserted), The values of
blast damage zone extent obtained in water coupled
tests along with those from the previously mentioned
air coupled tests and the curve of the relationship
between blast damage zone extent and borehole diameter
are displayed in Figure 11,4,

The higher extent of blast damage zone in tests 84
and 85 compared with test 21 would tend to suggest
that there is a higher degree of coupling of the

explosive to the resin with the use of water,



Fig. 11.2.

Fracturing produced in water coupled tests 84 (6.355mm hole)

and 85 (4.76mm hole) indicating reduced effect of hole
diameter for water coupling. Compare with figure 11.3.

Block size 150 x 125mm.



Fig.11.3.

Air-coupled counterparts of tests 84 and 85 - tests 7 and
respectively with maximum coupling test No. 21.

Block size 150mm square.
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FIG. 1. 4 .

Results of water-coupled tests 84 and 85 plotted
with their air-coupled counterparts and related
decoupling/damage zohe extent curve.
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therefore {t c¢an Dbe supposed that even a refatively
thin layer of air around an explosive 'charge will
reduce {ts rock breaking power, It is thus suggested
that the wuse of water {in a borehole maximises

coupling,

11.4 EURIHER_EXPERIMENIAIIQU

Although these experiments had conclusively proven
water to be an efficient coupling agent, the basic
mechanisms of fracture formation with water coupling
had ﬁot been established, From the resulting
*marginally’ higher magnitudes of explosive damage
obtained during the water testing compared with that
of the previous “full’ coupling test (21), it is
obvious that similar {f not d{dentical fracture
mechanisms are prevalent, Thus this new line of model
testing gives an ideal opportunity to discover the
actual mechanisms {nvolved 1n. explosive fracture

propagation (Chaoter Three),

In ordepr to aiscover how far a flufd will
effectively penetrate a relatively ’constricted’ blast
fracture {nduced py the dynamic component of energy

release and pressurise that fracture inducing further
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fracture propagation, the following experiment was

devised,

Identical specifications to test 85 were adopted in
every respect except that water was replaced by blue
coloured cellulose based dye (Spectra colour layout
and jdentification fluid) which had a measured surface
tension of 0,45 poise (the surface tension of pure
water being 1,0 poise). This dye wes chosen as {t was
readily avaflable and also possessed a surface tension
appoximately half way between that of water and ‘gas’,
After detonation the block was photographed using an
orange fflter infront of the camere lens in order to
accentuate the penetration of the blue dye into the

blast fractures surrounding the borehole,

RESULIS_QE_LESLING-MLIIH DYE

As can be seen from Figure 11,5 (test 86) the dye
managed to penetrate along only a fractfon of the
fracture lengths,. However the ;urfacos of one
fracture, which spanned the shortest width of the
block (127 mm), can be seen to be coated with dye,
This fracture on close observation was open with f{ts

fracture surfaces laterally parted, This suggests
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Dye coupled test no. 86. TIllustrating the explosive

penetration of fluid into the zone of blast fracturing

during blasting.
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that the dominant factor affecting the penetration of
dye into . the blast induced fractures around the

borehole {8 their aperture,

The maximum depth of dye penetration into the block
from the hole, excluding the previously discussed open
fracture was 20,4 mm and the average value 12,7 mm,
The maximum crack length observed was 77 mm and the
average blast damage zone extent 55 mm, Therefore the
dye has penetrated up to a depth of 37X of the blast

damage zone extent,

Another {mportant factor to note {s that the dye

showed no marked preferentisl injection along the

longest fractures except where these had reached a

1.6

free surface and thus been allowed to open,

CQuCLUSIQNE

1.
The introduction of water into a borehole has the
effect of fully coupling the explosive to the

rock,

2. The effective pressurised diameter of the borehole
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is {ncreased during the quasiestati¢ phase by
fluid injection into the fractures radiating out
from the borehole, This has the effect of further

fracture extension,

Fluid is not injected into the full lenath of each
frecture after detonation, From results of mode)
testing an injected length of only 37X of demage
zone extent was found, the dominant factor
controlling the penetration being fracture

aperture,

Fluid t{njection {s limited to the {immediate
vicinity of the borehole where the highest elastic
strain occurs during the aquasi=static phase of

fracture propagation,
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IEXIURE. GRAIN _SIZE_AND_ANISOIRQOPY

EEEECI.QE_LEXIURE

The texture of a rock has no real effect on the
pre=split itself other than would be caused by rock
strength but may affect the general appearance of the
final fracture surface as followss

A glassy homogeneous texture to the rock along a
tresh  fracture - surface will highlight eny
morphological fracture features such oas ribbing,
stecmarks and hackle marks (Carrasco and Saperstein,
1977)., The less homogeneous the texture becomes the
more the amount of these features which may be readfily
detected decreases, For example schistose or
gneissose materiel due to 1{its ‘crystalliine’ nature
with the maJority of crystals alfgned in one direction
tends to destroy all morphological features due to the

roughness of fracture,
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12.2 EEEECI_QE_GRAIN.SIZE

The grain size of a rock again has no noticeable
effect on the opre=split process i{tself except at
extreme sizes such as a conglomerate where the sizes
of the f{ndividual <clasts approach the opre=split
porehole separation or if a high porosity {8 present
due to poor infilling of voids in a very well sorted

or poorly graded sediment of coarse grain size.

For the former case the relative strengths of the
matrix and clasts will Se of importance and also their
ratfo of occurrence, In this case the path of the
split between holes will tend to circumvent the
fndividual clasts {f the strength of the matrix 1is
sufficiently low and an frregular face will be created

with individual loose clasts protruding,

For the latter case excessive damage (crushing
etc,) may occur {in the immediete region around the
borehole, but due to the excess void volume the
maximum successful preesplit borehole separation will
be reduced by the rapid dramatic drop in borehole gas

pressure as the gas vents i{nto the voids,

However the main effect of grain s{ze noted from



- 299 =

field observations was again on the determination of
the presence of fracture (morphological) patterns in
the final preesplit face, For very fine arained rocks

such as aquartzite (see Figure 12.1) conchoidal

fracture patterns and radiating ribs were seen to

12.3

emanate tfrom {individual boreholes, proving that
fracture initiation {is at or near the borehole wall.
and that fracturing extends radially outwards from the
boreholes to interconnect, As grain size increases,
the frequency of occurrence of the features decresses,
e.g. the fine greined upper lavas at location ten
showed some conchoidal fracturing eminating from
fndividual boreholes (Figure 12.2) but the 1lower
coarse amygdaloidal lavas showed no indication of any
such features being opresent, As the grain size
approaches the relief height of these ‘delicate’
features then they become totslly obliterated, the
fractures extending along the coarse intergranuler

boundaries of the rock involved,

EEEECI.OE_ANISQIRQEY
Any anisotropy in rock will effect the strenath,
moduld and other properities, giving differing values

{n different directions,



Fig.12.1.

Fracture patterns on pre-split plane in fine grained

metamorphosed quartzite at location 9.
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Fig.12.2.

Conchoidal blast fractures emanating from pre-split

borehole in fine grained rhyolite at Location 10.
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For 1instance, fin strongly bedded or foliated rock
the direction of maximum tensile strength will be
parallel to the foliation or bedding planes and the
minfmum tensile strength perpendicular to the
foliation or beddiné: the converse holding for
comoressive strength, It is therefore obvious that
the maximum possible successful pre=split borehole
separation, i.e. the ‘esse’ of opree=spiit, and- the
degree of damage around a pre=split blast hole will
also be dependent on the orfentation of the opree-split

line in respect to the foljation,

In an anjsotropic rock mass, the direction of
maximum dynamic crack formation and lengtn due to the
detonation of a charged borehole around that bhorehole
Wwill be perpendicular to the orientation of the
minimum tensile strength, i,e, alona the plane of
natural ‘cleavage’ of the rock., Conversely the
direction of minimum dynamic crack formation and
length will be perpendiculer to the maximum fracture

orfentation and maximum tensile strength,

Due to the combined effect of the more extensive
cracks produced by the dynamic component and lower
tensile strength for fracture propagation parallel to

'the foliation, the quasiwgtatic gas component of
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energy release will preferentially extend fracturing
of this orientation, These combined factors will
therefore precipitate the expansion of the z2one of
fracturing around the borehole in an elliptical form
with the major axis parallel to the foliation or

bedding etc,

It 1s obvious from the above that the direction of:
maximum successful pre=split borehole separation will

be parallel to the foliation or cleavage of the rock,

However, at location nine where both the foliation
and dominant Jointing strikes perpendicular to the
pre=split face, no detrimental effect to the latter
was observed, although results from seismic
jnvestigetions gave a pesak pﬁrticlc velocity
directional ratio of 331 (Swindells, 1981) along and
across the foliation respectively, A clean sound
pre=spl{t face was observed with concentrated fracture
damage extending only a metter of centimetres back
fnto the face around the remaining halfebarrels, - The
axact detaifs ana figures may be obtained from

Swindells (1981),

1t may therefore be concluded that any anisotropy

within the rock mass may partially or wholly act with



e 304 =

close similarity to ."continuous’ extent dominant
Jointing, and that a direct analogy may be made with

the mechamisms and results described in Chapter Six,
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SLaglLllY

INIRODUCTION

It s obvious that {f a design face will be
intrinsically unstable due to the aiscontinuity
geometry and configuration within the rock mass then
on excavetion any pre=split that has been formed
within the réck mass at that boundary will be

partially or wholly destroyed,

Due to the geometry involved and the statistical
probability of the position of occurrence of @
daylighting discontinuity surface or intersection of
discontinuity surfaces above the maximum anale of
natural repose (i.e, friction angle) the top portion
of the intended face will invarfably tell on
excavation, The {ntensity of major fa{]ure surfaces
etc, will dictate how near to the base of the fade is

the level to which collapse will occur,
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MORES _QE_EALLURE

There are three main modes of fajlure that

consideration, These are?

1« Plane failure

2. Wedge faflure

3, Toppling

" The general conditions for failure in each

above three modes are as follows?

1, Plane failure, (Hoek and Bray, 1977) = see

13.1:

a, The plane on which sliding occurs must
parallel or nearly parallel
approximately twenty degrees) to the

face,

b The failure plane must °daylight’ in th
face, This means that {ts dip must be

than the dip of the slope face,

require

of the

"Figure

strike
(within

slope

e slope

smaller
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¢ The dip of the fajlure plane must be qreater

than the angle of friction of this plane,

d., Release surfaces uhich provide negligible
resistance to sliding must be present in the
rock mass to define the lateral boundaries of
the slide, Alternatively, failure cen occur
on a failure plane passing through the convex

*nose’ of a slope,

Nedge failure = see Figure 13,23

8, The dip of the line of intersection of tub
continuous Jjoints or Joint sets must exceed
the angle of friction of the wedge,

be The failure plane sides of the wedge and their
l4ne of intersection must daylight §n the
slope face,

Toppling fatlure = see Figure 13,3¢

a, The centre of gravity of the block must be

outside the base of the block,

be The direction of topple must be within
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! ‘ toe of block

Fig.13.3.
Toppling failure.
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approximately twenty degrees of the dip

azimuth of the face,

¢, The toppling block must have a free release

surface into the excavtion,

15,3 QEIAILED.SLABILILY ANALYSIS_QE_EACH LOCALION

13.3.1 Egrexard

Stability analyses should be carried out prior to
or auring the design stage, However the author was
only involved in one such survey at pre=split location
numbervnine' there being no such surveys at locations -
one to eight inclusive., The bulk of this chapter {9
therafore & back analysis of what should have been
carried out Dbefore the commencement of excavation,
The widespread occcurrence of instability throughout
pre=split Tocations one to eight hes further
complicated the abstraction of field data on the other
geotechnical factors which affect the success of @

pro-split face,’



- 311 =

Preesplit Jocations one to nine inclusive occur in
metamorphic gneisses of varying grades and intrusions,
Due to the relative failure of the application of
pre=gplitting techniques to these faces at locations
one to efight, the general feeling arose amongst senior
engineers for both the client, consultant ana major
contractors that the pre=splitting technique did not

work {n metamorphic strata,

In a majority of locations {t will be shown that
major instability was present which was infact the
main cause of failure of the face profile, In
addition the epplicatfon of pre=splitting at location
number nine on a “‘relatively’ stable face proved
highly successful compared with the results of bulk
blasting in a nefghbouring box cutting on the same

contract, ‘

13.3.2 Locatico Number.Ones fEigurs_13.4)

At locatin number one the discontinuity survey (as
shown in Figure 13,4) taken on the south west facing
design slope (d.,8.) shows three distinct diséontinuitv
concentrations = A, B and C, The friction circle is

plotted with the deiian slope,



location number 1.

Fig. 13.4
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It may be seen that minor amounts of plane faflure
from 8 minor oortion of concentration B may occur and
that localised wedge failure may occur along the
intersection of two localisged minor subset

concentrations;

The pole to the design face Just lies within the 5%
contour of qroup B, However this set is thought not
likely to have any major effect as fts major

concentration lies approximately forty degrees away,

From site examination there are no major stability
orobl;ms,‘failure being localised and of wedge type as
described, This locality gave some of the best
exaﬁoles of pre=splitting from the first efght

localities,

13,3.3 Logcatianbunber luge-fEigure. 13.5)

At pre=split location number two the disconti{nuity
survey taken from the south west facing face as shown
in Figure 13,5 shows the probebility of wedge failure
along the intersection of discontinuity concentrations
A and C, the majority of slippage occuring on set C

with set A acting predominantly as release surfaces,



location number 2.

Fig. 13.5.
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Site examination Shows that there was some such
wedge failure but the rock has & predominantly very
broken and heaved appearance, However the total
absence of a pre=split and presumably the cause of its
failure is not stability but close proximity of a
major joint set to the design face, This {8 well
jdentified from Figure 13,5 where the pole of the
design face i8 shown to be within fifteen degrees of

discontinuity pole concentration B,

13.3.4 Location.lhcee.LEigures 13.6_and 135,71

There are two faces at location number three where
pre=splitting was used = & low east facing face and a
high west facing face, each face forming the side of a

cutting,

A discontinuity stereogrsphic projection for the -

jow face is given in Figure 13,6 which {llustrates?

a, Possible minor plane failure from

discontinuity concentration C and

be major wedge failure along the intersection of

concentrations D and 8,



Fig. 13.6.
location number 3.
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Fig. 13.7.
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These failures were present {n the face which was
poorly preesplit, the pole of the design slope being

within concentration C as shown by the stereoplot,

A discontinuity stereographic projection for the
high face i{s given in Figure 13,7 which {llustrates
that major wedge tailure will occur on the
fntersection of concentrations (joint sets) A and B8

which are the prevalent sets for this face,

Massive failure of this specified type occurred
during excavation resulting in huge volumes of excess
rock having to be excavated or removed at extra
expense in order to stabilize this face., It fa
fmportant to note that the pole of the design slope

also partially lies within discontinuity concentration

B

13.,3.5 Lacatiocn Numbec.Foure_ . (Eigures.13.8.and. 13,92}
The geometry of this location is somewhat similar
to location numper thrée in that it is a cutting with

a west facing high face and am opposed low face.

The stebility of the 1low face 1{s displayed by
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Figure 13,8 which fllustrates the possioility of plane
failure from part of discontinuity set A and no

sfignificant wedge failure,

Some plane failure was apparent in the face but a
very rough finish was obtained with few pre=split half
barrels, This §is thought to be due mainly to bad

blastfng.

In contrast the stability of the high west facing
pre=split slope i8 displayed by Figure 13,9 which
illustrates the possibility of major plane failure
along discontinuity set A dipping directly {nto the
carriageway at approximately forty fiva.degrees and
possible wedge failure along the intersection of sets
A and B dependent on the anale of friction of the

discontinuity sets,

In the field plane failure is predominant at the
south end of the face and in the rest {s present {n
the top portions of the face, This was one of the
more successful pre=split faces slthough having en

overal) splitting index of under 30%,



location number 4.

Fig. 13.8.
low face.
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