Measurement of rock fragmentation by digital photoanalysis
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ABSTRACT: The awthors describe a new method for measuring the sige distribution of rock Eragments produced by
blasting, tested during recent experimentsl blasting in Virginia, USA. In this methed, photographs of the
broken rock are digitized, apparent size distributions are measured, and corrections are made for the effect
of overlapping blocks. An unfolding (correction) function, has been derived espirically from measurements on
small scale samples of crushed rock. Results of this resssrch show furthar potential for the iavestigation of
correlations between rock mass charactecistics, types of explosives, blasting patterns, and fragmemtatiom.

RESUME: Les auteurs décrivent une méthede nouvelle pour la  détermination de la distribution granulométrique
de fragments rocheux produits pEE sautage. Catte mathode o &té appliguwée sur un site experimental en
Tirginia, USh. Grdee & des photographies et & la technigue digitals, la distributien deas dimenalons
apparantes des fragments est obtenue en vy intégrant wne correctiom pour le chevawchement. G'est unm
correction empirique basée sur  des neasures effectudes 8 patite échelle sur des échantillons de rocs
concassés., Les résultats de catte recherche sont encourageants et indiguent wn petential pour 1'étude de
correlatlons entre les caractéristiques de la masse rochewse, le type d'explosiis et de ssutage el la
fragmentation.

TUSAMMENFASSUNG: Die Autoren beschreiben eine nese Methode zur  Auswertung der Griisgenvertellung vonm durch
Felasprengung produziecter Bruchsticks. Die Methode wurde unlingst bei Versuchsprengungen in Virginda, US4,
grprobt.  Photographische Aufnamen der zerspliterten Felsmasse von unterschiedlicher Grissenordnung wurden
duceh Digitalaufzeichnung ctransfermiert. Die slch ergebanda Créssanverteilung wurde gemessen und Korrekturen
fur teilweise Uherlagerung von Bruchstucken konnten vorgensmmen werden. Eine Berichtigungsfunktion sucde wvon
kleinen, machanisoh serbrochenen Steinsclcken empirisch abgeleitert, Die Awswertung der Ergebnisse iat
Richtung weisend im Hinblick auf Mogllchkeiten weiterer Erforschung der Eorelatiomen won Felscharakteristik,
Sprengmitteln, Sprengsatz Verteilung und Felszarsplitterung.

1. INTRODUCTION Predictions have been mada from  blasting
parametecs and rock mass properties, elcther
"Fragmentation' describes the size distribution of using empirical formulas (Lovely 10731; Juet and
blocks produced by blasting. The ideal design of Henderson 1571}, or from computer simulations
blast should ptoduce a f[ragmentation clesely matched (Gama 1984). These methods, however, do not
to that required for a specific application such as measure the actual fragmention.
for eockfill or armor stone, and reduce to & ®minimum
the nmeed for secondary blasting and crushing. Photographic methods have been developed In
Inproved  fragmentation in most applications means which some parameter of bleck =ize, such as
snaller hilocks, and generslly requires more drilling length ur  cross sectlomal area, is meazured on
and more explosives. The costs, however, are offset the image either manually L(Cacter LS77; Almone
by masier and cheaper loading, hauling., and crushing and Dowding 1983; Norem and Porter 1974} or
{Hackenzie L968: Greoenland and Enowles, 1969). uaing an image analysing computer {Gozon 19863,
These methads measure only  the wholly visible
Because fragmentatiom is so closely related te the fragments, and not che onee overlapped by othec
economics of the quarrying operation, it moeds to be fragments. Thia represents a serious sampling
measured quickly and accurately in order to monitor bias, a8 discussed balow.
blasting, and to optimise blast design., while
reducing coats and environmental impact. A new method of measuring Tragmentation using digital
photoanalysis has  been developed at the University
Currently, there are three mathods for determining of Waterloe as part of a larger investigation to
glza distributions: characterize rock fabric (Franklin and Maerz 19867
This method mneasures sires of overlapping as well as
Siaving haz been used extensively in scaled down non-overlapping fragments, and reconstructs the Erue
blasting tests (Dick et al. 1973; Bhandarl and size distribution. It was tested during the summer
Yutukurl 19743 Singh et al, 1930}, but is of 1986, by applying it te full scale blasting trials
ptohibitively slow and expensive for full scale condugted in  Vieginia by E. I. du Pont da Kemours &
production blasts. Ca. Ine.
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2. HEASURING TECHMIQUES

2.1 Objectives

The process of deriving a sige distribution from a
photograph can be considered in four atages:

Fhotographic =ampling: Fallowing a strategy
designed to  ensure chat the sige distributions
in the photographs represent tha muckpila ae a
it L.

gitigation of the photograph: edither manually,
or by an autonatic process involving enhancement
and edge detection.

Measurement of apparent block sizes on the
photograph.

Conversion of apparent to real block size
digtribubions.

1.2 FPhotographle Sampling

The mickpile is clearly heterogemecus with respect to
fragment sica. The largest sizes appear to have a
tandency to ba thrown to the forward fr{ngm: of tha
pile, and Che smallest ©o cover the upper surface.
fizes appear Lo increase prograssively from the back
to the front of the pile, and lateral variations are
also possible,

A photograph is a racord onmly of a surface or
gaction. The locations and directions of photography
must be selected so  Lhat when the photographic data
are extrapolated te three dimensions, they are
representative of the whole muckplile. Thres
alternatives <can be conaldered:

Te photograph the complete mackpile from a
balloon-mounted camara. Aside from the obvious
practical difficulties, this method might give
blased fragmentation measurements, because of
the concentration of smaller fragmenta st the
top of the muckpile.

Toe photograph a vertical cut through tha langth
of the muckpile. [L[nevitable delaye to the work
of loading would hardly be welcomed by the
quarry operator. Furthermore, any atteapt to
excavate a wvertical face could easily introduce
further errors because of sleughing and™ the
plucking of lacger blocks.

To photograph the broken rtock product in the
havulage trucks after loading from the muckpile.
Thia method appears the Lleast problematic, and
was used f§n the Du Pont triala, mainly because
it allewed panpling without delaying the loading
and haulage operations,

Truckload samples were taken and photographed at
regular  intervals along the centerline of the
muckpile, perpendicular to the quarry bench. This
accounted for fromt-to-back warlatioms. Wertical
variations ware averaged by getting the loader to
lift a complate wertical section of the pile at sach
sappling point. A typical set of data. for Truck #
24 of the Du Pont blasting trials, is presented in
Figa. 1 and &,

While removing some biases, this method of sampling
imtroducas others:

A perspective error: the closer blocks appear
larger than the blocks fturther away.

4 sorting etror: the large blocks tend to alide
to the bottom of the plle that forms in the

Fig-
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Broken rock in the haulage trucks.
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truck, whereas amaller omes tend

the top.

to stay nearc

A oversize error: Very
Loaded into the Eruck.

large blocks are n#ot

To minimize the perspective eccar, pheotographs were
taken using & telephoto lene, which flattems and
comprosses the depth of the image. The sorting error
appedrs to be small and to affect the positions of
blocks rather than the overall size distribution.
Oversized blocks were counted sesparately. Research
to date shows the total of these sampling errors
appedt to  be quite small. Further studies of
sampling methods and the associated ecrora are  in
pPrOgTEss.

2.3 Digitization

Tuo metheds of digitization, manual tracing (vector),
and automatic scanning (raster] metheds are available
{Franklin and Haerz. L9B6).

For the Ou Pont blasting trials, the manual method
was used, in whlch photographs of the truckloads
were digltized using an ¥-¥ digitizing pad {(Fig. 1b}.
rpeaofiles' of blocks, defined as the outlines of
complete or partially overlapped blocks, were storad
in digital form as the vertices of polygons.

In Euture studies, the auwthors expect o be mabing
increasing use of the wuch faster automatic image
analygix alternative. Using the manual method, each

photograph tosk twe to three heurs to digltize.
Technlgues of image enhancement and edge detection
are being daveloped ro allov blocks Lo b

“"revognized” by the computer,

2.4 Measurement of Block Areas and Diansters

The area af each polygon (profile) was measuced dsing
the standard mensursation formula. hreas are
difficult to visuvalize, so block siZes ware expressed
as the diameters IIdE-l:“ of egquivalent I.uqual—area}l
cireles. These wers then put into ten classes of
equal ‘class width, for digplay kn tha form of
histograms (Fig. lcl. The frequency distributions
wore expressed. asx the number of blocks of a
partlcular diameter class pEC Sguate netrae of surface
on the muckpile (M b,

2.5 Determinatlon of True Block Size Distribution

Creervlew

This stage of analyais requires converting the
measurad distribution of diameters (d,.} into a "true
distribution’t the one that would be obtained if the
particles were spread without overlaps. Block size
must now be expressed three-dizensionally in terms of
the diameter “dux“ of an equivalent asphere, ome with
a volume equal to that of the particle. This allows
eagy conversion to block weight or mass, as measuted
by steving., We are much more concerned with waight
than with numbars of fragments, partlcularly when
congbdering small-sized particles.

Two methods were conmsidered as described below, one
analytical, and one emplrical:

hnalytical Approach

A momewhat similar problem has  been  studied and
golved by  stereclogists in the fields of biclogy.
metallography, and petrography: that of obtaining
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true particle size dietributione from apparent ones
obsaeved in microgcopie thin or polished =sections
KDefioff and Hhines 1968; Underwood 19703 Weibel 197%,
1980}, In these cases, the d,. of a particle sliced
at randem is only some fraction of a diameter through
ite cemtrold. "Unfolding functions". derived on the
kasis of geometric probabilities, are uzged to vconvert
feom dg, to dgp distributions.

At first an attempt wae made to sse the same type of
function to correct  for the overlap in the blast
fragmencation. However, when ome such function,

given by Weibel (1979}, was applied to some of the Du

Font data, it geve results that ware obviously in
BITOT .
In a *test to determine why, a box was £illed with

saveral humdred styrofcam balls, taking care to avold
regular packing. The spheres were photographed (Fig.
la), the photographs digicized, and the diamatars
{d..) were measured, The results showed an abundance
of very large and very emall profiles (Fig. 2b}
rather than the profile distribution derived using
mothods of statistical geometry for a slice through
an assemblage of spheres (Fig. 2e). The abundance of
large profiles corresponded to the many spherss that
were fully exposed on the sucface layer of the pile,
whereas the wvery small profiles «came from highly
cvarlapped spheres in the second and third layers,
senn through windows in the upper layar.

From this simple test, it was concluded Chat a
different unfolding model would be needed from those
of classical stereclogy. For present purposes, &
gemi-empirical unfolding model was the only practical
alternative,

Semi=Empirical Approach

Simulations were carried out, using particles of
crushed rock up to 50 mm diameter. A log-normal
diameter ldas} distribution was propared by zieving
and mining, and was dumped into a scaled-down version
af the beox of a truck. The similated pile was then
photogeaphed, digitized, and the dissetara (d,.0
Tha d, and d;. distributione weras than
compared .

Same mechanisms obsecved durilng this procedere are as
followe

(varlap of f[ragments: many observed diameters
(dgp) are  amaller than thelr trus diameters
(duglt i.g. the percentage of small =izes is

greater than it should be.

Hizsing fimes: smaller sires are missing in the
photograph, by wirtue of falling into holes
between ahd behind larpger fragments, or because
of inpufficient photegraphic resolution: i.e.
the measured percentage of onall slzes is less
than it should be. Mote that this tends to
offset the averlap efiect.

anisctrapic (platy) shape
and stacking lead te a4 coarsening of the
photographic measurements of block area: one
tends to measure the largest dimensicons of the
block.

fnisolropic stacking:

Ohservations also suggest that a significant portion
of particles Eound on the surface of & pile are nat
overlapped, especially large ones. If the diameters
af all particles adjacent to the surface are
detérmined correctly (3 hypothetical situation in
view of overlap), the mmber of Iragments of any
class is proportional to  the mean diameter of this
class {d} and to the number of these particles par
unit volume (MN,), L.e.




Nald) = d M (d}

The relat lonship easentially follows from
dimensionality considerations. The coefficlent of
proportionality in the above formula depends on the
mean curvature of particles {Santalo, 1976) and is
strictly unity lor spheres.

To reflect the actual comditions of measurements the
ahove formula muat be modified to account for the
fact that the area-equivalent diameters (4, ) are
determined inetead of volume-egulvelent diameters
(dug): An  empirical unfolding functiom €£1d} is
introducad as a8 cgoeffliclent of proporticnalicy in
the above formula that can be rcewvritten as follows:

h'-d{-:i.? = f{d]l 4 h',',lrlfl v

The function tid) was determined from a model
eiperiment Chat invalved a log-normal fragment sige
distribution. The tesulting "unfalding function®™ ia
illustrated in Fig. 3.

The fact that the wvalue of the "unfolding functien"
apptoaches unity for large particle sizes contirms amn
intuitive conclusion that most Llarge particles are
visihle on the surface without overlap. Deviation of
Eild) from wnity iz a measure of particle overlap for
a given class.

Large values of the wunfolding function for smaller
dismeters raflect the fact that the '"visible" sire of
particles adjacent to the surface is necessarily
smaller than the true particle dimension. The
procadurae of determnining the area-aquivalant
diameters on the basis of the wvisible portion of
particles unavoidably results in over-representation
of small sizes. The "unfolding function' can be used
to correct this situation and to convert the measured
distribution of diameters d..) into a Erue
disteibucion {dg.1:

The wse of this wnfolding function on samples of
other sizes, shapes, or distributions egsentially

afsumes  that theras ara ne acala affecta when
extrapalating from a crushed rock sample to the blast
fragmentacion sampled and that anisotropy, if

present, of the blast fragmentation is assuned to be
similar to that of the crushed rock sample.

As an example of the application of this unfalding
Function, Fig. 4a shows the results of comwverting the
data of Fig. Ic to a wolumetric size distribution.
This may then be converted into a mass (H)
distribution using the relationship:

Hid) = K, (d) vid) g,

whare ¥ iz the average volume of a block in the sirze
class:

Vidy = --= g¥ |
&

and I iz the tock densitwy. Fig. 4b shows the results
of converting Fig. 4a to a mass distribution.

Finally, one ecan present these data in mare familiar
format , b converLing the mass distribution into a
cum lat ive percentage mass distribution as shown in
Fig. 4c, This ie the same as the "cumulative percent
passing"” used inm a standard sieve analysgis, used when
teating saila or aggregates.

Fig. 2a: FRandonly packed mssemblage of spheres.
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Statistical Representation

Digtrlbutions are wugually simplified by expressing
them  in terms of measures of central teadency
(average or mean, nedian, model} and of  dispersicn
{varfance or gtandard deviation, guartiles,
coafficient of unlformity or sortingl.

Tha two histograms of Figs. 4a and 4b ghow the
relative abundanca of plocks Ln mach diameter class.
aceording to their numbers and weights respectively.
In this particulac blast, the most common size [the
"mode) wes  in the ceder of 7 em, which was slightly
greater or loss chan the "average” because of the
nen-gymmetrical  nature of the distribution. The
node haa  greater practical significance, being the
size produced in the greatest quantity.

Tha cumulative percent distribution of Fig. 4c
demonstrates the approximate log-normality of  the
size distributlon, and iz perhaps the most cemvenient
vay of visualising both central tendency and
dispersion. Cantral tendency is measured as  the
"madian”, different from both the mode and maan,
which 18 tha size Dgqt  half of the sample weight is
smaller and half larger than this slze. Dispersion
can readily be measured in terms of statistics such
as Mg, Dyge  Dgge Dys and Dgg. dafined the same way
as Dgye  Two alternstive measures are the Cosfficient
of Uniformity C, [Dﬁnfﬂ}ﬂ} and the Goefficient of
Sorting €, (D;5/T35). The larger these coafficients,
the greater Che dispersion.

%. GEOLOGY AND EXPLOSIVES

Heasurements were recently made on theea full scale
test blasts to evaluste fragmentation. The results
are to  be discuased nore fully welsevhere (Maerz,
Franklin & Coursen, L387]. They demonsteated,
however, a link between block size before and after

blasting. fock that was initiamlly more cloeely
jnint_r_d. as measured by pho toarnalysls of the benches.
tended to finigh up in smaller fragments. An

oxception was that near-surface seamy rock still
yielded a disproportionate percentage of oversized
blocks, because of clay-filled Joints and lack of
conf inemant .
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4. POTENTEAL OF THE TECHNIQUE

Despite being &t an early stage in its development,
the photoanalytical technique conpares favorably with
conventional methods of measuring fragmentation.
Using the comprehensive photographic record, stored
digically, analysis «can be carried out without
disrupting production, and results can be re-analysed
at & later date if necessary.

Mathods of sampling and vector digitisation have bean
developed and tested. Using scaled-down simulations,
4 genmi-empirical method has been developed for
correcting or "unfoldimg" the apparent size
distribution to give & true volumetric or weight
distribution of the broken rock. & start has boun
made in selecting and defining parametecs of the size
distribution, &0 as to adeguately vepragent the
afficlency of blasting and the quality and value of
the product In its various applications.

The photoanalysis technigue will,
much more efficient, and a really useful and
practical tool, with replacement of Che vector by
the raster (automatic) method of digitization, and
with further dewelopment of the unfolding foemula,
testing it for saedle effects, different size
distributions and block shapes.

howawar ,  becone
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