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Abstract

Drilling and blasting are two of the most important parts of a quarry’s production
operation. An ineffective blasting, arising from drillhole deviations, significantly
affects the overall performance of the process both technically and economically; it
is believed to result in high quantities of fines, which have low commercial value,
and in over-sized material, which requires further treatment. The larger the
drillhole deviation, the smaller or larger the practical burden becomes. For high
benches the difference between the theoretical and the practical burden values
can become substantial. Blast damage and safety are other important aspects

related to the drillhole deviation.

Very little is known about how drilling accuracy influences blast fragmentation
though. The Kuz-Ram, a common blast model predicts a flatter sieving curve
compared with that of a perfect drilling, but has an unchanged median fragment
size. However, recent field study (Sellers et al., 2013), conducted in platinum mine

in South Africa gave contradictory results.

This thesis summarizes the results from fifteen small-scale blasting tests in
magnetic mortar, which were carried out in 2013 and 2014 with the aim of
investigating how drillhole deviations influence fragmentation. In addition,
characterization of the blast damage was accomplished by looking into the surface
characteristics of the bench face and the development of internal cracks after the
blast.

To minimize the geometrical and geological effects, the tests have been made with
magnetite concrete blocks with dimensions of 660 x 280 x 210 mm (L x W x H).
The explosive source was a decoupled, 7 mm diameter, PETN-cord with a
strength of 20 g/m, giving a theoretical specific charge (q) of 3.02 kg/m* over the
volume of BLH = 0.07x0.66x0.21 m?> corresponding to one burden unit. The

specific charge was kept constant throughout the tests.

Six blasthole patterns, based on 3 rows with 7 holes each, have been tested: two
reference patterns with a burden of 70 mm and spacing of 95 mm (S/B = 1.36) and

four additional blasthole patterns with either a variation in burden or a variation in
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both burden and spacing, used to represent stochastic or systematic drilling errors

or blasthole pattern deformation.

Evaluation of the fragmented material from blasting has been completed by
sieving it in the laboratory. The Swebrec function (Ouchterlony, 2005, 2010) was

fitted to the experimental data.

The sieving results confirmed earlier findings though that the fragmentation gets
finer with the number of rows shot, implying that blast damage from earlier rows
has an influence on the blasting results. The fragmentation results were well

reproduced by the basic three parameter Swebrec function.

Fragmentation analysis showed that there is no evidence if drill collaring errors,
both stochastic and systematic to have a significant effect on the sieving curves,
neither xso nor n. This means that the fragmentation is not influenced by the
blasthole patterns tested under these conditions: row by row blasting of 2D small
scale models with unconfined bottom and drill patterns with collaring deviations

and straight vertical holes.

The characteristics of the bench after each blast was evaluated along three
horizontal lines out of a 3D-model of the bench face. The evaluation of the model
was done with MATLAB, and the topography of the surface is then described by
statistical  parameters  (Dmean and  Sporm)  corresponding  to  the
backbreak/underbreak and micro roughness. The S,om was judged later on as a
parameter with no physical meaning of describing the bench surface

characteristics.

The surface damage characteristics analysis showed that the blocks from session
2013 depicted a higher backbreak than blocks from session 2014. In four out of six
drill patterns tested, the 2nd row produced more overbreak than 1st row, while the
3rd row shots resulted in a flatter surface independent of the chosen drill pattern.
The smoothest surface damage was somehow achieved with S/4 shift pattern,
however looking to the combined effect, the influence of the drillpaterns to the

backbreak was insignificant.

The damage cracks behind the third row block remains were quantified by using a
dye penetration method for crack visualization. The crack angles and their lengths,

exposed by the dye, were then traced into the AutoCAD program. Eleven crack

Doctoral thesis R. Ivanova: Investigation on Fragmentation by Blasting Page V



families were identified, based on crack angles and lengths, and their connections
and origin. As a result, mean crack density (MCD) and mean crack intersection
density (MCID) were established. Due to a very high correlation between MCD

and MCID values, the MCID values were removed from the further analysis.

Fife out of eleven detected crack families showed an influence of the distorted
drillhole patterns. The calculated mean crack density (MCD) showed that the six

drillhole patterns have different degree of damage.

In addition the top surface damage was investigated using the same method for
crack visualization. Crack detection was done before blasting, after each of the
1st, 2nd and 3rd rows. The analysis indicated that the cracks on the top
underestimate the crack content in the interior specimens. The results obtained
were combined with the fragmentation results, surface damage (Dmean) and MCD,
to find how crack development from the previous blast would influence the

fragmentation or damage in subsequent blasts.

To present in detail all of the afore mentioned work, this thesis is divided into four

parts:

1. The first part contains a description of the drillhole deviation and its influence on

the blast results, with regards to fragmentation, blast damage and safety.

2. In the second part, the set-up of both the experimental tests and the
experimental methodology has been described. This includes the classification of
the materials used for the blasting experiments, the blasthole patterns and the
explosives used, the blast procedures followed, the surface roughness
measurements, the surface crack detection procedures and the statistical tools

used for data evaluation.

3. In the third part, the results and analysis of the material properties,
fragmentation, surface roughness and crack detection have been presented. The
analysis of the fragmentation obtained from the blasting experiments includes the
analysis of the characteristic of the blast fragmentation curves and the analysis of

the blast fragmentation results with respect to the specific particle sizes (e.g. Xso).

4. The final part examines the correlation between the fragmentation, surface

damage characteristics and crack propagation properties of the material.
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Zusammenfassung

Bohren und Sprengen sind zwei der wichtigsten Ablaufe im Produktionsbetrieb
von Steinbrichen. Ineffektive Sprengtechnik, die aus Bohrlochabweichungen
resultiert, hat signifikanten Einfluss auf die technische und wirtschaftliche
Leistungsfahigkeit des gesamten Betriebes. Dies kann sowohl in wirtschaftlich
minderwertigem Feinanteil als auch in aufwandig nachzubearbeitendem Grobkorn
resultieren. Je gréf3er die Bohrlochabweichung ist, desto grél3er oder kleiner ist die
tatsachliche Vorgabe. Dies wiederum fuhrt vor allem bei grol3en Etagenhéhen zu
betrachtlichen Abweichungen zwischen der geplanten und der tatsachlichen
Vorgabe. Die Schadigung durch Sprengungen sowie sicherheitsrelevante Aspekte
sind weitere nicht zu unterschatzende Faktoren, die von Bohrlochabweichungen

beeinflusst werden.

Uber den Einfluss der Bohrgenauigkeit auf die KorngréRenverteilung nach dem
Sprengen ist sehr wenig bekannt. Das bekannte Kuz-Ram-Modell prognostiziert
far Bohrlochabweichungen eine flachere Siebkurve, wobei die mittlere Korngréfle
unverandert bleibt. Eine korzlich durchgeflhrte Feldstudie in einem
stdafrikanischen Platinbergbau (Sellers et al., 2013) zeigte allerdings im

Gegensatz dazu widerspruchliche Ergebnisse.

Die vorliegende Dissertation fasst die Ergebnisse von 15 Sprengversuchen im
Kleinmalstab zusammen, welche 2013 und 2014 mit dem Ziel der Untersuchung
des Einflusses von Bohrlochabweichungen auf die Zerkleinerung durchgefuhrt
wurden. Zusétzlich wurde die Schadigung durch Untersuchung der
Bruchwandbeschaffenheit sowie der ins anstehende Gebirge eingetragenen Risse

quantifiziert.

Um die geometrischen und geologischen Effekte zu minimieren, wurden die
Versuche an Betonblécken mit Magnetit-Partikeln mit den Dimensionen von 660 x
280 x 210 mm (L x W x H) durchgefuhrt. Der verwendete Sprengstoff war eine
entkoppelte Sprengschnur (PETN) mit 7 mm Durchmesser und einem
Lademetergewicht von 20 g/m. Dies resultierte beim gesprengten Volumen von

BLH = 0.07x0.66x0.21 m* in einer theoretischen spezifischen Lademenge (q) von
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3.02 kg/m3® Diese spezifische Lademenge wurde wahrend der gesamten

durchgefihrten Versuche konstant gehalten.

FUnf verschiedene Bohrraster, basierend auf 3 Reihen mit jeweils 7 Bohrléchern
wurden untersucht. Als Referenz diente ein Bohrraster mit einer Vorgabe von 70
mm und 95 mm Seitenabstand. Dies resultierte in einem Seitenabstand zu
Vorgabe-Verhéltnis (S/B) von 1.36. Dem gegenubergestellt wurden vier Bohrraster
mit Variationen nur der Vorgabe oder einer Kombination von Vorgabe und
Seitenabstand. Die untersuchten Bohrlochabweichungen waren stochastisch oder

systematisch.

Die Zerkleinerung wurde mittels Siebanalyse verifiziert, wobei die Swebrec-
Funktion (Ouchterlony, 2005, 2010) zur Beschreibung der Siebkurven

herangezogen wurde.

Die Resultate der Siebanalyse bestatigten frihere Ergebnisse trotz der Tatsache,
dass die Sprengungen feineres Material produzierten mit steigender Anzahl an
Sprengungen. Dies impliziet den Einfluss der Vorschadigung durch
vorangehende Sprengungen auf die Zerkleinerung. Die Ergebnisse der
Zerkleinerung wurden mit der 3-parametrigen Swebrec-Funktion sehr gut

beschrieben.

Die Analyse der Zerkleinerung =zeigte, dass weder stochastische noch
systematische Variationen der Bohrlochverlaufe signifikanten Einfluss auf die
Siebkurven haben. Da weder xsp noch n beeinflusst wurden, lassen diese
Ergebnisse darauf schlieRen, dass die Zerkleinerung bei den untersuchten
Bedingungen unverandert ist. Untersucht wurden dafir reihenweise Sprengungen
in 2D kleinmalstablichen Modellen mit nicht eingespannter Bruchwandsohle und

Bohrschema mit Variationen der vertikalen Bohrlécher.

Die Beschaffenheit der gesprengten Bruchwand wurde nach jeder Sprengung
anhand des Verlaufs von drei horizontalen Konturlinien aus dem 3D-Modell der
Bruchwand bewertet. Die Auswertung des Modells wurde mit MATLAB
durchgefuhrt, wobei die Topographie der Oberflache mit statistischen Parametern
(Dmean Und Snorm) entsprechend dem Ruckriss und Mikrorauigkeit beschrieben
wurden. Spom wurde spater als Parameter ohne physikalische Bedeutung fur die

Beschreibung der Beschaffenheit der Bruchwand verworfen.
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Die Auswertung der Bruchwandbeschaffenheit zeigte, dass die Blocke der
Testserie 2013 in mehr Ruckriss als die Blécke der Testserie 2014 resultierten. In
vier der sechs untersuchten Bohrschemata resultierte die zweite Reihe in mehr
Ruckriss als die erste Reihe. Die Sprengversuche in der dritten Reihe resultierten
in  homogener ausgebildeten Oberflachen, unabhangig vom gewahlten
Bohrschema. Die homogenste Oberflache wurde mit dem S/4-Bohrschema
produziert, wobei der Einfluss des Bohrschemas auf den Ruckriss nicht signifikant

war.

Die erzeugten Risse hinter der dritten Reihe wurden mittels Farbeindringmittel
visualisiert und quantifiziert. Die dadurch sichtbar gemachten Winkel und Langen
der Risse wurden in AutoCAD digitalisiert. Die Risse wurden in elf Rissfamilien
gemall dem W.inkel, der L&nge, der Verbindungen und deren Ursprung
kategorisiert. Resultierend daraus wurden die Parameter MCD (mean crack
density) und MCID (mean crack intersection density) eingefuhrt. Aufgrund der
hohen Korrelation der beiden Parameter wurde MCID nicht fur die weitere Analyse

herangezogen.

Funf der elf detektierten Rissfamilien zeigten einen Einfluss der
Bohrlochabweichungen. Der Parameter MCD zeigte, dass die sechs untersuchten

Bohrschemata unterschiedliche Schadigungen hervorriefen.

Zusatzlich wurde die Schadigung an der Oberflache der Testblécke untersucht.
Daftr wurde dieselbe Methodik wie fur die interne Schadigung angewendet. Die
Risse wurden vor sowie nach jeder Sprengung detektiert. Die Analyse zeigte, dass
die Risse an der Oberflache die erzeugten internen Risse unterbewerten. Die
Resultate wurden in Relation gesetzt mit den Ergebnissen der Zerkleinerung, der
Oberflachenbeschaffenheit (Dmean) und MCD. Somit konnte verifiziert werden, wie
die erzeugten Risse durch vorangehende Sprengungen die Zerkleinerung und

Schadigung von folgenden Sprengungen beeinflussen.

Um die gesamten Details der Untersuchungen zu prasentieren, wurde die

Dissertation in vier Teile gegliedert:

1. Der erste Teil enthélt eine Beschreibung von Bohrlochabweichungen und deren
Einfluss auf das Sprengergebnis. Im Detail wird hierbei auf die Zerkleinerung, die

Schadigung des anstehenden Gebirges und die Sicherheit eingegangen.
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2. Im zweiten Teil werden der Versuchsaufbau und die Methodik der
Sprengversuche erlautert. Dabei werden die eingesetzten Materialien, die
Bohrschemata, der eingesetzte Sprengstoff sowie der Ablauf der Sprengversuche
beschrieben. Weiters werden die Prozeduren fur die Evaluierung der
Oberflachenbeschaffenheit, die Quantifizierung der erzeugten Risse und die

statistischen Methoden fur die Auswertung der Daten erlautert.

3. Im dritten Teil werden die Resultate der Materialeigenschaften, der
Zerkleinerung, der Oberflachenbeschaffenheit sowie der Rissausbreitung
dargestellt. Die Evaluierung der Zerkleinerung enthalt die detaillierte Analyse der
Eigenschaften der Siebkurven sowie die Analyse von speziellen Kennzahlen (z.B.

X5o).

4. Der vierte Teil untersucht die Zusammenhange zwischen der Zerkleinerung, der

Oberflachenbeschaffenheit und der Rissausbreitung.
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List of symbols and abbreviations

A

B

b

C1

Co
C(n)
Ccov
2D
3D
Dmean
H

HF
JF
KW-ANOVA

rock mass factor, from literature A = 4.76 (at Vandle test site),
corrected A’ ~ 3.9 (Cunningham, 2005; Ouchterlony et al., 2006)

burden [m]

undulation parameter (exponent) in Swebrec function
coefficient of collaring error

coefficient that measures in-hole trajectory deviations
correction factor, provided to calibrate the n-equation
coefficient of variation [%]

two dimensional

three dimensional

mean distance of the individual data points to the reference line
bench height or hole depth [m]

hardness factor

joint factor

Kruskal-Wallis One-Way Analysis of Variance

bottom charge length [m]

column charge length [m]

total charge length above grade [m]

drilled length [m]

mean crack density

mean crack intersection density
Mann-Whitney-U-Test

Kuz-Ram uniformity index

uniformity factor governed by the scatter ratio;
cumulative mass passing at size x [m]

cumulative passing of grain class upper/lower [%]

sum of passing upper limit of grain class (oben-upper, in German)
[%]

sum of passing lower limit of grain class(unten-lower, in German)
[%]

explosive charge weight [kg]

specific charge [kg/m?]

Inter row-correlation factor

coefficient of determination

scatter ratio (for delay time 60/Tx);

coefficient of correlation

rock density influence
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RMD

rock mass description

research question

spacing [m]

explosive strength, relative to ANFO [%]

standard deviation for drilling error [m];

normalized slope inclination of the contour lines
range of delay scatter for initiating system [ms]
desired delay between the holes[ms]

uniaxial compressive strength

velocity of detonation

fragment or mesh size variable [mm]

size at which the 30 % of the material is passing [mm]
median fragment size [mm]

size at which the 80 % of the material is passing [mm]
characteristic dimension [mm]

hole diameter [m]

standard deviation of the initiation [ms]

significance level (= 5 % = 0.05)

microseconds
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1. Introduction

Mining and quarry operations are continually working to reduce their operating costs,
looking to optimize current performance with the aim of finding cost savings (Giltner
and Koski, 2010). Optimization of blasting performance is a very important part of

these and it may vary from quarry to quarry with respect to:
e desired fragment size distribution of blasted rock
e bench face stability
e vibration and noise, and the limits thereof.

The desired size distribution of fragmented rock varies for each quarry operation.
Often quarries cannot use a large amount of fines (material with size less than 10-25
mm) and boulders can only be used for special building purposes. Blast optimization
in terms of fragmenting material to the desired size may allow for significant cost

savings in downstream processing stages.

The backbreak and damage to the remaining rock wall in open cast blasting is very
important when considering the final pit wall design (Workman, 1991). A controlled
backbreak will either allow a steeper pit angle to be used or that less rock wall

support is necessary.

Blast vibration and noise levels are another aspect of the blast design; both are

coming under increasing scrutiny and in many situations can be of prime importance.

On a daily basis, researchers in the bench blasting field attempt to optimize blasting
performances to achieve the desired fragmentation, but the drillhole deviation is a
problem that has been reported in quarry operations (Ouchterlony, 2002; Nielsen and
Kristiansen,1996; Olsen, 2009; Giltner and Koski, 2010; Sellers et al., 2013). Besides
drillhole deviations, other factors seem to influence blasting: rock properties,
blasthole pattern, ignition properties, explosive properties and the charging pattern
(Da Gamma, 1983).

Furthermore, both the principal mechanisms of rock breaking with explosives, and
the interaction between the rock mass and the induced stress waves, are still neither

fully explained nor understood (Reichholf and Moser, 2000).
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To date, scarcely any research has been done on the drillhole deviation effects on
rock fragmentation and damage. Such research would be of great value to the mining
and quarrying industries, since it would provide a better understanding of the
mechanism of the effect of drillhole deviation, if any, on fragmentation. Due to the
difficulties of studying blasting with distorted hole patterns on an industrial scale,

small-scale tests were used herein.

‘Objectives

The primary objective of this thesis is to investigate how drillhole deviation affects the

blast fragment size distribution.

The secondary objective is to investigate the blast damage behind the remaining

bench faces when drillhole deviations exist.

The final objective is to investigate the relationship between the cracks generated by

blasting and the blast fragmentation results.

To achieve these objectives, the following research questions (RQ) need to be

answered:
e RQ1: Do the drillhole deviations have any influence on the fragmentation?
e RQ2: Do the drillhole deviations influence the blast damage and in what way?

e RQ3: Is there any connection between fragmentation and blast damage? If

yes, then what is it?

‘Scientific contribution

Within the published literature, very few studies have been conducted that investigate
and link measured drillhole deviations with measured fragmentation. Most of the
existing studies report on drillhole deviation and discuss it along with other issues,
related to the implementation of good blasting practices (Nielsen and Kristiansen,
1996; Olsen, 2008; Giltner and Koski, 2010).
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To get a better understanding of the effect of drillhole deviations on both
fragmentation and blast damage, this thesis introduces new ideas and results in the

following directions:

1. Test of Kuz-Ram prediction of effect of drillhole deviations on value of

uniformity index n in associated Rosin Rammler fragment size distribution.

2. Tests with well-defined stochastic drilling deviations (collaring error) in model
scale row-wise bench blasts, starting with virgin and creating successively more blast
damaged material under conditions where the blast waves radiate out and away from

the breakage region

3. Use of stereo-photography to create calibrated 3D models of the remaining
bench face after blasting and the calculation of measures of surface flatness

(backbreak) and roughness

4. Use of dye penetrant technique on cut slices from the remaining material after
blasting to visualize internal blast damage in the form of cracks, Categorization of
these cracks into families and how the families react to drillhole deviations.

Calculation of damage measures

. An attempt to correlate bench front flathess and internal damage of blasted

burden with fragmentation and back break

From the test experiments, all blast fragmentation and damage influencing

parameters are investigated, presented and discussed in context.
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2. Literature review

‘2.1 Definition of drillhole deviation

Drillnole deviation is defined as “the maximum deviation from the target position (m)

in drilling/length of the hole (m) and given in %" (Rustan, 1998).

There are four causes of drilling deviation (see Figure 1):

e collaring deviation, d.

¢ alignment deviation (horizontal direction and vertical inclination), d,
e drilling deflection, dg

e drillhole depth deviation, d,.

Normally the size of the deviation is given either as a percentage of drillhole depth or

in cm/m, with both giving the same numerical values.
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Figure 1: Diagrammatic representation of collaring dc, alignment da, deflection dd and vertical
depth dz deviations (Sinkala, 1989).
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2.2 Collaring and alignment deviation

Collaring deviation is a lateral displacement from a planned location. It is therefore
independent of any holes’ depth. In general, it should not exceed the diameter of one
drill bit.

de <D Equation 1
where D is bit/hole diameter.

Alignment deviation is defined as angular, relative or percentage deviation from the

intended angle of drilling in collaring (Cunningham et al, 2011).

Alignment deviation arises from inaccuracies while settings in the feed boom in its
planned position. The alignment deviation is both horizontal/perpendicular in plane
(azimuth angle) and vertical (inclination/dip angle). The azimuth angle deviation
component becomes less important as the inclination approaches the vertical
direction. The alignment deviation leads to a linear increase of the deviation of the
hole. Alignment deviations with values less than 2 % (i.e. 20 mm/m) are considered
good (Olsen, 2009). However alignment deviations larger than 50 mm/m are not
unusual. Reasons for collaring and alignment deviations include: instability of the
drilling rig; lack of precision during the surveying and setting-out process and in the
tools/techniques used to align the feed beam; the topography at the collaring point;

the drilling operator’s experience and motivation (Ouchterlony, 2002).

Dwp from vertical

/ b

0 10 20 30 40 S0 60

Alignment deviation

S deg

3deg

1deg

Azimuth error [deg]

Figure 2: Alignment deviation (horizontally projected) as a function of dip angle and azimuth
error (Olsen, 2009)
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2.3 Drilling deflection

W’hile collaring and alignment deviation arise from sources prior to drilling, deflection
appears during the drilling process. It is mainly due to the pull-down pressure, which
causes the drill-rod to bend and consequently to frequently follow the rock mass
foliation (Olsen, 2009).

As a general rule, in quarries and open pit mines, where the bench heights are less

than 20 m, deflections are only relevant to top-hammer drilling.

Studies show that the relative deflection increases with the drillhole length.
Depending upon the loading conditions of the drill string, the deflection may increase

by the power of two or three according to Euler's loading formulas (Olsen, 2009).

On average, the drillhole deflection varies from 20 cm to 100 cm in aggregate
quarries with top-hammer drilling of 76 mm through 102 mm hole diameters. In some
extreme cases a total deflection of 20 % of the drilled length can be measured.
Figure 3 shows the deflection result as a function of the drillhole length. It can be

seen that the deflection increases down the hole and varies from hole to hole.

De flec tion [m)

Drill hole length [m)

Figure 3: Deflection measures as a function of drillhole length (Olsen, 2009)

The deflection deviation may be randomly distributed, depending on the rock mass
properties. In bedded and foliated rock, the drillholes are observed to either deflect
parallel or normal to the bedding or foliation plane. The uniform deviation generally
appears to be up-dip when the bedding inclination is less than 40°-50° to the

horizontal, and to be down-dip otherwise (Olsen, 2009).
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Severe deflections can be measured sometimes under “optimal” conditions. In
homogenous rock, the deflection is random and usually small. Increased jointing
frequency will lead to a more uniform deviation, converging towards the bedded rock

conditions.

Sinkala (1988, 1989) gives a list of factors influencing the drilling deflection, some of

which are:
¢ drillhole design, hole inclination/direction, hole diameter and hole length

e drilling parameters: thrust (feed), percussion pressure, torque, rotation speed,

flushing, drill string weight, anti-jamming system

e equipment components: piston design, chuck/shank clearances, couplings and
treads, stabilizer design, drill bit design, drill-rod design, rod/bit ratio, equipment

wear

e rock mass and site properties: structure (bedding, jointing, fissuring or
combinations), bedding dip relative to hole direction, joint frequency or bed
thickness, rock hardness, cohesion between beddings/foliations, and bench floor

conditions (rock debris or cleaned bench)

2.4 Depth Deviation

‘DriIIhoIe depth deviations in bench blasting is the vertical displacement of the
planned hole bottom position away from the planned level. Drilling without depth
measuring instruments increases the chances of depth deviation and makes operator
errors more probable. Joint fault material, rock debris and drill cuttings which fall into
blastholes after drilling, reduce the hole’s depth and the planned extent of the charge
column and the bottom charge. This error may be larger than the drillhole depth
deviation itself. Smaller holes are more sensitive to this than larger holes. Often the
operator drills the holes a couple of decimeters deeper than planned, due to the

negative economic effects of the holes being too short (Olsen, 2009).
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2.5 Dirillhole deviations: experiences, measurements and control

‘During a normal bench drilling, the drilling deflection for 89 mm diameter holes
appears to be under control when the bench is lower than 12-13 m (Bakken, 1994).
When the drillhole diameter decreases or the bench height increases, the drilling
deflection increases. In a road project in Sweden (Vagverket, 1984) it was shown that
with a drill bit of 51 mm diameter and a drill string, the deviations were larger, when

compared to equipment with a diameter of 64 mm.

Inside a round, the relative drillhole deviation between the neighboring holes is
crucial to the functioning of the round. When the actual total drilling errors turn out to
be much larger than the values planned, they may lead to a large variation of
volumes thus to an uneven energy input into the rock from hole to hole. A typical
example is shown in Figure 4, where a twisted blasthole pattern at the bottom is
shown. The areas that are too small may increase the amount of fines, give more
backbreak and cause less safety, while the big (vacant) areas may lead to increased

vibrations, poor fragmentation and an uneven bench floor (Olsen, 2009).

Figure 4. Poor drilling result in the bottom of blast. Left/right: Top/bottom coordinates. Green
line indicates bench face (Spilling, 2004)
Extensive measurements and analysis of drillhole deviations have e.g. been
conducted in the Akselberg marble quarry, as part of an optimization of the drill-
blast—loading cost project (Ouchterlony, Ivanova et al., 2013). By bringing drillhole
deviation under control (from the initial average deviation of 1.14 m to 0.45 m), the
burden and spacing of the production blasthole patterns have been increased by 10
%, from the standard BxS = 2.7 x 3.4 m to 3.0 x 3.8 m for production (889 mm holes)
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and from BxS=3.0 x 4.0 m to 3.3 x 4.4 m for waste (4102 mm holes). A bull's-eye

scatter plot of hole bottoms from a blast at Round 1481 is shown in Figure 5.

The round 1481 (18 m bench height) was divided in two: one half was in production
drilled with guide rods and increased pattern, and the other half in waste with the
standard pattern and without guide rods. Accordingly, a close comparison with the
standard pattern could be made, so that the influence of geological variations on the
result was minimized. The plot below (Figure 5), is divided into four parts: @102 mm
production holes drilled with guides, @102 mm production holes drilled without

guides, @89 mm helper holes (North and South part) and @76 mm pre-split holes.
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Figure 5: Bull's-eye drilling error for Round 1481’s face (Ouchterlony, Ivanova et al. 2013)
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The cross in the middle shows the planned end positions (bottoms) of the drillholes.
The hatched area in the figure is the bench; the white area is the hole’s bottom level

in front of the bench. The radial bull’'s-eye error or drilling error is described as:
r(D=cy-l+cy 12 Equation 2

where, the / is the drilled length, ¢s a coefficient of collaring error and ¢, a coefficient
that measures in-hole trajectory deviations (or drilling deflection, dd) (Ouchterlony et
al., 2012).

Figure 5 shows that for round 1481, as seen in the collaring direction, most bottoms
of the @102 mm production holes drilled without guides (upper right plot) scatter up to
1.1 m from the planned bottom positions in stochastic directions. This tends to
increase the probability of burdens that are larger than planned, while the holes in the
helper (@89 mm) and the pre-split rows (476 mm) have an even larger scatter. For
the @102 mm holes drilled with guides (upper left plot), the scatter is much smaller if
not entirely within the 0.5 m limit set up by the quarry. In other words, for an 18-m
high bench, the drilling error is only as half as large when drilling with guide rods,
which is the result of suppressing the in-hole deviations (c»), while the collar angle
component c¢ is independent of using guide rods. The blast results showed that
increasing the blasthole pattern and decreasing the specific charge by controlling the
drillhole deviations is possible, without any substantial influence on the fragmentation

result, loading and the hauling time.

The importance of reducing deviations has also been shown within the framework of
a highway project in Sodertalje, Sweden (Ouchterlony, 2002). Elliot (1999) and
Sellers et al. (2013) also showed in projects, in small and large quarries, that without
systematic surveying and control of blast geometry, an optimization of the drill and

blast work is not possible.

‘2.6 The effect of drillhole deviation on fragmentation

]n the published literature, there exist several models for fragmentation evaluafion
that refer to fragment size distribution of the muck material obtained after blasting.
The Kuz—Ram model (Cunningham, 1983, 1987, 2005) is arguably the most widely
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used fragmentation model. The model is based on the expression of the average
fragment size constructed by Kunzetsov (1973) and a Rosin—-Rammler distribution
(Rosin and Rammler, 1933). The model consists of four equations; the first describes
the fragmentation curve (Rosin—Rammler distribution), the second gives the value for
the median fragment size (xsp) as a function of the blasting parameters, the third
gives a value for the rock mass factor (A) and the last gives a value for the uniformity

index (n). The Rosin—Rammler distribution can be written as:

rx\'ﬂ

lnz{i\n —f— .
Prr(x) =1—e "\Wso/ =1—2 \xso0/ Equation 3

The distribution contains two parameters, the median size (Xs0) and the uniformity
index n, and it describes quite well the coarser part of the fragmentation but

improperly models the finer part (Johansson, 2008).

The size distribution constant “n”, the so-called uniformity index, is a mathematical
value expressing the variation in size of the grains or fragments that constitute the

fragmented material:

n=[22-(0014- ﬁ)] (1= J[(1 +2) /2] [(L’L;L) + 0.1]0'1 - (*24) Equation 4

where the symbols are described in the symbols list (see Page VIIl). The median

fragment size is given as (Cunningham, 1987):

_a PN s 118 RANED .
Xsg = A - (qn_.s,, o /6. (m) Equation 5

~

The rock mass factor is given by the following equation:
A =0.06-(RMD + JF + RDI + HF) Equation 6
where:

RMD: rock mass description [10-if powdered or friable, JF if joints are vertical, 50- if
massive]

JF: Joint factor=JPS+JPA

JPS: Joint plane spacing [10, if average joint spacing S;<0.1m; 20, if S;<Xo oversize

fragment; 50, if §;>Xg oversize fragment]
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JPA: Joint plane angle [20, if the joints dip out of the face; 30, if strike is

perpendicular to the face; 40, if the joints dip into the face]
RDI: rock density influence (0.025 - p) — 50 [kg/m?]

HF: hardness factor, =E/3 if E<50, or o./5 if E>50 and dependent on compressive

strength o, [MPa] or Young's modulus E [GPa]

The characteristics size of the distribution (63.2 % passing) is expressed as
(Cunningham, 1983):

X, = T Equation 7
(0.693)n

Cunningham (2005) continued developing the n-fomula and, in order to address the
adverse effect of timing scatter on the uniformity, he invoked the scatter ratio. Thus

he introduced the concept of the parameter ‘scatter ratio’, Rs, defined as:

4
Ry=—=62 Equation 8
Ty Ty
where:

T, isrange of delay scatter for initiating system [ms]; Ty is the desired delay between

the holes [ms]; otis standard deviation in the initiation system [ms].

The higher the scatter ratio, the less uniform the fragmentation curve will be. The
following algorithm has been introduced to the n-formula to illustrate the expected

effect of precision on blasting results:

ng = 0.206 + (1 — R, /4)°® Equation 9
where:
nsis the uniformity factor governed by the scatter ratio.

Thus the n-formula has been developed to its current form (Cunningham 2005):

n= HSJ(Z — %) J(H?B) (1 — %) (%)0"3 -c(n) Equation 10

where c¢(n) is a correction factor, provided to calibrate the n-equation, so that it

agrees with measured values.

The median fragment size depends on the drill pattern (B and S) and the bench

height, by means of the specific charge. Then changes to the specific charge caused
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by variation in the drill pattern cause an effect on the median size. If the B/S ratio is
changed and the burden B varied, so that the specific charge is kept constant, the

distribution tilts about the mean and gets steeper as the S/B ratio increases.

The explosive mass per hole is directly proportional to the explosive density,
blasthole cross sectional area and the length of the explosive charge. Therefore the
median size could be changed by altering the explosive properties, but without

affecting the uniformity exponent.

In Equation 4 (respectively at the improved Equation 10) this linear dependence
between uniformity coefficient of fragmentation and drillhole deviation can be seen.
The formula states that improving the drilling accuracy at a given specific charge
should have no effect on xsg, but more accurate drilling should increase n.
Cunningham (1983) added that, when a staggered pattern is employed, n increases
by 10 %. Later, Cunningham (2005) explained that this phenomenon is caused by

the more uniform distribution of the explosives (see Figure 6).
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Figure 6: Effect of S/B ratio and layout on the maximum distance of any point and from any hole
(Cunningham, 2005)

Hustrulid (1999) has also investigated the hypothesis that a staggered layout will lead
to finer fragmentation, when compared to a rectangular layout. He explained that in
both patterns the percentage of energy coverage is the same; however, the

influenced region around a blasthole in the staggered pattern is giving a different
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distribution of the “un-touched” areas
7).

and thus improved fragmentation (see Figure

Figure 7: Square (left) and staggered layout (right) with influenced regions touching (Hustrulid, 1999)

Lownds (1983) investigated the effect of different variables (specific charge, blasthole
pattern, drilling accuracy and delay time) on fragmentation, based on modeling bench
blasting in Kimberlite with the SABREX model. He found that an increase of the
drilling deviations had little effect on the characteristic fragment size x., but a
significant effect on the size distribution; expressible, e.g., through changes in n, the
uniformity coefficient of the Rosin-Rammler function (Rosin and Rammler 1933) (see
Figure 8).
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Figure 8: Dependence of n and x; on drilling accuracy (Lownds, 1983)

The Kuz-Ram blast model described above (Cunningham, 1983, 1987, 2005) bases
its predication equation for n on Lownds’ (1983) findings. A recent study, conducted

at quarries and platinum mines in South Africa (Sellers et al., 2013), measured the
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effect on fragmentation of improvements in drilling accuracy. Drillhole deviations were
measured and the fragmentation was evaluated using Split Desktop software, based
on manually retouched images. The Split results are given in terms of xg, the same
characteristic size as x. and on n. The study indicated that there was a significant
improvement in both the mean size and the uniformity index when drillhole deviation
is reduced. Sellers et al. (2013) found that improving drilling lowers the characteristic
fragment size from 242.3 mm to 188.5 and raises the uniformity index n from 0.89 to
1.24.

Looking to the formulas above, the results of Sellers et al. (2013) do not agree with
the Cunningham formulas, which say that when the uniformity index changes, xsg
should remain the same. Sellers et al. (2013) have found changes in both
parameters. Reanalysis of Sellers’ original data was conducted by Ouchterlony
(2015).

Figure 9 shows the Sellers’ data and an RR (Rosin Rammler) fit, plotted in a log-log
scale. In this scale the n-value of the RR function equals the slope in the fines region

but the RR representation systematically overestimates the steepness in this range.
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Figure 9: Comparison of RR and tRR fits to Split data from Sellers et al.(2013)

Ouchterlony (2015) has chosen to fit the RR function with transformed RR (tRR)
function, e.g. in the form (Ouchterlony, 2009):
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P(x) =1- 2[x/xso(1—x50/xmax)/(1—x/xmax]]n Equation 11

The findings of the reanalysis found that while the improved drilling decreases xgfrom
238 to 187 mm, or xso from 177 to 143 mm, the n-value hardly changed; it only
increased slightly from 0.86 to 0.91.

Figure 9 shows how the accuracy of the curve fits are improved considerably in both
the fines and coarse ranges by using the transformed RR function (tRR function).
However, it doesn’t answer the question as to why the results of Sellers’et al. (2013)

contradict the Kuz-Ram formula.

The results of the Ouchterlony (2015) reanalysis are different from both Sellers’
findings and the predictions in Kuz-Ram’s equations. The contents of those findings
indicated that using fragmentation models with functions that are either too simpilistic,
or over complex with too many parameters, may lead to questionable values of the
predicted model parameters such as xsp and n. Table 1 gives a summary of the
contradictory experiences found with regards to the Kuz-Ram fragmentation

prediction formula.

Table 1: Literature findings summary of effects of drill hole deviations

Author Statement based on Xso0 n Xc
Kuz-Ram, Cunningham
(1983) Formulas, no field tests same |increase | change
Lownds (1983) SABREX simulation (change) | increase same
Cunningham (2005) Improved Kuz-Ram model Improved fragmentation
Sellers et al. (2013) Field test (change) | increase | change
QOuchterlony (2015) Re-calculations on Sellers data| change same change

From the table, it can be seen that there are the following contradicting experiences:

e The Kuz-Ram model who predict that n but not xsp, is influenced by drill hole

deviation.

e Strictly speaking the consequence of constant xsp and changes in n would
change the x. value, see equation 7 (Cunningham, 1983). On the other side,

Lownds (1983) did not find any changes in the x. by drillhole deviation.

e Sellers, et al. (2013) reinterpreted findings that the deviations influence xso and

X¢ but hardly n.
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In addition the suggestion that n should increase by 10 % if the drilling pattern is

staggered should be also kept in mind.

‘2.7 Drillhole deviation and blast damage

The drillhole deviation alters the planned blast layout by either narrowing or
increasing the distance between the holes. The values of both spacing and burden
would be modified, leading to the wrong amount of specific explosive energy being
liberated inside the rock. In order to discuss the damage, the drillhole deviation is

related to changes the burden.

When the explosive confinement or burden is excessive, the energy from the
explosion has too much resistance for effective fracture and displacement of the rock,
hence a bigger portion of the energy will be transformed into seismic energy, i.e.
ground vibrations. This phenomenon is very common in pre splitting blasts, where
blast vibration levels per unit weight of explosives five times higher to the
conventional blast can be registered. If the burden is too small, then the explosion
gasses escape and expand toward the free face at a very high speed, giving impulse
to the rock fragments and projecting them uncontrollably, apart from provoking an

increase of an air blast and noise (Jimeno et al., 1995).

Oriard et al. (1994) also underline the importance of explosives energy confinement
and related high vibration level, saying that confinement is greatly affected by burden
and spacing, drilling accuracy, amount of sub-drilling and stemming. Ramulu (1998),
provide data from controlled field measurements, concluding that the burden distance
influences vibration levels. The backbreak on the remaining wall is another issue
associated with the drillhole deviations (Konya and Walter, 1991). Backbreak is
defined as a fractured zone beyond the last row of blastholes (Jimeno et al., 1995).
As a result of an excessive burden, backbreak may occur, thereby causing the
explosive to break and crack the rock radially, further behind the last row of holes

(see Figure 10).
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Figure 10: Backbreak due to excessive burden (Konya and Walter, 1991)

Improper delay timing from row-to-row can result in excessive confinement on the
last rows in the shot, thereby causing backbreak. In general, the better the breakage
obtained and the better the displacement in the row-by-row shot, the better the wall
control. If sufficient energy is available to break rock properly in the burden, the
added burden resistance placed against the hole, will cause an increased
confinement and more fracturing (back shatter) behind the blast. If larger boulders
are produced from the stemming area rather than the burden, an increased
backbreak, especially on the top of the bench will result, subsequently causing

problems with both drilling and wall stability.

The best approach to control backbreak on the wall is to control the effects of blasting
by keeping the powerful energy released by the production blast sufficiently far away
from the final wall to avoid damage. Different blasting techniques are used for
different purposes depending on the specific excavation requirements (Konya and
Walter (1991). A new contour blasting system — a bulk emulsions charging device,
developed for use in both underground and open pit applications was also described
by Ivanova et al. (2012). The system allows obtaining more stable drift and pit walls
and at the same time prevents the leakage of the explosive into the cracks from the

borehole.

Konya and Walter (1991) related the n-value with the potential for wall control, saying

that the higher the n-value, the better the wall control. They also correlated the
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backbreak with the mean fragment size, saying that the lower the mean value on a
specific blast design is, the smaller the chance of causing a back shatter and
backbreak beyond the excavation limit; giving values for n between 1 and 1.3 as a
potential indicator of wall damage. They suggested that the Kuz—Ram fragmentation
model, which uses the median symbol xsg but calls it the mean, can be also used not
only for the fragment size estimation, but also to link the model with the potential

backbreak issues.
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3. Test methodology and set-up

3.1 Blasting site Erzberg

A series of small scale tests on magnetic mortar blocks were conducted at a blast
site, located at the Erzberg iron mine, 30 km north of Leoben, Styria. The blast site
belongs to the Chair of Mining Engineering at the Montanuniversitaet Leoben and its

development was reported in a Master’s thesis (Maierhofer, 2011).

The blast sessions were carried out in 2013 and 2014, hereafter called: blast session
2013 and blast session 2014.

The mortar was meant to be well-defined using the same composition which had
given repeatable fragmentation results in other rock blasting tests (Johansson, 2008;

Johansson and Ouchterlony, 2013).

Test blocks were mounted inside an inner yoke made from high strength concrete
inside the outer yoke (see Figure 11). The gap between the inner yoke and the outer
yoke was filled with compacted sand, which transmitted about 70 % of the energy of

the blasting waves into the surrounding outer yoke (Maierhofer, 2011).
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Figure 11: Yokes at the Erzberg blasting site. They allow waves to escape from a test
specimen. The inner yoke has room for the test block (Schimek, 2013)
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Both at the sides and the back, the test block is grouted into the inner yoke by using
fast hardening cement, which has similar material properties as the blocks, thus
minimizing the impedance difference. During the tests the area within the wire fence
was covered with rubber mats and heavy non-woven felt in order to trap the blast

fragments.

3.2 Magnetite concrete

The basic ingredients and proportions of the magnetite concrete can be seen in
Table 2. These proportions are very similar to those used for small-scale tests at the
Luled Univ. Techn. (Johansson, 2008).

For the 2013 blast sessions, the magnetic concrete was produced by manufacturer
(Luiki Betonwerke GmbH) in several batches; consequently, the produced samples
within each batch should have identical properties. To verify repeatability in blasting

properties, several test cylinders were produced from each batch.

For the 2014 blast sessions, the magnetic concrete, based on the same ingredients
and proportions, was produced in the laboratory of the Montanuniversitaet using a
100 kg capacity cement mixer. In addition, several test cylinders were produced to

verify the regularity and comparability of the tests.

Table 2 shows the ingredients of the magnetite concrete used in the 2013 and 2014

production sessions.

Table 2: Ingredients of the magnetite concrete blocks

Year/blast session 2013 2014
Ingredient [%] [%]
Portland cement CEM Il / A-M 42.5 N 25.60 23.60
Water 12.65 19.44*
Glenium 361 (Plasticizer) 0.26 0.23
DCC-Defoamer 0.13 0.12
Magnetite powder (Ferroxon 618) 29.65 27.35
Quartz sand 0.1 - 0.5 mm (ME 31) 31.70 -
Quartz sand 0.1 - 0.4 mm (ME 01-04) - 29.24

* Additional 8 | water was added for the 2014 production
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In Table 2, a difference in the grain size of the quartz sand can be seen. In 2014, a
grain size 0.1-0.4 mm was used instead of the 0.1-0.5 mm used in 2013, due to
changes in the delivery from the factory. Appendix 1shows a detailed description of
the Quartz sands, ME31 and ME 01-04, used for the production. There was also a
difference in the water content and grain size of the quartz sand used in 2013,
compared to the one used in 2014. For production in 2014, 8 | of water was added to

the recipe, to allow for a complete hydration of the concrete.

3.3 Testing blocks

‘The dimensions of the testing blocks used for blasting were 660x210x280mm
(LxHxW) or approximately the same as those used by Johansson and Ouchterlony
(2013). The reason for using the same dimensions was that there were a large

number of blasting results is available for comparison.

. 1 s |

Figure 12: Testing block with dimensions 660x280x210 mm

Three batches were produced for the 2013 blast session. For the 2014 blast session,
due to the capacity of the mixer (100 kg), each block represented an individual batch.

Table 3 gives a list of the blocks produced and tested for this thesis:
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Table 3: List of the blocks produced and tested

Block # | Batch # Block # Produced in
1 1 CHO01B02 2013
2 1 CHO01B03 2013
3 1 CHO01B04 2013
4 1 CHO01B05 2013
5 3 CHO03B01 2013
6 3 CHO03B02 2013
7 - BO1 2014
8 - B02 2014
9 - BO3 2014
10 - B04 2014
11 - B0O6 2014
12 - BO7 2014
13 - B09 2014
14 - B10 2014
15 - B11 2014

Blocks were labeled with a code of the type CHxxByy, where

CH...batch (“Charge”);
xX... batch serial number;
B... block;

yy... block serial number.

For the 2014 blast session there is no CH label, as each block corresponds to an

individual batch.

3.4 Cylinders

At least three test cylinders of magnetite concrete were produced from each batch of
concrete for the 2013 blast campaign, whereas only for two of the batches for 2014’s
campaign. The cylinders’ dimensions were 142 mm (diameter) and 280 mm (height).
Three cylinders from 2013 (one per batch) and four cylinders from 2014 (two from
two selected batches), were blasted with 20 g/m detonating cords in 10 mm diameter

blastholes. After blasting, sieving analyses were done to measure the repeatability of

the fragmentation properties.
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Figure 13: Cylinder sample geometry

As with the blocks, the cylinders were labeled with a code of the type CHxxByy,

where:

CH... Batch (“Charge” in German);

xX... batch serial number;

Z... Cylinder;

yy... cylinder serial number.

The blasting results from the cylinders are presented and discussed further below in

the report.

‘3.5 Determination of physical and mechanical properties

VThe physical and mechanical properties of the correspondiing cylindrical core
samples, which were produced from the same concrete batches as the blocks were
determined at the laboratory. The aim was to define any factor or variable in the
magnetic mortar properties that could have an effect on the fragmentation results.
The methods for the determination of the physical and geotechnical properties of the

samples are briefly described below.

3.5.1 Density

‘The density of the material was calculated in [kg/m?®] by applying the mass-volume

ratio method. Mass was obtained by weighing the specimens in a laboratory with a
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scale AandDFG-150KAL (A&D company limited). Volumes, on the other hand, were
calculated by applying volume equations to measured lengths, widths and heights.
The lengths, widths, and heights of the blocks were measured several times at two
opposite sides; whereas for the cylinders, their diameter was measured at several

heights. Finally, for the volume calculation, the average values were used.

3.5.2 P-wave and S-wave velocity

‘The P-wave (longitudinal) c, and the S-wave (shear) velocity cs in [m/s] were
measured by an ultrasound Light House UMPC device, before the blocks were
grouted into the yokes. For determination of the P and S- wave velocities, the blocks
were placed in between two transducers and then a high voltage pulse was applied
to excite the device's piezoelectric crystal. The created waves were transmitted into
the specimens and the times required for the wave to pass through them were used
to determine wave velocities. The P and S-waves of every specimen were measured
at three positions across the 28 cm width. The average of the three measurements

was taken as the result.

3.5.3 Uniaxial compressive and tensile strength

The geotechnical properties of at least three core samples per batch, taken from the
cylinders, were determined. The determination of the uniaxial compressive strength,
in [MPa], and the Brazilian tensile strength, in [MPa], followed the ISRM Suggested
Methods (Ulusay and Hudson, 2011).

3.5.4 E-modulus and Poisson’s ratio

:I:he modﬁlus of elasticirty, Iii—mocrlurlus, in [MPaj, was calculatéd using the stress—
strain diagrams obtained during uniaxial compressive strength tests. Poisson’s ratio
was determined as a ratio of the lateral strain to the axial strain within the linearly
elastic region (Hohl, 2013). A detailed description of the methods and their testing

procedures is given in a technical report (Restner, 1999).
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‘3.6 Blasthole pattern and drilling set-up

‘The spacing and the burden for the reference blocks were 95 mm and 70 mm
respectively, thus giving an S/B ratio of 1.36. For each block, three rows with seven
blastholes were drilled. The 10-mm diameter blastholes were drilled at the laboratory
using core-drilling equipment. After drilling, controlling the drill pattern was done
using a measuring tape. No major differences with regards to the planned drilling

were recorded. Figure 14 shows the blasthole pattern used for the reference blocks:

+—H < BL21 X BL20 X BL1® X BLB X BLY7 < BL16 X BL1
70
280
4+ XBLI4 XBLI3 XBULIZ XBUL1 XBLIO XB X8y
70
4+ XBL7 <BL6 X BLS X BLA < BL3 < B2 X BLY
m
L] L)
sl o5 ) es | es | e | 95 | o5 |
660

Figure 14: Reference block pattern

Drillnole deviations were designed by introducing a collaring error. The reason for
choosing the collaring error was that the deviations should be exaggerated in order to
see if there is any clear effect. As a first step for the design, variations in the spacing
were eliminated, because the Kuz-Ram formula implies that the effect on
fragmentation, due to variations in the spacing, should be smaller than the effect of
changes in the burden, since on average a variation in spacing does not influence
the specific charge and thus neither xs0. The influence on n would also even out on
average. However, variations in the burden would show up as variation in the local
specific charge, which has influence on xso. That is why the initial design was made

with displacement of holes with random uncorrelated variations in the burden.

The following design procedure was applied:
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1. At the beginning, a sequence of the positions of the holes with rectangular
(reference) pattern was taken. In Figure 15, the red-marked holes represent the

normal holes, without the collaring position error, lying in a straight line.

2. A series of 200 pseudo random numbers for the burden variations in the range
(-1.1) was taken and 13 sequences of 7 consecutive numbers with an average per

set within £0.025 were selected.

T Bt X B3 X - L ' * BLE| |

70
* + + h
'%—‘i-l SO 8E - Em S e =g A BT # BL1 >

Figure 15: Deviation pattern designing

3. The 13 sequences were matched against each other and pairs with an inter-

row correlation coefficient |r|<0.01 were chosen.

4. A combination of hole deviations with a very low correlation and a stochastic

pattern was selected (the green-marked holes in Figure 15).

. The combination number 13-7-3 (see Figure 16) refers to one of these
sequences 13 (row 1), 7 (row 2) and 3 (row 3) respectively. Adding the geometrical
positions of the holes up (larger burden) with the holes down (smaller burden), the
result is always near zero (+£0.025), thus a near constant breakage volume per row

was achieved.

6. By choosing patterns with near constant breakage volume, the average q
(specific charge) will, by definition, not be affected. Thus any fragmentation changes
in the tests should be caused by the drillhole deviations, not by any changes in the

specific charge.
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7. The maximum deviation from the straight line was chosen to be 25 mm,
comparable to the one in Akselberg (see Chapter 2.5) in terms of standard deviation,
relative to burden SD/B=0.638*25/70= 0.23. Thus according to the Kuz—Ram model
(Cunningham, 2005), n « (1-SD/B) should decrease by about 25 %.

8. From a total of 13 combinations selected, two combinations of random drillhole

deviation blasthole patterns were tested: combination 13-7-3 and combination 2-3-7.

The design of the displacement of the holes with random uncorrelated deviations and

the numerical description of the set-up is given in Appendix 3.

The following figure shows the drillhole deviation blasthole patterns selected for the

2013 blast session tests.

Combin 13-7-3

Figure 16: Drillhole deviation blasthole pattern 13-7-3 (1st burden deviation) on the left, and blasthole
pattern 2-3-7 (2nd burden deviation) on the right

For the blast session 2014, two new designs were introduced: collaring errors in both

the spacing and burden, and systematic collaring errors in spacing only (£S/4 shift)

l.e., a staggered blasthole pattern. The following design steps were taken to create

the burden and spacing variations:

1. The same rectangular blasthole pattern was used as a reference.

2. Two columns of 250 random, uniform variables, with a correlation coefficient
[r] < 0.01 to use as Ax and Ay generators for variations in spacing (x) and

burden (y) directions, were taken.

3. Applying the Box-Muller method (Box and Muller, 1958), two columns of
normally distributed numbers with a mean of 0 and variance of 0.75 were

calculated. The numbers followed the bivariate normal distribution well.
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4. Working simultaneously with two independent parameters, made it harder to
meet the same criteria as for the burden-only variation of 2013. Seven
sequences of paired numbers were found for which: 1) jmean (Ax)| < 0.2 and

Imean (Ay)| < 0,1, 2) |corr.(Ax, Ay)| < 0.2 and 3) |stdev (Ax)-stdev(Ay)| < 0.2.

5. For all pairs of sequences the Ax and Ay, the Ax with Ax and Ay with Ay
correlations were calculated. Those for which both |corr.| < 0.4 were accepted

as neighboring rows of holes with collaring errors.

6. An amplification factor A = 20 mm (see below) was chosen so that AS = AXx
defined the collaring error in the S-direction and AB = Ay the error in the B-

direction. This corresponds to a drilling deviation SD/B of about 0.21.

7. The blasthole patterns were plotted and the burdens and edge hole positions

were checked.

The starting and final bull’'s-eye diagrams for (Ax, Ay) are shown in Figure 17.

All 250 Selected 21

B vt
*
s B
4 "l'
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B0 A% -N0 35 R0 i!_::_ (L 4] 2"1 ='| 0 15 20 25 3D
L4
. +*

Figure 17: Bull's eye diagrams: 250 Box-Muller pairs (Ax, Ay) (left) and the 21 values ultimately
selected (right)

As a result of the above-described design set-up, the following criteria were met:
1. Blasthole pattern with almost uncorrelated collaring errors AS and AB.
2. Blasthole pattern with nearly uncorrelated collaring errors between rows.

3. Blasthole pattern with nearly the same average burden volume for each row

and, as a consequence, nearly the same nominal specific charge.

4. Blasthole patterns where collaring errors in burden and spacing directions can

be tested separately or together.

Doctoral thesis R. Ivanova: Investigation on Fragmentation by Blasting

29



5. The chosen 37 = 21 numbers Ax and Ay when put into order deviate

somewhat from normal bivariate distribution CDF (see Appendix 3).

The selected distorted patterns for both sessions 2013 and 2014 are corresponding

to the Sellers data (Sellers et al., 2013), where there were two cases:

e Case 1: with normal drilling 80 % of holes deflected more than 0.92 m

e Case 2: with improved drilling 40 % of holes deflected more than 0.52 m
By assuming normally distributed drilling errors, one obtains:

e Case1:0=078mand R50=0.92m
e Case2:0=038mandR50=045m

Where o is the stdev and R50 is the median drilling deviation in m.

The Rsp values are almost the same as Akselberg data (Ouchterlony et al., 2012) for

drilling without and with guide rods (see Chapter 2.5).

In order to check the Cunningham (1983) suggestion that n—values should increase
by 10 % in staggered pattern, the second design for the blast session 2014 was an
staggered pattern; created by shifting the hole collaring positions in each row
sideways by +S/4 in the first row, -S/4 in the second row and +S/4 in the third row to
minimize edge effects in the block. In Figure 18, a schematic description of staggered

pattern is given.

Distance Troim: Ired fade, mm
-

.

N4 pattern

140 \

Figure 18: Schematic description of staggered pattern

Row 1 has been blasted and leaves long vertical damage cracks (Navarro, 2015).
These cracks go straight back into the burden of row 2, and possibly into the burden
of row 3. When the holes in row 2 are displaced by S/4, a staggered drillhole pattern

is achieved. The holes in row 2 are more likely to be placed in undamaged rock with
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better energy coupling. Consequently, the waves from these holes will bounce off the
free face and damage cracks and will stay longer around the hole. The cracks from
these holes are now spread into an uncracked volume with more wave energy in it. If
the holes in row 2 are not displaced sideways, the coupling is worse, the energy is
more diffused and the cracking spreads differently. This might be an explanation why
an alternating pattern is considered to improve fragmentation (Cunningham, 1983).
Combining the result with the 3D models of the crack damage, the effect of changes
in spacing could be explained. Figure 19 shows the drillhole deviations selected for
the blast session 2014. The numerical description of the design and sequence of the

random numbers are given in Appendix 3.

Figure 19: Drillhole deviation blasthole pattern 3-7-6 (S+B variations) on the left, and blasthole pattern
S/4 shift on the right

Table 4 shows the blocks in both blast sessions and the deviation patterns tested:

Table 4: List of the blasthole patterns of blocks blasted

Block # | Batch # | Block# | Blasthole pattern | Dasted in blast
session
1 1 CHO01B02 1st burden deviation 2013
2 1 CHO01B03 Reference 2013
3 1 CHO01B04 1st burden deviation 2013
4 1 CHO01B05 Reference 2013
5 3 CHO3B01 2nd burden deviation 2013
6 3 CHO03B02 2nd burden deviation 2013
7 - BO1 Reference 2014
8 - B02 S/4 shift 2014
9 - BO3 S+B variations 2014
10 - B0O4 S+B variations 2014
11 - B06 Reference 2014
12 - BO7 S/4 shift 2014
13 - BO9 Reference 2014
14 - B10 S+B variations 2014
15 - B11 S/4 shift 2014
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-3.7 Explosives and delay time used

'The explosive source was a decoupled @ 7 mm, 20-g/m strength PETN-cord, giving
a theoretical specific charge (q) of 3.02 kg/m3 over the volume of BLH =
0.07x0.66xx0.21 m corresponding to one burden unit. The decoupling ratio, i.e., hole
diameter over the cord outer diameter, was 10/7 = 1.43. The cord was not centered
in the blasthole, but held to the front of the hole by means of plastic spacers that
secured the cord segments. The cord was segmented into 28-cm pieces, where
21 cm of the cord were in-hole column charge plus a trunk line with connectors to
each hole. By using a 5-g/m PETN-cord trunk line it was possible to adjust the delay
times with high accuracy. With an average velocity of detonation of 7220 m/s
(Schimek, 2012), the delay of 73 us per blasthole; i.e., about 1.1 ms/m of burden,
was arranged. The initiation was done by an electric detonator, connected to the
trunk line that was arranged in loops on a piece of conveyor belt. The conveyor belt

was used to protect the yoke from the detonation of the trunk line.

Initiation with
electric detonator
Measuring of
Delay with initiation times
S5g/m det.cord

Blasting with
20g/m det.cord

Figure 20: Arrangement of blasting and delay between holes

The firing sequence of all test blocks was from right to left in each row. The in-row
delay time during tests was recorded with an oscilloscope Agilent MSO6014b; the

delay results for each row are given in Appendix 4.
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-3.8 Blasting procedures

The model-scale tests made within this thesis had two different types of set-ups:

blasting of cylinders and blasting of block specimens.

The cylinders set-up was carried to measure the repeatability of the fragmentation
properties. At least one cylinder from each batch (three batches in 2013 and two in
2014, seven in total) was blasted in a blast chamber with covered opening
(Maierhofer, 2011). The explosive source was a 20-g/m strength PETN-cord, giving a
theoretical specific charge (q) of 1.26 kg/ma, with respect to the volume of the
cylinders. After blasting, pictures were taken; the material was then collected and

finally transported to the sieving laboratory for analysis.

Figure 21: Cylinder prepared for blasting

For the tests of the concrete blocks with holes shots, the following procedure was

followed:

e Controlling the geometry, wave velocity and physical and mechanical

properties of the blocks in laboratory.
¢ Drilling the holes in the blocks in the laboratory by core drilling equipment.
e Controlling the geometry of the drilled holes by measuring tape.
e Transportation of the block to the blast site.

e Grouting the block into the inner yoke, leaving it overnight for grout to harden.
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Controlling the length of the drilled holes by using a metal stick. Cleaning or

re-drilling in case some grouting material has stuck into the hole.

Charge the row using segments of 20-g/m PETN-chord, inserted in each hole
and connect with trunk line and detonator. The trunk line has a length
appropriate to the desired delay time and guarantees that the detonation front
travels from the detonator (delay no 0) and reaches the blastholes with a delay

of 73 us; i.e., about 1 ms/m of the burden.
Connecting of wire circuiting to each hole to measure delay times.
Taking documentation pictures.

Covering the blast site with geo-textile and rubber mats to avoid flying-rock

and losses.

Shooting.

Post-blast control and assessment (see Chapter 3.9)
Check of the delay time monitored.

Taking BlastMetriX3D pictures: for each row blasted the bench surface was

photographed with a 3D camera system, 3G Blast Metrix (Gaich et al., 2006).

Muck collection: each row produced a certain amount of broken mortar
material, which was contaminated by material from the yoke during the shots.
A visual investigation of the material was done and the darker mortar

fragments were separated from other material.

Sweeping the blast site, collecting the loose material and storing it in labeled

buckets.

Transportation of the collected material to the laboratory for sieving.
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3.9 Pre-and post-blast visual control of the bench face

Pre- and post-blast visual control of the bench face was done to investigate whether
the bench face had been preconditioned either originally or in some way from the
previous blasting. Such pre-conditioning may have had a significant effect on the
blast result (Worsey, 1996). The assessment included the following: control of the
crack existing within virgin block, check of the half casts, bench surface after blasting,

breakage angle between blasted holes and deep trenches or visible blast damage.

3.10 Sieving analysis

After the blasted material was collected, the sieving analysis was completed
according to the sieving standard of the Department of Mining Engineering
(Grasedieck, 2006). From the sieving analysis, the particle size distribution: xsp, x50

and xgg were calculated. The blasted material was sieved as follows:

The grain sizes of the coarser material were analysed manually. Every single piece
down to 14 mm was turned to fit through the mesh of the sieves. The following sieves
were used in that procedure: 125; 100; 80; 63; 50; 40; 31.5; 25; 20; 14; 12.5; 10 mm.
The two last sizes (12.5 and 10 mm) were used only for split material. The finer
material was sieved using the following screen sizes: 6.3; 4; 2; 1; 0.5 mm. The
screening stopped at a grain size of 0.5 mm because the lowest grains size in the
ingredients of the magnetic mortar (Table 2) is 0.5 mm. A splitting of the material at
14 mm sieve was done when more than 3.0 kg of the material passed through.
During each sieving step, a visual sorting process was carried out and if additional
lighter pieces coming from the fast hardening cement or the yoke were found, then
they were removed (see Figure 22). This material was weighed and then substracted

from the total mass of the material undergoing the sieving process.
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Figure 22: Contaminating material removed and weighed

Using a magnet, material with a grain size of 4 mm was separated from the
contamination material of the magnetic mortar. In sieves of 4 mm and below, a brush

was used to clean and to reduce the amount of material being left on the sieve cloth.

ra

Figure 23: Magnetic separation and brush cleaning of particles remaining on the mesh cloth

Table 5 summarizes the sieving procedure.
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Table 5: Sieving procedure summary

Manually separate
Loose material t![ockf!'la!enal at
collected and .| Drysieving 63-14 sieve size 14 mm
transported to & mm sizes
sieving lab
Manually sieve > 63
mm size with
90-125 mm sieves
o
Split masses smaller Biock material
than 16 mm to more " Dry sieving
handable mass {<3kg) 2 12.5-4 mm Magnet
Separation ¥ Weighting
405mm
Confining material
and other

‘3.11 Particle size distribution and determination of x-values

‘The results from the sieving analysis were plotted in a GGS-diagram (Schuhmann,
1940). This diagram is a log-log-plot, where the x-axis shows the screen size and the
y-axis shows the cumulative mass passing. The passing “P” is calculated as follows:

x 7

P=100-

Equation 12

Xma:

In addition, several x-values were calculated. The specific x-value was calculated
with a linear interpolation between the two grain sizes next to the cumulative mass

passing at 30 %, 50 % and 80 %. The calculation of x5 was e.g. done as follows:

Xsg = Xy + %- (Pso — P,) Equation 13
0 "y

A way to describe slope of the particle size distribution around 50 % of the passing
material is by a “coefficient of uniformity”. To determine this, the specific particle size
Xgo was divided by the specific particle size x3g. As the specific particle size xgg of a
fragmentation process is larger than the specific particle size xzp, the minimum value
must be always greater than 1 (Reichholf, 2003). The advantage of describing the
particle size distribution with the uniformity exponent or with the “coefficient of

uniformity” (xso/xzo) respectively, is based on the evaluation of a section of the
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distribution line, whereas a specific particle size (xgo, Xs0 Or X3g) would only describe

one point.

The tool used for fitting the fragmentation curve was the Swebrec function
(Ouchterlony, 2005). The model includes three parameters: the median size (xsp), the
maximum size (Xmax) @nd an undulation parameter (b). This function describes the
fragmentation distribution (coarse and fine parts) down to around 0.5 mm quite well.

The Swebrec function is written as follows:

P(x) =+ Equation 14

The undulation parameter b can be expressed as a function of the average size (xso)
and the maximum size (xmax) Of the sieved material (Ouchterlony, 2005). The

undulation parameter is then written as follows:

b =05 x22"In (?) Equation 15

50

The Swebrec function has been tested against several hundreds of sieved size
distributions from blasting and crushing operations. This function is on average
considered to give better fits, compared to all other functions (Sanchidrian et al;
2009, 2012 and 2014).

Compared to the Kuz-Ram model for example, the Swebrec function takes into
account the maximum size (xmax) Of the blasted material. The function has been
chosen for this thesis to fit to the sieved fragmented material in order to describe in

more detail the two critical parameters: the maximum size (xmax) @nd the average size

(X5o).

‘3.1 2 Measurement of crack development

The determination of bgst—induced damaae wasicE)ne by investigating the cra&:lg

development behind the shots with drillhole deviation and the reference shots (shots

without drillhole deviation).
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Both a dye penetration visualization technique and a 3D digital scale model method
were applied for the visualization and assessment of the internal crack network
(Navarro, 2015). With this technique, two main investigations were conducted:
surface crack detection on cut slices and crack detection on the top of the testing
blocks. Crack detection on the top of the blocks was made only for blast session
2014, due to the late development of crack detection method. The remaining parts of
the blasted blocks in blast session 2013 were stored in the laboratory, so crack
detection on cut slices was possible. A short description of the methodology is given

below. A detailed description of the procedure can be found in Navarro (2015).

3.121 Crack detection on cut slices

‘After the blast tests of the blocks, fast-hardening cement was poured in front of the
remains of the test-specimens behind row 3 to make it possible to remove them from
the yokes in one piece and to enable them to be brought to the laboratory. The blast-
induced cracks were detected and quantified by using dye penetration methodology

on those specimens from the corresponding cut slices (Navarro, 2015).

The first step to visually detect the cracks was to trace them with a pen and to take
documentation pictures from each side of the block remainder. A metric tape was

used as a scale ruler, to help with further digital rescaling.

Figure 24: Surface cracks detection. Back side block CH01B04

Afterwards a dye penetrant on the back, up and down the surfaces of the testing
block remain was applied, to detect a large number of cracks. Again documentation

pictures were taken of all colored slices, using the same reference scale.
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Figure 25: Dye penetrant application, block CHO1B04

Once the block processing was finished, the detection of internal cracks in the testing

block was carried out.

The block was cut into 5 horizontal slices by a diamond saw in the laboratory. The
distance between the slices was roughly the same in each block, in order to allow
comparison of cracks at the same level of the specimen. From those 5 slices 4 pairs
of horizontal cutting faces, corresponding with the cut between slices, are used for
the crack detection. The bottom of the remnant specimen (slice 5) was not used for

the crack detection.

-

Slice 1
Slice 2

Slice 3

Slice 4

Sliced

Figure 26: Distance between slices to cut the testing block CH01B04

Dye penetrant was applied to the surface of each slice. Each slice has top and
bottom faces that should almost coincide with the bottom and top faces of the next or
previous slices respectively. As the thickness of the machine saw used for cutting
was only 5 mm, the separation between the adjacent faces was small compared to
the lengths of most measured cracks; therefore, the face which displayed the highest

number of visible cracks was used for the analysis.
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Figure 27: Clarification about the faces of the slices (e.g.3A-top, 3B-bottom) block CH01B04

The next step was to take photographs of the slices. In this case, photographs were
taken after the cleaner was applied in order to observe cracks on the wet surface of

the slice, and when the developer has been used.
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Figure 29: Photo of the slice after using developer. Slice 2 block B04

To observe the cracks on the slice in greater detail, more pictures were taken after
adjusting the camera zoom. Due to the limitations of the camera zoom, the whole
block could not be covered by one picture. Thus, the surface of the slice was covered

using three different pictures, dividing the surface into three sections (Figure 30).
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b)
Figure 30: Photos by zoom adjusting a) left; b) middle and ¢) right part. Slice 2 block B04

From the pictures taken, the trace patterns of the testing block were used to construct
3D models in AutoCAD ® (Navarro, 2015). The cracks’ traces on the pictures were
drawn, and every visible line was considered as a crack. Attention was paid to the

direction and continuity of the cracks in case there was a connection.

A boundary between the magnetite concrete and fast-hardening cement parts was
also drawn (see Figure 31). The fast-hardening cement was checked for crack
traces, which may have been created after blasting by the removal of the testing

block from the yoke or during transportation.
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Figure 31: Drawing of crack traces horizontal slice. Slice 3 Block CH01B01

Figure 32 shows an example of digitized cracks on the horizontal sections of the
testing block. These sections correspond to the bottom or top side of the slice

surfaces, depending on which horizontal section displays better crack definition.
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Slice-29

Slice-4

Figure 32: Digitized cracks on the horizontal sections. Slices 1-4 Block CH01B04

3.12.2 Crack density analysis

After the generation of the crack path, a calculation of the crack density was made, in
order to detect where the damage (cracking) is concentrated within the slice
(Navarro, 2015).

To carry out this analysis, the digital slice model was divided into a 2x2-cm grid
(Figure 33), in which every square receives a value according to the number of

cracks within its borders.

Figure 33: Grid 2x2 cm
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The criteria for this choice were discussed by Navarro (2015). To create a damage
map, which represents crack density in the slices, a computer program was written in
MATLAB. Three values were taken as input of the code: X and Y coordinates of
representative points; and a value containing the number of cracks. These named

points are located inside each square in the grid as is shown in Figure 33.

Figure 34: Grid 2x2 cm, representing the number of cracks (Navarro, 2015)

In Appendix 7 it can be seen, that the damage is not constant along the slices of the
block. In addition, depending on which block is represented, the distribution of this
damage changes between slices. For this reason, a measure was defined that would
make the damage values comparable (Navarro, 2015). This measure was based on
the number of density points established for each grid point. In this way, the mean
value for all the numbers that belong to the same slice was calculated (Navarro,

2015). The parameter is the mean crack density (MCD) in the slice:

MCD, g0 = Zg:}\ll:’vi Equation 16
where
N is the total number of grid points or 2x2 cm squares
i is number of cracks in the grid.

The totally created cracks in the testing block remnants are meaningful as one
comparison figure, while the second figure, the MCD values take the length of these

cracks into account.

Another way to quantify the block damage was to assume that the concentration of
crack intersections along the slice is related to the blast fragmentation (Navarro,

2015), i.e., the more cracks that intersect in a specific region, the greater the damage
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and the finer the fragmentation. The idea is similar to that for the Mean Crack

Density. Thus the Mean Crack Intersection Density (MCID) value was defined as:

MCID, g0 = % Equation 17

where
N is the total number of grid points or 2x2 cm squares

i is number of cracks intersections in the grid

3.12.3 Surface crack detection on the top of the testing blocks

In addition to the cut slices, surface crack detection at the top of the testing blocks
was made. Crack detection and documentation were done before blasting, after each
of the 1st, 2nd and 3rd rows, using the same dye penetrant methodology (Navarro,
2015). Figure 35 below shows an example of the cracks introduced on the top of

block after the blast in the 1st row. The crest behind the holes has been broken off.

Figure 35: Crack detection at the top of block after 1st row blast block B09

The block was divided into 4 sections according to the rows blasted (B1, B2, B3 and
the remainder behind row 3). In this way, the same crack family definitions as those
for the slices can be used. In each section, crack detection was done as if there is no
other section or continuity of the crack. For example, a crack that goes further than
one section was counted in both sections as different cracks, and was referred to the

crack family to which it belongs in each section.
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Figure 36: Detected cracks from blasting the 1st row of block BO9

3.12.4 Recognition of crack families

‘Using the AutoCAD digitized cracks on the horizontal sections of the testing blocks, a
division of crack patterns based on angles and lengths in slice surfaces was made.
Different crack types were recognized on both the slices and the top surface area of
the testing blocks hence they were grouped into eleven different crack families.
These families were defined according to the angle and length of the crack, their

origin and direction.

With regards to their lengths, the cracks were divided into two groups:

e |ong cracks (> 3 cm)

e short cracks (1-3 cm)

The following table shows the crack families recognized in this thesis. A detailed

description of all cracks groups is given in Appendix 6.

Table 6: Crack families recognized

Colour | Description Abbreviation
| Cracks connecting with the borehole with an angle between 90°-80° CB 90°-80°
Cracks connecting with the borehole with an angle between 80°-30° CB 80°-30°
Cracks connecting with the borehole with an angle between 30°-0° CB 30°-0°
Straight cracks between holes coming from the back side SCB
Connections cracks between neighbouring boreholes Connect
Parallel cracks to the bench surface Parallel

Cracks with direction to the boreholes with an angle between 90°-80° CD 90°-80°
Cracks with direction to the boreholes with an angle between 80°-30° CD 80°-30°

Cracks with direction to the boreholes with an angle between 30°-0° CD 30°%Q°
Short radial cracks around the borehole SC
Vertical cracks between boreholes, starting at face VCB
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Figure 37: Graphical representation of the recognized crack families

Comparison of the cracks found in the published literature and the crack families

recognized was done by Navarro (2015). He found several similar crack types as
described by Ouchterlony et al. (1999 and 2000) and Saiang (2008) and the crack

families analyzed in the horizontal sections, some of which are:

a)

Long and short radial cracks were found in both the Ouchterlony et al. (1999;
2000) and Saiang (2008) analyses. Six different radial crack families divided
into 3 sectors were described in this work: 3 starting from the hole and 3 that
develop a trajectory with a radial direction away from the hole.

A notch root crack, defined in Ouchterlony et al. (1999), is the crack family
defined as: Cracks from holes borehole with an angle between 90°-80°.

Arc shaped cracks defined by Ouchterlony et al. (1999) and Bow-shaped
tangential cracks described by Saiang (2008), are similar to Cracks from holes
with an angle between 30° - 0°. In addition, when a long crack (longer than 3
cm) of this family connects two holes, Connections cracks between
neighboring holes can be included in this classification.

Foliation cracks and Bench face cracks are quite similar to Parallel cracks but
there are no foliation planes in our specimens.

Structural cracks are also very similar to the crack family: Straight cracks
between holes coming from the back side. However, since the blocks studied
were made without foliations planes of joints, other generating mechanisms

must have caused them.
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f) Short cracks from the hole are also found in both the Ouchterlony et al. (1999
and 2000) and Saiang (2008).

Only the cracks detected between the 1st and the 7th hole were taken for further
analysis. The sections at both the left and right sides of the block were excluded from

the analysis, to avoid possible influences from the break-out procedure.

The data generated was statistically evaluated in order to compare the cracks for
different drillnole deviation blasthole patterns. The crack detection and analysis on
the data has been done by Gang Zhu in 2013 and 2014 year and the data has been
re-arranged and re-analyzed by Juan Navarro in 2014, due to development of the

crack detection methodology.

3.13 Surface characteristics analysis of the bench face

‘The bench face was measured after each blast with a stereo-photography system
Blast MetriX3D (Gaich et al., 2006), in order to get a model of the overall bench
surface after blasting and see if there is any difference in the surface properties when
drillhole deviation exists. The referencing and scaling was made by placing rulers and

other well defined objects in the pictures (see Figure 38).

Two pairs of Range Poles with a space of 110 mm (center to center) between the top
and bottom targets, and two Top Delimiters with 660 mm (end to end) distance

between them were used.

Figure 38: Taking stereo photographic pictures
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A 3D model of the surface was constructed out of the paired pictures (left and right).
The confining yoke was removed from the numerical models to facilitate the

measurements and analysis.

Figure 39: 2D Projection of 3D model of blasted surface CH01B04 R02

Using the Blast Metrix software a triangular mesh of the bench face was generated.
To enable further detailed analysis, the coordinates for each triangular point were

extracted as csv-files (comma-separated values files).

Figure 40: Capture of triangulation of the bench face imported into CAD

To analyze the backbreak, three horizontal contour lines were taken at 5, 10, and

15 cm height on the block (see yellow lines in Figure 39). The contour lines were
further converted to CAD dxf. files (see Figure 41). Each contour line is represented
by 700-1400 individual points.
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Figure 41: 2D Projection of contour

The extracted data points are defined relative to the as-drilled center to center line of

the holes, i.e. including the drilling errors when relevant.
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Figure 42: Projection of the contour and reference centre line of holes

The perpendicular distance to the contour line defines the surface deviation. The
parts of the contour lines at the both sides of the block were excluded from the

analysis and only the line parts between holes 1 and 7 were analyzed.

Doctoral thesis R. Ivanova: Investigation on Fragmentation by Blasting



1314 CHO1BO4 R2

0
25 ——35cm
i 10 cm
1 15 em
20 u
il
£ \
E | 1A
\ |
=g v | '.‘I' v [l
8 f \
c I
o
s 10| A | ¥
® My i
a 1 ] { Al
© v J 1Y
£ S A i fi\ f
3 I\ | T A
a | i’
0 ’—' ~|~ S ]
]
1 ‘., ' !
5 v
-10
100 200 300 400 500 600 700

Figure 43: Perpendicular distance of contour to the reference line

To illustrate the backbreak and underbreak, a histogram plot of the deviation
distances of the individual data points for all contour lines, as well as a combined
value of three contour lines, was used. An analysis of the data based on the original
CAD files was completed with MATLAB software. An example output is presented in

the following diagram (Figure 44).
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Figure 44: Distance of contour to the reference line histogram
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The distances of the individual data points to the reference line was further presented

as boxplots (see Figure 45).
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Figure 45: Boxplots distance of contour line to the reference line

The following parameters were calculated using a MATLAB code:

® Dmean [Mm]
The mean distance of the individual data points to the reference line is a relative
figure used to evaluate the broken out volume (Holloway et al., 1987). When Dnean IS
positive (+), then a backbreak occurred, when Dpean IS Negative (-) then underbreak

is dominant. Dyean is calculated as follows:

3 d e dj .
Dpean = d = "Zn_‘ = Li_: [mm] Equation 18

where:
d...distance from an individual data point to the reference line

n...number of data points

* Shom [-]
The normalized slope inclination of the individual sections of the contour lines is a

comparative figure for the roughness of the contour line and it is calculated as below:

~Ad n
S — Zsixdx — de XAx; — Zi:zldi_di— 1‘
norm ] |

Equation 19

Xmax~%nin
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where:

d...distance from an individual data point to the reference line
n...number of data points

s;...inclination of connection line between two data points
Xi...position of the data point measured from the left side of the block
... projected surface length between holes 1 and 7.

A detailed description of both the procedure and the analysis of the surface

characteristics are given in Appendix 10.

3.14 Statistical evaluation of the data

‘Four statistical methods were used to evaluate the data, with regards to
fragmentation, surface roughness and quantification of the cracks: They are briefly
described below. The choice of statistical tools for evaluation is based on the small
amount of data. Many statistical methods are based on the assumption that the
observed data are samples with a known distribution. However, due to the small
amount of data in the samples, the distributions couldn’t be determined. Thus, the
following non-parametric methods were used for testing whether the samples
originated from the same distribution. Too few data points in the compared groups

may lead to inconsistent results of the MW U-test.

3.14.1 Mann-Whitney U- test

The Mann-Whitney U-test is used to compare differences between two independent
groups when the dependent variable is either ordinal or continuous, but not normally
distributed. This test is the non-parametric equivalent of the two sample t-test. The

test implies the following assumptions (Conover, 1999):
+ Both samples are random samples from their respective populations.

« In addition to independence within each sample, there is mutual independence

between two samples.
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The measurement scale is at least ordinal.

The null hypothesis is that there are no differences between the means of the

samples.

There are several marginally different ways given in the literature, for calculating
Mann-Whitney U-test (Conover, 1999: Harmon, 2011; Scheskin, 1997). The
calculation of Mann-Whitney U-test with regards to this thesis was carried out
following the instructions for non-parametric testing in Microsoft Excel (Harmon,2011)

using the following steps:
1) All data from the two groups have to be ranked together
2) The sums of the ranks for each group have to be calculated (R4 and Ry)
3) The count of samples in each group is found (N1 and Ny)
4) Calculation of U-statistics as:
U=N; N, +[(Ny(N; +1)/2] — Ry Equation 20
5) Calculation of the mean uy and stdev. oy as:

Ny-N,
Uy = f Equation 21

oy =Ny - Ny[(Ny + N, + 1)/12] Equation 22

6) Calculation of the Zggore as:

)

Lscore = % Equation 23

7) Compare the Zscore t0 Zerit
With degree of certainty 95 %, or significance level a=0.05
For a one-trailed tests, Z.t = NORMSINV(a)= NORMSINV/(0.05) = -1.645
For a two-trailed tests, Z. = NORMSINV(a/2)= NORMSINV(0.025) = -1.960

8) The result is significant (so the null hypothesis can be rejected) if the absolute

value:

|Zscorel > 1Zcricl Equation 24
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Too few numbers of observations in the groups compared may lead to a sum of the
ranks of the individual groups which can’t follow well the lower quantiles, this may
lead to inconsistent results of the MWU-Test (Harmon, 2011). This issue has also
been discussed by Nappier-Munn (2014) who suggested that the quality of the
estimates will improve as the sample size increase, i.e. for more confidence in the

results, larger samples should be evaluated.

3.14.2 Kruskal-Wallis One-Way Analysis of Variance (KW-ANOVA)

‘The Kruskal-Wallis One-Way Analysis of Variance (Kruskal and Wallis, 1952) is a
rank-based non-parametric test that can be used to determine whether there are
statistically significant differences between more than two groups of an independent
variable on a continuous or ordinal dependent variable. The method was invented as
an extension of the Mann-Whitney test, which can be used for only two independent

samples (Graham, 2011).

The Kruskal-Wallis One-Way Analysis of Variance uses a Chi-Squared test statistic
and cannot tell which specific groups of the independent variables are significantly
differ from each other statistically; it only tells that at least two groups are different.
The following are some of the characteristics of the Kruskal-Wallis One-Way Analysis

of Variance:
a. No assumptions are made about the type of underlying distribution.
b. Itis assumed that all groups have a distribution with the same shape.
c. No population parameters are estimated, so there are no confidence intervals.

The Kruskal-Wallis One-Way Analysis of Variance is calculated following the steps

below:

1) Rank all of the values, ignoring the group they belong to. The procedure for
ranking is as follows: the lowest value gets the lowest rank. If two or more
values are the same then they are "tied". "Tied" values get the average of the

ranks that they would have obtained.
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2) Calculate the total of the ranks for each group by adding together all of the

ranks for each group in turn.

3) Find the value of “H™

12 Té]
- [N(N+1) X Zn_c 3(N+1)

Equation 25
where:

N... is the total number of data points (all groups combined)
T.... is the rank total for each group, and

Ne... is the number of data in each group.

The degrees of freedom (d.f.) are the number of groups minus one. Assessing the
significance of H depends on the amount of data and the number of groups. H is
statistically significant if it is equal to or larger than the critical value of Chi-Square

(X?) for a particular d.f. value and the alpha (a) value.

Table 7: Critical Chi-Square (x2) values

df. | a=0.05 | o=0.01 | a=0.001
1 3.84 6.64 10.83
2 5.99 9.21 13.82
3 7.82 11.35 16.27

For the small samples (n<5), and in case there are no ties, the exact quintiles are re-

calculated and the critical values are given in the following table (Conover, 1999).

Table 8: Critical Chi-Square (x7') values for small samples (Conover, 1999):

Sample size (n4, Ny, n3) | d.f. a=0.1 | a=0.05 | a=0.01
2 2 2 2 371 457 457
3 3 3 2 4.60 5.06 6.48
4 4 4 2 4.50 5.65 7.53

When the Kruskal-Wallis One-Way Analysis of Variance rejects the null hypothesis, it
indicates that one or more pairs of samples do not have the same means, however it
does not tell which pairs are different from each other (Conover, 1999). For this
thesis the Kruskal-Wallis One-Way Analysis of Variance is abbreviated as KW-
ANOVA.
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3.14.3 Two samples t-test

The two-sample t-test is used to determine if two random population means are equal
(Snedecor and Cochran, 1989). The following assumptions are taken into

consideration:
e The two samples tested are independent
o Data should be normally distributed
e The two samples should have the same variance

The null hypothesis tested states that there is no difference between the means of

the two populations, i.e. the difference is zero:
Hyipy —u, =0 Equation 26
where
M1 is the mean of first population and s is the mean of the second population.
The null hypothesis tested can be rejected when:
Hyipg—pu, #0 Equation 27
The t-test statistics is calculated by following formula:

XX,

t= Equation 28

(N1-DsT+WNz-DsFN 1 1y
Ni+No-2 J\N1 N2/

where:
X... is the sample mean
N... is the total number of data points

s.... is the sample variance
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3.14.4 One-way ANOVA F-Test:

Analysis of variance (ANOVA) is a statistical model used to analyze the differences

between group means and their associated procedures (such as "variation" among

and between groups) (Strickland, 2014).

The following assumptions made by ANOVA are taken into consideration:

1.

2.

3.

Homogeneity of variance: the populations have the same variance.
The populations are normally distributed.

Each value is sampled independently from the other values. In this way, each
subject provides only one value. If a subject provides two scores, then the values

are not independent.

These assumptions are the same as for a t-test of differences between groups except

that they apply to two or more groups, not just to two groups. The null hypothesis

tested by ANOVA states that the population means for all conditions are the same.

This can be expressed as follows:

Hy: iy = pp...= pyg Equation 29

One could reject the null hypothesis if only:

F > F_..;t Equation 30

Thus, the alternative hypothesis (H,) is:

Ha: At least one mean value is not statistically equal.

The one-way ANOVA was implemented by the data-analysis tool in Microsoft Excel
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4. Results and analysis

In this chapter, the results from the physical and mechanical parameters of the material,
fragmentation results, blast damage in terms of crack density, and surface roughness
results are presented and discussed. Statistical evaluation of the data is conducted to
find out whether the material parameters derived from the mechanical tests, blast
fragmentation and blast damage derived from the model scaled blasting tests are

influenced by the drill hole deviations and if they are correlated or not.

4.1. Material properties

‘In this sub-chapter, the material properties’ characteristics by quantitative estimation are
described, with the aim of supporting the evaluation of fragmentation and blast damage
results. Two batches of samples were tested in the laboratory for blast session 2013. The
values of the individual core samples from blast session 2014 are presented as an

average. The individual values of the samples can be seen in Appendix 2.

4.1.1 Density

The results for the 2 test sets of the @50mm magnetite concrete core samples cored

from larger @ 142 mm cylinders (blast sessions 2013 and 2014) are shown in Table 9.

Table 9: Average densities of core samples

Year Batch Density [kg/m?]
CHO1 (4 samples) 2266
2013 CHO3 (5 samples) 2280
Average 2274
Stdev 25
2014 14 samples average 1986
Stdev 35

The average measured density of the core samples’ subset for blast session 2013, differ

from each other by much less than the standard deviation. The samples from the 2013
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blast session have an average density, which is 14 % higher than those from the 2014

blast session.

Apart from the core samples, the density of the cylinders (used to measure the
repeatability of the fragmentation properties) was also calculated in [kg/m?] by applying
the mass-volume ratio method, described in Chapter 3.5. Table 10 gives the results

obtained.

Table 10: Density of blasted cylinders

Year Cylinder # Density [kg/m?]
CH01Z03 2390
CH02Z03 2369
2013 CH03Z03 2326
Average 2362
Stdev 33
CH01Z01 2040
CHO01Z02 2018
2014 CH02201 2033
CH02Z02 2005
Average 2024
Stdev 16

The measured density of the cylinders for each subset showed a high level of
repeatability. The cylinders from blast session 2013 had an average value 17 % higher
than that achieved in blast session 2014. Those values corresponded very well to the
core samples’ values. The density of a rock is a function of mineral composition, porosity
and water saturation (Gardner et al., 1974). The additional 8 | water per batch added for
a complete hydration of the concrete in the 2014 production session has to be taken into
account. The density and compressive strength of concrete decrease when the water-
cement ratio increases (Alawode and ldowu, 2011). Furthermore, the samples for blast
session 2013 were produced with quartz sand with a larger grain size (0.1-0.5 mm),
which differs from the sand in blast session 2014 (0.1-0.4 mm). Thus the results are
influenced by the additional water content in the recipe, based on the fact that the finer

sand size has a much larger specific area that required the use of more water.
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4.1.2 Uniaxial compressive and tensile strength

Table 11 shows the results from the UCS (uniaxial compressive strength) and STé—

splitting tensile strength (Brazilian test) for the blast sessions in 2013 and 2014.

Table 11: UCS and tensile strength of core samples

Blast session year Batch UCS [MPa] STS [MPa]
CHO1 (4 samples) 61.9 54
2013 CHO3 (5 samples) 54.2 55
Average 58.1 5.5
Stdev 5 -
2014 All 14 samples average 35.7 3.5
Stdev 5 0.5

The average measured UCS values in blast session 2013 differ substantially from each
other by nearly 12 %. Batch CHO1 gave 61.9 MPa, while for batch CHOS the value is
54.2 MPa. A comparison of both blast sessions shows that the average UCS value for
blast session 2013 is 63 % higher, compared to the value for blast session 2014. The
average STS value for blast session 2013 is 57 % higher than the value for blast session
2014.

4.1.3 P-wave and S-wave velocity

Tihie results for the P and S-wave vieilocitiesiinTootih test set; gf Emeiblocks (blast ses;iéns

2013 and 2014) are shown in Table 12. Due to the lack of suitable equipment in the

laboratory, the S-wave velocity was not measured for blast session 2013.

Table 12: P and S- wave velocities of sessions 2013 and 2014

Blast session year Batch P-wave S-wave
y velocity [m/s] | velocity [m/s]
CHO1 (4 samples) 3809
Stdev 36
2013
CHO3 (5 samples) 3704
Stdev 81
2014 All 14 samples average 3056 1989
Stdev 36 36
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4.1.4 Young’s modulus and Poison’s ratio

‘Table 13 shows the results from the E-modulus and Poison’s ratio, measured during the
UCS tests. It can be seen that, when compared to the 2013 blast session results, the
Young modulus results from the 2014 blast session gave values approximately 40 %
lower; on the other hand, when the same comparison is done with the Poison’s ratio

values, the values from the 2013 session are 40 % lower than the 2014 session.

Table 13: E-Modulus and Poisson's ratio values

Year Batch E-Modul [GPa] Poisson's ratio [-]
CHO1 (4 samples) 24.3 0.13
2013 CHO3 (5 samples) 23.5 0.12
Average 23.9 0.12
Stdev 0.5 0.03
2014 All 14 samples average 14.0 0.17
Stdev 0.9 0.01

4.1.5 Sieving parameters of the cylinders

The sieving parameters xsg, Xs0, Xsp and coefficient of uniformity Xxso/Xzp of the blasted
cylinders and a comparison of them for the blast sessions in 2013 and 2014 are
summarized below. For blast session 2013, data for the batch CHO2 used by Schimek

(2013), is also given.

Table 14: Sieving parameters of the cylinders [mm] and coefficient of uniformity [-]

session | CYNder# | xe x| COREER P

CHO01Z03 8.4 15.5 246 2.92

CH02Z03 8.8 15.9 26.4 3.01

2013 CH03Z03 8.0 14.3 22.8 2.86
Average 8.4 15.2 24.6 2.93

Stdev 0.33 0.70 1.49 0.08

CHO01Z01 8.1 13.2 22.2 2.74

CH01Zz02 8.4 13.3 221 2.63

2014 CH02Z01 8.1 13.6 24.4 3.038
CH02202 7.6 13.5 23.3 3.08

Average 8.1 13.4 23.0 2.87

Stdev 0.29 0.15 0.95 0.22

The sieving parameters for the blast session 2013 show reasonably comparable results

for the different batches. Similar characteristics for the median fragment size of the
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mortar cylinders (xso) could be also seen in the Johansson (2008) results, where 15
cylinders with the same properties and similar ingredients were blasted, and the average
x50 was 15.3 mm with standard deviation of 1.1 mm. The sieving parameters of the
cylinder’s shots within blast session 2014 are also characterized by a high repeatability

and a small variation between different batches.

‘4.2. Methodological question: Are the material properties from

production sessions 2013 and 2014 comparable?

The testing block samples, produced in two different sessions 2013 and 2014 (see
Chapter 3.3) were statistically evaluated, in order to see if their material properties are
comparable. The statistical evaluation of the material properties for each session can be

seen in the Table 15.

The material properties of the mortar from the different production cycles were
significantly different. The complete set of data of the material property measurements

can be found in Appendix 2.

Table 15: Statistical evaluation of the material properties with MWU-Test (a = 0.05)

Material Property Zscore Zcritical Sign.diff.
Density [kg/m?] 2.00 1.64 Yes
Young’s modulus [MPa] 3.46 1.64 Yes
UCS [MPa] 3.42 1.64 Yes
Brazilian tensile strength [MPa] 3.12 1.64 Yes
P-wave velocity [m/s] 2.77 1.64 Yes

Statistical evaluation of the data was also conducted to find out whether the
fragmentation parameters between 2013 and 2014 show any significant difference
between them. Table 16 summarizes the Mann-Whitney U-Tests results of the sieving

parameters (Xzo, Xs0 and Xso).

Table 16: Statistical evaluation of cylinders sieving parameters with M\WU-Test (a = 0.05)

Parameter Zscore Zritical Sign. diff.
X30 1.06 1.64 No
Xs0 2.12 1.64 Yes
Xs0 1.41 1.64 No
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The results showed that the specimens in blast session 2014 gave finer xsq fragmentation
values, compared to the specimens in blast session 2013 and this difference in x5p values

is significant The x3zp and xgp fragmentation values did not show significant differences.

In his thesis, Reichholf (2003) stated that “the rock mass density influences the blast
energy transfer into the rock, and thus, affects the blastability and the fragmentation.”
Moreover, Rustan et al. (1995) established from model scale blast tests that xsg increased
with the rock mass density. Rustan (2010) considered as important parameters the
density of the explosive (pe), the density of the rock mass (p;) and the sound wave
velocity in the rock mass (cp) for determination of energy transformation from explosive to
the rock mass. With regards to the acoustic impedance ratio Zg of two adjacent
contacting materials, he gives a formula for the contact acoustic impedance of rock and
explosive, stating that “for maximum energy transfer from the explosive to the rock mass
according to classical wave transmission theory, Zgr should be equal to 1” (Rustan, 2010).
Ramulu and Sinha (2011) have conducted full scale blast tests in four different benches
at Kamptee mine, trying to match the impedance, by adapting the explosive properties to
rock impedance, so as to achieve Zg equal or near to 1. The rock mass characterization
was done by MASW seismic profiling technique, the fragmentation size distribution
analysis was done by image analysis software FRAGALYST. The results indicated that
selection of proper explosives with impedance matching to the rock impedance clearly
improved the fragmentation (mean fragment size was reduced about 15-20 %) and
reduced the back break about 50 %.

With regards to the Kuz-Ram formula for the median fragment size (see equation 6), the
Xso Is a function of A (rock mass factor, see equation 7) and explosive charge and
strength. The rock factor A is a function of JF, RMD, HF and RDI. In blast sessions 2013
and 2014 the explosive charge and properties are constant, while the RDI value
((0.025.p)-50) would change because of the different density values. Calculations of the
changes in A, with regards to the rock density, showed that the AA/A was estimated to be
roughly 18 %. Moreover if the effect on ¢, is added (Kou and Rustan, 1993), the changes
in the xsp values would be even larger, up to 30 % (see also Appendix 2). The following

table shows the density, specific charge and xsg of the individual blast sessions.
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Table 17: Specific charge, density and cylinder’s sieving parameters

Year Cylinder # ?If&z?]/ SpecE:(fécjni:tllarge Xso [Mm]
CHO01Z03 2390 1.29 15.45
CH02Z03 2369 1.27 15.92

2013 CH03Z03 2326 1.23 14.26
Average 2362 1.26 15.21

Stdev 33 0.03 0.86
CHO01Z01 2040 1.29 13.24
CHO01202 2018 1.27 13.34

2014 CH02Z01 2033 1.29 13.61
CH02202 2005 1.27 13.54
Average 2024 1.28 13.43

Stdev 16 0.01 0.17

Summarizing the findings it can be stated that the two sessions 2013 and 2014 showed
significantly different results in the material properties of the cylinders. This is a result of
the variations in the production ingredients in both sessions (see Table 2). The statistical
evaluation of the fragmentation data using MWU-Tests, also showed that the identically
blasted cylinders from blast sessions 2013 and 2014 showed significant differences in xsg
values, however not in the x3p and xsp. These cases cannot be explained directly. Based
on the findings discussed above, the conclusion from both material properties and
fragmentation is that the blastability of the cylinders in sessions 2013 and 2014 is

different; therefore, blast sessions 2013 and 2014 are treated separately.

4.3. Fragmentation results

‘The fragmentation results for the sessions in both 2013 and 2014 and the subsequent
statistical evaluation of the data have been described in this chapter. The statistical
evaluation was done to obtain a comparison of fragmentation when different deviation
patterns were tested. The complete results of the sieving analyses are contained in
Appendix 5, where the retained mass and mass passing % data, as well as the Swebrec

function fits are given.
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4.3.1 Fragmentation results blast session 2013

The percentile size passing values xp for P = 30, 50 and 80 % for the blast session 2013,

obtained by linear interpolation of the sieving data are summed up in the table below.

Table 18: Sieving parameters blast session 2013

Xa3o Xs0 Xgo Coefficient of
Block Row |[mm] [mm] [mm] uniformity Xgo/Xso

CHO01B03 1 [26.08 57.61 91.35 3.50
(Reference) 2 9.94 2136 73.09 7.35

3 8.50 1751 43.12 5.07

CHO01B05 1 |15.64 3243 6429 4.11
(Reference) 2 (1041 2242 5445 523

3 7.71 1454 37.00 4.80

CHO01BO02 1 |13.74 30.14 110.05 8.01

(1st burden deviation) 2 |11.83 2361 6167 530
3 [10.12 19.95 52.05 5.14

CHO01B04 1 |13.56 25.87 84.61 6.24

(1st burden deviation) 2 9.77 1896 47.81 4.89
3 7.53 13.86 33.84 4.49

CHO03B01 1 |16.55 5442 117.74 7.1

(2nd burden deviation) 2 [10.87 2561 79.76 7.34
3 8.96 18.09 46.15 5.15

CHO03B02 1 [20.28 4474 88.13 4.35

(2nd burden deviation) 2 9.53 2453 79.05 8.30
3 9.78 19.38 55.32 5.66

Referring to Table 18, the general observation is that the largest scatter in the data is

observed in row 1, when compared to rows 2 and 3. It is not possible to make a direct

comparison of the data, since blast influencing parameters in terms of deviation blasthole

patterns has been changed. With reference to that, the data has been divided in

individual groups.

The coefficient of variation (COV [%]) i.e. relative standard deviation within each group

has been calculated as a ratio of the standard deviation to the mean, multiplied by 100.

The following criteria were established:
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When CQOV between 0 and 10 % - good repeatability (low scatter)
When CQOV between 11 and 20 % - acceptable repeatability (moderate scatter)

When COV between 21 and more % - bad repeatability (high scatter)
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The following comparison between the Reference blocks can be made:

The repeatability of x, data from blocks CHO1B03 and CHO1BO0S5 in the first row is
bad and the coefficient of variation is in the range 25-40 %. The coefficient of
variation in Xgop/x3g values is 11 %.

For the second row, the two reference blocks show good repeatability of the
results except in the xgo- values, where the coefficient of variation is 21 %.

The coefficient of variation in xgo/X3g values is 24 %.

For the third row the two reference blocks do show an acceptable repeatability of
the results: the coefficient of variation lies in the range 7-13 %. The coefficient of

variation in xgo/X3g values is 4 %.

The following comparison between the 1st deviation pattern blocks can be made:

Blocks CHO1B02 and CHO1B04 show an acceptable repeatability of the results in
row 1 except for the xgp value: the coefficient of variation of the data goes up to

19 %. The coefficient of variation in Xgo/Xzg values is 18 %.

For the second row the 1st burden deviation pattern blocks show acceptable
repeatability of the results: the coefficient of variation of the data lies in the range
12-18 %. The coefficient of variation in Xgg/Xzg values is 6 %.

For the third row, the repeatability is bad and the coefficient of variation of the data

lies in the range 21-30 %. The coefficient of variation in Xgo/X3g is 10 %.

The following comparison between the 2nd deviation pattern blocks can be made:

For the first row of the 2nd burden the deviation pattern blocks do show
acceptable repeatability of the results; the coefficient of variation of the data is in
the range 14-20 %. The coefficient of variation in xgo/x3g values is 34 %.

The second and third row results shows acceptable repeatability of the result,
except the xgg values, where the coefficient of variation for the third row is 13 %.

The coefficient of variation in xgp/x3o values is 6 %.

No clear and consistent trend in the data can be seen with respect to the drillhole

deviation (distorted patterns). It would be difficult to find any significant effect on the

fragmentation caused by the changes in blasthole pattern.

Figure 46 gives a plot of the median fragment size xso from Table 18 versus deviation

patterns plotted row wise.
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A5, reference blocks vs blocks with burden deviation, blast session 2013
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Figure 46: Percentile size x5, values plotted row wise, blast session 2013

It can be seen that x50 decreases with increasing row number. This is probably an effect
of the first preconditioning of the mortar by the blasting of the 1st row, which causes
backbreak and radial cracks in the previously intact material, see e.g. Johansson and
Ouchterlony (2013) and Schimek et al. (2013). The third row, in turn, undergoes
preconditioning from both rows 1 and 2 blasted in respective order. In the photographic
documentation from Dal Farra (2012) and Navarro (2015), it was deduced that some
cracks reaching the third row were in fact generated from blasting row 1. The COV in the
fragmentation in the second and third rows appears to be somewhat smaller, compared

to the fragmentation in the first row.

The average fragment size xso for Row 1 is, with an exception in 1st burden deviation and
one in Reference pattern, larger than half the nominal burden B/2 = 35 mm. This
corresponds to a fragmentation behavior, which can be described as “dust and boulders”,

i.e., relatively few large blocks and a fines tail (Johansson and Ouchterlony, 2013).

Figure 47 (see next page) shows the result of the sieving analysis of block CHO1B05
(2nd burden deviation), fitted with the Swebrec function, which represents a typical “dust
and boulders” behavior. The fines tail is well described by the Swebrec function, with an
amplitude of less than 100 (d = 85 %). The large blocks are so few that it becomes
difficult to describe the fragmentation by a continuous sieving curve; the latter is rather a

continuous fines tail, with a discrete coarse part added.
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Figure 47: Sieving curve block CH01B04 and Swebrec curve fit (1st burden deviation)

Dust and boulders behavior in the first row is well known and Rustan et al. (1983) found
that “dust and boulders” behavior occurs when the burden exceeds half the critical one
(Berit.); the closer one gets to the critical burden, the more sensitive the x50 and
fragmentation become. Similar results were also found by Johansson and Ouchterlony

(2013), who linked this mechanism with contribution to the large scatter in the 1st row.

For the second and third rows, Figure 48 shows that not only is the fragmentation finer,
but the scatter is also smaller. It means in a sense that blast damage from previous rows
improves the fragmentation and may help to decrease the scatter in the following rows’

results.

The second and third rows’ sieving curves were in general very well described by both
three and five parameter Swebrec functions with 100 % amplitude (see also Appendix 5),
I.e., there is much less dust and boulders type fragmentation in these rows. The data for
the percentile size values xzp in Table 18 show pretty much the same behavior as the xsg

data, see Figure 48.
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X3, reference blocks vs blocks with burden deviation, blast session 2013
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Figure 48: Percentile size x5y values plotted row wise, blast session 2013

Looking to the xgp values a large scatter in the data can be seen, especially for rows 1

and 2. For the third row the scatter is smaller.
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Figure 49: Percentile size xg; values plotted row wise blast session 2013

Summarizing the data, it can be seen that the largest scatter in the data has been
observed in row 1 and that the values for xgp exhibit the largest scatter, compared to the
values for xsg and xag. In rows 2 and 3 the scatter is lower, in the third row there are

almost no instances for dust and boulders behavior.
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KW-ANOVA statistical evaluation of the sieving parameters was conducted for the
sieving parameters, i.e., to find out if specific groups are significantly (statistically)
different. The following groups have been compared for xgg, Xs0 and xzgp values, for rows

1, 2 and 3 respectively (see Table 19):
o All three patterns together 1 row.
o All three patterns together 2 row.
o All three patterns together 3 row.

The results of the statistical evaluation showed with 95 % level of confidence that there is
no significant difference between the means of the groups for xsp, Xs0, X30 parameters
within rows 1, 2 and 3 respectively. This was one reason why the testing in 2014 used
three blocks for each drilling pattern instead of two.

Table 19: Statistical evaluation of the sieving parameters with the KW-ANOVA (a=0.05), 3x5 data,

blast session 2013

Row Comparison xgo H X?(0.05) | Sign.diff.

1 All three patterns together 1.14 4.57 No

2 All three patterns together 3.71 4.57 No

3 All three patterns together 2.00 4.57 No
Row Comparison xso H X?*(0.05) Sign.diff

1 All three patterns together 3.43 4.57 No

2 All three patterns together 3.43 4.57 No

3 All three patterns together 1.14 4.57 No
Row Comparison xso H X?*(0.05) Sign.diff

1 All three patterns together 3.43 4.57 No

2 All three patterns together 0.29 4.57 No

3 All three patterns together 1.14 4.57 No

Figure 50 shows the coefficient of uniformity for blast session 2013. The coefficients of
uniformity (xso/xzg) of the 1st row of the two Reference blocks are 3.5 and 4.1, of the 1st
burden deviation is 8.0 and 6.2 and that of the 2nd burden deviation are 7.1 and 4.3. The
low coefficient of uniformity values are due to the coarser blast fragmentation result in the
first row obtained. It can be seen in 2nd row that there is a scatter in the data between
the blocks from individual groups, representing the same blasthole pattern (see

Reference and 2nd burden deviation patterns). In the 3rd row this scatter is not apparent.

Doctoral thesis R. Ivanova: Investigation on Fragmentation by Blasting 71



Coefficient of uniformity (xgo/Xy,), blast session 2013
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Figure 50: Coefficient of uniformity, blast session 2013

KW-ANOVA statistical evaluation of the Coefficient of uniformity was conducted, i.e. to
find out if specific groups are significantly (statistically) different. The individual groups
which have been compared for rows 1, 2 and 3 respectively are shown in the table

below.

Table 20: Coefficient of uniformity xgo/X3g9 evaluation with KW-ANOVA (a=0.05), 3x5 data,
blast session 2013

Row Comparison Xgo/X3o H X?(0.05) | Sign.diff.
1 All three patterns together 3.71 4.57 No
2 All three patterns together 2.57 4.57 No
3 All three patterns together 3.43 4.57 No

Although the scatter in the data apparent, which was larger in the first and second row,
an influence on the coefficient of uniformity cannot be noticed. The results of the
statistical evaluation showed with 95 % level of confidence that there is no significant
difference between the means of the coefficient of uniformity parameters within rows 1, 2

and 3 respectively.
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4.3.2 Fragmentation: blast session 2014

The complete results of the sieving analyses for each test are contained in Appendix 5,
where the retained mass and mass-passing percentages, as well as the Swebrec
function fits are given. The xp-values for blast session 2014 are summed up in Table 21.
The general observation from the table is again that the largest variance in the data is
observed inrow 1, compared to rows 2 and 3. The data has also some outliers, which
will be discussed later in the chapter. It is not possible to make a direct comparison of
all the data since different deviation patterns have been used. Hence, the data has been

divided in individual groups.

Table 21: Sieving parameters blast session 2014

X X X Coefficient of
Block Row | 11 [mm] [mm]  uniformity (Xeo/Xsc)
o T | 5696 9063 125
(Reforonce) 2 | 1228 2907 67.07 5.46
3 9.06 1963 50.85 5,61
o T | 1134 2203 4847 427
(Reforonce) 2 865 186 4407 5.09
3 583 1261 3394 582
oo T | 1695 3805 8393 4.95
(Reforence) 2 807 1637 39.24 4.86
3 586 1276  36.44 6.22
o3 1 941 2369 7103 755
(S+B varations) | 2 723 1658 45.86 6.35
3 917 1925 4962 5.41
os 1 902 2058 613 68
(+B varations) | 2 63 1567 535 8.49
3 652 1397 37.48 5.75
o T | 1907 4376 10383 5 44
(S+B variations) | 2 117 2558 10159 8.68
3 9.44 1862 4223 4.47
o T | 1967 4692 9001 458
(/4 hify 2 | 2164 4919 89.24 412
3 | 1142 2202 4824 423
o7 T | 3014 7913 10274 3.41
(/4 ehify 2 | 1543 3955 8146 528
3 880 17.8 4268 4.85
i T | 1783 3912 9075 5.09
(/4 shify 2 | 1173 2827 7178 6.12
3 | 1089 2149 4883 4.49

Doctoral thesis R. Ivanova: Investigation on Fragmentation by Blasting 73



The following comparison between the Reference blocks can be made:

Block BO1 gives very different values, compared to blocks BO6 and B09, e.g., the
variation in the 1st row is huge see the x, values compared to BO6 and B09, due
to the very coarse fragmentation obtained. Thus block BO1 was considered as an
outlier and excluded from the further analysis, but kept in the further presentation

of Dnmean @nd the crack data analysis further in the report.

Blocks B06 and BOS9 do not show good repeatability of the results in the 1st row;
the coefficient of variation in xgg Xsp and xzp values, lies in range 28-38 %. The

COV in xgofx3p values is about 10 %.

For the 2nd and 3rd rows, blocks BO6 and BO9 show a good repeatability of the
results and the COV values are low (COV 5-9 % in 2nd and 0.1-4 % in 3rd row).

The COV in xso/x30 values lies in range 3-5 %.

The following comparison between the S+B variations pattern blocks can be made:

Blocks BO3 and B04: show good repeatability of the results in 1st row except for
the xgp value. Block B10 has nearly double the xsg Xs0 and xsp -values for the 1st
row compared to BO3 and B04. For the row 1 shots, the average COV lies in
range 28-45 %. The COV in xgo/x3p values is about 16 %.

For the second row CQV lies in the range 28-45 %. The blocks BO3 and B04 give
a good repeatability of the results except the xgy for BO4 (Table 21). Block B10
has nearly the double values for the xsg, 47 % higher values for x3z and 38 %
higher value for xso compared to BO3 and B0O4. This explains the large values of
COV. The COV in xgofx3g values is about 17 %.

For the third row, the COV lies in the range 14-19 % with acceptable

repeatability. The COV in xgo/x30 values is about 13 %.

The following comparison between the S/4 shift pattern blocks can be made:
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For the first row of the S/4 shift pattern, the blocks do not show good repeatability
of the results; the COV lies in range of 8-39 %. The COV in xgy/x3p values is
about 20 %.
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e The second row results do not show good repeatability of the results in x3g and
xsp values where the COV is between 27-31 %, whereas for the xg the COV is
11 %. The COV in Xxgo/x30 values is about 19 %.

¢ In the third row BO2 and B11 gave similar results and BO7 shows up to 28 %
variation in the result. This is why the CQOV lies in the range of 7-14 %. The COV

iN XgofX3g values is about 7 %.

Figure 51 gives an overview of the xsp reference blocks versus deviation patterns and
rows respectively.

sy reference blocks vs 5+B variations vs 5/4 shift blocks, blast session 2014
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Figure 51: Percentile size x5, values plotted row wise for blast session 2014

From the Figure 51, it can be seen that there is the same tendency as in blast session
2013 for the x50 values to decrease with increasing row number. This phenomenon was
described in the previous chapter. The scatter in the fragmentation in the third row
appears to be smaller, compared to that in the first and second rows; it can be seen by
comparing the COV values of the 1st row, with the values of rows 2 and 3. The general
trend seen in Figure 51 is that the percentile size xso for the S/4 shift pattern tends to be
the highest. This behavior, contradicts the literature findings (Cunningham, 1983) who
suggested that the fragmentation should be improved by shooting with a staggered
pattern. The fragmentation in Row 1 can be described as “dust and boulders”, i.e.
relatively few large blocks and a fines tail (see Appendix 5). Figure 52 shows the result

of the sieving analysis of block BO7 (S/4 shift), fitted with the Swebrec function, which is
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a typical example of “dust and boulders” behavior. The fines tail is described by the
Swebrec function with an amplitude of less than 100 (d = 74 %).
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Figure 52: Sieving curve 1st row block BO7 and Swebrec curve fit (S/4 shift)

For the second and third rows, the fragmentation is finer, and the scatter is smaller too.
Figure 53 gives an example of a sieving curve for the third row, block BO7 (S/4 shift),
where it can be seen that the curve is well described by the Swebrec function.
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Figure 53: Sieving curve 3rd row block BO7 and Swebrec curve fit (S/4 shift)
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Looking to the xgy (see Figure 54) the tendency for the values to decrease with the

increase of the row number is not apparent. A large scatter in the data can be seen,

especially in the first and second rows. For the third row the xggvalues show a scatter

that is smaller. The S/4 shift pattern shows the largest xgo values compared to the

Reference and S+B variations patterns.
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Figure 54: Percentile size xgg values plotted row wise for blast session 2014

The x3g values (see Figure 55) show that there is a large scatter in the data for row 1.

For the second and third rows the scatter is substantially smaller. The S/4 shift pattern

shows the largest x3g values compared to the one in the other two patterns.
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Figure 55: Percentile size x5y values plotted row wise for blast session 2014
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Summarizing the data, it can be seen that the largest scatter in the data has been
observed in row 1 (and that the values for xgy exhibit the largest scatter, compared to
the values for xsp and xzp). For row 2 the scatter is substantial for the S/4 shift pattern;
while in row 3 the scatter is lower. This is also supported by the sieving parameters and

curves, described by the Swebrec function (Appendix 5).

Statistical evaluation of the sieving parameters was conducted in order to determine
their significance, i.e., to find out if specific groups are significantly (statistically)
different, by means of KW-ANOVA. The following specific groups have been compared

for xso, Xs0 and xzp values, rows 1, 2 and 3 respectively:
o All three patterns together 1st row.
o All three patterns together 2nd row.
o All three patterns together 3rd row.

The KW-ANOVA of the sieving parameters showed that there is no significant difference

between the means of the groups for xsp, x50 and x3zo, within rows 1, 2 and 3.

Table 22: Statistical evaluation of the sieving parameters with the KW-ANOVA (a=0.05), 3x3 data, blast
session 2014

Row Comparison xg, H X?(0.05) Sign.diff.

1 All three patterns together 0.62 5.06 No

2 All three patterns together 0.82 5.06 No

3 All three patterns together 2.29 5.06 No
Row Comparison xso H X?(0.05) Sign.diff.

1 All three patterns together 2.22 5.06 No

2 All three patterns together 4.62 5.06 No

3 All three patterns together 2.76 5.06 No
Row Comparison xso H X?(0.05) Sign.diff.

1 All three patterns together 2.76 5.06 No

2 All three patterns together 5.06 5.06 No

3 All three patterns together 3.82 5.06 No

Looking to the coefficient of uniformity values, it can be seen that the coefficient of
uniformity varies for the blocks from individual groups, representing the same drill

pattern (see Figure 56). The scatter for rows 1 and 2 is the highest, as pattern S+B
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variations depicts the highest value (see also Appendix 5, Table 59), whereas this

scatter is lower for row 3.
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Figure 56: Coefficient of uniformity, blast session 2014

KW-ANOVA of the coefficient of uniformity was conducted i.e., to find out if specific
groups are significantly (statistically) different. The individual groups which have been

compared for rows 2 and 3 respectively are shown in the table below.

Table 23: Coefficient of uniformity xgo/xzgstatistical evaluation with KW-ANOVA (a=0.05), 3x3 data blast
session 2014

Row Comparison Xgo/X3o H X?(0.05) Sign.diff.
1 All three patterns together row1 5.00 5.06 No
2 | All three patterns together row 2 542 5.06 Yes
3 | All three patterns together row 3 507 5.06 Yes

The KW-ANOVA evaluation of the coefficient of uniformity showed that the groups in the
second and third rows are significantly different. From Figure 56 it can be seen that only
the S+B variation pattern differs. It can be seen that the H-statistic in both row 1 and
row 3 is pretty close to the critical Chi-squared values. Since the small samples exact
quintiles are re-calculated and the new critical values are used (see also Chapter 3.14),
the decision with regards to the null hypotheses can be different (Gregory and Foreman,
2009). As the results in rows 2 and 3 present borderline data, they may be questioned

and interpreted as barely significant.
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4.3.3 Equivalent n-values and x for blast sessions 2013 and 2014

From the sieving curves, equivalent n or uniformity index-values were calculated from
fitting a Rosin-Rammler function to the x3g and xgp values in order to see if there were
any changes when the distorted blasthole patterns were tested. The steps for equivalent
n-calculation can be written as follows, starting from the RR cumulative fragment size

distribution function:
P =1—2-&/xso)" Equation 31
and rearranged as:

L = 2(/%50)"  Equation 32

1—P = 2-@/xs)™ =
(-

In[(1/(1 = P)] =In2 - (x/x50)™ Equation 33

[m(u(l-o.s))‘ 1/n

In(1/(1-0.3)) = (xgo/*30) Equation 34

The calculated value In(B), where B is the In-ratio inside the brackets [...] is =1.506 thus

the equivalent n-value can be written as:

n _ InB 1.506 Equation 35
€qUY-"In(xgo/x30)  In(xgo/x30)

For this equivalence to be meaningful, the equivalent xso-value calculated from the xszo-
Xgo fit has to be nearly the same as the interpolated xsp-values in Table 18 and Table 21.
This is typically not the case when there is an extreme dust and boulders effect. Then
there is kink in the mass passing curve (see Figure 52) which destroys the agreement
between the two xsp values. Thus the row 1 data have been checked and some nNequiv
values judged as invalid, among them the data for the outlier block BO1. The following
figures give a plot-summary of the corresponding n-values for the blast sessions 2013

and 2014 respectively. The numerical data is given in Appendix 5.
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Figure 57: Equivalent n-values, blast session 2013 without invalid values
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Figure 58: Equivalent n-values, blast session 2014 without invalid values

Similar average equivalent n-values can be seen in both session 2013 and 2014
reference patterns. The equivalent n-value for the blocks from the groups 2nd burden
deviation shows a very small decrease, but the 1st burden deviation data remain the
same. A general tendency in Figure 57 and Figure 58 (see also Appendix 5) is that the
equivalent n-values for the staggered pattern are the highest and for the S+B variations

the lowest.
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The S/4 shift pattern showed a 9 % higher n-value compared to the reference pattern,
while the S+B variations pattern with uncorrelated collaring errors AS and AB in S and B
directions respectively has shown a 7 % decrease in the n-value (see also Appendix 5
Table 58). A summary of the statistical evaluation with KW-ANOVA, of the valid
equivalent n-values is given in the following table.

Table 24: Statistical evaluation of n-values values with the KW-ANOVA a=0.05), 3x2 and 3x3
data, blast sessions 2013 and 2014

Row* | Comparison blast session 2013 H X?(0.05) Sign.diff.
2 All three patterns together row 2 1.50 457 No
3 All three patterns together row 3 2.21 4.57 No
Row* | Comparison blast session 2014 H X?(0.05) Sign.diff.
2 All three patterns together row 2 5.14 5.06 Yes
3 All three patterns together row 3 4.20 5.06 No

*The invalid values in row 1 have been excluded from the analysis

The KW-ANOVA of the equivalent n-values showed, that there was no significant
difference between the means of the groups for Reference blocks, 1st and 2nd

deviation pattern blocks in blast session 2013.

In blast session 2014 the row 2 results showed that there was a significant difference
between the means of the groups, when all three patterns were combined. From Figure
58, it can be seen that the S+B values are the one which cause the variation in the
results. From Table 24 it can be also seen that the H-value in row 2 is marginally on the
wrong side of Chi-squared. Moreover the both values are close to the border, thus the
conclusion may be not very exact. The analysis also shows that there was no significant
difference between the group means in row 3 when the data for Reference blocks, S+B

deviation and S/4 shift pattern blocks were combined.

Additionally to the equivalent n-values, the equivalent x; sizes from the sieving curves,
equal to the fragment size at 63.2 % passing, were calculated, to see if there were any
changes when the distorted blasthole pattern were tested. The calculation of x, was
done by a linear interpolation between the two fragment sizes next to the cumulative

mass passing at 63.2 %, as follows:
Xo~Xu
Po—Py

Xe =Xy + (Ps32 — PB)) Equation 36
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A summary of the equivalent x.-values is given in Table 59, where the data in the first
row has been excluded when calculating averages, due to the large scatter in the

values, as well as block BO1, which was considered as an outlier.

Table 25 gives the KW-ANOVA evaluation of the equivalent x..values in sessions 2013
and 2014.

Table 25: Statistical evaluation of x,-values values, with the KW-ANOVA (a=0.05), 3x2 and 3x3 data,
blast sessions 2013 and 2014

Row | Comparison blast session 2013 H X?(0.05) Sign.diff.
2 All three patterns together row 2 3.43 4.57 No
3 All three patterns together row 3 2.57 4.57 No
Row | Comparison blast session 2014 H X?(0.05) Sign.diff.
2 All three patterns together row 2 542 506 Yes
3 All three patterns together row 3 5.07 5.06 Yes

In blast session 2013 there is no significant difference between the means of the groups
for Reference blocks, and 1st and 2nd burden deviation pattern blocks. In blast session
2014, the analysis shows that there was a significant difference between the group
means when the data from reference, S+B variations and S/4 shift patterns in 2014 are

combined.

From the Table 25, it can be seen that in both cases, blast session 2014 row 2 and row
3, the H statistic is very close to the critical Chi-squared values. Therefore as the result
represents borderline data, it may be interpreted as barely/or not significant (see
Chapter 4.3.2)

4.3.4 Summary of fragmentation findings

Summarizing the data, in both sessions 2013 and 2014 it can be seen that the variation
of the sieving parameters of row 1 is quite large. The majority of the tests showed an
average size xsp larger than half the burden. The corresponding size distributions are
characterized as showing “dust and boulders” behavior. Because of this the first intact
or “free” row with virgin material is not a good representation of a real blast situation.
Moreover the bench front is unrealistically even and smooth, thus a detailed analysis of

the results from row 1 would be less meaningful and has been excluded.
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Continuing to the rows 2 and 3 results, there is a finer fragmentation and almost no
tendency for dust and boulders behavior. The data reveal a smaller scatter, which is
more apparent in the xso and xsg values, than in xgg. Looking to the xsg percentile values,
it was seen that a somewhat coarser fragmentation was achieved with S+B variations
and the S/4 shift patterns in both rows 2 and 3, while for the rest of the blasthole

patterns, no effect on xsy was detected.

Despite those findings the overall statistical evaluation of all the xzg, X50 and xgp values
showed that the fragmentation was not significantly influenced by any of the tested
types of drillhole deviations. Moreover, the bad repeatability of the fragmentation data
between block pairs with the same blasthole pattern was observed. The large average
relative differences (18 % in session 2013 and 24 % in session 2014) underline the
difficulty of finding any significant effect of the pattern changes that have been made.
Continuing to the x. results, the statistical evaluation, see Table 25 showed no statistical
difference between the means of the pattern groups in session 2013, while the values in
session 2014 showed statistical differences between the means of the pattern groups.
Again when looking to the data, it can be seen that the data is borderline and that

mainly the values in S+B variation stick out.

Table 26 shows a summary of the average effect on the equivalent n-values of the
different blasthole patterns, where the obtained and expected changes in n-values are
given as An = nequiv - Nref. The average nequiv vValue for the respective reference blocks

derived from Equation 34 are used.

Table 26: Expected and obtained equivalent n-values, blast sessions 2013 and 2014

Pattern n Obtained An Expected An

Reference 2013 0.88 - -

1st burden deviation 0.88 0% -23.0 %

2nd burden deviation 0.84 -4.6 % -23.0 %
Reference 2014 0.89 - -

S+B variations 0.83 -6.8 % -15.0 %
Total effect (excl. S/4 shift) -3.0% -

S/4 shift 0.97 (+9.0 %) +10.0 %

It can be seen that the average equivalent n-values in both blast session 2013 and 2014

reference patterns are very similar. The equivalent n-value for the blocks with 1st
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burden variation does not change, while the values in 2nd burden deviation shows only
about a 5 % decrease. In the S+B variations pattern the decrease in the average
equivalent n-value is the lowest, about 7 %.Those changes are far away from the

expected ones with regards to the Kuz-Ram formula (see Chapter2.6 and Table 26).

If the observed changes are significant is also questionable. The statistical evaluation of
the equivalent n values, in Table 24 showed that the only significant difference between
the means of the groups was in row 2, session 2014, when all three patterns were
compared and, mainly caused by the variations in the S+B variations pattern (see

Figure 58). The data was borderline, i.e. barely significant.

If one calculates the effect in all three samples from S+B variations for row 2, with
regards to the equivalent n-values, the expected changes for row 2 would be a
reduction of the value of 21 %. On the other hand, in row 3, the reduction is only 6 %. If
one assumes that the changes in the equivalent n-values should be equal, i.e. the same
effect is acting on the equivalent n-values for all deviation patterns, the average effect
on all the reference pattern is only 3 %, thus it is highly doubtful if a systematic effect of
drillhole deviations on fragmentation exists, at least for the patterns with collaring
deviations and straight vertical holes studied here in row-by-row blasting of 2D models

with an unconfined bottom.

Comparing the effect on staggered (S/4 shift) pattern on the fragmentation it can be

seen that the equivalent n-values increase by 9 %.

Evaluation of the fragmentation data of Shimek (2015) was done to check the effect of
the staggered pattern. He has blasted 2 blocks with S/B ratio 1.57, 4 rows with 5
blastholes per row, one reference block and one with a staggered pattern. The
evaluation of his sieving data showed that the average equivalent n-values decreased
for the staggered pattern: from 1.05 to 0.89. Schimek’s results are contrary to the
results found in this thesis; moreover the combined result points to no effect of the
staggered pattern, which is contrary to the to the literature findings (Cunningham, 1983,
2005).

With regards to the uniformity coefficient xso/x3g values, the statistical evaluation showed
no difference between the values in session 2013, while in session 2014, there was a

difference for the data in rows 2 and 3, where H statistic was very close to the critical
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Chi-squared values. As the results are borderline data, they may be interpreted as

almost insignificant (see Chapter4.3.2, Table 23).

Summarizing the findings, the analysis showed that the percentile size values x, (P= 30,
50 and 80 %) were not affected by the drillhole deviation patterns tested. The uniformity
coefficient xgo/x3p results did not show very convincing results about any influence either.
The uniformity coefficients xgo/x3p may be seen as a transformation of the equivalent n-

values, which gave similar borderline values in session 2014.

All the statistically significant results were borderline data, i.e. the H value lay very close
to the Chi-square limit. Thus what is a significant difference for one variable xzp/xso,
Nequiv, Xc OF Xs0, May be insignificant for others. A slightly smaller a would have removed
this inconsistency. The tables for both KW-one way ANOVA test and MWU-test don’t
make it possible to calculate the p-values for the tests. Taking into account that the
samples per pattern blasted were 2 in blast session 2013 and 3 in blast session 2014
the results with regards to fragmentation may be questioned and treated as insignificant
ones. More data would help give a more conclusive answer for the fragmentation

results.

‘4.4. Damage results

In this thesis “Damage” is related to both the surface and interior of the remaining rock.
Three different formats were used for the damage related investigation. Firstly, the
surface damage on the crest and the bench face was investigated by both visual
observation and investigation of back break (surface unevenness) and surface
roughness. Then the interior damage was observed by investigating the crack
development in cut slices of block remnants and then the exterior damage was
observed on the top surface on the testing blocks. A detailed description of the results is

given later in the report.
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4.41 Results from visual bench face control

The row—V\;ise blasting of the 3 rows with 7 ho]es for the blocks }n 2013 and 2014 was

always initiated from the right side of the block.

Figure 59 gives an example of a bench surface front view of a blasted block with
reference pattern. The breakout angle between the holes was approximately 180°, at
the edges of the block this angle was somewhat smaller. After each blast, all seven half-
casts were visible. At the top of every blasthole a thin section flaked off. An excessive
backbreak with deep trenches behind the second and third rows was observed in block
BO1 (Appendix 4). All the bench surfaces of the reference block B06 had deep trenches

in both left and right sides. Similar surfaces can be seen in the other Reference blocks.

Figure 59: Front view after blasting of Reference block B06 row 1

For the testing blocks with the 1st burden deviation pattern, the breakout angle between
the holes followed the pattern and was in this sense different from 180° break out in the
reference blocks. Figure 60 gives an example of the bench surface for the 1st burden
deviation pattern. After each blast, all seven half-casts were visible. At the top of every
blasthole a thin section flaked off. In some of the rows, several deep trenches could be
seen. An excessive backbreak was observed in block CHO01B02, row 3. The fresh
blasted bench surface became rougher for this pattern. After blasting of the rows 1 and

2, several clearly visible cracks, going to the next row burden were detected.
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Figure 60: Front view after blasting of 1st burden deviation pattern CH01B02, row 1

For the testing blocks with the 2nd burden deviation pattern, the breakout angle
between the holes again followed the drill pattern. Figure 61 gives an example of the
bench surface after the 2nd deviation pattern. The side angles of the testing blocks
were influenced by the pattern. After each blast, all seven half-casts were visible, except
hole 5 for CHO3B02, Row 1 (see Figure 61). An excessive backbreak was observed in
block CHO3B02, Rows 2 and 3. The fresh blasted bench surface was rougher for this
pattern and deep trenches were visible in some rows. After the blasting of the first row,

one clearly visible crack going to the next row burden was detected, for CHO3BO1.

Figure 61: Front view after blasting of 2nd burden deviation pattern CHO3B02, row 1

For the testing blocks with the S+B variations pattern, the breakout angle between the

holes again followed the drilled pattern. Figure 62 gives an example of the bench
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surface after Row 1 blasted in B+S variations pattern. After each blast, all seven half-
casts were visible. The fresh blasted bench surface was rougher for this pattern and
deep trenches were visible. An excessive backbreak was observed in most of the rows.

No visible cracks were observed behind the holes or going to the next row burden.

Figure 62: Front view after blasting of S+B variations pattern B04 row 1

For the S/4 pattern, the bench surface in between the blastholes was very smooth and
regular and had comparable bench surface properties as the Reference pattern, see
Figure 63. No surface cracks behind the holes or going to the next row burden were

detected. The only backbreak was observed at BO7, Row 3 (see Appendix 3)

Figure 63: Front view after blasting of S/4 shift pattern BO7 row 1

The results of the visual bench face control in session 2013 and session 2014 are given
in following tables. The corresponding documented pictures of the blocks, taken before

and after blasting of each row, are given in Appendix 4.
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Table 27: Overview of the visual bench face control: blocks blast session 2013

Visible Visible
half |Breakage angle| cracks Deep Other
Block # Row # casts, | between holes | behind | trenches | observations
holes # holes #
1 1-7 follows pattern no left crest flaking
CHO01B03 2 1-7 follows pattern no left, right crest flaking
(Reference) crest flaking, air
3 1-7 follows pattern no no pockets observed
in yoke
1 1-7 follows pattern no right crest flaking
CHO01B05
2 1-7 follows pattern no left, right crest flaking
(Reference)
3 1-7 follows pattern no no crest flaking
crest flaking,
1 1-7 follows pattern 247 left, right | crack 7 goes to 3
CH01B02 row burden
(1stburdendev.) | 5 1-7 | follows pattern | 2,7 | left, right |  crest flaking
3 1-7 follows pattern no left, right | large backbreak
1 1-7 follows pattern no left, right crest flaking
( 1stCtJ|:IJ?c;I(aI3r103ev) 2 1-7 follows pattern 5 left, right crest flaking
3 1-7 follows pattern no left crest flaking
1 1-7 follows pattern 7 right crest flaking
2n dcgjegsggev) 2 1-7 follows pattern no no crest flaking
3 1-7 follows pattern no no crest flaking
1 not #5 | follows pattern no left crest flaking
@2n dCt;lJ ?S’Sr?% ev.) 2 1-7 follows pattern no left, right backbreak
1-7 follows pattern no no backbreak
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Table 28: Overview of the visual bench face control: blocks blast session 2014

Visible Visible
Block # Row half Breakage angle | cracks Deep Other
# casts, | between holes | behind | trenches observations
holes # holes #
501 1 1-7 follows pattern no left crest flaking
2 1-7 follows pattern 2.4 left, right backbreak
(Reference)
3 1-7 follows pattern no left, right crest flaking
806 1 1-7 follows pattern no no crest flaking
2 1-7 follows pattern no left, right backbreak
(Reference)
3 1-7 follows pattern no no crest flaking
809 1 1-7 follows pattern no right crest flaking
2 1-7 follows pattern no left, right crest flaking
(Reference)
3 1-7 follows pattern no no crest flaking
803 1 1-7 follows pattern no left backbreak
o 2 1-7 follows pattern no left backbreak
(S+B variations)
3 1-7 follows pattern no right crest flaking
804 1 1-7 follows pattern no left backbreak
o 2 1-7 follows pattern no left, right backbreak
(S+B variations)
3 1-7 follows pattern no left, right crest flaking
1 1-7 follows pattern no left, right crest flaking
B10
o 2 1-7 follows pattern no right backbreak
(S+B variations)
3 1-7 follows pattern no right crest flaking
502 1 1-7 follows pattern no left crest flaking
) 2 1-7 follows pattern no left, right crest flaking
(S/4 shift)
3 1-7 follows pattern no left crest flaking
807 1 1-7 follows pattern no no crest flaking
) 2 1-7 follows pattern no no crest flaking
(S/4 shift)
3 1-7 follows pattern no no backbreak
811 1 1-7 follows pattern no no crest flaking
_ 2 1-7 follows pattern no left, right crest flaking
(S/4 shift)
3 1-7 follows pattern no left, right crest flaking
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4.4.2 Surface damage

This Chapterdescribes the main results, for the surface damage characteristics of the
bench face, achieved by blasting using different blasthole patterns. The method of
measuring the blasted surface characteristics was described in Chapter3.13. The

numerical data are given in Appendix 12 (see Table 82 and Table 83).

Two parameters, Dmean and S,om were used to quantify the surface damage
characteristics: Dmean , defined as the mean distance of the individual data points to the
reference line (see equation 18); and S,om, defined as the normalized slope inclination
of the individual sections of the contour lines (see equation 19). For each horizontal
contour line, at heights of 5, 10 and 15 cm, the Dnean data are plotted both individually
and then combined into a single average value for the whole surface, where a positive
Dmean (+) represents a backbreak and a negative Dpmean (-) represents an underbreak.
With regards to Syom | it was found that the values were not reproducible (see Appendix

11) thus the results are only presented there.

The Dmean data are given in Figure 64. Each Dnean value represents a specific line
height (3 values) and row no.(1-3) in specific block of a given pattern group (2 or 3
samples); altogether 54 data for blast session 2013 and 72 data for blast session 2014.
The main results are given below, covering several evaluations of Dnean dependency on:

mortar batch; height of contour line; blasthole pattern and row.
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Figure 64: Dnean for individual blocks, blast sessions 2013 and 2014
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Figure 64 shows a histogram-plot of the Dmean data for individual lines. The mean
backbreak for both sessions is around half of the borehole diameter and both
histograms in Figure 64 follow the normal distribution reasonably well. Thus a two-
sample t-test was used to determine if the two population means of the Dpean values are

equal. The results are given in the table below.

Table 29: Statistical evaluation of D,ca-values, with the two-sample t-test of variance (a=0.05)

Combination t p-value teit Sign.diff.
Session 2013 / Session 2014 377 0.0026 1.98 Yes

The test showed that the specimens in blast session 2013 gave significantly higher
Dmean Values, compared to the specimens in blast session 2014. This result can be
correlated with the different mechanical properties of the material in blast sessions 2013
and 2014, thus leading to changes Iin the surface characteristics. Figure 65 shows the
average Dnean values vs. P-wave velocity per block, plotted for blast sessions 2013 and
2014,

D ean ¥5. P-wave velocity

& Refevence 2013

© 13t hurden deviatlon

0 2nd b n cheviation
Reference 2014

548 variations

544 shit

ot

Dingan [mm]

H

P-wave velocity [m/s]

Figure 65: Dyean vs. P-wave velocity

Figure 65 shows that Dmean is positively correlated with the P-wave velocity. The same
is true for the Dpean VvS. Eqyn, density and UCS. No literature reference was found for the
correlation between backbreak and any material properties (P-wave velocity, density,
Eqyn or UCS).

To evaluate the effect of line height on Dpean , the average Dmean values over rows and

pattern group (class) have been calculated for each height, leaving three averages per
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height and class. For each class ANOVA has then been used to evaluate if the variation

with line height is significant (3 classes with 6 data each in blast session 2013 and 3

classes with 6 or 9 data in blast session 2014). The results are presented in Table 30.

Table 30: Statistical evaluation of Dy,ea, Of the individual line heights and patterns with the One-way

ANOVA (a = 0.05), per block, blast sessions 2013 and 2014

Drill Pattern group F Ferit p-value Sign.diff.
Reference (2 blocks) 0.01 3.68 0.99 No
1st burden deviation (2 blocks) | 0.01 3.68 0.99 No
2nd burden deviation (2 blocks) | 0.58 3.68 0.57 No
Reference (2 blocks) 0.09 368 0.91 No
S+B variation (3 blocks) 1.37 3.40 0.27 No
S/4 shift (3 blocks) 0.06 3.40 0.93 No

The evaluation showed that there was no significant difference between the mean Dyean

values from the individual classes. It means that there is no visible influence of the line

height compared to variations with row and chance.

Figure 66 shows a box and whisker plot of the Dean data with median (the middle line)

and indicated outliers for each blasthole pattern blasted in blast sessions 2013 and

2014. Each data set is based on the three horizontal contour lines for the 1st, 2nd and

3rd row and blocks with the same blasthole pattern.

Quartiles for backbreak D

12

mean®

mm

11.00
x

10.59
—_—— 4
10 —
i = - —8
6B o =1 6
18 18
4 18 aa 27 [4

]

0

(§8]

0

(8]

-1.73

b4

| [
2013 ref Dev Bl

Figure 66: Dyan data for individual blasthole pattern groups, blast sessions 2013 and 2014
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From Figure 66, it can be seen that the groups with both reference and distorted
patterns showed no clear trend of either larger or smaller backbreak. Therefore to
evaluate the “combined” effect of the individual Dyean values, since the influence of the
line height is insignificant, the Dmean data from the height classes have been merged
and average Dnean values for each pattern group calculated. For each year ANOVA has
then been used to evaluate if the variation with drill pattern is significant (3 groups with
18 data each in blast session 2013 and 3 groups with 18 or 27 data each 2014). The

result is shown in the following Table 31.

Table 31: Statistical evaluation of average Dpean Of the average rows and line heights with One-way
ANOVA (a = 0.05), 6 blocks x 3 rows data (session 2013) and 8 blocks x 3 rows data (session 2014)

Comparison Dpyean Block F F it p-value Sign. diff.
Blast session 2013 all blocks 0.64 3.17 0.53 No
Blast session 2014 all blocks 0.92 3.13 0.40 No

The results in both blast sessions 2013 and 2014 showed that there was no significant
difference between the mean Dpean values from the individual blocks and blasthole
patterns. This means, that looking to the combined effect (see Figure 66) the influence
of the blasthole patterns on the backbreak is insignificant. Figure 67 (blast session
2013) and Figure 68 (blast session 2014) show the Dmean values for the individual

contour lines plotted row-wise.
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Figure 67: Dyean values at 5, 10 and 15 cm height, session 2013
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Figure 68: D.can values at 5, 10 and 15 cm height, blast session 2014

A statistical evaluation of the individual Dyean data was carried out using the MWU-Test
to see If there is a difference between the values from the rows 1, 2 and 3 (see Figure
67 and Figure 68), for the different blasthole patterns. The MWU-Test was chosen as
method for analysis, due to the small number of the groups tested as well as the small
number of data points. The results for blast session 2013 are given in Table 32.

Table 32: Statistical evaluation of Dmean data of the individual rows and line heights with MWU-Test
(a=0.05), 6x2 data, blast session 2013

Drill Pattern Rows Zscore Zcritical Sign.diff.

1t02 272 1.64 Yes

Reference 1103 0.16 1.64 No
2t03 2.56 1.64 Yes

1102 2.56 1.64 Yes

1 st burden deviation 1103 1.28 1.64 No
2t03 2.24 1.64 Yes

1t02 0.01 1.64 No

2nd burden deviation 1t03 0.48 1.64 No
2t03 1.12 1.64 No

The analysis in blast session 2013 showed that the Dyean values from row 2 were
significantly different from the values of rows 1 and 3 for the reference and 1st burden
variation patterns, i.e. for these patterns significantly more backbreak was observed in

the second row. In the 2nd burden deviation pattern blocks, the Dmean values of rows 1,
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2 and row 3 showed no significant differences, i.e., there was no trend for more
backbreak in the second row. The results from the statistical evaluation of the individual

Dmean data using the MWU-Test for blast session 2014 are given in Table 33.

Table 33: Statistical evaluation of D,,a, Of the individual rows and line heights with MWU-Test
(a=0.05), 2x6 (BO1 excluded) and 2x9 data, blast session 2014

Drill Pattern Rows Zscore Zritical Sign.diff.
1t02 1.92 1.64 Yes
Reference 1t03 0.16 1.64 No
2t03 1.92 1.64 Yes
1t02 0.39 1.64 No
S+B variations 1103 1.19 1.64 No
2t03 1.10 1.64 No
1t02 2.78 1.64 Yes
S/4 shift 1103 0.39 1.64 No
2t03 2.69 1.64 Yes

The analysis for individual levels in both reference pattern and S/4 shift pattern, showed
that mean Dpean Values from row 2 were significantly different from those of rows 1 and
3, i.e. more backbreak was observed in the second row. In the S+B variations pattern,
none of the t Dmean Values showed a significant difference, i.e., there was no trend for

more backbreak in the second row.

44.21. Summary of the surface damage findings

Summarizing the results, the specimens in session 2013 gave higher Dmean Vvalues,
compared to the specimens in blast session 2014 and this difference in Dpean values is
significant, i.e. there is a difference between the results for the different mortar batches.
This result can be correlated with the different mechanical properties of the material in

blast sessions 2013 and 2014, leading to changes in the backbreak.

The evaluation in Table 30 showed that there was no significant difference between the
mean Dnean values for the individual heights and patterns in any of the rows. It indicates
that there is no influence of the line height compared to variations with row and chance
for the same pattern, and the repeatability of the samples blasted with the same drill
pattern is reasonable. It can be seen that the influence of the height level is no stronger

than the variation within the pattern groups for all rows and patterns.
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The results in both sessions 2013 and 2014, showed that there was no significant
differences between the mean Dpean values from the individual blocks, ie. the
‘combined” effect (see Figure 66) of the driling patterns on the backbreak is
insignificant. This means that the backbreak is not influenced by the blasthole patterns
under these conditions: row-by-row blasting of 2D small scale models with an

unconfined bottom, patterns with collaring deviations and straight vertical holes.

From Table 32 and Table 33 it was observed that in four out of six drill patterns, the
Dmean Value is significantly larger after row 2, than after rows 1 and 3. These results are
correlated to both the visible deep trenches and backbreak, reported in Table 27 and
Table 28. The correlation between the numerical values and the visual observations are
discussed later in Chapter4.5. For rows 1 and 3 there is no significant difference in
Dmean. The 2nd burden deviation and S/4 shift patterns did not show a trend for larger

2nd row Dpean Values, see also Appendix 12 (Figure 159 and Figure 160).

4.4.3 Interior damage results

In this subchapter, a description is presented of the main results with regards to both
the interior crack development and the analysis of the number of cracks developed by

blasting in the different drill pattern groups.

The procedure for the quantification of the crack development (described in
Chapter3.12) was developed and improved during the blasting tests (Navarro, 2015).
The crack detection was mainly done on cut slices from remnants of the blocks behind
the third row. Slice 1 corresponds to the upper part of the block remnants (see Figure
26) and Slice 4 corresponds to the bottom part. These remnants contain the total of the
pre-conditionings from the previous row blasts. Crack families were identified based on
angles, lengths and origin (see Figure 37). The analysis was carried out by studying the

number of cracks from each family. The data is given in Appendix 7, see Table 65.

The cracks in the slices were analyzed in order to see if there was any difference, when
different drillhole deviation patterns were tested. The cracks were then compared with
regards to the different drillhole patterns blasted as well as with regards to the height

position of the slice. The obtained results are given in terms of:
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o number of detected cracks per block

o statistical evaluation of the individual crack families

o number of cracks in the different cut slices

o mean crack density (MCD)

o statistical evaluation of the damage introduced in drill pattern groups

o statistical analysis of damage on the different slices

Since the cracks created after each blast were traced by using dye-penetrant spray and
categorized in 11 crack families followed by the calculation of the mean crack density
(MCD) and the mean crack intersection density (MCID), these measures (see also
Chapter3.12.4) need to be evaluated according to the value they add to the description
of the damage. Table 34 shows a correlation matrix between total number of cracks

created in each slice and the corresponding MCD and MCID values.

Table 34: Correlation coefficient R matrix for total number of cracks created, MCD and MCID values, blast
sessions 2013 and 2014

Total Cracks MCD [-] MCID [-]
Total Cracks 1.00
MCD [-] 0.64 1.00
MCID [-] 0.57 0.98 1.00

Figure 69 shows a linear regression between the MCD and MCID values. The complete

set of data can be found in Appendix 7, Table 62.
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Figure 69: MCD vs MCID, blocks session 2013 and 2014

The presentation of the data is divided into sessions 2013 and 2014. The information
about session and pattern is determined by the individual block number, where:

Session 2013: 3 pattern groups of 2 blocks each, overall 6 blocks
Session 2014: 3 pattern groups of 3 blocks each, overall 9 blocks

The analysis begins with comparison of the blast sessions 2013 and 2014, considering
the pattern groups and blocks for each group. As the number of cracks in fragmentation
outlier block B0O1 is similar to the number of cracks in the other blocks with the same
pattern (see Table 65), this block is also included in the analysis. Then the data is
divided in blast sessions 2013 and 2014, to investigate if the individual numbers of
cracks in the different families depend on pattern and slice number. Since the number of
cracks in some families is very small and may vary relatively much, pattern average

numbers have been used.

4.4.31 Blast session 2013 vs blast session 2014 interior damage

One comparison of the interior damage, achieved by blasting using different blasthole
patterns is shown in Figure 70, where a summary of the number of cracks per block

from each pattern, blast sessions 2013 and 2014 is given.
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Figure 70: Number of cracks in blocks for blast sessions 2013 and 2014

From Figure 70 it can be seen that both number of cracks per block and the pattern

average per block show no clear tendency for either larger or smaller degree of

damage, i.e. similar values are observed. The average MCD values for blocks from

different patterns, blast sessions 2013 and 2014 are given in Figure 71.
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Figure 71: MCD values for blast sessions 2013 and 2014
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It can be seen that the average MCD values for the reference and first burden deviation
(1st B dev.) patterns from 2013 are slightly higher than for the rest of the patterns. For
the latter, similar values are observed. The scatter in reference blocks 2013 and S/4

shift blocks appear to be larger compared to the ones in the other blocks.

A MWU-Test was used to determine if the two population means of the total number of
cracks as well as the MCD values showed significant differences. The result is given in

the table below.

Table 35: Statistical analysis of damage session 2013 vs. session 2014 with the MWU-Test (a = 0.05), 2
session groups x 6 blocks in 2013 and 9 blocks 2014

Comparison Zscore Zcritical Sign.diff
Total number of cracks 0.70 1.64 No
MCD 2.35 1.64 Yes

The statistical evaluation of the number of cracks showed that blast session 2013 gave
a similar degree of damage as blast session 2014. The MCD data however, showed
significantly different degrees of damage. The average number of cracks per slice data
is given in Table 36. Each value represents the average number of cracks in a specific
slice of a given pattern group (2 or 3 blocks); altogether 12 (3x4) data for blast session
2013 and 12 (3x4) data for blast session 2014.

Table 36: Average number of cracks and average MCD values per slice, blast sessions 2013 and 2014

Blast session 2013
Drill patt Reference Dev B1 Dev B2
i pattern ™ Ve  MCD | Ave MCD | Ave MCD
Slice 1 91.5 1.55 68.0 0.76 58.0 0.91
Slice 2 84.0 1.52 96.5 2.19 81.5 1.31
Slice 3 97.5 1.94 101.5 2.24 90.5 1.55
Slice 4 100.0 2.10 93.5 2.00 93.0 1.50
Average 93.3 1.8 89.9 1.8 80.8 1.3
Stdev 7.1 0.3 15.0 0.7 16.0 0.3
Blast session 2014
Drill patt Reference S+B var. S/4 shift
i pattern ™"Ave  MCD | Ave MCD | Ave MCD
Slice 1 747 1.12 80.7 1.00 78.0 0.99
Slice 2 85.3 1.20 80.7 1.03 83.0 1.18
Slice 3 84.3 1.20 80.7 1.02 77.0 1.06
Slice 4 96.7 1.30 78.0 1.00 86.7 1.30
Average 85.3 1.2 80.0 1.0 81.2 1.1
Stdev 9.0 0.1 1.4 0.0 4.5 0.1
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From Table 36 it can be seen that the average number of cracks per slices as well as
MCD values in both sessions 2013 and 2014 showed no clear tendency for either larger
or smaller degree of damage. The variations in the results may be explained with either
different material properties of the mortar in sessions 2013 and 2014 (see also
Chapter4.2) or inconsistency in the crack detection procedure. The crack detection was
done by two different students with no previous experience (Gang Zhu in blast session
2013 and Stefanie Streit in blast session 2014), so for that reason the judgement quality

and repeatability of the cracks detection procedure could probably be questioned.

The data from two sessions don't follow the normal distribution well. Therefore the
average numbers of cracks in the slices as well as the average MCD values were
statistically evaluated with KW-ANOVA method, to compare the degree of damage on
average between blast session 2013 and blast session 2014. The statistical evaluation

results are given in Table 37.

Table 37: Statistical analysis of average number of cracks in slices and average MCD values with the
KW-ANOVA (a = 0.05), 6 pattern groups x 4 slices data blast sessions 2013 and 2014

Session 2013 / Session 2014 H X2 Sign.diff.
Average cracks in slices 7.29 11.07 No
MCD 10.94 11.07 No

The statistical analysis of the average number of cracks created and the MCD values on
the different slices showed no significant differences, i.e. the damage was not slice
number dependent in the six drill pattern groups in sessions 2013 and 2014. The
general conclusion that can be drawn from the statistical analyses is that the slices from
six drillhole patterns contained similar degree of crack damage, for both average and

total number of cracks per block.

44.3.2 Blast session 2013

The average crack numbers for each family are given in Table 38. The detected number
of cracks for the blast session 2013 was statistically evaluated with regards to the crack
families (see Table 38), where the individual number of cracks from each slice of the
reference pattern blocks was compared to the individual number of cracks from each

slice of 1st burden deviation and the 2nd burden deviation pattern blocks. The statistical
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evaluation of all the crack families showed no significant difference between the

numbers of cracks for different deviation patterns, except for the family CD 80°-30°.

Table 38: Statistical evaluation of individual crack families with the KW-ANOVA (a = 0.05),
6 block groups x 4 slices data, blast session 2013

Ave no of cracks per block KW-ANOVA test
Crack family Ref. 1st Bdev. 2nd B dev. H Xz Sign. diff.
CB 90-80 11 10.5 14 3.75 11.07 No
CB 80-30 455 41 29 795 11.07 No
CB 30-0 22 22.5 24 411 11.07 No
SCB 44 35 26.5 9.53 11.07 No
Connect 40.5 39 46 425 11.07 No
Parallel 32.5 33 29 3.14 11.07 No
CD 90-80 12 13 14.5 6.3 11.07 No
CD 80-30 53.5 69.5 63 11.35 11.07 Yes
CD 30-0 60 56.5 46.5 765 11.07 No
SC 20 11.5 11 10.91 11.07 No
VCB 32 28 19.5 524 11.07 No
Total 373 359.5 323

The total number of cracks in the four slices of the reference, 1st burden deviation and

2nd burden deviation pattern blocks is shown in Figure 72.

Total number of cracks in slices, session 2013
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Figure 72: Total number of cracks in different slices, blast session 2013

From the Figure 72, it can be seen that there are variations both in number of cracks in
slices for blocks from different patterns and in number of cracks in slices for blocks from

the same patterns. Table 39 shows the total number of cracks, as well as the damage

Doctoral thesis R. Ivanova: Investigation on Fragmentation by Blasting 104



results of the mean crack density (MCD), calculated for the individual slices and blocks,

session 2013.

Table 39: Total number of cracks in slices and MCD values, blast session 2013

Total cracks
Slice Reference 1st burden deviation | 2nd burden deviation
CH01B03 CH01B05 | CHO1B02 CHO01B04 | CHO3B01 CH03B02
Slice 1 79 104 51 85 39 77
Slice 2 72 96 79 110 91 72
Slice 3 93 102 80 123 104 77
Slice 4 119 81 70 117 91 95
Average 90.8 95.8 70.0 108.8 81.3 80.3
Stdev 20.8 10.4 13.4 16.7 28.8 10.1
MCD values
Slice Reference 1st burden deviation | 2nd burden deviation
CH01B03 CH01B05 | CHO1B02 CH01B04 | CHO3B01 CH03B02
Slice 1 1.06 2.03 1.53 0.82 1.01
Slice 2 1.06 1.98 2.34 2.04 1.59 1.02
Slice 3 1.47 242 2.24 2.24 1.86 1.25
Slice 4 1.88 2.36 1.94 2.02 1.66 1.30
Average 1.4 2.2 2.2 2.0 1.5 1.1
Stdev 0.4 0.2 0.2 0.3 0.5 0.1

The statistical evaluation of the data in Table 39 about the influence of the pattern

based on total crack number and MCD values per block is given in Table 40.

Table 40: Statistical analysis of cracks in slices and MCD values with the KW-ANOVA (a = 0.05), 6 blocks
groups x 4 slices data, blast session 2013

KW-ANQVA test
Blast session 2013 H X2 Sign. diff.
Total number of cracks in slices 10.31 11.07 No
MCD 15.96 11.07 Yes

The KW-ANOVA evaluation showed that the number of cracks in slices in the 6 blocks
groups is not significantly different, while the MCD values are significantly different.

From Table 40 it can be seen that for the number of cracks in slices, the H-statistic is
relatively close to the critical Chi-squared values. As the results present borderline data,
they may be interpreted as almost significant. Thus the general conclusion that can be
drawn from the statistical analyses is that the blocks from three drill patterns showed
different degrees of damage in session 2013. The total number of cracks, as well as the
MCD values for the session 2013 were also evaluated with regards to the possible

effect of slice number, where the number of cracks from slice 1 of reference, 1st burden
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deviation and 2nd burden deviation patterns was compared to the number of cracks
from slices 2, 3 and 4 (i.e. to check if the damage was slice number dependent). The

result is presented in Table 41.
Table 41: Statistical analysis of damage on the different slices with the KW-ANOVA (a = 0.05)

4 slices groups x 6 blocks data, blast session 2013

KW-ANQVA test
Blast session 2013 H X2 Sign. diff.
Total number of cracks in slices 3.97 7.81 No
MCD 4.30 7.81 No

The statistical analysis of the total number of cracks created and the MCD values on the
different slices showed no significant differences, i.e. the damage was not slice number
dependent in the three drill pattern groups in session 2013. The data, treated with linear

regression analysis showed basically the same results

44.3.3 Blast session 2014

The average crack numbers for each family are given in Table 42. The detected number
of cracks for the blast session 2014 was statistically evaluated with regards to the crack
families (see Table 42), where the individual number of cracks from each individual slice
of reference pattern blocks was compared to the individual number of cracks from each

slice of S+B variations and the S/4 shift pattern blocks.

The statistical evaluation of the crack families when the three drilling patterns were
compared showed significant differences between the means of the following crack
families: CB 80°-30°, Connection between holes, Parallel, CD 80°-30° and CD 30°-0°.
The number of cracks for the crack families which were identified to be significantly

different can be seen in Appendix 7.
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Table 42: Statistical evaluation of crack families with the KW-ANOVA (a = 0.05), 9 blocks groups x 4
slices data, blast session 2014

Ave no of cracks per block KW-ANOVA test
Crack family Ref. S+B var. S/4 shift H X2 Sign. diff.
CB 90-80 10.7 9.7 13.3 12.30 15.51 No
CB 80-30 22.3 25 39.3 19.91 15.51 Yes
CB 30-0 22,7 38.3 39.3 13.92 15.51 No
SCB 23.7 23 21.3 15.26  15.51 No
Connect 47.3 52.7 40 2580 15.51 Yes
Parallel 39.3 36.7 38.7 25.03 15.51 Yes
CD 90-80 14 11.7 10.7 1412 15.51 No
CD 80-30 63.3 453 41 2508 15.51 Yes
CD 30-0 54 46.7 35.3 2448 15.51 Yes
SC 5 8.3 13.3 11.15 15.51 No
VCB 38.7 22.7 32.3 15.01 15.51 No
Total 341 320 325

The number of cracks in the four individual slices for the reference, S+B variations and
S/4 shift pattern blocks is shown in Figure 73. It can be seen that there are variations in
both number of cracks in slices for blocks from different patterns, as well as in number

of cracks in slices for blocks from the same patterns.
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Figure 73: Total number of cracks in different slies and blocks, blast session 2014

Table 43 shows the total number of cracks, as well as the damage parameter mean

crack density (MCD), calculated for the individual slices and blocks for session 2014.
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Table 43: Total number of cracks in slices and MCD values, blast session 2014

Total cracks

Slice Reference S+B variations S/4 shift
BO1 B06 B09 B03 B04 B10 B02 BO07 B11
Slice 1 50 99 75 83 97 62 80 106 48
Slice 2 78 126 52 81 107 54 69 112 68
Slice 3 80 109 64 84 98 60 69 98 64
Slice 4 96 116 - 81 91 62 77 119 64
Average 76.0 112.5 47.8 82.3 98.3 59.5 | 73.8 108.8 61.0
Stdev 19.1 1.4 33.2 1.5 6.6 3.8 5.6 8.9 8.9

MCD values

Slice Reference S+B variations S/4 shift

BO1 B06 B09 B03 B04 B10 B02 BO07 B11
Slice 1 0.83 1.36 1.16 1.07 1.19 074 1092 147 0.59
Slice 2 1.12 1.52 0.94 1.04 1.35 0.72 100 154 1.01
Slice 3 1.34 1.34 0.92 1.00 1.24 0.82 112 1.36 0.70
Slice 4 1.35 1.35 1.16 1.08 1.08 0.80 134 164 0.84

Average 1.2 1.4 1.0 1.0 1.2 0.8 1.1 1.5 0.8
Stdev 0.2 0.1 0.1 0.0 0.1 0.0 0.2 0.1 0.2

The statistical evaluation of the data in Table 43 about the influence of the pattern

based on number of cracks and MCD values per block is given in Table 44.

Table 44: Statistical analysis of cracks in slices and MCD values with the KW-ANOVA (a = 0.05), 9 blocks
groups x 4 slices data, blast session 2014

Blast session 2014 KW-ANOVA test
H Xz Sign. diff.
Total cracks in slices 30.04 15.51 Yes
MCD 27.68 15.51 Yes

The KW-ANOVA evaluation showed that the number of cracks in slices and the MCD
values in the 9 blocks groups are significantly different, i.e. blasting of the blocks with
three drill patterns generated different degrees of damage.

To analyse the data more precisely, i.e. to compare only what is the effect of stochastic
collaring errors on the interior blast damage, the systematic S/4 shift pattern should be
excluded from the analysis. This statistical evaluation with respect to effect of drill
pattern is given in Table 45.
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Table 45: Statistical analysis reference samples vs. samples with stochastic collaring errors, of
number of cracks in slices and MCD values with the KW-ANOVA (a = 0.05), 6 blocks groups x 4 slices

data, blast session 2014

. KW-ANQOVA test
Blast session 2014 ) )
H X2 Sign. diff.
Total cracks in slices 19.2 11.07 Yes
MCD 17 1 11.07 Yes

The conclusion from the Table 45 is that the blocks with reference drill pattern and the
blocks with stochastic collaring drilling errors (S+B variations), showed different degrees
of damage. The number of detected cracks from the individual crack families is given in
detail in Appendix 7. The total number of cracks, as well as the MCD values for the
session 2014 were evaluated with regards to the possible effect of slice number, where
the number of cracks from slice 1 of reference, S+B variations and S/4 shift patterns
was compared to the number of cracks from slices 2, 3 and 4 (i.e. to check if the

damage was slice number dependent). The result is presented in Table 46.

Table 46: Statistical analysis of damage on the n different slices with the KW-ANOVA (a = 0.05), 4 slices
groups x 9 blocks data, blast session 2014

. KW-ANOVA test
Blast session 2014 H X2 Sign. diff.
Total cracks in slices 0.25 7.81 No
MCD 1.12 7.81 No

The statistical analysis of the total number of cracks created and, the MCD on the
different slices showed no significant differences, i.e. the damage is not slice number

dependent in the three drill pattern arrangements in session 2014.

4.4.4 Exterior blast damage results

‘As described in Chapter3.12.2, using the procedure of crack detection at the top of the
testing blocks made it possible to investigate the cracks created after each blasted row
(see also Chapter3.12.3 ). The procedure was made only for blast session 2014. Figure
74 shows the average number of detected cracks in the different burden areas
(sections) on blocks from the same pattern group before and after blasting the individual

rows.

Doctoral thesis R. Ivanova: Investigation on Fragmentation by Blasting 109



Ave number of cracks reference pattern, session 2014

i Before blast

W 1strow blasted

¥ 2nd row blasted

i 3row blasted
1.

Burden I Row Burden 2 Row Burden 3 Row Behind 3row

i
=
=

=
o

w
L=

1
=

o
o

B
L=}

Numberof cracks
&

- g L
k= L= (=3 (=]
‘l--ll

Ave number of cracks S+B variations pattern, session 2014

b
=3
(=3

an
BO
70
-é 60
< m Before blast
~ 50 M 1strow blasted
-% 4 = 2nd row blasted
= ® 3rd row blasted
ETH
a0
19
o M . . : ; : :
Burden 1 Row Burden 2 Row Burden 3 Row Behind 3row
Ave number of cracks S/4 shift patetrn, session 2014
i)
ag
50
70
i
=] M Before blast
.‘E 50 M 1strow blasted
‘E at % 2nd row blasted
= M 3row blasted
an
0
0
o+ M :

Burden 1 Row Burden 2 Row Burden 3 Row Behind 3row

Figure 74: Average number of cracks in different regions of blocks from reference drill pattern groups:
reference (upper); S+B variations (middle), S/4 (lower).
The first burden section exists only until the first row is shot, i.e. one observation of
surface cracking is possible. The second burden section exists till the second row is
blasted, so two surface crack counting were made, etc. The blue bars represent cracks
present before any blasting was done, the violet bars represent the cracks observed on

the top of the block remnants after the third row was shot. This value represents a “slice
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0" when compared to the interior damage in slices 1-4. From the Figure 74 it can be
seen that the largest number of cracks is created directly behind the rows blasted. The
average number of cracks on the top surface behind the row 3 (56+11) is significantly
lower than the average one in the slices (821+21), see also Table 81 in Appendix 9. One
reason is the breakage or flaking off of the crest flaked off (see also Chapter4.4.1), as a
result of row blasting. Therefore it can be concluded that the cracks on the top

underestimate the cracks content in the interior specimens.

4.4.5 Summary of the interior and exterior damage findings

Several conclusions can be drawn from the investigations of the interior and exterior

damage, see also Navarro (2015).

In blast session 2013 only one crack family-CD 80°-30° was influenced by the distorted
blasthole patterns, while in blast session 2014 five crack families were: CB 80°-30°, CB
30%-0°, Connection between holes, CD 80°-30° and CD 30°-0°. Despite that the crack
numbers of those families showed significant differences, the total number of cracks
created on the different slices showed no significant differences. In his thesis, Schimek

(2015) has also obtained similar results by the statistical evaluation of his data.

In blast sessions 2013 the three drillhole patterns with different preconditioning
generated different degrees of damage in terms of number of cracks. The same results
were observed in the blast session 2014. Excluding the pattern with systematic drilling
errors (S/4 shift) and comparing only the blocks with the reference drill pattern with the
blocks with stochastic collaring drilling errors (S+B variations), they contained different
degrees of damage (see also Table 45). Comparison of the two blast sessions 2013
and 2014, showed that the slices from six drillhole patterns with different preconditioning
gave similar degrees of damage in terms of the number of cracks in the block remnants
but different degrees of damage in terms of the corresponding MCD values. The reason
for this difference may lie in that the differences in the crack length distributions may be

picked up by the MCD values.

The statistical analysis of the number of cracks created in the six drill pattern groups in

both blast sessions 2013 and 2014, as well as the MCD values on the different slices
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showed no significant differences, i.e. the damage was not slice number dependent, i.e.
independent of cutting height. The highest degree of exterior damage was observed
directly behind the row, however the top crack surface data underestimates somewhat

the interior damage on the cut slices.

Summarizing the findings of Chapter4.3.3 it can be stated that the interior damage, i.e.
the number of cracks created in the testing block remnants is dependent on the drillhole

deviations in both blast sessions 2013 and 2014.

4.5. Correlation analysis

Several correlation analyses have been done, to investigate the relationship between
different fragmentation results and thus to help to answer the scientific questions in

Chapter5 in the thesis.

To start with, for the results from the qualitative visual bench face control, a relative
comparison with the damage was done, i.e. to see how the presence of excessive
backbreak and deep trenches agree with both the surface damage results and the
number of the top cracks behind the blasted rows. Table 47 gives a summary of the

parameters used for the relative comparison.

In session 2013, it can be seen that in most of the cases (except CHO3BO1) higher
Dmean Values are usually correlated with deep trenches behind the blasted rows and a
backbreak observation. This result can be also seen in the documentation pictures
given in in Appendix 4. In session 2014, where the cracks on the top of testing blocks
were traced, it can be seen that in most of the cases the deep trenches on the fresh
blasted surface are giving a higher backbreak (Dmean values). It can be seen that the
higher number of cracks on the top of the block after blasting are usually correlated with

crest breakage and deep trenches.
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Table 47: Correlation table for damage, blast sessions 2013 and 2014

1 514 no - left crest flaking
CHO01B03 2 8.56 no - left, right crest flaking
3 2.67 no - no crest flaking
1 4.59 no - right crest flaking
CHO01B05 2 8.20 no - left, right crest flaking
3 6.41 no - no crest flaking
1 2.37 24,7 - left, right crest flaking
CHO01B02 2 7.71 2,7 - left, right crest flaking
3 5.46 no - left, right excessive backbreak
1 3.20 no - left, right crest flaking
CHO01B04 2 7.47 5 - left, right crest flaking
3 411 no - left crest flaking
1 274 7 - right crest flaking
CHO03B01 2 432 no - no crest flaking
3 6.00 no - no crest flaking
1 7.72 no - left crest flaking
CHO03B02 2 5.48 no - left, right backbreak
3 4.67 no - no backbreak
1 2.06 no 25 left crest flaking
BO1 2 8.17 24 82 left, right backbreak
3 3.66 no 51 left, right crest flaking
1 3.3 no 145 no crest flaking
B06 2 4.46 no 94 left, right backbreak
3 2.54 no 70 no crest flaking
1 247 no 113 right crest flaking
B09 2 9.90 no 97 left, right crest flaking
3 3.49 no 63 no crest flaking
1 3.30 no 73 left backbreak
BO3 2 400 no 73 left backbreak
3 5.59 no 65 right crest flaking
1 3.52 no 118 left backbreak
BO4 2 2.60 no 95 left, right backbreak
3 0.79 no 59 left, right crest flaking
1 427 no 49 left, right crest flaking
B10 2 460 no 86 right backbreak
3 1.63 no 47 right crest flaking
1 1.65 no 50 left crest flaking
B02 2 7.24 no 50 left, right crest flaking
3 4.79 no 42 left crest flaking
1 2.56 no 81 no crest flaking
BO7 2 7.20 no 90 no crest flaking
3 0.75 no 63 no backbreak
1 2.51 no 62 no crest flaking
B11 2 3.60 no 71 left, right crest flaking
3 1.14 no 44 left, right crest flaking
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A correlation matrix, constructed for a single block to investigate the possible relation

between the data, is given in Table 48.

Table 48: Correlation matrix, constructed to find relation between data

Row1 Row 2 Row 3
Dmean before blast |  Dpean, o Dimean, 1 Dmean, 2
N, before blast Ng N, N,

Xap X30,1 X30,2 X30,3
Xs0 X50,1 Xs0,2 X503
Xso X80,1 Xsgo0,2 X803

Nequiv Nequiv, 1 N equiv, 2 N equiv, 3

Dimean after blast | Diean, 1 Dimean, 2 Dimean, 3
Nt after blast Niot, 1 Niot, 2 Niot, 3

Two sets of damage variables are used for the correlation analysis: The Dmean @and Niot
values before blasting are referring to “initial state” parameters, i.e. parameters which
may have an influence on the blasting process; the x,, Dmean and Nyt values after blast,
are referring to “result” parameters, i.e. parameters created as a result of blasting and
most probably influenced by the initial state parameter values. The Dpeano value
represents the surface damage (backbreak) of the bench face before blast, equal to O
as the surface is not damaged before blasting of the first row. The Dmean 1, Dmean, 2 @nd
Dmean3 are the surface damages, created after blasting of the rows 1, 2 and 3
respectively. In this sense the Dmean1, Which is the damage/backbreak result behind
blasted row 1 is the initial one before blasting row 2, etc. The N0 represents the
cracks on the block top surface present before any blasting was done, the Nt 1, Niot2,
Niot 3, @re the cracks created after blasting the rows 1, 2 and 3 respectively. In this sense
the Niot1, is the resulting damage/ crack number behind blasted row 1, and the initial one
before blasting row 2, etc. The xp1, Xp2 and xy3 are the fragment sizes, created after
blasting of the rows 1, 2 and 3 respectively, nequv represents the n-equiv. values,
calculated from fitting a Rosin-Rammler function to the xsp and xgp values (see also
Chapter4.3.3).

For blast session 2013, a joint correlation matrix for 6 blocks of 6 matrix rows in Table
48 (without Nyt values) with 18 columns (6 blocks x 3 blasting rows) was created. For

blast session 2014, a correlation matrix for 9 blocks of 8 matrix rows with 27 columns (9
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blocks x 3 blasting rows) was created. The complete set of data used for the correlation

analysis can be found in Appendix 7, Table 63 and Table 64.

Table 49 shows a correlation matrix between the damage parameters Dpean and the

percentile fragment sizes x3o, Xs50 @and Xgo @nd Nequiv IN blast session 2013.

Table 49: Correlation matrix for Dpeqn Values, Nequiv X30, Xs0 and xgg percentiles, blast sessions 2013

Diean.before X30 Xs0 Xs0 Nequiv Diean after
D mean.before 1
X30 -0.76 1
Xs0 -0.73 0.93 1
Xs0 -0.73 0.67 0.79 1
Nequiv 0.74 -0.60 -0.61 -0.65 1
Dmean after 0.13 -0.08 -0.17 -0.33 0.57 1

Table 50 shows a correlation matrix between parameters Dyean, the number of top

surface cracks Niot, Nequiv@nd the Xz, Xso and xgp percentile sizes for blast session 2014.

Table 50: Correlation matrix for Dpean Values, neqyv, NUMber of cracks N, Xsg, Xsg and Xgg percentiles, blast

session 2014

Dmean.before N, before Xag Xs0 Xs0 Nequiv Dmean after Ny after

Dimean.before 1
Nt before 0.62 1

X30 -0.46 -0.54 1

Xs0 -0.54 -0.59 0.95 1

Xso -0.60 -0.71 0.80 0.87 1

Nequiv 0.47 0.46 -0.56 -061 -0.60 1
Dmean after -0.02 0.10 -0.10 -0.05 0.02 0.22 1

Nt after -0.31 0.03 -0.34 -027 -0.18 -0.11 0.22 1

The following conclusions can be drawn from the correlation matrixes:

1. A reasonably high correlation was found between the xsg, Xs0, Xsp percentile fragment

sizes for both sessions 2013 and 2014, especially between x3p and xsp (0.93 to 0.95).

2. The correlation of the percentile fragment sizes with Dpean Or Nyt Was found to be
slightly negative, i.e. when Dpnean Or Niot increases the fragmentation gets finer. The
correlation coefficient is not very high though but a general trend between both

parameters is visible (-0.46 to -0.76).
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3. In both sessions 2013 and 2014 the correlation found between the backbreak before

blasting and the backbreak after blasting was virtually zero (-0,02 to 0.13).

4. In session 2013 the backbreak Dnean after blasting showed a slightly positive
correlation with nequiv values, while in session 2014 the backbreak after blasting was

virtually uncorrelated with all other parameters.

5. A relatively high positive correlation was found between the backbreak before
blasting and the cracks existing in the burden section on the top of the blocks before

blasting for session 2014 (corr. coeff. 0.62).

6. In session 2014 virtually no correlation was found between the initial top surface

cracks and the subsequent top surface cracks.

7. The 2014 correlation of the ng value with Dmean O Niot Was found to be slightly
positive, i.e. when Dmean Or Niot iNncreases the n., value increase. The correlation
coefficient is not very high though (0.46 to 0.74).
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5. Summary

In this thesis five blast drill patterns has been tested, based upon 15 test blocks, to
investigate the effect of drillhole deviations on fragmentation. The design of the drillhole
deviation was made with a distortion of a rectangular drillhole pattern, with random
uncorrelated variations in the burden alone, in spacing and burden together and with
systematic variations in spacing. This made it possible to perform exaggerated
deviations with good accuracy keeping the specific charge almost constant and thus not
influencing the expected xsp values very much with changes in q. The performance of
the small-scale tests allowed a relatively large number of tests under relatively
reproducible conditions to be done and therefore to deliver a sufficient number of data
for a detailed analysis of the research questions. However some aspects could only be
only superficially investigated and these need and additional work for improvement the

methodology.

The findings with regards to the literature study can be summarised as follows:

e The drillhole deviation was defined as a maximum deviation from the target
position (m) in drilling length of the hole (in m), expressed in %. It was found to
be a function of drilling machines settings, rock and its geological conditions and
human mistakes.

o A literature review of about 40 articles was performed to summarize the existing
knowledge about drillhole deviations and their influence on the blasting results.
Very few of these studies link the drillhole deviations directly to the
fragmentation, blast damage, vibrations, noise and flyrock. Some authors
concluded anyway from their investigations that blasting results are strongly
influenced by drillhole deviations (see Chapter2).

o With regards to how fragmentation is influenced by the drillhole deviations, two
contradictive experiences were found in the literature: the Kuz-Ram model, which
predicts that n but not xso, is influenced by drill hole deviations (based upon
modeling); and the reinterpreted field tests findings of Sellers et al. (2013), which
indicate that the deviations influenced x50 and x; but hardly n. In addition, a
suggestion that n should increase by ten per cent if the drilling pattern is

staggered (Cunningham, 1987) was added.
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The findings with regards to the methodology can be summarized as follows:

The different production sessions 2013 and 2014 showed significantly different
results in the material properties. The statistical evaluation of the fragmentation
results showed that the identically blasted comparison cylinders from blast
sessions 2013 and 2014 showed significant differences in xsg values, however
not in the xzp and xsg values. This difference could not be explained directly. It
was concluded that the blastability of the cylinders in sessions 2013 and 2014
was different; therefore it was decided that blast sessions 2013 and 2014 would
be treated separately.

The comparison of the blasted cylinders from the same production sessions
showed comparable results for the different batches, i.e. a high repeatability and
a small variation between different batches.

The fragmentation and surface damage results taken from identically blasted
testing blocks from different production sessions, leads to a conclusion that only
a relative comparison of results from different production sessions is meaningful.
While the evaluation of the Dpean values showed meaningful results, the Snom
values showed a high inconsistency in the first results. Thus Snom was not further
used.

The total number of created cracks in the testing block remnants is a meaningful
damage parameter as are the MCD values which include the length distribution
of these cracks.

The created cracks on the top of the block after blasting are most probably
influenced by a breakage of the flaked off crest and therefore underestimate the
crack contents in the interior of the specimens, i.e. they are not an appropriate
representation of the interior damage created.

The chosen Swebrec function described the fragmentation obtained quite well in
the size range 0.25 mm and up, i.e. it was an appropriate tool for the curves

fitting in this thesis.
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The main conclusions of this thesis are given as answers to the research questions

posed in the introduction:

RQ 1:

RQ 2:

Do the drillhole deviations have any influence on the fragmentation?
Despite that a small effect was observed in the xsg percentile values, i.e. coarser
fragmentation was achieved with stochastic (S+B variations) and systematic (S/4
shift) error patterns in both rows 2 and 3. The statistical evaluation of all the xs,
Xs0 and Xgp values showed that the fragmentation was not significantly influenced
by any of the tested drillhole deviation patterns. The evaluation of the
corresponding Nequiv Values showed a small indication for changes for the S+B
variations and S/4 patterns. However the average effect on all the patterns was
found to be only 3 %. Thus it is highly questionable if a systematic effect of
drillhole deviations on fragmentation exists in our tests. The statistical evaluation
of the effect of the drill hole deviations on the nequv values was borderline, i.e.
barely significant. Thus if those changes are significant is also questionable. It
should be added that the variation of the fragmentation data between block pairs
with the same blasthole pattern was almost as large as the expected effect of the
drillhole deviation, i.e. around 20 %. This illustrates the difficulty of finding any
significant effect of the pattern changes that have been made.

Answer: Drillhole deviations may have an influence on the fragmentation, but not
under our conditions: patterns with collaring deviations and straight vertical holes,
row-by-row blasting of 2D models with an unconfined bottom. If there is any
effect, most probably this effect is hidden by the low repeatability of the data. In
addition the number of tests is quite small and this may affect the statistical
evaluation of the data. More data would help to achieve a more conclusive

answer for the fragmentation results.

Do the drillhole deviations influence the blast damage and in what way?

The backbreak differences between blocks from the same production session
didn’t seem to be significant, i.e. they were not influenced by the different drillhole
patterns under our testing conditions. The backbreak behind the 2nd row blasts

was for four pattern groups out of six significantly larger than behind rows 1 and
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RQ 3:

3. The 3rd row blasts produced flatter surfaces with a similar backbreak as the
1st row.

Despite the different material properties, when compared the sessions 2013 and
2014 gave on average similar degrees of interior crack damage, i.e. the crack
contents for the different drillhole patterns were on average the same. However
the mean MCD values were different, i.e. the crack length distributions were
probably different.

Looking to the blast sessions 2013 and 2014 separately, it was found that the
blocks from the three stochastically distorted drillhole patterns generated different
degrees of damage, both in terms of crack contents and of MCD values. Five
crack families were influenced by the distorted drillhole patterns, i.e. were larger:
CB 80°-30° CB 30°-0°, Connection between holes, CD 80°-30° and CD 30°-0°,
while the other crack families were not. The statistical analysis of the number of
cracks created on the different slices showed that the damage was not slice
number (height of cut) dependent. With respect to the exterior damage it was
found that the highest degree of damage occurred directly behind the row
blasted, however it could be questioned how representative these data are since
the number of visible cracks on the top surface behind row 3 is significantly
smaller than the number of cracks on any of the slices cut through the interior of
this region.

Answer: Yes, the drillhole deviations influence the blast damage to a certain
extent. The surface damage (backbreak) in the testing block remains the same
with an unexplained higher value behind row 2. The number of created interior

cracks and their length distribution are influenced by the drillhole deviations.

Is there any connection between the fragmentation and blast damage?

The fragmentation gets finer with increasing row number for all the six drill
patterns tested. This was explained as a probable effect of the first
preconditioning of the mortar by the blasting of the previous row, which causes
backbreak and radial cracks in the previously intact material. There is a slight
negative correlation coefficient between the percentile fragment sizes and Dpean
or Nwt, but high enough to show a general trend. This general trend was also

observed for S/4 shift pattern. This pattern produced the lowest backbreak Dpean
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and the lowest number of cracks which tends to give coarser fragmentation than

the reference pattern.

A slight positive correlation was found between nequiy @and Dmean OF Niot, i.€. When
Dmean OF Niot iNCrease the n.q,, value increases. A positive correlation was found
between the deep trenches, backbreak and the cracks created on the top of the
blocks before and after blasting of the rows, i.e. more backbreak would create
also more cracks, i.e. a larger degree of exterior damage. In neither of sessions
2013 and 2014, clear evidence was found that damage from the previous row

would influence the damage in the subsequent row blasted.

Answer: Yes, most likely there is a connection between fragmentation and blast
damage. Our correlation coefficients are however not very strong. They may e.g.
be influenced by either our varying test conditions (drillhole deviations) or the low
repeatability but there is a relationship between the fragmentation and the blast

damage.
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6. Further discussion about the results

As a result of the different blastability in sessions 2013 and 2014, based on the different
material properties, the fragmentation and damage results from the different sessions
were treated separately. In the Chapter4.2, a number of references are given, to link the

rock and rock mass parameters influence on the blast results.

Reichholf and Moser (2000) did a literature review of more than 100 articles, to link the
influence of rock and rock mass parameters to the blast fragmentation results. They
have found that “all rock mechanical and structural parameters have an influence on the
blasting result, as well as joints and joint filling materials.” They pointed that in the Kuz-
Ram model some of the general parameters are considered (RMR-system), however for
a more accurate and generally applicable fragmentation prediction model, more

parameters have to be included.

Later on, in his thesis, Reichholf (2003) has presented the following summary, about the
influence of rock properties on the blastability and blast fragmentation results (see Table

51). The authors of the sources are also added to the table.

Summarizing Table 51, it can be seen that all the mechanical and structural rock mass
parameters have an effect on the blasting results. In our tests, the two sessions 2013
and 2014 showed significantly different results in the material properties of the density
(14 %), uniaxial compressive strength (63 %), Young modulus (40 %), P-wave velocity
(29 %). In addition the grain size of the quartz sand used for the magnetic mortar
production was also different in session 2013 (0.1-0.5 mm) and in session 2014 (0.1-0.4
mm). All of these parameters, according to Table 51, are considered to have an
influence on the blasting results. Thus, the decision to treat the blast session separately

is supported by the literature findings
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Table 51: Summary of the literature review about influence of rock and rock mass parameters on
blastability and fragmentation (Reichholf, 2013)

Rock and rock mass

. Blastability | Fragmentation Author, year
parameters influence on
ROCK PROPERTIES
Sunu et al. (1989), Latham (1999),
Compressive strength Yes/No Yes/No Worsey et al. (1986), Rustan (1992)
Rustan et al. (1995)
. Worsey et al. (1986), Sen (1992),
Tensile strength Yes No Rustan (1992), Cunningham (1987)
Rustan and Lin (1987), Leins and
Shear strength Yes No Thum (1970)
Acoustic Impedance Yes Yes Rustan (1992), Rustan et al. (1995)
Young's Modulus Yes Yes Zleér;agz)(1983), Scott (1996), Rustan
Poisson’s ratio Yes No Yang (1983), Scott (1996), Rustan
(1992)
g’i"zr;era' content and grain Yes Yes Miiller (1990), Bohloli (1997)
Angle of internal friction Yes Yes Jimeno et al. (1995)
Density Yes Yes Rustan et al. (1995)
. Reichholf (2003), Rustan et al.
P-wave velocity Yes Yes (1995)
. Jimeno et al. (1995), Rustan et al.
Porosity Yes Yes (1995)
Specific energy Yes Yes \(lergggf et al. (1995), Rustan et al.
Strain rate Yes Yes Chitombo et al. (1999)
Fracture toughness Yes Yes Chitombo et al. (1999)
JOINT PARAMETERS
. Fourney et al. (1993, 1997), Rustan
Joint status (open / closed) Yes Yes et al. (1983)
Joint width Yes Yes Fourney et al. (1997)
Joint frequency Yes Yes I(B,I%rg%' (1997), Rustan and Lin
- . Bhandary (1996), Sen (1992),
Type of joint filling material Yes Yes Fordyce et al. (1993)
Shear strength of filling Yes Yes Sen (1992), Fordyce et al. (1993)
material
Frlctlo_n properties of filling Yes Yes Lu et al. (1998)
material
Joint distance to a Yes Yes Reichholf (2003)
borehole
Angle of incidence - stress Yes Yes Reichholf (2003)
wave to joint face
JOINT ORIENTATION
Joint orientation with Yes Yes Singh et al. (1983), Bhandari (1983),

respect to the bench face

Rustan et al. (1983)
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In all blocks with reference and S/4 shift patterns, the breakout angle between the holes
was approximately 180°, at the edges of the block this angle was somewhat smaller.
For the rest of the patterns this angle was different, following the drill pattern, i.e. the

blast contours were removed as planned and the blasting was done properly.

The thin section flaking off phenomenon at the top of each blasthole was also observed
in other small scale blasts (Wimmer, 2007), where it was assumed that the reflections of
tensile waves at the free surface may be the reason for broken off thin sections at the
bottom of blasted cubes. A reason may be also the 20 g/m detonating cord used for

blasting, projected a few centimetres from the blastholes.

The backbreak Dnean data agree well with the visual observations of the back surface,
i.e. the deep trenches on the fresh blasted surface gave somehow a higher backbreak.
The backbreak differences between blocks from the different production sessions 2013
and 2014 seem to be significant, i.e. session 2013 gave higher Dpean values (see
chapters 4.3.2). However the blocks from the same blast session, which were shot in
different way didn't seem to be significantly different. Johansson and Ouchterlony
(2013) have also investigated the bench surface characteristics (backbreak) and the
crack development speed of a blasted magnetite blocks applying different delay times.
They found values that were similar with our average values of backbreak (see also
Appendix 12), for shots with the same delay: for 73 ps (4-5 mm) mm and stated that the

minimum backbreak was created with delay At = 0O, i.e. when blasting simultaneously.

The internal damage has been measured in the remaining part of blocks. The crack
families which were found to be affected have similar shapes as the cracks found by
Ouchterlony et al. (1999, 2000) and Saiang (2008) in their work: CB 80°-30°, CB 30°-0°
(long and short radial cracks from hole), Connection between holes (longer than 3 cm
cracks connecting two holes), CD 80°-30° (cracks developing a trajectory with a radial
direction away from the hole) and CD 30°%-0° (Bow shaped tangential cracks). Saiang,
(2008) has found that those cracks, along with rock parameters and explosive

properties were influenced also by the blasting geometry.

With regards to fragmentation, it was found that when blasting in intact material (row 1)
the scatter is large and the fragmentation is coarse, showing “dust and boulders”
behavior. For the second and third row, the scatter is smaller, the fragmentation is finer

and the sieving curves follow the Swebrec function well. The tests of Johansson and
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Ouchterlony (2013), Schimek (2013; 2015) showed similar behavior: “dust and boulders
behavior” in row 1 and the fragmentation in subsequent rows being much more even
than that of the first row. They linked this with the fact that the first row contained virgin
material and the second row contained already cracked material, i.e. the blast damage
from previous rows helps to improve the fragmentation and may help to decrease the

scatter in the fragmentation results in subsequent rows, like is discussed under RQ3.

Most other model scale blasting tests known from the literature are done in virgin
material. Katsabanis et al. (2014) e.g. an did investigation about the optimization of
fragmentation by using different delay times, in similar blocks but only virgin material

(one—row blasting). They also found a similar “dust and boulders” behavior.

Winzer and Ritter (1980) investigated pre-conditioned specimens and found that the
pre-existing structural discontinuities in the rock play a dominant role in the overall
fragmentation of the rock by interacting with the stress waves to produce new fractures
or to further develop themselves. They also suggest that these new fractures are most
likely a result from shear stresses that develop because of the passage of the P wave
over the discontinuity and a lesser number develop in tension at the free face with the
reflection of the P wave. Our correlation results between the pre-existing cracks in the
blasted rows and the fragmentation result was negative, i.e. they confirm the literature

findings that more pre-existing cracks will generate finer fragmentation.

The influence of the drillnole deviation on the fragmentation results, based on evaluation
of the six drillhole patterns tested in this thesis, showed that our results support neither
the Kuz-Ram model nor the reinterpreted results from the South African study (Sellers
et. al., 2013). Preliminary results to this effect were reported by Ivanova et al. (2015)

and the further detailed investigation in this thesis strengthened those findings.

Moreover, there are several interpretations of the effect of the drillhole deviation on the
fragmentation, which are different to the one stated in Kuz-Ram prediction model. The
weaknesses of the Kuz-Ram prediction model has been described in the literature
(Reichholf and Moser, 2000; Ouchterlony, 2005; Spathis, 2004; Cunningham, 2005).
Later on, Ouchterlony (2015) analysed in details the Kuz-Ram formula (Cunningham
1983, 1987, 2005), underlining the need of suitable function for representing of

fragmentation.
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In the Chapter 2, the ability of the Kuz-Ram model was discussed, and our finding are
just pointing another weakness of the model. The Kuz-Ram model (Cunningham, 1983)
n—value prediction is to a large part based on earlier simplistic modelling of bench
blasting in Kimberlite with the SABREX model (Lownds, 1983). It may be also
questioned how accurate this modelling is for the other aspects. Compared to this
modelling our small scale tests are more realistic. Verification of the other aspects of the

SABREX model that enter into the Kuz-Ram n-equation may be done in field tests.

With regards to the S/4 shift pattern, our tests demonstrated that the nequyv value has
increased 9 % by shooting a staggered pattern. This finding corresponds well with the
literature, i.e. Cunningham (1987) who suggested an increase by 10 % for a staggered
pattern. On the other hand a somewhat a coarser fragmentation was obtained with this
pattern, compared to the reference one and thus contradicting other literature findings
(Hustrulid, 1999).

Schimek (2015) has blasted 2 blocks with the same layout as ours, one reference block
and one with a staggered pattern to find the influence on n. He found out that the
staggered pattern gave somewhat improved fragmentation. His result showed that the
average equivalent n-values decreased for the staggered pattern: from 1.05 to 0.89,
which is also contradicting result. Again we have two results, pointing in different

directions, which combined point at no effect.

Konya and Walter (1991) related the n-value with the potential for wall control, saying
that the higher the n-value, the better the wall control. In their description, they are
describing the backbreak as the damage observed on the wall and crest, i.e. as our
Dmean (see also Figure 10), and shatter as cracking i.e. roughly as our Nyt They
correlated the backbreak with the Kuz-Ram median xso fragment size (calling xsq the
mean), saying that “the lower the mean value on a specific blast design is, the smaller
the chance of causing a back shatter and overbreak beyond the excavation limit". Thus
our relatively high negative correlation (from - 0.54 to — 0.73) between xsp and both
Dmean @nd Nt do not support those findings. Moreover, the positive correlation found
between nNequv values with both Dmean (backbreak) and Nyt (generated crack damage)

also does not agree with Konya and Walter (1991).

Due to the high variations in the data no firm conclusions can be drawn to answer if

drillhole deviations significantly affect the fragmentation. Such variations may arise from
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the blast features, rock mass properties, but also from the difficulties exciting in the
experimental set—up and measurements. The bad repeatability of the fragmentation
data between block pairs with the same blasthole pattern, the average relative
difference observed in our tests, the statistical evaluation of the data with small number
of samples (Higgins and Green, 2011) only underline the difficulty of finding any
significant effect of the pattern changes that have been made. A more precise
performance of the tests as well as more data would help give a more conclusive

interpretation of the results.
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7. Recommendation for further tests

This thesis was limited to small-scale blasting and did not cover any full-scale tests,
though a discussion concerning earlier published full-scale experiments is provided (see
Chapter 2). The magnetite mortar material selected for the testing blocks, contributed to
a good optical surface characterization procedure directly after blasting of each row, as
well as for fast magnetic separation in the sieving process. The chosen arrangement
using blasting mats on a wire mesh around the blasting site, avoided extensive
secondary breakage. Handling of the blasted material as well as documenting the

blasting tests was easy and fast.

Despite the advantages of the small scale vs. full scale blasting, conducting small scale
blasting comparable to normal bench blasts, is not easy to do. The inhomogeneous
nature of the rocks would always create scatter in the data (Winzer et al.,, 1983). As
shown in Chapter 4.1, even small variations in the ingredients might have a large
influence on the physical and mechanical properties of the mortar material, leading to
possible differences in the fragmentation results. Consequently, it was harder to
manufacture mortar blocks with repeatable material properties than we thought to begin
with.

Several factors should be taken into account when choosing the production method.
The production of the test specimens in the precast concrete plant was expensive; even
though experienced personnel were involved in the production, control of the exact
ingredients proportion and the curing conditions (humidity and temperature) was not
possible. The size of the batches produced was 680 kg, so up to 5 testing blocks were
produced out of the same batch. This increases the repeatability of the mechanical
properties and probably also of similar fragmentation characteristics for this batch of

testing blocks.

On the other hand, the specimen production in the laboratory allowed for a better
control of the ingredients proportions. Curing the specimens to laboratory standards
was possible by using the climate chamber in the university’s laboratory. However,
using a 120 kg capacity cement mixer only allowed one block per individual batch. The

actual mixing was done by PhD students with no previous experience, but under
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supervision, so for that reason the quality and repeatability of the batches could be

improved.

The borehole drilling using drill laboratory equipment was done with precision and the
post-drilling control of the collaring and bottom positions did not show any deviations
from the original plan. The limiting factors in this case were the length of the blasthole
and the inability of the equipment to drill angled holes with drill hole alignment

deviations.

Testing at the Eisenerz blast site is restricted by the weather conditions; consequently it
is only possible to blast 15-16 samples per season. This number is insufficient for the
subsequent proper statistical evaluation of the data if the blocks are divided into too
many groups. The size of a specimen (approximately 100 kg) makes it hard to handle.
The fast hardening cement used for grouting the testing blocks into the yoke was the

correct choice due to similar physical characteristics of the materials.

The blasting arrangement with the 20 g/m detonating cord worked properly and the
delay time of 73 us per blasthole with the 5 g/m PETN-cord trunk line showed
repeatable values with small scatter (see Appendix 4). At the beginning of this research
it was decided to try to use 140 s delay per blasthole, which required a longer length of
the delay-timing cord. This choice was critical and several cut-offs were observed.
Therefore the initiation procedure has to be improved either by choosing a detonating
cord with a lower strength (1, 2 or 3 g/m) or by finding another alternative initiation of the

blastholes if delay times longer than 73 us are to be used.

For the documentation pictures of the blasts, the use of comparable camera positions
for every blast-documentation was essential. Comparable light conditions would be of
advantage for the generation of the 3D-models and shade should be provided during

documentation of the bench face to avoid direct sunlight with shadows lines.

The Dmean parameters for the surface roughness seem to give a good description of the
blasted surface. The method of taking 3 horizontal contour lines along the blasted
bench face, developed for the calculation of reference figures for the roughness of the
blasted bench face, was simple and fast. The parameter Dnean gave reasonable results
and a proper description of the roughness of the fresh blasted surface. Due to the
observed irregularities along the bench face the horizontal contour lines should be split

up into smaller sections. Single parameters for the sections between the individual
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blastholes would result in more data for the statistical analysis of the blasted bench

face.

Shom it is not a meaningful parameter for the physical description of the fresh blasted
bench face however and other ways to describe the small scale roughness of the

blasted bench face should be found.

The BlastMetrix3D software package generated a 3D-model with a dense mesh of data
points along the bench face. Due to the known coordinates of these data points, this
mesh could be used for further analysis. The surfaces of the individual blasted benches

could be merged to calculate the exact blasted volume per row.

The crack detection procedure, using dye penetrant spray, worked well although the

repeatability of the results is dependent on the personal performing the work.

The same method of crack detection used at the top of the testing blocks was a good
was to study the cracks generated after each blasted row. The procedure would give
better results if the surface were cut flat with a diamond saw during the block

preparation and if the crest flaking were supressed.

The crack detection on cut slices worked well, although the testing block remains had to
be broken out of the yoke and this procedure was rather rough. Therefore, a better
procedure of breaking out the testing block remnants after the blasting tests should be

used, i.e. removal of remains either from left or from the right side and with better tools.

The classification of the cracks in crack families was a good choice although a smaller
number of different crack families may be better for more efficient analysis, e.g. relating

them to different ranges of fragment sizes (Zhu, 2015).

As an alternative to a direct detection of introduced cracks and the damage in the
remaining testing block, a method which is able to detect cracks in-situ should be
investigated. Destruction of the testing block could be avoided with methods like P-, S-
wave or other ultrasound measurements. A related method is the Schmidt hammer
rebound test. Preliminary tests using Schmidt hammer rebound test were made during
2014. The results were promising but not conclusive. Its use should be considered in

future tests.

To better link the surface roughness to the number of interior cracks in the remaining

testing block, the used contour lines for the determination of the distance of the
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individual data points to the reference line (Dmean) Should be evaluated at the same
height level as that at which the slices are cut that are used for the detection of the
introduced cracks. Even if height doesn’'t seem to influence the number of cracks

created, slices cut at 5, 10 and 15 cm from bottom to top should be used.

The sieving analysis of the blasted material should be done according to sieving
standards. Ensuring similarity for all optical sorting and magnetic separation process for

all investigated samples is essential.

Finally the number of repetitions for the different blast arrangements should be
increased, i.e. each pattern group should consist of more blocks. It would help the
statistical analysis and would probably remove some of the uncertainties in the results

that have occurred in this thesis.
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Appendix 1 Magnetite concrete ingredients: data sheets

[Fr— Quarzwerke

Datenblatt C €

Quarzsand ME 31
MESK31

Cuarzsand ME31 ist ¢in authereiteter natlrdicher Rohstoff. Der QGuarzsand wird attritiert, gewaschen,
hydroklassiert, gesiebt und ist von Kalk und organischen Verunreinigungen befreit.

Durch sein gerundetes Korn und den chem. Inhaltsstoffen, ist diese Sorte speziell als Formgrundstoff
fur die Gielereiindustrie geeignet

Durech laufende Kontrollen garantieren wir thnen eine hahe und gleichmanige Qualitat.

Lieferform - feucht oder trocken (feuergetrocknet)
lose. abgesackt in PE Sacken, foliert auf Palette

Karngréfienverteiung

Siebruckstand in % Siebdurchgang in %
Komung in mm Richtwert Toleranz Richtwenrt
0,71 max 0.5 100
0.5 1.5 max 3 98.5
0.355 26 20-25 725
0,25 49 40-60 235
0.125 _23 18-28 0.5
0.063 0.5 max 2
< max 0.5

Chemische Analyse (Gew -%)

Element Richtwert Toleranz
Si0; 97 06-98
Al O, 1,7 max.2,2
Fe.Oy 0,17 max.0.25

Physikalische Eigenschaften

Schuttgewicht 1.5vm3 mittiere Korngréfie 0.30 mm

Dichte 2.65Um3  |AFS-Nummer 51

Harte 7Mohs Gluhverust =0.3%

Schlammstoffgenalt <0.2% Sinterbeginn® ~1420° C
"n.OGI

Guarzsand ist ein auberateter natirlicher Rohstoff. Alle Daten sind Richtwerte mit vorkormmens- und produktionsbeaingter Toleranz
Sk diensn nur zwr Beschredung urd stellen keme zugesicherten Eigenschaften dar. Grobere und feinere Artede sind in Spuren
maghch. Cem Berutzer oblieg: es. die Tauglichkadt fir senen Verawendungszweck zu prafen. 'Wir geben auf Wunsch gerne

Auskunft Uber Toleranzbreten und anwendungstechnische Erfatvungen. Verkiufe erfolgen gemal unseren Verkaufs- und
Lieferoedrgungen

QUARZWERKE Osterreich GmbH
Wachbhergstr. 1 Telefon (02752) 50040-0
A-3390 Melk Telefax (02752) 50040-30

Wrv quarzwerke at

0541 04/07
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[ — Quarzwerke

Datenblatt C€
Quarzsand ME 0,1 - 0,4 mm

Quarzsand ME 0,1-0,4 ist ein aufbereiteter naturlicher Rohstoff. Der Quarzsand wird attntiert, gewaschen,
hydroklassiert, gesiebt und st von Kalk und organischen Verunreinigungen befreit.
Durch laufende Kontrollen garantieren wir Ihnen eine hohe und gleichmalige Quaiitat.

Lieferform . feucht oder trocken (feuergetrocknet}
lose. abgesackt in PE Sacken, foliert auf Palefte

KorngroRenverteilung

Siebruckstand in % Siebdurchgang in %
Komung in mm Richtwert | Toleranz Richtwert
.71 0 0 100
0= 1 max.2 99
C 255 10 5-15 89
0.25 36 30-55 53
0.125 50 40-60 3
0.063 3 1-6
< max.1

Chemische Analyse (Gew.-%)

Element Richtwert Toleranz
Si0s K] 91-95
AlO5 4 3-5
Fe;O, 02 0,104

Physikalische Eigenschaften

Schuttgewicht 1.5 Um3
Dichte 265 tm3
Harte 7 Mchs

Quarzsand ist ein aufbereteter naturiicher Rohsioff. Alle Daten sind Richtwerte mat vorkemmens- und produktionsbedingter Toleranz.
Sie denen nur zur Beschresbung und stelien ke ne zugesicherten Eigenschaften dar. Grobere und feinere Anterle sind in Spuren
moghch. Dem Berutzer obliegt es. die Tauglichkeit fiir seinen Verwendungszweck zu prufen. Wir geben auf Wunsch gemne

Auskunft Gber Toleranzbreten und anwendgungstechnische Erffahrungen. Verkiufe erfoigen gemal unserer Verkaufs- und

Lieferbedingungen

QUARZWERKE Osterreich GmbH

Wachbergstr. 1 Telefon (02752) 50040-0
A-3390 Melk Telefax {02752) §0040-30
W quarzwerke.at

0535 04107
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dlopes Hogns-

Technisches Datenblatt

Ferroxon® 618

Aktualisiert Mai 2006

Type: Black iron oxide pigment
Form of delivery: Powder. packed in PE-bags 25 kg or
Big Bags

Characteristics

Fe:O4content: 90-95 M.-%
Matter volatile at 105 "(C: <05 M.-%
Water soluble content: <05 M.-%
Loss on ignition: < 1.0M.-%
0Oil absorption: 35¢g/100 g
pH-value: 5-8

Sicving residue 36 pm-sieve: = 0,1 M.-%

Test methode

DIN 150 1248
DIN 1SO 787-2
DIN I1SO 787-3
DIN ISO 4621

DIN IS0 787-5
DIN 18O 787-9
DIN 1SO 787-7

Our technical advice — whether verbal. in writing or by way of mials — is given in good faith but with-
out warranty. it does not release the customer from the obligation to test the products as to their suit-
ability for the intended processes and uses. Our products are sold in accordance with the current ver-

sion of our gegenral conditions of sak and delivery.

Schlieper & Heyng GmibH + Co, KG, Postfach 27, 57647 Nistertal
Fon: 02661940040, Fax: 02661/9400480
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Appendix 2 Mechanical properties of mortar

Mechanical properties of mortar, blast session 2013:

Density
Diameter Length Weight Density
CHO3 Sample [mm] [mm] [s]] [kg/m3]
BBK-241-5/1 51.25 102.85 486.33 2292.18
BBK-241-6/1 51.29 103.59 495.11 2313.28
BBK-241-7/1 51.35 24.85 116.10 2255.98
BBK-241-10/1 51.02 24.94 117.71 2308.59
BBK-241-12/1 51.02 25.96 118.45 2231.82
Average 2280.37
Stdev 35.25
Diameter Length Weight Density
CHO1 Sample [mm] [mm] [s]] [kg/m3]
BBK-262-1/1 44.89 88.78 278.55 1982.43
BBK-262-2/1 44 97 90.54 288.68 2007.43
BBK-262-3/1 45.01 90.11 285.36 1990.27
BBK-262-4/1 45.07 90.53 287.39 1989.82
Average 1992.49
Stdev 10.59
Young’s Modulus, Uniaxial Compressive Strength
CHO1 Sample ucs Destruction  V-Modul E-Modul Poisson's ratio
[MPa] work [kJ/m?] [MPa] [MPa] [1]
BBK-241-1/1  63.67 188.81 23193 24853 0.12
BBK-241-2/1  60.29 181.3 22267 23680 0.13
Average 61.98 185.06 22730 24266 0.13
Stdev 2.39 5.31 655 829 0.01
uUcs Destruction V-Modul E-Modul Poisson's ratio
CHO3 ~ Sample  'ypyy  work[kJim®]  [MPa]  [MPa] [1]
BBK-241-5/1  49.53 153.81 20782 22514 0.1
BBK-241-6/1  58.96 174.83 22511 24605 0.14
Average 54.25 164.32 21646 23560 0.12
Stdev 6.67 14.86 1223 1479 0.03
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Brazilian Tensile Strength

CHO1 Sample STS [MPa]
BBK-241-9/1 6.28
BBK-241-13/1 4.62
Average 5.45
Stdev 1.17

CHO3 Sample STS [MPa]
BBK-241-7/1 5.13
BBK-241-10/1 5.62
BBK-241-12/1 5.99
Average 5.58
Stdev 0.43

P Wave Velocity*

Block P wave velocity [m/s]
CHO01B03 Not measured
CHO01B02 Not measured
CHO01B0O4 3784
CHO01B05 3835
Average 3809

Stdev 36.06
CHO3B01 3647
CHO03B02 3761
Average 3704

Stdev 80.61

* S-Wave not measured due to lack of instrument in Session 2013
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Mechanical properties of mortar, blast session 2014:

Density
Diameter Length Weight Density
CHoO1 Sample [mm] [mm] [g] [kg/m?]
BBK-262-1/1 44 .89 88.78 278.55 1982.43
BBK-262-2/1 44 97 90.54 288.68 2007.43
BBK-262-3/1 45.01 90.11 285.36 1990.27
BBK-262-4/1 45.07 90.53 287.39 1989.82
Average 1992.49
Stdev 10.59
Diameter Length Weight Density
CHO02 Sample [mm] [mm] [a] [kg/m3]
BBK-263-1/1 45.03 90.45 288.11 2000.12
BBK-263-2/1 44 92 90.11 287.66 2014.36
BBK-263-3/1 44.87 89.60 285.66 2016.23
Average 2010.24
Stdev 8.81
Diameter Length Weight Density
B14 x-dir Sample [mm] [mm] [g] [kg/m?]
BBK-264-1/1 50.35 99.85 401.96 2021.84
BBK-264-2/1 50.70 100.16 406.44 2010.00
BBK-264-3/1 50.87 100.15 405.43 1991.83
BBK-264-4/1 50.56 100.24 404.46 2009.70
BBK-264-5/1 50.79 26.76 103.34 1906.06
BBK-264-6/1 50.77 26.76 104.06 1920.85
BBK-264-7/1 50.71 25.73 101.50 1953.21
BBK-264-8/1 50.26 26.50 103.04 1959.86
Average 1971.67
Stdev 43.43
Diameter Length Weight Density
B14 z-dir Sample [mm] [mm] [a] [kg/m3]
BBK-264-9/1 51.16 100.60 409.12 1978.34
BBK-264-10/1 50.39 100.39 407.70 2036.44
BBK-264-11/1 50.37 100.80 408.21 2032.31
BBK-264-12/1 50.39 25.81 100.45 1951.57
BBK-264-13/1 50.46 25.46 98.98 1944.04
BBK-264-14/1 50.31 26.51 104.49 1982.74
BBK-264-15/1 50.47 26.17 104.62 1998.27
Average 1.989.10
Stdev 36.03
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Young’s Modulus, Uniaxial Compressive Strength

ucs Destruction V-Modul E-Modul Poisson's
CHO1 Sample [MPa] work [kJ/m?®] [MPa] [MPa] ratio [1]
BBK-262-1/1 30.01 84.03 11541 12581 0.16
BBK-262-2/1 40.77 161.37 12814 14263 0.15
BBK-262-3/1 40.49 122.71 12533 14084 0.16
BBK-262-4/1 33.99 99.69 12229 13894 0.18
Average 36.32 116.95 12279 13706 0.16
Stdev 5.24 33.61 547 765 0.01
ucs Destruction V-Modul E-Modul Poisson's
CHO02 Sample [MPa] work [kJ/m3] [MPa] [MPa] ratio [1]
BBK-263-1/1 31.43 113.78 11463 13097 0.17
BBK-263-2/1 29.27 83.42 11658 13800 0.15
BBK-263-3/1 27.62 71.85 13299 16152 0.26
Average 29.44 89.68 12140 14350 0.19
Stdev 1.91 21.66 1009 1600 0.06
B14 ucs Destruction V-Modul E-Modul Poisson's
x-dir Sample [MPa] work [kJ/m3] [MPa] [MPa] ratio [1]
BBK-264-1/1 35.27 150.84 12738 14108 0.17
BBK-264-2/1 36.54 100.12 12493 13910 0.13
BBK-264-3/1 38.49 199.20 12477 13974 0.17
BBK-264-4/1 36.14 177.77 10893 12662 0.17
Average 36.61 156.98 12150 13664 0.16
Stdev 1.36 42,76 846 673 0.02
B14 ucs Destruction V-Modul E-Modul Poisson's
z-dir Sample [MPa] work [kJ/m3] [MPa] [MPa] ratio [1]
BBK-264-9/1 40.89 163.63 12973 14550 0.18
BBK-264-10/1 39.85 170.69 12518 14318 0.17
BBK-264-11/1 39.88 145.36 13590 14386 0.17
Average 40.21 159.89 13027 14418 0.17
Stdev 0.59 13.07 538 119 0.01

Doctoral thesis R. Ivanova: Investigation on Fragmentation by Blasting

vii



Brazilian Tensile Strength

B14 x-direction Sample STS [MPa]
BBK-264-5/1 2.78
BBK-264-6/1 3.26
BBK-264-7/1 3.34
BBK-264-8/1 3.76
Average 3.29
Stdev 0.40
B14 z-direction Sample STS [MPa]
BBK-264-12/1 3.25
BBK-264-13/1 3.73
BBK-264-14/1 3.71
BBK-264-15/1 4.67
Average 3.84
Stdev 0.60

P-Wave and S-Wave Velocity,

Block P wave velocity [m/s] S-wave velocity[m/s]
BO1 3064
B02 3088 2002
BO3 3101 1965
BO4 3011 1982
BO6 3038 2038
BO7 3068 1962
B09 3098 2041
B10 3010 1938
B11 3031 1988

Average 3057 1990
Stdev 36 3

Possible changes in X5, by different material properties:

With regards to the Kuz-Ram formula for the median fragment size (see equation 5)
the xsg is a function of A (rock mass factor) and explosive charge and strength. The
rock factor A is a function of JF, RMD, HF and RDI. In sessions 2013 and 2014 the
explosive charge and properties are constant, while the RDI value ((0.025.p) -50)

would change because of the different density values. In addition changes in HF (E/3)
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will appear. For our calculations we accept that JF=0, as by the formula development,

Cunningham (2005) removed the JF parameter.

With regards to the equation 6, the following calculations were done to see what the

possible changes in material properties are:

As the RDI: rock density influence is (0.025 - p) — 50 [kg/m3]:

The 2013 value would be: (0.025 - p) — 50 = (0.025 - 2362) — 50 = 9.05 [kg/m?], thus
Agorz = 0.06- (50 + 0 + 9.05 + 4.08) = 3.78

The 2014 value would be: 2014: (0.025- p) — 50 = (0.025 - 2024) — 50 = 0.6 [kg/m?],
thus

As014 = 0.06-(50+ 0+ 0.6 + 4.66) = 3.31
The calculations of the changes in A, with regards to material properties changes,
showed that the AA/A was estimated to be roughly 13 %.
If we look to the possible effect of the ¢, changes (Kou and Rustan, 1993), who gives
the following xsq formula:

Xso = 0.01-(p.c) - B“2(S/B)%> - (H/Lor)*” /(D%*q) Equation 37
where the symbols are given in abbreviation table.

Refereing to the p and ¢, values for the blasted block samples in sessions 2013 and
2014, assuming that the conditions with regards to the rest of the parameters are

roughly the same, the following differences on average will be observed:
In session p=2013 kg/m3 and c= 2274 m/s (see pages iv - V)

In session 2014: p=1986 and ¢c=3056 m/s (see pages vi - vii)
Thus the average difference with regards to the p and ¢ values may become roughly

30 %.The results from possible changes are summarized below:

Session RMDIf e RDI HF(E/3) A (Kuz-Ram)  (p.c)
massive

2013 50 1 905 796 3.84 8.54

2014 50 1 06 466 337 6.06
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Appendix 3 Drill set-up

Blast session 2013: Random collaring positions in burden direction:

Table 52: Drill patterns set up: random collaring positions in burden direction

R g s i i i
] dts

[E
R
Column 1 Comn2 -0%83 0524
Columnl 1,000 owE oW
Solumn2 0475 1000 05 0353

S 16 o 50 51 61 & & 68 n 3 ™ E £ % ws  us 1 1 w0 12wz s s 1 w0

opEE 4o 00 DO 0012 006 M0 0043 00E 007 002 000 O@E 09 003 0M3 009 006 000 008 007  OME oM D0E 0007 007 405

[ = oK oK oK oK = = = = = = > = = = » { = = 2 o » > >

15 - - - - o - > - - = = o - > oy 5 > o - > - > >
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Random collaring positions in burden direction, the values selected to generate Ax and Ay

variations; and the values with a very low correlation, see yellow marked values.
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Drill patterns set-up, blast session 2013:

Table 53: Drill patterns set up, blast session 2013

Reference
45 row 1 25 row 2 25 row 3 25
95 col 7 70 col 3 140 col 2 210
Hole X y y y
1 45 -0.84 48.9 0.75 158.8 -0.07 208.3
2 140 0.84 90.9 -0.02 139.6 -0.99 185.3
3 235 -0.43 59.3 -0.36 131.1 -0.98 185.6
4 330 -0.25 63.7 -0.63 124.3 0.72 228.0
5 425 0.30 77.5 0.88 162.0 0.37 219.2
6 520 0.99 94.9 -0.26 133.6 0.28 217 1
7 615 -0.60 55.1 -0.29 132.6 0.60 225.0
Average: 0.002 0.012 -0.009 0.002
Stdev 0.718 0.580 0.710 0.638
2-3-7 (1st burden deviation)
45 row 1 25 row 2 25 row 3 25
95 col 2 70 col 3 140 col 7 210
Hole X y y y
1 45 -0.07 68.3 0.75 158.8 -0.84 188.9
2 140 -0.99 453 -0.02 139.6 0.84 230.9
3 235 -0.98 456 -0.36 131.1 -0.43 199.3
4 330 0.72 88.0 -0.63 124.3 -0.25 203.7
5 425 0.37 79.2 0.88 162.0 0.30 217.5
6 520 0.28 77.1 -0.26 133.6 0.99 234.9
7 615 0.60 85.0 -0.29 132.6 -0.60 195.1
Average: -0.009 0.012 0.002 0.002
Stdev 0.710 0.580 0.718 0.638
13-7-3 (2nd burden deviation)
45 row 1 25 row 2 25 row 3 25
95 col 13 70 col 7 140 col 3 210
Hole X y y y
1.0 45.0 0.57 84.2 -0.84 118.9 0.75 228.8
2.0 140.0 -0.94 46.6 0.84 160.9 -0.02 209.6
3.0 235.0 0.54 83.5 -0.43 129.3 -0.36 2011
4.0 330.0 -0.73 51.8 -0.25 133.7 -0.63 194.3
50 425.0 0.27 76.7 0.30 147.5 0.88 232.0
6.0 520.0 0.76 89.0 0.99 164.9 -0.26 203.6
7.0 615.0 -0.58 555 -0.60 125.1 -0.29 202.6
Average: -0.015 0.002 0.012 0.000
Stdev 0.708 0.718 0.580 0.637

The values are based on the same principle with random uncorrelated numbers, x gives the

spacing, y gives the positions in the burden directions.
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Blast session 2014: Random collaring positions in burden and spacing

direction (S+B variations):

Box-Muller Method*

Table 54: Drill patterns set up: Box-Muller method (part1)

Mean
std dev
corrcoeff

05731
0,2868

0,0806
0,7386

13, 7554

]
prob 1

Pointno  prob2

05143
DATIR

a0
81 0741
82 Banm
83 LIAS
84 T
85 rETa

0,4953

-0,2695
-0,5960
0,5303
-0,0574
0,7425
0,4619

0579

0,7684
0,8728

Box-Muller
prob 1
0,5638
-0,0367

-0,0318
1,6379
1,0739
-0,3898
-0,0238
0,3189
1,5006
-0,4881
-0,2871
1,5361

0,0037
0,6989

Box-Muller
yl=5
09131
08146
02954
07471
06629
-0,2000
02142
-0,0129
0,004
-0,1471
-0,5680
-0,3047
0,6941

-1,9962
04520
0,008
-0,6907
-0,7079
02110

1297

-0,0710
0,7383
0,0062

y2=B

-0,3451
0,3241
-1,4406
1,0653
0,8022

1,1734
-0,4970

-0,8971
-2,2672
-0,5435
-0,4237
-0,2568
0,3177
1,8503

3 B

meanyl meany? corryl-y? meanyl meany2 comyly2

<0,2
<0,2

*The number of points used for the Box-Muller method is 250
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LASR
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colU=3and

stdevy2 bsdiff<0,2

0,9604
10,9410
11,9455

0,975
0,513
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58,8

theta




TC2D constant 0,772

R
0,6618
0,3937
1,3700
0,3013
0,4288
1,2620
1,3905
1,0226
0,7370
0,1357
0,7048
0,4360
1,1339
1,3184
0,5504
1,4785
1,5877
1,2616
1,3668
0,5028
1,4399
0,7117
1,3241
0,5034
0,5893
1,1167
0,5807
1,0929
1,2698
0,7618
1,1545
1,6241
1,3025
1,4366
0,9793
1,9240
0,8739
0,8107
0,9070
0,7834
0,9652
0,3963
1,5377
0,2030
0,7304
0,3608
0,6323
0,6098

sorted
R
1,9685
1,9240
1,8316
1,7649
1,6892
1,6241
1,5877
1,5535
1,5377
1,5212
1,5199
1,4785
1,4432
1,4399
1,4366
1,4129
1,4122
1,3905
1,3700
1,3668
1,3571
1,3263
1,3241
1,3184
1,3176
1,3025
1,2698
1,2620
1,2616
1,2553
1,2055
1,1783
1,1564
1,1545
1,1531
1,1519
1,1396
1,1339
1,1235
1,1167
1,1154
1,0929
1,0676
1,0226
1,0189
1,0176
0,9793
0,9655

p
100,0
99,0
98,0
97,0
96,0
95,0
94,0
93,0
92,0
91,0
90,0
89,0
88,0
87,0
86,0
85,0
84,0
83,0
82,0
81,0
80,0
79,0
78,0
77,0
76,0
75,0
74,0
73,0
72,0
71,0
70,0
69,0
68,0
67,0
66,0
65,0
64,0
63,0
62,0
61,0
60,0
59,0
58,0
57,0
56,0
55,0
54,0
53,0

Table 55: Drill patterns set up: Box-Muller method (part 2)

0,866

2,273
2,222
2,115
2,038
1,951
1,875
1,833
1,794
1,776
1,757
1,755
1,707
1,667
1,663
1,659
1,632
1,631
1,606
1,582
1,578
1,567
1,532
1,529
1,522
1,522
1,504
1,466
1,457
1,457
1,450
1,392
1,361
1,335
1,333
1,332
1,330
1,316
1,309
1,297
1,289
1,288
1,262
1,233
1,181
1,177
1,175
1,131
1,115

1,132277

Gir)
99,4
99,3
98,9
98,4
97,8
97,0
96,5
96,0
95,7
95,4
95,4
94,6
93,8
93,7
93,6
93,0
93,0
92,4
91,8
91,7
91,4
90,4
90,3
90,1
90,1
89,6
88,4
88,0
88,0
87,8
85,6
84,3
83,2
83,1
83,0
83,0
82,3
82,0
81,4
81,0
81,0
79,7
78,1
75,2
74,9
74,9
72,2
71,1

N1

N2

N3

N4

0,7117
1,3241
0,5034
0,5893
1,1167
0,5807
1,0929
0,6323
0,6098
1,5199
0,5249
0,2567
1,4432
0,6069
0,8456
1,0189
0,5161
0,9655
1,3571
1,1235
1,5212
0,4205
0,5581
0,4397
0,4170
1,0176
1,1154
0,7936

28

0,657
sorted
R
1,5212
1,5199
1,4432
1,3571
1,3241
1,1235
1,1167
1,1154
1,0929
1,0189
1,0176
0,9655
0,8456
0,7936
0,7117
0,6323
0,6098
0,6069
0,5893
0,5807
0,5581
0,5249
0,5161
0,5034
0,4397
0,4205
0,4170
0,2567

1,175
rescaled
R
1,7875
1,7859
1,6958
1,5947
1,5559
1,3201
1,3121
1,3106
1,2842
1,1972
1,1958
1,1345
0,9936
0,9325
0,8362
0,7429
0,7165
0,7131
0,6925
0,6823
0,6558
0,6167
0,6064
0,5915
0,5167
0,4941
0,4899
0,3016

*The number of points used for the Box-Muller method is 250

a)

1.

Consequences:

[3
100,0
96,4
92,9
89,3
85,7
82,1
78,6
75,0
71,4
67,9
64,3
60,7
57,1
53,6
50,0
46,4
42,9
39,3
35,7
32,1
286
25,0
21,4
17,9
14,3
10,7
7,1
3,6

N2-N4

sorted
R

1,5212
1,5199
1,4432
1,3571
1,1235
1,1154
1,0189
1,0176
0,9655
0,8456
0,7936
0,6323
0,6098
0,6069
0,5581
0,5249
0,5161
0,4397
0,4205
0,4170
0,2567

1,175
rescaled
R

1,7875
1,7859
1,6958
1,5947
1,3201
1,3106
1,1972
1,1958
1,1345
0,9936
0,9325
0,7429
0,7165
0,7131
0,6558
0,6167
0,6064
0,5167
0,4941
0,4899
0,3016

21

100,0
95,2
90,5
85,7
81,0
76,2
71,4
66,7
61,9
57,1
52,4
47,6
42,9
38,1
33,3
28,6
23,8
19,0
14,3
9,5
4,8

Blasting pattern with almost uncorrelated collaring errors AS and AB in S and

directions respectively

Blasting pattern with almost uncorrelated collaring errors between rows

Blasting pattern with almost same average burden volume for each row and as

consequence almost same nominal specific charge
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4. Blasting patterns where collaring errors in burden and spacing directions can be
tested separately or together
5. Chosen 3 x 7= 21 numbers Ax and Ay when ordered deviate somewhat from

bivariate normal distribution CDF

The bivariate normal distribution for two orthogonal components with R = /(x? —y2) and ¢
stdev is:

2
CDF - G(r) = 1 — e~ ®/9)"Equation 38
100 S ;,—:J‘-‘M e
X O/V/
70 X [

S0 X f
40 X
X JO
x/cb
30 f -~ = Continuous G(R)

Box-Muller 250 R

20
/ﬁ X Selected A21R
10 FOR
‘(2/'/ X O Selected first 21
]

000 0325 0.50 0.75 1.00 1.25 1.50 175 2.00 2.25 2.50 2,75 3.00

Figure 75: Selected values and the variation from CDF
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S$+B variations (3-7-6) pattern:
Table 56: Drill pattern 3-7-6 set up, session 2014

0 95 190 285 380 475 570
S B R1 | 47.5 | 1425 237.5 3325 4275 5225 6175 SO
N3 1022 053|057 R1 475 70 70 70 70 70 70 70 BO

0.07 | 0.45 0.97|1.07 O..O4 0.2 0.5 -1.1 -01 -0.1 0.8 0.3 S1
0.59 1.-05 0.23|1.07 0.78 0.5 1 0.2 -1.3  -05 -05 0.3 B1
0.-10 1.-31 1.32 20 | 519 | 15615 216.6 330.6 4249 5384 6239 x1
0.-13 0.”54 0.56 20 | 896 | 895 746 437 592 606 762 | y1

0.79 0.4710.92
0.32 0.31]0.44

N7 |046 046|066 R2 R2 | 475 |1425 2375 3325 4275 5225 6175 SO

0.01]0.35 0.46|0.58 0.02 140 140 140 140 140 140 140 BO
069|020 -06|063 0.68 0.5 0.4 -0.2 0.1 0.2 0.6 -14 | S1
0.13 0.97]0.98 -0.5 0.5 -0.6 1 0.6 -0.8 0 B1
0.16 0.62|0.64 20 | 56.8 [ 1495 2336 3351 430.6 5349 588.8| x2
0.62 0.82]1.03 20 1 130.71149.2 1281 159.4 152.3 1236 1392 | y2

1.44 0.04 | 1.44

N6 [1.14 1571194 R3
0.03|0.19 0.84|08 0.05 R3 | 475 |1425 2375 3325 4275 5225 6175 SO

0.83]10.92 1.09|1.43 0.89 210 { 210 210 210 210 210 210 BO

0.50 0.11]0.52 -1.1 ] -02 -09 0.5 1.2 0.5 0.4 S1
117 0.10 | 1.17 -1.6 0.8 1.1 0.1 -0.1 -05 0.5 B1
0.46 0.46| 0.66 20 | 39.7 | 138.8 219.2 3426 4509 531.8 6245| x3
0.35 0.46]0.58 20 | 178.71226.8 2319 2122 2079 200.7 2192 y3
0.67 0.75

The values are based on the random uncorrelated numbers, x gives the spacing, y gives the
positions in the burden directions. N3 (row 1), N7 (row2) and N6 (row 3) are the three

combination sequences with a very low correlation selected.
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Systematic collaring errors in spacing direction (S/4 shift):

S/4 shift pattern:
Table 57: Drill patterns S/4 set up, session 2014

45 row 1 25 row 2 25 row 3 25

95 col 2 70 col 3 140 col 7 210

Hole X X1 x2 x3
1 45 -0.07 68.8 0.75 36.3 -0.84 68.8
2 140 -0.99 163.8 -0.02 116.3 0.84 163.8
3 235 -0.98 258.8 -0.36 211.3 -0.43 258.8
4 330 0.72 353.8 -0.63 306.3 -0.25 353.8
5 425 0.37 448.8 0.88 401.3 0.30 448.8
6 520 0.28 543.8 -0.26 496.3 0.99 543.8
7 615 0.60 623.8 -0.29 591.3 -0.60 623.8
Average: -0.009 0.012 0.002 0.002
Stdev 0.710 0.580 0.718 0.638
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Appendix 4 Documentation of the blasting tests

CHO01B03 (Reference)

Delay measured [ps]
Xan Xsn Xao Planned | De1ay per
Block Row m burden | Hole 2 Hole 3 Hole 4 Hole 5 Hole 6 Hole 7 Mean |Stdev[us]| Range
[mm] [mm] [mm]  [delay [ps] [ms/m]
CHO1BO03 1 26.08 57.61 91.35 73 1 Not measured, oscilloscope failure
(Reference) 2 9.94 21.36 73.09 73 1 70.0 72.0 73.0 70.0 72.0 71.0 71.50 1.21 3.0
3 8.50 17.51 43.12 73 1 71.0 72.0 73.0 71.0 73.0 72.0 72.00 0.89 2.0

Figure 76: Specimen CH01B03 (R0O1 upper, R02 mid, R03 down)
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CHO01BO05 (Reference)

Delay measured [us]
Xag X5 Xap Planned Delay per
Block Row m burden | Hole 2 Hole 3 Hole 4 Hole 5 Hole 6 Hole 7 Mean |Stdev[us]| Range
[mm] [mm] [mm] |delay [ps] [ms/m]
CHO1B05 1 15.64 32.43 64.29 73 1 71.5 71.5 73.5 72.0 77.5 69.0 71.75 2.85 8.5
(Reference) 2 10.41 22.42 54.45 73 1 74.0 715 73.0 735 74.0 72.5 73.25 0.97 248
3 7.71 14.54 37.00 73 1 725 72.0 75.0 71.5 74.5 74.5 73.50 1.51 3.5

Figure 77: Specimen CH01B05 (R0O1 upper, R02 mid, R03 down)
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CHO01B02 (1st burden deviation)

Delay measured [ps]
Delay per
Planned
Block Row *a0 *s0 Xeo m burden | Hole2 | Hole3 | Hole4 | Hole5 | Hole6 | Hole7 | Mean [Stdev(us]| Range
[mm] [mm] [mm] |delay [ps]
[ms/m]
CHO1B02 1 13.74 30.14 110.05 73 ! 67.5 67.5 68.0 66.0 67.5 66.5 67.50 0.75 2.0
(1st burden devation) 2 11.63 23.61 61.67 73 1 71.0 72.0 72.0 71.5 72.5 no data 72.00 0.57 1.5
3 10.12 19.95 52.05 73 1 735 71.5 71.5 71.5 71.5 71.5 71.50 0.82 2.0

Figure 78:

Specimen CH01B02 (R01 upper, R02 mid, R03 down)
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CHO01B04 (1st burden deviation)

Delay measured [ps]
Delay per
Planned
Block Row X2 50 oo m burden | Hole2 | Hole3 | Hole4 | Hole5 | Holee | Hole7 | Mean [Stdevius]| Range
[mm] [mm] [mm] |delay [ps]
[ms/m]
CHO1BO4 1 13.56 25.87 84.61 73 ! 72.0 72.0 75.5 74.0 71.5 72.5 72.25 1.53 4.0
(1st burden deviation) 2 9.77 18.96 47.81 73 1 73.0 72.0 73.0 73.5 73.0 73.0 73.00 0.49 1.5
3 7.53 13.86 33.84 73 1 72.0 E3rs 72.0 73.0 73.5 72.5 72.75 0.69 1.5

Figure 79: Specimen CH01B04 (R01 upper, R0O2 mid, R03 down)
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CHO03B01 (2nd burden deviation)

Delay measured [ps]
X3 X0 Xgo Planned Delay per
Block Row m burden | Hole 2 Hole 3 Hole 4 Hole 5 Hole 6 Hole 7 Mean |Stdev[us]| Range
[mm] [mm] [mm] |delay [ps)
[ms/m]

CHO3B01 1 16.55 54.42 117.74 73 1 70.0 715 725 745 725 73.0 72.50 1.51 4.5

(2nd burden deviation) 2 10.87 25.61 79.76 73 1 73.0 715 725 73.0 70.0 73.0 72.75 1.21 3.0

3 8.96 18.09 46.15 73 1 735 69.0 74.5 74.5 73.0 74.0 73.75 2.08 5.5

Figure 80: Specimen CH03B01 (RO1 upper, R02 mid, R03 down)
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CHO03B02 (2nd burden deviation)

Delay measured [ps]
Delay per
Planned
Block Row X2 50 oo m burden | Hole2 | Hole3 | Hole4 | Hole5 | Holee | Hole7 | Mean [Stdevius]| Range
[mm] [mm] [mm] |delay [ps]
[ms/m]
CHO3B02 1 20.28 4474 88.13 73 ! 725 72.5 74.5 66.5 75.5 74.5 73.50 3.25 9.0
(2nd burden deviation) 2 9.53 24.53 79.05 73 1 735 71.5 72.0 74.0 73.5 72.0 72.75 1.04 2.5
3 9.78 19.38 55.32 73 1 725 71.5 73.0 72.5 72.5 74.0 72.50 0.82 2.5

Figure 81: Specimen CH03B02 (R01 upper, R02 mid, R03 down
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B01 (Reference)

Delay measured [15]
Delay per m
Planned
Block Row X30 X80 XE0 burden Hole 2 Hole 3 Hole 4 Hole 5 Hole 6 Hole 7 Mean [Stdev[us]| Range
[mm] [mm] [mm] |delay [us]
[ms/m]
BO1 1 56.96 90.63 >125 73 1 72.0 715 745 72.0 73.0 73.0 72.67 1.08 3.0
( Reference) 2 12.28 29.07 67.07 73 1 71.0 74.0 74.0 715 73.0 735 72.83 1.29 3.0
3 9.06 19.63 50.85 73 1 71.0 73.0 74.0 745 735 725 73.08 1.24 35
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B06 (Reference)

Delay measured [s]
Delay per m
Planned
Block Row x30 x50 X80 aMe | irden | Hole2 | Hole3d | Hoe4 | Hole5 | Holes | Hole7 | Mean [stdevips)| Range
[mm] [mm] [mm]  [delay [us)
[ms/m]
oo 7 1.4 2203 48.47 73 1 740 | 725 | 730 | 725 | 735 | 725 | 7300 | 063 5
( Reference) 2 8.65 18.60 4407 73 1 725 | 740 | 730 | 720 | 730 | 730 | 7292 | o066 2.0
3 5.83 1261 33.94 73 1 740 | 730 | 735 | 705 | 735 | 730 | 7202 | 1.24 35

Figure 83: Specimen B06 (R01 upper, R02 mid, R0O3 down)
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B09 (Reference)

Delay measured [15]
Delay per m
Planned
Block Row x30 x50 X80 burden | Hole2 | Hoe3 | Hoe4 | Hoe5 | Hoes | Hole7 | Mean [stdevius)| Range
[mm] [mm] [mm]  [delay [ps]
[ms/m]
B9 1 16.95 38.05 83.93 73 1 73.5 73.0 745 735 74.0 72.0 73.42 0.86 25
( Reference) 2 8.07 16.37 39.24 73 1 72.5 725 745 735 74.0 75.0 73.67 1.03 25
3 5.86 12.76 36.44 73 1 73.5 73.0 74.0 735 735 735 73.50 0.32 1.0

Figure 84: Specimen B09 (R01 upper, R02 mid, R0O3 down
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B03 (S+B variations)

Delay measured [s]
Delay per m
Pl d
Block Row x30 x50 x80 anne burden Hole 2 Hole 3 Hole 4 Hole 5 Hole 6 Hole 7 Mean [Stdev[us]| Range
[mm] [mm] [mm]  [delay [us]
[ms/m]
B3 1 9.41 23.69 71.03 73 1 72.0 73.0 725 735 74.0 715 7275 0.94 25
( S+B variations) 2 7.23 16.58 45.86 73 1 73.0 735 73.0 715 725 70.0 72.25 1.29 35
3 9.17 19.25 49.62 73 1 72.0 735 725 66.0 73.0 725 71.58 278 7.5

Figure 85: Specimen B03 (R01 upper, R02 mid, R0O3 down

Doctoral thesis R. Ivanova: Investigation on Fragmentation by Blasting XXVii



B04 (S+B variations)

Delay measured [}is]
Delay per m
Pl d
Block Row x30 x50 x80 anne burden Hole 2 Hole 3 Hole 4 Hole 5 Hole 6 Hole 7 Mean [Stdev[us]| Range
[mm] [mm] [mm]  |delay [us]
[ms/m]
B4 1 9.02 20.58 61.30 73 1 727 727 74.0 73.0 73.3 73.0 73.12 0.49 1.3
( S+B variations) | 2 6.30 15.67 5350 73 1 74.0 74.0 72.0 74.5 72.5 735 | 7342 | o097 25
3 6.52 13.97 37.48 73 1 735 745 745 73.0 735 76.5 74.25 1.25 35
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B10 (S+B variations)

Delay measured 5]
Delay per m
Planned
Block Row x30 x50 X80 burden | Hole2 | Hole3 | Hole4 | Hole5 | Hole® | Hole7 | Mean [Stdev[ps]| Range
[mm] [mm] [mm]  |delay [ps]
[ms/m]
B10 1 19.07 43.76 103.83 73 1 74.0 73.0 735 735 75.5 75.0 74.08 0.97 25
( S+B variations) 2 11.70 2558 10159 73 1 74.0 735 76.5 725 74.0 750 | 7425 | 137 4.0
3 9.44 18.62 42.23 73 1 745 735 66.5 71.0 745 745 72.42 3.20 8.0

—e——

Figure 87: Specimen B10 (R01 upper, R02 mid, R03 down)
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B02 (S/4 shift)

Delay measured [s]
Delay per m
Planned
Block Row x30 x50 X80 aMe | irden | Hole2 | Hole3d | Hoe4 | Hole5 | Holes | Hole7 | Mean [stdevips)| Range
[mm] [mm] [mm]  [delay [us)
[ms/m]

oo 7 19.67 %92 9001 73 1 730 | 730 | 725 | 735 | 740 | 715 | 7292 | os6 25
(St ehit) 2 21.64 4919 89.24 73 1 725 | 735 | 745 | 720 | 725 | 715 | 7275 | 1.08 3.0
3 11.42 202 48.24 73 1 730 | 800 | 830 | 800 | 790 | 785 | 7892 | 320 | 100

Figure 88: Specimen B02 (R01 upper, R02 mid, R03 down)
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B0O7 (S/4 shift)

Delay measured [us]
Delay per m
Planned
Block Row x30 x50 X80 burden | Hole2 | Hole3 | Hole4 | Hole5 | Hole® | Hole7 | Mean [Stdev[ps]| Range
[mm] [mm] [mm]  |delay [ps]
[ms/m]
BO7 1 30.14 79.13 102.74 73 1 73.0 735 74.0 735 73.0 73.0 73.33 0.41 1.0
( /4 shify) 2 15.43 3955  81.46 73 1 725 75.0 725 725 73.0 735 7317 | o098 25
3 8.80 17.80 42.68 73 1 73.0 73.0 73.0 72.0 75.5 75.0 73.58 1.36 35

Figure 89: Specimen B0O7 (R01 upper, R02 mid, R03 down)
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B11 (S/4 shift)

Delay measured [ps]
Delay per m
Planned
Block Row x30 X80 X80 burden Hole 2 Hole 3 Hole 4 Hole 5 Hole 6 Hole 7 Mean |[Stdev[us]| Range

[mm] [mm] [mm]  |delay [ps]

[ms/m]

B11 1 17.83 39.12 90.75 73 1
(/4 shift) 2 11.73 28.27 71.78 73 1 Oscilloscope failure
3 10.89 21.49 48.83 73 1

Figure 90: Specimen B11 (R01 upper, R02 mid, R03 down)
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Appendix 5 Sieving data and Swebrec fit summary

Doctoral thesis R. Ivanova: Investigation on Fragmentation by Blasting

Sample - Nr.: CHO1 BO3
Date of blast 00.07.2013
Row Nr.: 1 CHO1B03 Row 1
Confinement Yes
Sieving method | Dry . r2=0,99905805 DF Adj r2=0.99843009 FitStdErr=0.34803284 Fstat=2474.8017
eharge fim] {20 a=2.436999 b=5.0255204 ¢=57.402692 d=36.106337
Delay time [us] |73 _3
Blast Pattem Reference & | T i
Mesh size Mass passing Local inclination - 0 T . L] L] &)
mm % . = - 1 -1
125.0 100.00 0.00 Z
100.0 90.72 0.4 =
80.0 65.93 143 é
63.0 54.42 0.80
50.0 43.76 0.94 = e
40.0 38.20 0.61 - T
315! 33.60 0.54 ) X
25.0 29,29 0.60 o el
20.0 2677 0.40 g K =
14.0 21.18 0.66 5
125 19.73 0.63 5
10.0 16.20 0.88 =
6.3 11.56 0.73
4.0 7.70 0.90 B
20 521 0.5 1
1.0 3.64 0.52 0.2% 5 25
05 247 0.% Mesh size [mm]
<0.25 0.0
Sample - Nr.: CHO1 BO3
Date of blast 00.07.2013 CHO1B03 Row 2
Row Nr.: 2
Confinement Yes - r2=0.9995017 DF Adj r2=0.99928024 FitStdErr=0.55945057 Fstat=6686.1094
L = a=3.4996313 b=12.223716 c=172.95715 d=77.095714
Delay time [us] |73 :f"_, 1 I I |
Blast Pattem Reference 7 o L] L] \
Mesh size Mass passing Local inclination = | I I =
mm % - 8 I 1
125.0 100.00 0.00 = -2
100.0 86.79 0.63 ] — e == =
80.0 83.79 0.16 =
63.0 74.47 0.49 = -
50.0 71.49 018 £
40.0 65.85 0.37 Jreve =
31.5 60.73 0.34 E &
25.0 5513 0.42 1
20.0 48.07 0.61 2
14.0 39.10 0.58 =
125 35.52 0.85 =
10.0 30.15 0.74 =
6.3 21.03 0.78
4.0 13.75 0.94 i
2.0 8.96 0.2 02 s o5
1.0 6.01 W) Mesh size [mm]
0.5 3.99 0.59
<0.25 0.0
Sample - Nr.: CHO1 BO3
Date of blast 00.07.2013 CHO1B03 Row 3
Row Nr.: 3
Confinement Yes = r2=0.9990309 DF Adj 12=0.9987666 FitStdErr=0.9126117 Fstat=6185.2936
=g method__JBry Lt a=3.543473 b=14.473786 ¢=256.39792
Charge [g/m1 20 —_—
Delay time [us] 73 = 13 i 3
Blast Pattem Reference @ | Y & ‘Il 3
Mesh size Mass passing Local inclination o U": x L | I 15
— % = 7 0. i 0.5
125.0 100.00 .00 b= R m— == S — - E
100.0 100.00 0.00 4 - = =
80.0 96.30 0.17 e o
63.0 92.76 0.16 Pt "
50.0 84.95 0.38 £ —
40.0 77.76 0.40 0 =
315 68.47 0.53 kS il
25.0 60.43 0.54 %10 10
200 54,53 0.46 =
14.0 43.60 0.63 ®
125 40.67 0.61 i)
10.0 34.16 0.78 =
6.3 23.88 0.77
4.0 1578 0.91
20 10.50 0.59 L - & Ll
1.0 7.47 0.5 0.25 23 5 230
0.5 4.89 0.5 Mesh size [mm]
<025 0.00
Figure 91: Specimen CH01B03 (Reference)
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Sample - Nr.: CHO1 BOS
Date of blast 10.09.2013
Row Nr.: 1 CHO1B05 Row 1
Confinement Yes o S _ _
Sieving method | Dry _ 12=0.99941471 DF Adj 12=0.99912207 FitStdFir=0.48386085 Fstat=5122.6819
Charge [g/m] |20 E a=3 9757071 =15 437312 c=387.00385 =85 2575
Delay time [us] |73 %‘ L
Blast Pattem Reference " ! [} 1.5
Mesh size Mass passing Local inclination = 0.5 { 1.5
mm % = = -0.5 i 05
125.0 100.00 0.00 2-15 - - —- | — 1.5
100.0 100.00 0.00 ‘E = —= e
80.0 100.00 0.00 = —
63.0 78.36 1.02 s L=
50.0 65.49 0.78 = T
40.0 57.25 0.60 = L
315 49.10 0.64 £ L
25.0 43.04 057 2 1 P 10
20.0 35.82 0.82 g
14.0 27.80 0.71 @ =
125 24.99 0.94 3 —
10.0 20.28 0.93 -
6.3 13.97 0.81 2
4.0 8.98 0.97
2.0 5.83 0.62 — . = .
1.0 3.92 0.57 025 25 2= 250
0.5 2.61 0.59 Mesh size [mm]
<0.25 0.0
Sample - Nr.: CHO1 BOS
Date of blast 10.09.2013
Row Nr.: 2 CHO1B05 Row 2
Confinement Yes
Sieving method  |Dry . r2=0.99948743 DF Adj r2=0.99914572 FitStdErr=0.46893318 Fstat=4549.882
Charge [g/m] (20 n, a=2.9626167 b=6.5578605 ¢=77.002629 d=65.385386
Delay time [us] |73 — ;
Blast Pattem Reference 6‘1 R i .l it
Mesh size Mass passing Local inclination - [ [ [ W
mm % - = I 5
125.0 90.74 0.00 2 |
100.0 90.74 0.00 = —— — —
80.0 90.74 0.00 L = = -
63.0 89.26 0.07 =
50.0 75.17 0.74 = S
40.0 68.41 0.42 = ~
315 59.50 0.58 o =
25.0 52.91 051 =
200 4727 0.50 z10
14.0 37.70 0.63 = =
125 34.60 0.76 & =
10.0 29.09 0.78 =
6.3 19.79 0.83
4.0 12.68 0.98
2.0 7.98 0.67 l'] o = o
1.0 5.30 0.59 = - . -
05 345 062 Mesh size [mm)|
<0.25 0.0
Sample - Nr.: CHO1 BOS
Date of blast 10.09.2013
Row Nr.: 3 CHO1BO0S5 Row 3
gf’e':f::r;eert‘;od ;fys _ 12=0.99960407 DF Adj r2=0.99934012 FitStdBrr=0.53906608 Fstat=5801.0355
Charge [g/m] 20 &, a=2.4531695 b=4.2024366 c=43.922292 d=77.55593
Delay time [us] 73 = 15 1.5
Blast Pattern Reference A 05 05
Mesh size Mass passing Local inclination ‘;’ T - I = v
mm % = = il | []
1250 700.00 0.00 s |
100.0 100.00 0.00 g =
80.0 95.37 0.21 &
63.0 95.37 0.00 _ 51
50.0 90.02 0.25 2 oo
40.0 82.54 0.39 :c-f; ¥l
315 75.34 0.38 =
25.0 71.05 0.25 BRI
20.0 62.48 0.58 -~
14.0 48.76 0.69 & =
125 45.58 0.60 & =" i
10.0 37.93 0.82 - 1
6.3 2513 0.89
4.0 16.28 0.96
2.0 10.50 0.63 - = =
1.0 6.92 0.60 0.25 25 25
0.5 4.37 0.66 Mesh size [mm]
<0.25 0.00

Figure 92: Specimen CH01B05 (Reference)
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Sample - Nr.. CHO1 B02
Date of blast 22.08.2013
Row Nr.- 1 CHO1B02 Row 1
Sonfnement =—[1<s 12=0.99886896 DF Adj 12=0.99845767 FitStdErr—0.76285728 Fstat=3532.5669
Sieving method  |Dry
Charge [a/m1 20 a=4.1552767 b=14.674185 ¢=223.3637 d=64.526209
Delay time [us] [73 =00
Blast Pattern 1st burden deviation 53 =
Mesh size Mass passing Local inclination = 10
mm % - i
1250 100.00 0.00 3 3
100.0 66.56 1.82 E = — ——
80.0 63.09 0.24 o o
63.0 60.95 0.14 =
50.0 57.63 0.24 =
40.0 55.22 0.19 o) 14
315 50.98 0.33 = s
25.0 46.28 0.42 % 10
200 39.78 0.68 L= i
14.0 3055 0.74 2
125 27.39 0.97 =
10.0 2276 0.83 = =
63 14.87 0.92 —
40 8.97 111 —~
20 5.81 0.63 - s
1.0 3.84 0.60 0.25 25 2
0.5 243 0.66 Mesh size [mm]
<0.25 0.0
Sample - Nr.. CHO1 B02
Date of blast 22.08.2013
Row Nr.: 2 CHO1B02 Row 2
Confinement Yes . Lo . B B
Sieving method | Dry _ 12=0.99801487 DF Adj12=0.99751859 FitStdErr=1.2214616 Fstat=3267.85
Charge [a/m] 20 n, a=5 b=45.405893 ¢=1096.8388
Delay time [us] |73 ,; =
Blast Pattern 1st burden deviation o 3
Mesh size Mass passing Local inclination ';’ | L - i |
mm % - = -1 ! H -
125.0 100.00 0.00 b= %
100.0 95.78 0.19 7 —— T —— = -
80.0 88.27 0.37 ~ - I e i
63.0 81.11 0.35 . =
50.0 70.29 0.62 = St
40.0 64.80 0.36 b a
35 58.39 0.4 £
25.0 51.92 0.51 R = 10
200 45.02 0.64 =
14.0 35.03 0.70 @ -
125 31.80 0.85 =2 =
10.0 26.64 0.79 - e
63 17.87 0.86
4.0 11.25 1.02 | |
20 7.46 0.59 0% 23 e 0
1.0 4.70 0.67 .
= — = Mesh size [mm]
<0.25 0.0
Sample - Nr.: CHO1 B02
Date of blast 22.08.2013
Row Nr.. 3 CHO1B02 Row 3
Confinement Yes
Sieving method  Dry _ 12=0.99944263 DF Adj12=0.9991949 FitStdErr=0.66242523 Fstat=5977.0965
Charge [g/m] 20 %, a=3.8160352 b=12.996264 ¢=227.80733 d=01.48278
Delay time [us] 73 L
Blast Pattern 1st burden deviation Il ! ] !
Mesh size Mass passing Local inclination = 0 | 3 e — )
mm % - | -l 1 ]
125.0 700.00 .00 g 2 ! .
100.0 100.00 0.00 2 e =
80.0 100.00 0.00 o =
63.0 85.26 0.67 - =
50.0 80.89 0.23 o
40.0 75.25 0.32 g P
35 65.35 0.59 T P
250 58.62 0.47 g o
200 50.10 0.70 9 .
14.0 38.74 0.72 & — =
125 35.48 0.78 2
10.0 29.73 0.79
63 20.24 0.83 |
20 222 it 025 2.5 24 250
20 .11 0.5 Mesh size [mm|
1.0 526 0.62
05 3.34 0.65
<0.25 0.00

Figure 93: Specimen CH01B02 (1St burden deviation)
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Sample < Nr.: CHO1 BO4
gzt\: :‘: l.)last 1134.09.2013 CHO1B04 Row 1
Confinement Yes 2=0.99901185 DF Adj r2=0.99861659 FitStdFrr=0.76455324 Fstat=3706.9584
Sieving method  |Dry Py . _ _ .
Charae [a/m] 20 — a=3.7066756 b=10.462289 ¢=175.14215 d=72.849093
Delay time [ps] |73 = 1 4
Blast Pattem 1st burden deviation £ y.. = } 2
Mesh size Mass passing Local inclination 2o i [} L] )
mm % - 2 L . H
125.0 100.00 0.00 5
100.0 100.00 0.00 & = === = —
80.0 74.00 1.35 = ="
63.0 67.91 0.36 =
50.0 65.04 0.19 & =
400 61.23 027 = -
315 56.64 033 = i
25.0 48.97 0.63 Z 10
20,0 4227 0.66 a =
14.0 30.53 0.91 %
125 28.73 0.54 =
10.0 23.84 0.84 -
6.3 15.74 0.90 =
4.0 9.71 1.06
20 6.45 0.59 =
1.0 4.1 0.65 . %
0.5 2.42 0.76 Mesh size imm]
<0.25 0.0
Sample - Nr.: CHO1 BO4
Date of blast 04.09.2013 CHO1B04 Row 2
cR)g;\/ﬁ?;.r.ﬂem \2(55 = 12=0.99911309 DF Adjr?=0.99887121 FitStdErr=0.86158441 Fstat=6759.0778
Sieving method | Dry 3 a=4.8101157 b=31.948656 ¢=609.80917
Charge [a/m] 20 e 4
Delay time [us] |73 51 1 i 1
Blast Pattem 1st burden deviation ~— ik i - — . 1 0
Mesh size Mass passing Local inclination -:-: -1 } - } -1
mm % - = -2 = = -2
b=l ——- - —+ = -
1250 100.00 0.00 Z £ : z e
100.0 100.00 000 oz P =
80.0 91.25 0.41 =
63.0 89.45 0.08 z =
50.0 80.84 0.44 o0 ~
40.0 76.98 0.22 g ——
315 67.19 0.57 z 10 =" =10
25.0 61.19 0.40 o
20.0 52.06 0.72 ;
14.0 40.15 0.73 s
125 35.91 0.99
10.0 30.59 0.72
6.3 20.92 0.82 | |
4.0 12.73 1.09 .25 25 25 250
2.0 8.35 0.61 Mesh size |[mm]
1.0 5.49 0.60
0.5 3.43 0.68
<0.25 0.0
Sample - Nr.: CHO1 BO4
Date of blast 04.09.2013 CHO1B04 Row 3
Row Nr.: 3 _ r2=0.99916098 DF Adj r2=0.99893216 FitStdErr=0.94988603 Fstat=7145.2294
gﬂ::rr“;’t‘;od ;fys % a=4.1230677 b=16.978671 ¢=242.5514
Charge [giml 20 2 5
Delay time [us] 73 2 " = T .
Blast Pattem 1st burden dewation -:-‘ 0.2 . + i+ - 4.3
Mesh size Mass passing Local inclination = -] T } - -1
mm % - '?_; i — = d e i
125.0 100.00 0.00 3 .
100.0 100.00 0.00 - =
80.0 97.08 0.13 1
63.0 97.08 0.00 = el
50.0 94.24 013 2 =
40.0 86.11 0.40 b 58 ]
315 77.68 043 a 12
25.0 69.82 0.46 !
200 62.42 0.50 Z
14.0 50.40 0.60 = =
125 45.93 0.82
10.0 39.17 0.71
6.3 25.42 0.94 | 1
4.0 16.49 0.95 0.25 25 25 250
20 10.31 0.68 Mesh size [mm)
1.0 6.43 0.68
0.5 3.98 0.69
<0.25 0.00

Figure 94: Specimen CH01B04 (1st burden deviation)
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ple- Nr.: CHO3 BO1
Date of blast 02.10.2013
szf,f‘r_ 2 ; CHO3B01 Row 1
Sonfinement es 17=0.99707285 DF Adj r’=0.99600844 FitStdErr=1.0530691 Fstat=1362.5188
Sieving method Dry e}
Charae [a/m1 20 —_— a=6.98575 b=500 ¢c=10896.223 d=69.701875
Delay time [us] 73 = 3 ] 3
Blast Pattern 2nd burden dewation “ai T } 1
Mesh size Mass passing Local inclination & ] e ! il -1
mm % - " =
125.0 87.60 0.00 = o
100.0 61.45 1.59 i = ———r——r =
80.0 61.45 0.00 ]
63.0 54.32 0.52 = =
50.0 47.77 0.56 e R
400 45.13 0.26 ol =
315 42,62 0.24 § e
250 38.29 0.46 2 18 10
20.0 33.49 0.60 =
14.0 27.42 0.56 ‘;’
125 25.92 0.50 -_; =
10.0 21.55 0.83 kL
6.3 14.79 0.81
4.0 9.50 0.97 1 1
2.0 6.30 0.59 (a5 25 a5 250
;'g ;';g g'g? Mesh size [mm]
<0.25 0.0
ple- Nr.: CHO3 BO1
gzt::‘: l.)last 22.10.2013 CH03B01 ROW 2
Confinement = A=0,99794442 DF Adj rP=0.99719693 FitStdEr=1.1422889 Fstat=194]1,919
Sieving method Dry oy By S : = X
Charae [a/m1 20 = a=6.461 261 9 b=500 ¢=1 36807 d=09.384588
Delay time [ps] 73 = . -
Blast Pattern 2nd burden devation \C = ]I =
Mesh size Mass passing Local inclination = ] = : | | |
mm % - - Y ] 1 d 5
125.0 100.00 0.00 = T =
100.0 83.52 0.81 t =
80.0 80.13 0.19 o= .
63.0 70.75 0.52 — P
50.0 64.42 0.41 & =
40.0 58.92 0.40 =0 =
315 54.69 0.31 B
250 49.51 0.43 g 1 = 0
20.0 44.76 0.45 &,
14.0 3552 0.65 % —
125 3237 0.82 =
10,0 28.74 053 =
6.3 21.14 0.66
4.0 13.23 1.03 . !
1
05 496 050 Mesh size [mm]
<0.25 0.0
ple- Nr.: CHO3 BO1
Date of blast 02.10.2013
R 3 CHO3B01 Row3
Confinement ¥ies 12=0.99935313 DF Adj r?=0.99909439 FitStdErr=0.75725543 Fstat=>5664.6824
Sieving method Dry =
Charge Ig/m1 20 — a=3.6683205 b=16.206054 ¢=291.7315 d=98. 496898
Delay time [ps] 73 =2 . N -
Blast Pattern 2nd burden devation ’{; = [] =
Mesh size Mass passing Local inclination 0 [ = ] ] 1 {)
mm % . = L] i -
125.0 100.00 0.00 %_ e L:
100.0 100.00 0.00 g = ——— ————————— ===
80.0 94.58 0.25 o~
63.0 87.32 0.33 - =
50.0 8254 024 & o
40.0 75.94 0.37 0 =
315 67.87 0.47 £ -
25.0 60.71 0.48 2 1! 10
200 53.95 053 &
14.0 41.54 0.73 ] -
125 38.58 0.65 K =
100 32.56 0.76 -
6.3 23.49 0.71
4.0 15.20 0.96 i
22 D 2 035 s 25 250
05 479 0.58 Mesh size [mm)]
<0.25 0.00
Figure 95: Specimen CH03B01 (2nd burden deviation)
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Blast Pattern

2nd burden devation

Sample - Nr.: CHO3 BO2
Date of blast 21.10.2013
Row Nr.: 1 CHO3B02 Row 1
gf;’:f::ﬁf;od Efys _ 12=0.99660893 DF Adj 12=0.99537581 FitStdErr=1.3151716 Fstat=1175.5689
Charae [a/m]1 20 al a=3.0882885 b=7.7454114 ¢=326.81743 d=100
Delay time [ps] 73 =
Blast Pattern 2nd burden devation f 2 = 2
Mesh size Mass passing Local inclination ‘:‘ f ] X 0
mm % - = I L] I
125.0 88.14 0.00 a2 2
100.0 88.14 0.00 f — -
80.0 74.42 0.76 o 1=
63.0 64.50 0.60 _ =
50.0 53.99 0.77 2
40.0 46.41 0.68 g Ll
315 40.67 0.55 £ e
25.0 34.51 0.71 % 1 o 10
20.0 29.73 0.67 =3 ¥
14.0 2288 0.73 = =
125 19.75 1.30 2 =
10.0 16.61 0.78 2 oy
6.3 11.35 0.82 "
4.0 7.28 0.98 .
20 499 0.54 1L L . L1
1.0 338 0.56 0:25 25 5 250
0.5 225 0.59 Mesh size |ITIIII|
<0.25 0.0
Sample - Nr.: CHO3 BO2
Date of blast 21.10.2013
Row Nr.: 2 CHO3B02 row2
Confinement Yes
Sieving method Dry n 12=0.99680918 DF Adj 12=0.99565885 FitStdErr=1.3408859 Fstat=1178.8147
Charge [g/m] 20 ] a=6.6304642 b=500 c=9669.0549 d-=88.542174
Delay time [us] 73 _';
Blast Pattern 2nd burden deviation & 1 [ | 4
Mesh size Mass passing Local inclination = 2 I 2
mm % - =l Ll I 0
125.0 100.00 0.00 .2 a
100.0 89.17 0.51 B e e e o o o et == — ===
80.0 80.77 0.44 pod o I P -
63.0 66.96 0.79 o
50.0 64.09 0.19 = T
40.0 61.07 0.22 o sl
315 56.24 0.35 = o
25.0 50.47 0.47 a o 1o
20.0 45.46 0.47 o —
14.0 36.73 0.60 = ;
125 3513 0.39 | i
10.0 31.08 0.55 i
6.3 2267 0.68
4.0 14.88 0.93 | |
20 9.67 0.62 0.25 25 25 250
0 LK) (0] Mesh size, mm
0.5 3.99 0.66
<0.25 0.0
Sample - Nr.: CHO3 BO2
Date of blast 21.10.2013 CHO3B02 Row’
Row Nr.: 3
Confinement Yes 12=0,99961344 DF Adj 12=0.99944163 FitStdErr=0.54100308 Fstat=8619.6557
g:‘rgg [rgfr‘ﬂh]"d ;;y a=3.8847451 b=13.923344 ¢=223 34476 d=86.704761
Delay time [us] 73

w

Mesh size Mass passing Local inclination : -1 i + B -
mm % - ‘j 5 H -
1250 100.00 0.00 2 . ’ e = &
100.0 100.00 0.00 ki = — = =
80.0 91.73 0.39 1~
63.0 81.72 0.48 = =
50.0 78.81 0.16 &, p
40.0 72.42 0.38 an ==
35 65.87 0.40 i
25.0 57.30 0.60 g 10 10
200 51.26 0.50 &
14.0 39.05 0.76 @ =
125 35.86 0.75 S =
10.0 30.60 071 L= =
6.3 20.55 0.86
4.0 12,93 1.02 | |
20 822 0.65 058 9% " 250
1.0 5.26 065 :
05 328 068 Mesh size [mm]
<0.25 0.00

Figure 96: Specimen CH03B02 (2nd burden deviation)
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Sample - Nr.: 801
Date of blast 03.06.2014
Row Nr.: 1 B01 Rowl
Confinement Yes . . . _ _
Sieving method Dry == 12=0.99950277 DF Adj r*=0.99925415 FitStdEmr=0.21167887 Fstat=6030.372
Charge [a/m1 20 bt a=2.7876386 b=8.7119524 ¢=117.77878 d=31.279424
Delay time [us] 73 %“ 15
Blast Pattern Reference @ o0 ] L 1
Mesh size Mass passing Local inclination :_' = L] L] L}
= % = "T‘ -0, -0
125.0 69.98 0.00 5 15
100.0 63.36 0.45 =
80.0 34.83 268 =2
63.0 30.84 0.51
50.0 29.03 0.26 = I
40.0 27.52 0.24 == I el
315 2516 0.37 3 |
25.0 22.02 058 T, —
20.0 19.67 0.51 Z =
14.0 16.19 055 i in
125 15.00 0.67 i
10.0 13.05 0.62 =3 =T
6.3 9.54 0.68 =
4.0 6.62 0.81 =
20 4.49 0.56 1
1.0 3.15 0.51 028 25 28
05 229 0.46 Mesh size [mm]
<0.25
Sample - Nr.: 801
Date of blast 03.06.2014
Row Nr.: 2 BO 1ROW2
Sogfnement s 122099922106 DF Adj r2=0.99877595 FitStdErr=0.55566144 Fstat=3420.799
Sieving method Dry =y
Charae [a/m1 20 — a=3.517542 b=9.378223 ¢=120.80862 d=61.707032
Delay time [us] |73 = 3
Blast Pattern Reference E } []
Mesh size Mass passing Local inclination ; i I i ¥
mm % - = -1 []
125.0 3810 0.00 Z3 !
100.0 88.10 0.00 B =
80.0 88.10 0.00 2 — — e
63.0 67.52 1.1 7
50.0 63.61 0.26 = —-
40.0 58.10 0.41 A LT
315 51.19 0.53 i) g
25.0 48.01 0.28 2 1o _
200 42.19 058 2
14.0 33.37 0.66 w -
12,5 30.49 0.80 8 =
10.0 25.02 0.89 = T
6.3 16.89 0.85 =
4.0 10.76 0.99 1
20 6.53 0.72 (135 Py g
1.0 4.20 0.64 o - 3 -
oE e T Mesh size, mm
<0.25
Sample - Nr.: BO1
Date of blast 03.06.2014
Row Nr.: 3 BO1Row 3
gf’;\f::?ﬂj;od ;fys _ 12=0.99855081 DF Adj r>=0.99790673 FitStdErr=1.0117089 Fstat=2296.8045
Charge [g/m] 20 n a=3 8 B=25 (82101 c=497 766 d=1 (0
Delay time [us] 73 = L
Blast Pattern Reference A 2 [ = 2
Mesh size Mass passing Local inclination ‘; [ i : | 1 ] y
mm % - = 1
125.0 100.00 0.00 o2 ~2
100.0 100.00 0.00 B =
80.0 91.83 0.38 o =
63.0 86.08 0.27 =
50.0 79.57 0.34 5 =
40.0 69.93 0.58 1 <
315 62.43 0.47 | el
25.0 57.20 0.38 Y = 10
20.0 50.50 0.56 ~H
14.0 42,26 0.50 = -
125 38.34 0.86 g
10.0 32.49 074 =
6.3 22.71 0.78
4.0 16.30 0.73
20 10.98 057 11— = -+ L
1.0 7.63 052 025 25 . e =0
0.5 5.20 0.55 Mesh size, mm
<0.25 0.00

Figure 97: Specimen B01 (Reference)
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Sample - Nr.: BO6
Date of blast  |16.07.2014
Row Nr.: 1 B06 Rowl
Confinement Yes X .
Sievng method |Dry _ r2=0.99916673 DF Adj 12=0.99883342 FitStdErr=0.8387571 Fstat=4396.6463
Charge [g/m] (20 it} a=2.9600427 b=7.3415425 ¢=162.59802 d=100
Delay time [us] |73 .':“
Blast Pattern Reference = 1.3 i 1.5
- - — v (] 1 .
Mesh size Mass passing Local inclination ‘: 0.2 0 L5
mm % - = LS H T I 0.5
125.0 100.00 0.00 3 -1.5 o
100.0 100.00 0.00 % —
80.0 97.01 0.14 o —
63.0 89.35 0.34 =G
50.0 81.13 0.42 B e
40.0 73.79 0.42 = L i
35 64.02 0.59 i) T
25.0 54.99 0.66 £ =
20.0 46.58 0.74 g S -
14.0 36.30 0.70 &
12.5 3275 0.91 —
10.0 26.82 0.89 =
6.3 18.31 0.83
4.0 12.25 0.89
2.0 8.56 0.52 L = +
1.0 .24 0.46 Lt Ay E a0
05 467 0.42 Mesh size. mm
<0.25
Sample - Nr.: BO6
Date of blast  |16.07.2014
Row Nr.: 2
Confinement Yes
Sievng method |Dry B0O6 Row2
ghlafget_[g/ml ig _ 12=0.99933362 DF Adjr2=0.99903745 FitStdFrr=0.713173 Fstat=4998.8143
Blea:ty P';TteerL“S] Reference — a=2.7370669 b=8.354804 ¢=150.95975 d=97.758914
Mesh size Mass passing Local inclination = 1 1 1
7 [] ]
mm % - = I ! = ' 0
125.0 100.00 0.00 L | | i
100.0 100.00 0.00 =} 1 1 2
80.0 100.00 0.00 2 = == = — =
63.0 90.80 0.40 & ==
50.0 83.45 0.37 =
40.0 75.10 0.47 e
315 67.90 0.42 R —
25.0 60.29 0.51 o B =
20.0 52.42 0.63 B
14.0 42.06 0.62 4 =
12.5 38.68 0.74 g =
10.0 33.31 0.67
6.3 24.22 0.69
4.0 16.86 0.80 |
20 11.90 0.50 0.25 15 25
1.0 8.79 0.44 Mesh size. mm
05 6.51 0.43
<0.25
Sample - Nr.: BO6
Date of blast  16.07.2014
Row Nr.: 3
Confinement Yes B06 Row3
gf;;g gz:;m %y _ 12099877656 DF Adj 12=0.99816484 FitStdErr=1.0322091 Fistat=2449.1066
Delay time [us] 73 el a=2.5763972 b=8.3512604 ¢=101.53386 d=96.243767
Blast Pattern Reference ﬁ 15
Mesh size Mass passing | Local inclination ! i y
mm % - = ] . )
125.0 100.00 0.00 g 1 e
100.0 100.00 0.00 =2 - =
80.0 100.00 0.00 z - —
63.0 100.00 0.00 = -
50.0 92.75 0.33 =
40.0 84.35 0.43 -2 N
35 78.25 0.31 o A
25.0 70.50 0.45 =R, ==
20.0 64.87 0.37 2 = .
L 230 03 < T
12.5 49.70 0.69 (TR
10.0 4294 0.66 m
I
4.0 2252 0.77 1
20 16.01 0.49 035 25 25 250
1.0 11.74 0.45 Mesh size, mm
05 8.76 0.42
<0.25

Figure 98: Specimen B06 (Reference)
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Sample - Nr.: B0O9
Date of blast ~ [06.09.2014
Row Nr.: 1 B09 Rowl
Confinement Yes
Sieving method |Dry . r2=0.99813474 DF Adj 12=0.99745647 FitStdErr=0.986174 Fstat=2140.4748
ghlafget_[g/mll ] gg ©®, a=2.5637576 b=6.6834521 ¢=254.15531 d=100
elay time [ps: =
Blast Pattem Reference ?j: 2 P 2
Mesh size Mass passing | Local inclination :_' ’ 1 = [] - 1
mm % = =
125.0 88.78 0.00 = | 2
100.0 88.78 0.00 'z = '
80.0 77.86 0.59 ~ m—
63.0 66.03 0.69 =
50.0 57.87 0.57 = =1
40.0 51.72 0.50 o =t
31.5 44.22 0.66 5 R g
25.0 38.30 0.62 24 = 10
20.0 33.34 0.62 & -
14.0 26.78 0.61 % =
125 24,39 0.82 = =
10.0 20.55 0.77 =
63 15.04 068
4.0 10.72 075 |
20 7.88 0.44 i 55 e
1.0 5.87 0.42 = . = =
05 4.41 0.41 Mesh size, mm
<0.25 00
Sample - Nr.: B0O9
Date of blast  [06.09.2014 BO9 Row2
gg\:\vﬁ:;rﬁent ies G 2=0.99911451 DF Adj 12=0.99876032 FitStdErr=0.90805736 Fstat=4137.176
Sieving method [Dry o, =2 3127034 b=A.6328958 c=10 37837 d=96110083
Charge [g/m] |20 =
Delay time [ps] |73 o I i t Z i 1
Blast Pattem  |Reference - ! | i i U
Mesh size Mass passing | Local inclination = 1 I ' ' -1
mm % - B =0 L g
125.0 100.00 0.00 = —
100.0 100.00 0.00 = =
80.0 96.60 0.16 I
63.0 93.00 0.16 = { ™
50.0 85.97 0.34 5 il
40.0 80.63 0.29 £ —
315 73.61 0.38 2T =T 10
25.0 64.60 056 2. =
20.0 56.58 0.59 w
14.0 45.69 0.60 2
125 41.48 0.85 2
10.0 35.26 0.73
63 2518 073
4.0 17.85 076 1 1
20 12.93 0.47 25 2.5 25 250
1.0 9.57 043 Mesh size, mm
05 7.15 0.42
<0.25 0.0
Sample - Nr.: B0O9
Date ofblast  06.09.2014
T = B09 Row 3
Sonfinement__ fYes 12-0.99847071 DF Ad) 12=0.99801192 FitStdErr=1.1238935 Fstat=3590.9374
Sieving method  Dry [ N o .
Charge [g/m] 20 —_— a=2.6876%48 b=10). 464396 c=138 93989
Delay time [us] 73 = T
Blast Pattem Reference {.?1‘ = I
Mesh size Mass passing | Local inclination : I i
mm % - = 1 o
1250 100.00 0.00 3 - : - -
100.0 100.00 0.00 ‘2 = —— : =
80.0 100.00 0.00 o = A
63.0 97.60 0.10 - NI
50.0 89.72 0.36 - i
40.0 83.17 0.34 o
315 75.60 0.40 E -
25.0 69.30 0.38 %10 ol
20.0 63.89 0.36 & =
14.0 52.92 053 = [
125 49.39 0.61 =
10.0 42.94 0.63 -~
63 31.71 0.66
40 22.82 072
20 16.65 0.46 1 -
1.0 1239 043 028 25 25
05 9.13 0.44 Mesh size, mm
<0.25 0.00

Figure 99: Specimen B09 (Reference)
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Sample - Nr.: BO3
Date cfl.zlast 23.06.2014 BO3Rowl
Row Nr.: 1
Confinsment oS 12=0.99927135 DF Adj 12=0.9989475 FitStdErr=0.6378784 Fstat=4571.3283
Sieving method Dry
Charae [a/ml 20 a=4.3457781 b=59.684114 ¢=1333.0129 d=97.877742
Delay time [us] 73 i
Blast Pattern S+B variations = :
Mesh size Mass passing Local inclination | T i
mm % - H H
125.0 100.00 0.00 1
100.0 92.33 0.36 — H
80.0 83.26 0.46 T s
63.0 77.08 0.32 =t
50.0 70.69 0.37
40.0 64.42 0.42 & =S
31.5 57.10 0.51 T ==K
250 51.25 0.47 Zio r 1
200 46.51 0.43 z =
14.0 38.57 0.52 = =
125 35.73 0.67 Fe
10.0 31.32 0.59
6.3 23.07 0.66
4.0 16.22 0.78
2.0 11.35 052 1 1
1.0 7.95 0.51 025 235 25 250
0.5 5.53 0.52 Mesh size. mm
<0.25
Sample - Nr.: BO3
Date of blast 23.06.2014
Row Nr.: 2 BO3Row2
Confinement Yes
Sieving method Dry - 12=0.99961376 DF Adj 12=0.99945926 FitStdErr=0.55601568 Fstat=0489.5382
Charge [a/m] 20 = a=2.4515932 b=7.816127 ¢=107.67084 d=89.563033
Delay time [us] 73 q
Blast Pattern S+B variations 7 1 ] ] [
Mesh size Mass passing Local inclination il 1 i1 L [ - ] : )
mm % . = -l 1 - i * 1
125.0 100.00 0.00 g -2 |
100.0 100.00 0.00 i ="
80.0 89.42 0.50 é =
63.0 85.78 017 g
50.0 82.37 0.18 -
400 76.65 0.32 £ ot
315 69.21 0.43 g B
25.0 62.60 0.43 210 -
20.0 55.66 0.53 = ——
14.0 45.74 0.55 &
125 42.57 0.64
10.0 37.58 0.56
6.3 27.47 0.68
4.0 20.27 0.67
2.0 14.75 0.46 11— - -
1.0 10.90 0.44 D2 o e
05 7.01 0.46 Mesh size, mm
<0.25
Sample - Nr.: BO3
Date of blast 23.06.2014 RO3Row3
Row Nr.: 3
Confinement Yes = r2=0.99935425 DF Adj r2=0.99916052 FitStdEmr=0.72832384 Fstat=8511.7181
ifa\gg [T;r:']"d o = =3 1606755 b=13.013627 c=148.75211
Delay time [us] 73 H T |
Blast Pattern S+B variations %o » . (] E——
Mesh size Mass passing Local inclination - I = ]
mm % - S , I -
125.0 100.00 0.00 20 s =
100.0 100.00 0.00 2 -
80.0 93.09 0.32 E|
63.0 87.61 0.25 =
50.0 80.30 0.38 = -
400 72.50 0.46 o 1
315 65.80 0.41 & 3
25.0 58.37 0.52 - =
20.0 51.31 0.58 ] =
14.0 40.89 0.64 =
125 37.26 0.82
10.0 32.00 0.68
6.3 23.07 0.71
4.0 16.48 0.74 1
20 11.66 0.50 025 25 25
1.0 8.59 0.44 Mesh size, mm
05 6.29 0.45
<0.25

Figure 100: Specimen B03 (S+B variations)
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Sample - Nr.: BO4
Date of blast 04.07.2014 B04Rowl
Row Nr. 1
Confinement Yes 2=0.99969342 DF Adjr2=0.99954013 FitStdErr=0.44759732 Fstat=9782.3989
Sieving method |Dry =
Charae [g/ml 20 — a=2.4400444 b=7.1371948 ¢=89.077073 d=73.727632
Delay time [ps] |73 = 15 L5
Blast Pattem  |S+B variations 05 } - - {5
Mesh size Mass passing | Local inclination 2 hs i = 0.5
mm % - 3 15 I
125.0 100.00 0.00 = L
100.0 100.00 0.00 E e
80.0 95.69 0.20 2 =
63.0 81.43 0.68
50.0 70.49 0.62 . =
40.0 65.85 0.31 ® —
35 60.86 0.33 i3 L
25.0 54.63 0.47 E G
20.0 49.39 0.45 A -
14.0 39.62 0.62 £ E -
125 36.64 0.69
10.0 32,05 0.60
6.3 24.33 0.60
4.0 17.37 0.74 .
2.0 12.42 0.48 |:J = o G
1.0 9.02 0.46 - = . -
0.5 6.50 0.47 Mesh size, mm
<0.25
Sample - Nr.: BO4
Date ofblast  |04.07.2014
Row Nr. 2 B04 Row2
gf:\:::ﬁ?; = Breys _ 12=0,99885683 DF Adj 17=0.99839956 FitStdErr=0.93216484 Fstat=3203.7747
Charge [a/m1 |20 n, a=2.624248 b=11.39999 ¢=151.68726 d=91.035974
Delay time [us] |73 =
Blast Pattem  [S+B \ariations = 1 - ] 1
Mesh size Mass passing | Local inclination o - : -1
mm % - =
125.0 700.00 0.00 -3
100.0 100.00 0.00 E =
80.0 89.56 0.49 o~ =
63.0 86.09 017 _| ¢
50.0 77.75 0.4 S
40.0 75.26 015 £ =
35 69.00 0.36 o LT
25.0 62.96 0.40 £ 10
200 57.23 0.43 %
14.0 47.20 0.54 &
125 44.35 0.55
10.0 39.38 053
6.3 30.00 0.59
4.0 21.80 0.70 i
2.0 16.22 0.43 o5 2% 25
1.0 12.24 0.41 ;
05 911 043 Mesh size, mm
<0.25
Sample - Nr.: BO4
Date ofblast ~ 04.07.2014
e 3 B04Row3
Confinement__Iffes 12=0.99935425 DF Ad) r?=0.99916052 FitStdErr=0.72832384 Fstat=8511.7181
Sieving method  Dry porey
Charge [g/ml 20 = a=3.1606755 b=13.913627 ¢=198.75211
Delay time [ps] 73 = 1 1
Blast Pattem __ S+B \ariations 2R 1 .
Mesh size Mass passing | Local inclination = = I | -
mm % . s -l | L -1
125.0 100.00 0.00 _-§ -2 ! 2
100.0 100.00 0.00 7 —
80.0 100.00 0.00 ~ -
63.0 92.86 0.31 =
50.0 88.23 0.22 —
40.0 82.25 0.31 ®° e
35 74.64 0.41 e et
250 68.34 0.38 £10
200 61.68 0.46 @ =
14.0 50.08 0.58 £
125 46.67 0.62
100 40.19 0.67
6.3 29.35 0.68
4.0 20.77 0.76
2.0 14,50 052 1
1.0 10.26 050 025 25 25
0.5 7.42 0.47 Mesh size, mm
<0.25

Figure 101: Specimen B04 (S+B variations)
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Sample - Nr.: B10
Date of blast 07.10.2014
Row Nr.: 1 B10 Rowl
g:j::?ﬂj;od ;fys _ 12=0.99835303 DF Adj 12=0.99769424 FitStdErr=0.72866438 Fstat=2222.6411
Charge [g/m] 20 o a=4.7047754 b=56.945039 c¢=1666.2699 d=76.148098
Delay time [us] 73 = 55
Blast Pattern S+B variations bl 1 15
Mesh size Mass passing Local inclination :’ [} T H 1.5
mm % - = - I . i i -(x5
125.0 100.00 0.00 iz 1 -1.5
100.0 76.38 1.21 7 -
80.0 61.95 0.94 o o s
63.0 54.77 0.52 = e
50.0 49.14 0.47 .= 2
40.0 44.36 0.46 = .
315 40.03 043 = ==
25.0 34.74 0.61 R A 10
20.0 31.05 0.50 = =
14.0 24.28 0.69 o
12.5 2258 0.64 & i
10.0 19.22 072 — L
6.3 13.17 0.82 =
4.0 8.81 0.89
20 6.08 0.53 1 1
1.0 4.36 0.48 025 2.5 25 250
05 3.24 0.43 Mesh size [mm]
<0.25 0.0
Sample - Nr.: B10
gzt\: ;fr.l:alast 27.10.2014 B10 Row 2
Soninement NS 12=0.99898826 DF Adj r2=0.99858357 FitStdErr=0.78689815 Fstat=3620.4606
Sieving method Dry g
Charge [g/m] 20 — a=2.8313856 b=7.9905848 c=147.58766 d=81.627314
Delay time [us] 73 =
Blast Pattern S+B variations 5: 3 3
Mesh size Mass passing Local inclination : | i 1
mm it 3 | I I -
125.0 87.96 0.00 a5 - . S 4
100.0 79.46 0.46 g -
80.0 79.46 0.00 o S
63.0 74.39 0.28 — BN =
50.0 72.92 0.09 & =15
40.0 63.13 0.65 T o
315 55.95 0.51 £ i
25.0 49.41 0.54 Z 1
20,0 43.80 054 -3 —=
14.0 34.43 0.68 A =
12.5 31.73 0.72 E ——
10.0 26.32 0.84 P
6.3 19.01 0.70
4.0 13.01 0.84
20 9.15 0.51
1.0 6.49 0.50 0.25 25 25
05 475 0.45 Mesh size |mm)
<0.25 0.0
Sample - Nr.: B10
2ate of blast 07.10.2014 B10 Row 3
ow Nr.: 3
Confipement ¥es 12=0.99947899 DF Adj r2=0.99924743 FitStdErr=0.66590971 Fstat=6394.509
Sieving method Dry e
Charge [g/m] 20 -8 a=2.861871 b=7.3074601 ¢=137.48611 d=100
Delay time [us] 73 § y
Blast Pattern S+B variations CQ 1 T i [
Mesh size Mass passing Local inclination R g - -
mm % - = . 2
125.0 100.00 0.00 - - =
100.0 100.00 0.00 7 e — - ==
80.0 100.00 0.00 = =
63.0 94.60 0.23 - o=t
50.0 87.31 0.35 = =
40.0 77.90 0.51 = R
315 69.90 0.45 €
25.0 61.55 0.55 2 S N A == ==
20.0 52.77 0.69 a
14.0 40.73 0.73 @ =
12,5 37.08 0.83 8 =
10.0 31.42 0.74 =
63 21.98 077
4.0 14.97 0.85
20 10.17 0.56 1
1.0 713 0.51 025 23 23
[T} 527 044 Mesh size [mm]
<0.25 0.00

Figure 102: Specimen B10 (S+B variations)
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Sample - Nr.: BO2
Date of blast 11.06.2014
Row Nr.: 1 B02ROW1
Snginamer Yes 12=0.997759 DF Adj r?=0.9968626 FitStdErr=0.91533788 Fstat=1632.5099
Sieving method Dry il
Charge [a/m] 20 = a=4.0018751 b=29.09894 ¢=1266.7932 d=100
Delay time [us] 73 = 3 i 3
Blast Pattern S/4 shift :2)1 1 ¥ I = ]
Mesh size Mass passing Local inclination e T =0 v 1
mm % - ]
125.0 100.00 0.00 5 -3 -3
100.0 88.51 0.55 n =
80.0 71.48 0.96 = -
63.0 60.89 0.67 Y
50.0 5137 074 2 e
40.0 46.93 0.40 S el
315 40.58 0.61 g I
25.0 35.16 0.62 21 - [0
20.0 3031 0.67 2
14.0 24.69 0.57 ” =
125 23.01 0.62 & 3
10.0 20.28 0.57 -~ ==
6.3 14.68 0.70 =
4.0 9.90 0.87
2.0 6.48 0.61 1 1
1.0 4.32 0.58 0,25 a5 25 2500
0.5 EXD 0.5 Mesh size. mm
<0.25
Sample - Nr.: B0O2
Date of blast 11.06.2014
Row Nr.: 2 BOZ ROW 2
Coninement Yes 12=0.99557544 DF Adj r2=0.99380561 FitStdEmr=1.2967002 Fstat=825.04013
Sieving method Dry .-T
Charge [a/m1 20 — a=3.1621111 b=9.0987861 ¢=407.33038 d=100
Delay time [us] 73 = =
Blast Pattern S/4 shift .E . i § ¥
Mesh size Mass passing Local inclination o L}
mm % = s .
125.0 100.00 0.00 3
100.0 87.50 0.60 ‘w ———— — e s ==
80.0 73.56 0.78 3_
63.0 65.34 0.50 s
50.0 50.63 1.10 2] a2
40.0 42.85 0.75 e o}~
315 38.17 0.48 g =
25.0 33.05 062 @ e
= 1 = {[4]
20.0 28.52 0.66 ] —=
14.0 2230 0.69 oy ;
125 2030 0.83 B =
10.0 17.39 0.69 =] |
6.3 12.20 0.77 —
4.0 7.88 0.96
2.0 5.14 0.62 1 1
1.0 3.53 0.54 0.25 25 250
0.5 248 0.51 Mesh size. mm
<0.25
Sample - Nr.: B02
Date of blast 11.06.2014
Row Nr.: 3 B02 Row3
Confinement Yes 5 s .
Sieving method Dry . 1=0.99944802 DF Adj r*=0.99922723 FitStdErr=0.679123 Fstat=6639.1261
Charge [g/m1 20 B a=3.0108946 b=7.8134067 ¢=173.81573 d=100
Delay time [us] 73 :.5
Blast Pattern S/4 shift & 2 o i 2
Mesh size Mass passing Local inclination ‘: ( _ [ a [ n
mm % - = 1 I 1
125.0 100.00 0.00 3 -2 «
100.0 100.00 0.00 ‘7 —— ———— T e
80.0 96.43 0.16 2 e
63.0 88.59 0.35 =T
50.0 81.79 0.35 T
400 71.60 0.60 = Bl
315 63.90 0.48 iy
25.0 54.16 0.72 810
20.0 4717 0.62 2
14.0 36.18 0.74 &= —
125 32.56 0.93 ==
10.0 26.93 0.85
6.3 18.91 0.76
4.0 12.80 0.86 1
2.0 8.62 0.57 s T a5
;;g i:gg g:gg Mesh size. mm
<0.25

Figure 103: Specimen B02 (S/4 shift)
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Sample - Nr.: BO7
Date of blast 18.07.2014
Row Nr.: 1 B07 Rowl
gl"e”\f::rr’r‘fe’t‘;o = Ef; 2=099843269 DF Adj 12=0.99780577 FitStdErr=0.57332775 Fstat=2335.8045
Charge [g/m] 20 = a=5.9323259 b=250.44183 c=10615.689 d=74.275875
Delay time [us] 73 e Z 15
Blast pattern S/4 shift 7 { - 12
Mesh size Mass passing Local inclination = 0.5 i T W
— % = =05 H- H 0.5
125.0 100.00 0.00 S-1.5 ! 13
100.0 77.54 1.14 7
80.0 50.23 195 i -
63.0 45.79 039 ==
50.0 39.65 062
40.0 36.10 0.42 = -
315 30.92 065
250 26.52 0.66 2 - 1
200 2417 0.42 3 -
14.0 19.80 0.56 =
125 17.85 0.91 - e
10.0 15.35 068 =
6.3 10.62 0.80 =
40 7.08 0.89 &
20 4.81 0.56 1L - 3 Ll
1.0 339 051 033 25 25 50
05 251 0.43 hesh size. mm
<0.25
Sample - Nr.: BO7
Date of blast 18.07.2014
Row Nr.: 2 B07 Row2
g_"”ﬁ”eme’t‘; 3 EES 12=0.99482341 DF Adjr2=0.99352926 FitStdEr=1.6660143 Fstat=1249.1524
ieving methor ry secd
Charge [gim] 2 5 a=3.3854886 b=12.976504 ¢=455.51453
Delay time [ps] 73 =
Blast pattern S/4 shift o “
Mesh size Mass passing Local inclination @ T "
mm % - "é ) i Ll | T AU
125.0 100.00 0.00 b= [ E——— ——e — s
100.0 9226 0.36 ) - = -
80.0 79.04 069 22 =
63.0 68.95 057 S
50.0 59.74 062 LN
40.0 50.28 077 . —t
315 45.01 0.46 o L
250 40.73 0.43 E - 10
20,0 36.47 050 % -
14.0 27.97 0.74 =
125 2558 079 - -
100 21.45 079 —
63 14.78 0.81
40 9.84 0.90 ; ;
20 6.57 058 0% 1% 35 20
1.0 462 051 A
e ¥ o Mesh size, mm
<0.25
Sample - Nr.: BO7
gz:; ;:t_alast 23.07.2014 B07 Row3
Confinement Yes 12=0.99946588 DF Adj 12=0.99922849 FitStdEmr=0.78300049 Fstat=6237.4438
Sieving method D 2
Cf‘,:‘rgg [";,em]" = & a=2.8256488 b=8.2549231 ¢=150.33025 d=100
Delay time [us] 73 = 2 2
Blast pattern /4 shift LI = T I
Mesh size Mass passing Local inclination A L] | L] 0
i % : 5 | H 1
125.0 100.00 0.00 o : , -~
100.0 100.00 0.00 i -
80.0 100.00 0.00 ol -
63.0 93.12 030 =
50.0 86.23 033 . e
40.0 77.72 0.47 5 e
315 69.45 0.47 o5 - )
25.0 61.68 051 El 10
20.0 54.55 055 Z
14.0 4217 0.72 e
125 38.23 0.86
10.0 3261 071
63 24.56 061
40 16.76 0.84 | |
20 11.48 055 0,25 2.5 250
;'g g'g? g'i; Mesh size, mm
<025
Figure 104: Specimen B07 (S/4 shift)
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Sample - Nr.: B11
Date of blast 13.10.2014
Row Nr.: 1 B11 Row 1
Eanfnement RS 12-0.99921817 DF Adj 12=0.99900494 FitStdErr=0.54706223 Fstat=7668.2978
Sieving method Dry =
Charge [g/m] 20 £ 2=3.2054465 b=13.12249 ¢=507.34032
Delay time [us] |73 jom TS -
Blast pattern S/4 shitt B = ; . ; '
Mesh size Mass passing | Local inclination i ] = T 1 0
mm % - = A z [] a
125.0 100.00 0.00 s - — - LI -
100.0 84.31 0.76 g — = — —
80.0 74.99 0.52 g
63.0 64.65 0.62 = L
50.0 59.72 0.34 bt e
40,0 50.64 0.74 o -
31.5 44.44 0.55 Z 10 % 16
25.0 36.74 0.82 A = - = =
20.0 32.26 0.58 @ ——
14.0 26.01 0.60 | ==
125 24.26 0.62 -
10.0 20.86 0.68
6.3 15.48 0.65 %
4.0 10.88 0.78 028 25 25 250
f:g ;(7;: g:jg Mesh siwze [mm]
0.5 4.22 0.4
<0.25 0.0
Sample - Nr.: B11
Date of blast 13.10.2014
Row Nr.: 2 Bl1l Row 2
Confinement Yes 12=0.99761162 DF Adj 12=0.99696024 FitStdFErr=1.1322805 Fstat=2506.16
Sieving method Dry oy _ _ _
Charge [g/m] 20 = a=4.207399 b=36.06091 ¢=1003.4861
Delay time [us] |73 = 4 1 4
Blast pattern S/4 shit “ o2 1 H 2
Mesh size Mass passing | Local inclination =y E L] = 3 1 ()
mm % = = t P
125.0 100.00 0.00 = S—— - S S P — -
100.0 93.32 0.31 % =
80.0 85.65 0.38 ~ =
63.0 73.96 0.61 - =TT
50.0 64.72 0.58 s -~
40.0 60.40 0.31 0 T
315 52.96 0.55 E i
25.0 47.01 0.52 % 10 e 10
20.0 413 0.60 & =
14.0 33.21 0.60 % ]
125 31.50 0.47 & =
10.0 26.64 0.75 =T
6.3 18.42 0.80
4.0 1258 0.84 i
T 56 050 , 25 2%
05 433 0.48 Mesh size [mm)
<0.25 0.0
Sample - Nr.: B11
Date of blast 13.10.2014
Row Nr.: 3 B11 Row3
confinement ___1Yes 172099940739 DF Adj 12=0.99924577 FitStdErr=0.67500333 Fstat=10118.734
Sieving method Dry =
Charge [g/m] 20 = 2=2.9693653 b=7.8763044 ¢=172.26319
Delay time [us] 73 = 4 4
Blast pattern S/4 shitt ¥z H 1
Mesh size Mass passing Local inclination T [} ()] y
mm % - o ! I !
1250 100.00 0.00 -§ -2 I
100.0 100.00 0.00 2 - =
80.0 95.47 0.21 -4 -
63.0 91.47 0.18 = -
50.0 80.98 053 = T
40.0 72.63 0.49 L= -
315 62.60 0.62 = ]
25.0 55.91 0.49 ; 10 7
20.0 4750 0.73 = =
14.0 36.59 073 [ —
125 32.60 1.02 3 =
10.0 28.06 0.67 L
6.3 19.95 0.74
4.0 13.47 0.86 ;
oo | O
05 446 0.51 Mesh size [mm]
<0.25 0.00

Figure 105: Specimen B11 (S/4 shift)
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Sample - Nr.: CHO1203
Date of blast 27.06.2013
Confinement No CHO01703
Sieving method Dry . .
12=0.9984848 DF Adj 12=0.9979166 FitStdErr=1.2200812 Fstat=2965.4022
Charge [g/m] 20 —
Mesh size Mass passing | Local inclination e a=2.5242538 b=3.5039584 ¢=51.837973
nm % E | T 15
125.0 = 05 i ' 05
100.0 —; 05 : ! ! =
80.0 £ <15 t 15
63.0 @
50.0 o :
40.0 96.28 0.17 — —-"
31.5 92.93 0.15 i e
25.0 §1.28 0.58 v
20,0 65.02 1.00 B i o
Z
14.0 45.20 1.02 g
125 41.76 0.70 o =
10.0 35.02 0.79 _f =
63 23.20 0.89 = =
4.0 13.81 1.14
2.0 8.21 0.75 |
1.0 4.97 0.72 025 25 25
05 298 0.74 Mesh size [mm]
<0.25
Sample - Nr.: CHO02Z03
Date of blast 27.06.2013
Confinement No CH02Z03
Sieving method Dry 2 -2 .
Charge [g/m] 20 1=0.99927697 DF Adj r==0.99903596 FitStdErr=0.87729562 Fstat=6910.3574
W
Mesh size Mass passing | Local inclination = a=2.4549447 b=3.4911841 ¢=53.927822
mm % - = 2 2
125.0 g 1 i - )
w ] ] -
100.0 = 3 - i
80.0 2 2
= —— [ — =
63.0 z =
50.0 =
40.0 97.82 0.10 - =
315 89.71 0.36 s s
25.0 77.25 0.65 z =
20.0 61.70 1.01 - 2
14.0 44.49 092 ER &
&
125 40.92 0.74 & -
10.0 33.80 084 B =
6.3 22.07 0.93 LI
4.0 13.50 1.08
2.0 8.66 0.64 1
1.0 534 0.70 0,25 25 25
05 3.20 0.74 Mesh size [mm]
<0.25
Sample - Nr.: CHO03Z03
Date of blast 27.06.2013
CHO03703
Confinement No
Sieving method Dry r2=0.99874498 DF Adj 12=0.99827434 FitStdErr=1.1729083 Fstat=3581.0948
Charge [g/m] 20 b a=2 3500563 b=3.0775756 ¢=42.339407
Mesh size Mass passing [ Local inclination ,‘5 -
mm % & 15 n
125.0 = H .
100.0 = - = f
8.0 |-15 3
63.0 5
50.0 M= .
40.0 99.11 0.04 )
31.5 96.35 0.12 — L
=4 =
2.0 88.01 0.39 g e
20.0 69.95 1.03 % 10 NS
14.0 49.10 0.99 =4 -
125 45.24 0.72 o =
10.0 37.26 0.87 = T
6.3 24.05 0.95
4.0 14.57 1.10
2.0 8.71 0.74 1
5 Py e
10 534 0.70 025 23 . 25
05 313 0.77 Mesh size [mm]
<0.25

Figure 106: Cylinders, blast session 2013
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Sample - Nr.: CHO01Z01
Date of blast 21.08.2014
Confnement  No CHO1Z01

Sievi thod Di
2ug Metod By 12=0.9999155 DF Adj 12=0.99987929 FitStdErr=0.28500865 Fstat=47335.482

Charge [g/m] 20 =
Mesh size Mass passing | Local inclination 3"‘: a=2.5150869 b=3.332058 c=44.08604
mm % = 1 i
125.0 L0 x : x )
100.0 q 4 t ¥
80.0 £ -2 S I
63.0 5 —
50.0 = =
40.0 o 3
315 95.77 0.18 = g
250 86.76 043 _g*
20.0 74.57 0.68 IR L
14.0 53.02 0.96 g- = — ————— e ————
125 47.05 1.05 ﬁ T
10.0 37.15 1.06 = ———s
6.3 23.24 1.02
4.0 14.38 1.06
2.0 8.52 0.76 {13_.:5 35 =
1.0 5.45 0.65 Mesh size frrum]
0.5 3.72 0.55
<0.25

Sample - Nr.: CHO01702
Date of blast 21.08.2014

Confinement  No CHO01702

Sieving method Dry — 12=0.99983472 DF Adj r2=0.99977274 FitStdErr=0.4315694 Fstat=27221.709

e 2 - — 2, a=2.5636444 b=3,2945854 c=44.001949

Mesh size  Mass passing | Local inclination = . |

Wi % - 7 1 i
125.0 = 0 L T 3
100.0 = -1 + -1
80.0 = 2 2
63.0 W — - —— e - —
50.0 & =
40.0 99.21 0.04 - -
315 95.24 0417 &, -
25.0 87.20 0.38 & —
20.0 74.98 0.68 716 -
14.0 52.69 0.99 i e ——
125 46.60 1.08 % =
10.0 35.86 117 & =
6.3 22.36 1.02 - —
4.0 13.72 1.08
2.0 8.23 0.74 1
1.0 5.18 0.67 25 25 25
0.5 3.40 0.61 Mesh size [mm]
<0.25

Sample - Nr.: CH02701

Date of blast ~ 21.08.2014 CHO02Z701

Confinement  No
Sieving method Dry — PI=099933225 OF Adj r'=0.99906809 FitStd Brr=0 80578235 Fstat=6635 0873
Charge [g/ml 20 ot a=2.255244 b=3,4427946 c=47.821 7
Mesh size  Mass passing | Local inclination g .
mim % & LS [}
125.0 o 03 +
100.0 o 05
80.0 e e s s e B i e e o
630 4 ——— S=as
50.0 T
400 97.93 0.09 F |
315 90.91 0.31 = | |
25.0 81.40 048 - Y M IIII- ||"u|”
20.0 60.13 0.73 i It —— === — L o ':i::-:'l 10
14.0 51.59 0.82 =
125 45.43 112 ﬁ —1
10.0 36.65 0.96 3
6.3 23.97 0.92
4.0 15.93 0.90
2.0 10.57 059 {]]_:5 5 5
;:2 ;:Zg g::? Mesh size [mm]
<0.25
Sample - Nr..  CH02Z02
Date ofblast  21.08.2014 CHO27Z02
Confinement  No
Sieving method Dry - 12=0.99979998 DF Adj r2=0.99972498 FitStdErr=0.44965448 Fstat=22493.765
Charge [¢/m] 20 = a=2.0626619 b=3.0392207 c=40.890825
Mesh size  Mass passing | Local inclination 5
mm % # 1 1
125.0 w ¥ ¥ T L
100.0 g -l
80.0 g 2T—— ———
63.0 4 = ——— T
50.0 2 =
40.0 98.92 0.05 =
315 95.06 047 = el
25.0 84.20 052 e ——
200 71.66 072 E I B
14.0 51.45 0.93 & —————— = ————— ——
12,5 46.69 0.86 ] —T
10.0 38.60 0.84 é
6.3 25.44 0.91
4.0 17.44 0.83
2.0 10.85 0.68 1
1.0 7.680 047 0.25 25 25
0.5 5.87 0.42 Mesh size [mm]
<0.25

Figure 107: Cylinders, blast session 2014
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Swebrec fits summary:

Swebrec fits summary
Cylinders
Sample g:l::?i::l ta> xm::lxso x:ax : r Obs.
CHO1 Z03 2.52 3.50 51.84 100.00 | 0.9985 | *50
CHO02 z03 2.45 3.49 53.93 100.00 | 0.9993 | *63
CHO03 Z03 2.35 3.08 42 .34 100.00 | 0.9987 | *50
CHO01 Z01 2.51 3.33 44.08 100.00 | 0.9999 | *50
CHO1 Z02 2.56 3.29 44.00 100.00 | 0.9998 | **50
CHO02 z01 2.25 3.44 47 .82 100.00 | 0.9993 | *50
CHO02 z02 2.06 3.03 40.89 100.00 | 0.9997 | *50
Blocks
Sample Ig:l::?icf)lrtl ta> xm::lxso x:ax : r’ Obs.
1 4.16 14.67 223.36 64.53 | 0.9989 | *125
CHO01 B02 2 500 | 4540 | 1096.83 | 100.00 | 0.9980 | *125
3 3.81 13.00 227.81 91.48 | 0.9994 *80
1 2.43 5.02 57.40 36.10 | 0.9990 | *40
CHO01 B03 2 3.50 12.22 172.96 77.10 | 0.9995 | *80
3 3.54 14.47 256.40 | 100.00 | 0.9990 | *100
1 3.71 10.46 175.14 72.85 | 0.9990 | *100
CHO01 B04 2 4.81 31.95 609.81 100.00 | 0.9991 | *100
3 412 16.98 24255 | 100.00 | 0.9992 | *100
1 3.98 15.44 387.00 85.25 | 0.9994 | *63
CHO01 B05 2 2.96 6.56 77.00 65.39 | 0.9995 | *40
3 2.46 4.20 43.92 77.75 | 0.9996 | *40
1 6.98 | 500.00 | 10896.22 | 69.70 | 0.9970 | *125
CHO03 BO1 2 6.46 | 500.00 | 13046.81 | 99.38 | 0.9979 | *100
3 3.67 16.20 291.73 98.50 | 0.9994 | *100
1 3.08 7.74 326.81 100.00 | 0.9966 | *125
CHO03 B02 2 6.63 | 500.00 | 9669.05 | 88.54 | 0.9968 | *80
3 3.88 13.92 223.34 86.70 | 0.9996 | *80
1 2.79 8.71 117.78 31.28 | 0.9995 | *63
BO1 2 3.52 9.38 120.81 61.71 | 0.9992 *50
3 3.86 | 25.08 497.77 | 100.00 | 0.9986 | *63
1 400 | 29.10 | 1266.79 | 100.00 | 0.9978 | *100
B02 2 3.16 9.10 407.33 | 100.00 | 0.9956 | *125
3 3.01 7.81 173.82 | 100.00 | 0.9994 | *100
1 4.35 59.68 | 1333.01 | 97.88 | 0.9993 | *80
B0O3 2 2.45 7.82 107.67 89.56 | 0.9996 | *100
3 3.16 13.91 198.75 | 100.00 | 0.9994 | *80
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1 2.44 7.14 89.08 73.73 | 0.9997 | 63
B04 2 2.62 11.40 151.69 91.04 | 0.9989 | *100
3 3.16 13.91 198.75 | 100.00 | 0.9993 | *80
1 2.96 7.34 162.60 | 100.00 | 0.9992 | *100
B06 2 2.73 8.35 150.96 97.76 | 0.9993 | *80
3 2.58 8.35 101.53 96.24 | 0.9988 | *63
1 5.93 | 250.44 | 10615.69 | 74.28 | 0.9984 | *100
BO7 2 3.39 12.98 455.51 100.00 | 0.9948 | *125
3 2.83 8.25 150.33 | 100.00 | 0.9995 | *80
1 2.57 6.68 254.16 | 100.00 | 0.9981 | *125
B09 2 2.51 6.63 104.38 96.11 | 0.9991 | *100
3 2.69 10.46 138.94 | 100.00 | 0.9985 | *80
1 470 | 56.95 | 1666.27 | 76.15 | 0.9984 | *100
B10 2 2.83 7.99 147.59 81.63 | 0.9990 | *100
3 2.86 7.31 137.49 | 100.00 | 0.9995 | *80
1 3.21 13.12 507.34 | 100.00 | 0.9992 | *100
B11 2 423 | 36.95 | 1.026.82 | 100.00 | 0.9976 | *100
3 2.97 7.88 172.26 | 100.00 | 0.9994 | *100

Where:

d (A) represents the fitting parameter which enables scaling. In this case it is given as 1

when there is 100 % scaling parameter or not given in the figures of Appendix 5, otherwise

the scaling factor is less than 1 or 100 %.

r.2

line/curve.

The column Obs.(observations) contains information about how the data set, which may
include data up to 125 mm mesh size, fitted into the Swebrec function (the size of the

largest sieve value used in the fit curve, e.g. *63 means all mesh sizes up to and including

63 mm
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Equivalent calculated n-values in sessions 2013 and 2014:

Table 58: Equivalent n-values values, blast sessions 2013 and 2014

Blocks session 2013

Equivalent n value (1.506/In(xgo/X30))

Average n
Row 1 row 2 row 3 row 2+3 row

CHO01BO03 (Reference) 1.20* 0.76 0.91 0.83
CHO01BO05 (Reference) 1.07* 0.82 1.03 0.92
Average row 0.72* 0.79 0.97 0.88
Stdev row 0.91* 0.05 0.08 0.12
CHO01BO02 (1st burden deviation) 0.72* 0.90 0.95 0.93
CHO01B04 (1st burden deviation) 0.91* 0.95 0.71 0.83
Average row 0.93 0.83 0.88
Stdev row 0.03 0.17 0.11
CHO3BO01 (2nd burden deviation) 0.77* 0.76 0.71 0.73
CHO03B02 (2nd burden deviation) 0.96 1.00 0.87 0.94
Average row 0.88 0.79 0.84
Stdev row 0.17 0.11 0.13

Blocks 2014 Equivalent n value (1.506/In(xgo/X30)) Average n

Row 1 row 2 row 3 row 2+3 row
BO1 (Reference) 0.89* 0.87*

BO6 (Reference) 1.04 0.93 0.86 0.89
BO9 (Reference) 0.94 0.95 0.82 0.89
Average row 0.99 0.94 0.84 089
Stdev row 0.07 0.02 0.02 0.06
BO3 (S+B variations) 0.75 0.82 0.89 0.85
B04 (S+B variations) 0.79* 0.70 0.86 0.78
B10 (S+B variations) 0.89* 0.70 1.01 0.85
Average row 0.75 0.74 0.92 0.83
Stdev row 0.07 0.08 0.12
BO2 (S/4 shift) 0.99* 1.06 1.05 1.05
BO7 (S/4 shift) 1.23* 0.91 0.95 0.93
B11 (S/4 shift) 0.93 0.83 1.00 0.92
Average row 0.93 0.93 1.00 0.97
Stdev row 0.11 0.06 0.09

* These values are judged as invalid and excluded in the further analysis.
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Equivalent calculated xc-values in sessions 2013 and 2014:

Table 59: Equivalent x.-values values, blast sessions 2013 and 2014

Blocks 2013 Equivalent x. values Average x.
Row 1 row 2 row 3 row 2+3 row

CHO01BO03 (Reference) 75.97* 35.59 27.24 31.42
CHO1BO05 (Reference) 47.23* 35.03 20.42 27.72
Average row 61.60* 35.31 23.83 29.57

Stdev row 20.32* 0.40 4.82 7.19

CHO01BO02 (1st burden deviation) 80.61* 37.88 29.42 33.65
CHO1B04 (1st burden deviation) 4517* 27.18 20.53 23.85
Average row 62.89* 32.53 24.97 28.75

Stdev row 25.06* 7.57 6.29 7.16

CHO3BO01 (2nd burden deviation) 101.67* 47.78 27.26 37.52
CHO3BO02 (2nd burden deviation) 61.39* 47.06 29.47 38.27
Average row 81.53* 47.42 28.37 37.89

Stdev row 28.48* 0.51 1.57 11.04

Blocks 2014 Equivalent x. values Average x.
Row 1 row 2 row 3 row 2+3 row

BO1 (Reference) 99.89* 49 26* 32.37* 40.82*

BO6 (Reference) 30.91* 27.49 19.10 23.29

B0O9 (Reference) 58.50* 24.13 19.62 21.88
Average row 63.10* 33.62 19.36 22.58

Stdev row 19.51* 2.38 0.37 3.97

BO3 (S+B variations) 38.58* 25.59 29.22 27.41

B04 (S+B variations) 35.49* 25.25 21.14 23.20

B10 (S+B variations) 81.73* 40.08 26.29 33.18
Average row 51.93* 30.31 25.55 27.93

Stdev row 25.85* 8.46 4.09 6.49

B02 S/4 shift 66.71* 61.11 31.03 46.07

B0O7 S/4 shift 89.50* 54.89 26.27 40.58

B11 S/4 shift 59.17* 46.49 32.00 39.25
Average row 71.79* 54.16 29.77 41.96

Stdev row 15.79* 7.34 3.07 14.27

* These values are judged as invalid and excluded in the further analysis.
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Calculated coefficient of uniformity x3¢/xso-values in sessions 2013 and 2014:

Table 60: Equivalent x.-values values, blast sessions 2013 and 2014

Block Coefficient of uniformity (xgo/Xso)
Row 1 row 2 row 3 row

CHO01BO03 (Reference) 3.50 7.35 5.23
CHO01BO05 (Reference) 4.11 6.24 4.35
Average row 3.81 6.80 4.79

Stdev row 0.43 0.79 0.63

CHO01BO02 (1st burden deviation) 8.01 5.30 4.89
CHO1BO04 (1st burden deviation) 5.23 4.89 8.29
Average row 6.62 5.10 6.59

Stdev row 1.96 0.29 2.41

CHO3BO01 (2nd burden deviation) 7.11 7.34 8.29
CHO03B02(2nd burden deviation) 4.80 4.49 5.66
Average row 5.96 5.92 6.98

Stdev row 1.64 2.01 1.87
Block Coefficient of uniformity (xgo/Xso)
Row 1 row 2 row 3 row

BO1 (Reference) 5.46 5.61

B0O6 (Reference) 4.27 5.09 5.82

B0O9 (Reference) 4.95 4.86 6.22
Average row 4.61 5.14 5.88

Stdev row 0.48 0.30 0.31

BO3 (S+B variations) 7.55 6.35 5.41

B04 (S+B variations) 6.80 8.49 575

B10 (S+B variations) 5.44 8.68 4.47
Average row 6.60 7.84 5.21

Stdev row 1.07 1.30 0.66

B02 S/4 shift 4.58 412 4.23

BO7 S/4 shift 3.41 5.28 4.85

B11 S/4 shift 5.09 6.12 4.49
Average row 4.36 5.17 4.52

Stdev row 0.86 1.00 0.31
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Appendix 6 Crack families detailed description

Table 61: Color coded families of crack traces in horizontal slices

Colour

Description Abbreviation
Cracks connecting with the borehole with an angle between 90°-80° CB 90°-80°
Cracks connecting with the borehole with an angle between 80°-30° CB 80°-30°
Cracks connecting with the borehole with an angle between 30°-0° CRB 30°-0°
Straight cracks between holes coming from the back side SCB
Connections cracks between neighbouring boreholes Connect
Parallel cracks to the bench surface Parallel
Cracks with direction to the boreholes with an angle between 90°-80° CD 90°-80°
Cracks with direction to the boreholes with an angle between 80°-30° CD 80°-30°
Cracks with direction to the boreholes with an angle between 30°-0° CD 30°%0°
Short radial cracks around the borehole SC

11 Vertical cracks between boreholes, starting at face VCB

Below, a detailed description of each family is given:

1- Cracks from boreholes in sectors between 90° - 80° cracks that start from the

borehole and develop a trajectory limited by sectors between 90° - 80° counted

from both sides of the free face, i.e. sector 80° - 100° counted from one side.

These cracks are divided according to their lengths from the center of the blast

hole: long (> 3 cm) and short (between 1 cm and 3 cm). Cracks shorter than 1

cm belong to family no. 10, see below.

— W -

Figure 108: Cracks from borehole in sectors between 90° - 80°

2- Cracks from borehole in sectors between 80° - 30°% cracks that start from the

borehole and develop a trajectory limited by sectors between 80° - 30° at both

sides
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of the borehole. These cracks are divided according to their lengths from the

center of the blast hole: large (> 3 cm) and short (between 1 cm and 3 cm).

Cracks shorter than 1 cm belong to family no. 10, see below.

[

Figure 109: Cracks from borehole in sectors between 80° - 30°

3- Cracks from borehole in sectors between 30° - 0° cracks that start from the
borehole and develop a trajectory limited by sectors between 30° - 0° at both
sides of the borehole. These cracks are divided according to their lengths from
the center of the blast hole: large (> 3 cm) and short (between 1 cm and 3 cm).

Cracks shorter than 1 cm belong to family no. 10, see below.

Figure 110: Cracks from borehole in sectors between 30° - 0°

4- Straight cracks from back side: cracks which seem to start from the back side of
the slice and that follow a trajectory in a different direction to the borehole.

These cracks are also divided according to their lengths: large (>3 cm) and

short (between 1 and 3 cm).
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Figure 111: Straight cracks from back side

5- Connections between boreholes: sometimes cracks with an angle between 30°
- 0° starting from two neighboring boreholes are connected, creating an arc

shaped connection between boreholes, roughly with the shape of a banana.

Figure 112: Connections between boreholes

6- Parallel to the surface: parallel cracks which are created along the slice. These
cracks are also divided according to their lengths: large (>3 cm) and short

(between 1 and 3 cm).

Figure 113: Parallel cracks to the surface

7- Cracks with direction to the boreholes in sectors between 90° - 80° These
cracks do not start from the borehole but develop a trajectory with a direction
towards the hole and are limited by a sector between 90° - 80° from both sides
of the borehole. These cracks are also divided according to their lengths: large

(>3 cm) and short (between 1 and 3 cm).
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Figure 114 Cracks with direction to the boreholes in sectors between 90° - 80°

8- Cracks with direction to the boreholes in sectors between 80° - 30° These
cracks do not start from the borehole but develop a trajectory with a direction
towards the hole and are limited by a sector between 90° - 80° from both sides
of the borehole. These cracks are also divided according to their lengths: large

(> 3cm) and short (between 1 and 3 cm).

Figure 115: Cracks with direction to the boreholes in sectors between 80° - 30°

9- Cracks with direction to the boreholes in sectors between 30° - 0% These
cracks do not start from the borehole but develop a trajectory with a direction
towards the hole and are limited by a sector between 90° - 80° from both sides
of the borehole. These cracks are also divided according to their lengths: large

(> 3 cm) and short (between 1 and 3 cm).

Figure 116: Cracks with direction to the boreholes in sectors between 30° - 0°
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10-Short cracks from borehole: short cracks which start from the borehole. The

lengths of these cracks are smaller than 1 cm and can appear in all directions.

2

t.',..r

Figure 117: Short cracks from borehole

11-Vertical cracks between two boreholes: These are cracks between two

boreholes, perpendicular to the bench face starting at face.

Figure 118: Vertical cracks between two boreholes
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Appendix 7 Crack families in horizontal sections on slices

Figure 119: Block CH01B03 (Reference)

Slice2

Slice-3Y

Figure 120: Block CH01B05 (Reference)
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Slice 4y

Figure 122: Block CH01B04 (1st burden variation)
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Slice-11

Slice29

Figure 124: Block CH03B02 (2nd burden variation)
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Slice:3y

Figure 125: Block B0O1 (Reference)

Figure 126: Block B06 (Reference)
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Figure 127: Block B09 (Reference)

Fig