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Preface

Proper rock fragmentation is the key first element of the ore winning process. It is a two
step activity in the sense that the holes for distributing the explosives within the rock mass
must first be drilled (Step 1) as specified by the fragmentation plan. This is then followed
by the controlled rubblization (Step 2) of the interlying rock. The resulting product is then
picked up and hauled away (Steps 3 and 4). Hence, when considering the structure of a
book on Unit Operations in Open Pit Mining it might be considered logical to begin with
an integrated treatment of dnlling and blasting under the heading of fragmentation. On the
other hand most mining books are organized by individual unit operation and the presen-
tation is in the order in which they occur in the mine, i.e.

— Drilling,

~ Blasting,

- Loading,

— Hauling.

This is also a very logical sequence from the miners point of view, However, in reviewing
the composition of these four unit operations, one rapidly comes to the conclusion that
they are a mixture of three apples and an orange. The physical operations of drilling, load-
ing and hauling are very heavily machine-oriented (the apples) whereas blasting is engi-
neering/design/experience onented (the orange). Today a number of muning and quarry-
ing operations in recognizing this trueism ‘farm-out’ their blast engineerning/design/im-
plementation to a blasting contractor with the required specialized expertise. The m-house
expertise is focussed on the three remaining unit operations of drilling, loading and haul-
ing which actually service the fourth, blasting. This relationship is shown diagrammati-
cally im Figure 1.

Important in the past and important today, carefully engineered blasting will be an
even more important aspect of successful open pit mining in the future as pits become
deeper and steeper and quality separation to avoid dilution and ore losses during blasting
becomes paramount. Therefore, both mining engineers and mining companies must have
a firm grasp of blasting fundamentals and practice whether or not the actual design and
implementation is done in-house or by contractors.

In response 1o this, the originally planned book entitled Unit operations in open pit
mining has been divided into two books. This book Blasting principles for open pit min-
ing deals with both the engineering and the scientific aspects of blasting with special ap-
plication to open pit mining. In a book under preparation Unit operarions in apen pit

Xl
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Blasting

ading
and
Hauling

Figure I,

mirning the principles of the machine-based service activities of drilling, loading, and
hauling will be presented.

Blasting principles has been divided into two volumes. Volume 1 entitled *General de-
sign concepts” 15 intended to mtroduce the reader 1o the basic engineering concepts and
building blocks which make up a blast design. It consists of ten chapters:

- Chapter 1. An historical perspective
~ Chapter 2. The fragmentation system concept
Chapter 3. Explosives as a source of fragmentation energy
= Chapter 4. Preliminary blast design guidelines
— Chapter 5. Drilling patterns and hole sequencing
— Chapter 6. Sinking cut design
— Chapter 7. Bulk blasting agents
— Chapler 8, Initiation systems
- Chapter 9. Environmental effects
= Chapter 10, Perimeter blasting

Volume 2 entitled “Theoretical foundations™ 15 intended o provide the reader additional

depth and breadth for better understanding some of the fundamental concepts imvolved in
rock blasting. It consists of eleven chaplers:

— Chapter 1. Fundamentals of explosives
— Chapter 12. Blasting in the absence of a free face
— Chapter 13, The eflect of the shock wave
— Chapter 14, Attenuation
Chapter 15. Spherical charges
— Chapter 16, Cylindrical charges
Chapter 17. Decoupling
~ Chapter 18. Heave
— Chapter 19, The basics of cratering
— Chapter 20, Hydrodynamic-based models
— Chapter 21. Some Russian contributions 1o rock blasting



Preface X

In these chapters the author has tried to bridge the gap between theory and practice and 1o
present the underlying concepts in an understandable way. It is hoped that the contamned
material will provide a basis for engineers to improve (a) their blasting operations as well
as (b) their ability to understand the content and potential application of papers appearing
in the technical literature. Histonically, i spite ol the importance of the topic, very few
books dealing with the design aspects of rock blasting have been writien with the mining
engineer in mind. The book The Modern Technique of Rock Blasting by Langefors and
Kihlstriim first published in 1963 and two more recent related books Swedish Blasting
Technigue by R. Gustafsson and Applied Explosives Technology by Stig Olofsson are ex-
ceptions.

The series of Blaster's Handbooks published for many years by Dupont and CIL are
aimed primarily at blasters with quarrying and civil construction applications. In this re-
gard, the Intemational Society of Explosive Engineers { 1998) has recently released an up-
dated and expanded version of original Duport Blasters” Handbook, Although these
Handbooks contain much valuable information they are not intended to provide the engi-
neering background.

Recently a number of books have begun to appear aimed at the engineering practitio-
ner. They vary quite widely in both the depth and breadth of their coverage of the subject.
The author refers the reader to the extensive ‘Blaster’s Library” collection of books avail-
able through the International Society of Explosives Engineers. The relatively recent book
by Atlas Powder Company entitled Explosives and Rock Blasting presents in a very read-
able way a discussion of a number of imponant topics. The book Rock Blasting and Fx-
plosives Engineering by Persson, Holmberg and Lee has become something of a standard
in the field. Finally the book Principles of Rock Fragmentation by George B, Clark is also
to be recommended.

In addition the interested reader is directed to the bi-monthly magazine Explosives En-
gineering published by the Intemational Society for Explosives Engineers as well as the
Proceedings of their yearly conference. The Intemational Journal for Blasting and Frag-
mentation FRAGBLAST published by Balkema has recently begun publication. It comes
out on a quarterly basis and is intended to publish papers which bridge the gap between
academia and practitioners in the field. FRAGBLAST symposia have also held on a
regular basis since 1982 and the proceedings provide a wealth of information regarding
blasting.

The mining world is, for better or worse, still bilingual with both English (Imperial)
and 51 units being used. In this book no attempt has been made to follow one or the other.
It is assumed that the reader can make the translation as necessary. The symbols used are
comsistent within any given chapter but not necessarily between chapters. The author apolo-
gizes for any confusion that this may cause but it greatly simplifies the presentation for
both the reader and the author,

Although care has been taken to avoid errors both in understanding and presentation,
they unfortunately will be present in a work of this magnitude, The author will be pleased
if the reader will bring them to his attention so that corrections 1o future editions may be
made.

This book 1s primarily intended as a text for mining engineering students. However the
material contained and the presentation form should make it of value to practicing engi-
neers as well,
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expenses, including consequential damages and expenses, resulting from the use of the in-
formation, methods, or products described in this textbook. Judgements made regarding
the suitability of the techniques, procedures, methods, equations, etc for any particular ap-
plication are the responsibility of the user, and the user alone. Recognizing that there is
still a great deal of “ant” in successful blasting, field evaluation and testing remain an im-
portant part of technique, explosive and design selection for a given excavation in a given
rock formation.



CHAPTER |

An historical perspective

1.1 INTRODUCTION

Today's shovel-based, large-scale, open pit mining has its origin, for all practical pur-
poses, just about 100 years ago on the Mesabi Range in Northern Minnesota. As the 21st
Century rapidly approaches and we look forward to the developments it will hold for
open pil technology, and prior o discussing the *modem’ technigues in use today, it is
perhaps well to pause and reflect on the technigques considered *modern’ in earlier times.
Specifically the discussion will focus on the unit operations of drilling, blasting, loading
and hauling as practiced about 1910 on the Mesabi Range.

The word ‘Mesabi’, according to Winchell (1920}, comes from the Ojibway Indian lan-
guage and is the name of a fabulous giant who made this district his dwelling place. The
various boulders which are so numerous in this area were supposed to have been used by
him as ammunition in killing game (Winchell, 1920 and Skillings’, 1995).

The first mining claim in the State of Minnesota was staked at Prairie River Falls on
the western end of the Mesabi Range by Henry H. Eames in 1866. Although the hard
hematite as exposed by the Prairie River cutting through the Range was of good quality, it
occurred in rather thin layers (Winchell, 1920). As the years progressed, other discoveries
of iron were made along what would become known as the *“Range’ but large scale explo-
ration only began in earnest in about 1890, The early prospectors faced great difficulties
since the country was a dense, almost trackless forest alternating with vast swamps. Sur-
face indications of ore were almost totally absent. Az indicated by Van Bameveld (1913),

"While some of the earliest discoveries were made by chance, the tracing of the Mesabi
Sormations and the discovery of valuable ore bodies is in the main the resulf of careful
study and resolute enterprise, intelligently directed".

The result of the exploration was the definition of not an orebody, nor a mining dis-
trict, but a Range of enormous proportions. As can be seen in Figure 1.1, the Range has a
length of 110 miles, a width varying from two to 10 miles, and covers an area of about
400 square miles (Gerry, 1912). The Ojibway name ‘Fabulous Giant’ fits the Range very
well mdeed.

The Biwabik Mine was the first on the Range (Van Barneveld, 1913} with the original
discovery being quite accidental when an uprooted tree exposed the iron ore. This led to
systematic prospecting in 1892, The orebody which covered approximately 80 acres lay

1
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Figure 1.1, The location and extent of the Mesalki Range ( Van Bameveld, 1913}

within 20 feet of the surface on the north end and dipped toward the south at 10 degrees.
The general thickness of the overburden ranged from 20 to 50 feet with an extreme of 90
feet on the south side. In 1892 the first experiments in mechanical mining were conducted
when a small steam driven stripping shovel was hauled in by wagon. In 1893, a contracting
company brought in a 27-ton (shovel weight, not capacity) shovel, set it on rails, and stripped
several hundred thousand cubic yards of overburden. A shipment of 151, 500 tons of ore was
made that year. This heralded the beginning of large scale open pit mining on the Range,

From those rather modest beginnings, steam shovel based mining increased very rap-
idly. Over the 19 year period from 1892 to 1910, the mines on the Mesabi Range pro-
duced a total of 224,905,184 tons of iron ore using the mining technigues which will be
now be described as well as some less *‘modern’. For the next few minutes of reading sel-
tle back and relax. Imagine tuming back the clock to 1910 and try to visualize through the
text description the mining as it was being carried out at that time.

1.2 MINE DESIGN FACTORS
Mearly the whole region was covered with glacial drift varying in thickness from 25 to

150 feet, with the average thickness being of the order of 100 feet. The Mesabi hematite
ore was, for the most part, weathered and soft and lay near the surface in near horizontal
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Figure 1.2, A typical cross-section throagh a Central Mesabi Ramge iron ore deposit (Van Barmeveld, 1913),

or gently dipping beds (Figure 1.2). The overall ore thickness varied from about 50 feet to
more than 300 feet. Generally the ore was shipped directly to the steel mills without in-
termediate processing. To be saleable, the minimum natural iron content {cutofl grade)
had to be greater than about 50%. Since the glacial drift had to be first removed or
‘stripped’ away to expose the iron formations, the exploitation of these deposits depended
upon the development of an inexpensive method for moving large volumes of material.
Hence the application of steam shovel technology was key.,

The planning of a mine on the Range involve a detailed study of the following factors
(Van Barmeveld, 1913):

|. The proportion of overburden to ore,

2. Location of the best approach for the tracks considering both the siripping and the
subsequent ore transportation,

3. Stripping dump locations,

4. Track system,

5. Drainage system,

6. Mechanical equipment selection.
In preparation for mine evaluation and eventual design, exploratory holes were drilled,
logged and the results plotted on the maps. The iitial exploration holes were usually lo-
cated about 300 ft apart until the ore was struck (Gerry, 1912). Then the pattern was tight-
ened up to 100 ft squares or even closer. Chum drilling was used down to the ledge rock.
The hole was then cased with pipe and a diamond bit used through the taconite and other
rock. Drilling in the ore was then continued by churn drilling. The contractors charged 33 to
£3.50 per foot for chum drilling and 35 to $6 per foot for diamond drilling. Using the drilling
information the engineer would construct cross-sections and sometimes longitudinal sections
to show clearly the positions of the various layers of ore and rock intrusions. On the plan
maps, contours showing top of ore, bottom of ore, op of high-grade, ete would be drawn, A
*crest of ore” line would be drawn in plan at some distance outside of the ore holes. The dis-
tance would depend upon the open pit ‘strength’. A ‘ioe of siripping’ line would then be
drawn. This was displaced outward 200 from the “crest of ore” line, The *crest of stripping’
line was then constructed allowing a 45° overall slope in the overburden. For estimating the
available ore tonnage, an overall slope of 45% was used on the side of the pit intended 1o carry
the track system and an overall slope of 60° on the other sides. Because of the flatter slope on
the track side, the pit approach had to be carefully considered from both a stnpping and min-
ing viewpoint.

In 1910, for mine planning purposes, the final pit size/economical stripping limits were
controlled by one or more of the following relationships:
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I. A maximum overall siripping ratio of one yd* of overburden stripped for cach ton of
ore removed.

2. As applied at the final pit boundary, the stripping limit was 2 fi. depth of overburden
{glacial tll} o 1 fi of ore. Since hard slates and taconites cost from two to three times as
much to strip as ordinary glacial till, it was customary when applying these figures to con-
sider | ft of such material as equal to 3 ft of overburden.

3. The maximum stripping depth should be less than or equal to 150 ft under all cir-
cumstances.

The upper portion of the overburden generally consisted of a few feet of vegetable
mold and soil and often contained many granite boulders. The remaining thickness was
composed of sand, gravel and boulders. The boulders increased in both size and fre-
quency near the bottom of the overburden. The lower overburden benches often consisted
of boulders and compacted clay and other fine material. This had to be loosened before
the shovel could make any progress, As the shovel encountered these large boulders in the
loosened bank, they were *chained out® and moved 10 one side. A regular trail of such
boulders was often seen in the *wake’ of the shovel.

Owerburden stripping was done using benches about 30 ft in height until approaching
the ore when a *clean up cut’ 6 to [0 ft in height was taken. In the ore the benches were
from 10 to 25 ft high depending upon the grade of the tracks and the particular part of the
orebody being mined. With standard equipm :nt, the width of the cut was 20 to 25 fi.

Whenever possible, stripping was done a seazon ahead of loading so that pit grades
could be conserved and the pit left uncrowded. For smaller pits it was common for all of
the stripping to be completed before beginning ore mining.

.3 THE STEAM SHOVEL

This machine which forms the centerpiece of this technique will, before considering the
other unit operations, now be described in some detail. The material used has been largely
extracted from the references by Marsh (1920), MeDaniel (1913) and Van Bameveld {1913),

The power shovel has been designed to imitate in a mechanical way the motions gone
through by a man shovelling (Marsh, 1920). Reduced to the simplest form there are three
basic movements. The first, that of advancing the dipper (bucket) into contact with the
material to be removed, always occurs in a vertical plane and is called the crowd. In the
second movement, the dipper 15 filled and elevated. This also occurs in a vertical plane
and is called hoisting. The third motion in which the loaded dipper is traversed laterally in
a hornzontal plane is called the swing. Each ol the crowd, hoist and swing movements
may act independently of one another or two or even all three motions may occur simul-
taneously or with overlapping motion periods. The two auxiliary movements are propel-
ling and dumping. For convemence in moving from place to place the machine is usually
equipped with a self propelling mechanism which drives it backwards (moving-back) or
forwards (moving-up). To empty the dipper, the bottom, which is hinged and latched, is
tripped thereby permitting the material to fall through.

A standard steam shovel of this era is shown in Figure 1.3, As can be seen the operat-
ing machinery and power equipment are placed on the deck of the car-body which, in
turn, is supported on two four-wheel standard gage trucks (bogies). The boiler is located
at the rear end (Figure 1.4) directly over one set of trucks and the A-frame and boom are
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Figure 1.3, A standard type of steam shovel (Marsh, 1920,

Figure 1.4, The Marton shovel with the hossing removed (Yan Bameveld, 1913}

al the front end over the other set. The hoisting/swing engines are placed in the middle.
Since the car-body is subjected to severe and rapidly repeated strains, it must be con-
structed very ruggedly and rigidly, The frame (sill), made of sieel I-beams and channels
well braced both longitudinally and transversely, is topped by a 3-in thick plank floor
(deck) of oak or yellow pine. The side to side swinging of the boom, dipper and dipper
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handle tends to tip the front end of the car. To prevent this, jack-braces are placed on the
sides of the car-body at the feet of the A-frame. The lower ends carry screw jacks which
can be easily raised or lowered to get a bearing on the ground surface. The inside axles of
both trucks are chain connected to sprocket wheels operated by the engine. This furnishes
the propelling power for moving the shovel in either direction along the track.

The base casting which carries a large vertical journal 18 mounted at the front of the
frame. This serves as the pivoial bearing for the rotating turntable, swing circle and the
boom. The boom is a simple beam made in two sections which are spaced to allow the
free passage of the dipper handle. Constructed of woeod reinforced with steel plates or en-
tirely of steel it reaches from 14 to 20 fi above the track/ground level, has a swing radius
of 15 to 20 ft and an included swing angle of 180 to 240 degrees. The boom is normally
inclined at an angle of 40 degrees above the horizontal. The lower end of the boom rests
on the swing circle which pivots around the front end of the platform. The upper (outer)
end of the boom is connected to the head casting mounted at the top of the A-frame by
boom support guys consisting of steel rods or bars, The A-frame, made of heavy stee] bars
with timber reinforcement or entirely of structural steel posts, is given a slight inclination
forward. It is considerably shorter than the top of the boom. The feet of the posts are sup-
ported on each side of the turntable. The back leg, a solid steel tension member connects
the top of the A-frame to a point at the rear end of the car, directly over the rear trucks,

The dipper handle is generally made of a single timber of white oak. A toothed rack is
fastened to its lower side and the upper edges are reinforced with steel angles or bent
plates. The handle which 15 run in and out by pinions on the shipper shaft is held in con-
tact with the pinions by means of the yoke block. A small, double-cylinder, horizontal
type engine placed on the upper side of the boom 15 used to crowd the dipper into the
bank. It operates a set of gears which revolve a shaft on which is set a steel pinion feeding
into a steel-toothed rack on the bottom side of the dipper handle,

The scoop shaped dipper is amtached to the lower end of the handle. Normally it is
slightly wider at the bottom than the top to facilitate the dumping of the muck. The bot-
tom is hinged and held closed by a spring lug-laich on the front side. The craneman emp-
ties the dipper by pulling on a light line attached to the latch through a lever.

The car-body supports a framework of timber or steel upon which a sheathing of wood
or corrugated steel is applied to form the sides and roof of the car. This is necessary 1o
protect the crew and machinery from climatic conditions and falling rock.

A horizontal, locomotive-type boiler is used. The required coal and water for making
steam are stored at the rear of the platform. The hoist/'swing engine 15 either of the vertical
type with a single steam cylinder or of the horizontal type with double steam cylinders.
The engine supplies power for both hoist and swing. In the design shown in Figure 1.4,
there are three drums mounted on one shaft. This shaft is continuously rotated in one di-
rection by a large steel gear driven by a pinion on the engine shaft. The three drums
mounted on the shaft are actuated and controlled by friction clutches. The outer two, the
swing drums, are reversed and operated by the same lever., A chain passes around the
swing circle and is wound around the drums starting from the two ends. During the swing
part of the cycle, as the chain on one drum unwinds it is taken up by the other.

The druim in the center is for hoisting. The hoisting chain passes from the hoisting
drum to sheaves mounted just below the tumtable. The chain then passes over a sheave
wheel mounted near the foot of the boom and thence along the boom to the sheave
mounted on the upper side of the boom near the end. It then passes around the sheave
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wheel located directly at the end of the boom, continues around the sheave wheel con-
tained in the sheave block, eontinues up over the sheave wheel at the end of the boom a
second time and finally is fastened to the sheave block. Rotation of the hoisting drum lets
out or draws in the chain and thus lowers or raises the shovel. This hoisting arrangement
can be clearly seen in Figures 1.4 and 1.5.

The Atlantic shovel shown in Figures 1.6 and 1.7 was introduced 1o the Range in 1910,
The chain previously used for hoisting has been replaced by a direct wire-rope hoist, The
hoisting engine was bolted to the base of the boom and the wire rope passed over one
large twin-grooved sheave directly to the dipper back. The steel hoisting rope was made up of
two parallel cables whose loads were equalized by passing around a thimble on the dipper.
The placing of the hoisting engine on the boom threw a considerable amount of additional
weight on the tumtable and the front end. It did however make place in the body which was
used for an extra large, efficient boiler with its large water tank (Marsh, 19240,

A steam shovel is normally operated by a crew of seven men, the runner, the crane-
man, the fireman and four pitmen (McDaniel, 1913). The nmner/engineer and the crane-
man directly control the movement of the machine. The runner stands at the set of levers
and brakes placed in front of the machinery. He controls and direcis the raising and low-
ering of the dipper, the swinging of the crane and propelling the machine. The craneman
controls the operation of the dipper and the dipper handle, regulates the depth of the cut,
releases the dipper from the bank, and finally empties it into the car. He is stationed on a
small platform on the right side of the crane near the lower end. The fireman keeps the
boiler supplied with fuel and water and looks afler the oiling of the machinery. The duties
of the pitmen who generally are under the direct supervision of the craneman consist of:

~ Breaking down of high banks

— Assisting the shovel in loading material lodged too near the machine

— Leveling the surface in front of the machine
— Laying of new track

Clear Heigha
of Lift 167"

Figure 1.5, Drawing of the front end of o standard shovel showing the hoisting and digging peometry {Van
Bameweld, 19173}
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Figure 1.7. Drawing showing the cross-section of the Atlantic Shovel (Marsh, 1920, p. 29).

— Operating the jack braces and blocking
- (ieneral service

When the ground is hard, from two to six exira laborers (rock men) are required to break
down overhanging material in high banks, dnll holes and blast out material, assist in
Ioading the shovel, ete.
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MeDaniel {1913) has given the following rather vivid and colorful description of the
process involved in digging and loading rock using a steam showvel:

‘The act of excavation commences with the dipper handle nearly vertical and the dipper
resting on the ground, with the cutting edge directed slighily inte the earih. The engineer
then moves a lever throwing the hoisting drum into gear and starting the engine. The reve-
fution of the hoisting drum winds up the haisting line and pulls the dipper upward. At the
same time the cranesman starts the engine which controls the thrusting of the dipper handle
and moves the latier forward as the dipper rises. These two motions must be made smoothly
and coordinately or the hoisting engine will be stopped and the whole machine tipped sud-
denly forward, When the shovel has reached the top of the cut or its highest practicable po-
sition, the engineer throws the hoisting drum out of gear and sets the friction clufch with a
[foot brake, thus bringing the dipper to a stop. Immediately the cranesman releases his brake
and reverses ihe engine which draws back the dipper handle, thus releasing the dipper from
the face af the excavation. When the shovel or dipper digs clear of the excavation, it is un-
necessary to release it as described in this last motion. The engineer then starts the swinging
drums ar enging into operation and swings the boom to the side, until the dipper is over the
place for dumping. With a foot brake he sets the friction clutch and stops the revelution of
the swinging drum or drums. The cranesmian then pedls the laich rope, which opens the laich
and allows the door at the bottom of the dipper to drop and release the contents. The engi-
neer then releases the friction cluch by the foor brakes and reverses the swinging engine,
pulling the boom and dipper back to its position for the next cut. As the boom is swung
araund, the engineer gradually releases the friciion clutch of the hoisting drum and allows
the dipper io drop slowly foward the botfom af the cur, When near the point of commencing
the new cut and as the dipper approaches the vertical, the cranesman releases the friction
clutch on the engine with his fool brake, which regulates the dipper handie. Thus, as the last
part of the drop Is made by the dipper, @t I also brought into the proper pasition and the
lengeh of the dipper arm sei for the beginning of the new cul. As the dipper drops info place,
the battom door closes and latches by its own weight. The time required to make a cut and 1o
dump the excavated maierial varies from one-half mimite jor loose earth or gravel io three
mimutes for hard and dense soifs. The length of each complete operation depends 1o a grear
extent upon the skill and experience of the operators. The motions described above must be
coordinated to produce a smooth and harmonious action.’

The Bucyrus Company and the Marion Company supplied most of the steam shovels
used on the Range at the time. Some information concemning two of the most common
madels is given below:

~ Maodel 91 Marion

Working weight = 120 tons
Dipper=3t0 5yd *
— Model 935-C Bucwus
Working weight = 107 tons
Dipper =3 1/2 to 5 yd®
Overall dimensions =442 fi x 10 fi
Width of cut at 8 ft elevation = 66 fi
Height from rail to point of boom = 28 fi
Clearance height (from rail to bottom of dipper door when open) = 17 fi
Cost = $12,500-513,000 FOB Milwaukee, Freight = $450
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With both these models the boom was located at and rofated about a turntable mounted af
the front of the shovel. The dipper was hoisted using a chain as opposed to by wire rope
which had just been introduced.

The time consumed in the various motions of the shovel vary with the nature of the
material and the height of the bank {Barneveld, 1913). Typical shovel cycle times during
stripping mught be

Conditions Cyclhe times {sec)
Lasy digging anddor high banks i}

Difficult digging and'or low banks Ll

Average 25.30

The move-up distance was usually 6 fi and required 3 to 5 minutes to accomplish. When
working a 30 ft high bank, the shovel would move up about 10 times a shift {(about once
an hour). This gave the pit men ample time to clean up, lay wrack ahead of the shovel and
gel everything ready for the move. Under those conditions a minimum amount of {ime
was consumed in moving up. For banks only 20 ft high the shovel was required to move-
up more often (perhaps 15 tmes per shift). When mining low banks and on clean-up work
many more moves were required and hence much shovellimg time was lost from the shifi.
This large variation in operating conditions is reflected by the large percent time distribu-
tion ranges applicable for a 10-hour shovel shift shown in the Table 1.1.

Since the advance per move is determined by the fixed length of the extension track
segments, the face area (height ® width) which the shovel works controls to a high degree
the loading efficiencies and costs.

As indicated the shovel is moved-up in 6 foot increments. The 6-foot track extensions
have the usual plate connections and bridles found with standard rack. As soon the sho-
vel has advanced about 50 fi on such segments, a standard track segment is substituted for
these short segments. This process 1s continued as the shovel moves along the bench, At
the end of the cut, the shovel moves back along the standard track to begin the next cuL
This standard track then becomes the new loading track used by the locomotive and the
cars and the previous loading track is tom up and used in constructing the new shovel track.

Although the ore has been shot, the result of the blast is often mostly a shaking of the
bank and the face 15 rarely thrown down. Sometimes there are masses of ore especially art
the top of the bank, which remain almost undisturbed and with enough strength remaining
s that they do not fall down or crumble under their own weight, In this case the face is
scaled by draggng the dipper across the face with the bottom open so that the ore falls
down in front of the shovel. The process is called ‘clawing’. In addition to the face di-

Fabdie 1.1, Time distrebutson foc shovel loading § ¥an Bamisveld, 1913).

Shovel activity Percent tme (range)
Actual Boading Al io T5%
*Mlovine-wp' 25 to 5%

Shovel repairs 15 1o 10F%

Waiting on cars 1510 5%

Miscellaneous {ihat time necded for 1ocal 1o be 100%G)
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rectly ahead of the shovel, clawing of the side is also done. This results in a vertical face
of ore being formed at a distance from the shovel track equal to the extreme reach of the
dipper handle. Such a *clawed’ bench situation 1s shown in Figure 1.8, After loading is
completed a small pile of broken but unloadable ore remains in the comer. This is re-
maoved with the next pass.

Tahle 1.2, indicates the supplies consumed by a typical Bucyrus 95-B shovel equipped
with a2 112 yd* bucket and digging in iron ore (Bucyrus, 1911 and Van Barneveld, 1913).

Typical sinpping performances for a 10-hour shift might be

Digeing Condithons Production lj-'d':'."!hi.ft]
Easy 2000

Avemage [RIEH

Hard T50= 100

When using shovels for stripping, production rates ranged from 45,000 o 80,000 yd*/
month (52 shifts of 10 hours each). When loading ore the comparative figures were 75,000
to 100,000 long tons (It) per month. To provide a volume comparison, the loose weight of
the ore (tonnage factor) varied from about 13 3/t for ore running 62% Fe to 17 A for
that running 49% Fe. An average value might be 2 lt'vd®. Assuming an average shovel
production of 1500 yd*/shift and an average shovel labor cost of 530 per shift the average
direct labor cost involved in loading would be 2 cents per cubic vard.

werek ) l A L
F o a S

Figure 1.8 A typical cross—section showing the bench geometry when kading ore at the Scliers Pit. (Bocymus, 19111

Tahle 1.2, Supply consumption by a 2-1/2 yd” shovel { Van Bameveld, 1913},

ltem Consumption
Coal (per 10 hour shifi ) 2 12t ¥ 112 tons
‘Water (per 10 houwr shifi) OO0 pallons
[ubsicanis
Black oil (per 10 hour shift) I 14 to 2 172 gallons
Walve all (per 10 howr shift) I 172w 2172 gallons
Cirense (per 10 howr thifl) B2 | b
HNluminants
Ciganline {per aight) 10 by 15 gadbons

Keroaene {per night) 2 12 gallens
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1.4 HAULAGE

Both ore and waste was hauled by rail (Figures 1.9 and 1.10). The 50 or 60 Ib rails
{weight per yard) were standard gauge and thus the distance between the rails (as meas-
urcd between the rail heads) was 56 1/2 inches. The standard side dump overburden car
was flal-bottomed and high-set. They were constructed of wood, had two 2-wheel trucks
(Fig. 1.8), had a nominal capacity of 7 yd’ (6 yd* actual capacity) and could dump 1o ei-
ther side. The dumping was still done by hand although air dump cars of 12 to 16 yd* ca-
pacities were becoming available. These had the advantage of reduced labor expense as
well as less dumping related delays which meant that the cars could get back to the shovel
quicker. In stripping, a standard train consisted of up to 12 cars depending upon the grades
involved. On the main haulage lines the grades could be as high as 3%. The pit grades
could at times be 5% and even up to 7% over short streiches. The haul disiance varied
greatly but in the largest of pits it could be from two to three miles. The ore was generally
loaded directly into 100,000 Ib (50 ton) capacity steel cars equipped with two four-wheel
trucks. These would eventually be formed into & train going to the port. In the pit two 1o
four cars could form a train in which steep grades were involved and 6 to & cars on casy
grades.

The majority of the locomotives were steam driven, coal fired, standard gage and
weighed from 50 to 60 tons each. In 1910 there were 233 locomotives and 126 steam
shovels in active operation on the Range.

Careful dump planning, design and construction were an important part of the haulage
system. The first concern in this regard was dump location. Although one might think that
the obvious first choice would be to fill in some of the plentiful muskeg swamps of the
area, these turned out to be very poor sites. In examining the remaining potential sites,

Figure 1.9, Siripping with the Adantic Shovel {Van Bameveld, 1913}
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Frguene 1, 10, Steam shovel mening of ore { Van Bameveld, 1913).
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care had to be taken to avoid placing dumps over future orebodies. Based often on bad
previous experiences the companies would generally drll a series of exploratory holes to
make sure that the proposed dump land did not contain mineable reserves, Since the reliel
was low, the dumps were built upward in a series of lifis or benches each 20 o 25 feet in
height. There were two basic systems of dump building. In the first type, the dump was
started by backing the train out of the pit with the locomotive in the rear and the cars in
the front. Upon reaching the future dump site, the train would stop and the loads from all
the cars would be dumped beside the track where they were parked, with alternate cars
being dumped to the same side. The dumping crew would then shovel the rock back 1o-
wards the center of the road bed while jacking-up the track. This process would continue
until the starter dump (appearing much like a long dike) had reached the desired height
and length. It could then be expanded to either one or both sides by dumping to the de-
sired expansion direction{s). Upon reaching the desired height with the expansion slice
the track would be thrown {moved) sidewise 4 feet. Due to the lower initial compaction of
the dumps outer edge compared to an inner position, the outer rail would be elevated suf-
ficiently with respect to the inner to allow for setthng under the repeated loading by the
trains. The final dumps created in this way could be several thousand feet long and sev-
eral hundred feet wide,

The second technique of dump building began with the building of a wooden trestle 20
to 25 feet high and the length of the desired dump (1200 o 1400 feet). The trestle was
simply an easy way of gaining height and eliminating the successive lifting of the track
required by the first method. It camied, however, a price tag of between 52.50 and 54 per
lineal foot depending upon the required load carrying capacity. Since it is only temporary
{the trestle will eventually be fully encased by the stnipping matenial which will then ake
over the function of supporting fully loaded trains) it is of light construction being able 1o
carry (support) the weight of the empty train but not the loaded train. Figure 1.11 shows
the partially completed starter dump. The locomotive pushes the loaded cars out of the pit
as discussed with the previous method. When the lirst loaded car just passes the transition
point between the encased and the exposed trestle, the train is stopped and the car is
dumped to one side. The locomotive then advances the train one car length and stops. The
second car is then dumped to the opposite side from the first. This process continues with
alternate side dumping until the last car has been dumped. At this point the entire line of
empty cars is on the trestle but the locomotive remains on the starter dump. The dumping
erew shovels the dumped rock toward the center region of the trestle and fills in around
the legs. Once this starter dump has been created sidewise expansion occurs in the same
way as described earlier.

.5 DRILLING AND BLASTING

Although drilling machines were available and were used on some parts of the Range,
much of the blasthole drilling in 1910 was still being done using hand methods. As will
be seen, due to the general sofiness of the ore and the overburden, the productivities and
resulting costs were good which no doubt encouraged maintaining the technigques, In de-
scribing these techniques the author has drawn heavily on information originally presented
by Fay (1911), EMJ (1912), Anonymous (191 3e), Van Barneveld (1913) and Gillette (1916).
In ore, the 15 to 25 fit high benches were sometimes soft enough to be dug by the dip-
per tecth without any blasting. However, in most orebodies, blasting loosened the existing
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rock structure and made loading much easier and more efficient. Vertical blast holes, or
so-called *Top® holes, were placed about 15 to 20 ft back from the crest and about the
same distance apart extending along the entire bench to be broken. With regard to the
pattern dimensions being used, the rules suggested that the burden and spacing should be
about equal and ranged from 1/2 the hole depth 1o equal to the hole depth depending on
the properties of the material (Marsh, 1920). The specific drilling ranged from

- 0.25 to 1.25 fi of hole/yd?
and the specific charge (powder factor) from
—0.30 to 0.70 |b of black powder (or 40% dynamite)/yd?

These top holes were drilled using a “chum’ or ‘jumper’ drill. A churn drill, as the name
implies, used an action similar to that of a butter churn for creating a hole in the rock. The
drills were made from l-in to | 1/4-in hexagonal, octagonal or round steel bars tipped
with 1 1/2-in diameter chisel bits. Often both ends of the steel bars were tipped with bits

Figure 1.11. Construction of o dump using a starting trestle {Van Bameveld, 1913}
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s0 that the required steel sharpening changes were halved. A 25-ft long rod 1 1/4 in. in di-
ameter weighed slightly more that 100 lbs. In drlling, the rod would be lifted vertically
about 2 ft off of the hole bottom by 2 to 4 men (depending upon the hole depth) and then
allowed to drop freely. For the case of the 25-ft long rod dropping through 2 ft. the veloc-
ity at impact would be 11.3 ft'sec (3.46 m/sec) and the kinetic energy available for rock-
breaking about 400 fi-lbs {55.5 N-m). Lifting of the stecl is facilitated by means of a
heavy iron cross handle or yoke 26 inches long. It was slipped over the steel and fastened in
place with a 6-inch wedge. There was one such set of arms for each pair of men. Bit rotation
was accomplished simply by the men moving around a 3-foot diameter circular path sur-
rounding the hole.

When the hole was at the required depth (about a foot or two below the desired grade
50 that there would be no “tight’ ore on the bottom), oné or two sticks of 7/8-in X 6 n
long 60 percent dynamite would be lowered and shot to *spring” (enlarge) the hole. The
hole was re-opened and now 5 to 15 sticks of dynamite were placed at the bottom of the
hole and shot to spring the hole further so that it would eventually hold 2 to 3 kegs (ecach
keg contains 25 Ibs) of black powder. About 2/3 of the way through the loading process, a
primer consisting of five sticks of 60 percent dynamite tightly wrapped together was pre-
pared. Each primer had two electric caps or two caps and fuses. The remaining powder
was then poured into the hole. After the powder was in place the hole was firmly tamped
with sand. During cold weather only one hole was shot at a time and the loosened mate-
rial loaded out before it had the opportunity to freeze. In the summer often 15 to 20 holes
would be shot one afier the other yielding enough material to keep the shovel busy several
days. A gang of 4 men could drill, on average, 100 linear feet of such hole in a 10-hr
shift. Assuming an average in place specific gravity for the ore of 4.0 and a 15 ft % 15 ft
pattern, there would be 25 long tons per foot of hole, Thus the 4 men could dnll out 2500
tons of ore per shift. At a wage of $2/shift/man, the direct labor portion of the drilling
would be about 0.3 cents per ton.

Vertical churn drill holes were sometimes also used for breaking overburden. These
holes were spaced 15 to 20 fi apart, at a distance of 20 ft back from the previous shovel
cut and were 20 to 25 ft decp. They would also be chambered at the bottom. In such mate-
rial the gang of 4 men would average 40 linear feet of hole in a 10 hour shift.

Normally, however, when blasting benches in overburden, a ‘gophering’ process was
used. In particular it was used (a) in ground so dry and sandy that a vertical hole could not
be kept open or (b) when the bench was too high to be drilled from the top. The collar of
the hole was located at the base of the bank and the hole inclined downward from the
horizontal at an angle of 10 o 20 degrees, These ‘gopher” holes were 15 1o 25 feet deep
and spaced at 15 feet in hard material and high banks and at 25 feet in lower banks and
softer material.

The typical set of wols needed for gophering are shown in Figure 1.12. In loose mate-
rial, the hole was created simply using the ordinary No. 2 round-pointed shovel, The sides
of the blade would be turned slightly upward to give a depth of 2 inches and the socket
opening enlarged to accept the large 2- to 3- inch end of a pecled sapling (20 to 25 ft
long). An ordinary hand auger of small diameter (not shown) was sometimes used to start
the hole and remove the first few feet of material. This hole would then be blasted with a
few sticks of dynamite. The effect would be to leave a long bootleg 8 to 14 inches in di-
ameter. Since the auger was unwieldy in deep holes, a long pointed moil would next be
brought into service. This would be driven a foot or two into the bottom of the hole by
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two men using double jacks. When progress became slow, a perforated plate about
1 1/2 % 6 % 8 in was slipped over the end of the moil and wedged to it, either with two small
wedges or with one wedge and a track spike as 1llustrated. By hotting the head of the
wedge(s) with the two doublejacks, the moil could be extracted. During this process, the
moil was usually supporied on a log, to keep the plate off of the ground. The moil hole
was then blasted by inserting a stick or two of powder and ¢xploding with an electric cap.
The loose dirt was taken out with the shovel and these alternating processes of drilling,
springing and shoveling continued until the desired depth was reached. Hole depth de-
pended both upon the height of the bank and on the width of the cut. The bottom of the
hole was then sprung as described earlier with respect 1o the vertical holes. A final sprung
diameter of 10 o 14 inches was desired.

Two technigues were used to place the black powder charge in the sprung gopher hole.
The first technique was to feed the black powder into the hole by means of a wooden box
or spoon Jin wide by 3 in high (inside dimensions) by 32 in long attached to the end of a
25 fi long pole. In the second technique, a V-shaped trough was constructed of 3/4 % 4-in
boards. The powder was poured into the upper end and the trough then given a series of
backward and forward motions shaking the powder along the trough to the hole bottom.
Copper nails were used in the construction of both the spoon and the trough 1o avoid set-
ting off the powder from sparks. Tamping of the loose powder using a wooden tamping
pole such as shown was an important part of the operation. The priming was done in the
same way as described with the vertical holes. Tamping (o the hole mouth with loose
gravel was essential to contain the energy.

The benches were drilled and blasted by a regular gopher-hole crew consisting of 10 1o
30 men {commeon laborers) working itn gangs of two. The time required for drilling such a
gopher hole varied from 2 to 12 hours depending on the ground. [t was considered good
work if the blasted bank came down to the loading track but did not cover it,
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As indicated earlier there were many granite boulders of various sizes present in the
overburden. The shovel could usually move and load those smaller than 3 feel in diame-
ter. The rest, however, which ranged up to 12 feel in diameter had to be broken by ‘block-
holmg®. Single- or double-jacking was used. In single jacking one man held the 7/8 inch
diameter drill steel with one hand while pounding with the other, The weight of the ham-
mer used was commonly 4.5 Ibs. In two hand drilling (double jacking), one man held the
steel while the other hammered. In three-hand drilling one man held the steel while two
men struck the steel, The weight of the hammer in these cases was 10 Ibs. For vertical
holes water was poured into the hole to hold the cuttings in suspension. The resulting
sludge was removed from time to time. Normally single jacking was used and the hole
depth was of the range of 1 172102 1/2 feet. Depending on the length, 2 to 4 sticks (3/4 in x
7 in long) of 60 percent dynamite were inserted in the completed hole and shot. The pow-
der had o be well rammed and then tamped with a little most clay. The dnller worked on
contract with 25 cents being paid per linear foot. Usually he drilled 12 to 15 feet of such
hole per day.

L6 PRODUCTION STATISTICS

Chiven these semi-mechanized miniog technigues, one might question the possible pro-
duction rates and productivities achievable. Table 1.3 provides the production statistics
for some of the larger operations on the Range for the year ending June 30, 1910,

The actual totals for all of the open pit operations on the Range for this period were

- 20,667,751 tons of ore shipped
— 25,902,178 yd* of overburden stripped

For this vear, the ore from the Mesabi Range supplied 4084 of the feed for US pig iron
production. This amounted to 17% of the world’s supply. A 1otal of nearly 9000 men

Fable 1.3, Production from some of the larger Mesabi range operations for the year endimg June 30, 19010 (Fay, 1911}

Mine Stripping (vd®) Ore Shipped (10
Susdquchanna 532,857 275,00
Haeli-Hust 2923 460 1624414
Mahoning 568,791 1,352,114
[l | 604, 203 -

Hedlers 1,356,865 GRS 505
Rust |, 3001 669

Moms | 48797 1,973,258
Adams | 260,742 1,734 St
Fayal 247 629 2,023,053
(ienoa 1.4, 7910 15732
Leonand 1716407 341,030
Shemangn 1,431,789 G10.870
Hariley 2240, 649 95.3M
Ciramn 1,002 333

Slevenson 2,190 1,6, 174

Subaotal 18912348 14,905, (e
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were employed with 4879 in stripping operations and 4054 in ore mining. Although today
open pit operations are generally regarded as safer than those conducted underground, the
fatality rate was 4.59 per thousand as compared 1o 3.32 per thousand for the underground
mines. The reason for this was that the open pit operations more nearly resembled railroad-
ing than mining. That such tonnages could be produced with these techniques speaks well
for the miners of that era. Tables 1.4, 1.5, and 1.6 provide an indication of the wages paid,
the costs, and the revenues, respectively applicable to mining on the Range at that time.

Table 1.4, Wages (3/10hr doy) Paid on the Mesabi Range in About 1910 (Anonymous, 1910 and Van Barme-
veld, 1913

Job Category Wages

Mining engimeser B354

Assistant engineer 257

Chemist 315

Carpenter 102

hason LG8

M hinist 333

Bilncksmith J.ta

Steam shovel operator {Runnar)® 597

Cranernan (helpes on showel)* 4.04

Fireman {on baeomotives) 250

Locomotive enginesr® 4.10

Pilman 3%

Surface foreman 337

Pit foreman 4,13

Rockman {common tabor) A.00

* Bavnns Sohedule

Runner $2%mumh of 23 days
Cramitikan SMvmonth of 25 days
Lascomotive cnginesrs S20vmonth maximum

Table 1.5, Approximate 1910 costs applicable for Mesabi Range ores (Finlay, |WH, Anomymous, 19133, Marsh,
14920, Wan Bameveld. 1913},

L. Stripping cosis

— Glacial drifi 80, 300d

— Paint rock 50,30y

— Broken taconiie 80,75 wd
Salid taconite 81 000yd’

2, e mining £0.15 100

3. Mining, stripping and local overhead charges (pre
on card) hul excluding royalty, taves and extrancows

overhead charges.
Hange £0.15 (o0 8075 1ion
Avenme S0 40/ 100
- Favorable £0.30/0n
4, Rovalty 50,40/ 00

5. Taxes §0.10¢0n
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Fable 1.5, Contineed,

£, Ure transport costs
Train from the hMesabi Range to the Upper Lake

Port | Dhabuti 20,80 v

- PRoat transport from Dualuth o Lake Erie pon S0.40Man

— Train lrom Lake Erie port w Pushurgh S0, 600

T. Average total cost (insita to klost fornace) L2.90400

Takle 1.6, Prices paidl at the Pittshurgh blast furmaces e 1911 {Van Bameveld, 19135

I, Bessemer ore:
Price: S4 85 Done 1on
Anilvsis:
matural iron = 535%
marsiune = L{fs
dted fron = 61,13%
dried phasphorus = 0.045%
Base unit valoe: 0088 1K LR centeMie. This & applicd v the natural ifon congent
. Mon-Bessemer one;
Price: %4 105 ong ton
Armlysis:
ridgdural o = 3].3%
masisture = 12%
dricd iron = 58.52%
Blase unit value: G001 cemslu. This is applied w0 the natwral iron content
(I = lomg tom unit}

|}

17 PRODYUACTION STRATEGY THEN AND NOW

Successiul mining operutions are nol simply a matter of men, machines and technigues
but require well thought through operating strategies for their efficient use as well. Ac-
cording o Van Barneveld (1913) the essential requirgments for a successfl stripping job
were:

1. Proper supervision of the whole job. This means keeping firmly in mind that coop-
eration all along the line is the key 1o success.

2. First-class machinery adapted to the work,

3. Facility for quick repairs and thorough upkeep of the plant.

4. Skilled runners {shovel operators) and cranemen, experienced in the particular field,
preferably men accustomed to working together.

5. Easy access 1o the shovel for stripping trams, with the empty trin pulling oul as the
loaded train pulls out,

6. (Good track systems with reasonable grades and curves.

7. A good pit crew and a well organized dump gang.
The operating strategy (Van Bamneveld, 1913) for these large steam shovel operations
{Figs 1.13 and 1.14) was, stated simply. to keep the shovels (the source of supply) going
steadily, Maximum efliciency could only be mantained by keeping other operations sub-
servient to the steam shovel. In practical terms, this meant that
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Figure 1. 14, An overview of the Moundain Iron Mine (Van Bemeveld, 1913},

{a) The shovel should never have to wait on a locomotive. For a properly organized
stripping operation half a dozen trains may be waiting at any given time in various places
and positions for an available steam shovel.

{b) Since bank blasting was such an important part of the process it should be kept well
ahead of the shovel.

(c) Poorly blasted material increased

— The strain on the shovel
~ The number of delays and breakdowns
— The repair bill
and caused both direct and indirect reductions in the output.
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{d) The blasting efficiency was not measured by mimmum powder consumption but
rather by a thorough comminution of the bank. This was defined as that which yielded
maximum digging and loading efficiency at the shovel with a minimum of repairs.

Today, although the equipment and technigques have significantly changed through time,
the operating strategy remains basically the same; keep the loading machine — the source
of supply - producing efficiently. If there is waiting to be done, it is by the trucks and not
the loader. Fragmentation costs (drilling and blasting) except in the hardest of rock types,
still make up a relatively small percentage of the total operating costs. The effects of -
adequate fragmentation on the loading/hauling operations remains the same today as in
1910, When considering the overall process of removing ore from insitu and delivering it
to the final customer one strives to do that at minimum overall cost. For steam shovel ron
mining on the central Mesabi Range in 1910, the apparent ‘customer” was the ore car
since intermediate processing was often nod required. The true customer was in fact the
shovel since it was simply an extension of the rail car,

For open pit metal mining operations today this is generally mor the case. The true
customer may be a conventional fixed primary crusher, a mobile crusher/conveyor, or
even the entire mill itself expressed in terms of throughput demand.

In the future the optimization process will be even more complicated. It will involve
identifying the ‘real’ customer and logether specifying the product requirements and then
developing a strategy (manpower, machines, techniques and procedures) for satisfying
those requirements al a8 minimum cosL.

As indicated in the Preface this book (Volumes | and 2) deals only with the unit opera-
tion blasting. A companion volume, in preparation, will cover drilling, loading and haul-
ing. Even though, by necessity, the specific technical aspects involved with the different
unit operations are covered in different chapters and even in different volumes, the reader
must clearly keep in mind their important interdependence.
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CHAPTER 2

The fragmentation system concept

2.1 INTRODUCTION

In Chapter 1, the historical background to modern large-scale open pit mining systems
based upon mining on the Mesabi Range in Minnesota was presented. Today the 2 1/2 1o
4 yd® dippers used to load the natural ores on the Mesabi Range in 1910 have been re-
placed with loading machines about 10 times larger. One truck will carry the same
amount as 20 of the wagons making up an early stripping train and there have been corre-
sponding changes in the drilling and blasting operations. The ore being mined has
changed as well. As opposed to the easily mined natural ores, the taconite currently being
mined is some of the hardest rock in the world. However, even though (a) the machinery
has grown with the times, (b) the technigues have vastly improved, and (c) hand labor
was long ago replaced by machines, the basic operating strategy remains the same - all
other unit operations are subservient to the loader and to loading. Although the loader
does indeed form the heart of production since it 15 the source of ore supply, blasting pro-
vides the muscle. These muscles must be properly developed and then applied to the
proper degree and in the appropriate way for the succeeding operations to be successful.
This was probably true then, is true today and will be especially true in the future. If this
muscle function is underdeveloped and thereby performs peorly or below capacity so then
will all those operations which follow.

Although the endearing term *powder monkey' has often been used 1o refer to the per-
son responsible for the blasting in the mine, today it is more likely to be the “blasting ¢n-
gineer’ and in the future the *fragmentation specialist’. These do not have the same color-
ful ring as *powder monkey” but are more fitting descriptions of the background, position
and level of responsibility for the person in whose hands depends an important part of the
overall mine economy.

This Chapter will provide an overview of the subject of fragmentation engineering and,
in particular, the fragmentation system concepl in theory and reality. The powerful, ver-
satile explosive muscles with which we have to work will be introduced in Chapter 3.

24
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2.2 MINE - MILL FRAGMENTATION SYSTEMS

The expression ‘systems approach’, in vogue today, is used to describe the process of
system identification, system description, system goal defimition and finally system oph-
mization. The concept is that by examining the ‘system® as a whole one can often realize
cost, productivity, product guality, etc improvements which would not otherwise be achiev-
ed by considering the various elements comprising the system singly.

The “system’ to be optimized can be any group of people, machines or other elemenis
that work together to do a certain job or accomplish a certain objective. When the compo-
nenis or sub-systems interact significantly it may be possible 1o achieve the same final
level of performance in many different ways. An enhanced or superior performance level
by one sub-system may offsct a lesser performance somewhere else along the chain. Once
the system and its sub-systems have been defined and the system goal(s) defined then the
various means for achieving the final desired result may be studied. These optimization
studies, called “tradeofT studies’, suggest how a given result may be achieved in the most
economical manner.

The boundaries distinguishing one sub-sysiem {operation) from another in the produc-
tion chain are often traditional. For example one group may be responsible for drilling,
another group responsible for blasting etc. Given this structure, the individual “operations’
or ‘sub-systems’ are generally often very highly developed and may in fact be "optimized’
within themselves, [f, however, these traditional boundarics are flexed (moved) or re-
moved entirely then the new sub-systems formed may, or may not, be optimized. IT they
turn out to be sub-optimized, this presents an improvement opportunity. In applying a
systems engineering approach o an operation one examines both the whole (the system)
as well as the individual parts (sub-syslems). Special attention is paid to the interface re-
gions. By, at least conceptually, flexing (removing) the current interfaces and forming
new groupings, one is in effect required to look concurrently at the forest, various groves
of trees, and the individual trees themselves for cost and productivity improvements. Sin-
ce this often involves a number of well developed practices and even individually *opti-
mized’ sub-systems of long standing the job is not easy bul can be highly rewarding.

Consider now how this ‘systems approach’ might be applied to the system of rock
fragmentation by the mine-mill complex. The stated goal will be that of

achieving a prescribed level of fragmeniation at minimum cost.

The main mine unit operations are, as shown in Figure 2.1, dnlling and blasting, leading,
hauling and primary crushing. The latter may or may not be the responsibility of the mine
but it will be included as so in this discussion. In Figure 2.2 the drilling and blasting cate-
gory has been split into the two component paris. A *Product” box has been inserted be-
tween each of the unit operations in Figures 2.1 and 2.2 1o represent the seller-buyer ac-
tion which occurs at hand-off.

As opposed to the mining of natural ores on the Mesabi Range in 1910, most ores to-
day require some type of further treatment before going on to the marketplace. In this case
it will be assumed 1o be a'mill which adds value to the mined product by removing at lcast
a major portion of the associated waste products and produces a concentrate which is now
sent further. For the purposes of this discussion the mill will be defined as the unit which
performs the further mechanical breakdown of the ore. The unit operations included are
shown in Figure 2.3, which presents an overview of the entire Mine-Mill fragmentation
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OREBCTYY

DREIEL & BLAST

{ PRODUCT B |

LOrAD & HALIL

| PRODUCTC |

PRIMARY
CRLUSHER

[ PrRODUCT D |

Figure 2.1, Diagrammatic representation of the chain of mine wnit operaions
MILL showing product transfers,

ORERNY

DRILL

PRODUCT A

i

BLAST

PRODUCT B

Figure 2.2. The drill-blast ponion of the unil operation chain with product boves
LOAD added.

system being considered. Further treatment of the mill product, might include flotation,
magnetic/electrostatic separation, etc. It is assumed that all mechanical fragmentation ac-
tivities have been completed by the time the ore leaves the mill. Often the mine and mill
fragmentation sub-systems are treated separately and this is denoted by the dashed lines in
the figure, If this 15 the case then the seller-customer representation becomes that shown
in Figure 2.4. The product box shown drawn between the two simply indicates that mate-
rial “sold’ by the mine and ‘purchased’ by the mill. In closely examining Figure 2.4 one
can se¢ that it can be expressed in terms of fragmentation and transportation unit opera-
tions. This has been done in Figure 2.5, From this it 15 ¢lear that when looking to make
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OREBODY

ALASTIMNG

LOADING

HALLING

PRIMARY CRUSHINCG

OVERALL FRAGMENTATION SYSTEM

Figure 2.3. Dipgrammatic representation
.J of the overall mine-mill fragmentation
Y system and the mine and mill subsys-

FURTHER TREATMENT bemms.

further improvements, a systems study based upon tracking fragmentation is in order. The
entire process lakes insitu material with a “particle size” considered to be very large and
reducing it down to, for example, —325 mesh (in the case of taconite ore) to facilitate the
further treatment. The problem becomes that of deciding where in the system the different
stages of size reduction should occur and to which level they should occur since such size
reduction is accompanied by the expenditure of increasing amounts of energy per unit volu-
me using processes having different breaking efficiencies. This question of energy re-
quirements in fragmentation will be explored more fully in the following section.

To simplify the discussion the milling portion of the fragmentation chain will be re-
placed by a product demand requirement (Product 1) and the focus will be on that part of
the chain traditionally considered the mining responsibility as shown in Figure 2.3, As a way
of proceeding one can consider the product specifications or requirements for each prod-
uct box. If one begins with Product [, the succeeding steps in the process are very energy
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Figure 2.4, The mine-mill sysiem with product baxes wlded,
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Figure 2.5, The mine-mill system represenied as fragmeniation and iransport unif eperations,
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demanding and therefore one might like to have as finely crushed feed as possible. On the
other hand 1l autogencouws milling is being used a certain size distribution is also needed
for best results and maximum throughput. Thus there could be a desire, if not a demand,
for a certain size distribution and average size, The mill requirements on the proceeding
steps in the fragmentation process are shown in Figure 2.6, Knowing the reduction char-
acteristics of the primary crusher one could transfer these into the mill requirements
placed on Product C which is the feed to the primary crusher. Considering simply the
primary crushing operation itself, for high capacity throughput and efTicient crushing a
feed commensurate with its designed function is required. This primarily means the
elimination of oversize which causes bridging. One would ideally like to have material
that would pass through without crushing and then this stage could be removed. On the
other extreme one wants to avoid particles of such size that *bridging” occurs because
then the throughput is dramatically reduced. Thus there is room for optimization with re-
spect 1o this unit. With respect to fragmentation, Products B and C are the same excepl for

DRILLIMG
Specified
il Patiemn
1 3
[INTERMAL ENVIROMMEMT EXTERMAL ENVIRONMENT
hinimm
Minimum - Blast E't!:'::::!fk
Wall Damage ™  Ensinesri -
= e Airblast
Ciround Vibration
Ciaod _
Eik Sh:?l]l'l LChAIMPG & HALILIMG
(¥ geabilsy
f
High Throughput
& PRIMARY CRUSHER
Bridging Prevention
; - : SECONDARY
Efficient Crushing i J
& Grinding CRUSHING
leed &
CrREMCH NG

Figure 1.6, The frapmentation reguirement flow sheet,
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the fragmentation which occurs during the loading process. This will be neglected n this
discussion. In addition o those requirements imposed by Products C and D, Product B
has specific reguirements regarding fragmentation as imposed by transport (loading and
hauling). These are:

— Diggability

- Muck pile shape

Average size and size distribution

— Boulder frequency/size
What about Product AT The Blast Engineering function specifies the hole pattems, and
the Drilling function carries out the design. There are also some other factors {(constrainis)
which most be considered. First there are two groups of environmental factors. The exter-
nal environmental factors are airblast, flyrock, noise and far field ground vibration. These
often have limiting values imposed by law, Obviously these also affect the near field mine
environment as well but it 1s not the same type of constrant. The internal environmental
factor which does have a direct effect on the mine is unwanted rock damage done by
blasting to the remaining wallrock, This constraint does not apply throughout the pit but
where it 15 imporant, it is important. An ore grade control constraint is somelimes mm-
posed with the desire being that the ore remain more or less in the same place before and
after blasting. There are also constraints imposed by limited operating room, bench sizes,
equipment or facilities in close proximity, etc. The Blast Engineering box is shown with
the ditferent demands imposed upon it in Figure 2.6.

Now there are obviously costs (penalties) and benefits associated with the different
demands and some tradeoffs have to be made. However with the factors identified and
specified, the blast engineer can begin the design process and weigh the different alterna-
[Ivies,

Figure 2.7 illusirates quite well the many controllable and uncontrollable variables in-
volved in any given blast and the resulting outputs. The logic trail involved in preparing
the design are shown in Figure 2.8 with a somewhat simplified version of the design-tesi-
redesign circle given in Figure 2.9. As can be seen the process of engineening a blast is a
challenging process involving the marriage of

— Explogive characteristics

- Explosive fracturing phenomena

- Layoul geomelry

— Rock and rock mass properties

Timimg

— Sequencing
s0 that the desired degree of fragmentation as required by the down-stream operations as
well as the other demands shown in Figure 2.6 are satisfied. The tools required to artack
this job are presented in the remaining portions of Volume 1 of this book.

2.3 THE ENERGY REQUIRED IN FRAGMENTATION

There are three common approaches which have been used throughout the years to de-
seribe the work done in breaking down a matenal from one particle size to another using
mechanical means. In 1867, Rittinger suggested that the energy {work) required was re-
lated 1o the amount of new surface area created (energy was a function of area). Kick
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{A) COMNTROLLABLE VARIABLES

* HOLE DIAMETER & INITIATING SYSTEM

* HOLE DEPTH ¢ IMITIATING SEQUENCE
= SUBRAILL DEPTH # WO. OF FREE FACES
& HOLE 'MCLINATEON = BUFFERS

« COLLAR HEIGHT + EXPLOSIVE TYPE

# STEMMING HEIGHT » EXPLOSIVE ENERGY

= STEMMING MATERIAL * CHARGE GEOMETRY
* BENCH HEIGHT « LOADING METHOD

# PATTEAM s WATER [SOMETIMES
* BURDEN TO SPACING RATIO UNCONTROLLABLE)
= BLAST SIZE AMD CONFIGURATION ® ETC

# BLASTING DIRECTION

(B} UNCOMTROLLABLE VARIABLES
* GEQLOGY

o MATERIAL STREMGTHS & PROFPERTIES
& STAUCTURAL DISCONTINWUITIES

# WEATHER CONDITIONS

* WATER (SOMETIMES CONTROLLABLE)
* ETC.

0 secands

LOADED BLAST

NOTE: TYPICAL
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SECONDS DURATION

i < F seconds

(C) OUTPUTS

FRAGMENTATION

MUCE PILE DISPLACEMENT
MUCK PILE PROFILE
GROUND VIBRATIONS
AlRBLAST

BACK AMD SIDE SPILLS
FLYROCK

MISFIRES

ETC.

Figure 2.7, Field model illustrating blast design inputs oulpuis {Atlas Powder Company, 1987,

{1885) on the other hand concluded that it was related to the total strain energy required
by the particles to bring them to the point of failure and hence a function of volume. Bond
{1952) indicated in his so-called *Third Law® that since the particle must first be strained
to the breaking point (volume dependence) and then new surface is created during failure
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Figure 2.8. Blast design Nowsheet logie (imodified afer Atlas Powder Company, 1987).

{arca dependence) that both processes must be involved. Oka (1969) showed that all three
of these “Laws” can be described by the following formula

W= K, [P48 58 (2.1}
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Blast

Performance

Figure 2.9, The blasi design-evalua-
pon-redesign i.rnprlw:rhl'.'nl circle
(Husmphreys, 1995 and Dyio/Wes-
farmers, 1993).

where W = total energy (work) required for size reduction from feedsize (F) to product
size (F), F = feed diameter, P = product diameter, K; = constant which is ‘Law” depend-
ent, B = infinite (Kicks Law), & = 6 (Rittinger's Law), 8 = 12 {Bond's Law).

Since this refationship 15 most easily demonstrated for the Rittinger Law, such an ap-
proach will be followed here. The work required according to Equation (2.1) is

(L
W=Kg|l—=—— 2.2
alm—%] (2.2}

where Ky = the Rittinger consiant.

In the beginning of the proof, assume that one begins with a cube of edge length F. In
the case of a unit cube, F= |. The surface area (4} is

Ap= 6 F?

and the volume (F g) is
Ve=F3

There is just | such cube so that the number (V ¢) of feed particles involved is
Ne=1

If the surface energy per unit area is assumed equal to S, the general expression for the
total energy (£) then becomes

E=NxAxS§ {2.3)

where E = total surface energy, N = no. of particles, A = surface area per particle, 5 = sur-
face energy/unit area.
Substituting into Equation (2.3) the values appropriate for the feed one finds that

Er=1x6F!x5=6F'S% (2.4)
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Consider now that after crushing the product is made up of particles having a side length
F. The surface area (4 p) and the volume {Fp) of cach particle are respectively

.f]'p EI' .|'1 z
Vp= P3
The number {Vp) of product particles is
v, F°
|al‘rp T'F _?
‘: i F

and the total surface energy {£p) after crushing is

. F . 6 F'S
;'.'Iu- FH& F":"‘:.T=T {:-5}

The work done { ) is the difference in the surface energies before and after crushing,
Henee
b F'S

j’.‘l

W= E'.Ijl - f-_r =

—E-Fi&'={-3f"[%--%| (2.6)

This 15 the form required. The other Formulas can be developed in much the same way.
Today, the Hond Law is probably the most often used:

. l 1
H” - Klq | FI? —}ﬁ] [:.?ﬂ}

where W = work or energy input 1o a machine reducing material from a definite feed size
to a defimite product size. It is expressed in kWhiton. F' = diameter [expressed in microns
(10 *m})] of the square hole that will pass 804 of the feed. It is determined from a sieve
analysis. £ = diameter [expressed in microns (10 m)] of the sguare hole that will pass
B0% of the product. 1t s determined from a sieve analysis,

Equation (2.7a) can also be written in the alternate form of

. F'-': _ F'I'J
H"r .IlI.H _Tr'_ll'l_:.II:IT:- - [2-?'}}
The constant K5 15 expressed using Equation {2.7h) as
i FII: Fl.‘:
Ko ¥ W (2.8

and is determined by measuring the amount of energy required to reduce a given feed to a
given product, By way ol example assume that an input energy of 3 kWh reduces | ton of
material from a size £ = 1600 microns to P = 400 microns. Substituting these values into
Equation {2.8) one finds that

_ 3 400" % 1600
1600"* — 400"

Ky = 120 kWh-micron"*/ton

Using Equation (2.7a) one can calculate the energy required to go from a feed which is in-
finite in size (F = nfinite) to any given product size P. The energy will be referred 1o as
the total energy or the total work and given the symbol, W, Thus
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W, =Kzl 3 (2.9)

PIERTE]

For the example,

W, =|ﬁi“%= 3 kWh'ton

Another important special case is the calculation of the amount of energy required to re-
duce the material from infimite feed size o a product size of 100 microns, This is given

the symbol W, and 15 the Bond Work Index. Substituting into Equation {2.7a) one finds
that

1 [ Ky
Wi=Kal 1007 = I= 100"2 (2.10)
Using the example values and solving for W, one finds thar
W, = 12::!2 = 12 kWhiton
HH

This Index provides a common basis by which engineers around the world can compare
the comminution properties of and the energy requirements for different materials and
processes. The total energy (W) required to reduce a material from infinite feed size 1o a
product size P; can (a) be oblained using Equation {2.9) or (b) by applying Equation {2.8)
to calculate the energy required to go to an mtermediate size £, and then adding the en-
ergy needed to go from size P to Py, The total energy required to go from an infimite size
to a product size of 400 microns in the example s

MNow as was found earlier, the energy required to go from an infinite feed size 1o a product
size of 1600 microns, was 3 KWh'ton. The measurement made when reducing the 1600 mic-
ron material to 400 microns was 3 kWh/ton. Thus the total as expected is 6 kWhiton.
When taking a total systems approach to the fragmentation process as was discussed
earlier in Section 2.2, one must examine both the amount of required input energy and the
point at which (and in which form) it should be introduced into the system. In this regard
consider the following example in which an approach based upon the Bond Work Index
has been applied 1w a hypothetical blasting and crushing situation. It is based loosely on
the Northshore Mine in Minnesota using published data when available and making rea-
sonable assumptions as necessary. Figure 2,10 shows the size distnbution of the blasted

rock as determined from video films of truck loads of mine run ore (Pastika et al., 1995),
Here one can see that the average size was 4.25 ins and the size through which 80% of the

material would pass was 9.5 ins. They indicate that in good blasts 80% of the rock is less
than 4 ins in dimension. In Bond (1952), Work Index values as calculated from Allis-
Chalmers laboratory tests have been presented for samples collected from many mining
properties, The values given for Reserve taconite (the predecessor of Northshore Mining)
are given in Table 2.1. The Work Index values are given in kWhiton from infinite feed
size to 80% passing 100 microns, This corresponds to about 65% passing 200 mesh. Us-
ing all values, the range is from about 11 to 26 kWh/ton with the average being 17. Using
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Figure 2,10, Hun-ofimine fragment sixe analysis for the Morthshore mine, (Pastika et al,, 1995),

Table 2.1. Work index vaiues for Morthshore (Reserve) Taconite (Rond, 1952),

Test Mill type Spec. gravity Mlesh Work Index (multiple samples)
I 748 Raod i4 1628, 25.70

2476 Rasd 4 8.8, 13.80

2475 Rasd 14 [8.50, 21.42, 17.75

215% Impact Crushing 350 (AL

L1877 " 173 1486, | 5.00, 19.28

| 748 " a7 568

436 = ilb 1620

30 " 4B 207

These work index values have been calculated from laboratory tests conducted by Allis Chalmers. The given
valwes are expressed in E'Wh'ton for an infinite feed sz o B passing 100 microns (or aboul 65% passing

264 mesh).

Equations {2.9) and (2.10) one finds that the total energy required to break the material
from infinite (insitu) size to a product of which 80% passes 9.5 ins (0.24 x 10* microns)
would be

100, ;
W, = H':I?I”'= I?lﬁ]”rn.ss kWh/ton

ﬂﬁ
On the other hand the amount of energy reguired to produce a product with P = 4 ins
(0,100 2 10*) microns would be

100
0,100 10°

In using this approach the expectation would be that to reduce the product size from 9.5
ins 1o 4 ins an energy input of (0L19 kKWh/ton is required.
It 15 interesting to compare the energy requirements as calculated using the Bond Work

Index with those expended in blasting. An average powder factor of 0.9 Ibs/Tong ton will
be used. The energy content/unit weight (E,) of the emulsion explosive will be assumed to

be 93% of that of ANFO or 850 cal/gm. Since 1 calone is equal to 4. 184 Joules, the en-
ergy conient is

W, =17] 1'% = 0.54 kWhiton
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E, = 850 cal/lgm = 3556 Joules/gm = 3.56 Ml/'kg

Since
1 kWh= 3.6 MJ

the explosive energy expressed in the same units as electrical energy is
E, =099 kWh'kg

E. =045 kWhilb

Using the powder factor of 0.9 Ib/long ton, the total explosive energy per long ton is
£, =09 b/t x 045 kWh/lb = 0.41 kWh'lt

Smce the Bond Work Index value is given in terms of energy/short ton the conversion bet-
ween short and long ton must be made.

1 short ton = 2000 1bs
1 long ton = 2240 lbs

hence

201D
E.=04]x 40 0.36 kWh'st
This is of the same order of magnitude as would be calculated using the Bond Work In-
dex. Although this result may simply be fortuitous, it does provide a convenient way for
evaluating the amount of explosive energy required 1o achieve a given fragmentation and
compare it with energy being applied through electricity.

It must be noted that nothing has been said about the effectiveness (efficiency) of en-
ergy utilization in either process. In the case of the crusher, the electricity is that used to
drive the electric motors. In blasting, the theoretical energy of the explosive is used. To
perform an actual energy balance, the efficiencies must be known. The approach outlined
may, however, be the only practical way to proceed.

In making decisions as to where the energy should be applied to create a certain frag-
mentation, the cost of encrgzy application enters. The cost of the explosive will be as-
sumed to be 30.16/b. Using the energy value/lb determined earlier the explosive cost
would be

S0.16/1b

=—————=50.36kWh
045 kWh/Ib

Ty

On the other hand, the cost for electrical power 15 in the range of 50,05 to 80.10/kWh de-
pending upon location, demand and other factors. Thuos looking simply at energy cost on a
k'Wh basis explosive energy is of the order of 5 times more expensive than electrical en-
ergy. However the cost of the system for applyimg the energy must also be included. It is
not fair 10 examine the energy cost alone. In blasting, additional energy may ofien be ap-
plied to the system by simply increasing the energy of the explosives loaded in the exist-
ing holes. However if adding energy to the system requires that new holes be drilled and
these filled with explosives then obviously the added energy costs are much higher, In
crushing, one has both capital and operating costs to consider. The operating costs involve
liner plates, repair/mamtenance labor, etc. while the capital costs reflect the investment in
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the crushing plant. Hence, in both cases, one must calculate the total real costs involved in
energy application expressed in 3/kWh and know the energy needed to achieve a certain
fragmentation. On that basis the most favorable time and place for energy application can
be selected.

2.4 FRAGMENTATION EVALUATION

A critical element in fragmentation system optimization is the development of practical
methods for determining the degree of fragmentation. By degree of fragmentation one
generally means specifying the average particle size and the distribution of the particles
around that mean. Both direct and indirect methods are available for determining the
fragmentation. The direct methods include screen analyses, counting boulders, and meas-
uring the pieces directly. The most accurate method of determining fragmentation is obwvi-
ously to sieve the whole pile. Although this is possible to do for small amounts of material
and for very special purposes it is very tedious, time consuming and very costly. This is
even more true when measuring the pieces directly. Counting and measuring the boulders
(oversize) 15 a commeon practice and easily done. It provides information about the ex-
treme tail of the distribution but nothing more,
There are two categories of indirect technigues:

1. Photographic methods
2. Measurement of parameters which can be correlated to the degree of fragmentation,

In applying the photographic technique, the following steps are followed (Rholl et al,,
1993h):

|. The photographs are taken with a 35-mm camera, a medium format camera or a
video camera.

2, They are then digitized. In the evaluation of the photographs, one can do the digiti-
zation by hand or with an automatic image processing program. The hand method is very
tedious and time consuming. The scanner screens the image and converts it into an output
comsisting of x and y coordinates (the intersections of each row and column) and assigns a
value corresponding to its shading on the grey scale. This information triple is stored in
memory and hence easily accessible for performing further digital evaluations.

3. In the computer technique, special software is used to enhance the rock fragments
and to detect the edges. The digitized points are connected to form closed shapes.

4. Once the outlines of the individual rock fragments are defined, the sizes of the indi-
vidual fragments may be determined.

5. The size of the fragments are related to the minimum screen size through which they
waould pass.

6. In the final step the fragmentation distribution is caleulated.

The accuracy of the photographic assessment technique depends upon controlling the
source errors and minimizing their magnitude {Rholl et al., 1993b). Theses errors include:

|. Photographs have limited resolution and rock fragments which are smaller than a

certain minimum value will not be observed.
2. Photographs leave a third dimension unexposed.
3. Photographs normally sample only the rock fragments on the surfaces of muck piles.
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4. Rock fragments in photographs tend to overlap and may also be cut ofT at the edges
of the photographs.

5. Photographic images can easily be distorted.

6. Image interpretation software can introduce errors, especially in those cases where
the surfaces of rock fragments are highly textured.

The principal steps involved in the photographic technique are shown in Figure 2,11,
There are also stereo technigues as opposed to the 2-D procedures described above which
provide a direct evaluation of 3-D data. However they are time consuming and require
high performance, expensive equipment. The photographic technique can be applied o
stationary muck faces or muck piles. It can also be used to scan the material as it passes
by in haulage trucks or on a conveyor belt. Just (1979) has found that photographs taken
of the surface of a muck pile or the digging face are not representative of the whole. Still
photographs of the material contained in passing haul trucks does, on the other hand, pro-
vide such results. At the Rissing Mine (Hunter et al., 1990) every truck that passes the
camera during daylight hours can be sampled in this way. Svstem improvements could in-
clude 24 hour photography and capturing live images using video cameras.

Crusher monitoning 15 one of the technigues which provides an indirect indication of
the fragmentation. It includes determining

= Crusher energy consumption

— The type, strength and size of the feed material
— The size of the crushed product

- Crusher throughput

The theory behind this approach has been discussed in Section 2.3,

Another indirect and widely used technigue is the monitoring of secondary break-
ing/blasting costs.

Shovel monitoring is a natural way of following and describing both qualitatively and
quantatively fragmentation and fragmentation changes. The diggability or fragmentation
indexes developed on the basis of shovel monitoring should incorporate the effects of size
distribution, swell factor and muck pile profile. One such monitoring system currently re-
cords/produces the following values {Hunter et al., 1990):

— Load time per truck

~ Time per dig cvcle

— Time waiting for trucks

— Downtime

- Fill angle (arc moved through during the dig motion)

~ Swing angle (angle from dig to truck)

— Number of boom jackings and hoisis

= Trip ouis

— Boom vibration

— Motor voltage, current and encrgy consumption

These data provide many different possibilities for leaming about the effectiveness of the
loading operation and identifying improvement possibilities. As Williamson et al. (1983)
point out, when developing a degree of fragmentation index it is important to identify
a measure which will relate primarily to digging conditions at the face and be insensitive
to operator behavior, truck availability, and a variety of other factors which influence
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Figure 2.11. A frapmentation analysis system (Vogt & Albrock, 1991).

productivity. In the shoveling action shown in Figure 2.12 and described earlier in Chap-
ter | the dipper is forced into the bank through the use of the crowd action while being
lifted with the hoisting movement. The load is then swung and dumped. With respect to
focussing on fragmentation conditions and largely climinating the other factors, only the
digging section of the operating cycle is considered. For electric loading shovels the fol-
lowing parameters are easily monitored from the relevant electrical circuits:
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Figure 212, The shovel actions imvalved in the mining process { Williamson et al., 19E3).

= Crowd armature voltage and current

— Hoist armature voltage and current

— Dipper trip (dump) relay and the crowd/propel relay.
A number of different indexes have then been developed based upon using these meas-
urements. Three of these are:

— Dig Utilization Index

~ Diggability Index

— Boom Vibration Index
Williamson et al. (1983) deline the Dig Utilization Index as the ratio of the aumber of
buckets hauled to the total number of digging actions. This gives an indication of the rill-
ing characteristics or tighiness of the face as well as the face profile. A related index is the
Bucket Fill Factor which is the ratio of the minimum number to the average number of
bucket loads per truck observed under the given digging conditions. The Diggability In-
dex (Williamson et al., 1983) is a more complicated index based upon a shape analysis of
the crowd motor voltage signals during digging. An alternative index based on the crowd
maotor power corsumption is easily computed from the voltage and current signals. However
it has been found to be less sensitive to the fragmentation than the crowd voliage. This index
reflects the effects of size distribution and swell factor, The Boom Vibration Index (Hunter et
al., 1990) is defined as the number of peaks above a certain threshold recorded by a tilt sensor
mounted on the boom during the loading of one truck. It gives a measure of digging condi-
tions, operating characteristics and is a direct measure of loading seventy on the boom's me-
chanical structure.

Figure 2.13 is a flow sheet which shows how the fragmentation and the diggability
components are combined at a mining operation to define the overall blast results,

With respect to mean fragment size and distribution there are predictive techmiques
available based upon the rock type and the explosive/pattern being used. These techniques
will be discussed in Chapter 4.
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2.5 OPTIMUM FRAGMENTATION CURVES

2.5.1 The MacKenzie fragmentation curves

Some 30 years ago, MacKenzie (1966, 1967) presented his now classic conceptual curves
showing the cost dependence of the different mining unit operations

- Drrilling

~ Blasting

~ Loading

— Hauling

— Primary crushing
on the degree of fragmentation. They are presented in their original form in Figure 2.14, As
can be seen some of the costs decrease with increasing fragmentation while others increase.
By adding the curves together one obtains the overall cost versus degree-of-fragmentation
curve presented in the lower part of the figure. It has the form of a saddle indicating that
there is a certain degree of fragmentation for which the overall cost is a minimum. In the
particular case shown, the base of the saddle 15 quite broad suggesting that the overall
costs change little over a wide fragmentation range. Before discussing the development
and application of these curves it is imporiant to undérstand the logic behind them. Be-
ginning with the loading, hauling and crushing curves the logic, as presented by MacKen-
7ie, 15 as follows:

Loading

An increase in the degree of fragmentation will give the shovel a higher rate of produc-
tivity, At standard operating costs per hour (for all practical purposes independent of the
production rate) this will result in lower costs per ton or cubic yard moved. The effect of
wear and tear will also decrease, giving lower operaling cost per hour.

Hauling

LUinder similar conditions of haul, LR, size and type of truck and haul road conditions,
truck production per hour will increase wilh greater degree of fragmentation due to faster
shovel loading rates and a decrease in bridging (and hence waiting time) at the crusher.
There will b a consequent decrease in cyvele time. Al a standard operating cost per hour,
this increase in truck speed or productivity will result in lower unit operating costs.
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Figure 2.14. The effect of the degree of fragmentation on the individual unit operation costs and on the overall
cost (MacKenzie, 1967),

Crushing

An increase in the degree of fragmentation gives lower crushing cosls as more material
passes through as undersize. Liner costs, repair and maintenance, and bridging time will
decrease and the crushing rate per hour will increase, As indicated decreased bridging
time also cuts down on truck delay time at the crusher which in tum gives higher truck
and shovel productivity. Any increase in degree of frmgmentation means less work for the
crusher. The % bridging time is one indicator, along with shovel loading rate of this de-
gree of fragmentation.,

These have been the easiest to explain since the unit costs always decrease with in-
creasing fragmentation. The same is not true for the drilling and blasting cosis. There are
many possible combinations which can occur depending upon the particular design. The
following explanation has been patterned afler that given by MacKenzie.
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Blasting

For a given rock type, geologic structure, and firing sequence, an increase in the degree of
fragmentation may be achieved by (a} increasing the consumed quantity of a given explo-
sive, (b) changing to an explosive having greater energy content per unit hole volume
{higher energy content! density), or (c) combinations of both.

For blasting case (a) the associated drilling cost would increase if the explosive quan-
tity were to be increased by simply drilling the same diameter drill holes but on a tighter
pattern. Thus there would be more drill holes required to blast a given volume. If larger
diameter drill holes were substituted and the increased hole volume (explosive quantity)
achieved in this way then the rate of increase or decrease would depend upon the com-
parative drilling cost per foot of hole, For case (b), presuming that the same hole diameter
and pattern 15 used, the drlling costs would remain constant independent of the fragmen-
tation. For case (c) the drilling cost could 1. Remain constant, 2. Increase or 3. Decrease
depending upon the situation. If the same fragmentation is desired and a more energetic
explosive is substituted for the one currently in use, then the unit drilling cost could de-
crease due to the possibility of increasing the hole spacing (spreading the pattern).

In his original presentation MacKenzie has explained the dnlling dependence as fol-
lows:

‘Dvilling. Generally speaking, for a given type of drilling and of explosive, the cost per
cnhic vard ar for will remain consiant or increase with the degree of fragmentarion. {f
higher energy explosives are substituted, the drilling cost per vard will decrease. The rare
of increase or decrease or decrease will be dependent upon the drilling cosr per foor,”

Unfortunately, by attempting to present several of the different possible combinations
on the same drilling figure (Fig. 2.14a) the close coupling between the drilling and blasi-
ing costs 15 lost and the possibility for confusion anses.

In terms of the practical determination of degree of fragmentation MackKenzie suggested
that the most effective evaluation 15 obtained by using the shovel loading rate, exclusive of
all delays. The degree of secondary breaking, high bottom, and bridging delays at the
crusher may be used in conjunction with shovel loading rate to achieve a better correlation.

Before discussing some practical applications of the concept, it is perhaps well 1o present
some background information regarding the Quebec-Cartier Mine applicable at about the
same LUme as these papers by MacKengzie were wrillen. Table 2.2 describes the main
mining unit operations with particular emphasis on the drilling and blasting whilst Ta-
ble 2.3 gives the estimated cosis and the cost distribution.

The costs in Table 2.3 should help to put the elfects associated with cost increases or
decreases of the difTerent unit operations into perspective. The changes which were un-
derway in 1967 were 1o increase the hole size, 1o expand the pattern and to converl 1o a
metallized slurry explosive. The approach described in his papers was used as a way of
evaluating the different options/combinations.

There are numerous ways in which overall cost-degree of fragmentation curves can be
used. Two will be discussed here using the MacKenzie results. In the first example it will
be assumed that one has an explosive and a drill pattern which yields suitable fragmenta-
tion (Pattern A). Due o various reasons one would like o evaluate other alternativies
which would yield at least equally good results and hopefully at a lower cost. This case, is
shown diagrammatically in Figure 2.15. One does not care at which absolute point on the
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Table 2.2, Information regarding the Quebec-Cartier Mine (Plleider & Weaton, 1968).

I. Ore type: Taconite
2, Dirilling
12 144" diarmeter rotary bits in ore (9 78" and 12 197 in waste)
penelration rabe = 145 b (16 f'he)
3. Blasting
powder factor = 0T Ibson
cxplosives used: ANFO, slurry, metallized slunry
biench height = 40 fi
subgrade = 4 i
spacing = 23 i {24-30 §k)
burden = 23 i (24-30 fi)
4. Loading, hauling and crushing

Tahle 2.3, Esiimated direct operating cosis and the cosi distribution for the Quebec-Cartier Mine [Hammes,
| Sl

Linit operation Const (31 Cosl (Ya)
Diwilling 0. ]
Blasiing ol 23
Loading (0,7 15
Hauling 14 K
Cenieral 0.5 1
TUFFAL .47 [LLE

Cost/LInit

i [destan Variations

Figure 215, [Naprammatic represen-
tation of ﬂl."xiﬁg the |l d-l::-.'lH_n
'u-h.ih: |nuir|.|.aining cianslant I'ru.;'_-
Degree of Fragmeniation mentation,

overall curve one is operating but simply that the fragmentation remains more or less the
same. Shown superimposed on the curve are the results of four different patterns and from
this it appears that Pattern C is an interesting alternative.

Consider the case of the Quebec-Cartier Mine where the drill holes were 9 7/8 inches
in diameter and the bench height was 40 fi. These were maintained constant. In the sysiem
current at that time, the lower portion of the blasthole was loaded with a bottom charge of
a high energy, water resistant, more costly explosive. Then in a second operation, the up-
per part of the hole was loaded with a column charge consisting of a lower cost, lower en-
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ergy, water-sensitive explosive, This two part charge will be denoted as Pattern A. For the
square patiern of holes with a hole spacing of 22.5 f, the fragmentation was considered
satisfactory. It will be assumed that the drilling cost for each hole is $220. For Pattern A
the explosive cost per hole is $120 and hence the iotal drilling and blasting cost per hole
is $340. Since each hole breaks a volume (F,) of

[22.5 1t x22.5 fi x40 fi]
27 it ey

the fragmentation costs are 30.45/cy. It is desired to replace this system by one in which
the entire hole is filled with a water resistant explosive in one pass. This is to be done
while maintaining current fragmentation and costs. There were four possible explosives o
choose between. The costs (S hole) associated with each are given in Table 2.4,

It is obvious from examining Table 2.4 that the hole spacing must be increased for all
of the candidate explosives in order to maintain the current cost/cy. The cost (S/cy) for
each of the explosives is shown as a function of the hole spacing (assuming a square pat-
tern) in Figure 2.16. A series of blasting tests were performed with each of the explosives,
The hole spacing yielding the same fragmentation as the current pattern was identified.
These positions are shown on the figure by the large filled circles. As can be seen, even
though the cost per hole is significantly more than that for the current pattern, Explo-
sive ( due to its increased breaking ability and the spreading of the patiern yields a lower

ey

Table 2.4, Costs for the different alternatives,

Costs (§hole)
Explosive Drilling Explosive Ttal
A {current) 2 140 44)
A M a1 AR
[ XX T 405
i3 M) I Sl
k- X 340 il

i1.60 T
A
.50 —
Dirallarg & |
IElastang Costs 0,40 - |
1®ey) I
[~ I
I
0,30 p= |
|
i | A 7 Figure 2.16. Results from the Que-
{1,201 1 ,!]_j 11 L1 I L Boc-Cartier mine when blast de-

2123 X M M 3 3 36 sign flexing wunder conswant frag-
Hople Spacing [ ft) menkation comditions.
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cost/cy than Explosive A. The decision was made to change to this explosive which tumed
out to be the metalhized slumry. Assuming a specific gravity of 3.3 for the ore, the dnlling
and blasting cost would be $0.18/1t which is similar to those given in Table 2.3.

A second application of the approach would be that once the explosive and the hole di-
ameter has been chosen, one could flex the pattern by changing the hole spacing and
thereby vary the specific charge (the amount of explosive per unit of rock). A common
form of specific charge is the so-called powder factor. As the spacing is increased or de-
creased there should be a comesponding change in the degree of fragmentation observed.
Rased upon the corresponding economic analyses one's position with respect to the opti-
mum can be determined. This type of test is shown diagrammatically in Figure 2.17. Ob-
viously one could also vary several parameters at the same time (explosive, hole pattern,
etc) however then it is much more difficult to identify the cause of the improvement or
degradation. The results from test series performed by MacKenzie to select the new ex-
plosive and pattern were apparently also used to study the position on the overall cost-
degree of fragmentation curve. The results are shown in Figure 2.18. There is good correla-
tion between these actual results and the conceptual curves shown in Figure 2,14, with the
possible exception of the blasting. The summary cost curve is as shown in Figure 2.19.
The question marks reflect the possible types of curve extension with increasing frag-
mentation. All would suggest that the current patterns lie on the left flank of the curve and
that further improvement is possible.

In summary, this approach to determining the optimum fragmentation makes good
sense. Since those costs associated with producing an increase in fragmentation (drilling
and blasting) increase while those related to handling the product (loading, hauling and
crushing) decrease there should be a certain fragmentation or fragmentation range yield-
ing a minimum overall cost. The fact that the optimum is apparently quite broad is posi-
tive in the sense that a pattern lving somewhere in the optimum range would be expected
to function nearly equally well when one of the non-controllable inputs such as rock type/
rock conditions vanes somewhal. The curve would also suggest that once one has a work-
able design, presumably lying in the optimum range, there is little economic incentive to
seck the ‘true’ optimum. In short, there is reason to establish patterns giving “satisfactory’
results in the different rock types oceurring in the open pit but little reason to seck opti-
mums. This obviously simplifies the producrion blast design/layout problem markedly.

CostUnit

Design Varianons

Degree of Fragmentalbon
Figure 2,17, Diagrammatic representation of the optimum seeking process,
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2.5.2 The Minntac experience

There is, unfortunately, very little data available in the technical literature providing prac-
tical substantiation of the MacKenzie optimum fragmentation concept and the value of
seeking and operating in the optimum region. There are several probable reasons for this.
The first of these is that the required data are difficult to obtain especially given the natu-
ral variations within a pit. A second reason is that if the ‘optimum” region is quite broad
with little change in unit cost over a range of reasonable fragmentation conditions then
there is little point in secking out the optimum and operating there. This is probably the
case for the soft and even medium strength rock formations especially if one considers
only the direct mine related fragmentation costs. For stronger, harder, more abrasive rock
formations with a large amount of downstream crushing and grinding, the situation is quite
different. This is one explanation why the examples presented in this Chapter all involve
the mining and processing of taconite ore which is one of the meanest in those respects in
the world. Eloranta (1995) has presented an interesting senes of results aimed at evaluat-
ing the optimum blast fragmentation point for the Minntac Mine which is located in the
central part of the Mesabi Range at ML Iron, Minnesota. In 1994, a total of 49,130,952
long tons (It} of taconite ore were mined and 14,440,418 long tons of taconite pellets
shipped (Inspector of Mines, 1995). The weight of one long ton (lt) is 2240 Ibs, Using the
ore mined and the amount of pellets produced one finds that, on average, 3.4 long tons of
taconite ore are required to produce one long ton of pellets. In collecting and presenting
his data Eloranta has used the powder factor (defined as the amount of explosive (Ibs)
uscd per long ton broken) as the measure of fragmentation. By doing this, he assumes that
the degree of fragmentation increases linearly with the powder factor. The explosive used
at the Minntac Mine is a blend of ammonium nitrate/fucl oil (ANFO) and emulsion and
goes by the generic name of heavy ANFO. The characteristics of this type of explosive
will be discussed in detail in Chapter 7. Since the energy content per unit hole volume
changes with the relative proportions of the two components, Eloranta has normalized the
results by calculating an ANFO equivalent powder factor. Although the powder factor is
expressed in terms of Ibs/It of mined ore, some of the results are given in terms of powder
cost per long ton of pellets ($/1t). This transformation is easily made knowing the powder
factor, the cost of the explosive ($/1b), and the number of ore tons reguired to produce a
ton of pellets.

Minnesota has a typical inland climate with warm summers and cold winters. Thus it
might be expected that the seasonal vanations would affect the results. Figure 2.20 which
15 a plot of shovel loading rate (IVmin) versus monthly temperature reveals that this factor
must be included when combining results collected during different times of the year.
Figure 2.21 is a plot of the shovel loading rate as a function of powder factor with the cor-
rection for seasonal variation taken into account. The same type of temperature depend-
ence as was observed for shovel loading (Fig. 2.20) was also observed for the crusher
throughput and, in addition, the rate was also adversely aflected by the snow depth. Fig-
ure 2,22 shows the variation in crusher throughput (as corrected for temperature and snow
depth) and the powder factor over the period 1990 to the middle of 1993, As can be seen
there is no clear relationship. The crusher throughput has, in general, steadily increased
whereas the powder factor has remained more or less constant,

The ore undergoes a large amount of fine crushing and grinding to hberate the magnetite
from the waste rock and the plant is by far the major consumer of electrical energy. To try
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and assess how the fragmentation in the mine affects the downstream fine grinding costs
it is natural to examine the electrical consumption per ton of pellets produced. However as
seen in Figure 2.23 this is also strongly temperature dependent and hence this must be
taken into account. Furthermore the electrical energy consumption is largely independent
of ore grade but the pellet production per long ton of ore is strongly dependent on grade.
Thus when considering electrical cost per ton of pellet production ore grade must be in-
cluded. The relationship between electrical cost (as corrected) and powder cost is given in
Figure 2,24,

Other costs associated with fragmentation are those related to the dipper. These have
been simply grouped together under the heading of “teeth’ cost with the results shown in
Figure 2.25.

Combining the electricity, teeth and powder costs (81t of pellets produced) and plot-
ting the result versus powder cost ($/1t of pellets) on obtains the result depicted in Fig-
ure 2.26. As with the other plots there is quite a lot of scatter although there does appear
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lo be a trend of decreasing cost with increasing powder factor and by implication in-
creasing degree of fragmentation. Such a trend would suggest that the current blashing is
on the left flank of the optimum curve and that there might be merit in increasing the en-
ergy poing into primary rock breaking. This study shows very clearly the complexity of
the problem of data collection and analysis.

2.5.3 Computer-based information system approach

It is obvious that there are a great many factors that go into the construction of the overall
cosl versus degree-of-fragmentation curve. First one must have a good system for evalu-
ating the degree of fragmentation. Some of the vanous possibilities were discussed in
Section 2.4, OFf these, those in which the data are caplured and processed automatically and
directly into guantitative measures such as loading machine operating parameters and/or
image processing systems are the most interesting since no intermediate handling or man-
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ual data entry is necessary. The second part of the process is to identify and track the rele-
vani costs. The third part is to relate the costs and the degree of fragmentation achieved with
the patterns/explosives used. Hunter et al. {1990) have described the computer-based
system used by them at the Riissing Uranium Mine to collect and process the information
required to construct fragmentation cost versus degree-of-fragmentation curves. [t uses
the following data bases:

I. Mine Operating Cost Data Base.

2, Drill and Blast Management System
This system contains the records regarding the blasi design, operators records of drilling
and charging, and routine observations of boulders and digging conditions made by the
blast foremen

3. Blast Analysis System
This system contains the surveyed coordinates of each blasthole and the blast outline ge-
ometry. It is used for locating the position of the shovel while loading and for comelating
the blast results with position within the blast.

4. Management Information System
This system reports on all haul truck and shovel operations using data received via the
dispatch system. The information is used in conjunction with shovel monitoring in order
to correlate the results with the area in which the shovel 15 digging. It is also used in con-
junction with the Fragmentation Analysis System to identify the source and destination of
the matenal photographed n each truck.

5. Fragmentation Analysis System.
This is a computerized method for analyzing photographs of broken rock for making size
distribution (fragmentation) determinations.

6. Shovel Monitoring System.
This ts computer system mounted on each shovel which monitors crowd and swing motor
voltages/currents, boom tilt and a number of factors which are used to caleulate diggabil-
ity as well as other indexes.

7. Mine Maintenance System.
This system provides data regarding the long term consumption and cost of the major
components {(boom, crowd gearbox and dipper sticks) affected by digging conditions, For
example, severe shock loading occurs when high bottoms and boulders are met while dig-
Eing.

Even after gathering these data and having them in a manageable form their interpreta-
tion is complex because of the greal many factors involved.

2.6 FRAGMENTATION 5YSTEMS ENGINEERING IN PRACTICE

The Mesahi Range, the Fabulous Giant, is still very much alive today. But times have
changed. Where there were more than 100 mines in operation on the Range in 1910, to-
day there are 9. Of these there are 3 which still send to market the natural ores which were
the trademark of the Range up until the 1960s. The 1994 natural ore tonnage of shightly
muore than 500,000 long tons pales in the face of the nearly 21 million long tons sent dur-
ing 1910, However the total tonnage sent to market from the Range in 1994 was nearly 44
million long tons. The difference between the natural ores and the total tonnage was made
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up of a highly processed product in the form of pellets. The ron instead of being con-
tained in the soft, easily worked hematite ore is now in the form of magnetite grains
tightly bound in taconite some of the hardest rock known. There are currently 7 mines on
the Range producing these pellets from taconite. To produce the pellets nearly 140 million
long tons of ore were mined and 30 million cubic vards of waste siripped in 1994, The
emplovment was just about 6000 people. To be economic, the fragmentation svstem used
to liberate the iron first from insitu and then down to the last stages where the individual
grains are liberated must be very effective.

This section descnbes the fragmentation system and strategy employed by the North-
shore Mining Company located at the Eastern tip of the Range. The material being mined
15 the hardest of the acomtes. The discussion wiach tollows s based largely upon the pa-
pers presented by Pastika (1995) and Indihar (1991).

Morthshore Mining Company, a subsidiary of Cleveland Cliffs, Inc., mines approxi-
mately 10 million long tons of taconite running 25.8% magnetic iron per year at its Peter
Mitchell Mine in Babbitt, Mmnesota. Mining began at the property in the early 19505 un-
der the auspices of the Reserve Mining Company, one of the two pioneering large scale
taconite operations on the Range. It closed in 1986 due o poor economic conditions. It
wias reopened in 1990 by Cyprus Minerals and on October 1, 1994 Cliffs Minnesota Min-
erals Company took over the ownership and the operations. At the mine the ore 15 drilled,
blasted, loaded, hauled and crushed o -4 inch before being shipped 47 miles by rail 1o
the E.W. Davis Works at Silver Bay. A capsule view of the mining as practiced at the
Morthshore mine with particular reference (o the drilling and blasting operations s given
in Table 2.6. At the Davis Works the ore is crushed o -3/4 inch, ground to 8% passing
325 mesh, concentrated using magnetic separation and flotation, and finally pelletized in
one of two traveling grate lumaces.

Fable 2.6, Dhetails of the Norhshone mining operation (Pastika e al., 1995%),

. 1% Productien
G 6 0 ore mined
B 5005652 1t pellets shipped
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Table 2.6. (continwed).

&. Crushing
— |-l im gyratary primary crusher
— 4-M) in gyeamory secondary crushers
~ Tl product -4 ins.
7. Grinding
— B9% — 325 mesh
— T — 500 mesh
8. Blastung
- emalsion exphosive, 50 = 1,35, cost = 201610k
— averapge powder factor = 0.90 [bs/lt
— averape bench height = 4% .
— stnpgened pattern = 30 fi = 30 fi
— subdrill = b
— slemming = 12 fi
— Primadet detonators
—2-2 Ik boostershole
— surface lines = 2% grain Primacord
- rows fired en echelon with 35 ms delays bebween rows
— individual hale delays within each row
— decked charges sometimes used
— average shot size = 500,000 It
— blast security radius = 500 it

The process of producing a marketable product from tacomite can be broken down into
three distinct stages:

— Drisassembly
~ Separation
- Reassemhbly

As indicated earlier, in the disassembily stage, the ore 15

~ Drilled, blasted and crushed {coarse crushing) to —4 inches at the mine and then sent
to the mill where it is

— Further crushed to —3/4 inches (fine crushing) and then

— Giround (fine grinding) 1o 89% passing 325 mesh.

Separation is the process of picking the —325 mesh magnetite particles out of the mixture
created duning disassembly. [t 15 done both magnetically and by flotation. Reassembly is the
process of putting the iron particles back together m a form and size that can be shipped and
utilized by a blast furnace.

For the particularly hard ore at Morthshore the relative costs of these three stages as a
percentage of the direct costs of producing one long ton of pellets are:

Dhisassembly 43%
Separation 1%
Reassembly 46%

From this it is obvious that
breaking rock is a major part of the cosis involved with producing a final product.
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A closer examination of the costs will now be performed beginning with those nor-
mally considered as direct mining costs, These are expressed below as a percentage of the
tolal mining cost:

Dirilling 14%
Hlasting 22%
Fit handling | boading, hauling, misc,) G4

Drilling and blasting costs, particularly explosive costs, are one of the biggest single line
ibems in any hard rock mining budget. The tendency and practice, at times, has been to
minimize mining costs by reducing costs for blasting. When looking at all of the costs as-
sociated with the disassembly process, the picture becomes:

Drrillinge 5%
Hiasting %5
Pit handling I3
Coarse crushing a%a
Fine erushing s
Fime grinding ot

The pit handling costs have been included as disassembly costs even though no size re-
duction occurs since the cost of delivering the broken ore to the crusher is a direct func-
tion of fragmentation and a major portion of the overall cost at this stage.

From this it is clear that

~ Breaking rock gets more expensive downstream
— The entire mining process beginsg with drilling and blasting and all downstream effi-
ciencies and costs are controlled by effective fragmentation.

To put drilling and blasting costs in perspective, although they stand by themselves as
significant line items, they are but a small part of the overall costs, Of further and major
importance, drilling and blasting are the first step in the disassembly process and control
10 a large degree all downstream costs, including in-pit handling. Thus drilling and blasi-
ing have a large leverage on overall costs out of proportion to their relative size.

This leverage is increased by the fact that, in addition to any direct downstream sav-
ings that can result, better fragmentation also permits major redesigns/changes in the min-
ing process with very high cost-savings potential. If, for example, one could break the rock
to —4 inches by blasting one would eliminate the need for both the primary and secondary
cone crushers at the mine.

Morthshore Mining has based iis philosophy of drilling and blasting on the following
three fundamental axioms:

1. The whole is not equal to the sum of the paris.
Thus first axiom simply states that drilling and blasting are part of the overall process and
that process must be treated as a total system. The paris of the system are not independent
and the total cost of the process cannot be minimized by mimmizing the individual parts.
Decreased costs for explosives, for example, do not necessarily lower overall costs. In-
creased spending in one area can be offset by greater savings in other areas.

2. Breaking rock gets more expensive downstream.
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This means that, at least up to a point, it 15 more effective to break rock with explosives
than mechanically in crushers or grinding mills. At some point it does become prohibitive
1o further decrease drill spacing and increase the amount of explosives used to blast the
rack. Al Northshore, that point due to technical difficulties such as the technical con-
straints imposed by delay timing accuracies has not yet been found.

3. The entire mining process begins with drilling and blasting and all downstream effi-
ciencies and costs are controlled by effective fragmentation.

This simply means that no matter how efficient or large mining equipment 15, 1t cannot
be effective unless the rock can be handled efficiently. Furthermore, because downstream
costs are large in comparison, the opportunity exists to save money downstream by better
fragmentation from blasting.

When talking to realtors about selling a house it is well known that the three most im-
portant factors are: Location, Location and Location. History at Northshore has shown
that drilling and blasting efficiency as defined by decreased average and maximum frag-
ment size is also controlled by three important factors: Energy, Energy, and Energy. Spe-
cifically fragmentation is controlled by 1. The fofal energy in the shot, 2. The energy dis-
tribution, and 3. The energy utilization.

With regard to the first of the energy factors, total energy, the idea is “the more, the
better® as long as the blasting can be kept under control (the resulting muck pile is satis-
factory, etc.).

Since holes are drilled to hold the explosives, the energy in a blast is concentrated in
discrete locations. Fragmentation 15 excellent near the charge and gets worse as the dis-
tance away from the energy source increases. The second energy factor, energy distribu-
tion, 15 a particular problem in the upper part of the bench where explosive has been re-
placed by stemming. Northshore has improved the energy distribution, increased the total
energy, and minimized poor fragmentation in the top part of the blasts by placing shallow
(8-10 foot) satellite holes with 200 to 300 Ibs. of explosive centered between cach main
production hole.

The third energy factor, energy utilization, is controlled by two factors proper stem-
ming and proper timing between holes and rows. Both are needed to contain the explosion
and provide the time needed for the explosives to do their work. It is particularly impor-
tant that the delay between rows is of sufficient duration to allow each row to move out
before the following row fires.

Experience has shown that drilling and blasting must be treated as a system and that
any single factor such as hole spacing, powder type or powder factor, or timing alone will
not improve results unless all the factors are balanced.

Results have shown that better drilling and blasting practices can produce better frag-
mentation which in tum has a positive effect on overall costs.

As indicated earlier, the mine closed in 1986 due to adverse economic conditions, was
reopened in 1990 and is operating successfully today (1998). For this to occur major cost
reductions were needed. The major productivily increases and savings from 1986 to 1994
as expressed as percentages based upon 1994 dollars are as follows:

A. Drifling and Blasting
— 28% decrease in the cost per ton mined.
B. Ore Loading
— 29% productivity increase with the same equipment.



58 Blasting principles for open pit mining: General design concepls

~ 33% decrease in the cost per ton mined,
C. Mine Haulage

— 6% increase in productivity.

= 48% decrease in the cost per ton mined.
D. Miscellaneous Pit

— 50% reduction in the cost per ton mined.
E. Coarse Crushing

~ 34% increase in crusher productivity (tons crushed/hour).
F. Fine Crushing

— 22% increase in crusher productivity (tons crushed/hour).

~ 41% reduction in the electrical cost per ton crushed.
(. Fine Grinding

= 42% reduction in overall grinding costs.
The overall cost to extract and reduce the ore to less than the 325 mesh size needed for
separation has decreased by 42% owver this period. Improved fragmentation has been
achieved even though the overall powder factor (total explosives used per ton of rock) has
not ch&nged. The additional drilling for satellite holes has not increased drilling costs ap-
preciably since these holes (a) dnll faster than average due to prefracturing of the top of
each bench from previous blasts and (b) allow the spacing for the deep holes to be ex-
panded. Hence the improvemenis to date have been largely achieved through the belter
distribution and utilization of the explosive energy. Increased costs for drilling and blast-
ing due to general inflation have been more than offset by cost savings brought about by

— Improved operator performance
~ Improved maintenance practices
— The utilization of more cost effective explosives

In summary, since 1986 the costs al Northshore to break rock (o less than 325 mesh has
decreased by 42% and the overall cost to produce a ton of pellets by over 50%. The sue-
cess has been the result of many factors including good management, an excellent work-
force, reduced overhead, cooperation and help from suppliers and numerous changes in
operating practices. Improved fragmentation from blasts, however, has been a major fac-
tor both directly and indirectly by allowing some of the other changes 1o be made.

2.7 SUMMARY

In this chapter the dominant role that fragmentation plays in the overall process of ex-
tracting the ore from the insitu through to final mineral hiberation at the end of the mine-
mill processing chain has been described and emphasized. Through the years much has
been said about how maost if not all of the primary crushing should be done in the pit and
that explosive energy is one of the most convenient and inexpensive sources of energy for
the miner. Yet there has also been great attention placed upon maintaining as low powder
factors as possible since explosive cosis can be substantial. Book keeping by unit opera-
tion forces each unit operation to focus on cost cutting for that particular operation and to
mainiain costs at as low a level as possible. However, as was emphasized repeatedly
throughout the chapter, a *low-cost” blasting unit operation may not at all be low cost when
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the added costs due to sub-optimizing this one operation continue o incur additional costs
for the downstream operations, Today there are many new and powerful tools for evalu-
ating the degree of fragmentation at various stages in the process and for collecting, storing,
processing, analyzing and presenting the great amounts of data generated by an operation
cach day. Thus the possibilities to make the system decisions as o where to set the com-
pany's fragmentation resources can be made on a much more solid foundation than ever
before. As the costs of the various forms of energy change in the [uture, one has the op-
portunity to allocate those energy dollars in the most effective way. To do this one must
understand the system, the interactions which oceur within the system and the workings
of each of the unit operations themselves.
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CHAPTER 3

Explosives as a source of fragmentation energy

3.1 EXPLOSIVE POWER

An explosion is a type of redox (reduction/oxidation) reaction which takes place over a
very short time. Common rusting is an example of a redox reaction which takes place
very slowly. The equation describing the rusting process is written below

4Fe + 305 = 2Fe.04 + Hem (3.1)

The iron (Fe) is oxidized to rust (Fe;Oy/ferrous oxide) and the oxygen (0,) is said 1o be
reduced.

In explosive terminology the O, is the oxidizing agent and the Fe is the fuef. I one
placed sensitive thermocouples on a rusting iron building, an increase in temperature
would be found to accompany the process.

A common blasting agent used in open pit mines today is a combination of ammonium
nitrale (AN) and No. 2 diesel oil/fuel oil (FO). The combination is called ANFO, Al-
though neither of these components are explosive in themselves, under the proper condi-
tions the mixture can be made to defonare (the explosion front will propagate along a col-
umn of explosive). Under other conditions, the mixture will simply deflagrare (burm) at a
very rapid rate.

The chemical reaction for the process is given below

INH,NO, + CHy = THL0 + €O, + 3N, + heat (3.2)

In this case, the AN is the oxidizer (it contains the oxygen) and the fuel oil is the fuel. The
fuel oil is oxidized and the AN is reduced in a very, very short time, As can be seen, the
products are gases at high temperature. The amount of energy liberated in the form of heat
is called the heat of explosion and denoted by symbol, Q. For ANFO, Q = 912 calories/
gram.

The reaction is camied along the column of explosive at the velocity of detonation
{ FOD) which for ANFO is of the order of 4529 m/second.

Although one knows that the power involved in an explosion is large, it is difficult 1o
visualize just how large simply through the energy release value of 912 calories/gm. To
help in this regard, consider a borehole 300 mm in diameter (D) and 8 m in length (L)
filled with ANFO having a density (p,) of 0.8 g/em?.

The column would have a volume (V) of

62
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V= EE-& n(0.30)(8)/4 = 0.566 m* (3.3)
containing cxpluswe with a mass (M) of

M, =p, V,=0.566 (800) =452 kg (3.4)
The total energy (£) unleashed would then be

E =912 keal’kg x 452 kg = 412,000 keal (3.5)

To obtain the energy in kilojoules® one multiplies kilocalories by a factor of 4,184,
E=4.184x0412x10F=1.72x 105k] (3.6)

Using a detonation velocity for ANFO of 4529 m/second, the time (1,) required for the
entire column to detonate is

L,

;,-ﬁﬂmf-ﬁza m/'s = 1,77 x 10-? seconds (3.7)
Thus the power {Pgy) generated is

Py =.r§:= 1.72 % 105/1.77 % 107 = 0.97 % 10® Ml/second {3.8a)
or

Pow = 3498 x 10° MIhour (31.8b)
By dividing the power expressed in MJ/hour by the factor 3.6 one obtains the power in k'W.

Pow=972 % 10° kW (3.8¢)
Since 1 horsepower (hp) is equal to 0.746 kW, the power ouiput expressed in horsepower is

Pow =972 » 1050.746 = 1.30 x 10° hp (3.8d)
The challenge in blast design is to harness this power so that it performs the desired useful
work.

3.2 PRESSURE-VOLUME CURVES

An ANFO mixture will detonate when suitably confined (such as in a borehole) and initi-
ated by a high explosive (called a primer) of sufficient intensity. The reaction progresses
along the explosive column with a speed equal to the velocity of detonation (FOD). The
pressure of the gas directly at the detonation front is called the detonarion pressure (Pogr).
For many explosives it may be approximated by

Pper (atm) = 2.5 p, (FODY {3.9a)
Pper (MPa) = 0.25 p, (FODY (3.9h)

where p, = density (kg/m?), FOD = detonation velocity (km/sec), Pper= delonation pressure.

"The prefix kilo (k) means 10", mega (M) means 10° and giga (G) means 10" of the unit in
question, Thus 1 kcal means 10" calories,
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The explosion pressure (P,) which denotes the gas pressure apphied w the borehole
walls just after detonation is approximately one-half of this value.

Pe= 112 Prgr (3.10)

To demonstrate how this works, consider the simplified example of a 10 em diameter
borehole 200 em in length filled with ANFO (p, = 0.8 gm/cm® and FOD = 4529 mis).
The total volume (¥} and mass (M.) of explosive involved are respectively

v, =E [PE, = 001571 m?

M, =§ DAL.p, = 12.57 kg

Using Equations {3.9a) and (3.10}, the estimated detonation (Pper) and explosion (P}
pressures are respectively

Prer=1{2.5)(800) (4.529) = 41,024 aim
P, = 20,512 atm
The actual values (see Chapter 11) are
Prpr= 43,943 atm
P, = 19970 atm

Although not strictly applicable due to the very high temperatures and pressures involved,
relationships bascd upon ideal gas behavior are very useful in demonsirating basic con-
cepls. A more rigorous treatment of this topic is provided the interested reader in Chapter | 1.
If the temperature is maintained constant {isothermal conditions) during the subsequent
expansion of the explosive gases with an accompanying decrease in borchole pressure,

then the right hand side (aRT) of the Ideal Gas Law
PF=nRT (3.11)

where P = Pressure (atm), F = volume (Lke), #= no. of moles of gas (moles/kg), K = uni-
versal gas constant = 0.08207 1 - aim{maole — "K), T = temperature (*K) is a constant.
Fquation (3.1 1) can be written as

F¥ = constant {3.12)
An alternative form of this pressure-volume relationship familiar to all physics students is

PV, =P ¥s=FF, {3.13})
Knowing that

£.= 19970 atm

V= 001571 m’

the pressure-volume curve shown in Figure 3.1 may be constructed. However the tem-
perature of the explosive gases does nor remain constant. Initially it is very high {of the
order of 2810°K) and then decreases with expansion to near ambient (298°K). A much
better approximation to the true PV curve describing this situation is achieved by as-
suming that the expansion takes place adiabatically (there is no heat loss).
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The appropriate ldeal Gas Law equation is
PFT = constant (3.14)

where ¥ = ratio of the specific heats.
For ANFO, the appropriate values of y depend upon the pressure range. For this exam-
ple the following values (see Chapter 11 for details) will be used:

Region 1: =2.035 4500 atm < P < 19,971 aim (3.15a)
Region 2: 9= 1.631 500 atm < P < 4500 atm (3.15b)
Region 3: y=1.285 100 atm < P < 500 atm (3.15¢)
Region 4: y= 1271 | atm £ P < 100 atm {3.15d)
The pressure-volume relationship for Region | (pressure range P = 4500 atm) 15
PY2035 = p 2035 = constant (3.16)
The value of the constant is obtained by substituting the known values for P, and V,
P, = 19971 atm
V,= 01571 m?
into Equation (3.16). Thus
PR =19970 (0.01571)-95 = 4.262 (3.17)
The equation

P V205 = 4,262

may now be used to determine the pressure given the volume or vice versa for any point
in this Region, In particular 1t can be used to determine the volume (¥ ) at the pressure
transition point {Pr)
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Foepm 4500 atm
Substituting into Equation (3.17) one finds that

V2095 = 4, 262/4500 = 0.0009471

¥y = 0.03267 m?
For Region 2 {pressure range 500 atm < < 4500 atm) Equation (3.14) becomes

P 163l — P: F:I Bl — -‘15“‘” {'I]U.-'I'Eﬁ?]' 163 — ]ﬁll.'_]'?'? | "'!I [3. lE}
At the second transition pressure (P, = 500 atm) the volume (F3) 15

Pt = 1697717500 = 0.0339543

Vi = 012568 m?
For Region 3 (pressure range 100 atm = £ < 500 atm) Equation (3. 14) becomes

PV = P 1285 = 500 (0,12568) % = 34,795 (3.19)
At the third transition pressure { Pr; = 100 atm) the volume (Fr)is

Fig! 285 34 795/100 = 0.347954

Fry = 0.43975 m?
For Region 4 (pressure range (1 atm < P < 100 atm) Equation (3. 14) becomes

PYIET = Py 02T = 100 (0.43975) 271 = 35,1976 (3.20)
When the pressure (Pr) drops to | atm, the volume Vg, is

Pl =35 1976/ 1.0 = 3519765

Fry= 16.473 m?
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Figure 3.3. The idealized adiabatic P-¥ curve for AMFO over the enting expansion range.

Using Equations (3.17-3.20) the pressure-volume curve for the entire range can be con-
structed. Figures 3.2 and 3.3 show the predicted P-¥ curve drawn to two different volume
scales.

The amount of expansion work {4) which can be done is given by the area under the
curve,

Fi Fi Frs Fre
A=J'Pdr+jpdr+fpdr'+jpdr (3.21)
¥ Fr Fry ¥Fra
In this case
033467 b 25468
dv dv
A=4262 [ S+ e9m [ S
0.01571 0.03267
1.43975 d¥ 16.473 q¥ (3.22)
+34.795 s T35.008 [ S
i, | 250K L ]

Integrating Equation (3.22) one finds that

=-1.1£-2[ . }
1035 L 001571 p.03267 '™

L 16977 l B ! ,
0,631 | (0.03267)%"  (0.12568)"""
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+34-?95 | - 1 ,
0.285 fﬂ.lESEE}ﬂ'HS {ﬂ.43975}"'135 .

L35, ms[ L }
0.271 | 0.43975"%""  (16.473)%"
The expansion energy is
A= 161+ 133+ 66+ 103 = 463 atm-m’
This can now be converted into kilocalories by
A=0.0242 = 10° x 463 = 11,205 keal

Since there are 12.57 kg of ANFO involved in the explosion the amount of energy re-
leased per kilogram calculated using the idealized P-F curve described by Equation (3.15)
is

A=11,205/12.57 = E91 kecal
It should be recalled that the theoretical energy release is
Q= 912 kealkg

and the difference between the two is heat enengy (= 21 kealkg) which remains trapped in
the explosive products. The ratio between the amount of useful energy (A) available to the
theoretical energy ((3) is called the mechanical efficiency (e).

et (3.24)

4

In thas case it 15
e=801/9]12 =0977

which means that 97.7% of the theoretical explosive energy could do useful work if re-
leased in a controlled way down to a pressure of | atm.

3.3 EXPLOSIVE STRENGTH

Although the discussion to this point has focussed on ANFO, there are many other explo-
sive types and vanabions. When selecting an explosive for a certain application one of the
more important characteristics to be considered is *strength’. Over the years, various ways
have been used by manufacturers to measure and describe the strength of their explosives,
Today unfortunately there is no standard approach of producing and providing these data. Tt
has become quite common, however, for manufacturers to include weight strengihs and bulk
strengihs (both absodute and relative) on their product specification sheets (see Chapter 7).

The weight strength (Syy) is defined as the explosive energy per unit weight {mass).
For ns calculation, the problem becomes that of defining which “energy”’ to use. The sim-
plest is to use the theoretical heat of explosion () caleulated based upon the constituents.
For ANFO (94.5%/5.5%) the value of {J i3

(=912 keal’kg
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Hence the weight strength is
Spr=912 keal’kg

The bulk strength (Sg,,.x) 15 defined as the explosive energy per unit volume and has units
of keal/m?, caliem?, etc. Since the cost per unit volume of hole created in the rock mass by
drilling is substantial it 15 generally desired to pack as much explosive power into this
volume as possible. Thus for most applications, the bulk strength is more important than
the weight strength. The two are related through the density.

Sk = Pe Spr (3.25)
For ANFO with a density p = 0.8 gm/cm?, the bulk strength is therefore
Spupe = 0.8 x 912 cal/gm = 730 cal’om?® = 730 kcal/m?

The “energy’ used in the calculation could also be defined in some other way, i.e. that de-
fined by the P-V curve, the gas bubble cnergy, etc. Manufacturers ofien publish relative
woeight strength and bulk strength values for their explosives. Most of the time the
strengths are relative to ANFO (94.5/5.5) of a given density, diameter and degree of con-
finement.

Assume for example that a certain explosive has a heat of explosion equal to 890 calg
and a density of 1.3 glem®. The weight strength of this explosive relative 1o ANFO is de-
noted by 5y Since for ANFO the heat of explosion is equal to 912 cal/gm and density
is 0.8 gm/cm? then for the new explosive the relative weight strength is given by

Siven=890/912 = 0.9766
On the other hand, the bulk strength relative to ANFO denoted by B 5 15
B yuro = [890 % 1.3]/[912 x 0.8] = 1.59

One might conclude that for the same hole diameter this explosive would be far superior
for fragmenting the rock than ANFO. Unfortunately, there s not necessanly a | to | cor-
relation between total energy applied and the fragmentation produced.

34 ENERGY USE

In rock blasting the energy goes into
- Creating new fractures
- Extending old fractures
— Displacing parts of the rock mass relative to others (loosening)
— Moving the center of gravity forward (heave)
— Undesirable effects: flyrock, ground vibrations, air blast, noise, heat.
Exactly how the energy is partitioned into these different categories depends upon
— The explosive
= The rock/rock mass
- The blast geometry
Some (hard, massive) rock types require the creation of new fractures for adequate frag-

mentation, The shock energies needed for new fracture generation are associated with
high explosion pressures (high detonation velocity and high density).
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Oither rock types which are already cracked depend more upon the heaving/displacing
action provided by gas pressures for breaking. This may be best accomplished by an ex-
plosive with a lower detonation vielocity and density.

Two explosives could have exactly the same total energy (same areas under the curves)
but as shown in Figure 3.4 guite different P-F curves.

Mote that

— Explosive 4 has a much higher peak pressure than explosive B

The total energies of the two explosives are the same (Area | = Area 2).

- Explosive & maimnains a higher gas pressure with expansion than does explosive A.
Explosive 4, termed a high brisance/low gas pressure explosive, would be recommended
for use in hard, brittle rocks. Explosive B, on the other hand, is a low bnsance'high gas
explosive for use in softer'more jointed rocks. To properly match explosive/rock/geometry
and achieve optimum blasting results, it is therefore important to understand

— The rock mass failure process

— The partitioning of the explosive energy (shock energy'heave energy)

— Explosive-rock interaction.

These will be discussed in succeeding Chapters and particularly in Chapter 12.

A5 SUMMARY

In the past only a relatively few explosive products with properties lying within a rela-
tively narrow range were available for the fragmentation engineer to choose between. To-
day the products placed in the holes are many and their properties can be casily vaned
over the hole length. In addition initiation timing has been markedly improved. Thus the
possibilitics available to the blast designer are Tar more than those of a few short years
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ago. The challenge facing the mining engineer is how to most effectively use these possi-
bilities. Engineered fragmentation as opposed to “blasting” or the epitome ‘military’
blasting will be an even more important aspect of future mining. The following Chapters
will further develop the foundations needed for skillfully applying these highly efficient,
convenient energy sources so that our fragmentation objectives are met.
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CHAPTER 4

Preliminary guidelines for blast layout

4.1 INTRODUCTION

In this chapter guidelines which can be used for preliminary blast design will be provided.
As a result of feedback from the field, the patlerns can be then adjusted/optimized for the
actual characteristics of the rock mass — explosive — geometry combination. The blasthole
terminology which will be used is shown in Figure 4.1. In bench blasting there is nor-
mally a long dimension of the bench and a short dimension. It will be assumed that the
rows of blast holes are alined parallel to the long dimension.

The drilled burden (#) is then defined as the distance between the individual rows of
holes. It is also used to describe the distance from the front row of holes to the free face.
When the bench face is not vertical the burden on this front row of holes varies from crest
to toe. The spacing (5) is the distance between holes in any given row. Generally the holes
are drilled below the desired final grade. This distance is referred to as the subgrade drill-
ing or simply the sub-drill {J). A certain length of hole near the collar is left uncharged.
This will be referred to as the stemming length {7) whether or not it is left unfilled or
filled with drill cuttings/crushed rock. The drilled length (L) is equal to the bench height
() plus the sub-drill (.f). The overall length of the explosive column (£,) i5 equal 1o the
hole length (L) minus the stemming (7). This column may be divided into sections (decks)
containing explosives of various strengths separated by lengths of stemming materials,
Sometimes the explosive strength is varied along the hole, i.e. a higher strength bottom
charge with a lower strength column charge. As will be seen in the next section, the dif-
ferent dimensions imvolved in a blast design are not arbitrary but closely related to one
another. The selection of one, for example the hole diameter, fixes within rather strict
limits, many of the others.

4.2 BLAST DESIGN RATIONALE

This section presents a rationale for the type of geometrical design used in most open pit
mines today. Five different design relationships will be introduced. Consider first the plan
view (Fig. 4.2) of a bench in which the hole spacing (5) and burden ( £) are as shown.

In viewing the figure it can be scen that the hole spacing can be expressed as a constant
{K+) times the burden

73
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S=K;B (4.1}

where Ky = constant relating spacing to the burden,

This is the first of the fundamental design relationships.

Each hole of diameter [ can be thought of as having to break its own individual area
{Ag) as outhned by the dashed lines, in the fgure.

Ag=HB=EY (4.2)
The volume required to be broken by a hole of unit length is
Fe=0m8x] (4.3]

A certain amount of explosive energy per unit volume (£,) must be applied to satisfacto-
rily fragment the rock. The total energy (Eg) required is therefore

Eg=Vax Ep=BRS%E, (4.4)
Combining Equations (4. 1) and (4.4) the required energy becomes
Ep=Ks B E; (4.5)

Hence the required fragmentation energy 15 proportional 1o the square of the burden.
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Ey o B (4.6)

The amount of available explosive energy (£,) is determined by the explosive volume F,
present in that unit length of borehole

T

Vo= Di (4.7)
where D, = explosive diameter, multiplied by the explosive bulk strength expressed as
energy per unit volume (E,)

E.-I=§ﬂe1£r (4.8)
When using packaged explosives and at pit penmeters where penmeter blasting tech-
niques are employed, the charge diameter (D,) may be less than that (D) of the hole.
However, in production blasting using bulk blasting agents, the entire cross-sectional area
of the hole is filled with explosive. Thus the hole diameter (D) and the explosive diameter
{([3,) are the same, This assumption will be used here.
Thus the available energy is proportional to the square of the hole diameter

EyaD? (4.9)

Setting the available and the required explosive energies equal 1o one another one finds
that the burden is proportional to the hole diameter.

Ba D {4.100
Introducing the proportionality constant Ky, the relationship can be wrilten as
B=KygD (4.11)

where Ky = constant relating burden to the hole diameter.

This is the second of the fundamental design relationships. The constant Kg, as will be
discussed in Section 4.6, incorporates both explosive energy [actors and the rock density.
The design relationship {4.11) suggests a linear increase in the burden with hole diameter
assuming that the same explosive is used (Fig. 4.3).

The toe region (Fig. 4.4} is highly confined and exira explosive energy must be applied
to assure adequate fragmentation. This extra explosive energy 15 generally provided by
extending the drill hole below the toe elevation and filling the so-called subdrill length
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Figure 4.3, Diagrammatic repre-
sertation showmng the effect of
lsle diameter on hurden.
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[/}, with explosive. There are several different rationales used for selecting the appropri-
ate length. Here an explanation based upon explosive run-up distance will be presented. A
second one will be included under the discussion of the stemming length. In Chapter 16 a
third approach based upon strain wave superposition will be described. The results are es-
sentially the same with all three techniques.

As will be discussed in more detail in Chapter 8, there is a certain distance {called the
run-up distance) charactenstic of the initating system/explosive which the shock wave
must travel away from the point of initiation before steady state conditions are reached in
the explosive column (Fig. 4.3). To break the confined toe, the borehole pressure should
be as high as possible. Since the explosion (borehole wall) pressure (P,) is proportional to
the square of the detonation velocity

P, (FOD)? (4.12)

the elevation in the hole at which steady state velocity is reached should not be higher
than the bench toe elevation. To be conservative the minimum run-up distance will be as-
sumed to be 60,

In addition, the primer is seldom placed directly at the bottom of the blasthole due to
the presence of cuttings and water. A normal offset 1s of the order of 20, Therefore, the
distance from the drilled end of the hole o the toe elevation (the subdrill distance .}
should be
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J= 8D (4.13)
As has been shown

Sab
and therefore the subdrill J may be expressed as

J=K.B (4.14)

where K; = constant relating the subdrill distance to the burden,
This is the third of the design relationships. As will be seen later, the burden dimension
(B} for most bulk explosives and rock types is of the order of

B=(25=35)D (4.15)
Using Equations (4.13) and (4.15), one would therefore expect that
K;=023 - 032 (4.16)

A typical value used for design is K, = 0.3.

Near the hole collar, the rise of the explosive should be controlled so that the possibil-
ity of breaking upward toward the horizontal free surface should be ‘as difficult” or *even
more difficult’ than breaking, as s desired, toward the vertical free face. This could be
satisfied, for example, by the placement of a spherical charge capable of breaking burden
*B" at a distance of * " below the collar (Fig. 4.6).

The general constraint would be written as

V=8 (4.17)

The spherical charge geometry is not a practical one for most surface mining applications.
However as will be discussed in a later chapter, there is a practical equivalence in break-
g effect between spherical and cylindrcal charges. In Figure 4.7 the sphencal charge
has been replaced by a cylindrical charge of length T having the same total weight and
effect.

Obviously the degree of “equivalence” of the charges will depend upon the proximity
to the charge. As a first approximation it will be assumed that T s lincarly related to the
distance of interest which in this case is B.

Tf":ﬁ.‘-n'_'.ﬁ (4.18)

For B large, then T 18 large and vice versa. The general expression for the uncharged
hole length (T) may be written as

Figure 4.6. Section view showing a spherical chasge located
necar the collar.
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Figure 4.7, Section view showing a short
cylindrical change lecated at the hole
collar,

Tr=F- T¢ (4.19)

If one used the “as difficult” breaking constraint in Equation (4.17), then

V=8

Combining Equation (4.18) and Equation (4.19) subject to this condition yields
K

T=8- H;-,TB=[ —T“]B (4.20)
Equation (4.20) can be simplified 1o

=K B (4.21)
where

Ky = L-KT“' (4.22)
This becomes the fourth of the fundamental relationships. The problem is then the deter-
mination of K

For bench blasting Langefors & Kihlstrim (1963) have suggested that the spheri-
cal/cylindrical charge equivalence is as shown in Figure 4.8, To explain the significance
of the curve, consider a bench containing two vertical side-by-side blastholes. The burden is
the same for both. Rather than discussing the collar region which is the subject of this por-
tion, this example will involve the toe region. The reason for this is that the explanation is
easier and the principle is the same. Consider a spherical charge of quantity {2, placed at the
toe elevation in one of the holes. In the second blasthole a cylindrical charge with a linear
charge concentration of | kg/m of hole is emplaced. The bottom of the charge is at toe eleva-
tion and then the column extends upward towards the collar. The length of the elongated
charge is expressed in multiples of the burden B. For a cylindrical charge of length B, the
total charge would be B x 1. From the Figure one can see that at the toe this elongaied charge
has only the equivalent breaking power of a spherical charge ol weight 0.6 %1% B. Ths is
understandable since the energy contained in that part of the elongated charge near the collar
must travel a much longer distance to reach the toe and in the process the energy 15 spread
over a much larger volume of rock. The energy density by the time it reaches the toe is much
less than that produced by energy which has travelled a shorter distance. For a linear charge
of length 0,38 the total charge has a mass of 0.3 x | x B. From the curve it is seen that this
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| 1 |
05B LOR 150
Length of the Cylindrical Charge

Figure 4.8, Toc breaking eguivalence of spherical and eylindrical charges (Langefors & Kihisteba, [963).

has the same effect at the toe as a spherical charge placed directly at the toe elevation with a
mass 0.3 x | x . For charges shorier than 0.38 this relationship holds as well, ie the elon-
gated charge of a given weight has the same effect at the toe as a spherical charge of the
same weight. For elongated charges with lengths greater than 0.38, the effect at the toe di-
minishes rapidly with increasing length. The same effect could be achieved by considering
the clongated charge extending from the toe elevation dowmward, Thus an elongated charge
extending from 038 below the toe to (.38 above the toe elevation (for a toial explosive
weight of 0.6 x | x 8) would, according to the curve have the same breaking capacity as a
spherical charge with a weight of 0.6 x | x B placed directly at the toe elevation,
In transfering this concept to the collar region one finds that

Te=0.68 (4.23)
Comparing Equations (4. 18) and {(4.23) one finds that
Kie<06 (4.24)

Substituting this into Equation {4.22) yields

Thus
K207 (4.25)

To this point in the discussion there has been no specific mention of the bench height. 1f
one continues to increase the scale (hole diameter) as shown in Figure 4.9, the center of
charge progresses further and further down the hole, The limiting condition is when the
center of charge reaches the toe elevation (Fig. 4.10). This occurs for a hole diameter which
yields a burden just equal to the bench height. The fifth and last of the fundamental rela-

tonships is
H=Ky8 (4.26)
where K;; = constant relating bench height to the burden.
The value of Ky is

Ky21 (4.27)
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Figure 4.9. The effect of charge
dhameter on the charge center of
iravity becation,

Figure 4.10, The limiting geometry for
bench Blasting.

For most open pit operations today K, is between 1.5 and 2. Combining Equations (4.26),
(4.27) and {(4.11) one finds that

HzKgD (4.28)
Rearranging Equation (4.28) yields
D= L (4.29)
Kg

which provides a rule of thumb for limiting the choice of hole diameter.

4.3 RATIOS FOR INITIAL DESIGN

In Section 4.2 the following five relationships were developed for preliminary blast design

Relationship 1: Spacing-Burden
S=KgB

Relationship 2: Burden-Diameter
B=KyD

Relarionship 3: Subdnll-Burden
J=K,B

Relarionship 4: Stemming-Burden
T=KpB

Relationship 5: Bench heyght-Burden

H=KyB
In this section numerical values for the ratios K5 Ky K, Ky, and K,y will be presented for
use duning initial design (Ash, 1963).
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Ratio Ky

As is discussed more fully in Chapter 5, the ratio of spacing and burden as drilled is based
upon energy coverage of the bench. For a square pattern, the best energy coverage is
achieved with K = | although there isn’t too much difference when K is varied between
K¢ =110 K¢ = 1.5. For a staggered drilling pattern, the best energy coverage is with
K5 = 1.15. The efficiency of coverage is not substantially different for K5 = 1.0 to 1.5, A
staggered patiern yields a much better uniformity of energy coverage than does a square
one.

Ratia Kﬂ
In Section 4.5 a detailed examination of this factor is presented. In brief, it has been found
that

Kp = 25 when using ANFO (p = 0.80 gm/em?, 8,450 = 1) in rock of medium density
{pg = 2.65 gm/cm?). When using other explosives

p = density

Sﬂ”"—ﬂ = W‘Eig]‘it Elret'lgﬂ‘l.
n rock of this densily one can use, as a hirst approximation,

_ PX 8 avro
K. =725, [ED2ANFD 4.30
i V 0.8x1 (430

If for example the explosive has a density of 1.2 gm/cm? and a weight strength relative to
ANF( of 1.1 the appropriate K becomes

12(L1
=25 25
Ka 1}.3( 1]

Ratio K

The most common value of K15 0.3, In certain sedimentary deposits with a parting plane
at toe elevation subdrilling may not be required. In very hard toe situations, the subdrill-
ing may be icreased over that indicated by using K; = 0.3, However it is probably better
to consider using a more energetic explosive. It must be remembered that the subdrill re-
gion generally forms the future crestbench top for the bench below, Unwanted damage
done at this stage may have a long and costly life. In addition excessive subdrill resulls in

1. A waste of drilling and blasting expenditures

2. An increase in ground vibrations

3. Undesirable shattering of the bench floor. This in turn creates drilling problems,
abandoned blastholes and deviations for the bench below.

4. It accentuates vertical movement in the blast. This increases the chances for cutofTs
{misfires) and overbreak.

Ratio Ky

The minimum recommended value for K5 for large hole production blasting is Kr= 0.7.
Some speciahists suggest the use ol Ky = 1.0, Placing the charge too close to the collar can
result in backbreak, flyrock and early release of the explosive gases with resulting poor
fragmentation. On the other hand, increasing the length of stemming may reduce the en-
ergy concentration in the collar region to the point where large boulders result.
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Ratio Ky

Currently most open pit operations have Xy, values which are of the order of 1.6 or more.
In some operations the burden is of the same order as the bench height (K = 1) which
means that the blasting is similar to cratening with two free surfaces.

4.4 RATIO BASED BLAST DESIGN EXAMPLE

To illustrate the use of the geometrical relationships developed in Scctions 4.2 and 4.3 as-
sume that the initial design parameters are

Rock = syenite porphyry (80 = 2.6),
Explosive = ANFO (p = LB, 8 vpa = 1)
— Bench height (/)= 15m,
— Hole diameter (£2) = 381 mm {15 ins},
— Staggered drilling pattern, vertical holes,
4 rows of holes each containing & holes to make up | blast.
Using the design relationships, the following results are obtained
Kg=25 (assumed)
B=725(0381)=9.5m
S=1.158= 11 m (staggered drilling patern)
r=078=65m
J=(L3A=3m
L=H+J=15m+3Im=18m

The value of K, s calculated o be
K 1 160 tahle)
5 = —— = |.6{acceptable
L P

The layout for this comer blast would be as shown in Figure 4.1 1a. The burden (8) and
hale spacing (5) dimensions (the pattern to be drilled) have been laid out with respect to
the long face.
Figure 4.11b is a typical cross section through one of the holes. The volume (V,) and
weight (W) of explosive loaded imo each hole 15 given by, respectively
"

m

EE:[L T}—E{H-]HIF{]H—&EF L3 m

W= 1, p= 131 m" x 800 kg/m® = 1049 kg
Since there are 24 holes in the round the total amount of explosive required { Teyppd is
Teyp™ W, % n =24 % 1049 = 25,176 kg

where i = number of holes.
The volume of rock which wall be broken 15

Fp=nx @S5 H
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Figure 4.11. Layouwl for a comser blast,

Thus
Vo=24(9.5)(11)(15) = 37,620 m
Using a rock density of 2.6 vm®, a wotal of
Ta=pex Vg=973812tons

would be broken, The resulting powder factor (PF) defined as the amount of explosive
required Lo break one wn ol rock is

The subscript ANFO has been added to the powder factor designation since it 1s explosive
dependent.

To complete the design decisions have to be made regarding hole sequencing. This im-
poriant topic is covered in Chapter 8 and the example will be continued at that time.

4.5 THE ASH DESIGN STANDARDS

4.5.1 Imtroduction

Before proceeding, it is well to have a reality check on these design equations. One of the
classical papers in rock blasting “The Mechanics of Rock Blasting” was written nearly 35
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years ago and presented in four parts by Ash (1963). The present author highly recom-
mends its reading even today by both studenis and practioners. The nomenclature and ra-
tios Kg, Ky K Krand K used in Sections 4.2 through 4.4 are the same as introduced by
Ash in 1963 with the exception that the present author uses a bench height ratio Ky in-
stead of the hole length ratio Kg* used by Ash. The former is more relevant when dis-
cussing open pit blasting with large holes versus quarry blasting which was the basis for
much of the Ash held data. Thus the * will be attached to his K, ratio to denote the dif-
ference in the caleulation base from that used in the rest of the book.
In the introduction to Part [T Ash (1963) states

It is mot enowgh just to understand what happens during blasting, Probably the mosi
important thing fo know i3 how Blast effecis can be conirolled to suil the requirements of
his operation. In this respect there are available five basic siandards upon which to
evaluate blasis, all of which are unitless {dimensionless) ratios. They can be applied to
hoth underground and surface blasting wirth equal swccess. For simplicity, however, their
uze will be discuszed as applied 1o surface fopen-pir) basring. The standards are defined
as follows;

I. Burden Ratio (Ky) ~ the ratio af the burden disiance in feet to the diameter of the
explosive in inches, equal ra 12 B/D,
2. Hole-Depth Ratio (Ky*) = the ratio of the hole depth 1o the burden, both measured

in feet, or H/B.
3. Subdrilfing Rario (K — the ratio of the subdrilling used to that of the burden, both

expressed in feet, or J/B.

4. Stemming Rario (Ky) - the ratio of the stemming, or collar distance to that of the
burden, both expressed in feet, or T/B.

3. Spacing Ratio (Kg) — the ratio of the spacing dimension to that of the burden, both
measured in feer, or S/8.°

4.5.2 Field data

In Part Il of this paper Ash presented the design data reproduced in Tables 4.1
through 4.4. These data were collected from a wide range of operations and cover a corre-
spondingly wide range of conditions:

- All types of surface blasting,

— 20 different rock types,

- Hole depths from 5 to 260 fi,

— Hole diameters from 1-5/8 ins to 10-5/8 ins,
— All grades of explosives.

All of the holes were vertical. The values of the ratos K K%, K, and K were calcu-
lated from the data collected at the different operations, intervals were selected |, and fre-
quency distributions formed tabulating the number of operations in each interval. From
these data the mean, the mode and the median values were calculated. These are given in
Table 4.5.

For each of these ratios, Ash has provided some comments regarding their use, These
are provided in his own words in the remaining subsections with only minor editing by
the present author.
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Table 4.1. The frequency distribution of the burden rtio Kgusing data from all operstions, Afler Ash (1963,

K g Interval Frequency
(013 ]
14-17 5
14-21 13
2225 L]
2619 T4
333 by
34-37 44
3841 H
4243 7
46-44 4
50-31 L]
Tiral 284

Table 4.2, The frequency distritution of the hole depth ratio K,,* using data from all operations. After Ash
{1963)

K iy Interval Frequency
00,9 0
1-1.9 41
.29 0
339 46
449 45
3549 22
6-649 22
T=7.9 1]
B-8.9 4
a-8.9 2
(0-109 B
11-1ea i}
12.12.9 1
Total 184

Table 4.3, The frequency distribution of the suhdrill ratio K; e gl but coal stnip operations. Afler Ash (19%03),

Ky Interval Frequency
0 (=000 15
0,100 1% 18
00, 2, 2 )
0, 3= 342 25
0.4-0.4% 25
0.5-00.59 2
{1 -l B fi
0 F=h i 2
RS 0

Total 121
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Table 4.4, The frequency distribution of the stemming ratie &5 for all bug coal strip operatbons. Afier Ash (1963}

&+ Interval Freguensy
wi-0.19 i
0.2-0.29 G
0.3-0.39 12
=049 18
(k530,59 18
-0, 569 25
0.7-40.79 9
.8-0,89 13
050,94 ]
1.0-1.09 14
1.1-1.19 f)
1.2-1.29 7
1.3-1.39 3
1.4-1.49 2
1.5-1,50 2
Total 132

Table 4.3, The range, mean, mode and median values for Ky K% K and K Alter Ash (1963),

Ratio Samphes Range Mean Mode Median
K 284 14-49 10 a8 29

Ky® 284 L1220 4.0 2.6 3.4

K 121 00,79 0.28 0,24 027
Ky 152 0.20-1.5% 0.74 .65 &7

4.5.3 Burden ratio (Ash, 1963)

The most critical and important dimension in blasting is that of the burden. There are two
requirements necessary to define it properly. To cover all conditions, the burden should
be considered as the distance from a charge measured perpendicular to the nearest free
face and in the direction in which displacement will most likely oceur. Its actual value
will depend on a combination of variables including the rock characteristics, the explosive
used, etc. But when the rock 15 completely fragmented and displaced little or not at all,
one can assume the critical value has been approached. Usually, an amount slightly less
than the critical value is preferred by most blasters.

There are many formulae that provide approximate burden values but most require cal-
culations that are bothersome or complex to the average man in the field. Many also re-
quire knowledge of various quantities of the rock and explosives, such as tensile strengths
and detonalion pressures, eic. As a rule, the necessary information is not readily available,
nor 15 it understood.

A convenient guide that can be used for estimating the burden, however, is the K ra-
tio. Experience shows that when Ky = 30, the blaster can usually expect satisfactory results
for average field conditions (Table 4.5). To provide greater throw, the Ky value could be
reduced below 30, and subsequently finer sizing is also expected to result.

Light density explosives, such as field-mixed ANFO) mixtures, necessarily require the
use of lower Kg ratios (20 0 25), while dense explosives, such as slurmies and gelatins,
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permit the use of K near 40. The final value selected should be the result of adjustments
made to suit not only the rock and explosive types and densities but also the degree of
fragmentation and displacement desired.

To estimate the desired Ky value one should know that densities for explosives are
rarely greater than 1.6 or less than 0.8 g/cm?®. Also, for most rocks requiring blasting, the
density in g/em® rarely exceeds 3.2 nor is less than 2.2 with 2.7 far the most common value.

Thus, the blaster can, by first approximating the burden at a Ky of 30 make simple es-
timations toward 20 (or 40) to suit the rock and explosive characteristics, densities for the
latter exerting the greater influence.

Thus

— For light explosives in dense rock use Kz = 20,

- For heavy explosives in light rock use Kz = 40,

- For light explosives in average rock use Ky = 25,

- For heavy explosives in average rock use Kz = 35,
Figure 4.12 illustraies the relationships between burdens and explosive diameters and can
be used to approximate values for quick estimations. It should be noted, however, that the
burden must be more carefully selected for small-diameter blastholes than for larger char-
ges, a fact well confirmed by field expenence.

e rrnpr—— : i 1 I =

Biurden {ft)

Figure 4.12. The relationship
between bunden and explosive

1 E L 1 1 1 1 A .
0 2 4 & £ 10 12 14 1s diameter using the ash stan-

Diameter of Explosive (ins) dard ratio (Ash, 1963).
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4.5.4 Hole depth ratio (Ash, 1963)

As a rule, a blasthole should never be drilled to a depth less than the burden dimension if
overbreak and craterig are 1o be avoided. In practice blastholes are generally dl:i.“:d from
1-% to 4 times the burden dimension. Blasting is most frequently done with a Kj; value of
2.6 ({Table 4.5).

4.5.5 Subdrilling ratio {Ash, 1963)

The primary reason for drlling blastholes below floor level (or grade) is to assure that a
full face will be removed. Uneven floors caused by humps or toes generally create prob-
lems for later blasting, as well as for loading and haulage operations. For most conditions,
the required subdrilling (J) should never be less than 0.2 the burden dimension, a K, of at
least (0.3 being preferred for quite massive ledges (Table 4.5).

The amount of necessary overdrilling logically depends upon the structural and density
characteristics of the ledge, but also on the direction of the blastholes, in that inclined
holes require less subdrilling, and horizontal holes no subdrilling whatsoever. Under cer-
tain conditions no subdrilling is required also for vertical holes, as would be the case for
many coal strippings or rock quarries having a pronounced parting at the floor level. Ho-
wever for relatively massive rock drilling, at least 0.3 the burden below the floor will en-
sure that full ledge heights are obtained, provided, of course, that a proper K,* value is
also used,

4.5.0 Stemming ratio (Ash, 1963)

Collar and stemming are sometimes used to express the same thing. However, stemming
refers to the filling of blastholes in the collar region with materials such as dnll cuttings to
confine the explosive gases. But stemming and the amount of collar, the latter being the
unloaded portion of a blasthole, perform other functions in addition to confining gases.
Since an energy wave will travel much faster in solid rock than in the less dense
unconsolidated stemming material, stressing will occur much earlier in the solid material
than compaction of the stemming matenal could be accomplished. Thus the amount of
collar that is left (T), whether or not stemming is used, determines the degree of siress
halance in the region. The use of stemming material then assists in confining the gases by
a delaved action that should be long enough in time deration 1o permit their performing
the necessary work before rock movement and stemming ejection can occur. For stress
balance in bench-blasting of massive material, the value of T should egual the B dimen-
si00.

Usually a Ky value of less than | m solid rock will cause some cratering, with back
break and possible violence, particularly for collar priming of charges. However, if there
are structural discontinuities in the collar regon, reflection and refraction of the energy
waves reduce the effects in the direction of the charge length. Thus the Ky value can be
reduced under such circumstances, the amount depending upon the degree of energy re-
duction at the density or structural interfaces. Field experience shows that a K5 value of
1.7 is a reasonable approximation for the control of air blast and siress balance in the col-
lar region (Table 4.5).
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4.5.7 Spacing ratio (Ash, 1963)

Commercial blasting usually requires the use of multiple blastholes, making it necessary
for blasters to know whether or not there are any mutual ¢ffects between charges. If adja-
cent charges are initiated separately (in sequence), with a time-delay interval of sefficiemt
length to permit each charge to complete its entire blasting action, there will be no inter-
action between their energy waves. However if the time interval for initiating adjacent char-
ges is reduced, then complex effects will result.

The manner in which the zone of rock between holes is broken depends then not only
on the particular initiation-timing system used but also on the spacing dimension. [deal
energy balancing between charges is usually accomplished when the spacing dimension is
nearly equal to double that of the burden (K5 = 2) when charges are initiated simuliane-
ously. For long-interval delays, the spacing should approximate the burden, or K= 1. For
short-period delays, the K; value will vary from 1 io 2 depending upon the interval used.
However since structural planes of weakness such as jointing, etc., are not actually per-
pendicular to one another, the exact value for K normally will vary from 1.2 to 1.8, the
preferred value of which must be tailored to local conditions. Most difficulties resulting
from blasting can be attributed to the use of an unsuitable K¢ relationship.

4.5.8 Summary (Ash, 1963}

Most blasting difficulties occur because of a lack in understanding of how rock is broken
and the use of improper charge-placement and initiation-timing practices. The clues as to
what could be wrong are often revealed by how a blast performs: whether or not uniform
breakage results, toes are lefi, over-break and violence occur, and similar undesireable ef-
fects exist. Provided that the proper explosives are employed for the operating conditions,
certain standards can be applied, to help in the evaluation of blasts. These standards can
also assist in providing guidelines as to which direction adjustments should be made for
correcting any difficulties. The standards are practical and simple to apply, being based
on two fundamental, usually known quantities: explosive diameters and bench height. The
standards are as follows:

Kg =20 to 40 (30 average),

K= 1.4 to 4 (2.6 average),

K= 0.3 minimum,

Ky=0.510 1 (0.7 average),

Es=11tw2,
The standards will be found to be quite convenient and useful, after very little practice,
not only for the imitial design of blasts but also in providing guidelines upon which to cor-
rect formal blasting difficulties which invariably occur from time to time. However one

must realize that the standards in themselves are not cure-alls, since blasting as such de-
pends heavily on cost and safety considerations as well as on the explosive grades used,
the materials characteristics, and the blasting technigues employed.

4.6 DETERMINATION OF Ky

The key dimensions required in the development of a blast design are based upon the bur-
den which, in turn, is related to the borehole diameter through the burden factor K.
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B=KyD
The value for Kg
Kg=23

has been found by the present author and others {Ash, 1963 for example) to work well for
a wide range of hole diameters when using ANFO in rocks of medium density
(S = 2.65). Some guidance regarding the selection of Ky when using explosives in rocks
of other densities is needed. The approach descnbed in this section is proposed as a first
approximation. The development of the basic equation for Kg will be first done using
units of the metric system and then the equivalent formulae in the English system will
simply be stated.
In addition to those parameters already introduced the following needed.

5Cry = specific gravity of the explosive
S g = specific gravity of the rock
PFgyp = powder factor (kg'ton)

TF = tonnage factor {(m*/ton)

The basic geometry is shown in Figure 4.13 where one blasthole from the round has been
isolated. The number of tons (T} broken is given by

Tp= KKy B XSGy Xpy o (4.31)
where

B = burden {m),

Pryo = density of water (mt/m?)
Since in the metric system

Pyyo = | mtm’

Figure 4,13, The rock volume asso-
cimied with a blast hole.
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this term will not be carried through the remaining equations. Knowing the powder factor
required to provide the desired degree of fragmentation (PFgyp), the amount of explosive

required {Emﬂ] 15
ERQE=TR?'-'FFEW=KsK:;BaKSGRKFFHF {4.32)

The total amount of explosive available (£, ) is

T > .
E = I{D= ¥ IIB.*:'“ +BK, - Bk :h'.("ﬁ =

(4.33)
n
= Bzfiﬂe]zma +K,— Ky J5G,
where [, = explosive diameter {m).
Setting the amount of explosive required to that available yields
n 1 -
SGyKK B PFeyp = BE(D.) (k, +&, -k, G, (4.34)

Solving Equation (4.34) for B one finds that

152
G K, +K -K
p=pf|X]2Ye [ ] w4 T (4.35)
4)85G, | PFpp | KK,
As can be seen by comparing Equation (4.35) to Equation (4.11), K is equal 1o
12
ko[ T 3% 1 [ KutK; - Ky
T4 LSy | PFey Ky Ks
The powder factor based on the actual explosive used (PFyp) will be replaced in Equa-
tion {4.36) by the equivalent ANFO powder factor (PFye0)

(4.36)

PR oy = L1 N0 (437)
8 anro

where 5,0 = relative weight strength of the explosive EXP to ANFO.
Equation (4.36) then becomes

e (255 Y Sawo Y Ku K, K
B4 ) 5G, | PF oo K, K

This is quite a powerful formula as will be demonstrated through a senes of examples.

1

(4.38)

Example 1. One of the major ways that the equation can be used is to study the effect of
changes in the explosive on the blasting pattern while keeping other factors of the design

— Hole diameter,

— Bench height,

- Rock type,

- Spacing ratio K,

— Subdrill ratio K,

— Stemming ratio Ky,
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the same. The bench height ratio K, depends upon the burden which in tum depends upon
Kg Hence it wall change. The approach 15, theretore, to write Equation (4.38) twice using
subscripts to denote Explosive | and Explosive 2.

FExplosive [

IrL
Ky = [E".[S"—.’-"I[ 3 ANF0 J [K”FF‘-J_HIJ | (4.39)
4 1\ 8Gr [\ PF avro ), KuKs ]

Explosive 2;

'|'.'1

K =i[£J[-‘:‘f;.ﬁ._“]{ 8N anFo ] rf"f:r J ﬁ'n'_r‘ﬁ'-'-'xll (4.40)
I_ 4\ SGe J\ PF o), KuKs 1y

Taking the ratio of Equations {440} and (4.39) one finds that

=3

[.FI'H‘KI_--K, |

K g [ﬁr"f-.: ][ P‘r'jnu-u[”'j('q,l'n'.l-.:}'[:l-]] Ku Ks ’I: .: (441}
Ka SGey I PEinvpal 20 A S o) ( KuthK; — K; ] :j
Ky Kg . :

If the ANFO equivalent powder factor is maintained constant (often the case), then Equa-
tion {4.41) reduces o

|

- . . . !
L \ (5G, ”-'-;‘,u.tu b "“w "‘:.\' da '*:n' ""*:..' _"':J

[T the variation of &y with changing burden s neglected then

Ky +K, -Kyp | Ky K
, WKy e KKy

kK
and the simplified expression becomes

Kaz _ J (8Gg xS ynr0); (4.44)
Ky (S0 X5 00

(4.47)

nhg |

Thus, as a first approximation, the Ky ratic is equal to the square root of the bulk strength
ratio for the explosives involved.
To refine the value of K., an iteration process imnvolving the three equations

Be= Kg Dy (4.45)
i
Kpa=— (4,46}
(SGE% 8 anro ) K=Ky | K K
K s ﬁ,HIJ J:i. ANFO )3 ||ﬂ'u. : .rr F I| : wi K g : (4.47)
(SGeXSaveal ¥ K K5 YEm+ K- Ky

i sequence 15 used. The imitial value of Kg; is substituted into Equation (4.45) and solved
for B.. The value of K,z is then found from Equation (£.46) which then is inputl into
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Equation (4.42). The resulting value of Kg, is compared with the initial estimate. If they are
the same, the process stops. If not than this new value of Ky is input into Equation (4.45)
and the process continues. [t converges rapidly to a stable solution.

Example 2: This same procedure can be used to evaluate the effect of changing other
variables. Rock density is one parameter of interest. Equation {4.38) is wrillen assuming
two materials having different densities (specific gravities).

Material Density 1:

| [
K| SGe S AnEO Ku+K;-Kr
o |: 4\ 8Gr )\ PF anro )| KuKs :

Material Density 2:

(5] 52) ) (e
B2 .
4 )\ 8Gr )5\ PF avro )y KiKs 3

Although not necessary it will be assumed that the following remain constant

142

(4.48)

- Hole diameter,

— Explosive,

- Bench height,

~ Spacing ratio Kg,

— Subdnil] ratio K,

- Stemming ratio K.

The bench height ratio Ky depends upon the burden which in tum depends upon Ky and
hence it will change. Dividing Equation (4.48) by Equation (4.47) one finds that

12
[SGRJ][KHﬁK.r—KrK K Ks )
SCr g2 Ky Ks Emt+EKE;= Ky

If the variation of K, with changing burden is neglected, then as a first approximation

Kaz _ i-’i'Gm (4.50)
Ko Y50

Once the initial value of Ky, is found, an iteration process involving the three equations

Kpa _
K m

(4.49)

B:=Kg D, (4.45)
H

K g =—o 446

H2 B (4.46)

Koz _ |SGm | Km Ks [Kma+ K~ Kr (4.49)

Ko SGRI"JIKHH'K;—HT V  KmKs

is performed until a stable value for Kg is oblained.
In the English system, Equation (4.38) becomes

K s =(2000)"" [E][SGEI S“”ﬂll’f”wrﬁr] (4.51)
4/ 8Ge \ PF axro Ku Ks
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where PF 0= ANFO equivalent powder factor (Ibs/ton), 2000 = Ibs/ton.
When using the iteration process il is important to maintain a consistent set of units,
Thus if the burden is expressed in feet, then the hole diameter in Equation (4.45), for ex-

ample, must also be in feet.

4.7 SIMULATION OF DIFFERENT DESIGN ALTERNATIVES

In Section 4.5 a theoretical basis for evaluating different design alternatives was pre-
sented. Here two design variations will be considered starting with the pattern in use at
the mine today.

Hole diameter = 12% ins,
Hench height = 40 fi,
Burden = 25 fi,

Spacing = 29 fi,

Subdrill =7 f,

Stemming = 17 fi,

ANFO SANFD = lrﬂ.

SG o = 0.82,

=912 caligm,

Rock: SG = 2.65,

PF.-‘."-'FE =1{.5 Ibsfton.
One question might be “What would the pattern be using 15% diameter holes?' Using
Equation (4.51) one would first determine the current value of Kg. The required input val-
ues are

Ky= 425=16
K,=7/25=0.3
Er= 1 ?ﬂfr = ﬂ?
Kg=2W25=1.15
S0 =082
SGpex = 265
Savro=1
PFnrp =050

Substituting these values into Equation (4.51) one finds that

112
) n)(082)( 1 Y(16+03-07)] _ _
Kﬂ"[m[ﬂ[z.ﬁs][ﬂsn][ (16)(115) ]] ~(G34E =232

This is what might have been expected using the guidelines of Ash {(1963). For the 15
inch diameter holes, the first approximation for the burden would be

(D) (15]_
B=K.| =t =252 =|=315#
"[m] 12

This however changes the value of Ky o
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Substituting this into Equation (4.51) keeping all other values constant one finds that

2
127 +03-0.7
Ky=|972 =241
g [ ( 127 (1.15) ]]

lterating until a stable value is found yields
Kp=243

The resulting pattern with the 157 diameter holes is
B=301f
S=345fi
r=211
J=9f

The powder factor

(%][%T{am +9-21)0.82 x 2000

30 =345 x40 =265

i slightly different from the expected value of 0.50 due to round off. As was pointed out
carlier, this pattern would be expected to yield a more coarse fragmentation than with the
124" holes. To maintain the same fragmentation, the powder factor would have to be in-
creased. This can be easily included in the calculation.

Another possible question deals with *what happens to the pattern if the explosive is
changed?' Assume that the mine is considering replacing ANFO by a heavy ANFO with
the following properties.

G = 1.10

Q= 815 cal/gm
The weight strength of this product with respect to ANFO is

S anro = % =0.89
Using Equation {4.44) the value of Kjg; is

110> 0.89
0,82 = 1.00

PF yure = = 0.51 Ibs/ton

K = Kg =1.09 K,

Since
Ky =252
then
Kgp=275
The new burden would be
B, =215 [-'llj—i] “28.1 1

and K;n becomes
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40
= —= ].42
K 2 8.1

This is now substituted into Equation (4.49) to arrive at a new approximation for K.

Kk J{.mxsmm b, (K tK, -Kr ) K, K,
2 I ;
VASGXS e ) KyKg ) Kp+K, =Ky |

Most of the terms are constant and it can in this case be simplified to

K, = (252) [(1.10)(0.89) | 16(1.15) |[Ky+03-07

i Y 0820100 V1.6+03-07 Y Ky (1.15)

Ky = 34.1 Kyp =04 (4.52)
LIS Ky

Substitution of K;» = 1.42 into Equation (4.52) yields
Ky = 2695

The new burden 15
Bs=26.95 [%J =27.51 1

and the corresponding value of Ky is

This is substituted into Equation (4.52) and the process continued until a stable value of
K g2 results, In this case it is

8,=27.0

The blast pattern would be
B=27.0(12.2512)=27.6 ft
§=3171
J=83N
r=1931

The powder factor becomes

2
[g}(%] (40+8.3 - 19.3) (1.10) (2000)

276 3017 x 40 x 2.65

= .563 Ibston

PF getuat =

In terms of the ANFO equivalent powder factor this becomes
PF v = PF i % Saven = 0056 2 0,89 = 0,50 1bs/ton

which 15 as expected.

As indicated, this approach to the paper evaluation of different blast designs is quite
general, The costs associated with the different designs can be easily added to translate
the results into an expected fragmentation cost per ton.
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4.8 ROCK STRUCTURE AND BLAST PATTERN DESIGN

Figure 4.14 shows the type of radial cracking which one might expect when blasting a
single hole in a brittle, massive rock formation. There will be a relatively few long cracks
(6-8) spaced uniformly around the hole. As one approaches the hole the cracks will be
shorter and more numerous.

The maximum length (8.} of the radial cracks for a given explosive and rock type can
be shown to be directly dependent on the hole radius. Thus as the hole diameter is in-
creased from 150 mm to 310 mm the length of the longest cracks would be expected to
about double. This is consistent with the design relationship

B=KgD
presented earlier since the burden should be related to the lengths of the cracks generated
BaR, (4.53)

[f the strength of the explosive used in a hole of given diameter is increased or decreased,
the outer crack radius should change accordingly. This is reflected in the value of K cho-
sen. Since in general, a larger diameter hole is less expensive to drill than one of smaller
diameter (on a cost'volume basis) the natural conclusion would be to drill as large di-
ameter holes as possible. Unfortunately fragmentation considerations would suggest just
the opposite, ie the holes should be smaller to better distribute the explosive throughout
the rock mass. To illustrate this some simple geometric reasons will be given.

Figure 4.15 shows two possible blast patterns using different size holes but the same
explosive. The specific energy (powder factor) is the same for both. A simplified repre-
sentation of the radial cracks after blasting i1s shown in Figure 4.16 for ¢ach pattern. As
the hole diameter is increased and the paitern expands, the distance between adjacent
crack tips becomes greater, For the case shown

L=['

Thus even though the energy density is the same, the fragmentation is more coarse. Gen-
erally as the pattern is spread, the powder factor (energy factor) must be increased to
maintain acceptable fragmentation. One way of doing that is to limit the pattern spread to
some proporiion of the theoretical value. As shown in Figure 4.17, there is now an over-
lap of the longest fractures. Another way of accomplhishing this would be to increase the
energy of the explosive being used.

Figure 4.14. An idealized representation of the radial cracking swrrownd-
ing a single hale.
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Falterm A

Fatem I

Figure 415 The extent of cracking for

o patterns with different hole Jdi-
ameters,

Frure 4,16 Masimum block demen-
swaes Tor the hole pafterns shown in
Friune 4. 15,

Figure 4. 1T, Fragmentaiion enhancement
achieved by reducing the spacing.
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Therefore, even in massive rocks, because of

— The point introduction of energy into the rock,
— Fracture geometry,

there are imiting hole diameters/burdens/spacings which yield acceptable fragmentation.
It 15 well known that an actual rock mass generally contains many discontinuities of dif-
ferent types. The most common being

— Joints,

- Bedding planes/layering,
= Foliation,

— Faults.

If such structures (joints in particular) are now introduced, such as is shown in Fig-
ure 4.18, the story becomes even more complex. The radius of influence for any given
hole is significantly reduced since

|. The radial cracks will not cross the gaps formed by the joints.

2. The high pressure gasses can be short-circuited by the less resistant joints compared
with the fresh cracks. Therefore the primary fracturing effectiveness is reduced as well as
thai produced by a sustained heave of the fractured material.

Although these pre-existing cracks limit the formation of new cracks and provide ave-
nues of escape for the explosive gases, mobilization of these is a major reason why the
specific breakage energy in blasting is much lower than other processes which must attack
the intact rock.

Figure 4.19 shows two polential drilling patterns in the jointed rock. The smaller di-
ameter, closely spaced holes yield almost one hole per block and the fragmentation would
be expected to be good. On the other hand, the larger holes on wide spacings could yield a
large number of substantial blocks largely isolated from the effect of the explosive by the

ldealized Crncking Joint System Blasting Fragmenisiion

Figure 4,19, Two possible blast pattemns superimposed on jointed rock.
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joints. Pattern (a) would have higher associated drilling and blasting costs than Pattern
(b). By assigning costs to the degree of fragmentation, an ‘optimum’ pattern can be de-
lermined.

The orientation of the major structures can have a significant effect on blasting results.
There are three cases to be considered (Burkle, 1979).

~ Shooting with the dip
- Shooting against the dip
— Shooting along the strike
In shooting with the dip (Fig. 4.20) one finds

{a) a tendency to get more back break
{b) less toe problems

{c) a smoother pit floor

(d) more movement away from the face and therefore a lower muckpile profile.
When shooting against the dip (Fig. 4.21) one finds

{a) less backbreak since the sirata is dipping into the wall.
{b) the toe would be more difficult to pull.
(c) a rougher floor condition.

{d) the muckpile may be higher with less movement from the face.

Direction of Blasi —

Figure 4.0 Dhagrammatic representation ol
shooting in the dip direction { Burkle, 1979},

Direction of Blast —

o

Figure 4.21. Diagrammatic represcntation of
shooting agains: the dip (Burkle, 1979),
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Dhrection ol Blast —

Figure 4.22. Diagrammatic represcntation of
shooting along sirke (Burkle, 1979),

Finally, when shooting along the sirike (Fig. 4.22) one finds that the floor can be highly
sawtoothed due to the different rock types intersecting the floor. For the same reasons the
back break is irregular. These are some of the worst conditions for those involved in drill-
ing and blasting. To overcome this, the working face may be reoriented to a more favor-
able conditions.

The formations should be examined to identify the strike and dip direction of the most
prominent joints. [n igneous and metamorphic rock formations, one should consider align-
ing the rows of holes parallel to the alignment of the dominant joint system. In sedimen-
tary rocks, the drill holes should be placed in rows drilled parallel to the formation strike
line.

49 MEASURE-WHILE-DRILLING SYSTEMS

Modem drilling machines may be equipped with systems which monitor amongst other
variables

— Penetration rate

— Torque

~ Pulldown pressure

— Rotary speed
as a function of hole advance. This practice has been given the name Measure-While-
Drilling (MWI). From these data one can calculate quantities such as the specific energy
{energy required to remove a unit volume of rock) which can be related to the difficulty of
breaking rock. One such record for a rotary drill used in coal formation rocks (Peck et al.,
1990) is shown in Figure 4.23. The strength differences in the various rock types can be
easily seen. Based upon such results decisions can be made regarding, for example, the
placement of higher energy explosives, stemming, etc.

One mining property where the MWD technique has been wsed with success is at
Highland Valley Copper in British Columbia (Daly & Assmus, 1992). Due to poor frag-
mentation, high toe areas, excessive shovel wear and tear, etc an integrated program to
improve drilling and blasting practices was initiated in the early 1980s. In this sub-section
a briel overview of their program and the results achieved at the Valley Pit will be pre-
sented. In 1992 the time at which the paper (Daly & Assmus, 1992) upon which this sec-
tion is based was written, the production from the pit was about 200,000 tons per day of
ore and waste from benches 12.5 m in height.
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The ore host rock 1s Bethsida quartz monzonite. The other rock types present are (a)
quartz and quartz feldspar porphyry which occur in dikes ranging from 0.3 to 35 m thick
and (b) lamprophyre dikes averaging 4.5 m thick. These dike materials are hard and un-
altered. The quartz monzonite has experienced various degrees of hydrothermal alteration.
The alteration zones commonly strike north-south and dip steeply to the east. Other more
local structural trends are

~ North-south fractures and faults dipping steeply to the west,
— East-west fractures dipping steeply to the south,
~ Southeast striking fractures dipping moderately northeasterly or southwesterly.
This eombination of structure and alteration type and intensity largely determines the rock

hlastability.
Rock strength is a traditional component of a blastability classification system. The

field strength categories used by Highland Valley Copper are given below:

Calegory Estimatel rock mass compressive srength {psi)
R IB2-1825

R2 1R25-7300)

B3 T300-14 60

R4 14,600 29,0040

& =20.000

There are other factors, however, which determine the overall blastability. The rock mass-
blasting zone classification system which was developed divided the Bethsaida quartz mon-
ronile into the three categories poor, fair and good. Rock with a blastability classification
‘poor’ means Bethsaida quartz monzonite with an RS strength. [t can either be fresh to
weakly altered or intensely argillicaly altered but intensely silicified (approximately 39-
59%). Joint spacing is commaonly 1.5 to 6 m and joints tend to be master joints with 12 m
or more {bench height) continuity and continuity along strike of 50 m or more, These masler
joinis divide the rock mass into large blocks which, when blasted, result in very chunky
muck. The classification ‘good” means R2 or R3 rock strength material, usually moderate
to intensely argillicly altered Bethsaida quanz monzonite cut by frequent fractures, shears
and gouge-filled faults. The intense fracturing and the strong alteration renders the rock
soft and fnable and blastable into fme muck. The rock classified as “far” consists of mod-
erate o moderate-intense argillicly ahered Bethsaida quartz monzonite with an average
R3 uniaxial compressive strength. It is commonly well-fractured and yields blocky muck
approsjamately 0.3 m in diameter.

A combination of geotechnical mapping, penetration rate data, toe elevation contouring
and observations on shovel and drill performance were used to determine the character
and extent of the blast zones, The procedure used w develop the blast zones was as fol-
lows (Daly & Assmus, 1992):

I. The actively mined faces and the final walls of the bench are mapped recording all
pertinant geotechnical information.
2. The alteration zones are projected along the predominant structural trends across the
bench using a hydrothermal alteration model.
3. Experience gained from the overlying bench is utilized:
a. Blasthole drilling penetration rate maps
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b. Toe elevation contours (0.3 to 0.6 m intervals) to show the high relief arcas.
¢. Shovel and drill performance data as they drilled and mucked the bench. Hard
zones are indicated by areas which required re-drilling due to poor fragmentation
and tough-digging zones for the shovels indicated hard zones.
4, The penetration raie data and toe elevation data were then used to verify or modify
the hlast zone contacts as projected across the bench from the geotechnical mapping.

Omnce each bench is mapped and a blast zone outlined, a blast pattern size is determined
for each zone. When the blast plan for each new bench is made up, a particular powder
factor is assigned to each blast zone, according to the blasting results, digging perform-
ance and geotechnical charactenistics of that zone on the last bench. Tough digging and
very chunky muck mean that the powder factor must be increased, whereas fine muck and
easy digging indicate the powder factor can be reduced. The extent of the blast zones with
a particular powder factor may also change from bench to bench depending on the dip and
plunge of the structural/alteration make-up of the zones.

After a pattern has been blasted, the broken rock is monitored to see if the digging is
adequate and the fragmentation acceptable for both the shovel digging the muck and the
crusher, if it is ore. At the Valley Pit the ore must be blasted more for the crushers than for
the shovels, Poor digging is manifested by chunky and poorly broken muck, a lot of scraping
of the face by the shovel w dislodge chunks, shaking of the boom cables and rocking on
the tracks as the bucket breaks loose a hard chunk. This is very hard on the shovel.

The topography of the toe can be a good indication of the success of the blast. High
toes of 1.5 m to 3 m were common in the poor zones in the early days until the blasting was
refined. On the other hand, low toes and fine, floury muck indicate overblasting. When a
bench has been mined out and mapped a new blast plan is outlined for the next bench.

Experience has shown that the geotechnical mapping and drill penetration times have
the greatest impact on determining blastability zones. Figure 4.24 shows two main poor
zones on the 1125 bench. The northern zone consists of very chunky, tough Bethsaida quartz
monzonite bound together by a closely spaced network of quartz-bornite stringers and
hardened by quartz-grain silicification. The southern zone consists of fresh to weakly aliered
Bethsaida on the west side and a quartz vein network on the east side resulting in tough
digging. Both of these geological zones correlated well with 35 to 49 minute/hole pene-
tration rate contours shown in Figure 4.25. Both zones were blasted with 7.3 m by 8.4 m
patterns and a powder factor of 0.267 kg/t. The central *fair” zone 15 a vertically persistent
zone that exhibits closely spaced fractuning (commonly 0.3 m spacing or less) and moderate-
intense argillic alteration. This zone sinkes northerly and dips consistently easterly at about
60° and plunges to the north. Correlating quite well with the 20 minute penetration rate con-
lours, it was blasted using a 7.8 m by 9.1 m pattern and a powder factor of 0.228 kg/t. With-
out the information provided by the mapping and penetration rate, normally one pattern
would have been used for the entire bench. Based on the use of this information, the pat-
tern spacing was widened due to this more frisble zone, thus saving explosives and still
achieving good fragmentation. The pattern sizes used for the 1125 bench (west wall) are:

Lone Paitern size Porwder Factor (kg't)
Faar TimsBEdm 0267
Fair TEm=9 1l m 0234

Crinonl ST s 1A m 0.174
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Figure 426, Potterm siees for the
1135 bench of the Walley pat {[aly &
ARETLs, 1990,

These are shown in Figure 4,26,

In conclusion, by accurately determining the blastability zones, explosives, blasting
aceessories, blasthole drilling and shovel and truck operations can be optimized with a
subsequent substantial cost savings, The benefits of bemter fragmentation to the wruck-
shovel operations are measured in increased productivity and decreased maintenance
costs, From a maintenance point of view there is less shovel breakdown, less replacemeni
of crowd transmissions, better dipper life and increased weeth and adaptor hife. The trucks
benefit from less impact on the box duning loading of smaller sized chunks and truck op-
erators appreciate the gentler loading resulting from the finer muck,

4,10 ROCK BLASTABILITY

An attempl to relate blastability o rock and rock mass properties has been reported by
Lilly {1986). The blastability Index (8) is defined as

Bi - -,':-w.w:r v JPS + JPO + SGI + H) (4.54)

where M = rock mass description, JPS = joint plane spacing, JPO = joint plane orien-
tation, SO = specific gravity infleence, f = hardness.

The ratings for the different parameters are given in Table 4.6. The Moh's scale of
hardness used to define /7 is given in Table 4.7. Historical data from the iron mines lo-
cated mn northwest Western Australia were used in constructing the ANFO powder factor
blastability index curve shown in Figure 4.27. These mines are typically large scale, rope
shovel operations, ANFO 15 the primary explosive and large primary crushers are used. A 8/
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Table 4.6. Ratings for the blastability index paramesers. After Lilly (1986)

Parsmieter Hating
1, Rock muss descoiption (& WY

1.1 Powdery/Friahle ki
1.2 Blocky il
1.3 Totlly massive 50
2. Joint Plane Spacing (5]

2.1 Chose (= 0.1 m) Ly
2.2 Invtermediate (0.1 to | m) W
2.3 Wide (= 1 m} 5ilk
3, Joint Plane Orientation (PO

3.1 Howizonial [k
3.2 D¥ip out of face el
3.3 Sirike normnal to face ki)
3.4 Dhip into face A0

4, Specific Gravity Influence (5GT)
SOG1 = 25 8G - 50, where S0 is equal 1o the specific gravity of the reck

5. Hardness (1)
iMoh's hardness scale)

Table 4.7. Moh's scale of hardness (Roberts, 1977).

Material Mah's hardmess

Tale

Rock salt, gympsum
Calcile

Fluarspir

Apaine

Feldspar

Quanz

Topez

Ciprundrum
Diamond

(=R = e = R N N

=

vizlue of 100 refers to a massive, extremely hard, iron-rich cap rock. 1t has a specific gravity
of 4. Soft, friable shales have an index of around 20. The energy factor axis was added by

Lilly { 1986) to allow consideration of other explosives. The following two examples were
used by Lilly (1986) to illustrate the application of the Blastability Index.

Example 1. A highly laminated, soft ferruginous shale which has horizonal to sub-hori-

zontal bedding
RMD =15
JPS = 10
JPC =10
SGI=10
H=1

TOTAL = 46 and 8 = 23,
From Figure 4.27, the powder factor is about 0.1 kg/tonne.
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Example 2. A well-jointed, blocky guartzite in which the bedding planes strike roughly
normal to the bench face

RMID =20

JPS =15

JP0 = 30

SGI=15

H=%

TOTAL = BE and B = 44
From Figure 4.27 powder factor 1s about (.18 kg/tonne,

Although Figure 4.27 has been constructed for the stated ( Australian) mining and rock
mass conditions, one can, using the BI, casily construct a similar curve for other condi-
tions using available field data. When using froni-end loaders, for example, higher pow-
der/energy factors will be required to achieve the appropriate fragmentation and muck
pile shape than for a rope shovel operation.

4.11 FRAGMENTATION PREDICTION

4.11.1 The basic model
The engineering of fragmentation is going to be an imporntant part of mining in the future,
As loading machines become more automated and belt conveying is the rule rather than
the exception, a size specification for the fragmented material will be required. This sec-
tion presents some fundamental background information in that regard. Most of this in-
formation has been adapted from publicatons by Cunningham (1983, 1987).

A relationship between the mean fragment size and applied blast energy per unit vaol-

ume of rock {(powder factor) has been developed by Kuwenetsov (1973) as a function of
rock type. His equation is given below

LR
X A[-—;-“-] 1% {4.55)

r
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where X = mean fragment size, cm., A = rock factor = 7 for medium rocks, 10 for hard,
highly tissured rocks, 13 for hard, weakly fissured rocks, ¥, = rock volume (cubic meters)
broken per blasthole = Burden x Spacing x Bench Height, Oy = mass (kg) of TNT con-
taining the energy equivalent of the explosive charge in each blasthole.

The relative weight strength of TAT compared 1o ANFO (ANFO = 100} 15 115, Hence
Equation (4.55) based upon ANFO instead of TNT can be writlen as

0.8 ) <1030
X=4 [E—] Q,”‘*[*’i'-l—”;”] (4.56)

where {J, = mass of explosive being used (kg), 5,0 = relative weight strength of the ex-
plosive to ANFO {ANFO = 100).

Since
. 1 (4.57)
0, K

where K = powder factor (specific charge) = kg/m?.
Equation (4.56) can be rewritten as

L L]
X = AfK }'”Qr”“[;i}l (4.58)
=B ANFD

Equation (4.58) can now be used to calculate the mean fragmentation {?] for a given pow-
der factor. Solving Equation (4.58) for K

p " CTE
=QE“ (4.59)
..:t:r S.I.'I'I-ﬂ

K=

one can calculate the powder factor required to yield the desired mean fragmentation.
Cunnmgham (1983) indicates that in ther expenence the lower limit for A even in very
weak rock types is

A=8
and the upper limit is
A=12

In an attempt to better quantify the selection of *4°, the Blastability Index initially propo-
sed by Lilly (1986) has been adapted for this application (Cunningham, 1987). The equa-
tion is given below.

A =006 x (RMD + JF + RDI + HF) (4.60)

where the different factors are defined in Table 4.8,
Two examples illustrating this procedure have been given by Cunningham { 1987)

Example |: A massive fine grained lava
Here UCS is 400 MPa, Young's modulus is B0 GPa and the density is 2.9 tm?. There is

little jointing closer than the anticipated drlling pattem. UCS determines the Hardness
Factor.

RMD = 50,
JF = 0,
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Tahte 4.8, Cunnmgham’s *A" Fagtor

Symibol Quantity Rating
A4 Rock factor B 12
R Fock hass Deseription
powdenyfriable 10
vertically jointed A
— massive 30
JF JPS+ P4
S5 Wertical Joint Spacing
=0,lm 1o
UARTT LY 20
— M5 1w DP =0
WS Owversize (mj
g Cyrallingg pattern sdee (o) muming
DF = M8
JIA Jaint plane angle
— digy ouwt of face X
- sirike perpendicular b fece M
dip lrto Face Al
RDI Density nfluence 25 % B0 - 50
RI Deensity (m)
HF Hardmess factor
= IT ¥ = 50 GPa HE= ¥
—If ¥= 50 GPa HF=UCSS
¥ Youngs modulus (GPa)
LS Unconfined compressive sirength {MPa)

ROI=25 %29 - 350,
HF = B0
ROCK FACTOR = 0.06 » (50 + 22.5 + B0)=9.15

Example 2: A friable, horizontally layered carboniferous shale
Here the average Young's Modulus is 18 (GPa and the density is 2.3t'm'. Y determines the
Hardness Factor.

RMD = 10,

JF =10,

RDI=25=2.3~ 50,

fHF=6:

ROCK FACTOR = 0.06 x (10 + 7.5 + 6) = 1.41

It is of importance to know the fragmentation distribution as well as the mean fragment
size. In that regard it has been found that the Rosin-Rammler formula

R = eli) (4.61)
where X = screen size, X- = characteristic size, » = index of uniformity, & = proportion of
material refained on the screen, gives a reasonable description of fragmentation in hlasted
rock. The charactenistic size (X} s simply a scale factor. It is the size through which
63.2% of the particles pass. I the charactenistic size (X)) and the index of uniformity ()
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3
=}
=
E § f - nme e
o H Figure 4.28. A typical frgmentation curve show-
% Increasing ing the percent retainesd s 3 function of sereen
Sereen Opening Sire (mm) Gpeiing.

are known then a typical fragmentation curve such as shown diagrammatically in Fig-
ure 4.28 can be plotted.
Equation (4.61) can be rearranged to yield the following expression for the character-

istic size

X
eC—
In —

Since the Kuznetsov formula gives the screen size X for which 50% of the material would
pass, substituting these values

(4.62)

X=X
R=035
into Equation (4.62) one finds that
X
Xe=——— = {4.63)
© (0.693)""
The expression for n developed by Cunningham (1987) from field tests s
0.5
1+—
7) |2 (-5)(%)
=|22-14— Py | 4.64
! [ D ] 2 s )\ H (4.64)

where B = burden (m), § = spacing (m), D" = hole diameter (mm), # = standard deviation
of drilling accuracy (m), L = total charge length (m), /= bench height (m).

The burden (&) and spacing (%) values used in Equation {4.64) apply to the drilling
layout and ror the tming layout. When there are two different explosives in the hole
{bottom charge and column charge) Equation (4.64) is modified to

ns

A
1 +— = 0.1
ﬂ'—[E.E—M ﬂ_] A [I_E]{ahswr::;—u;um_l} [L] (465)

D'l 2 B L H

where BCL = bottom charge length (m), CCL = column charge length {m), abs = the ab-
solute value.
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These equations apply for a square (in-line) drilling pattern. If a staggered dnlling
paitern is employed, nis increased by 104,

The value of » determines the shape of the Rosin-Rammler curve. High values indicate
uniform sizing. Low valugs on the other hand suggest a wide range ol sizes including
both oversizge and fines, The effect of the different blasting parameters on “n” are indi-
cated below:

Tinkmeter ‘Hnerenses is the Paramicter™:
Hurden hole dinmeter Decreases
Dvilling securmcy lncreases
l_'ll,,urj_y; lenphhench I".n:iglll, Increses
Spacingburden Increnses

It is normally desired to have uniform fragmentation so high values of n are preferred.
Experience by Cunmngham { 198 7) has suggested that:

. The normal range of *n" for blasting (ragmentation in reasonably compéetent ground
15 From 0.75 1o 1.5, with the average being around 1.0, More competent rocks have higher
values,

2. Values of *»" below 0,75 represent a situation of *dust and boulders” which, if it oc-
curs on a wide scale in practice, indicates that the rock conditions are not conducive to
control of fragmentation through changes in blasting. Typically this arises when stripping
overburden in weathered ground.

3. For values below 1 vanations in the umiformity index (#) are more crtical to over-
size and fines. For m = 1.5 and higher, muckpile texture does not change much, and errors
in judgement are less punitive.

4, The rock at @ given site will tend to break inlo g particular shape. These shapes may
be loosely termed “cubes’, “plates” or “shards’, The shape factor has an important influ-
ence on the results of sieving tests, as the mesh used 1s generally square, and will retain
e mafority of fragments having any dimension greater than the mesh size

This combimation of the Kwmetsov and Rosin-Rammler equations wvields what has
been called the Kue-Ram Fragmentation Model, Caution should be exercised when apply-
ing this simple model, The following points should be remembered (Cunmngham, 1983);

Initiation and timing must be arranged so as 10 reasonably enhance fragmentation
and avoid misfires or cut-ofis.
- The explosive shoulbd yield an energy close to its calculated Relative Weight Strength.
The jornting and homogeneity of the ground require careful assessment, Fragmenta-
tion 15 often built into the rock structure, especlally when loose joanting 5 more closely
spaced than the drilling pattern.

4.11.2 Kuz-Ram model application

There are many dillerent Blasung scenanos which can be evaluated using the kuz-Ham
Fragmentation Maodel, The two examples considered by Cunmingham (1983 ) will be ex-
plained in some detml. The information commaon Lo both 15
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D = hole diameter = 50, 75, 115, 165, 200, 250 and 310 mm,
5/B = spacing-burden ratio = 1.30

J=stemming = 20 x hole diameter (m)

W = hole deviation = 0.45 m

A = rock constant = 10

p = density of ANFO = 900 kg/m’

H = bench height = 12 m

Example |. Constant mean fragmentation

In this first example, the patterns for each of the 7 dnll hole diameters are to be determined
under the constraint that the mean fragmentation for each should be maintained constant
at X = 30 cm. This is the type of problem one has when the ore must pass through a small
crusher. The fragmentation distribution and maximum boulder sire are also to be calculated.

Step I The amount of explosive ({J,) which will be contained in each hole above the level
of the bench toe is calculated.

0. =%2-Lp (4.66)
where D = hole diameler (m), L = loaded length above the bench toe (m) = H - 200, H =
bench height {m).

The values of L and ), are given in Table 4.9 for the different hole diameters. It should
be noted that the effect of any subdnlling has not been included.

Step 2. The powder factor (K) required to obtain the mean fragment size X =30 ¢m in rock
with a constant 4 = 10 is calculated using

TTE0 b
K =| A g5
X S anro

For ANFO, 5w = 100 and hence

) 1.25
Ly e 115y
c[)ers)

The resulting values have been added to Table 4.9.

Table 4.9, Cakulsted values of L, {2, and & a5 a function of hoele diameter for Example |,

D {m) L {m} 2, (kghole) K (kg/m’)
50 T 19.4 0523
75 10.5 41.8 0616
15 97 90.7 0.723
165 87 167.4 0822
200 80 226.2 0875
250 70 09 6 0.934

30 5.8 4.0 0.9R3
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Srep 30 One uses the known values of K and (2, 1o determine the volume of rock (V)
which can be broken,

A
H;%ﬁ (4.68)

Since the bench height (K = 12 m) and the spacing-burden ratio is maintained constant
(58 = 1.30), the values of B and § are found using Eguations (4.69) and (4,70}

ABx § %i (4.69)
N P
E=[ﬁi$ (4.70)

The values are given in Table 4.10.

Stepr 42 The values of n are calculated using Equation (4.64)

{1

hy

I+

i3 gl [ w][L]
=|22-14— —— |[=
g [ ! DJ 2 J VB

where 1" = borchole diameler in mim.

The results are given in Table 4.11

lahle 4Lk Calowlated values of I, 8 and 5 a5 a furction of hale dianmeter for Examphe 1

f¥imam} ¥ormd) B x5 i{m) B jm) £ im)
S 36,95 T OE [.54 200
T3 H7 56 365 Xil= 271
I3 12545 Jib45 Imd N
|65 20 65 I W7 LAl 4.0
Jin) 25K.5] 2154 4,07 5,19
50 LE1E 1 27l .41 5 My
A RILER]| 3340 3.07 L

Talble 4,11, Celeulaved vabiees of wamd X for Example 1.

1 e " Ni-lem)
5k 1 2500 b4
75 1352 s
115 1352 I3
165 1288 EAL)
2] 1217 4403
250 1 5146 4149

i 0.931 44.5
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Step 5: The characteristic size (Xp) is determined applying Equation (4.62)
X

]
|
In —
[" ﬂ]
for the special case when

X=X =30em
R=0.50

Xe=

Thus
30

€ n2)yt
The resulting values for A have been added to Table 4.11.

X (4.71)

Step 6: One uses Equation (4.61)

R = eli)

to calculate values of R (the fraction retained) for different sizes (X). In this case the sizes
selected are 5 cm, 30 cm, 50 em and 100 em. Using the values of n and X~ for the
200 mm diameter hole one finds that

R =g [E'-.:llm

Substituting the desired values for X yields

Xicmi K

5 %25
30 0500
50 0.X75
{111 0050

which means that 5% (R = 0.05) of the material would be retained on a sereen with
100 cm openings. As expected 50% (R = 0.50) would be retained on a screen with 30 cm
openings. The values for the other hole diameters are given in Table 4.12.

Table 4.12. Percent [expressed as o ratio} retained as a function of the hole diameter and screen size.

Hobe diameer (inm) Pescent reimined { R
X=%em X=Wcm X = 50 cm A= 100 em

0 LR 05 0273 k7

75 (.98 05 0,254 0432

115 .94 0.5 025 (e 2

165 0,933 .3 0,263 (k1038

2o0 0.925 0.5 0275 {415

250 0,907 05 0.297 TS

3o 1578 0.5 0328 LY




Ve Blasting principles for open pit mining: General design comeepis

Step 7: One uses Equation (4.72) to calculate the maximum boulder size (BDR )
1 Ve
X I“@”R] (4.72)

This 15 defined as the screen size through which 98% (the mean size + 2 standard devia-
tions} of the material would pass. The maximum boulder size for the different hole di-
ameters, corresponding to £ = 0.02 are given in Table 4,13,

The results are plotied in Figure 4.29. As can be seen, as the blasthole diameter in-
Creases

(a) the specific charge required increases quite steeply

(b} the size of the maximum boulder only shows large increases above a hole diameter
of 115 mm. This 15 because of the conflicting results of relative drlling accuracy and
equality of distribution of explosives. The former improves and the latter deteriorates as
hole sire increases.

{c) although mean fragmentation remains constant, the proportions of both fines and
coarse material inceease,

Example 2. Constamt powder factor
In this second example the powder factor (K) will be held constant at

K =05 kg/m?

and the

— Maximum boulder sz,
Mdean fragment size,
— Fragment size distnbution,
will be calcuiated as the hole diameter is changed from 50 mm up o 310 mm,
As in the previous example the following will be assumed

ANFE (p = 900 kg/m')
SE=113
stemming = 20 bimes the hole diameter (m)

The amount of charge per hole {3} and the charge length (L) are the same as in Exam-
ple 1. The burden and spacing values are given in Table 4.14. The values of n are now
calculated using Equation (4.64). These values have been added 1o Table 4.14. The mean
fragment size (X') is caleulated using Equation (4.58)

Fable 403, Maximum bedder size (emi as a function o hole dizmeter

£y imm Stivimim Boulder size fom)
30 | 12
T4 114
115 10k
k5 113
JH} 124
2] 43

Hi P

S —
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Table 4. 14, Charge length, burden, spacing and & values for Example 2,

I [mam) L {m) B (m) Sim) f
S0 11 .58 205 1.235
75 15 2.31 3.1 1334
115 8.7 3410 443 1.343
165 BT 4.61 602 1264
200 8.0 530 T.00 1194
250 7.0 i, ) B4 [EirE
3o 5.8 1 924 412
i}
I [ I I J
2= =

=
|

Specific Charge (Ko'm")
=
U

=
=
T

1 L 1 1

!
S 7 15 65 20 250 310

Blauhole [iameter (mm)

()
100 = —— 100 em 2.0
- .-"""'-::
!
80 |= —50 em AT
E u 7-- .g
- [
5 el 16 =
ks -3 cm (mean size) F =
& = 7 = 5
£ {
= 4t ’ 414 E
= s E
- s 1 3
,Le;ﬂ”'..-"' =
| WS 2 <1z
= t’ii_'::"q - -5 cm I
p— 1 Li}
&0 5 15 164 200 250 30

Blasthole Diameter (mm

Figure 4,29 Specific charge, weight percent passieg and maximum boulbder size as a functzon of blasthole di-
ameler, Cunningham (1983, 1987).
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X = A (K)OF Q! [E]W}ﬂ

E
The calculated values are given in Table 4.15, The charactenistic size X is obtained from
I = L
E {In 2 }”l'l'

These values have been added to Table 4.15. Finally, the maximum boulder size (screen
size passing 98% of the material) as determined from

1 14w
BDR = ..-'l:-f_‘[ll'l m]

are added to Table 4.15. The percentages retained on screens having opening sizes of
100 ¢m and 5 em have been calculated using

X
g = el
are given in Table 4.16. The values have been plotted in Figure 4.30. It 15 seen that as
blasthole diameter increases,

{a) mean fragment size increases by over 60%

{b) the coarse (+100 ¢m) fraction increases from 5% to 25%

(c) fines do not vary much but are minimal for the medium diameters. More fines are
generated in small diameters owing to the proximity of holes and the greater effect of
drilling inaccuracy. In large diameter holes they are caused by intensive crushing around
the blasthole wall.

{d} the maximum boulder size increases from just over 1 m to almost 2.8 m.

[n overburden the fragmentation is seldom a critical factor and blast design for larger
blastholes might be based on a constant powder factor.

Table 4,15, Caleulated valies of X, X, and BDR as a function of hole diameter,

Lxim) Xicm) My fem) BUR {em)
1] anz 41.98 127
¥ 54 466 129
113 403 2.9 | 46
165 4.7 T [ 75
200 46.95 3.8 2000
250 49.5 6.7 249
3o 51.5 Ty 343

Table 4.16. The fraction retained by screens with openings of 1) cm and 5 ¢m as & function of hole diameter.

L3 {mm} R 100} B3}
54 0.054 (.53
5 {062 (951
113 {0.0095 (5
15 {, |46 (.58
Fil |l gl 1.953
250 .22 (.54

Mo 0281 921
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CHAPTER 5

Drlling patterns and hole sequencing

3.1 BLAST ROUND TERMINOLOGY

Production blasting is most often conducted in the middle of a wall (face blast) or at the
corner between two faces (comer blast). These are shown diagrammatically in Figure 5.1.
The holes are drilled in rows. These rows may be in-line (Fig. 5.2a), which applies to
square or rectangular hole patterns, or they may be staggered (Fig. 5.2b). The term *square’
means simply that the rows and columns of holes are at right angles to one another in plan
and are therefore *square’ with each other. The actual pattern may be square or rectangu-
lar in shape.
The rows of holes may then be shot

— Hole-by-hole
or

— Row-by-row.

The *as-shot” rows of holes may be different than the as-drilled” rows used when laying
out the drilling pattern. The ‘as-drilled’ rows are normally defined as those with the row
axis parallel to the long face of the bench.

The orientation of the shot rows with respect to the drilled face can be described by the
letter * ¥, The angle of the *¥" is defined as that existing between the long bench face and
the blasted face. Consider, for example, the face blast shown in Figure 5.3. This particular
pattern which has the form of a chevron is used for taking a notch out of a long face. The
charactenistics of such a chevron are

— It causes the rock pile to be concentrated in a central position

~ Because of impacts between rocks in the different rows additional fragmentation may
result.

Here the bottom of the * V' opening consists of 2 holes and the pattern is termed a cfos-
ed chevron. The corner blast shown in (Fig. 5.4) is an example of an open chevron.

The open chevron pattern yields flatter, more evenly spread rock piles than the closed
chevron. Hence they are well suited to the use of front end loaders. Some other advan-
tages of the open over the closed chevron are that they

~ Minimize the possibility of tight e problems

— Are easier to connect up since the paths can be easily scen,

125
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Figure 5.1. Bench representation
showing a face and a comer blast.

a Holes Dirilled in “Square’ (In-Line) Rows

b, Holes Dvifled i “Stagpensd” Roaws

Figure 5.2, Definition of “sguans®
aml “staggered’ paltermns.

Yicld: 1hgh Coscentrated Rockpite

/TN

Figure 53. A closed chevron pattern (ABECH
Clased Chevion 1978h).

Wiehd: Lo, Flat Hockpile

sl S y

Figure 54, An open chevoon pattem (AECE,
¥ T8hL
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By drawing the imitiation lines at different angles through the hole pattern one can create
different chevron patterns. The so-called ‘flatness’ of these patterns is denoted by the
number 0, 1, 2, ete following the * 7.

Considering a single front row hole, the chevron which intersects the nearest hole in the
next row, i.e. the hole immediately behind, defines the *F0' chevron. If the angle of the
chevron is flattened so that it extends through the next nearest hole, this defines the *F1°
chevron, and so on. These definitions as applied to a square drilling pattern are shown in
Figure 5.5,

Figure 5.6 shows the same definitions as applied to the staggered drilling pattern. They
appear flatter since the sideways distance is increased by half the spacing. The *F0° patierns
are the same as “in-line” firing. The ¥1 and F2 chevrons are those most commonly used.

As indicated, the “as-drilled” burden () and spacing (5) dimensions are aken with re-
spect to the long axis of the pattern. Figure 5.7 shows the drilled burden and spacing for a
comer cut. If the square pattern is shot “in-line” to the ¥ direction then the *as-shot” burden
and spacing are the same as the *as-drilled”, If the square pattern is shot “in-line” to the X di-
rection then the ‘as-shot” burden is equal to the ‘as-drilled” spacing and the “as-shot’ spacing
is equal to the ‘as-drilled” burden. The “as-shot’ values are often preceded by the words ‘ini-

L ]
N T E{r'a
¥ Vi ¥
Square Drilling Patiern

L L] L L L
Va3
will W2

Figure 5.5, A square drilling patemn initiated in
various wiys (AECT 1978b),

W

Figure 5.6 A staggered drilling patiern initiated
in virriows ways (AECH 1978h).

Stagpened Dnilhmg Patlern

Figure 5.7. A cormner cut drilled in a
SOLEATE patiermn,
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tiation” or “effective’ to distinguish them from the *as-designed’ or ‘as-drilled”. If a ¥] ini-
tation pattern is used (Fig. 5.8), then the finng direction would be at 45° to the long face
The effective (initiation) burden (&,) is the distance between the chevrons. In this case it is

B
B,=— 5.1
NG (3.1)
The effective (initiation) spacing (5,) is the distance between holes in the same chevron
§,= B2 (5.2)
Thus the effective spacing-burden ratio becomes
)
—==2 5.3
B, (5.3}
whereas for the drilled pattern it is
&
2= .
= (5:4)

The actual burden (B,) in front of the blasthole lics somewhere between the drilled (8)
and initiation (8,) values as shown in Figure 5.9, The initiation ratio (5/8,) is useful for
comparing the different patierns. Table 5.1 summarizes the Initiation Ratios (5/B,) for the
F1 and F2 chevrons at various 5'8 ratios.

Figure 5.8, The cormer cut shot as F1,

Squeare Patiern 5/8 = 1.0
W Chevron 5.8, = 5.0

Oviginal Face

5 — Drilled Spacing _ ) ) .
A, — Initistion Burden Figure 9. A disgrammatic representation of
5p = Initkation Spacing the actual burden on o hole (AECT, 1978b]),
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Tabde 5.1. Initiation {5/8,) ratios obtained with #1 and F2 chevrons af various drilling (595 ratios. { AECI, 1978hb).

Chevran type Sapuare drilling pattern Stagpered drilling pattern

KB=1 KB =125 ER=15 Ea=1 Sl=125 Eg=1245
M 20 21 12 i3 in 4
2 &0 58 &7 73 B ]

5.2 ENERGY COVERAGE

In examining the best type of “as-drilled” and *as-initiated” patterns 1o be used, considera-
tion must be given to effective energy coverage of the volume to be fragmented and then
selection of the initiation geometry to make best use of the energy. The concept of cylin-
drical fragmented plugs of rock around each charge (in the absence of a free surface) is a
useful tool in this regard. One considers the rock influenced by each blast hole to be bounded
by a eylinder of infMuence radius R. Rock lying outside of this radius will also be affected
but in a very minor way. Figure 5.10 is a view looking down on a bench for which the
*plugs’ have been drawn. In this particular square design the influence radii just touch in
baoth the burden and spacing directions. Thus

5= 2R (3.3)

R=2R {5.6)
and hence

5=B
The plan arca of bench assigned per hole by thas layout 15 Ay

Ay=Bx§=HF (5.7
and the plan area (A,) per hole which is influenced by the explosive is

A=nR= "fz (5.8)

Thus the percent of the plan area assigned to the hole which is influenced by the charge
(% l)is

m:luni:

"
The staggered hole layout shown in Figure 5,11 is an aliernative, The hole spacing (5),
the burden {8) and the influence radius (R) have all remained the same. The only change
15 that the rows have been translated by a distance R from their positions in Figure 5.10.
The area assigned (A), the area of influence (4;) and the percent area influenced (%&/) are
the same as for the square layout. However, the fragmentation results are often better with
the staggered pattern. The reason for this is that even though the forad ‘non-influenced” or
‘un-touched” area is the same in both cases, for the staggered pattern the *un-touched’ area
is broken down into two smaller areas rather than one larger area (compare Figs 5.10 and
5.11). For the square pattern, the distance (4,) from the nearest hole to the center of the
untouched region is

u}u%= 78.5% (5.9)

d_=%ﬁ= RZ = 141R (5.10)
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R

Frgure 5,040, Square layvout wilh the hole
influence reglons iwching {58 = 1)

Figure 511, Stxpgered Layout with the mosw
snfhience regions owching (58 = ).

For the staggered pattern (Fig. 5.01), the Ggure abe constructed by connecting the nearest
holes is an isoceles triangle. The sides ao and be are of equal length, The point & which s
equi-distant from each comer lies along the altitude line. The distance from the three cor-
ners s

d,* = LI5K {5.11}

R
In summary, even though the percent energy coverage has not changed with this stag-
gered design, the un-towched area has been redisinibuted inte two smaller pleces and the
maxirium distance from any charge has been redoced from 1ALR w 1258, Thus the
Iragmentation 15 expected 1o be better.

Im reviewing the layout in Frgare 511 1t is obvious that the casiest way of reducing the
untouched area is to reduce the burden dimension while keeping the spacing constant. In
Figure 5.12 the burden has been reduced until the radii of influence are just touching. The
center-to-center spacing to all adjacent charges 15 now equal to 28, The tnangle abc
formed is an equilateral triangle with included angles of 60°. The length (L) of the aln-
fude of such a nangle 15

Le=+3R (5.12)
which is just equal to the burden (&) dimension
B =iR (5.13)

Since the spacing 15
5=2R
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Figuse 512, Suaggpered layout with the row influ-
ence regions touching (58" = 1155

the burden to spacing ratio is

B 3R
S 2R ©-14)

The inverse of Equation (5.14), the spacing to burden ratio, which is normally quoted is

% = —j;i =1.155
The new bench area assigned to each hole with this layout is
Ay=2R(3R) =23 R (5.16)
The area influenced by the explosive 15
Aj=n R (5.17)
and hence the percent coverage is
= AL 10T g (5.18)

Apy 11"5
If the spacing
§=21R
and burden
B =3R (5.19)

are maintained but the rows translated with respect to one another to form a square layout,
the result is as shown in Figure 5.13. In the burden direction there is an overlap of the in-
fluence circles and in the spacing direction, they just touch. The specific drlling (the
number of drill holes per plan area) is the same for both Figures 5.12 and 5.13. Now the
area per hole affected by explosive energy can be shown to equal

Im N3 .
A= —+— ) R* 3,20
= 7 T3 } (3.20)
while the assigned plan area to the hole is
Ay=23 R (5.21)

Thus the efficiency of the encrgy coverage is

A g5.5% (5.22)
M

Yl = 100
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!-i.

ae
T
S

Figure 5.1, The square pattern (8% = |.155)
with comtact in the row diréction and overlap in
the burden dirsction,

[
“ e

Figure .14, Staggered pattern (375 = 1.0) with
the spacing reduced to achieve tolal coverape.

which 15 substantially less than for the staggered pattern. The distance from the nearest
charge to the center of the untouched region is, as before, also greater than with the stag-
gered pattern,

Beginning with the staggered patiern shown in Figure 5.12 one would now like (o reduce
the untouched area to zero. The condition that there should be no untouched region means
that the distance d, from each triangle comer (o the midpoint should be the radius of in-
Nuence /

d, = R (3.23)
Working through the geometry it can be shown that the new hole spacing (57) should be
5 =R (5.24)

This design 1s shown in Figure 5,14, There remains an untouched arca because the burden
has not as yet been adjusted. Maintaining the ideal staggered geometry in which

B = % 5 (5.25)
one finds that
B = % R (5.26)

Figure 5.15 is the result of reducing the burden from B to 8" and the spacing from & 1o 5.
As can be seen, the region untouched by the explosive charge has now vanished.

ol = 100%

The layout area for each hole is now

W3

',;=E’x£’=TR3=2.ﬁR3 (5.27)
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as opposed 1o
r‘fH=4R1 {5.23}

in the onginal design shown in Figures 5.10 or 5.11. This means that the specific drlling
has increased by a factor of 1.54 while increasing the energy coverage from 78.5% to
100%. An alternative to this is to try and increase the radivs of influence R by changing to
a mare energetic explosive.

Table 5.2 presenis the relative efficiencies for difTerent burden to spacing patterns. The
efficiencies given are relative to the pattern shown in Figure 5.15 which has an efficiency
of 100%. When examining paiterns and pattern modification one must keep firmly in
mind {a) the changes which occur in the specific drilling and (b} the practicality of drill-
ing the pattern as designed.

As can be seen from Table 5.2, the staggered pattern produces a more uniform distri-
bution of the fracture circles and thus more even fragmentation in the rock pile for the
same powder factor. Optimum coverage is obtained with equilateral triangles, however it
varies rather little over the range from 5/8 = 1 to S/8= 1.5,

The benefits of these staggered patterns may be less evident in highly fractured ground
where existing fracture planes limit the development of new radial cracks.

The observant reader should have noted that the design burden on the front row of holes
as measured from hole to crest is ¥ that of the succeeding rows, This seeming inconsistency
ts explained by the fact that the bench face is normally sloped such as shown in Figure 5.16.
The front row of holes are laid out such that the toe burden is B. A typical bench face angle
(70%) and bench height (1.58) give a hole to crest distance of approximately 1/2 8. The upper
part of the hole is charged less than the other holes in the round to account for this, Figure
5.17 shows the circles of influence superimposed on a two row blast.

When taking into account both drilling and blasting aspects the most desirable overall
drilling/initiation pattern (AECI, 1978b) is

I -
NI NI

=

Figure 5.15. Staggered drilling paitern (578" = 1.15)
with the burden reduced io achieve total coverage.

Teble 5.2. Effect of drilling patterns and 58 ratios on the arca covered by the fracture circles. Equilateral irian-
gular lyout = 100% (AECT, 1978h),

58 mtio Square patiem Stagpgered pattem
Y Y

I I 985

1.154 Thi 10k

1.25 73 995

i.5 7l 6

2.0 a2 77
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Frgure 5, 1, Section view thaaugh the bench,

AL

U

Fagwre 517 Lecation ol the first fow of holes with respect b

Hank Face the bank fsce,

Iitaticon Poimt

-

Stappened Drilling Patiemn: 508 = 133 T . . ,
Cipen V1 Chevron Iniiation Pattern: 508, = 16 '_’*'-‘"""‘ R A "“_"'"T“bl" driling
W They peas on Bk Bosw 1o K edoce Octbeeak ‘iI_.'H: His Pdtl"‘m and  initiatinn P’Ih'ﬁﬂ
 Detonating Rolay In Treklime [AECT, 19TER)

A stageered drilling pattern with /8 = 1.25,
- 1 chevron inttiation which gives S/8, = 3.6
This is shown in Figore 5,18,
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3.3 THE INFLUENCE OF FACE SHAPE

A major conclusion from the previous section is that the staggered patiern (B/S = 1.25) is
best from both ease of drilling and energy distribution viewpoints. The most appropnate
burden-spacing relationship for both single and multiple row blasts must now be selected.
This topic has two separate but related aspects.

1. Face shape
2. Time delay between holes

The influence of face shape on fragmentation can be practically demonstrated (Hagan,
1983a) by considering the blasting of boulders. If a hole is dnlled to the center of such a
boulder and a small charge inserted, the boulder can be broken. The required powder
factor is of the order of 0.10 kg/m? (0.08 Ibs/ton), which is much lower than that required
in standard production blasting.

The theoretical explanation for this is that the spherical charge sends out a spherical
strain wave which, upon meeting the spherical surface of the boulder, is totally reflected
back toward the charge. The reflected waves cooperate with one another to encourage
maximum crack creation and growth. Of major importance here is that (a) all poinis on
the face are equidistant from the charge and (b) the face completely wraps itsell” around
the charge.

Figure 5.19 shows the results of a senes of model experiments conducted by Field and
Ladegaard-Pedersen {1969a, b) who investigated the effect of face shape on fragmentation.
Under the same charge-burden conditions, the convex surface shows a much higher (more
intense) degree of fragmentation than the other surfaces. Since the concave surface dissi-
pates the effect of the strain wave there is no break-out even though part of the surface is
within 12 mm of the charge. For the saw-tooth surface pant of the wave is reflected to-
wards the cracks and part 15 reflected from effectively two angled sources. The large
number of radial cracks are all about the same length,

‘The spherical charge and spherical rock geometry (Fig. 5.20a) is not a practical alter-
native in production blasting, Stepwise however one can armive at some practical geome-
tries. Figure 5.20b shows a short rock cylinder containing a spherical charge. The results
would not be expected to be too different from that of the spherncal rock mass. This 15 not
a practical geometry either. However the hall’ cylinder shown in Figure 521 starts ap-
proaching a practical design element. Such a series of elements could be stacked as in
Figure 5,22 yielding a column design. The decking of charges (charges separated by inent
sections) practiced at a number of operations is similar in principle. Even though the
spherical charge shape 15 not practical per se, various investigators have shown that in
crater blasting cylindrical charges with length o diameter (L/0D) ratios £ 6 approximate
such charges quite well.

Figure 5.23 shows a logical division of a typical cylindrical charge. At the collar and
oe regions, the short cylinder configuration containing an equivalent sphernical charge ba-
sically applies. In the region in between, the representation is a line charge shooting to a
curved face. The strain wave reflections coming off this face encourage a high degree of
fragmentation. The obvious problem is that of producing such a curved face in reality. As
one normally draws the blast designs, the faces are flat and not curved. This is often true,
as will be shown later, for 5J/8, ratios of 2 or less. However for 5/B, ratios of the order of
3 to 4 such curved surfaces do result. Consider, for example, the staggered 3 row pattern
shown in Figure 5.24.
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¢ Convex Face
14 mm “ml

Tﬁu

Figure 5.19. Effect of fzce shape on the fragmentation (Field & Ladegaard-Pedersen, 1971 )

(a) ‘

Figure 5.20. A spherical charge shooting 1o {a) spherical
surface and (b) a full cylindrical surface (Hagan, 1983).

Caopyrighted material
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Figure 5.21. A half ¢ylinder face geometry with
a spherical charge.

Figure 522, A column charge made up of
stacked spherical chasge units.

Figure 523 Exploded view showing the collar,
thee column, and the tee charges.,
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When the holes of such a staggered pattern are shot individually, the geometry prior 1o
shooting hole 8 is as shown in Figure 5.25,

As can be seen, although the shape to be blasted is not eylindrical it is not (oo far from
it. Rather than shooting each hole individually as was done here, the same exact effect can
be achieved with a Fl firing pattern.

In summary, optimum fracturing 15 obtained by ensuring that each blasthole fires inde-
pendently. This can be achieved in two ways

— Initiate each blasthole in sequence,

— Armange thal simultaneously mitated blastholes are far enough apart to prevent mutual
interaction between their stress fields. This can for example be achieved by *chevron® firing.

In practice (Hagan, 1977ab,c) it is usually not considered expedient to initiate blastholes
individually in sequence, although this technique finds application where blasting vibra-
tion considerations impose a restriction on the charge mass detonated per delay. Nor-
mally, the best solution is to resort to chevron firing, which is simply achieved and in
most case gives excellent results.

The main parameter which determines whether or not stress interference takes place
between ‘simultaneously” initiated blastholes, is the 5/B, ratio at the time of firing. In
homogenous rock where 5/8, is less than 2, the adverse cooperation of adjacent holes re-
sults in reduced fragmentation. Real benefits are oblained as 5/B, is increased above 2,
reaching a maximum at about 8, but with little real improvement above 4.

A series of delay patterns is shown in Figure 5.26. The interested reader is encouraged
to evaluate them regarding predicted fragmentation.
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Figure 5.25, The face geomelry prior (o shooting hole 8,
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Face

4]
%j
(@) Staggered In=Line

Face

Figure 5.26. Some ivpical delay paitems
(d} Staggered *¥1° Fired 1o Free End {Hagan & Mercer, 1983).

54 ONE AND TWO ROW BLASTS

Some of the principles discussed will now be applied to one and two row blasts. The first
example will assume instantaneous imitiation ol all holes (in-ling firing towards the free
face) while maintaining 5 *x £ constant. This means that the amount of rock broken by
each hole remains constant. Four different burden-spacing relationships are shown in Fig-
ure 5.27. As can be seen a cratering (failure) angle of 140° has been superimposed. Even
though the powder factor is the same in all cases the type of fragmentation will differ.

In the case of the wide spacing (Fig. 5.27b), the charges would produce craters basically
independently of one another. For the closest spacing (Fig. 5.27c), the holes would simply
split along the hole line thereby releasing the gases very early and producing large chunks.

The patterns lying in between these extremes, 5= B and 5= 1.15 8 reveal good energy
coverage and are those which are used in practice oday. Figures 5.28 and 5.29, respec-
tively, show the results of model experiments for /8 = 0.5 and /B = 2.0 while main-
taining § x B constant. The results reveal what intuition would suggest.

The following rules (Hagan, 1977a) apply for a single line of holes.

I. An elongated pattern (where S > B) is generally most effective in massive, hardbreak-
ing formations. A larger spacing tends to cause more twisting and tearing of the rock, less
splitting along the line of the blastholes, and less overbreak.
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a 5=

Figure 5.27. Fragmentation for dif-
ferent 5B ratios while retaining B =
5 constant.

Figure 5.28 Laborstory fragmeniation for S8 ~ 0.5
{Langefors & Kihlstrim, 1963),

2. With greater spacings (and smaller burdens) there is less chance of cutoffs,

3. Spacings considerably greater than the burden can be used o advantage where struc-
tural planes such as joints run parallel to the face.

4. Spacings appreciably less than the burden tend to cause premature splitting between
blastholes and early loosening of the stemming. Both of these effects encourage rapid re-
lease of gases to the atmosphere. Overbreak is usually considerable. This loss of gas en-
crgy detracts from overall breakage in the burden. Large slabs are often found in the
muckpile.
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Figure 5.2%. Laboratory fragmentation for 38 < 7 and Sx B
the same & in Figure 5.28 (Langefors & Kihlstrim, 1963

@ Face I
LS
(b)  Face
(<) Face
iy F Figure 5.30, The effect of end
‘e

conditions when shooing

single rows (Hagan & Mer-
- —— 88— cer, 1983 ).

The effect of the numbers of holes shot at one time can be seen in Figure 5.30. For the
single charge configuration (Fig. 5.30a), a high degree of confinement is provided by the
side rock. In tearing the burden from the adjacent stationary rock mass, side free surfaces
having a total length F are created. This requires the expenditure of significant energy.
The overall effect is fragmentation of the prism involved but also back break. When two
holes are shot together, the amount of fixed perimeter/charge is reduced to 0.5Mhole.
They cooperate on breaking the included volume as opposed to the wall. Although posi-
tive with respect to backbreak, this cooperation can result in a poorer fragmentation and
greater heave. When one moves to the 9 hole blast the fixed wallhole is /9. Thus with
respect 1o edge effect and back break, the general principle is that it is better to shoot
longer rather than shorter rows,

Consider now the use of delays between the holes. Figure 3.31 shows a row of holes
with center initiation. Through the use of delays, the direction of the blast motion and hence
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the burden are changed. Once the center hole has been removed, the succeeding holes
have two surfaces to which to break. The shape of the volume associated with cach hole
now more closely resembles that of a half cylinder thereby vielding better fragmentation
and less damage to the remaining wall rock. However, the delay time must be sufficient
for the rock to move prior to the initiation of the next hole.

The next step is to consider two rows of holes drilled in a square pattern. Conceptually
the rows will be considered to be shot instantancously as shown in Figure 5.32. The front
row can obviously break to the free surface as was described earlier. Because the rows are
shot al the same time, the front row has not moved. The free surface for the second row is
therefore the same as for row 1. Hence, the casiest {closest) surface to which the second
row can break is upward (cratering). With this design, the backbreak from row 2 is ex-
pected to be high and the resulting muck pile would be very tight if any real breakage oc-
curred. The comer holes in the second row, in particular, are highly constrained. In addi-
tion, very high ground vibrations would be expected. In reviewing this design, the first
alternative would be to put in a single delay between the first and second rows as shown
in Figure 533, The amount of delay chosen must be enough for the front row to move
outward sufficiently for a recognizable free surface to be formed between the rows. Al-
though an improvement, the corner holes are still ighly constrained. If the rock lying bet-
ween holes is not completely broken such as shown in Figure 5.34, then the face configu-
ration for the second row of holes is poor from a fragmentation point of view since it is
concave rather than convex.

Fe ||

= Figure 530, A single row of holes with
> . . l S Yl center mitiation and delays bebween holes

iHagon & Mercer, 1983,

e | I
I—‘ i l & * :j
L - L L W L
s
1 % Figure 532 Double row shol in-
stonlanesusly (Hagon & Mercer,
2 - & ¥ . L L & 1983 ).
Face !
" Figure 533, Double row with de-
1 1} | lays between the cows (Hagan &
- Mercer, 1983).
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Figare 5.34. Comer holes shat

on separate delays (Hagan &
Mercer, 1953),

Figure 535 Delays wsed o
provide & square “F7 patlem
(Hagan & Mercer, 19830

An improved design for this two row blast (Mercer & Hagan, 1978) is shown in Fig-
ure 5.35 in which a series of delays is used. It is termed a square *F” pattern. As can be
seen, with the exception of the holes shown on the 0 and 1 delay lines, the remainder of
the round has been changed from being shot in-line to staggered.

3.5 BIEZE AND SHAPE OF BLAST

As indicated earlier, since most blasis are fired either to a single vertical face or to a free
end (Fig. 5.36), these are the only two which will be addressed here. The blast should be
as long as practicable.

For multiple row blasts, the length (L) of the blast should be at least 1.5 times but pref-
erably 3-4 times the width of the cut. Where the blast length 15 less than about 1.5 tmes
its width, the stationary rock on owe or both sides of the blast has a restraining or drag ef-
fect on forward rock movement (Hagan & Mercer, 1983).

Blasts should be as large as possible. The number of rows of blastholes is usually dic-
tated by the working width of the bench/pit and the burden. With large blasts (Hagan,
19774, 1983a):

1. Productivity is generally improved since the amount of unproductive move/travel
time 15 reduced for all of the unit operations. The drills and shovels can spend a greater
amount of time working at one place and the charging of the holes is more efficient.
There s a reduced cyvelicity of blasting and hence fewer delays involved in moving
equipment back and forth.

2. Fragmentation generally improves with an increase in the number of rows. In mas-
sive or blocky strata, single-row blasts often give inadequate fragmentation. There are
fewer blast boundaries created when fragmenting a block of ore with large blasts than
with smaller blasts. The fragmentation at such boundaries tends to be poorer than within
the heart of a blasted block due largely to

{a) The operator’s mmability to dnll an entirely regular blasthole pattern alongside
the boundary.

{b) The gases liberated in the blastholes rapidly escape through cracks alongside the
boundary. These cracks are the result of the overbreak caused by the adjoining
blast, The early loss of gas pressure means poorer fragmentation and muckpile
looseness. Furthermore there is an increased chance for flyrock.
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Face Blast

Figure 536, Dimensions for comer and face blasts,

L S N
Figure 5.37. Providing relief for the back
—— ==l rows,

3. The frequency of environmenial disturbances is reduced and hence potential noise/
dust complaints.

4. Large chunks of rock that ofien sit in the newly exposed face (but are effectively
detached from the rock mass thereby preventing penetration of explosion-generated strain
waves), are usually thrown out virtually intact in the subsequent blast. The percentage of
such blocks in the muck pile decreases with an increase n the number of rows (Hagan,
1975),

There are some disadvantages with large blasts however (Hagan, 1977a, 1983a).

[. Overbreak of the back row and sides increases with the mumber of rows. This is be-
cause progressive relief of burden is achieved with greater difficulty towards the back of'a
deep blast. Where there are too many rows, back-row charges will not see an effective free
face (Fig. 5.37).

2. The ground vibrations increase with the number of rows,

3. The displacement of the back rows may be poor resulting in “tight” digging condi-
tions,

4. Where blasts are well designed, the amount of *diggable overbreak® is virtually in-
dependent of the number of rows in a blast. In highly fissured strata, for example, it may
be possible to take advantage of the greater amount of diggable overbreak from single-
row shots, I§ a 4-row blast would be replaced by 4 single-row blasts, the volume of dig-
gable overbreak would increase by a factor as high as four.

5.6 SOME SEQUENCING PRINCIPLES

There are a number of principles which should be applied for achieving the best fragmen-
tation when designing a blast. These principles which have been extracted from Hagan
{1975, 1977a,b,c, 1979¢, 1983a) are summarized below:

General principles
|. Charges should detonate in the sequence that maximizes the successive development
of effective free faces.
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2. Each charge should be given just sufficient time to effectively detach its quota of the
burden from the rock mass before the next charge detonates.
3. When allocating delay numbers in the blast design phase, the designers should con-
struct lines of breakage for each charge. By doing this
- Any instances of poor sequencing are exposed,
- Alternative superior delay allocations can be made.
4. The scatter between initiation periods even for the same delay number mean that
holes go independently.
5. Initiation should commence at that point in a blast which gives the best possible
progressive reliel for the maximum number of blastholes.
(a) Lf there is a free end, initiation should begin at that end (Fig. 5.38a).
(b) If there is no free end, inttiation should begin near, but not at, one end of the
blast block (Fig. 5.38b).
{c) Il a bufTer of broken rock lies alongside one eénd of a blast block, mitation
should begin near the end of the block remote from the buffer (Fig. 5.38¢c). The
principal direction of rock movement will then be roughly parallel to the buffered
face and the blast will be hardly aware of the buffer’s presence.

. When shooting in-line holes simultaneously, the spacing: burden ratio should be as
large as possible to achieve the best fragmentation. However, where the S/8 ratio is too
large, each charge fragments and displaces a prismatic section of rock. The face midway
between back-row blastholes may remain intact especially near floor level where the large
spacing would appear as toe.

7. It is essential to have good control on the blast hole layouts, Large diameter holes
should be within | foot of the designed location.

i) Poant oo Initiation

ihl Point of Initiation

Figure 5,38, *Best” iniliaton points
undler various conditions {Haygan,
1979¢).
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Single row blasts
I. Short delay intervals between holes give better fragmentation than instantancous
blasts.

2. The optimum delay interval increases with the burden dimension. The optimum in-
ter-row delay 18 rarely less than 5 ms/m of burden.

3. If the inter-hole delay is considerably longer than the detachment period, blocks of
rock within the progressively created faces have sufficient time to detach themselves

from, but remain perched alongside, the rock mass to be blasted. By the time their corre-
sponding blastholes fire, these blocks are often thrown out intact into the muckpile. Such

blocks are usually larger than the mean fragment size in the muckpile. Therr formation
should be minimized by selecting an inter-hole delay that 15 not too long.

4. If the inter-hole delay is too short, then the additional free face is not created. The
charges then act almost as though they have been initiated simultancously.

Multiple row blasis
1. The initiation sequence should be such that each charge shoots o a free face that is

extensive, preferably convex (with respect to the charge) and reasonably close.

2. A square pattern fired in a *}" provides betier fragmentation than one shot in-line
(1.e. row-by-row). The *F" shot is effectively staggered and has a 5.8, ratio of 2.0 rather
than 1.0. This situation is shown in Figure 5.39b.

3. Fragmentation usually improves as the effective spacing: effective burden 5/8, ratio
increases up to about 4.0.
This value is best achieved by:

— Drilling blastholes in a staggered pattern (an equivalent triangular or slightly more
elongated grid)
— Using a ¥1 initiation sequence.

If the holes (Fig. 5.40a) in the FU pattern are shot one at a time, then the effective burden
{as defined as the perpendicular distance between hole rows is 0.578 and the spacing is
2B. The S§,/B, ratio is 3.51. The actual peak burden is 1.158.

If the holes are shot on the same delay (Fig. 5.40b) then 5,78, = 1.15 and the holes
would cooperate with one another. For the staggered dnlling pattern shot as F1 (Figu-
re 5.41), the calculated burden is 0.578 and § 15 28. However in this case even if shot on
the same delay, the holes would function independently.

4. The blasting engineer should ask himself whether the inter-hole delay
{a) will create new effective faces in time for the subsequent rows
(b} can cause cut-ofTs when using surface delay systems

Easy forward movement limits the uplifting forces which are largely responsible for cut-
offs. Fragmentation and muckpile looseness are greatly influenced by the availability of
effective free faces.

5. As a rule, blasts are fired

— Along the long axis of a staggered paitern,
- Along the diagonal of a square pattern.



Drilling patterns and hole sequencing 147
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{a) Square Instamancous

5 4 5
(01 Equilateral Triangular Stagpered *V1° blasts (Hagan & Mercer, 19830

Figure 5.3%. Delay patterns for multiple row

6. For a multi-row blast where it is considered necessary to detonate each hole on a
separate delay, the delay time between holes in successive rows can be excessive leading

to the possibility of “cut-off* holes. To overcome this down-the-hole non-electric delays
can be used.

7. To reduce projection into the pit, the front row of holes should be loaded according
to the amount of back break experienced from the previous blast. It is usual to increase
the stemming height by reducing the explosive column length in the front row of holes.
This produces a much better muck pile profile with considerably less *tail’ to the blast.



148 Blasting principles for apen pit mining: General design concepis

£
w2 £ i £
l'-"

. i i !

i
I FLISH |..-’ S
)

Figure 540, Stgpered patiern shot
hole=by-lwnle wsing a F1 initiation -
b Same delay, VI instiation seguence. uence.

Figure 5,41, Staggered pattern shot row-by-row using a ¥ initialion sequence,

&. If the toe of the first row 15 nol displaced sufficiently, charges in the second and sub-
sequent rows will be choked increasingly as the blast proceeds and the likelihood of cut-
offs increases.

9. Slope stability increases with the inter-row delay. The amount of ripping and dis-
ruption of final faces decreases with increascs in the areas of effective faces associated
with the use of longer delays.



Dwilling patterns and hole sequencing 149

10, IF the number of rows is large, blastholes at or towards the rear may give guite un-
acceptable fragmentation. They may be incapable of displacing the rock forward. The
charges can only erater to the horizontal face. The result is

— High muckpile,

- Toe problems,

~ Tight digging,

- Likelihood of airblast, flyrock and overbreak (with associated clean-up operations and
mstability potential).

11. The optimum inter-row delay lies in the time range which allows good fragmenta-
tion and displacement of each burden without the presence of cutoffs,
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CHAPTER 6

Sinking cut design

B.1 INTRODUCTION

To develop new bench levels in an open pit mine, a sinking (ramp) cut is used (Fig. 6.1).
It is different from the usual production blasting done in the mine in that the free surface
to which the breakage occurs is horizontal. The blastholes are oriented perpendicular
rather than parallel to the free surface and rock movement is against gravity. Thus special
blast design procedures are required.

It will be assumed that production drillholes of the same large diameter will be used
for the entire cut. At the shallow end the cut depth is only a few multiples of the hole di-
ameter and the blasting resembles cratering. At the deep-end, the sinking cut resembles a
[ull benching operation. From a strictly practical viewpoint, a certain mirimum drilling
geometry (hole depth, pattern) is required. 1f 9 7/8" diameter holes are being drilled, for
example, it is not practical to drill them on 1 m centers to a depth of 1 m as might be theo-
retically required at the entry to the ramp., 1t is also notl practical 1o vary the patterm and
depth from hole to hole. Thus the cut is designed in a sequence of segmems. Within each
segment the hole depth and pattern is maintained constant. A certain amount of subdrill-
ing will be required to ensure that the eventual ramp satisfies the desired grade. The ini-
tiation sequence must be such as to allow sufficient rock movement before the next holes
detonate, Finally, careful blasting technigues should be used when the ramp is to form
part of the final pit wall.

The overall sinking cul design requires specification of:

. Drilling depth
2. Burden/spacing

3. Hole loading

4. Initiation sequence.

The approach described in this section is broadly based upon a paper by Chung (1982). It
has been expanded somewhat by the author to assist in concept understanding. The blasting
nomenclature has been changed o make it consistent with that used throughout this book.
The discussion will be broken down into three parts according 1o geometry,
|. Bench blasting

2. Crater hlasting
3. Transition zone

152



Ninking cut design 153

Daylight Lo Deep End
1

oy e Nt ]

T e e

T SR A R R RE LN T LT

Figune 6.2, The blast patiern at the fell cut end,

0.2 BENCH BLASTING ZONE

At the full depth (bench blasting) end of the cut, the situation is as shown in Figure 6.2
As was seen from the basic design formulas (Chapter 4) there are a series of relations re-
lating burden (8), spacing (5), subdrnilling (J) and stemming (T) for a given rock type,
hole diameter (2,) and explosive. For consistency these same terms will be used

B=KyD (6.1)
§=KsB (6.2)
J=K,8 (6.3)
r=K;8 (6.4)

A series of blasting tests will be assumed to provide Ky, K; and K;. Using Equation (6.3)
the burden-subdrill relationship becomes

B=i = (6.5)
J
where m = proportionality constant = 1/K,
Given the amount of subdrill (.J), the cormresponding burden (&) can be calculated.
Expressing the ramp grade as a ratio () the distance Ly, from the beginning of the
ramp o the full benching zon¢ 15 given by

H
=8 (6.6)
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6.3 THE SHALLOW ZONE

The shallow-zone (Fig. 6.3) is defined as that region of the cut controlled by either (a) the
minimum pattern dimension or (b) the minimum drill {cut) depth. The hole depth and
charge size is constant throughout this region.An enlarged view of the holes at the deep
end of the shallow zone is shown in Figure 6.4. Several design simplifications will be
used.

I, The top of the charge is placed at the desired grade level. Cratering is assumed com-
plete io the top of the charge. Hence the cut depth (A7) is equal to the stemming length.

2. The relationship between the cut depth (F), the charge length (F), and the charge
diameter (0,) 15 given by

(H+5)=19(22) (6.7
The use of the prime notation simply means that they apply to the shallow end,
3. In this region, packaged rather than bulk explosives will probably be used in the

holes. The length JF, that of a single cartridge, can be expressed as a function of the hole
diameter

=KD (6.8)
where K, = length to diameter ratio of a single explosive charge. It depends upon the ex-
plosive and the packaging,

For the hole diameters under consideration (= B ins.), K, 1s of the order of 2 to 3. The
average value of 2.4 will be assumed to apply. Thus

J=24D, (6.9)
4. The burden (B') is related to the amount of subdrill by

B =mJ (6.10)

Shealbow Emal Decp End

df T—JliH'
J H
]
-

Figure 6.3, Delmeation of the dhallow e,

— — ——— ——— T — 1-

Figure 6.4, Enlarged view of the shallow end blasting region,
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Combining Equations (6.7) and (6.9) one finds that the depth /" of the cut in the shallow
region is

H' =830, (6.11)
The length of the shallow region is given by
HJ'
Le= G (6.12)

6.4 THE TRANSITION REGION

The length (L) of the transition region
LT= Lg— L_'_r,' '-r.'EI |3.}
has now been defined as has the depth of cut and the subdnll depths

Shallow end Dheep end
Cud depth LD i
Subddrill depth J J

at both ends of this zone. The subdnll depth for this zone, as shown in Figure 6.5, 15 as-
sumed to increase linearly from the shallow to the deep end. This is shown by the dashed
line in Figure 6.5 which intercepts the surface at a distance X away from the daylighting

point,
Using similar tmangles it can be shown that
(H* + WL + X) =(H + DLy + X) = (H, + JW(L, + X) = K (6.14)
Equation (6.14) can now be solved for distance X
X=[(H+J) Ly = (H+ D) L) [(H + J) = (H" +.T)] (6.15)

The amount of subdrilling {J;) at any point (L,) in the transition zone can be determined
using

Jp= KL+ X) - H, (6.16)

H=LxG (6.17)
The burden for the holes in the transition zone is given by

B,=md, (6.18)

Figure 6.5. The transiticn zone.
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These equations can now be used to calculate the patterns for different cut depths or the
cut depths for given patterns given the results from a reference blast.

6.5 SINKING CUT EXAMPLE

The example given by Chung { 1982) will be used to illustrate the process. The details of
the normal production blasting in the ramp arca are

Hole diameter (D) = 0.25 m (9 7/87)
Explosive = ANFO

Explosive density = 850 kg/m?
Burden (B)=7Tm

Spacing (§) =T m

Hench height (H)= 12 m

Subdnll )= 1.8m

Stemming (T)=4.5m

Length of charge = 9.3 m

Amount of explosive = 391 kg

The fragmentation was deemed to be satisfactory, Using this information, the problem is
to design a 30 m wide sinking cut driven at a grade of 8% (& = 0.08) from the surface to a

depth of 12 m.
Step 1. The characteristics of the deep zone are calculated/summarized.
H=1Im
Lp= 12008 =150 m
D,=025m
B=8=Tm
J=1LEBm
Lp=8D,=7mf0.25=28
K;=JiB=1.87=0.26
Ky= T8 = 457 = 0.64
m=BJ="T/1.B=7389
Srep 2. The charactenstics of the shallow zone are calculated/summarized.

The packaged ANFO has a length to diameter ratio of 2.4. Cartridges 8" in diameter are
used.

S =24D,=24(025)=06m
=830 =83(025)=208m
Lg=2.08/0.08 = 26 m
B=JSxm=06(3.89)=23m
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Step 3. The characteristics of the transition zone are calculaied/summarized
Ly=150-26=124m

_{2.08+0.6) 150 — (12 +1.8) 26
{12+ 1.8)—(2.08+0.6)
12+1.8
150+ 3.88

=3EEm

Step 4. The values for any point in the transition zone can now be calculated.
The distance L, = 50 m will be selected as an example.

Ly=50m
H.=50x0.08=4m
Jy= 0,09 (50 + 31.88) -4 = 0.E5m
B,=389x085=331m
This process can be repeated for any desired position within the transition zone.

Horzontal Distance Sandsione
L (m) = 250
Cut Depth Cond m e
H {m}
1] i
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Figure 6.6, Sinking cut de-
12 sign nomograph {Chung,
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Step J. A design nomograph is prepared to simplify the design process.
Figure 6.6 shows the nomograph prepared by Chung for the present example. It con-
sists of four scales

— Horizontal distance L,
- Depth of cut A,

— Subdrilling ./

- Burden and spacing.

To demonstrate its use draw the line passing through the point representing a horizontal
distance of 50 m and the alignment point P. The line intersects the other 3 scales to give

H=4m
J=085m
B=33m

Srep 6. The nomograph is used for design.

The cut is divided into 2 parts, Part [ extends from 0 to 80 m and Part Il extends from
80 m to 150 m. The required ramp width is 30 m. Although there are many other combi-
nations which could be used, integer dimensions will be used as much as possible for
burden and spacing. Al the deep end the nominal burden and spacing is 7 m. At the shal-
low end they are 2 m. Hence the actual design involves the transition from the 7 m pattern
to the 2 m pattern.

The first step in the layout is to determine the horizontal distance regimes in which the
pattern is constant. Some judgement is required in this regard. Lines corresponding to burdens
of 6.5, 5.5, 4.5, 3.5 and 2.5 m are drawn through the alignment point. The corresponding

horizontal distances are given in the Table 6.1.
These lines are then superimposed on the plan map of Figure 6.7 and the nominal bur-

den ¥ spacing values added. The detailed layout for the region of 0 to 81 m 15 shown in
Figure 6.8.

Tahbe 6.1, Hole buenden as a function of the horizontal distance abong the cut,

Rurden (m) Horizontal distance (m)
b5 136

5.5 110

4.5 ]|

1.5 53

15 28

Horzonial Distance (m)

0 1‘}5 SIJ :E:] lll:'lﬁ I.}ﬁ 150
1 i i 1 I
1 | 1 1
22 1 I3 o0 d4xd 0 Sx5 1 Guf WTx Jm
n 1 1 1 i
i i i 1 1
L 1 Li T T

Figure 6.7. Plan view of the sinking cul showing the different patiern regions.
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Figure 6.8, Detailed layout for the shallow end,
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Figure 6.9, Detailed layout for the iransition zone.

Table 6.2. Hole depth applying fior the different patiems.
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Pattern Hale depih (m}
T=T 138 m
LR 124 m
S=3 10.2m
44 TAm
Ax3 53m
2wl Ilm

The detailed layout of Part [l now begins from the deep end. The spacing is increased
e 7.5 m o conform © the 30 m width but the burden remains at 7 m. The resulls are

shown in Figure 6.9.

Step 7. Determine the drilling depth for each pattern.
These depths are selected in the same way as the deepest hole (Cut + Subdrill} using
the nomograph. The results are summarized in Table 6.2 and in Figure 6.10.
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Step 8. The amount of explosive to be placed in each hole is now determined.

At the deep end (7 m % 7 m pattern) the length of stemming (7T) in the hole is equal to
(.64 B. Since this hole is bulk loaded with ANFO the amount of powder is

w:%u,lm+ J—T)850 = ;m:{s;ﬂ (12 + 1.8 — 4.5) 850 = 388 kg

The length of the explosive column is 9.3 m.
In the shallow zone (2 m ¥ 2 m pattern) a single cartridge (0.203 m) 8 ins. in diameter
and 0.490 m (19 ins.) in length is used in each hole. The amount of explosive is

- % o L (B50) = % (0.203) (0.490) (850) = 13.5 kg

The explosive length converted to the full hole diameter (0.250 m) is 0.32 m. These val-
ues are in good agreement with the values given by Chung { 1982) in Table 6.3,

Step 9. Design the initiation sequence.

The complete cut may be blasted in one shot or in sections. The advantage of one shot
is that pit disturbance is minimized. However, a large number of delay intervals are re-
guired to avoid a high explosive charge/delay and the resulting ground vibrations. The pos-
sibility of cutoffs is also increased.

Figure 6.1 1 shows the sequence recommended by Chung for the blast between 50 m to
150 m.

Horirontal Destance (m

1] Ilﬁ 53 21 1 136 150m
Il I i M
ST E i : _
i . {m)
i i
' —5m
i
i
' = 10 m
. T 12 m
S3e-138m
Figure 6.10. Cross-section shawing the drilling depths in the different regions,
Takble 8.3, Charge length and weight for the different patiems.
Burden & spacing (m) Charge length (m) Charge weight (kg)
) 0.3 EL
6 5.0 210
3 1.8 16
4 0.7 29
E] [ E] 17
2 (L3 13
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Figure &.11. Delay sequence without wall control blasting {Chung, 1982).

EEIB.}‘S.Z 15 ms—ae 25 M= A5 5
Wall Control Line

.
Initiation

— From Daylight —=

S0m  &0m Tm #gdm SWm 1Wm 0m 120m 3m 140m 15m

Figure 6.12. Delay sequence with wall control blasting {Chung, 1982).
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Mote that the initiation begins at the deep end with the instantaneous firing of the two
middle holes. This helps to ease the breaking at grade for holes up the ramp and to reduce

cutoffs caused by flying rocks coming from the shallow holes.

When a conventional surface delay system is used, Chung suggests the following delay

intervals between firing lines.

25 msec delays — deep end,
15 msec delays - shallow end.

Figure 6.12 shows a tie-in method for a sinking cut in which one side will become part of

the permanent pit wall. The holes along the wall control line are
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— Drrilled to final grade,
— Mo more than 1/3 of the normal loading should be used in these holes.

To further reduce blast vibration in the wall, a 15-msec delay is introduced i each finng
line. A combination of surface and in-hole delays may also be used.
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CHAPTER 7

Bulk blasting agents

7.1 INTRODUCTION

This section will deal very briefly with the most common blasting agents/explosives used
in open pit mining. The emphasis is on bulk loading of blastholes using a mix-pump truck
rather than on packaged products since this practice is dominant by far in surface mining
applications. A blasting agent is defined (Dick, 1968, 1972) as a chemical mixture which

= Contains no ingredient that is in itsell an explosive,

— Cannol be initiated by a No. 8 detonator in the unconfined state (in the open air).
These two favorable conditions have a major impact on shipment, storage and handling
procedures. A bulk explosive, on the other hand, does contain an ingredient that is, in it-
self, an explosive and/or can be initiated by a No. 8 detonator. In this Chapter the terms
bulk explosive and bulk blasting agent will, for simplicity, be used interchangeably. The
reader must keep in mind that the two are not at all the same. As will be seen, ammonium
nitrate {4N) 15 a major component of most blasting agents. The rehable detonation of
blasting agents requires, in general, initiation by a high explosive primer in good contact
with the charge. The characteristics WR = water resistance, MD = recommended mini-
mum diameter (mm), LD = loaded density {g/cm*) of the most common types of bulk ex-
plosives are summarized in Table 7.1.

The main factors which influence the selection of an explosive, in addition to price, are
(Hagan & Mercer, 1983):

1. Water resistance,

2. Strength,

3. Density,

4, Sensitivity,

5. Velocity of detonation,

6. Fumes,

7. Storage and handling qualities,
8. Physical characteristics,

9. Inflammability.

Each of these factors will be briefly described using material extracted from Hagan &
Mercer (1983). The water resistance of blasting agents and high explosives varies consid-
erably. In general, all deteniorate progressively in wet conditions. The amount of deterio-
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Table 7.1, Comemaon types of bulk explosives (AEC], 1983},

Explosive type WR MR LI Characteristics

ANFID il 50 L] Porous prillked AN with 6% absarbed Fuel oil

ALANED Ml 1 50 EF-0.95 AM with up to 15% atomized aluminum pow-
der

Grelled Blasting Excellent 125 MES.[ 45 AR solition incorporating Tusl, sensitizing

AgpentsSlumies and gelling agents

Emulsified Blasting Excellent 1) 8-1.36 Similar 1o a slurry but with water resistance

AgemsTmulsions provided by emulsifying the AN solution with
Fuel oif mstend of using gelling agents

Heavy ANFO Varies 150250 1.0-1.36 Emulsion matrix incorporating AN prills o
farm an energetic, bigh-deénsity, low oot ex-
plosive

ration increases with the severity and period of exposure. The effectiveness of explosives
15 reduced when penetrated by water and, on prolonged exposure, eventually reaches a
point at which the detonation wave is not able to propagate through the explosive column.
Whatever the explosive type used, the period of exposure to blasthole water should be
kept 1o a minimum. This means that the blast should be fired as soon as possible after
charging.

Strength refers 1o the energy generated by the detonation of an explosive. Stronger ex-
plosives develop greater energy and are capable of doing more work. As indicated in
Chapter 3 there are two strength values of importance; weight strength (energy/ke, for ex-
ample} and bulk strength (energy/volume). The total amount of energy placed in a bore-
hole depends upon the explosives weight strength and its density. An explosive with a
high weight strength and high density is often used at the botiom of the hole where the
work to be done is the greatest. An explosive with a lower density can be used as an upper
column charge where less energy is normally required. If the density of the explosive is
greater than 1.0 gfem? it will sink in water. If it is less, it will float.

Sensilivity is a measure of the ease with which an explosive can be detonated by heat,
friction, impact or shock. An explosive with high sensitivity is easily imitiated and the
detonation wave travels from one end of the charge column to the other without any ten-
dency to fade or die out. Explosives having low sensitivities are more difficult to initiate
and the detonation wave, once developed, is less capable of travelling the entire length of
the explosive column.

Velocity of detonation (FOD) is the speed with which a detonation wave propagates
through a column of explosive. As a general rule, the higher the FOD, the greater the bri-
sanoce or shattering effect. Where better breakage in tough massive rocks s required, one
generally would prefer a higher velocity explosive. In rock which is relatively weak or
which exhibits a close network of natural cracks and planes of weakness, one would se-
lect one with a lower FOD yielding less shock energy but greater heave,

Toxic fumes produced by the detonation of charges in open pit blasts do not normally
present any hazard since they are rapidly dispersed into the open air. On very calm days
in the bottom of deep pits, however, operators should avoid exposure to post detonation
fumes. Rusty-orange colored fumes, for example, indicate the presence of nitrogen di-
oxide.
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Most explosives are perishable in the sense that their characieristics change (deteriori-
ate) with time. Both ¢limate and magazine conditions are important factors affecting shelf
life.

The physical characteristics of the various types of blasting agents and high explosives
differ markedly. ANFO-type blasting agents are loose, free-flowing granular composi-
tions. Watergel blasting agenis have a rubbery, gel-like consistency. Emulsion blasting
agents have a consistency between that of hair cream and a finm putty.

Inflammakrility is a measure of the ease with which an explosive or blasting agent can
be ignited. ANFO-type blasting agents ignite readily and bum well. Because of their water
content, watergels and emulsions will not support combustion unless an outside source or
flame is applied continuously.

7.2 ANF()

Ammonium nitrate (AN) when mixed with fuel oil {FO} in the weight ratio of 94/ 6 makes
up the most common blasting agent used in open pit mining today. The basic reaction is

INH NOy + CHy == COy + 3N; + TH,0 + 912 keal'kg (7.1}

As 15 discussed in some detail in Chapter 11, the published values for the amount of en-
ergy released when ANFO detonates (which in this case is given as 912 kecal/kg) can vary
rather widely. The primary reason for this is that different authors and manufacturers as-
sume different formulations for fuel oil each of which has an associated heat of formation.
In the commonly written reaction (7.1), the symbol CH; is used to represent the fuel oil,
[n practice the actual organic compound is much more complicated than this and the ratio
between the number of hydrogen and carbon atoms, for example, may be only approxi-
mately 2. The heat of formation for the constituent CH; is not found in a standard refer-
ence such as the Handbook of Chemistry and Physics. Instead one finds values for or-
ganic compounds made up of multiples of CH; such as C,H 5, C;H 4, ete. For each of these
there are different arrangements of the atoms vielding different heats of formation. To add
to the confusion, explosion products other than those given in reaction (7.1) may be in-
cluded. Thus the so-called *standard® ANFO is far from standard.

As shown in Figure 7.1, the maximum strength is obtained when about 5.5% fuel oil
by weight is added. When too little fuel oil is added, the energy drops rapidly and various
nitrous oxides (NOy) are formed. When too much fuel oil is added the energy also de-
creases, In this case the deadly gas carbon monoxide (CO) s formed.

Consistent, efficient blasting with ANF( is only achieved by placing charges with a
known, uniform density and mix in every blasthole. Although various forms of AN are
available and could be used, the specially manufactured porous prills are preferred. The
guality of porous prill ammonium nitrate is defined (AECI, 1990) by:

- Density control

— Prill porosity

~ Prill hardness

= Prill thermal stability

— Effectiveness and inertness of the anti-caking agent used
The density of crystalline AN is about 1.73 gm/cm? and that for fuel oil about 0.75 gm/
cm’. Assuming an oxygen-balanced ratio of 94.5/5.5 then the overall density for such a
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Figure T.1. Relative ANFO energy as o function of the percent fuel ol used {Hagan, 1980},

mixture would be 1.675 gm/em?. However, as indicated, the AN is not in crystalline form
but rather as porous prills. For good blasting grade prills, the prill size-distribution is be-
tween 6 and 20 mesh (US Standard Screen). This corresponds 1o particle sizes lving in the
range of (L84 to 3.36mm (0.033 to 0.132 inches). Normal ANFO is about 50% by volume
air and thus the density in the loose-poured form is about

1.675/2 = 0.84 gm/em’

The air volume is distributed about 70% between the pnlls and 30% as intermal pore
space. Thus the free void space between the prlls accounts for about 35% of the overall
volume. The density of ANFO as placed in the hole can vary from about 0.8 gm/em? to
nearly 1.0 gm/em® depending upon the method of emplacement (how much the free void
space 15 reduced in the process), ANFO is relatively incompressible so that the density at
the bottom of long column charges will not be much higher than that at the top. The “dead
press’ density (that for which ANFO will not detonate even under the action of a powerful
primer) is about 1.25 gm/cm?,

Although distillates other than fuel oil are available, fuel oil has the following advan-
lages:

- Relatively inexpensive,

~ Mixes readily with AN to produce a uniform mix,

— Readily available at all mine sites.

Solid fuels such as carbon are not as effective as liquid fuels in ANFO. As a result they
have only been used as a partial rather than a total replacement for fuel oil.

As can be seen in Figure 7.2, blasthole diameter has a significant effect on the velocity
of detonation. The FOD is less for smaller diameters than for larger diameters due to the
proportionally larger resistance to detonation propagation provided by the rough hole pe-
rimeter. This FOD -diameter dependence carries over to the borehole pressure and the
shock energy-heave energy partitioning, The total energy yield is not affecied, however.
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Table 7.2. Polvthene liner sizes for different blasthole digmerers (Hagan & MMescer, 1983).

Blasthole diameter (mm) Mominal dismeter of liner {mm) MNominal size of layflat {mm)
127 1440 220
143 156 245
152 [13] 260
175 191 300
187 204 30
200 216 340
29 248 390
5] 274 430
270 2593 4l
31 337 530

Initiation sensitivity decreases with increasing blasthole diameter. For diameters greater
than about 150 mm (6"), cast primers weighing at least 400 g (11b) are recommended.
Charges of bulk ANFO are only detonator sensitive when confined in small diameter
blastholes (diameters less than about 3%).

A major advantage with ANFO 15 its low cost per unit of eneérgy delivered. A major dis-
advantage and limitation is its lack of water resistance. Ammonium nitrate dissolves easily in
water even with the added fuel otl. ANFO containing more than about 109 water will fail 1o
detonate. *Damp’ holes should be pumped dry, charged and shot as quickly as possible.
Even in “wet’ conditions good blasting results can be obtained with ANFO but only if the
ANFO is kept dry. Some water or sludge always remains at the bottom of de-watered blast-
holes. This will destroy the ANFO in that part of the hole faced with the most difficult
breaking unless a plastic borehole liner is used. Table 7.2 gives some typical dimensions of
these liners (Hagan & Mercer, 1983). The insertion of these liners into holes making water
can be a slow and tedious process, It also has two inherent nisks (AECI, 1982)

l. The ANFC column may be “pinched-out” by water pressure around the whing. This
will decrease the breaking effect of the ANFO and may even result in detonation failure in
these holes.

2, The lay-flat tubing may be tom by projections in the side of the blasthole allowing
water 1o destroy the ANFO.
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Figure 7.3, A typical truck for bulk loading ANFO (Hagan & Mercer, 1983 ),
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At the blast site, a bulk ANFO truck (Fig. 7.3) mixes the AN and FO in the oxygen
balanced ratio. The resulting ANFO 15 either blown using & pneumatic delivery system or
augered into the blastholes. In the pneumatic sysiem the discharge hose is typically 10 m
long. Where the truck is driven between two rows of large diameter blastholes four, and
sometimes six, blastholes can be charged from each position of the vehicle. With the
auger sysiem, normally two or three holes can be charged from one truck position. ANFO
discharge rates are usually in the range of 180-500 kg/minute. A weighted measuring tape
is often used to check the buildup of the explosive charge in the hole. A wide range of
truck capacities (3-15 tons) is available. The time required to refill the truck depends
largely upon the method for loading the AN feeder,

When using dry blasting agents the following precautions should be taken (Dick, 1972)

|. They should not be used in the presence of excessive waler unless external protec-
tion in the form of a rigid cartridge or a plastic borehole hiner 15 supplied.

2, Close control must be exercised in ingredient mixing to maximize cnergy releasc
and minimize toxic fume generation. A colored dye may be added to the fuel to provide a
visual check on mixing.

3. The charge diameter must exceed the critical diameter, preferably with a good safety
Mmargin.

4, Adequate priming is essential, When in doubt, overpriming is recommended since
heavy priming will partially overcome many unfavorable field conditions. In marginal
situations the addition of boosters up the borehole will assist propagation.

5. When using eleciric blasting caps, approved equipment should be used for pneu-
matic loading and precautions against static electricity should be taken. The use of non-
conductive protective plastic tubing increases static ¢lectricity hazards by insulating the
charge from the ground.

6. The possible hazard of ANFO's reactivity with rock, particularly rock with a high
sulfide content should be investigated,

7. Even an oxygen-balanced mixture can produce noxious fumes if insufficient deto-
nation occurs because of water deterioration, separation of ingredienis, poor confinement,
insufficient compaction, inadequate charge diameter, or inadequate initiation. These con-
ditions also cause poor powder performance. The use of plastic borehole liners can in-
crease fume production.

8. The low air-gap sensitivity of dry blasting agents makes them susceptible to misfires
caused by charge separation.

9. Holes loaded with dry blasting agents should not be allowed to stand for excessive
peniods after loading because of their susceptibility to water deterioration and segregation
ol liquid fuels.

7.3 ALUMINIZED ANFO

The addition of paint grade aluminum as a fuel increases the total energy output of the
explosive or blasting agent to which it is added. The equation describing the detonation of
ammonium nitrate and aluminum is given in Equation (7.2)

INH,NO; + 2A1 = 6H;0 + ALO, + 3N, + 1620 keal/kg (7.2)
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In this case the NHyNOy/Al weight ratio is 81.6/18.4. Simply comparing the energies
given in reactions (7.1) and (7.2) would suggest that the weight strength when using alu-
minum as the fuel instead of fuel oil is greater by a factor of

1620912 = 1.78

Although true, this is somewhat misleading since some of the heat is bound to the solid
product Al;O; and is not available for use in the pressurization of the explosion gasses. In
practice aluminum is never the only fuel used. One way of increasing the strength of ANFO
15 through the addition of alumimum powder (Crosby & Pinco, 1991, 1992). This combina-
tion, is usually referred to in the literature as ALANFO. Figure 7.4 illustrates the percentages
of fuel oil required in ANFO at various levels of added aluminum in order to maintain
maximum energy output. Fuel grade aluminum must conform to cerain specifications re-
garding size, purity density and flow characteristics. The particle size of the aluminum is
generally in the mesh range —18 to +150. Particles larger than 20 mesh tend to react slug-
gishly whereas particles finer then 150 mesh present a dust explosion hazard. Figure 7.5
shows the relative weight and bulk strengths (ANFO at a density of 0.85 gfem? = 100) with
mcreasing aluminum content in ANFO. As indicated by Hagan & Mercer (1983), incre-
ments in available energy start to decrease as the Al content increases beyond 10% and
the increments for cach percent increase in Al past 15% are relatively small. Hence, the
most common compositions contain between 5% and 15% aluminum by weight. The in-
creased energy per unit weight means that more work can be performed with the same
volume of explosive. In certain rock types, this means that through the addition of alumi-
num better fragmentation can be achieved for the same pattern or that the hole pattern can
be spread. Such aluminized blasting agents are often used as the toe load in bench blast-
ng. Water resistance is not changed, however, from that of ordinary ANFO and the sensi-
tivity is also the same. Figure 7.6 shows a typical bulk ANFO truck capable of delivering
aluminized ANFC.

Fugl Chl (%)

: | , \ Figure T4, Percent fuel oil (by weight) reguired 1o ob-
ﬂﬂ 5 [ 1% 20 tain maximum energy ouipat in ANFO st various levels
Aluminum Added (%) of aheminum sdditon. (Croshy & Pinco, 1991h)
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Figure 7.6, Truck for loading aluminized ANFOL (Crosby & Pinco, 19910h)

74 LIGHT ANFO

There are some situations where bulk blasting agents which have sirengths less than bulk
ANFQO are desired. One such situation is the minimization of back break/blast damage
from pit perimeter holes. From Chapter 3 it will be recalled that an expression for the
detonation pressure (Ppgr) is
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PD-EI-= ﬂ-lﬁ‘ p{FD.D-]I {1.31

where Pper = detonation pressure (MPa), p = explosive density (kg/m?), VOD = detona-
tion velocity (km/sec).

The explosion pressure (that which would be applied to the hole wall} can, without
much error, be taken as one hall of this value, One technique for reducing the applied
wall pressure is to leave a gap between the outer wall of the explosive charge and the hole
wall. As the explosion gases expand to come into contact with the borehole wall, the pre-
sure drops. Assuming adiabatic expansion, one can write

¥

D
Py=P,| == 7.4
& e[ﬂ-ﬁ] '; :I'

where P, = the effective pressure at the hole wall, P, = explosion pressure for ANFO,
D, = diameter of the explosive, 0y, = diameter of the hole, ¥ = the equivalent adiabatic ex-
pansion factor for the pressure range, P, = Py

In practice the explosion pressure is also reduced due to the smaller diameter charge and
a smaller degree of confinement than that for the fully charged blast hole. This technigue,
which is called ‘decoupling’, is discussed in detail in Chapters 10 and 17. In practice, a
plastic pipe is inserted in the hole and it is filled with bulk ANFO. Although effective, it is
cumbersome since it involves the handling and filling of these pipes with explosive, Some
other means for accomplishing these reduced wall pressures which involve the use of
fully charged holes 1s desireable.

To reduce the pressure applied to the wall by the explosive gasses (and thereby the
amount of damage) one can, according to Equation (7.3), reduce the density, the FOD, or
both. In this regard, Hagan & Mercer (1983) have described the use of bulk loaded ANFOY
polystyrene compositions. Reliable detonations have been consistently achieved in large
diameter blastholes contaiming as much as 9% polystyrene by volume, Both the density
and the energy concentration decrease directly with the percentage of the polystyrene.
Due to the lower shock energy and gas volumes produced the amount of damage is lim-
ited. The polystyrene is added to the ANFO just before the charging operations begin. To
minimize segregation of the ANFO and polystyrene due to the density differences, the
polystyrene particles should be about the same diameter as the prills and spherical. A
small amount of water (1.5% by weight maximum) added 1o the polysiyrene-ANFO mix-
ture has been found to add “tackiness” and assist in mixing.

Wilson & Moxon ( 1988) conducted both laboratory and field tests in which low density
materials such as polystyrene, bagasse (the stalks remaining after extracting the sugar from
sugar cane), sawdust, perlite, etc were mixed together with ANFO and detonated. In the field
tests a bowl truck such as shown in Figure 7.7 was used for mixing and delivery 1o the hole.
Their results, given in Table 7.3 for a 50750 volume mixture (ANFOVadditive) and in Fig-
ure 7.8 for bagasse, sawdust and polystyrene as a function of % volume additive, indicate
that the VOD of ANFO can be significantly reduced by the addition of a low density addi-
tive, Since the greatest effect on P s obtained if both the FOD and the density are sigmifi-
cantly lowered, the most attractive systems for large scale use (of those tested ) are

— ANF{Nbagasse,

~ ANFO/sawdust,

— ANFt¥polystyrene,

— ANF¥peanut skin.
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The additives used in the experiments are believed to lower the detonation pressure of
ANFO by acting as a low grade fuel which reacts or burns more slowly in the presence of
ammonium nitrate than does fuel oil. The mixtures are also very poorly oxygen-balanced
which further reduces the FOD.

The conclusions of their study were:

— Sawdust, polystyrene and bagasse will all form stable homogeneous mixtures with

ANFO in a wmble mixer, A viscous oil (400cs) such as Prorex 25 is required to aid mix-
ing in the polystyrene/ AN system.

Figure 7.7. Truck mounted agitator bowl dispensing unit, Close, 1954,

Table 7.3, The explosive properties of the low density explosive mixtures studied. All resulis are for S0/50 by
virlurme rixtiures [ Wilson & Moxon, 1988),

Minture Dhiameter (mm) Density {kg.n'rn:"] VO (kmisec) Py {MPa)
ANFC} 1] &0 244 1220
|58 &X 328 220
1940 E20 .51 2530
258 &0 %0 2800
Infinite B 4.50 413
ANFiOYBagasse 194 e 2.70 50
258 380y 313 Q30
Infinite JED 3.60 1230
ANFCY sawdust 1od S0y el | Gl
190 Sy 259 EET)]
258 S 290 150
Infinite S 330 | 34}
ANFOPalystyrene 100 410 - -
130 410 200 410
180 410 1.90 70
15K alo 220 SK
Infinite 410 240 590
ANFCN Perlile 1] 540 240 THO
ANFOYYermiculite 1 580 15 910
ANFO W heat 15 120 1.50 650
ANFENPeanut Skin 14 460 221 S60
ANFECoal Refuse
—S(W50 L0 T30 . -

~T512% | kb T 2.3 Q40
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Figure 7.8, The effect of additive con-
T i centration an the PO and detonation

'I Lid i i FPASAET T IT AT pdd EEE
i M M 30 40 500 &0 70 80 pressure of Hasasse, polystyrene and sow-
Additive (% Volume) dust systerms. Wilson & Moxon, 1988,

~ Sawdust and bagasse can be easily mixed with ANFO in a bow! truck 1o produce a
homogeneous mixiure, Polystyrene/ AN/Prorex 25 mixtures should also be able to be form-
ed in this manner,

~ Sawdust/ANFO, polysiyrene/AN/Prorex 25 and bagasse/ANF(O mixtures all have
lower detonation pressures than ANFO, The magnitude of the detonation pressure of the
mixture can be controlled by the proportions of additive used in its preparation making it
possible to more closely match the explosive to the material in which it is being used.

~ Sawdust/ ANFO, polystyrene/ AN/Prorex 25 and bagasse/ANFO mixtures do not seg-
regate when loaded into a borehole.

The field wrials indicated that low density explosives can lead 1o significant cost sav-
ings without compromising fragmentation or production.

7.5 WATERGELS/SLURRIES

ANFO was first introduced o the mining community in 1955, Due to its low cost, rela-
tively high weight strength and good handling properties, it met with nearly immediate
acceptance and success. It had certain drawbacks, however

— Mo waler resistance,

— Low density,

- Low energy range,
which meant that it was not suited for all applications. In 1958, Melvin A. Cook, then at
the University of Utah, published his now classic book The Science of High Explosives
(Cook, 1958). In it, he reported the development of water-compatible bulk explosives
(shurry explosives) and their use for underwater blasting at the Knob Lake operation of
the Iron Ore Company of Canada. His oniginal slurnes consisted of AN-TNT-H,0.

Prior to discussing slurries in detail, it is considered worthwhile to examine some of
the basic reactions involved. The reaction describing the detonation of a dry mixture
consisting of only AN and TNT is:
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2INH,NO, + 2C4H,CH; (NO,); —
4TH,0 + 1400, + 24N, + 1010 keal/kg (7.5)

The heat of explosion () for this mixture with a weight ratio of 78.7/21.3 is 1010 keal/
kg. Appropriate values for other ratios of this dry mix as published by Cook (1958) are:
AN/TNT: 50/50
density = 1.0 gm/cm?
(0 =870 kcal'’kg

explosion pressure = 32 kbars
ANITNT: 76.5/23.5

density = 1.0 gm/em?

{J =975 keal'kg

explosion pressure = 31 kbars
Since water is one of the products of the explosion {as indicated in Equation 7.5) it was
perhaps logical to consider the effect of adding water to the reactanis (left) side of the
equation. The result would be a water-based AN-TNT explosive. By accomplishing this,
Cook (1958) obtained much higher densities and explosion pressures but somewhat lower
heats of explosion as compared to the AN/TNT mixtures without water. Two examples by
Cook (1958) are given below:

ANTNT/HLO: 40/40/20
density = 1.4]1 gm/em’
O = 710 kcalkg
explosion pressure = 50 kbars

AMNMTNT/MNLO: 65/20015
density = 1.40 gm/em’
{2 =T60 kcalkg
explosion pressure = 59 kbars

These values should be compared to that for ANFO as published by Cook (1974) and
Sudweeks [ 1985):

INH NO, + CHy = CO, + TH,0 + 3N, + B85 kealkg (7.6)
The value of  given in Equation (7.6)
{} = 8BS kealkg

is ditferent from that presented in Equation (7.1}

=912 kealkg

This provides just one concrete example of the variety of values found in the literature for
the amount of energy released when standard ANFO (94/6) detonates. Although (7 is rela-
tively independent of density, the explosion pressure is density dependent. For a density of

p = 0.8 glem®

which is typical for bulk-poured ANF(O, the explosion pressure is approximately (Cook,
1974)

F.=19.4 kbars
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Henee, these early slurries had densities and explosion pressures which were higher than
ANFO but heats of explosion which were lower. Due to the density and weight strength
combination, the bulk strengths of these slurmies were higher than for ANFO. In over-
coming the drawbacks associated with ANFO as presented in the introduction to this sec-
tion, these slurmies offered exciting application possibilities to, not the least, hard rock
blasting under wet conditions. Based upon this invention, a new explosives company was
formed. Omgmally called the Intermountain Research and Engineenng Company the
name was later changed to Ireco Chemicals.

These early slurries were not formed by a simple mixing of AN, TNT {or some other
fuel) and water, stirring, and then pouring the resulting mixture into the hole, Rather it in-
volved (Sudwecks, 1985)

— Pre-dissolving the ammonium nitrate in a small amount of water

— Thickening the solution with a guar gum or starch

~ Adding fuel components as soluble or finely divided insoluble materials (solid 1)
— Adding dry oxidizers to reduce the overall water content (solid 2)

—{Optionally) cross-linking the gum thickeners to produce a gelled product

The presence of the solids (solid | and solid 2) as well as the ammonium nitrate crystals
that precipitated upon cooling of the formulation lead to the general designation of “slur-
ries’ for these composite blasting agenis/explosives. Due 1o the water used to dissolve the
salts and suspend the insolubles and the ‘gell-like’ nature of the resulting product, they
have also been given the name “water gels’. Although some reserve the term “water gel’
for products which have been cross-linked to a semi-solid, jelly-like consistency and the
term “slurry” for more fluid products (Dick, 1972), they are often used interchangeably,
Such will be the case in this section. Slurmes, which, as indicated, entered the blasting
scene in the late 19505, can be either blasting agents or explosives depending on the in-
gredients used and the degree of cap-sensitivity.,

Although it seems that water is an unhkely constiteent for an explosive, a certain
amount is necessary o provide the required consistency and texture of a watergel. [f more
water than that required for suitable consistency is used, the weight strength is decreased.
On the other hand, if too little water 15 used, the liguid phase 15 insufficient and the re-
sulting high viscosity hinders pumping. The water content also serves to reduce hazard
sensitivity associated with fire, friction and impact. The water content ranges from 5 to 40
percent by weight with the average being 15 percent (Dick, 1972).

Because the commonly used oxidizers, ammonium nitrate and sodium nitrate are solu-
ble, the water resistance of a water gel depends on its physical state. Although starches
were used o thicken some of the earlier slurries, guar gum (polysacchride) is commonly
used today, The thickened shurry 15 gelled with a cross-linking agent to set up an impenetra-
ble barrier which prevenis leaching of the soluble salis by water permeating through the
borehole. Modern gelling and cross-linking technology makes it possible to produce these
slurries in any desired consistency, from a free flowing liquid to a cohesive gell,

Slurries can be divided into three categories (Dick, 1972):

I. Those containing high-explosive fuel sensitizers,

2. Those containing metallic fuel-sensitizers,

3. Those containing none of these high-energy-type ingredients.

Whereas the first generation ol slurnes had to be sensitized with molecular explosive ad-
ditives such as TNT or with smokeless powder to make them detonable, later refinements
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in formulation and manufacturing techniques have allowed sensitization with organic salts
like amine nitrates and perchlorates or very finely divided paint-grade aluminum. Today,
most formulations are sensitized using only mechanically or chemically generated small
air or gas bubbles (Sudweeks, 1985).

The presence of air bubbles or void space is necessary for efficient detonation as well
as for appropriate determination of sensitivity level, detonation veloeity, and the critical
diameter (the smallest diameter in which detonation will propagate). Two types of ingre-
dients, acrating agents and gas formers, can be used. Physical agitation will also acrate a
slurry. In using gas formers, care must be taken that the system remains stable.

One of the mechanisms by which it is believed that sensitization by air bubbles occurs
is that of hot-spot formation as illustrated in Figure 7.9, When the very high pressure shock
wave from the initiator cap or boosier passes into the slurry charge, it compresses the air
bubbles. This compression occurs so rapidly that the volume change is essentially adia-
batic and the gas in the bubble heats up to a very high temperature. As this heat is dissi-
pated to the summounding material, explosive decomposition occurs. This process 15 fast
enough so that the release of energy contributes to the propagation of the shock wave
through the entire column of explosive (Sudweeks, 1985).

Slurry ingredients can be selected as desired to vary the energy, sensitivity, oxygen ba-
lance, rheology, and the stability of the final product. It is possible to adjust the fume and
detonation charactenistics and the physical properties to meet specific requirements of
varying applications. Tables 7.4 and 7.5 list some of ingredients used in a slurry formula-
tion. Table 7.6 presents representative formulations for two slurries, In Table 7.7 the deto-
nation parameters for five typical slurries are given, The energy and gas volume values
have been calculated (Sudweeks, 1985) assuming the formation of the highest energy
products. The relative weight and bulk strengths are determined with respect o ANFO () =
885 kcal’kg, density = 0,82 g/em®) on the basis of the theoretical energy. By varying the
type and the quantity of fuel (and especially the aluminum powder), water gels can be
tailored to exhibit a wide range of weight and bulk strengths (Fig. 7.10). Vanations in den-
sity affect the weight strength and the FOD as shown in Figure 7.11. The FOD increases

e o paialavigr Crns Prodocts

Figure 7.9, [Hagrammatic represeniation of
the sensitization mechanism in  watergels.
Sudweeks, 19E5.
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Table 7.4. Slurry ingredients (Sudweeks, [983).

Oidizers
AMETORIUm Ailrake
soedium mitrate
caleium ritraie
sodium perchlorate
Soluble fuels
ethylens glycal
miethy| abcohaol

sugar

alkylamines
Insolubbe fuels
particulate aluminum
coal dust

charcoal

sulfur powder

fwel oil

Thickeners

HAET g

starch

synthetic water-soluble polymers

Table 7.3, Some ingredients claimed to have boen used in slurries {Robinson, 1969 and Dick, 1972),

l. Fuel-sensitizers

Elplinsive
THT

PETM
RDX
Peniolite

Composition B
Casnideine mitrale

Smokeless powder

Mitrostarch

Alkylamine nitrates

Mitromanniie

2 Oxidizers

Ammaniam niiraie
Sodium nitraie
Mitric acid

3. Cross-linking agents

Boron compounds
Potassium dichromate
Antimony compounds
Hismuth compounids
Periodanes

Litharge

Nari-Explasiive
Alurminum

Sugar

Ulrea

Fermosilicon
Fl:nu]'lhrmpl'lnrnm.
Wood pulp
Dimitrodoluens
Hexaming
Ethybene glyeol
Fuel ail

Parafin

Coal

Carban

Sulfuer

Crilsonite
Lignosulphonates
Plant fibera and meals
Gilyeerin
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Table 7.5. Continued.

4, Gelling agents
Guiar gum | polysaccharide)
Stanch
Acrylamide polymers

5. Gas formers
Peroxides
Acetone and creosole
Sodium and polastium piirate
Sodium bicarbonate

. Acraling agents
Fibrous pulps and meals
Vermiculite
Resin microballeons
Perlite
Crkass micraballoons
Cork

Table 7.6. Representive slurry formulalions expressed in werght percent (Sudweeks, 9835,

Imgredeent Sburry | Slurry 2
Ammenium nilrse 531 7.4
Sodiem nitrate 4.4
Water |55 144
Thickeners 04 0.5
Ethylene glycol 0.4
Fuel il 5.0 -
Sulfor - 24
Gilsonie {asphalt) - A6
Aleminum - 7.0
Diry prills 4.8 -
Trace ingredients LR 03
L] 1000

Table 7.7, Typical slurry properties (Sedweeks, 1985).

Property Slurmy
i 2 3 4 5

density® (gmicm’) 510 112 1.15 117 1.21
energy (calgm) HED 764 &30 940 1145
wi SI:r'l.‘n,gﬂlh 083 {0.%] .00 .12 .34
gas vol [mobkg) 43 44 42 40 37

VENF (mis) G000 for all mixes

O | fhisec) 131 240 for all mixes

a: average borehole density
b: ANEC = | al density 0,82 gmicm’
: fein, diameter af 5°C.

with density up to a certain critical density beyond which the FOD falls rapidly. The

weight strength 15 approximately constant up to this critical density (Sudwecks, 1985).
Like ANFO, slurries can be used in several forms. They can be (a) delivered as sepa-

rate products and mixed at the site, (b) delivered premixed for bulk loading, (c) packaged
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Figure 7.10. Variation of sirength of & typical watergel blasting agent with aluminum content { Hagan & Mercer,
L5E3).
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Figure 711, Wariation of FOU aml weight strength of 3 typical watergel blasting agent with density (Hagan &
Mercer, | 983}
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in polyethylene for hand loading, or {d) cartridged. In bulk loading, trucks bring either
separate ingredients or the mixed product directly 1o the borehole. A mobile plant for
mixing and pumping water gel explosives is shown in Figure 7.12. As indicated, water-
gels begin as high temperature, saturated aqueous (water-based) solutions of AN (some-
times with sodium nitrate). At the central distribution facility, these solutions are loaded
into the insulated *oxidizer solution tank’. Mix trucks are equipped to carry (Hagan &
Mercer, 1983 ):

1. A hot oxidizer solution thickened by gums
2. Dry porous prilled AN (optional)

3. Dry powdered fuels and/or a liguid fuel

4. A cross-linking solution, and

5. A gassing solution

The use of the high temperature solution results in higher fluidities and lower pumping
pressures. Al the hole, fuels, sensitizers and sometimes more AN prills are added. The fu-
els used in watergels include aluminum powder and fuel oil. These ingredients are me-
tered by pumps and augers into the truck’s mixing chamber from where the composition
flows inlo a surge funnel and is then pumped through the charging hose mto the blasthole.
By varying the type and quantity of the fuel (especially aluminum powder), water gels can
be tailored to exhibit a wide range of weight and bulk strengths. As it is pumped bubbles
of air and/or gas are added by acration or by injecting a very small amount of a gassing
solution. Addition of the bubbles is very important for density control of the watergel, If
the density is too high, the bottoms of deep column charges can “dead press’ due to the
collapse of the bubbles. Under such conditions, even the most powerful primers will not
initiate the column. If, on the other hand, the density is too low, the watergel will float in
water filled blastholes. The liquid phase is thickened with gums and then gelled with
cross-linking agents. Thickening and cross-linking commence as soon as the watergel 1s
mixed so that it is highly viscous by the time it leaves the loading hose. The cross-linking
agenis are used o

- Keep the solids in suspension,

- Provide a satisfactory degree of cohesiveness,

— Maximize water resistance,

Final thickening to a highly waterproof gel takes place within a few minutes of entering
the blasthole. When completely gelled, watergels have a rubbery, pormidge-like consis-
tency.

The mix-pump trucks used for delivering watergels dircctly to the hole are highly ver-
satile. Varying compositions of explosives, for example a high-strength bottom charge
followed without interruption by a lower strength column charge, can be pumped into the
borehole. Trucks of 2.5 to 12 ton capacity are equipped to discharge two or more compo-
sitions ot rates up to 350 kg/minute. The ingredients are metered by pumps and augers
into the trucks mixing funnel. From here they are pumped through a long, flexible rubber
hose (38 mm 1D, 50 m long) to the hole.

Some points (Dick, 1972) which should be kept in mind regarding slurries are:

1. Close control over ingredient mixing is important.

2. Adequate charge diameter and adequate pnming are essential. The placement of
boosters up the borehole may be beneficial.

3. Cap sensitive slurmies do not require primers.
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4. Loading equipment should be designed to avoid metal-to-metal contact even when
pumping or mixing the most insensitive slurries.

5. Acid or other reactive ingredients in slurries may cause dangerous reactions in some
rocks.

6. Noxious fumes may result from insufficient detonation, even in oxygen-balanced
mixtures.

7. A low air-gap sensitivity makes some cartridged slurries susceptible to misfires cau-
sed by separation of charges.

8. The sensitivity of some slurries is seriously impaired by low lemperatures.

9. Some aerated slurries reportedly have an increased sensitivity at high altitudes.

7.6 EMULSIONS

An emulsion is defined as an intimate mixture of two liquids that do not dissolve in each
other. Expressed in more technical terms, an emulsion is described as a two-phase system
in which an inner or dispersed phase is distributed in an outer or continuous phase. Some
examples of emulsions found in everyday life (Hopler, 1991) are:

Ohil-in-warer Waser-in-oil
Aaphah driveway sealer Margarine
Floor polish Cold cream
Latex paints Hydraubic fluids
Mayonnaise Printing inks
lek cream Butter

Milk Shoe polish
Cutting oils

The materials in both columns consist of very small droplets of one material enclosed in a
continuous matrix of another material. Close study of the items in the two lists reveals that
those materials in the left column dissolve in water, whereas those in the right are com-
pletely insoluble in water, For the “water-in-oil" emulsions, a thin film of oil surrounds
each microscopic droplet of water or solution, thus protecting the water or solution from
external water.

Interest in explosive emulsions began in the early 1960s (Sudweeks, 1985). In this ap-
plication, the oxidizer salt solution (normally ammonium nitrate (AN) plus sodium nitrates
and/or calcium nitrates in water) is suspended in the oil phase.

Ower the years, although oxidizers and fuels have maintained a fairly constant chemis-
try, the physical form of these chemicals has changed drastically {Anonymous, 1985).
There has been a progressive reduction in particle size from solids, to salt solutions plus
solids, 1o the micro-droplets of an emulsion explosive. The importance of particle size lies
in the increase in the rate and efficiency of reactions as the proximity of one unit of oxi-
dizer to one unit of fuel becomes more intimate. Table 7.8 summarizes these statements in
chronological order.

This progression through the years as described by Anonymous (1985), is both inter-
esting and informative and is included in abbreviated form here. In modem dynamites, the
mitrate salis are usually blends of grains and prills. The liquid sensitizer, which also func-
tions as a fuel, coats the grains and penetrates into the pores of the prills, An intimate
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proximity exists only at the liquid-solid and solid-solid contacts. The proximity of the
oxidizer and fuel decreases rapidly away from those boundaries. While dynamites provide
a high level of sensitivity and performance, they represent relatively erude mixtures and
low-efficiency reactions. ANFO represents a very simple form of oxidizer/fuel combina-
tion. The porous ammonium nitrate prill absorbs the liquid hydrocarbon fuel and no other
chemical sensitizer is required. The relationship is still that of a surface-coated particle.
The intimacy decreases away from the contact boundary to produce an improved but less
than ideal reaction efficiency. Slumy explosives were the first to atilize nitrate salts in
water solution form. This improved the accessibility of the oxidizer fo the fuel, particu-
larly when liguid sensitizer-fuels were used. The use of thickeners and gelling agents o
stabilize the fluid phase prevented segregation of solid ingredients and provided water re-
sistance. Since much of the oxidizer is still in solid form, the slurry formulations are con-
sidered as a compromise. In the emulsion explosives both the oxidizer and the fuels are
liguids. Rather than being dry prills, the emulsion oxidizer is a highly concentrated solu-
tion of ammonium nitrate and/or other salts. By the use of emulsifiers and precise proc-
essing methods, the *particle size” of droplets of this solution has been reduced to micro-
scopic proportions. Surrounding each microscopic droplet is a film of oil. The result is
still a “mixture’ of fuel and oxidizer similar to black powder, dynamite and ANFO but the
particle size comes as close as possible to mimicking the intimacy of combination found
in molecular explosives such as NG or TNT. Typical emulsion oxidizer droplets (or cells)
surrounded by a near molecular thickness of oil, have a diameter of from about 2 to
10 microns. The proximity of units of each has begun to approach molecular proportions.
The characteristic sizes of the exidizers in the different explosives are shown in Table 7.9.
As can be seen, the velocity of detonation which is a good indicator of reaction elficiency
iz very dependent on the particle size.

Table 7.8. Physical form and category of the major components in explosives (Anonymous, |985),

Explosive Oncidizer Fuel Sensitizer
Drynamite SOLID SOLID L 1LY
nitrate salts rmials nitroglycerine
shsorbenis voidsbubbbes/friction
ANFO SCLID LECAIITY
iitrate sals diesel oil voidsfriction
Slurmy SOLIVLICLILY HIH.ID.I'].JQI.H[] SO CAUTTED
sall solulions aluminum THT, fine aluminum
nitrafe salts carbonaceous bubbles
Emulsion LG LA
salt solution oils, waxes bubbles

Table 7.9, Characteristic sizes of oxidizers {Anonymoas, [%H5).

Explosive Size (mm) Fiarm FEND {kifaeg)
ANFO 20K Al solid 32
[iynamite 0. 24K Al solid 4.0
Slurry 0,200 Solid/liquid 1.3

Emulsion {1.iHH Liguid 5.0-6.0
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Figure 7.13. Structure of a typical emulsion
explosive as viewed using an electron micro-
secope, Magnification = 10,000 {Anonymous,
1983),

Figure 7.14, Structure of a typical emulsion
explosive as viewed using an electron micro-
acope, Magnification = 50,000k { Anonyrmous,
1985}

Medimm Iniernal Phase High Internal Fhase

Figure 7.15. Cross sections through a concentrated emulsion (Sudwecks, 'PRS]),

The structure of a typical emulsion explosive is exemplified in the Figures 7.13 and 7.14.
In Figure 7.13, an electron microscope view at 10,000 x magmfication, shows that the solu-
tion droplets are packed together so tightly that the conventional representation of them as
spheres is not true, Like balloons forced into a box each droplet assumes a polyhedral shape.
Figure 7.14, an electron microscopic view at 50,000 » magnification, shows each polyhedral
droplet coated with only a film of continuous fuel phase in the order of millionths of a mil-
limeter thick. Figure 7.15 shows stylized drawings of cross sections of emulsions with me-
dium and high (tight packing) internal phase ratios for comparison. From this it is easy to see
how a relatively high viscosity can be obtained just by the nature of the system without the
need of added thickeners. The inherent viscosity of these emulsion systems ranges from a
low of 10,000 to 20,000 cP up to 1,000,000 ¢P or more depending on the type of fuel phase
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used. Because of oxygen balance constraints, a large amount of oxidizer salt solution is
needed to react with a relatively small amount of oil fuel. On a volumetric basis, this requires
approximately a 90/10 ratio of aqueous phase to fuel phase (Sudwecks, 1985).

The main sensitization of emulsion slurries is provided by the intimacy between fuel
and oxidizer achieved when the oxidizer solution is dispersed into very small droplets.

Even with the greatly increased fuel/oxidizer intimacy, emulsions need to be addition-
ally sensitized by the presence of small air bubbles, just as aqueous slurry explosives do.
Without the cross-linked gel network of aqueous slurries, however, emulsions do not hold
air bubbles as well. Therefore sensitization and density control are usually provided by
adding very small glass microballoons. These hollow glass spheres range in diameter from
30 o about 150 microns, with an average diameter of 60-70 microns. Although small,
these bubbles are still significantly larger than the dispersed droplets of an emulsion ex-
plosive. This is shown diagrammatically in Figure 7.16 with emulsion on the left and a
microballoon on the right (Sudweeks, 1985).

Emulsion explosives can be tailored to exhibit 8 wide range of characteristics. Two
general examples of emulsion formulations are shown in Table 7.10. Various types of oils
and/orswaxes (Table 7.11) can be used in the fuel phase to adjust the fluidity of the prod-
uct from that of a pourable or pumpable consistency to that of a firm, but moldable solid.

Emulsson Droplets Cilass Micraballoon

085

Figure 7,16, Size comparison of emulsion droplets and a single glass microballoon (Sudweeks, 1983).

Table 7.10, CGeneral emulsion formulations — percent by weight {Sudweeks, 1985),

Ingredient Emulsion | Emulsion 2
Ammonium nitrate T8.0 0.7
Sodium nitrate - 10.7

Wter i35 7.3
Emulsifier .5 0.8

Oil and wax 5.5 EN |
Aluminum - 3.0
Mlicrohalloons 1.5 24

Toital 1.0 100

Croygen balance T4 o7
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Table 7.11. Product consistencies with commaon oils and waxes { Anonymiows, 1985).

Fuel Consistency Llaes
L. Fuoel ol thin, pempabile when cold cold repumpable; small o intermedi-
mle diameter holes; HANFO
2. Parafin ol thin, pumpable when hot large diameter bulk; slumpable; in-
termiediate 1o large diameter pack-
apges
3. Parafin ail thick, soft, sticky seall dimmeter plastic cartridpes;
and parafin way sepodudary blasting packs
4. Crude waxes sticky, puaty-like small to intermediste diameter paper
cartridges-tampable and stable
5. Flexible wax non-sticky putly small diameter paper canridges-
{micro-crysialline) tampahle

Tahle 7.12 Typical emulsion properties (Sudweeks, [9E5).

Property Emulsion
| 2 k] 4 5

density® (gmiem”) .25 .25 .25 1,25 1.23
energy (cal/pm) 722 T84 E46 G54 1170
wi ﬂmwlhb (B 093 1.0 1.13 1.35
s vol. imobkg) 418 4.7 406 184 M8

FENF (mis) 5200 far all mixes

K (ftfsec) 1 7,0 for all mixes

a: averape horchole density
b: ANFO =1 at density 0,82 gmfem’
2 B-in. diameter unconfined at 5°C.

In companson with aqueous-based slurries, the increased intimacy between fuel and
oxidizer 1in emulsions 15 beheved responsible for their enhanced detonation properties
listed in Table 7.12. Emulsion detonation velocities tend to be in the 5000 to 6000 m/sec
range with detonation pressures from 100 to 120 kbar. The densities with microballoons
(1.1 o 1.4 g/lem?) also tends to be higher than the gassed densities of aqueous slumies so
that the bulk strengths are higher. The aluminum content can also be varied to produce an
energy series just as was done with the slurries (Sudweeks, 1985).

As opposed 1o water gels, this mixing of emulsions does not take place in a mix-pump
truck but rather at a central manufacturing plant located in the vicinity of the mine. There
are two approaches being used to produce siable emulsions.

I. The chemical approach is based upon the use of emulsifiers for forming and stabi-
lizing the emulsion. Mixing is done with a relatively low shear (energy) mixer.

2. The mechanical approach uses a high shear (energy) mixer with less use of emulsi-
fying agents.

The advantages of high shear mixers are that both capital and ingredient costs tend to
be less. On the other hand, it has been generally observed that chemical stabilization is
superior to mechanical stabilization and lower energy mixing 15 of mherently higher
safety.

Heated sources of aqueous phase, oil phase and emulsifiers - stabilizers are required
for all products. The mix temperature is of the order of 80°C. In the manufacture of pack-



Hidden page



Bulk blasting apgents 189

Y A -

&
E

W

Figure 7,17, With heavy
AMFO the mir spaces
between the prlls are
filled with emulsion

{Atlas Powder Company
Ordinary ANFO Heavy ANFO 19RTY.

dense and more water resistant than ANFO with relatively little added cost. The principle
behind Heavy ANFO (HANFO) is to fill the volume between the prills with emulsion. The
basic idea is shown diagrammatically in Figure 7.17. The walter resistance and/or the den-
sity of the mix can be tailored by changing the emulsion level.

The production of HANFO involves two separate technologies.

1. Production of the matrix emulsion
2. Mixing and loading of the final product.

The production of the matrix emulsion was the subject of the previous section. In this
section the focus will be on the mixing/loading of the final product and the properties of
the resulting HANFO, There are two variations of the basic HANFO truck.

Alternaiive . A concrete mixer such as shown in Figure 7.8 is used. The HANFO is batch
mixed and chute loaded into the hole. This has the advantage of delivering a uniform prod-
uct at a very high rate. The disadvantage is being able to load only a single product at a time.

Alternative 2. A truck-mounted HANFO plant (see Fig. 7.18) consisting of an AN bin, an
emulsion bin, an aluminum bin, and a fuel oil tank. This one truck can thereby load 1. A
completely waterproof product, or 2. ANFO, or 3. All the variations in between.

The second alternative will be considered here. The preparation of HANFO is relatively
simple. The emulsion matrix may be prepared at a fixed plant, and transported by tank
truck for on-site storage in the tanker, or by pump transfer to fixed tanks. Since it is non-
explosive this greatly reduces transportation and storage limitations. The ANFO is deliv-
ered o the site by a standard bulk ANFO mix truck. An emulsion matrix tank is added to
a standard ANFO truck plus a pump and piping to inject the mairix into the delivery
auger. This mixing of the ANF( and matrix takes place afier combining the AN with the
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fuel oil. The matrix pumping rate determines the ratio of the blend in a constant speed
auger. It has been found that even a relatively short length of auger provides good mixing,
The product is then dropped into the hole. When it is being augered into the hole, HANFO
looks very much like wet ANFO. At low matrix levels, the pnlls are coated but remain
free flowing, Even at fairly high matnix levels, the coating 15 fairly thin. Since the average
prill is 2 mm to 3 mm in diameter, even at 25% to 30% matrix, the coating is only about
0.1 mm thick. Depending upon the AN prill type and the matrix density, all spaces be-
tween prills will be filled in the 35% to 40% matrix range. Since some emulsion is ab-
sorbed into the pores of the prills, a somewhat higher matrix level than this is required to
actually fill all the spaces. With an increase in the emulsion level the prills are forced
aparl, Above about 55%, the volume of the matrix phase is greater than that of the AN
prills. Hence instead of HANFO one is now using an ANFO "doped” emulsion. With high
emulsion ratios one must consider whether the air volume in the prills provides sufficient
sensitization. Often additional sensitivity must be added. The matrix level, as seen in Ta-
ble 7.13, has a profound effect on density, relative bulk strength (RBS), sensitivity as
measured by the cntical diameter), cohesiveness and water resistance. (Evans & Taylor,
1987)

The proper selection (Van Ormmeren, 1992) of the blend ratio depends on several
factors, including

- B it Fa—sn—ﬂ-—m—-
»

| i
1

i Emulsion 1 Blend (]
i 535 Tons 2.9 Tons!

Fuel Ol

O

Figure 7.18, An exaniple of a emulsion delivery vehicle, Hopler, 1992,

Tablz 7.13. The effect of matrix level on the physical propenties of heavy ANFO (Evans & Taylor, 1987). The
emdtlsion is comsidered 10 have a relative weight strength (RWS) of 80 and a density of |40 glem?.

B blatrix Denshty RBS Critical Cohesiveness Water Resisiance
by w:’l}n [i,l';m}] [Maameter {mum}

0 0,84 100 75 Mome Mone

L] 0,93 a7 100 Momne Mone

0 1.04 s 125 Free Flowing Shight

M .15 128 125 Somewha Fair

40 1,28 40 150 Cohesive Crood

45 1,35 145 175 Cohesive Wery Good

L1 1.40 144 200 Very Cohesive Excellent




Bulk blasting agents 191

1. Borehole environment (wet vs dry),

2. Borehole diameter,

3. Pumped vs augered product,

4. Need for "gas energy” versus “shock energy’ (bnisance),
5. Prill quality.

Table 7.14 presents some basic guidelines which should be followed. IT conditions are
wet and some degree of water resistance is needed, then a higher percent emulsion should
be used in the blend. Blends having an emulsion content under 30% have little or no wa-
ter resistance. A 50% emulsion blend has good water resistance. A higher percent blend
has excellent water resistance.

Other factors which affect the water resistance are depth of water, distance which the
product travels through water when augered from the collar of the hole, and sleep time.

As shown in Table 7.15 the ¥OD of blends (as measured in the borehole) is dependent
on hole diameter, emulsion/ANFO ratio and the type of emulsion product used (sensitized
with microballoons versus unsensitized). The theoretical or calculated energies for various
blends are shown in Table 7.16. As can be seen, the energy remains relatively constant for

Table 7.14. Guidelines for the % blend In HANFO (Van Ommeren, 1992),

Blend (% Emulsion) Cuidelines

25% o less Lise anly in dry holes with dismeters of 5° or greater

0% Lise an suger system for loading
Holes less than 97 should be dewastered before 50%% blemd & augered into the
hodes

In 9% holes, 50% blemd may be augered from the bole without dewatering. Care
should be taken to adjust the rele of loading to permit full settlement of the blend
o prevent entrapment of water pockets
Holes larger than 9% can be readily loaded throwgh water from the top of holes at
rabes of 250 1 5300 pounds per minute
[ it pump blends with less than 80% emulsion.

B-T0R% sz in maore severe conditions of high heads of water or sleeping times which ex-
ceed three days
Lise o premping system with a reel and hose to permit pumping from the botiom of
the hole up

% or more Blends with a minimum of T0% emulsion are recommended for holes 37 10 47 in
dinmeter

Tahle 7.15. The Velocity of Detonation as a Function of the Mix Rotio and Hole Diameter for Heavy ANFO
{Van Chrmmeeren, 1992),

Fatio Linsensitized Emulsion'4NFO Sensitized Emulsion’ANFO

{Emulsion: ANFO)  6-304" T-78* & 31 -3 el o
25775 | 550 - 16800 - - - L]
0 15608 - 16500 — 16200 - 16900
3565 15304 - - - - - 1 77K}
40vE0 1470 1 564H) 17200 - - 16500 1 BIEK)
45755 1254 - - - 17500 - Rt U]
SOvE0 11440 - 14000 - I 7500 - I ERO0
S0 '] 1 MH MR - - - -
7525 MR MR MR 17106 - =

MR = not recommended
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Table T.16, Energy of bulk emulsion/A%F0 blends {Van Ormmeren, 1952},

Emulsion' ANFO Weight Ratio

2575 I dival 5030 LRI L TA25
Sensifized Emuolsion
density {Em.I'EITIJ} 1.15 1.21 L.25 130 1.28 |26
ARS {caligm) 106 1135 [LIx]i] 100 983 925
HBS (AN = 1] 138 1440 14k 141 134 125
Unsensitized Emulsion
density {:gl‘rl.l't:ml]- 116 1.22 1.30 136 -
ABRS (cal'gm) 1030 15 L&D 1095 -
RS (ANFO = (0] 140 45 145 148 - -

Takhle 717, Recommended primer siee (Wan Oemmeren, 19923,

Horehole Diameter {ins) Primer

212w 3-02 2% tin - 172" dynamite® primer, | Ib et booster

4% In 57 37 dynamite primer, 2 Ib cast booster

5 w7, 4% dynamite primer, 3 |b cast primer

6-147 and larger 5 dynamite primer, 3 10 5 |b cast booster combination primes

* Only specially formulated ammonia gelatin dynamites should be used as primers.

blends between 25 to 50%. For blends higher than 50% emulsion, there is some reduction
in the calculated energies. Blends using greater than 50% unsensitized emulsion aré not
recommended due to lack of sensitivity of the end product (Van Ormmeren, 1992),
Although initiation/priming of bulk explosives is one of the lopics discussed in some
detail in Chapter 8, some of the guiding principles as extracted from Van Ormmeren

(1992} will be included here. The initiation of emulsion/ANFO blends (or ANFO) is accom-
plished by applying the detonation pressure developed by primer detonation onto the sur-

face of the explosive product. [f the diameter of the primer is the same as that of the blasting
agent, then the pressure wave of the primer is applied uniformly to the entire surface of
the blasting agent. If the primer diameter is small in relation to the explosive column
charge, then the area of pressure transfer is greatly reduced. In addition, the primer must
be of sufficient length to quickly insure development of its steady state velocity. In boreholes
7% in diameter and above it is not economic to use a primer of hole diameter dimension. It is
reasonable, however, to use a ‘combination” primer. In practice, this means using a one 1o
four pound cast primer in combination with a bag of high velocity explosive (such as
straight emulsion) which surrounds the primer and matches the hole diameter. The objec-
tive is for the detonation front to reach full detonation velocity and pressure (> 100 kilo-
bars) in a very short distance when initiated by a small primer. The recommended primer
sizes (Van Ormmeren, 1992) as a function of borchole diameter are given in Table 7.17.
Larger primers should be used under severe conditions such as wet holes sleeping for
more than one shift, or long drops through water when augenng blends into larger holes.
Like most explosives, the performance of blends can be adversely affected by deto-
nating cord. According to Van Ormmeren (1992), the factors which influence the per-
formance are types of blend, hole diameter, and detonating cord strength. Although the
best guideline is o eliminate the use of detonating cord, if this 15 not possible, then the low-
est strength detonating cord which is compatible with the initiating/primer system should
be used. In no event should the detonating cord strength exceed those given in Table 7.18.



Bulk blasting agents 193

Table 7,18, Recommended maximeum strength detonating cord (Van Ormmeren, 1992,

Huole diameter (ins) Maximum sirength cord
Lnder 7-7/8 Do nob use

T-T8 w9 15 grain

[10-578 and greater 40 grain

This ability to combine ANFO and emulsion in proportions ranging from 100:0 1o
0:100 at the hole offers the blasting engincer the opportunity to vary energy, sensitivity,
water resistance, density, etc nearly at will to suit the conditions at hand. The challenge
now is how to best utilize this powerful tool.
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CHAPTER 8

Initiation systems

8.1 INTRODUCTION

In the previous chapters, the principles involved in the layout of blast rounds have been
discussed. In this chapter the focus is on some of the aspects of putting the design into
practice. It is assumed that the holes have been laid out and drilled in the designed patterm
and the objective is now (o communicate to the holes

(a) The sequence in which the holes (or portions of the hole) should fire,

(b) The hme delay between holes.

(¢) The energy required to begin the detonation process.
The communications system may be likened to a network of roads carrying both timing
information and energy. There are a series of major thoroughfares called rrunklines which

communicate between holes as well as a number of smaller branch roads called dowrnlines
which communicate the information down the individeal holes. Each section of the net-

work has a certain speed limit determined by detonation velocity, burning velocity, the
speed of light, etc. A series of traffic lights, called defays, which also control the arrival
times may be inserted along both the trunklines and downlines. The different communi-
cations systems will be discussed here. There are also a number of devices used in the
hole for

{a) changing one form of energy to another and

(b) amplifying the energy signals received.

An example of the first is the electric cap in which electrical energy is used to trigger a
release of chemical energy. An example of the second are primers which when triggered
by a small amouni of energy, emil a large amount. The concept of *sensitivity® is very im-
portant in the design of initiating systems. For example a certain explosive may be ‘cap-
sensitive’ which means that the energy-density provided by the cap is sufficient to initiate
the explosive. Another explosive may not be cap-semsitive. In this case an energy-
amplifier is needed between the cap and the explosive.

To illustrate the concept of energy transformation and amplication, a simple example
will be presented. Consider first the electric signal used to energize a blasting cap. The re-
sistance of the fuschead is | ohm and the applied current is 2 amps. The electric power
involved is

P=1R=(2¥(1)=4 waus (8.1)
198
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This is applied over a time period (T) of about 1 msec (1 x 10-* second). Hence the
electrical input energy is

Electrical energy = Px T (8.2)
Electrical energy = 4 » 103 watt-sec = 1.11 x 10~ kwh

In terms of the units normally used when discussing explosives this is approximately
Electrical energy = 0.95 x 10 kcal

This application of energy causes the PETN contained in the cap {0.45 gms for a No. 8
cap) to detonate. The energy released is 1462 keal/kg or

Cap energy = (1462) (0.00045) = 0.658 kcal
The energy amplification factor (EA,) in this process is
EA, = 0.658/{0.95 x 10-%) = 690,000

The cap is inserted into a 1 b (454 gm) primer which releases 1100 keal/kg. The wotal
amount of primer energy released is

Primer energy = 499 kcal

and the amplification factor
0.658
The primer is located at the bottom of an ANFO (p = 0.8 gm/em?) column, 381 mm (157)

in diameter and 9 m (30 ft) in length. The total amount of energy released (912 kealkg) is
Explosive energy = 7.5 x 10° kcal

The amplification factor in this case is
EAy = (7.5 % 10°§/499 = 1500

The overall energy amplification factor when going from the clecirical signal to the ex-
plosive column is

EA (overall) = (EAMEAMNEA;) = (7.5 = 10°8) /{095 x 10°%) = 7.9 x 10!
Thus the electrical energy has been amplified almost a trillion times.

8.2 INITIATION AND PROPAGATION OF THE DETONATION FRONT

Because of the very short times separating the series of events involved in the detonation
of a typical explosive column, one might view the initiation and propagation of a stable
detonation front as occurring instantaneously. For some applications this simplification
can be made without significant error. The next level of complexity would be to include
the time of passage of the detonation front through the column but to assume thal a con-
stant FOD applies already from the time of initiation. This approximation is commonly
introduced in considering various layouts. There are times however when a more detailed
examination and deeper understanding of the process is of benefit. In this short section, a
simplified description of the complex processes involved in going from mitiation by a cap
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to propagation of a stable detonation front in an explosive column will be presented. An
explosion, as defined by Drury & Westmaas (1978), is a supersonic thermo-chemical pro-
cess whereby mixtures of gases, liquids and solids react to form shock, heat and expand-
ing gas. To initate the reaction, a source of ignition having the proper temperature and
pressure conditions must be present. The phenomenon responsible for the mechanical ini-
tiation of an explosion in a wide range of explosives is the formation within the explosive
of *hot spots’. This concept, which was briefly introduced in the previous chapter, will be
expanded upon here. A “hot spot’, as the name implics, is a point in an explosive where
the temperature far exceeds the temperature in the surrmumding area. The presence of this
thermal anomaly, initiates the reaction between the fuel and the oxidixer at that point. As
more and more of these hot spots become involved, the overall reaction fromt changes
both in shape and velocity of propagation. Eventually a stable detonation front forms
which propagates through the column at a constant velocity (FOD) and amplitude (deto-
nation pressure) independent of the initiation procedure.

The ongmal *hot spot” is the cap. The hot temperature generated in the near vicinity of
the cap initiates the chemical reaction in the adjaceni primer material, In addition a shock
wave is generated which travels outward from this point. When this shock wave encoun-
ters a gas or air filled void in the near vicinity, the gas is compressed adiabatically and
very rapidly to a high temperature, The material in the vicinity of this void is now intro-
duced mio the reaction process. Each of these new hot spots acts as a generator which
seeks out new voids in their immediate vicinities. The 3D spreading process takes place at
a speed equal to the FOD of the matenal involved. In the primer the ¥OD is very high
being of the order of 7500 m/sec or even higher. On reaching the primer boundaries, the
process continues with each current hot spot generating waves which seek out new voids
to he compressed in the surrounding bulk explosive/blasting agent. Normally the rate of
travel (FOD) in the the blasting agent is less than that in the primer. Since, the primer is
generally smaller in diameter than that of the hole it takes some time for this process of
hot spot propagation to reach the wall of the hole. Here the generating wavelets are re-
flected back into the explosive column. Eventually a stable detonation front is developed
in the column, The time necessary for this to occur is called the run-up time and the dis-
lance from the point of initiation at which it ocours is called the run-up distance.

As indicated, the presence of voids in the explosive mixture which will become future
hot spots is essential to successtul detonation of a column of explosives. In ANF(Q the hot
spots are created by the void spaces existing between and within prills. In watergels and
emulsions, bubbles or micro-balloons are artificially introduced to serve this function, The
explosive is said to be “sensitized’ through their introduction. If there are no voids present
or the void volume is very small, then there will be no detonation. The presence ol voids
is reflected in the density of the explosive. For a loose mix of ANFO prills the void space
is high and the resulting density is of the order of 0.8 gm/cm?®. As the prills are broken and
compacted, the density increases, There is a critical density for which detonation will not
proceed. In the case of ANFO it is of the order of 1.25 gm/cm’®. Drury & Westmaas
{1978} indicate that the reason wet ANFO does not detonate is that the water has filled the
voids which eliminates the potential for hot spot formation. In the same way, if not prop-
erly “sensitized’ with bubbles, watergels/emulsions will not detonate. At the bottom of
long explosive columns, the air bubbles may collapse due to the weight of the charge. The
result is that the effective density is greater than the critical density and detonation will
nol propagate, In such a case the explosive is said to be *dead-pressed”.



Inittation systems 201

. I T
Lo+« Bulk Explosive |
L LE T L]

[ [ —

S L S
Y Tmﬁlt.mxium P
- . Tisteer) , o
LN e

] a 1 lb PFramer . s

Figure 8.1. Diagrammatic represeniation of the cap and primer
in the borchole.

Obviously for the inttiation process to work properly the primer must be sensitive o
the cap and the explosive column must be sensitive to the primer, Furthermore the rate at
which a stable detonation front 15 built up depends upon the relative geometries, detona-
tion pressures and detonation velocities of the components involved. Figure 8.1 shows the
relative size of the cap and a | Ib pnmer in the 1 5% diameter blasthole. Since the primer 18
s0 much smaller than the hole diameter, it can be imagined that it takes some time for a sta-
ble front of hot spots to be developed from the ornginal hot spot created by the cap. These
ideas will be further explored as the chapter proceeds.

8.3 PRIMERS AND BOOSTERS

There is unfortunately no consistency in the literature regarding usage of the two terms
‘Primer’ and *Booster”, In this text the term “primer’ refers to the explosive charge that
initiates the powder column. Caps/detonating cord are always attached to or inserted into
the primer. A primer iv a *booster’ in the sense that it takes input energy from the cap or
detonating cord and boosts or amplifies it to the point where it will effectuvely detonate
the explosive column. The initiator plus the primer will be referred to as the priming unit
(Fig. 8.2).

The primer must have sufficient energy to (a) imitiate the detonation reaction in the
main charge and (b) sustain it until the primed explosive produces enough energy 1o sup-
port the detonation reaction by itself { Dupont Blasters Handbook, 1977).

Most operators prefer special cast primers. These are available in a wide range of
sizes and weight (Table 8.1) and are manufactured with one or more axial holes. The most
common sizes used in open pit mining are % lb or 1 Ib. Primers generally have a detona-
tion velocity of the order of 7.5 km/sec, a density of 1.6 g/em?, a detonating pressure of
200 kbars and a weight strength relative to ANFO of 1.18.

As will be discussed later, there are a number of initiating systems available. The one
which will be used to illustrate priming principles here will be based on the use of deto-
nating cord. The detonating cord is fastened (tied) to the primer which is then lowered
into the blast-hole to the position where initiation is to occur. The hole is then filled to the
designed level with explosive, I it is desired o initiate the column at several poinis along
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Bulk Explogive
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Tabte 8.1, Typical dimensions of casi primers.

Size [1bs) Drimmeter (ins) Length {ins)

I 1 448 ER I

142 144 412

34 2 4104

I 214 4916
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the column at nearly the same time (multiple-point priming), then as each priming point is
reached during the charging operation a primer is slid into the hole along the detonating
cord. The cord serves to guide them into position and provides positive contact and initia-
tiom.
“Boosters' are blasting agents/explosives of higher bulk strength than the main primary
column charge which, when inserted at various points along the column increase the en-
ergy density (and hence the breaking ability) at those points (Fig. 8.3). The booster doex
not increase the fotal energy output of the primary explosive (i.e., ANFO). However, be-
cause of its generally higher detonation velocity and pressure than the main explosive, it
may ‘overdrive” (increase the FOD) of the adjacent explosive. The detonation pressure
{Prg7) and hence the borehole pressure (P,) are temporarily increased since

Prer=0.25 p (VODY (8.3)
and
P,=0.5 Pper (8.4)
where Ppgr = detonation pressure (MPa), p = density (kg/m?), ¥OD = detonation velocity
(km/sec), P, = explosion pressure (MPa).
Thus the shock energy would be increased at the expense of the heave energy. Boost-
ing may be of interest at a region where a hard band crosses the borehole or at hard to pull

toes. Boosters also help to maintain detonation propagation in relatively insensitive bulk
explosives.
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The relative cost of primers on a weight (or even energy) hasis is much higher than
other explosives.
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Therefore it is sometimes of interest 1o consider the use of a system such as shown in Fig-
ure 8.4, Here a bag of high VOD watergel/emulsion/slurry is placed between a smaller
primer and the primary bulk explosive. It serves as a secondary primer. This is sometimes
referred 1o as “booster priming’ or *‘combination priming®. This secondary primer which
fills the borehole diameter greatly reduces the run-up distance at a fraction of the cost of
using equivalent large diameter cost primers.
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Some very useful rules which apply to all types of priming units have been provided in
the Dupont Blasters” Handbook {1977},

I. The detonator or detonator cord should be fastened so that it cannot be pulled out of
or off the primer cartridge or container.

2. The detonator or detonating cord should be placed in the safest and most effective
position in the primer cariridge. The primer should protect the detonator or detonating cord.

3. The wires of electric blasting caps or detonating cord must not be subjected to dam-
aging pulls, strains or abrasion.,

4. A pnimer with adequate water resistance should be selected.

5. A system should be developed that allows the entire primer assembly to be loaded
safely, easily and 1n the desired position in the charge,

6. The primer should never be tamped or abused.

7. It is economically sound to use the type, the size, and the number of primers known
to insure reliable and efficient priming with a margin of confidence.

8. The detonator should always be directed toward the main charge.

9, The diameter of the primer should approach that of the borehole.

10, The detonation pressure of the primer should always exceed that of the explosive
being pnimed.

The following recommendations are provided in the Dupont Blasters™ Handbook (1977)
regarding multiple-point priming.

A, Multiple-point priming is recommended.

l. In water-filled holes where the sensitivity of the main charge may be affected by water
seepage into the product. This 15 especially true if the holes are not to be shot immediately.

2. Where packaged ANFO products having poor cartridge-to-cartridge sensitivity are
used. One primer for every two cartridges is recommended.

3. Where blocky or seamy ground may cause cutoffs. This is especially true in deep
holes.

4, In ragged {caving) holes where column separation is suspected or probable,

5. Where vibration levels must be controlled by using different delays in decks in
each blasthole.

B, Multiple-point priming should be considered when using relatively insensimive explosives,

1. To insure that the explosive detonates along the entire length of the borehole.
2. To minimize cutoffs because of ground movement.

3. To initiate the hole at a faster linear rate.

4. To minimize any disruption of the products by the detonating cord.

8.4 THE END INITIATION OF EXPLOSIVE COLUMNS

The diameter and length of the primer are important when initiating explosive columns. In
returning 1o some of the ideas introduced in Section 8.2, consider the point-intiated bulk
explosive loaded into the borehole as shown in Figure 8.5, Upon detonation, the detona-
tion front spreads initially outward as a spherical surface eventually meeting the hole wall.
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Figure 8.5, Diagrammatic representation of run-up,

As the distance from the point becomes large (r.) the detenation wave front becomes es-
sentially planar and under ideal conditions this steady state detonabion velocity 15 main-
tained through the explosive column. The distance required to reach steady state velocity
is called the run-up distance (d,,,). This distance depends on the strength and geometry of
the primer and that of the bulk explosive. At the time of initiation, the velocity of detona-
tion at the primer position is that characieristic of the primer but zero everywhere else
along that line. At ., the velocity of detonation is characteristic for the explosive of that
diameter and confinement. Expeniments (Junk, 1972b) have shown that the steady-state
VOID's are independent of the type, weight and shape of the primer. Between the point 0
and point d,, the average detonation velocity increases. After d,, it is constant. Thus there
is a zone of transient velocity and one of steady state velocity. As indicated the length of
the run-up zone varies. Figure 8.6 shows the situation for ANFO confined in a tube 76 mm
in diameter. The primer-hole diameter ratio varies from 1/3 up to 1. As can be seen the
ren-up distance is long for the small diameter primer. When the primer has a diameter
greater than about half that of the hole, the initial FOD is greater than that which can be
maintained in the column. In such cases, there is a ‘run-down’ distance similar to the run-
up distance discussed earlier. For ANFO in large diameter holes the run-up distance 15 of
the order of 4 10 6 d. The bulk explosive is said 1o be "underdriven’ by the primer in Case D
(Fig. 8.6). In Case A it is said to be ‘overdriven’.

As shown in Figure 8.7 the detonation pressure produced by the primer is also impor-
tant. In this case the primer has the same diameter as that of the explosive column and
primers of different detonation pressures have been used. Since the detonation pressure
for ANFO is of the order of 4000 MPa, the conclusion is that the primer should always
have a detonation pressure greater than that of the explosive filling the column in order 1o
minimize the run-up distance. Figure 8.8 shows a series of FOD versus distance curves
for ANFO placed in a 10-5/8" diameter blasthole and detonated using primers of different
geometrical and detonation characteristics. For the [-lb cast pnmer (diameter about 2%)
the run-up distance is about 3.5 times the hole diameter with a starting FOD about 60%
that of terminal. For the 5-Ib cast booster, the starting FOD is about 85% of terminal with
about the same run-up. As the size and strength of the primer is increased the run-up de-
creases until it is eventally overdriven. Obviously there are cost consequences o these
performance improvements which must be carefully considered when selecting the prim-
ing technigue.

The position along the hole at which the priming occurs also changes the explosive
performance. In bench blasting, the preferred position of initiation 15 near the e, The reason
for this is that as the detonation progresses towards the collar the expanding gases are con-
fined entirely by the rock mass until the detonation wave blows out the stemming. The time
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interval between commencement of detonation and when gas pressure starts to fall at the
collar as the stemming begins to eject, is typically 3 to 4 milliseconds depending on the
detonation velocity and column length. With hole bottom imtiation (Fig. 8.9a), the subse-
quent pressure drop takes longer to reach the toe than with top initiation (Fig. 8.9b). In addi-
tion, the impulse of the shock wave is towards the collar which tends 1o hift the burden.
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Hence vibrations are reduced and swell increased. With bottom initiation the energy is not
only confined longer than with top inihation but it works more effectively (AECI, 1987b).

8.5 THE SIDE INITIATION OF EXPLOSIVES

One can now extend the general initiation process described previously to examining the
effect of detonating cord running through a column of explosive. Figure 8. 10a shows the
typical case when the detonating cord runs along the side of the hole, For hole sizes typi-
cally used in open pit mining, the cord size is so small (a typical diameter for down line is
of the order of 0.25 in.) in comparison that it appears as a line initigtor. However, if the
detonation pressure is sufficiently high (Fig. 8.10b) side initiation of the column can oc-
cur. The proximity of the cord to the hole wall enhances the effect of the detonation. If the
detonation pressure i5 high but not sutficiently high to imtiate the explosive, dead-pressing
of the explosive in the near vicinity of the cord can result (Fig. 8.10¢). As the hole di-
ameter becomes larger, the significance of this affected area compared to the total cross-
sectional area becomes small. The inverse 15 obviously true. In any case, the energy which
is contained and paid for both in terms of the hole and the explosive is lost. As indicated,
the *dead-press’ density for ANF? is of the order of 1.25 glem”.

The situation resulting when the detonating cord is positioned in the center of the col-
umn such as shown in Figure 8.11a. It should be noted that this would only be accom-
plished with a great deal of trouble in bulk blasting. However, if the cord detonates but is
not sufficiently strong to initiate the surrounding bulk explosive, then there can be a "dead-
pressed’ zone in the center of the charge (Fig. 8.11b). In small diameter holes, this may be
sufficient to prevent the detonation of the hole or produce only a partial detonation.

() ik} 1<)

() ibj

Figare 8,11, Dead-pressed rone from center-positioned detonating cord,
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Figure B.12. The explosive energy lost due to the effect of the detonating cond, Direry & Westmaas, 1978,

In summary, the effect of the detonating cord (assuming that detonation is not pro-
duced) is to decrease the energy of the remaining explosive column. The extent of the en-
ergy loss is shown as a function of the hole diameter and detonating cord strength for
ANFQ in Figure B.12. In general, the extent of the energy loss depends upon

— The explosive,

— The energy of the downline,

- The hole diameter,

— The strength of the confining rock,

~ The time delay between the downline firing and the retuming detonation front from
the explosive column.

There are also systems based upon the use of very low strength detonating cords which
produce little or no damage to low sensitivity explosives. They require, however, a deto-
nator/primer/secondary primer/to initiate the explosive column.

Today, there are several non-electric systems based upon ‘cords’ which do not deto-
nate but instead carry a flame to a detonator. In passing through the explosive column, they
do not damage it. An example of this is Nonel. Initiating systems based upon the use of
electric wires carrving current 1o the detonator also do not damage the explosive column.
These are discussed later in this chapter.

There are some situations in which it is desired to side initiate columns of explosive. In
‘tracing’ (Hagan, 1980 and Hagan & Mercer, 1983), a line of detonating cord of high
enough strength to initiate the column is strung along the side of the hole and the hole
filled with explosive. Because the maximum distance for the detonation front to travel
while building up velocity is the hole diameter D, (Fig. 8.10a) and the diameter of the line
primer is much smaller than the hole, the mean FOD, ¥y, is much lower than the steady
state VOD, V,, achieved in end initiated charges. This is true even when the side initiation is
caused by very high strength detonating cord. Since the detonation pressure and hence the
explosion pressure is proportional to the square of the FOD, there is a major difference in
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the final borehole pressures. Thus although the total energy released from end initiated and
continuously side initiated explosives is the same, the energy partitioning is quite different.
For side initiation, the amount of shock energy is significantly reduced. More importantly
however, the initial borehole pressure is very similar {o the final equilibrium pressure which
is somewhat lower than with end initiation. This means that the pressure is maintained at a
higher level for greater displacements of the burden. Thus the change from end initiation to
side initiation produces a reduction in shock energy and an increase in heave energy. Fnd
initiation is most cffective in hard, brittle massive rocks whereas side initiation is most cf-
fective m rocks which are soft, weak and/or exhibit a large number of natural cracks and
planes of weakness, Since heave energy is primarily responsible for mass movement, side-
initiated charges perform well where maximum displacement of the burden is required. The
advantages of side initialion have also been used in the gentle blasting of perimeter holes.

8.6 INITIATING DEVICES

There are a number of technigues which can be used for introducing energy into a column
of explosives and thereby initiate detonation. In this section the primary ones will be briefly
described.

8.6.1 Cap and fuse

Black power (gun powder) is a very old technique for penerating a rapid release of en-
ergy. Invented by the Chinese in the 4th century it eventually found it's way to Europe
through the activities of the Barbarians in the early part of the 12th Century. Black pow-
der consists of a mixture of

~ Carbon,

— Sulfur,

— Potassium mitrate (salt peter),
in the following ratio:

8C + 35 + 10KNO, — 3K,80, + 2K,C0, + 600, + 5N,

Unconfined, black powder burns or deflagrates. When inserted in the confines ol a bore-
hole, however, the hot gaseous products produce pressures high enough to fracture rock.
Black powder is still used today in some applications. It is considered to be a very low
energy blasting agent rather than an explosive. The gaseous proportion is 100% of the total
energy released. There 1s no shock component.

Safety fuse consists of a core of black powder (gunpowder) wrapped in textiles with
layers of waler-proofing materials like bitumen. It is enclosed in a tough outer jacket.
These coverings are designed to protect the black powder core from the penetration of
water and fuel oil. Fuse is lit by a match or a special lighter. It sputters as the flame front
travels along the fuse. The buming rate of safety fuse is approximately 100 seconds/meter.

Al the end of the fuse is a plain detonator (cap) contaiming a small amount of a heat
sensitive primary explosive such as mercury fulgamate. The cap consists of a small alu-
minum cylinder approximately 6mm in diameter, closed at one end, and loaded with a
double-layered charge which is pressed into the base (Fig. 8.13). The upper primary ex-
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A, = 43 x 1076 sec = 43 pisec.

If delay times longer than those naturally provided by the cord are desired, separate delay
elements are added to the circuil. The detonating relay connector (DRC) shown in Fig-
ure 8.14 is one such design. As can be seen, the connector is designed and constructed for
easy hookup. The detonating cord trunkline is cut and each of the free ends is looped
through one end of the connector. The design shown in the figure actually consists of two
delay elements (of the same number) one on either side of the central section containing
the hole for the downline. A simplified drawing of the concept is shown in Figure 8.15.
As can be seen the high explosive (/E) ends are pointed toward one another. Thus if the
detonation in the trunkline comes from the right hand side of the figure delay element 1
will function. At the end of the delay period, HE1 will explode, setting off the downline
running through the central hole and knotted. HE2 will also explode setting off the next
section of detonating cord without delay. If however the detonation in the trunk line occurs
from the left then delay clement 2 is in function. This system is a security measure should

Table B.3. Sirength of common defonating cord,

Mominal PETM core Ioacd Approximate external diameter
(grams/ft) (ins)
15 14

(g/m)

3

I8 4 0.165
5 LR
&

#

10

20

40

0.175
0.190
020-0.30*
025
030

211 (.40

EE¥Ezesn

* Depends upon breaking load

(&) Top View

(b} Side View

Figure B.14, Detonating relay connector.
Detonating Relay Connector [C1, Firing 'With Detonating Cord.
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Figure 815, DMagrammatic representation of the detonating relay connector.

Figure E. 16, Delay location (1) for a
carmer shod. 101, Firing With Detonating

Cord.
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i} ] o
o - fu_\\ o
5% 1 o — Figure £.17. Delay location (D) for a face
! shot. ICI, Firing With Detonating Cord.

a portion of the trunkline be cut-off for any reason. There 15 also no “nght-or-wrong® di-
rection when connecting them up.

Figures 2.16 and 8.17 show two common delay patterns used in surface mining. The
delay element (D) is inserted as close as possible to the hole firing next and as far away as
possible from that firing first. One may use single trunk line arrangements such as shown
in Figure 8.16 or closed loop trunklines (Fig. 8.17). If in the former, the trunk line should
be disturbed either prior to or during blasting, the detonation will proceed only as far as
the break and then stop. In large complicated blasts the closed loop design 15 generally
used. In this case, firing information has two paths by which to reach the individual holes.

Table 8.4 gives the nominal delay times for detonating relay connectors. Although re-
lays with firing times of 25 ms, 35 ms and 45 ms fulfill the majority of delay blasting re-
quirements, in some situations in which ground conditions and/or blasthole patterns are
such that cutofls due to premature ground movement are likely to occur, relays with short
delay times (e.g. 15 ms) may help to avoid misfires. Where cutoffs cannot easily occur,
there are advantages in increasing the delay time up to 45 ms or even 60 ms,
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Tabie #.4. Mominal delay times for surface detonating cord connectors (ms),

15
23
k]
43
&

Detonating relay connectors are a convenient and safe means of firing a short delay
blast with detonating cord. Their advantages are:

~ UnafTected by stray currents or static eleciricity,

— Simply tied into the trunkline system wherever necessary to achieve the desired se-
quence of firing,

— The number of holes which can be fired in a single blast is virtually unlimited.
Although used primarnly as surface delays, it is even possible to connect such delays in
downlines.

There are several different design options when using detonating cord downlines. Three
will be discussed here:

Case [. The detonating cord used has enough energy to initiate primers but not the
bulk loaded explosives making up the column. Normally the core load of the downline is
of the order of 10 g/m. In this situation as the detonation in the cord reaches the position
of the primer it detonates. Use of packaged explosives of the same (ype as those bulk
loaded is a special case of this procedure.

Case 2. The detonating cord used has enough energy to initiate the explosives used in
the explosive column.

Case 3. The detonating cord used does not have enough energy to detonate either the
column explosive or the primer. A cap with or without a delay element is used between
the downline and the primer.

In Case |, the points of initiation are at the primer locations. The primer uppermost in
the hole would detonate first followed by the others. Down hole delays may be inserted
into the downhnes (Fig. 8.18a). Normally however the delay between primers would sim-
ply be that provided by the detonating cord itself. The following steps have been recom-
mended for use by ICI (ICI, Firing With Detonating Cord) when priming and charging
non-detonator sensitive bulk ANFO and water gels.

Step 1. Check that the blasthole is unobstructed to full depth.

Siep 2. Make a simple knot in the detonating cord 1.0 to 1.5 m from the end. Thread on
the primer and make a further knot 10 hold the primer securely between the two knots,
MNow tie the end of the detonating cord 10 a piece of rock small enough 1o pass freely

down the blasthole yet heavy enough to act as a good sinker (Fig. 8.18b).

Step 3. Lower the sinker and primer into the blasthole. When the sinker is on the bot-
tom and while maintaining tension on the downline cutl the detonating cord from the reel
1.0 to 1.5 m from the collar. The tension will keep the downline straight and should hold
the bottom primer above the sinker, clear of any fine cuttings or sludge.
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Figure .19, Primer location for decked charges. 101, Finng With Dedo-
nating Cord.

Srep 4. Anchor the downline at the collar by placing it under a rock or tying it to a siake,
Pour or pump in the ANFO, watergel, emulsion, etc. Slide additional primers down the
detonating cord as needed during charging. These may be to prime the tops and bottoms
of decks of explosive or to effect multipoint priming of a full column of explosive,
Charging is interrupted as necessary to insert stemming between decks, Maintaining the
tension on the detonating cord will avoid snagging by loading hoses, permit primers to
slip into position quickly and ensure that the bottom primer is embedded in explosive un-
contaminated by dirt or sludge (Fig. 8.19).
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When using a packaged or cartridged non-detonator sensitive packaged explosive, the
same procedure as just described s used except that a pnmer should be slid down the
detonating cord after every 2 cartridges. The first primer is sent down on top of the first
cariridge into the hole (Fig. 8.20).

In Case 2, the detonating cord has sufficient energy to initiate the explosive without the
use of a true primer. The following steps have been given by ICI (ICI, Firing With Deto-
nating Cord) for use in the priming and charging of cartridged, detonator sensitive explo-
SIVES,

Step 1. Check that the blasthole is unobstructed to full depth with a mirror and meas-
uring tape or a plumb line gauge.

Step 2. Attach the detonating cord to the bottom ‘pnimer’ cartnidge so that the cord
cannot be readily pulled out. Figure 8.21 shows one method for large diameter explosives.

Step 3. Insert a rod or spindle through the axial hole in the reel of detonating cord. The
spindle may be held in one hand while the primer cartridge is lowered into the blasthole
with the other, [t is preferable, however, to mount the spindle in a cradle at the side of the
blasthole so that both hands can be uséd to lower the primer cartridge to the bottom of the
blasthole.

Step 4. Ensure that the primer cartridge is at the bottom of the blasthole. In a dry hole,
raising the cartridge about 0.5 m from the bottom and allowing it to fall freely will pro-
duce an audible ‘thunk'. Waterfilled holes should be checked with the measuring tape.

Step 5. Cut the detonating cord from the reel approximately 1.0 m from the collar of
the blasthole. Wrap or tie the tail end of the detonating cord to a rock or piece of wood to
held it to one side and prevent it from falling into the hole. This tail will

{a) compensate for any slumping of the first cartridge into the cuttings or sludge at
the hole bottom and
(b) be used to make a connection to the surface trunkline.

Step 6. Move the reel of detonating cord away from the blasthole just primed or move
it on to the next one. A reel should never be left connected to the downline. In the event

.
) $ﬁ‘il‘lﬁ
Packaged Explosive
4,

Frimers

j-'l’rirﬂﬂ Figure 8.20. Primer location when using packaped explosives. IC1, Fir-
ing With Detonating Cord.
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& grf Detonating Cord
Mon-electric Cap
in Cap Well

Friction Tape

174" Thick Cushion Strip
of Styrofoam or Cardboard

Figure .23, Attachment of cord and cap
o the primer. DuPont Blasiers Handbook,
1977,

Trunkline Oy Ch, O, O, O Figure §.24. Trunkline-downline

Upper End of the Downline arrangement.

Figure 8.23 shows one technigue for attaching a primer to a low energy (6 grains/ft or
1.3 g/m) detonating cord terminated in a delay cap. As can be seen the cord is run beside
the cast primer and the cap is pushed into the well. A 1/4" thick cushioned strip of styro-
foam or card board is used to absorb the shock of the detonating cord. The cord is taped
to the primer using friction tape. The low energy cord will not initiate the primer but it
could cause it to crack if run through the center hole. In this case, imitiation of the explo-
sive column occurs at the primer position. As indicated, delay caps may be used. To achieve
multiple priming of the hole, separate lines must be run from the surface.

The detonating cord downlines must now be attached to the surface trunkline system.
There are several ways in which this may be done. Figure 8.24 shows diagrammatically
the detonating cord trunk line running past the line of holes. The simplest method of con-
necting the two lines is through the use of a knot or a wrap. It is very important that the
connection be tght and made at approximately right angles as shown in Figure 8.25. Fig-
ure 8.25d shows a method which can be used for extending trunk lines.

8.6.3 Non-eleciric systems

Although the detonating cord-based ignition system is non-electric as well, the *non-
electric” as used in this book refers to the Nonel and Nonel-type systems. The Nonel sys-
tem developed by Nitro Nobel in Sweden is based upon the use of a tough sealed plastic
tube (20 = 3 mm, /0 = 1.2 mm) the inside of which is coated with a reactive substance.
A shock wave and spark are transmitted to the tube using either a special blasting machine
or a detonator, The shockwave whirls up a dust cloud of the reactive material which is initi-
ated by the spark. This dust explosion travels along the tube at a speed of about 2000 m/sec.
The entire reaction takes place within the rube which remains intact throughout the proc-
ess, Because of this

~ The tube by itself is not classified as an explosive
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Figure B.25, Atlachment of the downlines to the frunkling, Dhck ef al., 1993,

~ It does not affect anything around it. When used as a downline, it does not affect the
surrounding explosive

— The reaction is quite silent, This has environmental advantages over detonating cord,
for example.

The difference between the detonation fromt in Nonel tube and detonating cord is
rather dramatically illustrated in Figure 8.26. To avoid moisture entering into the tube and
thereby destroying the “dust-type” of explosion, the tubes are cut to length and sealed at the
factory. One end is simply sealed, the other is equipped with a delay detonator (Fig. 8.27). The
detonators with their attached tubes (Fig. 8.28) are then packed in aluminum foil bags. The
range of the available detonators is shown in Table 8.5.

A series of special connectors have been developed (o join together a number of tubes.
A connecting block is shown dismantled in Figure 8.29. It consists of a transmitter cap
(strength of about 1/7 that of a normal high strength detonator) and a plastic block into
which the ends of four Nonel tubes may be inserted. The block 1s designed to ensure that
all ends are in intimate contact with the cap. As seen in Figure 8.30 when the shock wave
signal of the Nonel tube (1) reaches the connector (2) the transmitter (donor) cap will be
actuated. The transmitter cap in turn initiates all of the connected Monel tubes (receptors).
In this way the initiating impulse passes (3) to one or more detonators and also the next
connector (4), where the procedure is repeated. Figure 8.31 shows a fully utilized con-
nector. They symbols shown in Figure B.32 will be used when describing some typical
bench rounds.,

Figures 8.33 and 8.34 show two arrangements for hooking up a small bench round. In
Figure 8.33 one connector has been used per hole and in Figure 8.34 the connectors have
been fully utilized for maximum economy. The zig-zag connection shown in Figures 8.33
and 8.34 should not be used in wide bench rounds since, in this case, the inherent delay in
the Nonel surface lines becomes important. Recommendations for the first peniod delay 1o
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Detonation firont

Detonating cord
Figure .26, Comparisen of the disturbance associated with Monel and detonating cord. Mitro Mobel, (uestions
and Answers About Nonel.

Pyroiechnical charge
Bilasting charpe D lay element

Figure B.27, Blasting cap used with the Monel svstem, Nitro Mobel, Questions and Answers Aboul Nonel,

Takle &5, Period range for Nonel detonators (Mitro Mobel, Monel users guide).

Pernod number Mumber of pn'ind.i Ilr!'ll.]' {ms]) Interval {ms)
120 18 T5-500 25

24, 28, 32, 36, 40, 44 & e 1 1 (WD 100

50, 56, 62, 68, 74, B0 & 1 2 502000 150

be used based upon the maximum length of the coupled surface tubing are given in Ta-
ble 8.6. In wide rounds it is suggested that all the rows of holes be connected in the same
way, Two possibilities are shown in Figures 8.35 and 8.36. Priming units are made up in
the same way as has already been discussed with respect to detonating cord blasting. Al-
though normally not a problem it should be noted that the breaking/stretching loads of
Nonel tube are significantly less than those of detonating cord, for example. Special tubes
with respect to strength, wear resistance and temperature are however, available,
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Figure 8.29, A Monel connector block.
Mitro Mobel, Monel Users Guide.

8.6.4 Electric initiation systems

Many mines today employ initiation systems based upon the use of clectric delay detona-
tors. Figure 8.37 is a cut-away view showing the construction of one such detonator. The
cap is designed so that electricity flows through a circuit comprised of the leg wires and a
bridge wire. The bridge is a short, hair-like, high resistance alloy wire similar to the fila-
ment in an electric light bulb. Like the filament in the bulb, the bridge heats quickly on
the application of sufficient electric current.

The power generated
P=JiR

is released as heat. The heat is sufficient to initiate the heat sensitive ignition charge (mer-
cury fulminate, lead azide, etc.) which detonates the base charge (generally PETN) of the
cap. The amount of base charge contained within the cap determines its strength. Cap
designations such as No. 6, No. &, etc. are used. The time between the application of the
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Figure 8.3, Typécal connector arrangement. Mitne Mobel, Monel Users Guide.

Figure 831 A fully utilized block. Nitro Nobel, Monel Users Guide.
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Figure 8.32. Symbols used in the Monel designs in Figures 8.3 1 and 832 Nitro Nobel, Monel Users Guide.
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Figure £.33. A zig-zag connection patiem with one connsctor per hole. Nitro Nobel, Monel Users Guide.

current and initiation for a given cap is termed the ‘lag-time®. As shown in Figure 8.38 the
amount of time required to heat the bridge wire depends upon the applied current. With
higher current levels, the time is reduced. There is a certain critical level of current below
which there 15 little or no temperature increase. If the applied current is just above the
critical level an appreciable amount of time may be required before the critical tempera-
ture is reached and the cap initiates. In such cases, large variations in initiation times may
result with caps of the same delay. Excessive currents on the other hand may cause arcing
and thereby failures of delay caps. Some recommendations regarding minimum firing cur-
rents are given in Table 8.7.
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Figure 8.34, A rig-zag connection pattemn with fully utilized connectors. Nitro Mobel, Nonel Users Guide.

Figure B.35. Monel design for wide benches with end connection. Mitro Nobel, Monel Users Guide.

Tahle 8.6. Recommended first period in the round (Mitro Mobel, Nonel users gulde),

Maximum coupled length of NOMEL Milliseconds required for the Recommended first period

tuhing on the surface, metres endire surface initiation in round
Up o 150 Max 75 3

1 502000 75-100 4
200250 100-125 5
250300 125-150 6

elL. . el
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Figure 8.36. Monel design for wide benches with center connection. Mitro Mobel, Mone| Users Guide,
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Figure 8.37. An electric blasting cap. 1C1, Firing Electrically.

Since the electric current travels with the speed of light in the lead wires, no time delay
15 introduced in the system by varying lead lengths. Without special delays in the system,
all of the holes would be initiated at the same time. Delays are created in the caps by in-
serting various lengths of compounds between the resistive element and the ignition
charge which burn at a given rate. The heat generated by the resistive element causes the
delay portion to begin burning. When the bum front reaches the ignition charge, detona-
tion begins. There are two senes of delays
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UU“ T i ] Figure 8.38. Current wersus lag time ph for an electric
Lag Time (msec) blasting cap. I1C1, Handbook of Blasting Tables,

Table 8.7, Recommended minimum firing currends. Austin Powder Company,

Type Circuil Recommended firing eurrent
D AL
Single Cap (.5 amp .5 amp
Single Series I.5 amp 2.0 amp
Paraliel Serics 1.5 amp/series 2.0 ampdseries
Paralbel 1.0 ampdcap (ming .0 ampicap (min,}
1000 pampscap [ max) 10,0 amps'cap (max)

— Millisecond delay series,
- Half second delay series.

The relationship berween delay number and the delay time varies among manufacturers.
As a general rule the delay between delay numbers in the milhisecond series, 15 25 ms. In
the half second series the interval is 500 ms. Tables 8.8 and 8.9 present typical delay
numbers and intervals for the two series,

The use of the term ‘nominal’ has been used in the tables to describe the delay times
since the true delay is very dependent upon the quality control exercised in the manufac-
turing process. Small variations in the characteristics of the delay material can lead to a
spread in actual delay times around the nominal value. Table .10 shows the resulis of a
testing series conducted by Winzer et al. {1979) on caps from four manufacturers. The
caps from manufacturers 1, 2 and 3 were from their ms delay series. The caps from manu-
facturer 4 were non-electne (detonating cord type) ms delays. To amive al a statistically
representative data base, 30 initiators of each delay period were tested. The rated times,
the measured mean times (X) plus the standard deviation (5) have been given. As can be
seen there s considerable deviation from the nominal times (T) given by the manufac-
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Table 8.8. Millisecond delay series, Austin Powder Company.

Delay Mo Nominal delay time (ms) Dielay Mo Mominal delay time {ms)
1 25 ] 40D
2 in ) 4215
3 T3 ] 430
4 Lon L] 475
5 L25 M 00
[ [ 50 1] S0
[) 75 22 GO0
] 200 23 630
Q 225 24 TO0
[H 250 25 750
k 275 26 B0
12 o0 X7 K50
I3 115 28 QO
L4 350 2 QL0
b5 175 I LI

Table 8.%. Half second delay senies, Austin Powder Company.

Detay Mo Mominal defay 1mme {ma)

0
M0
L]
L 50D
0
2500
JO0D
3500
400
i 3m)
SO0
3500
GO

B0 ] SR L e W B o S

-—— o
Bt = =

turer. Furthermore, the scatter around the mean firing time increases with an increase in the
delay period. Over the past few years, the spread has been considerably reduced. Ba-
jpayee & Mainiero (1990) performed a similar series of tests on the electric detonators
from two manufacturers. Twenty detonators of each delay period were 1ested. The results
are presented in Table ®.11. As can be seen, the standard deviation is independent of the
period and of the order of 4 ms. Bajpayee & Mainerol (1990) also calculated values of the
*Winzer Index” (Winzer et al., 1979) which is a measure of the likelihood of detonators in
two successive periods overlapping. This index is defined as
. TH - TL

(SH*+ 8L )"
where W' = Winzer index, TH = average delay time for a group of detonators of a given
delay period (secs), TL = average delay time for a group of detonators of the next lower
period (secs), SH = standard deviation of the group comresponding o TH (secs), SL =
standard deviation of the group corresponding to TL (secs).

W

(8.3)
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Tahlz 810, Firing times for millisecond delay caps {Wineer et al, 1979).

Manufaciurer A Manufactorer B Manufacturer C Manufacturer [
Period T(ms) X 5 Tims) X 5 Tims} X 5 Tims} X 5
] ] 5 M iz id A, i | MA :
1 L] 1% 4.4 25 6 40 # 5.7 1.4 25 BB 1.8
2 50 501 .2 50 0B 59 25 253 44 50 s 94
3 T3 B62 42 75 62T 49 A0 486 33 75 B9 4
4 L e 11LL7 36 i TH5 7.1 75 T30 1.8 104 i3 32
5 125 1404 7.8 in 1387 4.5 106 1 51 125 1358 19
1] L5 1734 4.0 7o 1785 9.4 125 1358 6.2 150 685 57
7 175 1851 5.9 205 2.5 Al 150 1545 57 175 1689 T8
i i} 1834 9.4 240 253.% 194 175 1863 7.5 200 2343 38
9 250 1792 A6 280 3269 2Ip3 00 2174 1.5 250 2551 19
10 ) 3070 117 3D I3 B0 250 2720 X% 300 4865 F1E
1 350 zd M4 360 W29 559 300 3185 125 350 1560 4.7
12 4 4281 1wE 400 401.,5 M2 350 ML 400 4035 64
13 450 4408 189 450 4963 1.2 400 “ls 1Td 450 466.7 121
4 ) 5237 4.0 0D 5069 135 450 4521 17% 500 i0as TG
15 & 6400 518 550 6978 500 &S00 55R4 X3
16 T} 7333 463 DD T97.8  d4B0 550 5607 179
17 B 2130 561 00 1446 736 650 TS M5
14 L] 9923 651 GO0 10508 1014 750 8132 382
19 L) 1i660 &0.7 P 13660 H121  B73 i1 6
Tablc 8.11. I-'IrinEac:una:y af detonators. I-hlpa;-u & Mainlers, 1990,
|. Manufacturer |
Perigd T {ms} X 5 slowesl {ms}  fastest (ms) 0053 (%) Wineer Index
I 25 24,69 in 29,00 18.50 13.04 247
1 50 43.41 6. b 57.90 J1A5 1580 199
3 5 70.45 588 TE.35 5610 B35 .68
4 100 95.24 711 115.50 #5.40 T47 a2z
5 12% 120,264 inE 126,60 112.00 .06 4 82
f 150 146,33 ioT 133,60 140.20 27 553
T 175 17237 254 176,20 166,60 1.47 583
B 200 195.23 2.9% 203,40 150,00 1.53 6.21
% 115 219,85 .59 214 .80 216,20 .18 .0
[ 250 246,38 351 234,40 239,80 .42 436
11 275 27233 4.8l 2E4.00 265.20 .77 337
12 o0 294 .51 449 305 40 287 8D .52 £84
I3 i 17767 348 333,00 31980 I iz
14 330 343,83 a8 330,00 33850 106 4.04
15 173 370,53 551 384,50 359.00 .49 495
I 400 403,05 359 4iry, 50 396,00 0,89 5,96
17 425 431588 418 442,00 426.50 0.96 149
E ] 430 433.23 .69 457.00 448,50 0.59 4.20
1% 475 4£]1.53 6.14 505,50 473,50 .28 382
20 S0 £33.20 0.} $37.00 503,50 .72
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Fahle 8,01, Contirmued.

2. Manufacturer 2

Period Tims) X 5 showest (ma)  [fustest (ms) 1 SK (%) Wineer Index
1 2% 26435 0&7 28,65 1355 in (AL
2 50 20,60 1.07 5250 49.05 211 9449
i 5 69,72 L.70 1295 Gy 20 244 .54
4 LI 92 M 164 05 40 B 40 1.TR a4
5 125 11968 240 124,411 11554 2 O34
i i50 15764 iu 16530 151,240 2.0 2 B0
1 175 176,18 .63 158 80 164 ) 3.0 1LIE
] 200 194 87 LaT 199,01 192 4 (LEG 458
G 225 22051 09 274,40 21760 b5 WK
10 250 24749 211 253,40 24410 ibLES 32
11 275 273,53 154 279,00 2B .29 345
12 300 29923 156 308,80 292 Bl 1.22 LI
13 125 24737 160 351,50 13600 1415 231
14 350 358,10 577 370,60 EELUE 1.61 4,24
15 375 JR5. 80 l.o9 390 .00 EEEE] (LB 1.55
l& 4010 441 83 164 428,50 41650 (&6 4.12
17 425 444 .43 4.11 452 50 437 50 (o2 124
LE] 450 45718 193 A, 50 450 (s (L.B& 5560
9 47% dxE 35 1.2 496 00 AR5 (Wb (LTR 877
) 00 515 2.EB 520,50 510 54b (.55

A Winzer value less than 3 indicates significant probability of overlap between adja-
cent delay periods. As can be seen from Table 8.11, with only a few exceptions, the W
values are considerably greater than 3. This suggests that, in general, the probability 15 low
for order reversal when using detonators of adjacent number.

The type of cap and the delay number is marked on the base of the cap. For example an
H followed by a 5 means No. 5 Half Second Delay (Fig, 8.39). The resistance ol the cap
depends upon the length and type of the legwire as well as the type of the cap. Some typi-
cal values are given in Tables B.12 and .13, The resistance of fuseheads without lead
wires s between 0.9 and 1.6 ohms, There are three different types of wires used to com-
plete the blasting circuit (this is synonymous with the trunklines and downlines of the deto-
nating cord circuit). These are

— Leg wires,
= Connecting wires,
- Blasting cables/firing line/leadwire.

Table 8.14 presents nominal resistance values for copper wire. The wire used in connect-
ing up the round varies with the application

~ 25 AWG is used for light duty
=23 AWG (iwin twisted) is used for extending lead wires down the blasthole
- 21 AWG (twin duplex) is used for rugged and abrasive duty

The blasting cables selected vary with the

- Type of duly,
— Distance from the power source,
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Table 8.14. Nosvinal resistance of copper wire,

Crauge Mo ohmsd 1 (K0
4 0,25
[ .40
B .63
1] 1.0
12 1.6
14 25
16 4.0
14 L)
20) L1
21 [
23 ]
25 2
connecling
WiNe
\u, e electric
SERIES p— blasting

‘,-‘-"":1"5

leg wires

Figure 8,40, A series connection. Dick et al., 1993,

The straight parailel circuit (Figure 8.41b) has also been given for comparison, The selec-
tion depends upon the type of power source, the number of delays to be shot, etc. The un-
derlying principle however in all cases is to provide the required current to the caps. The
power sources used consist of

— Twist type blasting machines

- Rack bar type blasting machines

— Condenser discharge blasting machines

— Power line sources

The detailed circuit calculations may be found in any good Blasters’ Handbook (Dupont,
CIL). Very efficient and reliable condenser discharge blasting machines have become av-
ailable in the last few years. They have their own power pack integrated into the machine.
It develops sufficient amperage so that complicated parallel circuits are seldom necessary.
Using simple parallel-series circuits any number of series can be fired at any one time, I
many holes are involved it is advisable to include a balanced number of holes per series.
Figure 8.42 shows the three step process for making a primer unit using an elecirie
blasting cap and a cast primer. The primer itself contains a cap sensitive region near the
cap well. Figure 8.43 shows the preferred method of primer assembly using cap sensitive
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hus wire
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Figure B.41, Parallel and parallel-series connections, Dick ef al., 1993,

cartridges over four inches in diameter. The procedure is as follows (Dupont Blasters®
Handbook, 1977):

|. Punch a hale in the side approximately 10 inches from the lower end of the carindge.

2. Insert the cap as far as it can be pushed by the finger into the cartridge. The cap
should be near the center of the cartridge and pointing in the direction of the main charge.

3. *Throw’ two half hitches around the cartridges one above and one below the cap, the
support the charge weight during loading and to hole the cap in position.

This type of arrangement would be used for priming bulk loaded ANFO, Aluminized-
ANFO, watergels and emulsions. During charging and stemming the lead wires should be
held under light tension along one side of the blasthole to avoid abrading the insulation.
There are a number of advantages (Dupont Blasters” Handbook, 1977) when using electric
detonators.
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Figure .43, Attaching an electric blasting cap to a caniridge. DuPont Blasters Handbook,
1977,

1. Since electricity travels at the speed of light, all holes are ignited simultaneously.
Once the electric current has been introduced it is virually impossible 1o have a cutoff
from flyrock or a shifi in formation causing legwire breakage. The caps are initiated be-
fore such damage can occur.

2. It gives a greater degree of control over the firing time and the point of detonation
than is possible with the other methods. With an electric detonator the explosive column
can be initiated at the bottom of the borehole thereby prolonging gas confinement for
more efficient utilization of the explosive force and better blasting action on the burden.

3. The blasting circuits may be checked right up to the time of firing.
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4. No damage is done to the explosive column via the lead wires (as, for example, by
detonating cord).

5. There is no noise associated with the initiation lines.

fi. Through the use of sequential blasting machines, a wide range of delays are avail-
able. Delays are intreduced in the electrical circuits only by those associated with the caps
themselves and through external means such as the blasting machine.

The major disadvantage (Dupont Blasters” Handbook, 1977 and AECI, 1986a, b and
1989) deals with safety concerns regarding sources of extraneous electricity

1. Stray current,

2. Static electricity,

3. Electrical storms,

4. Radio frequency (RF) energy,

5. Blasting near high voltage power lines.

that may find their way info an electric blasting circuit.

*Stray current” applies generally to electrical currenis which flow through the earth or
from electrically operated equipment to earth. Sources of stray current are usually nearby
machinery, and powerlines. [t finds its way into a blasting circuit the same way that firing
current leaks out, 1.e. through

— Splices not insulated from carth,
— Bare spots in legwire, connecting wire or firing line.

Thus legwire shunts should be lefl intact just as long as possible and no electrically pow-
ered equipment should be operated closer than 153m (50 ft) from the blasting circuit. Static
electricity can come from a variety of sources. A main one in blasting operations is the
build up of static electricity with the passage of ANFO mixtures through an insulated, non
conducting loading hose in a pneumatic loading system. Caps have special static protec-
tion to handle this problem. Extremely large amounts of electrical energy are released by
a lightning stroke. The powerful electric fields that are characteristic of thunderstorms
represent a hazard to any material capable of being detonated. No positive protection
against detonation by lightning ha: been developed, and hence no activity with explosives
should be conducted during th.  »proach or progress of an electrical storm. From a prac-
tical standpoint the possibility of a premature explosion due to RF energy is extremely
remote. There are published tables which indicate safe distance to both mobile and fixed
radio/ TV transmiiters.

When blasting near high voltage power lines, one must consider both hurting the power
lin¢ and vice versa. There are four factors that must be evaluated regarding the effect of
the power line on the blasting circuit. These are

1. Capacitive coupling,

2. Inductive coupling,

3. Stray current,

4. Lead/circuit wires throw over the power line by the blast.

The techniques for checking/avoiding these problems are found in blasting manuals, eg.
Dupont Blasters Handbook (1977). 1f normal safety precautions are taken and intelligence
injected in the loading procedure, danger to all personnel can be minimized.
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8.6.5 Electronic blasting caps

Iniroduction

Owver the years, the manufacturers of pyrotechnic delays have invesied in manufacturing,
process, and chemical improvements in order to achieve the highest level of precision and
accuracy possible. Significant improvements have been realized, however, even the most
precise pyrotechnic delay compositions in a detonator are subject to variability of differ-
ent kinds (Watson, 1997):

|. Detonator delay compositions can shift over time due to the chemistry of fuel and
oxidizers in the mix.

2. Delays may shift either up or down depending on the chemistry.

3. Temperature at time of use or storage may affect delay performance.

4, Humidity and storage conditions may affect performance.

5. Potential lot wo lot vanability of delay periods.

This variability is often described by the so-called coefficient of variation (CV) which ex-
presses the standard deviation as a percentage of the mean. It is defined as

CH%) = !ﬂﬂ% (8.5)
where CF = coeflicient of vanation (%), X = mean, § = standard deviation.

In general ‘cap scatter” with chemical delay compositions may have CV values ranging
from less than | percent up to 2 or 3 percent. Even though this vanability may be insig-
nificant for some blast designs, it may be quite limiting to others. As indicated by Watson
(1997), it is only through the use of electronic delay technology that detonator timing pre-
cision can be eliminated as a blast performance vanable.

Worsley & Tyler (1983) in their paper entitled

‘The Development Concept of the Infegraied Circuit Electric Detonaior”

presented at the 9th Conference on Explosives and Blasting Technigue sponsored by the
Society of Explosives Engineers in 1983 were the first to describe how electronic delay
detonators might be applied in mining applications. Since that time, a great deal of devel-
opment work has been camed out by a number of companies and the resulting detona-
tors/systems are just now slowly being introduced into the marketplace. At the time of this
writing {1998), the unit cost of the detonators is still several times that of pyrotechnic de-
lays. When the possibility of electronic delay detonators first arose, it was anticipated
that, by analogy with the renowned economies of scale associated with other electronic
systems such as inexpensive guartz watches, they would eventually camry low price tags.
However, afier some years of actual development, the magnitude of the problem has now
been fully realized and as Cunningham & Jones (1995) have pointed out the initial anal-
oy to the gquartz watch was highly misleading since:

1. When a wrist watch malfunctions, it doesn’t blow one's arm off, Furthermore, if it
just stops, one does not have to contend with a ton of primed, but inaccessible, high ex-
plosive,

2. A watch is not thrown into a blasthole and subjected to significant static and dy-
namic stresses, let alone the often extreme voltages of electro-magnetic pulse.

3. A watch has a self-contained battery — it does not have 1o be powered through hun-
dreds of meters of cable laid across rough terrain.
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4. A watch is passive — it just displays time. It does not have 1o pass numerous mes-
sages back and forward before unleashing sufficient energy to finely fragment thousands
of tons of rock.

They conclude that *with the wiring, connections and rigorous guality requirements,
the cost of any electronic initiation system will not be lower than competing pyrotechnic
systems, no matter what the volumes. Since pyrotechnic blasting systems are unemcum-
bered by these considerations and have the edge in terms of cost, robusiness and simplic-
ity of use, it is important to identify what uniquely justifies the development and imple-
mentation of electronic delay detonators®,

Quite simply, the potential user musi evaluate the benefits such as:

1. Increased timing precision

2. Essentially unlimited number of intervals

3. Safety against unintended initiation

4. Programming of delay times after placement in the hole

5. The possibility for pure computer transfer of the firing plans from a central or pori-
able computer to the firing machine and further to the blasting caps.

to be gained from the use of such detonators against the associated costs.

Prior to presenting some details regarding electronic detonators and their associated
systems it is well to explore in more detail the possible reasons for considering their use.
Heilig & McKenzie {1988) performed an extensive study of cap scatter using pyrotechnic
delays. The first task was to determine the sample size required to obtain a reliable esti-
mate of the mean and the standard deviation for the firing times from a single batch. Fig-
ure §.44 shows the vanation in sample mean as the sample size increases from | to 100, By
testing a relatively small number of detonators (< 30, it is possible to obtain a result which
with 95% probability differs by less than 1% from the true mean. Figure 8.45 shows the
normal distribution in delay times that one might expect if one were to test a large number
of caps having the same delay number (500 ms in this case) from the same manufactured
batch. The distribution is normal and its shape can be specified by the mean and the stan-
dard deviation. As indicated carlier, the standard dewviation is frequently expressed as a
percentage of the mean through the use of the coefficient of variability.

i

ot

Figure 844, Percemage error in
determining the error in the mean
for increasing sample size (95%
confidence level). Heilig & McKen-
b {19RAL

258 Conlidence Limit for Error in the Mean (3%6)
Y]
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Probability Density

f pﬂ distributions

Time

i‘Td' mean itrﬁlrl:ﬂ Figure 8.46, Delay scatter within batches

ay time ay time and between batches. Heilig & McKen.
e [ 1988}

Detonaor firing time distribulio

AT

AN
;" J'Ir Vo
VAR

Tiamse i) Figure 847, Time disribugions for pwo
adjocent period delay caps, Heilig &
Mlckenae [ F9HE),

However as pointed out by Larsson et al. ( 1988) the total number of available intervals
with pyrotechnic caps (Table 8.15) is limited today. Hence, one may face the problem of
having to limit blast size. This problem does not exist for electronic detonators due (o the
very low scatter in observed delay times. Thus one application for which the use of preci-
sion delays should be considered is for large blasts where finng order must be maintained.

in smoothwall blasting, the holes in the smoothwall row should be initiated at as nearly

the same time as possible to achieve the best results (Svird, 1993). Even when care is
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laken to assure that all caps come from the same baich and thereby minimize the scatter
for a given delay, much better results have been observed when conventional delays have
been replaced by electronic delays.

As has been discussed earlier, there is a sequence of different events associated with
blasting a single hole in a bench. These are shown diagrammatically (Atlas Powder Com-
pany, 1986} in Figure 8.48. A certain amount of time is associated with the initiation and the
completion of each event. With the new precision opportunities offered through the use of

Table 815, Awvailable conventional pyrotechnic delayvs { Larsson et al., [988),
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Figure 848, A summary of the events and their timing during a blast. Atlas Powder Company, 1987,
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electronic detonating delays the engineer can now consider how groups of holes or even
portions of single holes should be initiated to encourage or discourage different types of in-
teractions. Through such timing controls one should be able to accomplish certain very spe-
cific objectives such as increased fragmentation, increased throw, decreased ground vibra-
tion, etc. This is the opportunity area which is lightly explored at present and offers the
possibility for major blasting improvement. Even given a significantly higher cost per deto-
nation unit, it takes only a relatively small improvement to justify the additional costs. With the
widespread availability of this new tool on the horizon, it is up to blast designers to show how
the higher unit detonator costs can be translated into overall production savings.

Electrical energy source (Nitro Nobel AB)

Outwardly, the Nitro Nobel AB electronic detonator (Larsson et al. 1988, Sviird 1992,
1993) looks like a conventional electric one. It has the same dimensions and is equipped
with two lead wires. The detonators are marked with Period Numbers between | and 250,
On the inside, as shown diagrammatically in Figure 8.49, it is quite different. In principle,
the detonator consists of an electronic delay unit in combination with an instantancous
detonator. An integrated circuit, a so-called ‘chip’ (4), constitutes the heart of the detona-
tor, which also contains a capacitor (5) for energy storage, and separate safety circuits (6)
on the input side (towards the lead wires) in order to protect against various forms of
electric overload. The chip itself also has internal safety circuits on the inputs. The fuse
head (3) for the initiation of the primary charge (2) is specially developed to provide a
short initiation time with a minimum of scatter.

Figure §.49, The Nitro Nobel electronic detonator, Perssan, 1992, Anonymous, 19934
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Figure 8.50, Electronic detonator blasting machine, Holmberg, 1998,

The Period Numbers indicate the order in which the detonations will occur rather than
the delay time. Each detonator has its own time reference but the final delay time is de-
termined in cooperation with the blasting machine just before initiation.

Typical characteristics for the electronic detonator include:

— Initially has no initiation energy of its own

—Cannot be brought to detonate without a unique activation code

— Receives its initiation energy and activation code from the blasting machine

— Is equipped with over-voltage protection. Small excess loads are dissipated via inter-
nal safety circuits. Higher voltages (> 1000 V) are limited by means of a spark-gap. Large
excess loads will burn a fuse in the detonator which incapacitates it, without making it
detonate.

~ An initiation system which operates at low voltages (< 50 V) which is a great ad-
vantage considering the risk of current leakage.

The blasting machine (Fig. 8.50) which constitutes the central unit of the initiation
system supplies the detonators with energy and determines the delay time to be allocated
to each Period Number. Since it is micro-computer controlled, it's mode of operation can
be altered with various control programs, while it can be uniformly designed from a hard-
ware point of view, The controls for the initiation of the round are designed as conven-

Cop

yrighted material
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tionally as possible. In the usual way there is a charging button and a firing button. A
panel with lamps indicates what is happening and gives the go-ahead signal when the
round is ready to be fired. If any errors are detected they are indicated on the panel and
the blasting machine resets the system. The time information 15 stored in a special time
memory in the unit. Time allocation to the detonators is carried out by uniguely coded
signals to eliminate any possibility of error. The detonators do not react to any other code
than the one from the blasting machine and the risk for unintentional initiation because of
spurious signals from other energy sources is thus eliminated. The blasting machine auto-
maltically performs an operation status control. This 18 done automatically by the machine.
The ready signal for firing is given only afler approved result of this check.

To fully utilize the advantages of the electromic detonator, the ‘advanced’ system is
characterized by:

~ Shortest time between two adjacent period numbers (= the interval time) is | ms.

— Longest delay 15 6.25 secs.

~ A detonator with a lower period number cannot be given a longer delay time than a
detonator with a higher pertod number,

~ Detonators with dilferent period numbers cannot be closer 1o each other (measured in
milliseconds) than the difference in the numbers. For example the interval between No. 10
and No. 20 must be at least 10 ms.

- Maximum number of detonators connected to each blasting machine is about 500.

Many different number combinations can be used to achieve the desired delay times for a
particular round. In practice this means that the user, for most rounds, only needs a sufhi-
cient number of different period numbers in stock and not certain fixed numbers as today.

The preparatory work for a blasting operation includes the determination of delay times
for cach blasthole in the round and the charging of the holes with detonators with suitably
chosen period numbers, The blasting machines memory is then programmed with the nec-
essary time information adapted to the period numbers chosen. This can be carried out
with a computer or via a special programming unit connected to the blasting machine.

The round is connected (Fig. 8.51) in parallel with arbitrary polarity. The detonators
are connected via a terminal block to a two-wire bus cable using special pliers. The bus
cable is connected to the blasting machine via a terminal box and a firing cable.

The mode of operation duning blasting, and the interaction between the blasting machine
and the detonators are shown in a simplified way in Figure 8.52. The handling includes

Electronic Delonalor

T
e "“""’“'"‘M ! 3 § %

Two-wire Bus Cable

Figure B.51. Electronic detonator circuit. Larsson et al., 1988,
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Figure B.52, Simplified function diagram, Larsson cf al_, 1988,
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two manual operations and the exact time for the blast is determined by the operator.
Apart from that, everything is carried out auiomatically. The operation can be interupted,
however, at any time until the firing signal has been sent to the detonators. After that, the
detonators are released from the signalling system and will detonate with high time-

dCoUracy.

Electrical energy source (ICT)

The material incleded in this section has been largely extracted from Cunningham, 19%94a,
b and Cunningham & Jones, 1995, ICI's EXEX 1000 system shown diagrammatically in
Figure 8.53, which was commissioned for production blasting in November 1993, has
been used for a number of full-scale production blasts in open cast coal, ring blasting and
quarrying. The system is built around a fully programmable electronic delay detonator with
tube dimensions only slightly greater than normal, The characteristics of the detonator are:

- Every detonator is programmed remotely in the hole, just prior to blasting

— Any detonator in the hook-up can be allocated any delay from zero to 15 seconds in
| ms sleps.

~ They are extremely robust, both physically and electronically, and have various safe-
guards against accidental firing.

The detonator downline consists of a strong six core cable, fed from a downling con-
nector block {DCon). The DCon is connected by means of a crimping tool to the harness
line, a five-core ribbon cable from the blast programmer. Lip to 250 detonators can be fired
on each harness, of which four can be driven by one programmer. The programmers can
be linked together to expand the number of delays available for a blasi.

Circuit breaks and leakage must be detecled as early as possible during deployment of
the detonators. Test equipment which is incapable of prematurely firing any detonator,
even if the safety interlocks in the system fail, has been developed, and is used 10 check
the integrity of detonator units as loading proceeds.

The blast programmer which addresses each of the detonators individually through
harnesses serves three functions:

— Testing for circuit integrity and detonator condition,

— Programming of the delays, either directly using the keypad, or by means of a PC
computer,

— Activating the blast by charging the capacitors and sending the firing signal.

Color coded keys serve to prevent the programmer from being used for firing purposes
during the testing and programming cycle, and passwords are used o prevent the unau-
thorized use of the equipment.

The blast commander 15 the graphics-driven timing software. Normally run on a note-
book computer 11 i1s down-loaded to the blast programmer once all 15 approved. It is key to
the effective exploitation of the electronic detonators. Essentially, the blasting engineer
defines the blast layout and then allocates delays to the holes. The pattern is checked by
simulating the blast and timing contours can be generated to examine movement trends.
Following a blast, the printout provides a record of the positions of all holes and delays used.

The advantages of the system are:

I. Because delays are not programmed until the blast was hooked up, the men on the
job do not need o concem themselves with details of sequence in a physically arduous
situation, but only with the routing of the hamess.
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2. The decision on timing can be taken with a holistic view of the blasthole layout,
knowing that all the holes shown are, in fact, in place.

3. There is no need to be concerned with premature cut-offs since all detonators are
initiated prior to the first one firing.

At the time of publication, an improved system, the EXEX 2000, has just been intro-
duced.

Shock Tube Energy Source

The material included in this section has been largely extracted from Watson, 1997, The
DIGIDET ™ electronic detonator developed by The Ensign-Bickford Company and shown
diagrammatically in Figure 8.54 utilizes a standard shock tube lead as the “input” signal.
The tube is sealed in an internal isolation cup molded from semi-conductive plastic to
protect the unit from static discharges or other spurious electrical energy. The shock tube
signal is transformed into an electrical pulse through the use of three principal compo-
nents: a small explosive charge (booster) coupled to a highly efficient piezo-ceramic
element (generator) and an electrical energy storage cell (capacitor). This energy genera-
tion and storage mechanism 15 described in United States Patent 5, 173, 569, Several other
patents related to this device are pending.

Upon receipt of a (thermal) signal from some energetic transmission line such as a
shock tube, the small explosive charge in the booster detonator fires. This activates the
piczo-ceramic device, which in tum causes current to flow through the steenng diode to
charge the storage capacitor. A voltage regulator provides a substantially constant volt-
age source to the oscillator to control the frequency of the oscillator. Upon initial appli-
cation of the input voltage, a ‘power-on reset’ circuit preloads the counter. Once the volt-
age on the storage capacitor has increased beyond a threshold setting, the counter begins
decrementing upon each input pulse from the oscillator, As the counter digitally decre-
ments past zero, the output to the firing switch is activated and all remaining energy in
the storage capacitor is dumped to the igniter. The end result is an electronic delay deto-
nator that can be initiated by nonelectric means.

Figure ¥.55 shows a block diagram of the electronic delay circuit. The internal elec-
tronics are rendered immune from radio frequency and other electric field energy sources
by the metallic cap shell. The shell completely surrounds the electronic elements, creat-
ing 4 Faraday cage that requires the field strength to be zero at all points in the shell. This
effect has been confirmed through extensive testing, including testing to MIL-STD 461-
D which has demonstrated the unit’s non-susceptibility to initiation from extremely high
electric field density environmenis.

Laboratory and field testing indicates that the system (both surface and in-hole units)
maintains a +/— one millisccond range when used in a typical blast design pattern. Fig-
ure 8.56 indicates the level of variability over a sample of delay ranges. Table 8.16 shows
firing times from an actual blast.

Figure 8,54, Cross-section of the Digidet electronic detonaloe. Watson, 1997,
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Figure 8,56, Deviation of Digidet detonator timing over various delay ranges. Watson, 1997,

Table & 16. Actual firing times fram a blast when using DIGIDET ™ detonators { Watsan, 1997).

Firimg time { ms)

Flanned Actual Varistion
500 500,125 0125
535 535125 0,125
570 5T 1.0
05 05, 875 0HT7S
G40 Gl ]
675 6755 0.5
70 09875 0,125
560 S60.625 (625
595 595375 0375
G50 G29.75 -0.250
6635 6655 (.504)
700 J00.75 0. 750
T35 TH4BTS 0,125
770 0 (L]
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Table 8,17, Preliminary product specifications for the DIGIDET ™ (Watson, 1997).

Fhysical dimensions Standard 2.5%, 2,77, 3.5% 20297 00 aluminum shell with vasi=
able length shock whe bead,

Delay principle Factory programmed

Range of delay times Ims to 10,Mms

Seorage and operating lemperature range  -65°F w0 150°F

[mpeact sensitivity same as Primadet detonator

shock sensitivity same a5 Primaglet defonator

Wibkration resisiance Passes MIL-5TD B10C Method 514.2; MIL-5T1 331 Teat 119

RFL resistance MIL-5TLY 461-13 RS 103 (20 Vim from 14 kHiz to |8 GHuz)

E513 through shock tube 30,000 volis st 1 00pF

No electronic testing or blasting circuit protocol, other than the hookup and inspection
procedures currently used for standard blast initiation are required. There are no blasting
machines, programming interfaces, data input, or electrical connections of any type. Train-
ing is limited to that needed for conventional nonelectric initiation systems, Unlike other
electronic systems, these detonators can be used in combination with existing shock wbe
or detonating cord products as required.

The shock tube’s lead length must be considered when hooking up the system. The
detonator tming s programmed at the time of manufacture and is precisely matched to
the length of the tube. The unit’s delay time is calculated from the end of the shock tube.
For example, a twenty foot (20°) 1000 ms detonator would have a different programmed
time delay than a sixty foot (60°) 1000 ms delay. Both units, though, would shoot pre-
cisely at 1000 ms when fired from the end of the shock tube. The actual firing time would
change if the point of initiation is varied from the end of the shock tube. Since shock tube
detonates al approximalely 1980 meters/second (6500 fv'sec), a 1000 ms delay would de-
crease incrementally in time by | ms for every 6.5 ft change in the initiation point from
the end of the tube. Given adequate length of ubing, this feature would provide a limited
amount of “tunability” or Dexibility for delay times.

Safety, reliability, and ‘User-Friendly Precision’ were the three primary design specifi-
cations. The other product specifications are given in Table 8.17. The first DIGIDET ™
detonators were shot by The Ensign-Bickford Company in late 1995 and testing has con-
tinued through 1996 and 1997, A second generation design of this technology is planned
for field use in 1998,

8.6.6 The non-primary-explosive detonaior (NPED)

The matenal mcluded in this section has been largely extracted from Anonymous (1992),
and Holmberg (1994, 1997). Today, most detonators with pyrotechnic delays are con-
structed as shown in Figure 8.57a. The electric detonator is equipped with a bridge wire
which, when ¢lectneally heated, sets a fuse head on fire, Thiz, in turn, ignites the delay
charge. When the delay charge has been consumed, a small charge of primary explosive
placed between the pyrotechnic delay and the secondary explosive base charge is ignited.
The primary explosive transforms the relatively slow chemical combustion of the delay
element into a detonation of the secondary explosive.

Primary explosives generally consist of single molecules which (a) allows them to de-
compose very quickly when initiated and (b) gives them the ability, when ignited, to tran-
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Detay element
Delay elemsn
Delay Charge

Diglay Charge N

Primary Explosive I PETN charge
Base Charge PETN-based charge

(secondary explosive)

m Conventional Electric Blasting Cap b. WPED Blasting Cap

Figure 8.57. Comparison of a conventional electric blasting cop with the NPED blasting cap. Anonymous, 1992,

sit from burning to detonation over distances as small as a fraction of a millimeter even
under atmospheric conditions. A few milligrams is enough to achieve detonation. These
properties make primary explosives very suilable for use in the initiation process. On the
other hand, their extreme sensitivity to heat, friction and impact make them risky to han-
dle. Some common examples of primary explosives are mercury fulminate (HgCyN2O,),
lead styphnate (PhC H; N30y, lead azide (PbN), and silver azide (AgN,).

Secondary explosives are much less sensitive to initiation than are primary explosives
and can often burn under atmospheric pressure conditions without any transit from defla-
gration to detonation. Two examples of secondary explosives are PETN (CsHg{NOy )y)
and hexogen/RDX (CiHMN(NO,)5).

The basic concept for the new detonator shown diagrammatically in Figure 8.57b is the
replacement of the primary explosive (as used in the conventional cap) with a secondary
explosive which, in this case, is PETN. The idea comes from China and is deseribed i
US Patent 4,727,808, The new cap which has been developed by Nitro Nobel AB is com-
patible with most of the usual lead systems such as Nonel.

The exterior of the new detonator appears exactly the same as a traditional cap. The
interior, however, has been extensively modified. As can be seen, the sensitive primary
explosive, lead azide, has been replaced by an initiation element consisting of a steel
shell, a sealing cup, PETN charges and a delay charge. Through carefully designed den-
sity and quality variations in the PETN, the combustion front accelerates as it moves
along the initiation element. By the time the front reaches the base charge, the nitial de-
flagration process has changed to full detonation. This phenomena is called DDT (De-
flagration to Detonation Transition).
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An interesting description (Anonymous, 1992a) of the differences between the con-
ventional and the NPED concepts is:

‘A conventional blasiing cap can be likened to a gasoline engine where a spark plug
{primary explosive) is used 1o ignite the fuel’alr mixture. The NPED blasting cap can be
likened to a diesel engine where the fuel/air mixture reguires only high compression fo be
ignited. This compression is achieved in the inftiation element”.

This cap has significant safety and environmental advantages over more conventional
caps containing lead azide. The new non-primary explosive detonator is much less sensi-
tive to different external stimuli than the conventional one which means that a higher de-
gree of safety is introduced in all operations

- Manufacturing,

— Transporiation,

— htorage,

— Use.
Another benefit with the new detonator is that due to the elimination of the lead azide, the
amount of lead discharged from each cap into the environment is reduced by about 50%.
In the future even the lead-containing delay element constituents will be replaced by with
ones without lead.

8.6.7 Magnadet Detonators

As described in Section 8.6.3, when eleciric detonators are used to initiate an explosive
charge, the cap is generally first inserted into a primer and then the cap plus primer are in-
serted into the hole. The ends of the leg wires are kept twisted together (shorted) until just
prior to blasting at which time they are connected into the blasting circuit. Because of
electrical continuity of the circuit (circuit wires, legwires, cap bridge wire) it can be che-
cked both during hook-up and prior to firing. The bridge wire used to ignite the match in
the cap is of small diameter and high resistance. When current is applied to the circuit, the
wire heats up. This ignites the match which causes the delay substance in the cap to begin
to bum, etc. With this type of circuit arrangement there is always the chance, albeit very
small, that extrancous electricity in the form of;

1. Stray electricity,

2. Static electricity,

3. Radio frequency energy,
4. Lightning,

may be accidently introduced into the circuit and set-off part or all of the blast.

As introduced by Atlas Powder Company in the early 1980s, the basic idea behind the
Magnadet detonator was to elecirically isolate the cap legwires from the circuit wires and
thereby largely eliminate this danger. In this section, the descniption of the Magnadet deto-
nator as extracted from the paper by Kremer (1991) will be presented.

The transfer of electrical encrgy from the blasting circuit to the detonator legwires oc-
curs through a mini-transformer attached during manufacture at the ends of the legwires,
The detonator legwires are wrapped three times around an iron toroid (the mini-trans-
former) in such a way that they always remain completely shunted and isolated. The
toroid itself is housed in a plastic connector (Fig. 8.58).
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1

Electric Blasting Cap

oG LEAD MAGNADET ASSEMBLY Fipure 858, The long lead
Mapnadet assembly.

The detonator consisis of a standard, highly accurate delay detonator with a heavy, low
resistance bridgewire/match assembly shielded against low firing currents.

The detonators are connected into the primary blasting circuit by simply passing a sin-
gle #18 AWG copper wire through each of the toroids (Fig. 8.59). This single pass results
in the creation of a 3:] tum transformer. An AC current (rather than a direct current) is
induced into the detonator legwires from the primary blasting circuit. The primary circuit,
in turn, is wired into a blasting machine or onto the terminal board of a sequential blasting
machine. To successfully fire Magnadets, the blasting machine must be specially designed
to generate a high frequency (10 to 30 kHz) alternating current.

Because the detonator legwires are electrically isolated from the primary blasting cir-
cuit, the possibility of premature ignition from extraneous electricity has been greatly re-
duced. The nature of the protection will now be briefly discussed. Due to the transformer
coupling between the legwires and the primary blasting circuit, the chance of premature
ignition from stray DC current entering the primary blasting circuit has been eliminated.
Typical AC power which is found around mining operations (50 or 60 Hz) will not affect
Magnadets since they can only be activated by AC currents in the high frequency (10 to
30 kHz) band. Stray currents will not enter the detonator legwires themselves since they
are always shunted and insulated.

With regard to static electricity, the heavy, low resistance bridgewire plus the high
voltage static discharge protection built into the match ignition system provides a great
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18 AWG Insulated Copper Wire

~ F 7

‘Muognadet” Assemblies Figure ¥.59, Magnadet hook-up,

degree of protection. The detonators themselves can withstand a static discharge down a
non-isolated legwire of at least 1.0 Joule at 10 Kv and still not fire. Static energy dis-
charged into the primary blasting circuit presents even less of a hazard.

Radio frequency (RF) energy presents a very minimal hazard for conventional electric

detonators. This hazard is even less for Magnadets. Although the potential for RF energy
1o be induced into the primary blasting circuit loop does exist, for this energy o be even a

theorctical hazard it must be transmitted at 25 MHz or below. The induced current, if any,
would be reduced by 1/3 due to the 3:1 transformer winding, To fire the detonator’s igni-
tion systemn, the resultant current would still have to be high enough to overcome the low
resistance bridgewire.

OF all conventional electric detonators, the transformer coupling offers the highest de-
gree of protection against the dangers of lightning. However, as with any ignition system,
electric or non-electric, all personnel must be evacuated from the blast area during the ap-
proach of a lightning storm.

Although, as onginally conceived, the system had many benefits, it also had some draw-
backs which limited its application. First, the detonators were manufactured with maximum
leg wire lengths of 50 fi. Secondly, the number of available interval numbers restricied
their use to smaller shots. Thirdly, although the primary blasting circuit could be checked
for continuity, the detonator legwire portion could not. Finally, only straight delay period
sequences could be fired since no sequential tming machine was available,

These have now been overcome with the introduction of the Mini-Magnadet. It is a
standard Magnadet detonator with 5 cm (2 inch) long legwires attached to the toroid
{Fig. 8.60). As shown in Figure 8.61, a sliding delay primer can be made by simply plac-
ing the detonator into the appropriate well of any standard cast booster and positioning
the toroid over the “through tunnel” using a plastic *nail’. One leg of the 18 AWG copper
wire downling 15 then passed through the primer tunnel and the pnmer is lowered into the
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Primary Circuit Wire
Stemming
Primer g2
Explosive Column
!} Primer #1
Figure 862, Magnadel circuil within a
blasihole,

hole. The weight of the primer will carry the primer and the circuit wire to the hole bot-
tom (see Figure 8.62). Any subsequent primers necded to load the blasthole are made up
in the same manner and simply slide down one of the primary circull wires, The primary
circuil wiring now becomes the downline and can be checked for continuity with any
standard blasting galvanometer, It is now possible to load any depth blasthole with as
many primers as desired with only one circuit wire running down and back up the hole
(Fig. 8.62). All holes are then wired into series by connecting all the primary circuit
downlines using a standard wire splice (Fig. 8.63). The primary circuit is then wired into
the Magnadet blasting machine which generates a high frequency, alternating current.

With the introduction of the Mini-Magnadet and sequential blasting machine the ex-
plosive user can now fire large bench blasts sequentially. The total system is very casy
and quick to load, and downlines can be checked for continuity. The system is also highly
resistant to premature ignition from extraneous electricity hazards.

8.7 BLAST SEQUENCING

8.7.1 Imtroduction

Delayed detonation of holes within a shot is desirable for three reasons {Gulf Explosives,
1975):
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Figure 8.63. Magnadet surface connection.

1. Increased fragmentation,
2. Controlled displacement of broken muck,
3. Decreased vibration from blasting.

The delays can be inserted into the system through (a) the trunkline, (b) the downlines, or
() through a combination of (a) and (b). There are three major trunkline systems available

— Electric,

~ Detonating cord,

— Nonel,

the characteristics of which have been discussed in Section 5.6. Each of these has an as-
sociated transmission velocity.

System Transmission Welocity
Electric speed of light 410,000 kmfsec,
Dietonating Cord ¥ TOOD my'sec,
Monel ¥oih 2000 m'see.

Each of these systems could fire a sequence of holes without introducing additional de-
lays by using instantaneous (zero delay) caps at the hole collar. Delays, if desired, could
be introduced into the downling portion of the circuit. On the other hand, surface delays
of various kinds may be introduced into these surface systems. For all three systems, caps
terminating the trunkline sysiem at the hole collars may have built-in delays. Delays at
other points in the system may also be introduced. The techniques used are:

Electric - Sequential btasver (electranic delays of cap series)
Detomating cord Debay caps {detonating connecions)
Monel - Deelay caps (detomating commecion)
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The different delay numbers (times) have already been discussed. The use of surface de-
lays introduced either automatically {due to the finite transmission velocities) or on pur-
pose must be carefully evaluated. Rock movement (flyrock, heave, venting) may produce
disruptions in the circuits. The result is cutoffs and misfired holes.

One way of minimizing this danger is through the use of down hole delays, There are
three types of downline systems

- Electric,

- Detonating cord,

- Nonel.

For the electric and Nonel downline systems the delay is associated with the delay cap be-
ing used. Intiation would occur at the location of the primer. The energy associated with
the downline itself is insufficient for initiating the explosive column, The detonating cornd
downline is associated with three types of delays. [If the detonating cord has sufficient
strength, the column of explosive may be side initiated. Initiation would begin at the wp
of the column with the detonation proceeding downward. If the cord is of insufficient
strength to initiate the column of explosive but able to initiate primers, then the initiation
would occur at the primer locations beginning with the first one met by the cord. If the
cord is of insufficient strength to initiate the primers, then the cord terminates in a cap. A
delay element may be included in this cap which is inserted in a primer and the initiation
point would be there. For the sirong (high energy) detonating cord system the downhole
delay would be very small. For the weak (low energy) detonating cord system, the cap
delay would be similar to the other down hole systems,

There are a number of trunkline-downline combinations which can be formed (Tab-
le 8.18) and therefore the different possibilities for creating delays are multiplied.

It 15 sometimes desirable to have hole boltom nitiation and to then carry this imtiation
signal to other parts of the column other than simply via the column itself. One example is
when decked charges are used (Fig. 8.64). In this case an electric cap plus primer 8 placed
at the desired location in the hole. A line of high strength detonating cord then carries the
signal up the column to primers located in the decks.

In summary, there are a great number of ways in which hole sequencing may be ac-
comphished.

8.7.2 Timing considerations

In previous chapters a general introduction o the blast fragmentation process has been
presented. A certain amount of time is required for the different events to occur. Because
of the importance of timing to successful blasting, a simple example illustrating the prin-
ciples has been included. It will be assumed that

Tahle 8,18, Combinations of runkline and downline.

Trunkline Dowmling elestric detonating cord Monel
Electric X X X
Dietonsting cond X X
Peimrez| X X
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o Figure §.64. Eleciric blasting cap initiaboe
Electric Cap and Primer with detonating cond up-lne,

— Rock type is granite

~ Wave velocity (¢) = 3000 m/see.

— Vertical bench face

— Hole diameter £ = 0.229 m {9")

~ Bench height = 12 m

— Burden (B) =250 =6 m

— Subdrll =038=2m

— Stemming = 0.78 =4 m

— Hole spacing = 1.158=6.9m

~ Explosive = ANFO

— Explosive detonation velocity = 4000 m/sec.

= Detonating cord downline

— Detonating cord detonation velocity = 7000 m/sec.
~ Primer located at the bench toe elevation

— No downhole delay

— Crack propagation velocity = 0.38c = | 140 m/sec
- (Gas streaming velocity = 1000 m/sec.

The basic geometry is shown in Figure .65,
Summarized below are the time requirements for the various events,
I. Time for the inihation instructions to go from the surface (collar of the borehole) to
the primer
12m
Finit = Somn o
TO00 m/ sec

2. Time for the subdrill column to detonate

=1.7] msec

4000 m/sec
3. Time for the above grade column o delonate
B m
= — w2 ) miseC
1273000 m/ sec

4. Time for the shock wave to travel to the bench toe
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Figure B.65. Disgrammatic representation of
the different times involved in a blas.

__ 6m
3000 m/ sec

i = 2.0 msec

3, Time for the shock wave 1o travel from the top of the exﬁlnsives ¢column to the hole
collar
4 m

3000 m/ sec

6. Time for the radial cracks to travel outward from the explosive column to the (verti-
cal) free surface.

fe = 1.3 msec

fim

l'n.[:ﬁhﬂﬂl:ﬂ[ path) = m =53 msec
167 m

ot 138" angle) = ————=14.6

- angle) 1140 o/ 00 msec

7. Time for the explosive gases to reach the vertical free surface

6m
:,H{shnm:st path) = 1000 mf s f msec
16.7T m
I_SE" | - = | /T %
Feu ( angle) l p—— msec

8. Time after detonation begins for spalling to begin at the hole collar
Lpaliing = B3 + 1. = 3.3 msec

9. Time after detonation begins to form a crater at the hole collar (assuming radial
cracking from the top of the charge)

dm
-(shortest path) = 2.0 + ————— = 5.5 msec
ferl } 1140 my/ sec

1. (138° angle) =20+ — 2™ _ |18 msec
1140 mv/ sec
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10. Time after detonation for the gases to reach the vertical surface

4 m
iy (shortest path) = 2.0 + T000 v aee i msec
112m
f (138" angle) = 2.0+ ——— = 132 msec
[{HMY my sec

1. Assuming that the burden moves at 15 m/sec, the time required for if to move
100 mm (4 ins)

o0 = M =.f|_'_'||' Msec
15 m/ sec

The 100 mm crack is considered sufficient to prevent the shock wave from the next hole
from being disturbed. This deformation is also sufficient to disrupt the surface cord lines.

12, The maximum surface time delay (detonating cord + delay) and yet avoid a cut off
between holes in the same row is

Ty = iy + g + Moo= 1.7+ 13.2 + 6.7 =21.6 msec
Since the hole spacing is 6.9 m, this amounts to a time delay per meter of

rm;=L=3.]3 ms! m
6.9 m

This is in agreement with the rule-of-thumb for surface delay initiation which states that
‘Surface initiation delay time shoufd not exceed 1 ms/foot of spacing between the holes.’
13. The minimum desired surface time delay between rows of holes.

ety = B * fyon = 16.7 + 6.7 = 23.4 msec

Expressed in terms of meters of burden this becomes

_ 234 msec 3.9 msec/ m
6 m

The rule-of-thumb from Langefors & Kihlstrm (1963) is that for best fragmentation the
delay time between rows is given by

'.I'D'Ill-'!'

T= .K_f_;fﬁ fE-E}

where K= constant = 3 to 5 ms/m, B = burden (m), T = delay time (msec).
Gulf Explosives (1975) has suggested that for
= 230 to 380 mm diameter blastholes

and

~ surface delay systems the optimum delay time usually vanes from

1. § ms/meter of effective burden for

- Long stemming columns,

~ Low powder factors ~ 0.25 kg/m?,

~ Soft, highly fissured strata of low density to
2. 4 ms'meter for

~ Short collars,

— High powder factors - 0.60 kg/m?,
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- Dense, hard, massive rocks.

If sufficient time {delay) is not provided between holes there will be no place for the muck
to move. This will result in:

— Hard, high bottom,

- Excessive toe on the next shot,

— A great deal of ragged cratering and attendant flyrock in the upper region of the bore-
hole.

The long delay times between holes pose problems only when using surface delays.
Omne way of overcoming this 15 through a combination of long perniod downhole delays
and short period surface delays.

The bottom-hole delay placed in each hole is selected so that the desired number of
holes are energized before the first hole detonates. The surface delays are selected to pro-
vide the desired rock hreakage. Assume for example that the 4 holes shown in Figure 8.66
are 1o be blasted with a 25 msee delay period between the holes. There is to be no chance
of surface cutofl. To accomplish this all holes are to be energized before the first hole
detonates. The bottom hole — surface hole delay system (assuming no cap timing devia-
tion) is shown, The time difference between when Cap | and Cap 4 are initiated is

Time diff = ;5 + 13 + 134+ 3 {Surface Delay) = 3 ms + 3 (25 ms) = 78 ms

The minimum bottom hole delay should be 78 msec. To account for cap scatter, a 100 msec
botiom hole delay has been selected. The placing of this delay at the bottom of each hole
is easy for those doing the charging since it is the same delay number in each hole. The
surface delays are then added during the final tic-up. To allow as much flexibility in the

surface tie up as possible, the imitial bottom hole delay should be large.
Through the years, the amount of time delay desired 1o provide the best fragmentation

has changed. Today, the constant K in the Langefors Formula (8.1) has been increased
1o 3 to 5 ms/fi of burden. This is an increase by about a factor of 3 from that oniginally pro-
posed. The longer total delay times are achieved through a combination of surface delays
amd in-hole delays.

Initiation Foind i i i
1x 11 ]
4 * * *

L} g, =L
S 1ms A=100m A= 100ms A= 100 ms

Figure 8,66, Combiration of in-hole and surface delays,
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8.8 INITIATION EXAMPLE

There are a large number of factors to be considered when deciding upon the sequencing
of holes:

- Type of fragmentation desired,

— Surface or in-hole delays,

- Firing direction,

— Shape of muck pile/loading equipment,
— Mumber of delays available,

— Type of trunkline system,
- Environmental constraints {ground vibration/air blast, etc.).

In some cases a maximum delay time is specified to avoid cutoffs between holes. In other
cases the minimum amount of time between holes or rows of holes to achieve the best
fragmentation may control. Environmental constraints may determine the maximum num-
ber of holes which can be shot on the same delay,

in Chapter 5 a blast design example was begun in which a round (Fig. 8.67) involving
four rows of holes was (o be shot. Each row contains 6 holes. Here the example will be
continued to arrive at an initiation scheme. It will be assumed that

— There are no environmental restrictions on the number of holes to be shot/delay,

~ Dietonating cord trunk lines with surface delays will be used,

- The firing direction will be as determined using a V1 design,

= To avoid cutoffs a maximum surface delay of 3.3 ms/m (1 ms/ft) can be used,

— To minimize a misfired round, there should be 2 detonating cord routes to each hole,
- A minimum number of delays are to be used.

The detonating cord hookup is shown in Figure £.68. Detonating cord of strength 5 g/m is
selected. As can be seen, the effective burden (8.) is less than the drlled burden (5)

B 4935
| e = e = 6,7
S "

The effective spacing on the other hand increases 1o

§.=542=95/2=134m

Using the effective burden dimension of £, = 6.7 m one¢ finds that the maximum recom-
mended surface delay between rows is

Figure 8.67. Bench round drilled in a square pattem.
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{a) Imitiation Point

ih) Iniligtion Point

Figure B.68, Bench round shot ina F1 pattem.

Delay = 6.7 m x 3.3 ms/m = 22 ms
A standard Period | millisecond delay from some suppliers is

[y = 30 ms
For others it would be
£, = 25ms

Both are somewhat greater than desired although the 25 ms delay could probably be suc-
cessfully used. To provide at least some movement of the row in front prior to the next
row firing requires a time delay of between 3 to 5 ms/m of burden. Thus the minimum
time delay between rows from a fragmentation viewpoint 18 of the order of magnitude ol

Tein = 2010 33 ms

In theory, only one delay number (25 ms) would be required for the round. However with
so many holes involved, the last holes to fire could be quite heavily choked (due to the
decreasing free forward movement with row number) using such a delay. If today’s delay
recommendations of 3 1o 5 ms/ft of burden are used instead one finds that the desired time
delay is
T{desirable) =65 to 110 ms

between rows. This cannot be accomplished with surface delays alone. The reader is en-
couraged o make a design using a combination of available surface and in-hole delays.

Each hole has a primacord downline which will be tied into the trunkline. Tied to the
bottom of the downline is a cast 1 b (454 gm) primer. The downline has a strength of
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10 g/m. This is strong enough to initiate the primer but weak enough so that the explosive
column is not initiated by the cord itself. The cast primer is located at the toe elevation
{see Fig. 8.69).

One important concern is the safety of neighboring structures. There are several proce-
dures which can be used to determine whether the size of the charge shot per delay (W)
and the distance from the blast (1) are compatible with the structures. These are discussed
in detail in Chapter 9.

However, one of the techniques, based upon the use of scaled distance (D).

- R ird
o.-(£)

where W = maximum amount of explosive (Ibs) shot within an & ms tume interval, £ =
distance of the shot to the structure (ft), Dy = scaled distance (fi/1b"?), will be briefly pre-
sented in order to complete the example. The limits on D¢ are dependent upon the dis-
tance L3 as shown in Table 8.19.

If the actual scaled distance exceeds the allowable scaled distance then no damage
would be expected. In the case of this example an important structure is located 6000 f
from the blast. The question is whether the blast as designed (four holes/delay) can be shot
without damaging the structure. The amount of explosive shot per delay is

Wo=4 x 1049 kg = 4196 kg = 9230 Ibs
Since the distance is 6000 ft, the actual scaled distance Dg is
D= 6000/923012 = 62.41
This 15 greater than the allowable
Dy allowable = 6()
fior this distance and hence the blast should be safe from a ground vibration viewpoint.

Trunkline
Downli
T,
59
i
5%
K
Priming Unit :?-"".-' Figure 869, Cross-section showing the charging
]

and mitiating design.

Table &.19. Allowable scaled-distznce versus distance from the shot.

Distance 2, () Allowable scaled distance
0-300 S0
JO0-5 0 55

= S il
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CHAPTER 9

Environmental effects

9.1 GROUND MOTION

9.1.1 fmroduction

Blasts, if not properly designed, may result in ground motions of sufficient intensity to
damage

- Mine plant and structures,
— Meighboring structures outside of the mine permit area.

Over the years a number of design guidelines have emerged relating ground motion to
structural damage. Comprehensive regulations in this regard have been developed by the
US Office of Surface Mining Reclamation and Enforcement (OSMRE), These are pre-
senied in this section together with explanatory material as to how one might best comply
with the regulations. In preparing this section the author has drawn heavily upon the Blasi-
ing Cruwidance Manual (Rosenthal & Morlock, 1987} put out by the OSMRE.

The regulations are based upon the peak particle velocity (PPV) produced during blast-
ing. In certain cases, peak particle acceleration (PPA) and peak particle displacement
(PPD) are of overriding importance. Computer manufacturers commaonly restrict the PPA
and owners of large generators place limits on the displacement (AECI, 1982). A conver-
sion nomogram for this purpose is given in Figure 9.1. Knowing the predominant frequency
of vibration and one of the three quantities:

= Acceleration (a),
- Velocity (v),
— Displacement ()

one can easily obtain the other two.,

Table 9.1 lists a series of blasting factors and their influence on ground vibration con-
trol, Of these, the three primary variables affecting ground motion at any particular site
are:

Distance from the blast to the position of interest
— Explosive charge weight per delay period
— Frequency ol vibrahon

269
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The regulations and the design/monitoring procedures needed for complying with the
regulations go together and they will be discussed that way in this section. The four pro-
cedures are

1. Maximum peak-particle velocity limit
2. Scaled distance equation

3. Modified scaled distance equation

4, Blasting level chart

Each will be described separately.

All of the procedures are based upon limiting the peak particle velocity at the structure
of importance. However, the amount of sile evaluation and monitoring time and expense
involved in meeting the criteria vary considerably between the four. The possibilities for
both long and short term savings in the overall blasting programs also vary considerably.

9.1.2 Maximum peak parficle velocity (imif

Using this procedure the maximum ground vibration shall not exceed the limils given in
Table 9.2 at the location of any dwelling, public building, school, church, or community
or institutional building outside the permit area. In addition, all structures in the vicinity
of the blasting area, such as waler towers, pipelines and other utilities, tunnels, dams, im-
poundments, and underground mines shall be protected from damage by establishment of
maximum allowable limit on the ground vibration. The particle velocity shall be recorded
in three mutvally perpendicular directions (Fig. 9.2). The planes of motion are normally
considered to be (AECI, 1982).

I. Longitudinal (sometimes called radial). The horizontal motion in a direct line to-
wards the blast is measured.
2. Transverse (tangential). The horizontal motion at 907 to the radial direction is measured.

3. Vertical. The vertical motion is measured.

Tabde 9.2, Peak partiche velocity [imits as a fsnction of distance from e basting site {Rosenthal & Moslock, 1987,

[istance (£ from the blasting site {feef) Maximum allowable peak particle velocity {Fg,)
for ground vibration {in'sec)

0 by T 1.25

301 1o 5000 1.00

500 and beyond 0.75

Yertical

Longitidinal (radial}

i T bl A
Figure 9.2, Definition of the vertical, lengitudinal and trans-

Transverse (Langential) verse vibration directions {AECI, 1982).
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The maximum allowable peak particle velocity applies to each of the three measurements.
Note that it is nev necessary 10 develop a vector sum resultant velocity.

A seismograph record shall be provided for each blast. The monitoring equipment re-
quired is relatively simple since only peaks need to be recorded. No frequency content is
required. 1T the peak particle velocities are below those given in Table 9.2, then the blast
should be in compliance with the regulations. To be able 1o design such a blast one needs
some procedures and guidelines, These are provided under the following two procedures;
“Scaled-Distance’ and *Modified Scaled Distance’.

W.1.3 Scaled-distance equation

The scaled-distance equation

-

W— [E]' (9.1)
Dig

where # = the maximum weight of explosives (Ibs), [ = distance (fect) from the blasting
sile to the nearest protected structure, [ = the scaled-distance factor, may be used io de-
termine the allowable charge-weight of explosives 1o be detonated in any B-millisecond
period without seismic monitoring. The scaled-distance factors which are to be applied
without seismic monitoring are given in Table 9.3, These values are intended for general
use and as a result must be conservative. In many cases they are very conservative.

To illustrate this assume that a sensitive structure is located at a distance of 1000 fit
from a forthcoming blast. Using Table 9.3 the permitted scaled-distance factor is 55. Thus
the wotal amount of explosive which can be shot within an 8 msec period is

2 2
w{ﬂ] - (1900 330 1
Ds 55
Actual measurements made at the site suggest that the velocity attenuation formula (see
Section 9.1.4) is
V= 160 (Dg)"# (9.2)

For the distance of 1000 i, the permutted particle velocity (Table 9.2} 15 1.0 in sec. Sub-
stituting this into Equation (9.2) one finds that the site specific scaled distance factor is

De=24 {9.3)
Thus the amount of explosive which could be shot per delay and still satisfy the velocity
limits is

s
w=[@] ~ 1736 Ibs
24

Table 9.3, Scaled-distance factors 10 be applied without seismic monnoring (Rosenthal & Morlock, 1987

Distance (7 from the blasting site (Fr) Scaled-distance factor
0 1o 300 0
00t S 55

5001 and beyond f3
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Table 9.4, Maximum amount of explosive/delay as a function of distance from the blast and the seismic-distance
factor,

Actual distance Maximum amaunt of explosive (Ibs) per ¥ mase or greater delay
from blast {ft) D, = 50 D, =55 0, = 65
(0-30007) (3001 *-S004F ) (= SO01°)
50 1.0
5 13
1] 4.0
1 5 a.0
200 16.0
250 25.0
Wb 36.0
350 4y
A 53
00 K3
&0 1%
T 162
EDO 212
G0 26R
1000 KX )
2000 1322
3000 75
4000 5200
000 B2635
| 832t
10,0080 23,7040

The difference between 330 and 1736 Ibs/delay obviously has a major impact upon blast
design.

The advantage of choosing the scaled-distance equation approach for blast design is that
it is simple. No measurements need to be made. One simply substituies the appropriate
values into the scaled distance formula. The disadvantages are that the design tends to be
very conservative and since no monitoring is done nothing is leamed in a quantitative way
1o improve further blasts. Table 9.4 presents the maximum amount of explosive (Ibs)
which can be shot per 9 msec or greater delay as a function of distance and scaled distance.

9.1.4 Modified scaled-distance equation

Many years of experience have shown that the peak particle velocity is related to the
scaled distance by the relationship
V=H(Dg)® (9.4)
where ¥ = peak particle velocity (in. /sec), H = particle velocity (infsec) for Dg = 1.0,
Dy = scaled distance (ft1b1'7), B = constant.
This is sometimes called an attcnuation equation since the value of exponent f} is posi-
tive. The values of H and P are highly site specific. i can range from as low as 20 up 1o

| 000 or more. The exponent P will generally lie in the range of 1.1 10 2.4, The attenuation
formula which describes (approximately) the values used in the regulations {Table 9.5} is

V= 4273 Dy
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The high value of i (H = 4273) makes it very conservative particularly at close range
(small values of D).

The regulations allow the mine operator to develop and use a site specific form of the
scaled distance equation. For the operator this means obtaining values of A and i for the
site in question. The regulations state that the modified factors selected shall be such that
the particle velocity will not (at the 95-percent confidence level) exceed the maximum
allowable peak particle velocity given in Table 9.2. To be able to demonstrate this to the
regulatory authorities, a set of data

1. Peak particle velocity (Fyg,
2. Distance (D) from the measuring site to the blast (ft),
3. Maximum amount (Ibs) of explosive ( W) per shot within an 8 msec delay,

must be collected from a series of blasts. The data should

— Be collected over as wide a range of scaled distances as possible,
~ Be spread evenly over this range.

These data must be collected at as low a scaled-distance as it is hoped will be authorized
and preferably lower than this. Each of these components (V.. D and W) must be deter-
mined with care. The three ground motion components are to be separately measured and
that yielding the peak particle velocity is used in the calculation. For each blast D and W
are represented by a single number, the scaled distance, Ds. Hence from each blast one
obtains a data pair (¥, D).

Since there is a high confidence level (95%) imposed, the results must be collected
from a relatively large series of blasts. The OSMRE indicates that 30 pairs is acceptable if
the data are good.

Figure 9.3 shows the type of record that would be obtained. As can be seen

¥ =75 mm'sec
W=15kg

Table 9.5. Peak particle velocity and seismic-distance factor comparison (Rosenthal & Morlock, 1987).

¥ (infsec) Dy
1.25 50
1.0 55
075 65

|

Figure 9.3. Typical chart reconder output from a blast {AECT, 1982).
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The data pair used in the calculation (AECI, 1982) is then

40
D_5'= ]S.T =133

F=T.5 mm/sec

If one takes logarithms of both sides of Equation (9.4), one obtains

log ¥ = log H - B log Dg (9.5)
Substituting

v =log ¥

= log Dy

a=log i

h=-p
into Equation (9.5) one finds that it is of the form

v=a+hx (9.6)

This means that the ¥ and D data should plot as a straight line on log-log graph paper.
The slope of the line is equal to —f and H is the velocity intercept at Dy = 1., Seven pairs
of data have been plotted in Figure 9.4. A curve is passed through the points using least
squares regression analysis. The “best fit” values of / and B are obtained as well as an in-
dication of the *goodness of fit" in the form of a coelficient of determination {r?). The
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value of ¥ should not be less than 0.7, The standard deviation used in establishing the con-
fidence level 15 not likely 1o be under about 0.2, It should not be greater than about (0.5,

For a given data set, the design curve is moved with respect to the data so that the 95%
confidence level is achieved. If the standard deviation becomes too large, the /H variable
of the attenuation formula increases to the point that the 95% confidence level will only
be attainable at large scaled distances — those approaching the allowable non-site specific
scaled distances. Once the curve has been developed, the line representing the maximum
allowed particle velocity is drawn, in this case it is 1.0 in/sec and the scaled distance read
(DVWV2), One can also use the attenuation equation directly

D ]-].I‘jﬂ

HI.-I-'.!

F =900 [ (9.7)

to find the same result. This equation can now be used without the need for monitoring
cach blast. It should however be checked periodically to make sure that nothing has
changed at the site or in the blasting procedures being followed. The advantage of choos-
ing this option is that a blasting criterion fitting the site is developed. In the process of de-
veloping the equation, a considerable amount of information regarding the site and the
blasting practices are obtained. Initial expense is incurred for the monitoring, however
further round by round monitoring, although desirable, is not required.

9.1.5 Blasting-level chari

In the fourth option the blasting-level chart shown in Figure 9.5 may be used to determine
the maximum allowable ground vibration if the predominant frequency is known. As can
be seen, for frequencies greater than 30 Hz the maximum allowable particle velocity jumps
to 2 infsec. This is based upon the fact that structures (buildings) have low natural fire-

Lo T T T T LJIR]
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3 20 LT
215
E 1.0
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i
% 0.5
£ {4
g2 03
3 92
; Figure 9.5. OSMRE peak parti-
01 . o L ol cle velocity versus vibration [re-
" 4 I M 30 1 quency limits {Rosenthal &

Elast Vibration Freguency (He) blorlock, 1987
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quencies of vibration and are most vulnerable to low frequency (less than 10 Hz) ground
waves. They are relatively insensitive to frequencies in excess of 40 heriz (AECI, 1982).
In practice one must first conduct a series of test blasis at the site such as described in
option 3. However, in addition to simply finding the peak particle velocity one must also
collect frequency data. Instruments are available for doing this (Fig. 9.6 shows one such

Figure 9.6, Typical blast moni-
toring system (Matheson, 1996,
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Figure .7, Example of the records produced from a monitored blast {Rosenthal & Morlock, 1987).

instrument). The type of output from the instrument is shown in Figure 9.7. The output is
of the same format as specified in the regulations and the allowable curve is superim-
posed. Curves like this would be generated for different scaled distances. The highest
value of Dg still in compliance could be used for design. To be able to use this approach,
seismographic records including both particle velocity and vibration frequency levels
must be provided for each blast. The method used for determining the predominant fre-
quency must be approved by the regulatory authority.

There are a number of advantages with this option. When blasting close to structures the
predominant frequencies tend to be higher, hence a higher charge weight per delay would
be allowed than with the other options. A maximum amount of information is collected
from each blast. Hence the possibilities for improving blasting would be high (knowing
what was right or wrong with the blast). These type of records provide maximum protec-
tion when discussing possible complaints from the neighbors. The disadvantages are that
they require relatively expensive instrumentation, trained users and the monitoring of
each blast,

9.1.6 Ground motion effects contained within the mine site

As indicated, the regulations are based upon particle velocities which are well within dam-
age limits, When dealing with the mine’s own structures, a different type of *damage cni-
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terion” may be imposed than for structures belonging o others. Baver & Brennan (1979)
have compiled peak particle velocity-scaled distance data from a large number of open pit
and strip mine blasts. A representative sample of 1500 recordings from different mines is
shown in Figure 9.8, On these, an upper limit line has béen superimposed, The OSMRE
values using Table 9.5 have been superimposed as well. This provides some idea of the
built-in conservatism contained in the regulations. Table 9.6 indicates peak particle ve-
locity thresholds at which certain types of damage start to occur. These limits which have
been superimposed on the upper limit plot of Figure 9.9 provide a useful set of guidelines
for making a guick evaluation of potential damage to mine structures. [f hairline cracking,
for example, 15 deemed not to be a problem, then a certan scaled distance value might be
selected for blast design which is significantly lower than those given in the regulations.
From Figure 9.9 the scaled distance under poor conditions for which hairline cracks in
plaster may be expected to occur is about 13, Depending wpon the distance, the corre-
sponding OSMRE value to be selected ranges from 50 to 65, Assuming that the blast is
500 ft from a certain mine structure (the managers house, for example) use of D= 13
would suggest that

. [ST”;'Q] ~1479 Ibs

could be shot per delay. Using the scale factor of 55 which is the OSMRE value appropri-
ate for this distance one would obtain

2
w:(@] =83 Ibs
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Table 16, Type of damage related to the peak particle velocity in the ground waves from blasis (Baver & Bren-
nean, 1990

Type of siructure Type of damagpe Peak partiche velocity threshald
at which damage staris {infsec)
Rigidly mounted mercury switches Trip Cut (. 1-0.5 {Has strong frequeency de-
penidence )
Housies Flaster Cracking 2
Conerete block & moa new house Cracks in Blocks i
Cosed drill holes, retaining walls on beose ground  Florizondal offset 15
Mechanical eguipment-pumps, compressors Shafls misaligned A {Beyond 10 in'sec major dam-
e slarts, such ms possible
cracking of cement klock)
Prefubricated metal building on concrele pads Cracked pads, i)
hullding twisted
and distorted
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where P = pressure (kPa), W = mass of explosives (kg), D = distance from the explo-
sive (m].
The airblast overpressure for confined blasthole may be estimated using
12
P=3.3[ b ] (9.12)

113
W

Table 9.9 presents some air overpressure values which when inserted into Equations {(9.11)

and (9.12) could be used for evaluating the proper scaled distance. The USBM recom-

mended safe limit is 3.5 kPa. To avoid disturbance to people the pressure should be less

than 0.05 kPa (P < 0.05 kPa). Table 9.10 summarizes the factors which influence airblast.
The following are steps which can be taken to minimize airblast (AECI, 1981)

1. Ensure proper confinement of the explosive charges by:

~ The use of an adeguate length of collar stemming, preferably of coarse angular
material. Experience has shown that a minimum length of 30 hole diameters is needed
to control airblast,

- Mot underburdening the front row of holes.

— Mot overburdening holes, thus preventing blown-out shots.

— Ensuring proper timing to avoid blown-out shots caused by holes firing out of se-
quence.

— Providing 300 mm of sand/soil cover over detonating cord surface lines. Expen-
ments have shown that this reduces the acoustic energy transmitted to the atmos-
phere by 26 dB.

~ The use of pop-holes in place of lay-on charges where secondary blasting unavoid-
able.

~ The elimination of detonating cord in secondary blasting.

2. Where possible, change to mechanical breaking (drop balls, pneumatic breakers etc.)
in lieu of secondary blasting.

3. Limit the maximum explosives charge per delay.

4. Use noiseless trunklines in those situations calling for a non-electric surface delay
system.

Table 9.8 Charge mass versus distance for unconiined charges (AEC], 1981).

Charge mass (Kg) Distance (m)
0= 320 W' 0= 600 W'
1% 936 1754
L0l 1179 2210
75 1 345 2530
100 I 485 2785
150 | 700 3188
i1 1] 1871 3509
00 2142 407
400 1358 4421
S0
1 0
200
SO0

2540 4761
3200 G0
4032 1560
5472 10,260
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Table 9.9, EffTect of pir overpressure on structures (Micholls et al., 1971}

Elfect Air overpressure (kPa)
Dhishes and Lo window ratile n2

Poorly fitted window panes may break 5

Al windews fail 4

USBM recommended safe limit 1.5

Table 9,10, Factors which influence airbiast (Rosemhal & Morlock, 1987),

Variables within the control Influsnce on ovempresan:

of mine operaiors Signicant Moderately signiticant Insignificant
1. Charge weight per delay X

2. Delay interval x

3. Burden and spacing x

4, Stemming (Emount) x

5. Blemming (fype) %

fi. Charge length and diameter X
1. Angle of borehole X
E. Diircction of initiation x

Q. Charge welght per blast X
M1, Charge depth x

L1, Pare or covered detonating card X

1.2, Charge conlinement %

Variables nad in conlmsl of mine operators

I, General surface iermin X

2. Type and depth of overburden L

3, Wind and weather conditions b

5. Where possible, direct the blast away from residential areas. It has been shown that
adto 10 dB difference in airblast levels can be expected between the front and the back
of the blast.

6. Avoid blasting when wind is blowing towards a critical area. Strong wind is the
most important weather factor influencing airblast propagation and can increase the air-
blast level by over 201 dB.

7. Avoid blasting in the early morming and late aftermoon if a temperature inversion in
the atmosphere is present. Such conditions cause air waves (o be refracted back to earth
and focussing effects can increase the airblast level by 10 dB,

8. Minimize frequency of blasting.

9. Time the blasting to coincide with periods of high ambient noise,

9.3 FLYROCK

Flyrock can be a very dangerous side effect of bench blasting. The borehole with its built-
in rock bottom and its stemming plug, resembles a highly charged pressure vessel. As de-
signed the explosive gases are to expend their energy in a more or less controlled fashion
by generating and propagating cracks in the swrrounding rock. Only in the last stages of
gas expansion is the burden released and the remaining pressure used to heave the rock.
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Figare .01, Idealized front from a rock blasting
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an * 0z ' ufq ; nl_ﬁ . n:g : i._E Figure 9,12, Maximuam throw as a function of

Specific Charge (kg'm') specific charge (Lundborg, 1981)

Figure 9.11 shows the idealized situation in which the stemming remains intact, the bur-
den is uniform, and only a small part of the toial explosive energy goes into heave and

throw. Some very limited field studies reported by Lundborg (1973, 1974, 1981) and Lund-
borg et al. (1975) suggest that for granite the maximum throw (L) as a function of the hole

diameter (o) and specific charge is as shown in Figure 9.12. When the specific charge (g) 15
g < 0.2 kg/m?
there is no throw. For other values of g the maximum throw is expressed by
L=143d{g-0.2) {9.13)
where d = hole diameter (ins), g = specific charge (kg/m?), L = maximum throw (m).
A typical specific charge in bench blasting is 0.6 kg/m’. In this case the maximum throw
expression becomes

L=57d
For a 10 inch hole diameter the maximum expecied throw would be
L =570 m

There are a number of different situations in which the actual conditions depart markedly
from the ideal. Figure 9.13 shows two such conditions.
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Figure 913, Two sinstions leading 1o in-
creased lyrock (Landberg et al., 1975).

~ The explosive extends too high in the hole so that cratering to the upper surface oc-
curs,

— An irregular face brings the explosive column too close to the free face resulting in
cratering.

The lack of confinement offered by both of these situations provides a weak link for
the gas to exploit. The rock plug involved is pushed out in an early stage of the gas ex-
pansion process and the expansion energy is expended in propelling a relatively small vol-
ume of rock at high velocity. Hence the throw distance can be very greal.

Figure 9.14 illustrates the case where the toe distance through poor drill alignment, de-
sign, etc., is much greater than desired. The burden is not broken free by the blast and the
explosive gases vent out through the fractured rock near the collar. Figure 9.15 shows the
situation in multiple row blasting where the time delay between rows to too short to allow
adequate relief before the next row detonates. The effective burden on the latter rows is
much larger than that which can be reasonably displaced by the gas pressure. As a result
the stemming 15 gjected and/or the collar regron craters.

In all of these situations it is the cratering type of failure (Fig. 9.16) which is the most
dangerous from a flyrock viewpoint, If the weakest link in the system is the column of
stemming and not the collar rock, this can be gjected much like a projectile from a cannon
barrel. Lundborg (1973) has made a series of computer simulations in which he examined
maximum throw and boulder size as a function of hole diameter. He found that for granite
with a specific gravity of 2.6, the relationships for the maximum throw (L) involving
rocks of diameter ¢ are

Ly = 260 423 (9.14)
=014 {9.15)

where, d = hole diameter (ins), ¢ = boulder diameter {m).
Thus for a 10 inch diameter barchole the boulder size would be

$=0.1(10)23 =047 m
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Figure 9.14. Flyrock from the cresi
reghon,

Figure 9.15. Inadequate reliel pro-
vidied by precoding mows,

Figure 9.16. Diagrammaiic representation of cratering
(Lundborg et al., Holmberg, 1975).

and the corresponding maximum throw is
L e (M) = 260 (107 = 1208 m (9.16)

The results for a range of hole sizes (Fig. 9.17) suggest that very large areas must be
evacuated in order to avoid accidents. Cratening gives much more throw than simple
benching. Therefore efforts such as proper stemming, timing, etc., must be made to avoid
these cratering effects. The OSMRE regulations (Rosenthal & Morlock, 1987) on flyrock
state that
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Figure 9.17. The maximum throw versus bowelder size relationship for various hole diameters (Lundborg, [1973),

‘Flyrock travelling in the air or along the ground shall not be cast from rhe blasting site-
1. Mare than one-half the distance to the nearest dwelling or other occupied struciure,
2. Beyvond the area of access control for the given blast,
3. Bevand the permit boundary.’

The problem obviously becomes that of estimating the maximum throw distance. The equa-
tions of Lundborg et al. (1975) provide one approach although the basis for them is weak
and the range of hole diameters himited.
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CHAPTER 10

Perimeter blasting

1L INTRODUCTION

One of the characteristics of an explosive detonating in a borehole is that the shock wave
portion of the energy is transmitted away from the hole wall in a very non-discriminating
fashion. Specifically this means that the shock energy travels outward away from the hole
into the surrounding rock mass independent of direction. For standard production appli-
cations this is generally of no consequence and, in fact, may be desirable since the objec-
tive is o produce a certain fragmentation of the host rock as inexpensively as possible.
Breakage behind the hole is sometimes regarded as ‘free muck®. This non-discrimination
characteristic does, however, become a problem when blasting in the vicinity of the pit
penimeter. What 15 considered *free muck” in the context of production blasting now be-
comes ‘back-break’ which can have very expensive consequences.

[deally one would like to be able to achieve the situation shown in Figure 10.1 where,
after production blasting, the extent of the blast damage (BD}) found running along the
bench contour 15 little or non existent. On the production side (shown to the right in the
Figures) of the blastholes (denoted as Region I) it is desired to have a very high degree of
fragmentation to minimize the costs of loading, hauling and crushing. On the pit wall side
of these holes (Region II), the objective is to produce zero or very minimum rock distur-
bance. In this way the designed optimum bench geometry (bench face angle, bench width,
etc.) can be achieved.

In reality there is a blast damage transition (BDT) zone between these zones of maxi-
mum destruction and zero or minimum disturbance (Fig. 10.2). In practice, the actual posi-
tion of the final wall often does not lie at the position of zero disturbance but rather some-
where within the transition zone. The width of the transition zone depends largely on the
care taken in perimeter blasting. As the blast damage transition zone increases in size, the
resulting slope angles become flatter with the overall result being higher stripping ra-
tios/ore losses,

Figure 10.3 shows the final pit limits based upon three different perimeter blasting sce-
narios. With careful perimeter blasting (Case A), the final slope is made up of a series of
double benches (30 m high) with a design face angle of T0® separated by catch benches
10 m wide. The overall slope angle is

B = 58°

293
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If due to poor perimeter blasting, the face angle is 63° instead (Case B), then the slope
angle drops as is shown to

8=353°

The unplanned waste included between these two slopes must now be removed.

Catch benches are included in the slope design to contain rock which ravels off of the
slopes, For poor blasting conditions wider benches will be required for two reasons.

|, There will be more material needing to be trapped.

2. The design width will have 10 be larger than the required width since the crest of the
caich bench may ravel.

Assume for example that the required width is 15 m instead of 10 m. The overall slope
angle (Case C) then becomes

8 =48.5"

This slope has also been superimposed on Figure 10.3. As can be seen, the as-planned and
as-built pit outlines are quite different. The material included between the two must be
removed. The associated rock removal costs must be compared to those associated with
the as-planned design incorporating special drilling and blasting procedures. In addition
o the obvious cosis associated with extra stripping one must also consider the cosis re-
lated to

~ Safety,

— Extra cleanup,

— Scaling,

~ Remnforcement.
Large amounts of loose bench face rock may result in hazardous working conditions both
for personnel and machines. Remedial measures such as

~ Scaling large areas

~ Use of wire mesh, bolts or other types of artificial support
are expensive and difficult to implement.

In the blasting process, rock damage is produced in three ways.

— Creation of new cracks around the borehole by high detonation pressures.

— Creation and extension of cracks remote from the blasthole by explosion generated
strain/shock waves.

— Extension of cracks around the borehole by the static strain field created by the gas
pressure,

When considering ways of reducing unwanted cracking behind the holes, these three
effects will have to be addressed. There are four different possibilities presented from ex-
plosive theory.

l. The length of the longest radial cracks emanating from the hole, as discussed in
Chapter 4 depends upon the borehole pressure. If this pressure is reduced, the length of
the cracks would similarly be reduced.

2. The length of the cracks has also been shown to be proportional to the radius of the
blasthole. With a reduction in borehole diameter, the damage zone behind the hole would
be reduced.

3. The formation of new cracks right around the borehole depends upon high detona-
tion pressures. A reduction in detonation pressure would reduce cracking.
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Fimal Wall

Figure 10.4. Transition rone between the production rone and perimeter.

4. The presence of pre-existing cracks at high angles to those being created/extended
by the blast, causes the running cracks to be terminated. Thus the creation of such a erack
line prior to blasting 15 a way of limiting damage. The amplitude of the shock wave gener-
ated by the explosion can be markedly attenuated by the creation of a crack (pre-split or
line-drilled) line in back of the blast. If the crack is wide enough, no shock energy will pass,

Knowing how cracks are formed and extended during the blasting process is key to the
development of technigues for preventing'minimizing their growth. In perimeter control
blasting, the first step is to keep the powerful energy released by the production holes suf-
ficiently far away (F;) from the final limits to avoid damage (Fig. 10.4). The second step
is to design the blast rounds within the cautious blasting zone so that the rock is broken
but the final wall protected. The types of technigques/procedures one would consider include

— Use of less powerful explosives

~ Decreasing hole diameters

— Reduction in burden and spacing

= Use of small diameter charges in the larger holes (de-coupled charges)

- Decking of explosives

— Creation (pre-splitting) of artificial cracks to limit extent of the radial cracking and
shock wave transmission

— Special delay procedures (instantaneous shooting).
This chapter will begin with a brief discussion of the use of decoupling and decking to
alter the form of the energy output from an explosive, This will be followed by a discus-
sion of four technigues

— Line drilling

— Pre-split blasting

— Smoothwall blasting

~ Trim blasting
used to préeventminimize unwanted damage. The chapter concludes with a detailed pres-
entation of several design procedures which can be used to assist in the design of perime-
ter blasts,

10.2 TAILORING THE ENERGY OF EXPLOSIVES

The concept of decoupled charges is an important one in the prevention of unwanted blast
damage. It is therefore covered in some detail in a chapter of its own, Chapter 17. In this
s¢ction a brief overview is presented.
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Hale Wall
Explosive

Figure 10,5, Wall prodection using de-coupled charges,

Explosive and borehole are said to be fully coupled if the explosive completely fills the
cross-sectional area (Fig. 10.5a). An example of this is the normal bulk leading of blas-
tholes with ANFO. A de-coupled charge is one in which an annulus (Figure 10.5b) exists
between the wall of the charge and the wall of the hole. The annulus between the charge
and the borehole in this case is assumed filled with air. The coupling ratio (CR) is defined
as

Dl
=D, (10.1})
where [, = diameter of explosive, Dy, = diameter of the hole.

An example in bench blasting would be the installation of 127 mm (5" ) diameter plas-
tic (PVC) tubes in 251 mm (9 1/7) or 311 mm (12 1/4") blastholes and then filling the
tubes with explosive.

In these cases the coupling ratios would become, respectively

(a) 251 mm holes

CR

127
CR=-=_=0,
251 o
(b) 311 mm holes
127
— — — |"
CR 3 0.41

The reason for de-coupling the charge is to reduce the amplitude of the shock wave gen-
erated in the rock mass and the magnitude of the gas pressure applied to the wall of the
hole wall. The basic expression (10.2) for the adiabatic expansion of the gas from a deto-
nating cylindrical charge in a bore hole is

Ej? = ﬁrp}?‘ {10.2)

where P, = gas pressure at the diameter of the charge, V, = charge volume/unit length of
borehole, P, = gas pressure at the wall of the borehole, ¥, = hole volume/unit length of

borehole, ¥ = ratio of the specific heats over the pressure range from P, 1o P,
Since the hole and charge volumes per unit length of borehole are expressed by, re-

spectively
N
v, = xD,

- (10.3a)

and
r

V, = 4"' (10.3b)
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Tahble 10.1. Dependence of the borehele wall pressure on the coupling ratio,

Charge diameter (mm) CR Borchole wall pressure {MPa)
140 1 2500
Ui 09 1400
E i 0.8 1400
il a7 (LUl
LTl 0.5 G40
50 0.5 410
40 0.4 230
30 03 o
20 .2 40
then
1 Iy
B (L] _ &] - (CR)" (10.4)
F 5 D,

As indicated earlier the outward pressure F, at the wall of an explosive is given approxi-
mately by

P,=0.125p{ VOO (10.5)

where p = density (kg/m?), VO = detonation velocity (km/sec), P, = pressure (MPa),
The pressure at the wall of the borehole is then

P, = P(CRYY (10.6)
Tahle 10.1 shows the caleulation of borehole wall pressure for a dynamite explosive
p = 1390 kg/m?

FO = 3800 m/s {50 mm diameter)

of various diameters in a 100 mm diameter hole. It has been assumed for the sake of the
example that the VOD is independent of charge diameter and confinement and that

y=2.0

over the entire expansion range although as is discussed in Chapiers 3, 11 and 17 this is a
gross simplification. Using the rule that the wall pressure should be less than the dynamic
compressive strength (DCS) of the rock, for granite with a DCS of 300 MPa one would
choose a CR of between 0.4 and 0.5.

It should be noted that when using explosives of low detonation velocity (for example
ANFO), the shock wave generated mn the air in the annulus can have a higher velocity
than the FOD and thereby precede the detonation front travelling in the explosive. This
high pressure can increase the density of the ANFO in the column to above 1.25 gm/cm’
thereby dead-pressing it. Hence the detonation will stop. As a result more energetic (higher
FOD) explosives are often used.

Spherical charges may be treated in the same way. Equation (10.2) remains the same
but expressions { 10.3a} and { 10.3b) become respectively

5
F.= 20,
6

(10.7a)
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_1D;
6
The expression for the pressure ratio becomes

T L
o _| Fe D, ¥y
— == = =|CR 10.8
i) (5] - o

A recent field study (Jinnerot & Nilsson, 1998) in which very detailed peak particle ve-
locity (PPV) measurements were made at various distances from fully coupled and de-
coupled charges suggesis that free gas expansion to the wall of the borehole as classically
assumed 1s not correct. The measured PPV values were significantly higher that would be
predicted using hole wall pressures based on the use of Equation (10.6) and 7y values ap-
propriate for the expansion range. A best fit of the experimental result suggested that

v=1

rather that 1.7, for example. One explanation can be found by examining the behavior of
the air gap directly after charge detonation. In the development of Equations (10.6) and
(10.8) it 15 assumed that the air gap 15 fully deformable and the pressure contained in the
cylindrical form of the charge simply changes shape to fill the new container. In going so,
the pressure drops to the values determined by % for the gas over the appropriate pressure
range. If, on the other hand, one would consider the air gap 1o be rigid instead of fully de-
formable, then the problem can be likened to the application of a radial pressure (the ex-
plosion pressure) on the inside wall of a eylindrical hole of radius r, in a rock mass of in-
finite extent. The air gap, at least momentarily, becomes an extension of the surrounding
rock. From elasticity theory, the radial pressure at any radius r from the center of the cy-
lindrical hole can be expressed as

v, (10.7h)

2
a, = g[’—f] (10.9)
r
For the special case where r = ry, Equation (10.9) can be rewnitien in equivalent form as
1
P, = g['{_}n] (10.10)
D,

Comparing Equations {(10.10) and (10.6) one can see that if the air behaves in a ngid
manner directly afler the explosion, then the pressure that would be applied to the hole
wall 15 that given by Equation {10.6) with ¥ = 1. The conclusion is that the ¥ value tradi-
tonally used in de-coupling equations actually refers to the behaviour of the annulus be-
tween the explosive charge and the hole wall and not to the explosive gas. That this is
true, is evidenced by the change in behaviour of decoupled charges in water-filled holes
and when the de-coupled charge lies along the side of a blasthole as opposed o being
centralized. It 15 quite common 1o find ¥ values in the published literature {Atchison et al.
(1964) and Chiappetta {1982}, Calder & Bauer (1983)) dealing with de-coupling of the
order of

=12
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10.3 SPECIAL DAMAGE CONTROL TECHNIQUES

10.3.1 introduction

In the introduction to this chapter the concept of a hlast damage transition zone (BDT)
was presented with respect fo the production holes. As the pit expands outward, the BDT
follows along automatically unless some special measures are taken such as line drilling
or pre-splitting. These are two of the techniques which will be discussed in this section.
To facilitate this discussion on damage control technigues, consider the BDT shown dia-
grammatically in Figure 10.7 for a fully-charged 9-7/8" diameter hole. It 15 convenient to
subdivide the BDT into three zones based upon the level of damage. The extent of each
zone is characterized by a radius from the center of the production charge. The zones,
their extent (as expressed in terms of the hole diameter D) and the corresponding PI'Y
values resulting when using ANFO in medium strength rock are assumed to be as follows:

Damags soms Extent PPV {m/sech
Crushed (K 46D 0

Fractured {R)) 12150 5
Influenced {7} =60 1.5

These zones have been drawn on Figure 10.8 for a blast comaining 2 rows of production
blast holes (9-7/8" diameter). As seen, it is a square pattern with 5 holes in each row, a
burden of 20" and spacing of 20", In this example it has been assumed for simplicity that

R=5D=41f
R=12D=10ft
R=55D=45ft

After blasting, the situation is shown in Figure 10.9. In the BDT zone there exists a
crushed and a fractured zone surrounding each production hole. Although the crushed
zone as well as a small portion of the fractured zone may have been loaded out along with
the rock from production rows | and 2, here the rock will be assumed to still be in place.
The zone lving between the fracture zone and the boundary of the BDT consists of an in-
ner portion which has been influenced by both rows of blastholes (1o a distance of about
25"} and an outer portion (20 in extent) influenced by just one row of production holes.

HL

Crusheed Lone

Figure 10,7, Diagrammatic representation of the BDT
surrounding o fully charged hole.
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Figure 108, The BT for two row production blast.
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Figure 105, The BI¥T after blasting the two production rows.

Thus depending upon where one selects the position of the final pit limit within the BDT,
one has an existing degree of pre-damage even if no further damage 15 induced during the
remaining excavation. In the examples that follow the final pit limit will be selected at the
BDT limit.

10.3.2 Line Drilling

Line drilling, as the name implies, involves the drilling of closely spaced holes along the
limit of the excavation. This is shown with respect to the example case in Figure 10,10,
The object is to create an artificial plane of weakness which serves 1o limit the extent of
the fracture and influence zones from both the production holes and any buffer (helper)
holes placed between the final production row and the perimeter. Generally, these line-
drilled holes are not charged with explosive but, if charged, it is with detonating cord or a
highly decoupled charge. The purpose for lightly charging the holes is to destroy the in-
tegrity of the rock web. As can be appreciated, close drilling control is essential for the
method to suceeed. The holes must be drilled so that they all lie in one plane cormespond-
ing with the dip of the final pit wall. Some recommendations for hole spacing as provided
in the CANMET Pit Slope Manual-Chapter 7: Perimeter Blasting (1977) are included in
Table 10.2. To get hole spacing one multiplies the values in the table by the hole diameter
expressed in the same units. When line drilling 6" diameter holes in copper ore, the hole
spacing (c-c) should be 127,
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Figure 10,10, Line drilling positioned along the planned final perimeter.

Table 10,2, Foctors for detesmining hole spacing (CANMET, 197T).

Rock type Facior
Tacomite b
Copper are 2.5
Asbestos ore 4.0

In the example there is 45 fi wide zone between hole row 2 and the perimeter. To ex-
cavate this rock one might consider using another row of production holes at normal bur-
den and spacing and then one or two rows of smaller diameter buffer holes. As indicated
by CANMET (1977) for line drilling to be most effective

— [t must be used in conjunction with a buffer row
— The main excavation charges should be | to 3 rows from the pit limat.

Of the four methods discussed in this section, line drilling produces the best final sur-
face — a smooth, clean face with no backbreak or crest fracture. However because of its
high drilling cost, the method has not been commonly used in open pit work.

10.3.3 Pre-split blasting

As indicated, line drilling is the most effective method for creating a smooth and undam-
aged final rock wall. However the drilling costs are such that the technique can only be
considered under very special circumstances today. The pre-splitting technique also in-
volves the careful drilling of relatively closely spaced parallel holes along the final pe-
rimeter (Figure 10.11). Now however the holes are lightly charged and shot instantane-
ously. The objective is to generate a line of cracks connecting the holes. In this way, it is
intended to achieve nearly the same effects

— Terminate the growth of the radial cracks

— Act as a barrier (o the shock wave

~ Provide an escape route for the explosive gases,

as with line drilling but at a significantly lower cost. Obviously to be of any use the pre-
split line must be created prior to the blasting of any holes lying closer than 1-BDT dis-
lance away.

The explanations for exactly how the cracks between holes (Figure 10.12) are formed
have varied over the years. As has been discussed earlier, when an explosive is detonated,
a shock wave moves away from the borehole. This wave has two components. The radial



304 Blasting principles for apen pit mining: General design concepis

component is compressive and pushes the rock radially outward as it travels along. The
tangential component is tensile and it tends to stretch the rock as it moves away from the
hole. The outward velocity of the cracks generated by the tangential component is slower
than that of the wave itself. If the adjacent holes are detonated at precisely the same time,
then the sumounding regions will be influenced by the waves from both holes. The radial
{compressive) wave component from hole 1 (Figure 10.13) will tend to close cracks try-
ing to grow in the direction normal to the borchole line away from hole 2. The tangential
(tensile) wave component from hole 1 will encourage the growth of cracks from hole 2
along the borehole line. The wave from hole 2 has the same effect on the cracks radiating
from hole 1. The highly cracked zone between the holes becomes the path of least resis-
tance for the gas pressure 1o escape and also encourages crack growth in this direction.
The holes must be relatively close together for this interaction to occur. Since the holes
are located far away from a free surface the reflected (tensile) radial component has litile
effect.

For true pre-split blasting, all of the holes must be initiated at the *same time” and the
charge should extend along the full length of the hole. There is sometimes confusion
regarding what is meant by the requirement that the holes are shot at the *same time’. To

Pre-Split Line

. @ Current Bench Crest

ey [} L]
Magnified Area-* - §- Bench Toe
1 - L
Final Bemch li'.“rvl::t*"'-‘w1

- L
] - -

Figure 10611, & pee-split line posiioned along the planned final perimeter.
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Figure 10,12, Idealized pre-split fracture pattern (AECI, 1978b),
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Figure 113, Crack growth inhibited zones (AECT, 1978b)

demonstrale this, consider the following example. In an open pit mine assume that pre-
split holes 150 mm (6") in diameter have been selected and a spacing-hole diameter ratio
of 1%:1 is appropriate. Thus the center-center hole spacing would be 1.5 m (5 fi). Assum-
ing that the longitudinal wave velocity in the rock is 3000 m/sec (10,000 ft'second) the
time required for the wave 1o travel the 1.5 m between holes is

:—i—ﬂimsﬂ:

3000

Thus for the waves from Holes 1 and 2 to interact in the region between the holes, the
delay time would have to be less than 0.5 msec, Because of the spread in delay times even
when using high precision caps, such precision is highly unlikely. To achieve near ‘si-
multaneous’ initiation of such pre-split holes today one often uses detonating cord down
Imes and side imnation. Electronic caps which are in the process of being introduced pos-
sibly could satisfy this requirement.

Because this close tming requirement 18 séldom realized in practice, this classical ex-
planation of presplitting may not, in fact, be correct. The holes most probably do not
detonate within the time window needed to have aciive siress wave interaction with the
growing cracks. Favorably oriented cracks (those extending along the hole line) initiated
by adjacent holes will be extended by the tensile component of the wave from the adja-
cent hole, The part of the theoretical process that would not be realized 15 the retardation
of radial cracks in adjacent holes extending in directions normal to the hole line. However
with the creation of a crack path between two adjacent holes the gases would preferen-
tially flow in this direction as opposed to opening cracks oriented in other directions. The
wedging due to the gas would extend the cracks. Since the gas pressure in the hole acts
over a considerably longer time than does the wave, the timing of adjacent holes may not
at all be as critical as suggested by classical theory, The most desirable situation would be
for the holes to be shot close enough together in time so that the adjacent ones are still
pressurized by gas (Figure 10.14). Their cooperation now provides a force onented nor-
mal o the hole line. This completes the split and the gases are released.
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The gas pressure should be high enough to encourage the growth of tensile cracks but
low enough to prevent compressive failure (crushing) around the hole. The CANMET Pit
Slope Manual {1977) suggests the following design relationship

L;—s F“’,;T (10.11)

where Py = pressure at the borehole wall (MPa), T = rock tensile strength (MPa), D = hole
diameter (m), § = spacing (m).

A first approximation for the value of the dynamic tensile strength is taken from Ta-
ble 10.3.

As an example consider pre-split blasting in a rock with the following dynamic
strength values

— Compressive strength = 40,000 psi (280 MPa)
— Tensile strength = 2500 psi (17 MPa)

The pre-split is to be done using a continuous column of 1-1/4 (32 mm) cartnidges of an
cxplosive with an explosion pressure of 450,000 psi. The hole diameter 15 4. It is as-
sumed that the effective dynamic expansion factor which applies for the air gap between
the explosive and the hole wall is 1.2. The question 15 what hole spacing should be used.
The explosive pressure applied to the wall is

Py= 27,450 psi (190 MPa)

Magnificd Arca

Forces Exerted By Explosive Gases

Figure 10,14, Crack exiension by gas presswre, { AECL, 1978h).

Table 103, Dynamic tensile strength of rock (CANMET, 1977).

Rock type Dynamic Tensile Sirength
(pst} {Mpit)
Taconite 2500-6000 1741
Copper are 4000 e
Ashestos ore T0a 5

Limestome 1000-20400 1-14
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Figure 10L15, Production design with pre-splitting (Hawer, 1982 ).

which is below the dynamic compressive strength of the rock, Using Equation (10, 11) one
finds that the spacing 5 18

§5=478ins=4.0 ft (1.2 m)
I the rock were highly jointed, its dynamic compressive strength would be lower, perhaps
in the 20,000 psi (140 MPa) range. To avoid backbreak, a lower borehole pressure and

hence closer spacing would be used.

Figure 10015 shows a pre-split blast design (Bauer, 1982) where a row of 102 mm di-
ameter pre-split holes have been used together with 381 mm diameter production/buffer
holes. The pre-split line may be fired prior to the drilling of the production holes or just
prior (100 o 150 msec) to finng the production holes. Table 10.4 provides recommenda-
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Table 104, Recommended charge loads and blast geometries for pre-sphit blasting (Hagan & Mercer, 1983),

Blasthole Charge Sugpested caniridge Blasthaole
diameter {mm) load (kg'm) diamscter {mm) spacing (m)
75 045 21* 0,75

20 065 25 0,540

1on 0,80 g9+ 1.0

13 [.10 o 110

12% [.30 ige 120

130 I.BS 45 1.45

200 3.3 55+ 1.85

230 4.50 3" 2.0

50 5.10 B0 215

rgLl] &.10 B0 22%

KR T.80 g 240

* Continuous eolumn charge,

Planned Final Pit Perimeter
Pre-split Line ©~0rOr-0-0-0-0-0-0-0-0-0-0--0~-0-0r0r-0-0

Omee Influenced besign
___________ - |poT=4%

Twwice InfMuenced

S o

L el il el Sl et Dl il ikl sy Voo R bl LM R ST Y [l it el =

Existing Face

Figure 1,16, A pre-split ling included in the example design.,

tions for the charge density and spacing in presplitting. It should be remembered that
structures such as bedding planes, joints and schistosity as well as the insitu stress state
affect the pre-splitting results.

Just because a pre-split line has been created does not mean that care does not have to
be taken regarding the design of the blasting pattern used between the final production
row and the BDT. Quite the contrary is true. The crack line between the holes is often
guite narrow and can be closed by the waves generated by highly charged holes in the
near vicinity. Although damped, the waves may still have enough remaining energy to in-
duce cracking beyond the pre-split line.

Figure 10.16 shows a pre-split line added to the example introduced earlier in the sec-
tion. An additional production row of holes may be shot with the result that the pre-split
line limits the zone of influence to a distance of 25 ft. The remaining rock is blasted using
smaller diameter holes with closer spacing and smaller charges. The final row of holes is
placed so that their associated fracture zone just extends to the pre-split line.

10.3.4 Smoothwall Blasting

In smoothwall blasting, as opposed o hine drilling and pre-sphitting, the final pit perimeter
lies in the zone of influence from the final row of production holes. This is shown dia-
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grammatically in Figure 10.17. Since the final row of holes lies in the influenced zone,
some minor crest fracturing or backbreak may result but the amount of damage is much
less than would be produced by the main production blast if no control blasting was used.
There are five general rules (Hagan & Mercer, 1983) followed in the design of the smooth-
wall row

— The burden, spacing and charge concentration of the smoothwall line of holes are
selected so that the extent of the associated influence region does not exceed that of the
production holes. The hole size for the smoothwall and buffer row holes may be the same
as in the production round with the required reduction in influence zone dimension occur-
ring through pattern adjustments and decoupling or smaller diameter holes may be used
with or withoumt decoupling.

— The hole spacing is less than the burden. Ofien the relationship

)
3 048 (10.12)
is used (Figure 10.18)

~ The holes in the smoothwall row are shot on the same delay with detonating cord
downlines to assure as simultaneous detonation as possible.

—~ The delay time between the helper row (that adjacent to the smoothwall row) and the
smoothwall row should be chosen so that the smoothwall holes can shoot to a free face.

— All of the smoothwall and buffer row holes are shot together with the main produe-
tion round.

Production Row
Crest
. @ Te T
- Fma'uclinn Holes
£ R
4 \
Fe w0 \ A
- | I
. '.II I 1
r; = radius of damage zone §,” e/ [
s~ 3/ /
- #..r
Smaothwall Row L. =l . . )
b Figure 1017, Periphery protection
Bufter Row using smoothwall blasting {(Haolm-

bierg and Persson, 19TE).

by the Buller Row

e
s-08h Free Face Produced

T.

.

L

Figure 10,18, Smoothwall blasting grometry.
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The first rule is required to simply satisfy the gentle blasung criteria that succeeding
holes should not extend the damage beyond what has already been done. Rules 2, 3 and
4 arc based upon the rock breaking effect which is to be created by the smoothwall
holes. With simultaneous detonation, as discussed under Section 10.3.2, the radial
cracks created will extend preferentially along the hole line. The gases stream into this
line of least resistance as opposed to extending the other cracks (those both towards
and away from the free face). Because the spacing is relatively small, this connection
occurs rather quickly. The sustained gas pressure from the line of holes heaves the bur-
den forward with relatively little twisting and distortion. As a result, smooth wall
blasting can produce a relatively coarse fragmentation. If the delay timing between the
helper and the smoothwall rows is too short, the gas pressure will remain longer in the
smoothwall line with the possibility that cracks will be extended beyond the influence
limit. The explosive is chosen such that high detonation pressures (and hence rock
fracturing) are avoided. Once the smoothwall row has been designed, then one contin-
ues with the design inward toward the production row. This procedure is described in
some detail in Section 10.4. Rule 5 leads to considerably less complicated blasting than
the other three technigues. Today, it is much more common to use smooth wall blasting
rather than pre-splitting, for example, in open pit mining operations because of

- Less drilling
— Less complicated blasting

Figure 10.19 shows an example of a bench blast design involving smoothwalling {Bauer,
1982). As can be seen in Figure 10,20, the design direction is from the expected boundary
of influence from the production holes and works toward the face. The owter smoothwall
row is placed so that the limit of its influence zone corresponds with that from the pro-
duction holes.

1, Fisal Fil Wadl

“Ceasn il Lan

"l Nl Lali

Figure 10, 1%, Section view of the smootbwall design (Bauer, 1982,
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Figure 10,20, Smaath wall row superimposed on the example design.

10.3.5 Trim blasting

Trim blasting, as the name implies, involves trimming away some of the fractured and in-
fluenced rock from the pit perimeter afier the production blast has been shot and cleaned
up. The timming may be accomplished using one or several rows of blast holes depend-
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Figure 1021, Figst trim row superimposed on the example design.

Table 105, Recommended change loads and hlast geometries fior trim blasting (Hagan & Mercer, 1983).

Blasthale Charge Suggested cantridpe Rlasthole Burden (m)
dizmeter (mm) load (kg'm) diameter (mm} spacing {m)

75 (.50 il 1.1% £55
W Q.70 25" 1.33 1.80
Hili] B3 it .50 200
115 o5 r+ LT 220
125 120 JE* L8O 2440
150 1.7 55 2.20 Z.E0
200 275 55 1.B0 E A
230 330 5+ 1.30 4.20
250 375 B 3.60 4,560
270 4.13 Bl 3.90 5,00
EF 4 80 L 4.40 .60

* Continuous column charge

ing on where in the BDT zone it is desired thai the final crest should fall, The design pro-
cess differs from the smoothwall technique in that the layout begins at the acmal pit pe-
rimeter and works outward toward the desired final pit limit rather than vice versa. This is
shown diagrammatically in Figure 10.2]1 with respect to the design example. Some rules
for selecting the burden, spacing and charge concentration as a function of hole diameter
are presented in Table 10.5. As in all other types of perimeter control, accurate drilling is
important. Te achieve the best results, the holes should be drilled at the final pit slope an-
gle. The boreholes are drilled in a line along the planned excavation limits, loaded lightly,
and blasted to remove the undesired material. As noted earlher, a reduced explosive load
can be obtained in various ways. The use of low density, bulk-loaded explosives in larger
diameter holes such as described in Chapter 7 is one way of improving the economics of
the method.

1.4 PERIMETER CONTROL DESIGN APPROACHES

10.4.1 Inrroduction

As was discussed in Chapter 9, studies over the years have shown that blast damage to
surface and underground structures due to blasting can be related to particle velocity. Al-
though this has now changed, for many years the limiting particle velocity below which
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no damage was expected to occur was 2 infsec. The design techniques discussed in this
section take the same approach regarding the damage to the rock mass. Techniques are pre-
sented for caleulating the particle velocity at any given point surrounding a charge. Com-
parison to a particle velocity based damage critena will then yield the extent of damage.
Obviously the process also works in reverse, One can specily the maximum extent of
damage and then calculate the limit charge.

10.4.2 The Swedish approach

The first step in the process of evaluating the extent of rock damage 15 1o calculate the
particle velocity. Figure 10,22 is a diagrammatic representation of a bench with the (R, Z)
coordinate system oriented as shown. The overall charge length L is divided into a series
of smaller pieces each having a length Az (Fig. 10.23). Since the charge has a weight per
unit length of g, the length Az represents a weight

W=ghz (10.13)
where g = linear charge concentration {kg/m), Az = incremental charge length {m).

The general equation for the particle velocity as a function of the charge weight { #) and
the distance (R) from the center of a spherical charge (see Chapter 12) may be expressed as
-

V=K ra (10.14)
where K, @, B = constants for a given site and explosive, K = radial distance from the ob-
servation point (r,, z,) to the center (r, z) of the incremental charge,

R=1(r = rof + (2 = 2,071 (10.13)
This applies to a concentrated charge the length {Az) of which is small compared to the
distance K. In differential form Equation 10.14 becomes

14
=M (10.16)

d¥

Figure 10,22, Nomenclature used for Swedish design (Holmberg & Persson, 1978),
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Substituting Equation (10.15) into Equation (10.16) one finds that
(g dz)"

[{r P # (22, }:]B-’I

o (10.17)

d¥ = K

qgdz
(=12 + (z=2,)

To find the total effect at the observation position (r,, z,), one must sum up the individual
effects over the entire charge length. This can be done in two different ways, The first 15
to calculate the contributions arriving at the point of interest from each of the increments.
These contributions do not arrive at the same time and hence this would need to be taken
into account, Furthermore since they arrive from different directions one would need to
resolve the total incremental contribution into directional components and then sum. Two
simplifications would be to

— Meglect the differences in the times of armival of the different incremental charges at
the point of interest,

— Use the peak amplitude coming from each increment without regard to the arrival di-
rection,

=K

f2a
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In this way one would calculate the maximum possible amplitude at the point. This is
the approach taken by Holmberg & Persson (1978). By doing this the total contribution of

the incremental charges can be obtained by simply integrating Equation (10.17) over the
charge length. As can be seen from Figure 10.22, the top of the charge is at

z; = T'(bottom of the stemming)
and the bottom 15 at

2z = H + J(bottom of the subdnll)
Integrating Equation (10.17) yields

Li ]
Hd dz
V=K | g (10.18)

+j 0/ 2
T [{r—r:, P+ (z-1z, ]‘]

This can be evaluated numerically for any given set of « and P values, A special case of
Equation (10.14) is

-
R
V=K [w'”] (10.19)
the use of which was discussed in Chapter 9 with regard to ground motion. In comparing
Equations {10.14) and {10.19) it is seen that they are identical for the special case when

_B8
a=3 (10.20)

Equation (10.18) then becomes

e dz *
V=K|g j T (10.21)

which can be evaluated directly to yield

(1]
Vo | ! ’m"[m]-m"[r"’“m (10.22a)
F=r, rF=r, F=r,

The angles comesponding to the arctan function are expressed in radians. It will be as-
sumed that the charge is located along the z axis, thus r = 0. Equation { 10.22a) becomes

y= ﬁ{.}[m—l[”_f‘_’u]_ m-t[T . 2o ]“ (10.22b)

For hard bedrock (granite, for example), Holmberg & Persson (1978) suggest thal
K=0.7

o= 0.7
B=15

can be used as standard values. These values were substituted into Equation (10.18) and
the equation integrated numerically to produce the curves shown in Figure 10.24. The
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300 T I T T T ] T T T

:

Peak Particle Velocaty {mmiees)

Figure 10,24, Peak particle ve-

locity versus distance and linear

i [ 0 k1] 40 0 charge concentration (Holmberg &
Drisiznce (m) Perseon, 19TE),

velocities are those expected along the horizontal line drawn through the top of the 15 m
long charge (Fig. 10.25). These are not the maximum velocities generated by the explo-
sion. They would be expected 1o occur along the line corresponding to the mid-height of
the charge

2=T+ L1

since in this approach the entire charge length has been assumed to detonate mstantane-
ously and no resolution of the particle velocities in the different directions has been done.

The four curves in Figure 10.24 correspond approximately to the following hole di-
ameters (D) when filled with ANFO at 0.80-0.82 glem?.

0 {m) g (kg/m}
0102 6.8
0,140 12
0.230 34
0.350 75

Figure 10.26 shows a cross section through the bench with the so-velocity (equal-
velocity) lines superimposed. This is for the case wheng =34 kg/mand L = 15 m.

The next step in the process 15 to determine the magnitude of the particle velocity which
produces significant rock ‘damage’. Studies have been made over many years in relating
particle velocity to damage of structures. The damage has been found to be related to the
building construction, the nature of the underlying material and the particle velocity. The
safe-limits for a few case are given in Table 10.6. The problem is to determine the “safe-
limits® for rock in-situ. From extensometer measurements in nearby unloaded drillholes
and core drilling before and afier blasting Holmberg and Persson (1978) found that the
safe-limit for hard bedrock was in the range of 0.7 to 1.0 m/sec. The *damage’ consisted
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of the expansion of existing joints and the formation of minute new cracks. These ‘dam-
age’ threshold limits have been superimposed on Figure 10.27. For simplicity here it will
be assumed that the level is | m/sec (Fig. 10.28).
To demonstrate one simple application of the curves for blast design near the final pit
perimeter, consider the following example:
Explosive = ANFO (0.82 g/em?)
Production holes (D) = 350 mm
‘Buffer’ holes = 230 mm
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Table 10,6, Safe-lmits, below which no damage should be expecied (Hagan & Mercer (1983),

Category of structure Particle Velocity
inface TR
Historical buildings, monuments and buildings of special significance. 0,08 2
Houses and low rise residential buildings. 04 1o
Commercial and industrial buildings or struciures of reinforced concrete or seel, I 25
3000 T T T | T T T T 1

s
r

Peak Particle Yelacity (mmsec)
[ T

Figure 10,27, Peak paricle ve-
locity wersus disiance curves
with the damage zone superine-
pased.
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:

Peak Particle Velocity (mmifssc)

Figure 10,28, Preak particle ve-
locity versus distance curves
used in the sample problem,
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*Trim” holes = 102 mm
Bench height=15m
Layout Parameters:
Kg=25

Kr=10.7

K;=03

K5 = 1.0 (Square Pattern)

A vertical bench face will be assumed to simplify the discussion.

In Step [, the production, buffer and trim pattens are calculated.

|. Production Pattern
B=25(0350)=9m
S=0m
T=6m
J=3m
g =75 kg/m

2. Buffer Patiern
B=25(0230)=6m
S=bm
T=4m
J=2m
g =34 kg/m

3. Trim Paitern
B =25(0.102) = 2.5 m
§=215m
'=321m
J=1m
g = 6.8 kg/m

In Step 2, the present and final pit contours are drawn on the section (Fig. 10.29) for each
bench. To cul the rock 1o the desired limits, the trim holes have been placed on the final

Final
Progluction Kow
R

Current Cresi

15 m

7
1770

G5im Om Tim 4m Hm

Figure 10,29, An initinl design,
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contour line. The expected ‘damage limit" beyond this line {1m/sec) is shown on Fig-
ure 10.29. It extends 6.5 m into the final pit wall. The closest approach of the *buffer’ and
production holes should be such that they do not cause damage beyond this line (further
than 6.5 m into the final wall). From Figure 10.28 one can see that the respective limiting
radu are

Buffer holes: R = 14 m

Production holes: B = 20.5 m.

Their closest approach positions to the final outline are shown in Figure 10.29,

Buffer=14.0-6.5=7.5m
Production=20.5-6.5=14m

In Step 3, the first attempt at a blasting pattem 1s drawn (Fig. 10.30). As can be seen, there
would be 2 production holes (P, P;) followed by | line of buffer holes (8,) followed by 2
rows of trim holes (T}, T.).

However, this design has been based upon a constant powder factor (K = constant)
being maintained throughout. As the burden on the holes is reduced they fall within the
zoné mfluenced (damaged) by the previous holes. A first approximation to the maximum
extent of this ‘major’ damage rzone will be the burden. This has been plotted on Fig-
ure 10.31 for the final production hole P; together with the proposed position of buffer
hole B, with its expected major damage zone B,". As can be seen, B, lies well within the
damage zone of the final production hole. There are three adjustments to the pattern which
could be considered to take advantage of this.

1. The explosive in hole B, could be significantly reduced while maintaining the same
burden and spacing.

2. The burden/spacing could be increased while maintaining the same charge.

3. The amount of explosive could be reduced somewhat while increasing the burden
and spacing.

Option 2 cannot be considered since the hole would be moved closer to the final pit
limit. The damage zone would then extend further into the wall, Option 1 is not of real
interest since it is desirable, if possible, to elimmnate the highest cost items, the holes. Thus
it is Option 3 which is chosen.

Figure [0.30. The sub-drilling added.
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Figure 1032, Maodified blast design,

The best basis for a design change would be to know how much the rock was damaged
by the previous blasting. The new value of K would be used to calculate values for £ and
§. Today such information is lacking and one resorts to a guided cut-and-try approach.
From a practical viewpoint one would like to change the pattern so that there would be

only one row of buffer holes and one row of trim holes.
Assume that the appropriate adjusted value is Kz = 15 for a loading density of 34 kg/m.
This means that the powder factor is about cut in half.

B=35(0.230)=8m

§5=8m
The new row of buffer holes is shown in Figure 10.32, It now lies 6 m from the desired
pit limit. The damage zone from Figure 10.28 15 14 m and it extends outside of that pro-

duced by the production blasting. To protect the remaining rock the charge/m must be re-
duced. The required value of r,

r,=6m+65m=125m
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Using Figure 10.28, a maximum charge concentration of about 26 kg/m is found which
now affects the choice of the burden. A burden of 7 m, a spacing of 9 m and a charge
density of 30 kg/m is about in balance. Thus the pattern would be staggered with respect
to the production biast (such as is shown in Figure 10.33) to give a better distribution of
the explosive. The portion remaining to be blasted has a width of 7 m. As can be seen,
this falls zone falls completely within the damage zone produced by the buffer holes and a
portion was affected by the produchon row as well, Therefore two rows of trim holes, the
first row with a 4 m burden and the second with a 3 m burden would be used. The spacing
would be at 4.5 m to conform to the regular pattern (Fig. 10.34).

Obviously there 15 considerable flexibility in the design. The damage produced by over-
lapping fragmentation patierns combined with the natural jointing and the digging ability
of the loader may require only a single row of trim holes. The basic principle of main-
taining a damage zone within that produced by the trim holes remains. The techniques for
creating the reduced charge/various charge concentrations were discussed in Section 10,2,

Damage to the crest of the bench below due to the subdrilling is important to consider.
As the burden is reduced the amount of subdrill due to the geometry effect is reduced natu-
rally. For the tnm holes no subdrill should be used. The burden should be reduced and all
of the previous rock removed (no buffer rock) so that the gasses can push the rock with-
out extending cracks into the desired final wall. The subdrilling from both the last row of
the production holes and the buffer row should be kept away from the crest of the under-
lving bench. The trial design based upon use of the principles is shown in Figure 10.35.

As indicated, the curves given in Figure 10,28 are for the special case

07
F(m/sec) = I}.TI'EI'[ R ] (10.23)
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B, P, P, Figure [0.33. Plan view of the production and bufTer rows,



Hidden page



324 Blasting principles for open pit mining: General design concepis

R ..]Is|
F{nﬁa&c}=ﬂ.ﬂl[m ”E] (10.24a)

where R = distance (m), # = charge weight (kg), or

PR
F{im’s:c}=3l.9[m ] (10.24b)

iz

where R = distance {ft), W = charge weight (Ibs).

As can be seen, Equation (10.24a) is somewhat different from that used by Holmberg &
Persson (1978) in the development of their curves. In comparing it to Equation 10.23 it is
seen that now

K=0.81
B=151
o= {2 = 0.755

For this special case (o = [2), the particle velocity can be calculated using Egqua-
tion (10.19b)

To demonstrate the calculation, a rather typical bench geometry will be used (Fig. 10.36).

Let
F={m.n"[—-—H+J_=” ]_m_,[r—:,, ]} (10.25)
rrJ r-.“

Substituting the values for /, Sand T from Figure 10.36 into Equation (10.25) yvields

160

0.3 B iy
g

Figure 10.36, Bench geometry used in the development of isc-velocaty lines.
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6B+0.38- 8-
F=][I:an"[] EB+EEB e ]—m"{—ﬂ - I]} (10.26)

When the vajws for =, and r, are expressed in terms of burden B, the factor F (Equa-
tion 10.26) can be tabulated for easy general application. For the case when

Fo= 058
z, = 0,08
then

Fa _1[mﬂ+l:uﬂ—u.u£]_w _,[u.?ﬂ—u_uﬂ]

ran 058 L Yy
198 078

— =1 _ = = T8 26" — 54 467 = R

tan [ﬂjﬁ‘] tan [{].SB] 526" - 54.46° =208

The value of F must be expressed in radians rather than degrees hence
F=1208° [i] =0.363 radians
|80

Thus for the point
(0,58, 0.08)

the value lor Fis
F=10.363 radians

Geometrically the angles involved are shown as in Figure 10.37. The matrix of (r,, z.)
points used for this example are shown in Figure 10.38 and the corresponding F values
for these locations are given in Table 10.7.

(0.5 B, 0.0 B)

M (0.0 B, 1.98)

Figure 10,37, Drawing for the sample calculation.
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258 08 158 1LOH n5p Y ,H“]ECDI.].:{

T T R
A
Figure 1038, Matrizx of caleulation poinis,
Table 10.7. Values af the factor & {Expressed in Radians) for the Sample Bench Ceometry,
Ia Fa
058 108 L.5B .08 2.5H
Ll 0,363 0476 0.466 42 1377
0358 0648 06461 0573 456 0416
0,708 LI76 8. ] 0675 540 .444
.58 L.716 1.5 0.75% 0.580 0470
1. 30 1,152 1081 o761 L5383 ATl
| .68 | 60 1424 0.74 0572 (465
[.56 1.I76 0876 6T b Sl 0448

To continue the example it will be assumed that the hole diameter is 270 mm ( 10-5/87)
and ANFO is the explosive (p = 800 kg/m?). Using the Ash formulas (Kz = 25), the bur-

den is

B=25(0270)=Tm
and the charge density g is

g (kg/m) =2.(0.270)" (800) = 45 8 kg/m
The velocity at point (0.58, 0.08) 15

45.8
0.5(7)

0.755
F= U.El[ ® EII.JIBH] = 2,63 misec

In a corresponding way, the velocities corresponding to the other points in the mairix can
be calculated. The results are given in Table 10.8. These can now be plotted such as
shown in Figure 10.39 and the iso velocity contours added. At the free surface (z, = 0),
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Table 108, Pamicle velocities (mmdsee) at the dliTerem matrix locations.

S Fa

0.58 .08 .58 208 158
£ 2630 191 1 384 10E0 B2
0358 4063 2447 1618 1150 B
0.708 6380 Inzy 1830 1245 913
1.158 R R 50 1992 1314 947
1.308 BE21 1544 20 1319 a49
a0 RS 3405 162 1300 Q919
1.908 G380 2y 1830 1245 q13

258 208 .58 (LY 05 008 Hole Collar
= XA

F e

P ! -
PR N
1384 / 190
uY a i
)

1618

&

Mid-stemming

By
—F]
-

o E|rl3- Ti2as  fies0 Top of charge
I.LI5R th-‘.l' 1314 1992 Mid-charge above toe
1,30 a—4¢ . v PR TPV Mid-charge height
160 B ":}n!'m 0 hoe Toe elevation

190 B 13 Flzas Fiaw Charge Bottom

Figure 10.3% Contour plot of the particle velocities.

the damaging particle velocity will be expected to be less than deeper in the rock mass
where the rock is confined. If one uses a limiting eriterion of 1000 mm/sec then damage
to a distance of 2 B behind the blast would be observed. In this case it would be

Damage Zone=2xTm= 14 m

Figure 10.40 is a plot of the particle velocity at the elevation of the top of the charge and
at the charge mid-height as a function of the distance (R) from the charge. This should be

compared to Figure 10.27 of Holmberg & Persson (1978). Their curve is for z, = T which
is located directly at the 1op of the charge.

This type of simulation has been performed for a number of different charge configu-
rations, and the distance of 28 to 2.58 for the extent of damage (using the 1000 mm/sec
criterion) seems to be relatively constant. Thus as a rough rule of thumb, the production
blasts should be stopped at 38 from the final profile. Inside this zone, careful blasting
should be planned.

Since the Holmberg-Persson approach is so widely used today, it is considered worth-
while, prior to continuing, to provide some additional background regarding its develop-
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[

q =458 kg/m

Viebocity {mvsec)

7 Top nl'chnrg:ﬂ"*

0 1 | 1
0 15 T.0 1.5 4.0 17.5
[nstance {m)

Figure 1040, Yaration of the peak particle velocity with distance for mid-charge and top-of-charge elevations.

ment. As indicated earlier, the basic equation relating the peak particle velocity to the
charge weight (W) and the distance (R) from the measurement point to the charge is

p=g£

P
where ¢, B, K = site specific constants, W = charge weight (kg). £ = distance (m), ¥ =
peak particle velocity (mm/sec).
As a first approximation for application, Holmberg-Persson have suggested the use of

K= T00
@ =07
B=15

The basis for this selection of values is the extensive suite of field measurements con-
ducted by the USBM over the years and reporied in Bulletin 656 Blasiing Vibrations and
Their Effects on Structures by Nicholls et al. (1971). In their study a total of 171 blasts
were recorded at 26 sites. The blast size ranged from 70 to 180,550 Ibs explosive and the
charge per delay ranged from 25 1o 19,625 Ibs. The rock types included

- Limestone
— Dolomate
= DoTite

— Diabase

— Basalt

- Sericite

— Schast

— Trap Rock
- (jranite
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= (ineiss
= Sandstone.

The hole diameters ranged from 3% to 9%, the bench heights from low to 215 #, charge
lengths from 10 ft to 200 ft, and measuring distances from some [0's of feet up to several
thousand feet. The explosives used were those normally used at the quarries. Thus explo-
sive type varied both within and among quarries and could not be controlled. The blasts
included both millisecond delayed and instantaneous. The method of initiation varied. For
the different blasts and sites the Bureau measured the peak particle velocity using velocity
gages. Normally three gages were mounted at each measuring point and oriented to reg-
ister the radial, vertical and transverse particle velocities. For each of the blasts the Bu-
reau plotied the peak particle velocity versus distance bul eventually decided to use a
scaled distance. The reasoning behind this is deseribed below (Nicholls et al. 1971).

‘The method of scaling disiance by the square root of the charge weight per delay as
determined empirically is a satisfaciory procedure for removing the effect of charge
weight on the amplitude of peak particle velocity. Other investigators have suggesied that
cube rool scaling be used, because it can be supported by dimensional analysis. Cube roor
scaling can be derived from dimenstonal analysits I a spherical charge s assumed or i a
evlindrical charge is assumed whaose height changes in a specified manner with a change
in radius. Taking the case of a sphere, a change in radius resulls In a volume increase
proportional to the change in radius cubed. Weight is usually substituted for volume. The
relationships result in cube root scaling. Blasting, as generally conducted, does not pro-
vide a scaled experiment. Charges are uswally cylindrical. The height of the face or depth
af lijt are usually fived. Therefore, the charge length is consiant. Charge size is varied by
changing hole diameter or the number of holes. The fixed length of the charge presenis
problems in dimensional analvsis and prevents a complete solution. However, a change in
radius, while holding the length constant resulls in a volume Increase proportional to the
radius squared. This indicates that the scaling should be done by the square root of the
vellirge oF H'E:'gﬁ!‘ ay tu.ﬂr.‘lm#!'l'}r used. It s the geometry involved, cvlindrical charges,
and the mamner in which charge size is changed, by changing the diameter or number of
haoles which results in square root scaling being more applicable than cube root scaling to
muast blasting operations. The Bureau data, if analvzed using cube root scaling, does not
show a reduction in the spread of the data which would occur if cube roor scaling were
mare appropriate. In summary, the empirical results and a consideration of the geometry
including the procedure used to change charge size, and dimensional analvsiz indicare
that data of the tvpe from most basting should be sealed by the square root of the charge
weight per delay.

In the appendices to Bulletin 656 the Bureau has included

— Drawings of the field test geometry,

— Shot and loading data,

— The field results including scaled distance and peak particle velocity in the radial,
vertical and transverse directions for each test site and each blast.

Hence it is possible for the interested reader to reanalyze the data as desired. It is im-
portant to note that in these tests

— The peak particle velocity is the maximum value regardless of where it occurred
durning the recording,
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- The shot-to-gage distance was determined by measuring the distance from each gage
to the center of the blasthole having the maximum charge weight per delay.

— The scaled distance is the distance from the blast-to-gage divided by the square root
of the maximum charge weight per delay. For instantaneous blasts the total charge weight
was used.

Lundberg et al. (1978} used the USBM data base in developing the constants used in
their propagation equation. They read 1363 values of the peak vertical particle velocity
together with the associated charge weights and distances into a computer program and
calculated the best fit line. A plot of the results together with the superimposed line is
shown in Figure 10.41. The resulting equation is

gy
V=730 [W) (10.27)
and the values for K, &, and B become

K=T30

104060 -I

Peak Pariicle Viclocity (mmdsec)
=
T

I 1:
| Figure 10.41. The vertical peak
| | : | | | _: pasticle velocily as a function of
e o Y i m 00 1000 RAWOA based on the USEM

R data (Lundborg etal., 1978).
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a=1.54

B=10.66
The value of V calculated in this way 1s expressed in mm/sec. From this equation as de-
veloped from the USBM data it is natural to simplify the constants to

K= T00

a= 1.5

B=0.7
as used in the Holmberg-Persson approach. It is not square-root scaling bul rather 043,

Lundborg et al. (1978) also fit the experimental data using square-root scaling. In this
case the equation becomes

gy
=323 [W) (10,28)

The corresponding values for K, a and ff become
K=323
a=1.45
B=10.725

As was noted earlier, a major simplification occurs in the evaluation of the Holmberg-
Persson equations if
a=2f

Such is the case here. However as can be seen here, one must be careful when making
such simplifications since the value of K is markedly affected. In any case, the commonly
cited values for K, @ and § are derived from a large data set of vertical particle velocity
measurements. Individual curves (and the corresponding values of K, @ and f) for a given
site, rock type and blasting design can vary markedly from the “best-fit" curve derived in
this way. The reader is advised 1o go back and refer to the conditions under which the to-
tal data set was developed and possibly even go back to the original USBM data.

To use the design curves one must know the values of PPV comresponding to various
levels of damage in the rock mass, Field experiments were conducted at the Aitik mine in
Mortherm Sweden to obtain such values (Holmberg & Kravland (1977), Holmberg &
Persson (1978), Persson et al. (1977), Holmberg (1983}, Holmberg {1997})). These tests
and the results obtained will now be briefly reviewed. The rock mass in which the tests
were conducted is represented by biotite gneiss and sericite schist. It has a wave velocity
of approximately 4000 m/sec. The main mineralization of economic interest s disseminated
chalcopyrite. Gold and silver (0.3 and 4 gfon respectively) are extracted [rom the copper

concentrate. Figure 10.42 is a plan view showing the portion of the bench (Production
Blast 213) which served as the site for the first test. In this blast a total of 96-251 mm (9-
T/87) diameter production holes were shot according 1o the delay sequence shown. There
were 14 different delays used with the time interval between each group of delayed holes
being 100 ms, The specification for the drilling and charging plan is as follows:

bench height = 13-14m
hole depth = 16 m
spacing = 10 m
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I32m e I3.8m ____._r

1730
H 3

5.35

ERge

Figore 10.43. Section showing the position of the nearsst production hole and the gage boles (Halmberg &
Krauland, 1977).

the vertical peak particle velocity was the largest of the three components. The peak ve-
locitics and accelerations as measured were:

Cluantity Holke A Haole B
Distanes (m} 13.2 270
Acceleration (g) 1020 37
Velocily {mmisec) 1530 693

The dashed lines labelled as 1, 2 and 3 in Figure 10.42 represent core holes diamond
drilled before the production blast, The respective collars are denoted by the circles. Hole
1 (105 m long) and Hole 2 (90 m long) were drilled sub-horizontally through the round
and approximately 50 m into undisturbed rock. The collars of Holes | and 2 were sepa-
rated by about 50 m along the bench front and were 1 m up from the bench floor. These
holes were oriented at right angles to the dominant joint systems. Both holes were sur-
veyed using an Eastman Whipstock camera. Hole 3 was drilled from the upper surface
and about 30 m behind the last production row at a dip of 50°. This angle was chosen so
that the hole would cut the foliation direction at about right angles and yield information
regarding damage at the same level as the production hole bottom, Due o hole caving
problems it could not be surveyed. After the blast, three holes (4, 5 and 6) were diamond
drilled parallel to and within | m of the respective holes 1, 2 and 3 drilled prior o blast-
ing. They were then surveyed. All of the holes except Hole 5 were drilled so that a core
32 mm in diameter was obtained. For Hole 5 the core diameter was 42 mm. All cores
were logged with respect to rock type and crack frequency. The logs revealed that there
were two different rock types traversed

- pegmatite
— gneiss in all transition forms

After logging of the diamond drilled holes, an analysis was performed o determine how
far behind the last production row newly created cracks were found to exist. Because of
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— the large natural variation in the number of cracks over a shorter distance
- the effect of core hole deviation on core fracturing
- the presence of two different rock types

it was decided to evaluate the change in crack frequency hefore and after blasting based
on logging intervals of 5 m. The number (N1} of core segments having lengths less than
0.1 m, the number {N2) with lengths greater than 0.1 m, and the total number of core
pieces were tabulated as shown in Table 10.9 for the cores from Holes | and 4.

The cores from Holes 3 and & before and after blasting unfortunately showed so large
variations that it was impossible to determine il any change in crack frequency occurred
during blasting. Holes 2 and 5 could not be used since they were drilled with different
hole diameters, An attempt was made to vary the standard length based upon the core di-
ameter but that was not successful. Therefore the damage evaluation was done based upon
the results of Holes | and 4. Figure 10,44 15 a diagrammatic representation ol the ex-
pected result. The bottom end of Hole 1 drilled prior to the production blast provides the
‘undisturbed” haseline to which the core from Hole 4 is compared. In examining the re-
sults in Table 10.9, it is seen that the fracturing is higher in Hole 4 up through the interval
15-20 m. For succeeding intervals, the fracture frequency is basically the same. If one as-
sumes that no new fracturing has occurred deeper than 20 m along Hole 4, than due to the
fact that Holes 1 and 4 were drilled at 45° to the bench face this means thal the new frac-
turing terminated at a distance of

damage zone =% = |4 m

Holmberg & Krauland (1977) using a semi-statistical approach indicate that

Table 10,8, The resulis of the RO determmations for hobes 1 and 4, After Holmberg and Kraaland (1977}

Haole Mo, Interval {m) Mo, of picces Average RO
M M2 W lengih {m)

1 L0 — 5.0 il 5 i) IR L .54
4 34 13 47 o 047
[ 50— 100 17 R ] o4 (.82
4 45 5 il .08 0.57
[ 100 — 150 25 20 45 LR 073
4 £l I8 i .09 11,56
I 1500 =4 2000 30 ] Ay o 068
4 hi3 7 T nar 0.29
I 2000 - 250 49 i 50 .08 .35
4 £ 14 52 o.in 0,54
| 250 = 3D K] 12 S0 0.0 0.57
4 27 i 45 ot 0,65
I 300 — 350 22 16 I LR E {164
4 26 17 41 oz 0,64
I 350 — 4000 28 i7 45 o (165
4 el [ 4 ol N1
I 0.0 < 450 9 4 23 0z 04z
4 15 17 3l 016 0,74
I 5.0 — 500 12 17 % oy .82
4 7 ) M i3 .74




Perimerter blasting 335
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Figure 1044, A theorelical taken section along ihe direciion of Hole | showing the expected fraciure frequency
prior to the blasting (Hole 1) and after blasting (Hole 4) (Holmberg & Kraulond, 1977),

‘With a probability of 90%, the zone of new fracturing terminates within an interval of
18.6 to 44.9 m from the blast along the hole length. Since the diamond hole is drilled ar
45° to the bench face, this means that with 90% probability new fracturing terminates
within the imterval 3.2 1o 31.9 m behind the last row of holes. Ar a distance of 22.6 m be-
hind the round there is a 50% probability that new fracturing has occurred. There s a
5% probability that the new fractures extend further back than 31.9 m.’

This interpretation of the extent of new “fracturing’ is, as will be shown shortly, ex-
tremely important when applying the design curves to field applications. Holmberg &
Persson (1978) constructed the peak particle velocity versus distance curve for the test
situation shown in Figure 10.45 assuming

g =75 kg/m

K =700

ax=1.5

B=0.7
The measured peak vertical particle velocities and distances
Distance-K (m) PPV {mmsec)
13.2 1520
2 693

have been superimposed together with a measurement made during an earlier test. As can

be seen the resulis are well described by the curve,

In conjunction with a perimeter blasting round a second set of PPY versus distance
measurements were made. The test geometry is shown in Figure 10.46, In this case the
hole diameter was 171 mm (6-3/4 ins) and the explosive used was Reolit 10 which is
somewhat weaker than Reolit A6. The properties are



336 Blasting principles for open pit mining: General design concepts
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Figure 1045, The caleulated and the experimental values of peak particle velocity versus distance for the
250 mm charge {Holmberg & Pemsson, 1978}
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Figure 10,46, The wat geomeiry for the Blast using the 170 oo diameter hole (Holmberg & Persson, 1978},

type = aluminized TNT-based watergel

g =34 kg/m

detonation velocity = 5000 m/sec (ideal )
density = 1.5 g/em?

weight strength = 57%: (wrt blasting gelatin)

Omly measurements of the vertical component were made in the three holes using acceler-
ometers. The following dimensions apply:
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Haole pair Collar distance (m) Ciage-cxplasive distance (m)
{horizonial} {at WP 1o charge axis)

AR 691 B3

A-C 12.35 135

A-D 2533 6.9

The maximum measured accelerations and derived vertical peak particle velocities al the
different gage locations are

Quantity Hole B Hale C Hale D
[¥istance (m) 15 139 269
Acceleration (g) 1031 303 29
PPV (mm/aec) 1442 562 253

The calculated and the experimental values for the PPV as a function of the distance
have been plotted in Figure 10.47. Again as can be seen the agreement is good. No
diamond drilling was done before and afier blasting as in the previous test.

In Figure 10.48 the damage zone of 22.5 m as suggested by Holmberg & Persson
{(1978) has been added to the PPV versus distance curve for the 251 mm diameter fully
charged hole. The intersection on the PPV axis occurs at about 700 mm/sec. If one
would have used the 14 m distance instead (as suggested by the direct observations) as
opposed to the statistical approach, then one would establish a damage criteria of about
1.4 mfsec. Assuming that the 14 m damage zone is representative one can see from
Figure 10.42 that the inclined holes 3 and 6 actually lie, for the most part, in the zone
of undisturbed rock. Hence the observation of no obvious difference in fracturing be-
fore and after blasting is logical. From the Aitik test conducied with the 251 mm di-
ameter holes Holmberg & Krauland (1977) conclude that *possibly with the exception
of the near vicinity {within about 2 m) of the charge the increase in the number of

2.0 I T T I T

L
T

Peak Particle Velocuy (misec)
=
| ]

Calculated

] ([} 20 k1] 40 30
Distance {n)

Figure 10,47, The calculated and the experimental values of peak particle velocily versus distance for the
I mam charge (Holmberg & Perason, 1978}
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Peak Pamicle Velocity (misec)

[Miglznce ()

Figure 1043, The experimental zone of distushance superimposed on the thearetical carve for the 230 mm di-
ameter hole.

cracks as a result of blasting is relatively little. The number of cracks increases by a
factor of two from 4 to 8 cracks per meter up to 8 to 16 cracks per meter.” In conclu-
sion, it should be recalled that this eritical himit, whether 700 mfsec or 1400 mm/sec,
corresponds to that point where an increase in cracking begins to occur in the rock
mass, The actual limits to be imposed will depend upon both the application and the
design.

Instead of standard procedure of calculating the velocity at a particular point (r,, z.)
and then comparing this value with the critical velocity to see whether the point lies in-
side or outside of the damage zone, one can manipulate Equation (10.22h)

- (2255 ) (T2

s0 that the distance r_ corresponding o the entical particle velocity (V) can be deternuined
directly. The procedure has been demonstrated by Ouchterlony et al. (1993} in analyzing
the data from the Aspd site. In terms of the quantities shown in Figure 10.49 the charge
length (L) may be expressed as

L=H®J-T (10.29)
which can be rearranged to yicld
H+J=L+T (10.30)

Assuming that the elevation of the observation point (z,) is located at the charge mid-
height then

z,=T+Li2 {10.31)
Using Fquations (10.30) and (10.31), Equation { 10.22b) may be written as

et
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Figure 11,49, The geometry used in the analysis of (Ouchierlony 2t al,, 1993 ),

- L [
| i A |
lan [Erﬂ] tan [}]

Equation {10,32) may be written as

Since

= K22 fran () (10.33)
rﬂ lrﬂ
But since
.4
q L
Equation ( 10.33) becomes
2W L
V= e 34
Kiuﬂ |tan {3-"”}” (10.34)
or
W Lo
V= K{ T [tan ' (=11} (10.35)
- 1{___} 2r,
v,

Equation (10.35) may be rewritlen as

e L
w tan {Er.}
V=K (10.36)
v

2r

7]
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Letting

f=— (10.37)

2r,
Equation (10.36) becomes
W K
F — h. pRAEY: Ll R EI.= i
{F:.z } I.I'I“ rﬁlzu {_m'} ‘Illﬂir_f
Rearranging Equation { 10.38) one finds that

¥ f}“ (10.39)

{10.38)

Yoo yEe
K Jwr

W ;% '8 (10.40)

Equation {10.40) can be rewritten as

_ Vs
J7 = F_HT ) (10.41)

Dividing the numerator and the denominator of the night hand side of Equation (10.41) by
the charge length £ one arrives at the equation developed by Ouchterlony et al. (1993).

¥
U= ‘—f;l G (1042
Remembering that

tan (=)

{_”J_”: ) (10.43)

It is seen that the desired quantity r, appears on both sides of the equation. Although there
are other ways of determining r,, the graphical technique used by Ouchterlony et al.
{1993) will be demonstrated here.

To do this let

L, 1'““ (10.44)

and
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L
tan {Zr,,}

¥=Jr =UT (10.45)

2r,

The velocity is set equal to the critical velocity ¥, and all of the other quantities with the
exception of r, are known. The two curves for ¥ are then plotted as a function of /L. The
intersection point is where
rr.'l )
L L
Knowing the ratio r./L one can determine the desired value of r, by multiplying by the
length L.

The process will be illustrated by way of a numerical example taken from the study by
Ouchterlony et al. (1993). A charge of Gurit 17 from Nitro Nobel AB was used in a 48 mm
diameter hole. The appropriate explosive properties are:

Explosive = Gurit 17

Diameter = 17 mm

Density = 1000 kg/m?

Length = 4.5 m

Weight strength of Gunit 17 with respect to Dynamex = 0.77
The charges were used in a gray granite/granodiorite with a grain size of 2-4 mm. Meas-
uremenis of the peak particle velocity were made at various distances from the charge
center. The results are plotted in Figure 10.50. Assuming that B = 2a, the appropriate
propagation equation has the form

o= gii y

W

e |

10,000 T T TTTIT] I

=
T 1 TITTIN

=1

S T TR T I I
2 ] [1] 20 S0 Figure 10,3, Site scaling law for the

i :
AW test rounds (Ouchterlony et al_, 1993),
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Using a linear regression approach the authors obtaimed the expression

~{LT4

R
F=411{—=)
W
which describes the average line through the points. To be on the conservative side the
intercept value was chosen to be 698 comesponding to the value of the normal intercept
{411} plus one standard deviation. The charge weight ¥ is given by

W=45(0.017) 1{%} (1000 = 1.0214 kg

which when converted to the equivalent weight of Dynamex becomes
W om =077 (1.0214) = 0.79 kg

In this example, the eritical velocity has been assumed to be
K. = 800 mm/sec

Using these values Equation (10.44) can he writlen as

4.5, 800 yinm 3417
¥= - 10.46
l‘ll-—}f {L] JW( L} ( )
Similarly Equation {10.45) becomes
I
¥= - El-"] = - Lo/l (10.47)
L 05 |
2r, /L

For the ratio 7 /L = 0.2 one finds that

A
This commesponds to

8 = 68.20° = 1.190 radians
The value for ¥ using Equation (10.46) becomes

ik P
fﬂzl tan”(2.5)

5.41
Y= (0.2)=1.22
V079
Using Equation {10.47) the value for ¥is
1.190
Y= =0.69
25

If the ratio /L had been the common solution for these two equations, then the ¥ values
would have been identical. Since they are not identical another ratio must be tried. Values
for the ¥ values appropriate for the two curves are now calculated for other r/L ratios in
the same way. The results are shown in Figure 10.51. The two curves intersect at about

= 0.075
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1.20 Y =[5 41NOHEAL)
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1o

- First Giuess: Ll = 0.2

Figure 10,51, The graphical solution o
i 0l 02 0.3 0.4 .5 06 the damage zone equation (Cuchierlony
kL etal., 1993

The value of ». is therefore
.= 0.075(4.5m) =034 m

As was indicated earlier this procedure is used to determine the extent of the damage zone
given the value of the critical velocity. Since the Ouchterlony et al. (1993) approach is
based upon the Holmberg-Persson equation which assumes infinite detonation velocity
and wave velocity and takes no account of the arrival directions of the elemental waves it
is subject to the same limitations. Whereas Holmberg-Persson expressed the velocity in
terms of the distance and eventually superimposed the eritical velocity to obtain the dis-
tance, here the distance 15 determined directly.

10,43 The nspiration approach

In 1986, Savely (1986) described a procedure for designing blasts near the final pit wall,
In principle it is rather similar to the Swedish approach. The important distinction is that
the explosive column 15 treated as a single spherical charge rather than as a distributed
charge and thus the calculated velocities would be different with the two approaches.
However as long as one is consistent in relating observed damage at a given site to the
calculated velocities {using whatever method), a design procedure results. The steps fol-
lowed by Savely (1986) in this practical application to the Inspiration Mine will be out-
lined below.

Srep [. Particle velocity-scaled distance curve
The first step to the prediction of blast damage is the development of an equation relating
particle velocity to the weight (H) of explosive being used and the distance (R) from the
center of the charge to the point of interest. Such a relationship is given below
-B
K
r=K(=1s) (10.48)

where V = particle velocity (in/sec), R = distance (ft), ¥ = amount of explosive (Ibs),
K, B = constants.
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Initially there were no site specific data available for K and B. As a result, the upper
and lower limiting curves presented by Oriard (1972, 1982) were applied (Fig. 10.52). The

equations are
Lower limit
B
=125 (-}Fﬁ-z-] (10.49)
Upper limit
g\
¥ =225 (‘ﬂfﬁ] (10.50)

Table 10.10 is an attempt 1o relate observed blast damage with a limiting peak particle
velocity. Blast damage observations were made at the mine when shooting a single blas-
thole/ delay in porphyry. The following applied.

Hole diameter = 230 mm (9 ins) or 270 mm (10 5/8 in)

Explosive = ANFO

Spacing = 7.5 m (25 fi)

Burden=4.5mto 6 m {15 to 20 ft)

Explosive/hole = 400 kg (900 Ibs)

Surface delays = 17 ms or 25 ms.

At distances up to 40 to 50 ft behind the hole, blast damage in the form of

SCALED DISTANCE {ml'lr.g,lﬁ]
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— e —
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= 4 et = 1::
3 | - 25 g
- | .
g > Sl g

qﬁ..-‘\ P
] b
| — é}h::': \\ = 25
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Figure 1052, Velocity versus scaled distance nomograph used by Inspiration {Savely, 1986).
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Tahble 1. 10, Criteria for ohservable blasi damage (Savely, 1986).

rhservation Conclusion Limitimg peak partiche velocity
men/seg, (in.fsec)

Occaseonal falling of loase rescks from Mo damage, 125 5

bench faces

Partially loosened rock Falls from faces that Possible damage, but 400 13

would have remained in place if not blasted probably acceplable

Poriions of bench face fall, boosened rock Minos blast damage. 633 25

falls, some fracturing In bench level,

Backbreak extends into toe, crest of Blast damage. =615 =15

future berches heavily fractured,
noticeahle increase in fracture intensity
o bench and in Eace, loose mck blncks
im face, cratering near bench toe, heaved
pround offset on structure.

Figure 1053, Geometry nesulting in mensuned
crest damage,

— Displacement along rock structure,
— Ground heave,
— Mew fractures,

was observed. This is shown diagrammatically in Figure 10.53. Using the values
R ;= damage limit = 40 fi
W = gxplosive weight/'delay = 900 Ths

the scaled distance becomes

55=[%]=1333

Lacking velocity measurements, it was assumed that this corresponds to 25 infsec. A ve-

locity-scaled distance curve was then constructed going through this point with a slope
similar to the others (Fig. 10.54). The equation of the resulting curve is

R =1.5%
F=4D[wm] = n/sec (10.51a)

P ~| &
F=I1 _ = mm.sec {(10.51h)
i

ar
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Figure 10,54, Velocity versws scaled distance relationship with the estimated curve superimposed (Savely, 1986],

Siep 2. Design curves giving charge weight/delay as a function of distance from the charge
were plotted for the different limiting velocities using either or both equations. The results
are shown in Figure 10.55. In this case a peak particle velocity less than 381 mm/sec (15
in/sec) has been selected for use at the final pit wall. The distance R substituted into the
cquation is that from the centerline of the borchole in question to the planned bench crest.
This is consistent with the way that the multiplying constant (40) in Equation (10.51a)
was determined.

Srep 3. A tnial blast (shown in Figure 10.56) was designed. It was based largely on experi-
ence with regard to what is required to break the ground while staying within the limits of
Equation (10.51).

The trim row was designed first. A total charge of 225 |bs of ANFO situated in 3 decks
was chosen per hole. The holes had a spacing of 4.5 m (15 ft) or 1/2 that of the production
holes. The horizontal distance from the hole to the future crest was 35 fi, hence the ex-
pected peak particle velocity is

16 16
V=40 (i;] - 40 [3—5,] = 10.3 in/sec
W' 225"%

The distance between decks s 10 ft or about 12 hole diameters and the charges are roughly
in proportion to the ease of breaking. These holes were drilled with the production rig and

are 10 5/8 in (270 mm) in diameter and no subgrade drilling was done. The buffer holes
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Figowre 10,55, Charge weight per delay versus distance from charge for the dilferent limits (Savely, 1986).

were laid out at a distance of 25 1 from the trim holes on the same spacing {30 1) as thal
of the production holes. No subgrade drilling was done and the charge was increased to
700 Ibs. Using the collar to crest distance of 60 fi, the expected peak particle velocity is

—1.&
v =40 {i] ~ 10.8 infsec
200

72
Finally the first row of production holes was located a distance of 30 ft. from the buffer
holes. They have the following characteristics
Stemming = 32 fi
Subdrill = 10 i
Charge length =28 fi
Hole length = 28 i
ANFO (p = 0.84 g/em®)
Total charge = 904 [bs
The expected crest peak particle velocity (PPV) is

=18
F =40 [i] =T in/sec
900

15
As can be seen, the expected bench face angle was 68° and the expected overbreak at the

toe of the tnm holes was 10 fl. Limit of dig flags were set out for the shovel on the blasted
crest with these dimensions in mind. The observations made during and after blasting were:
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Figure 10,56, First design for achieving the desired slope amgle {Savely, 1986),

— The presence of a hard to dig toe,
- Time consuming to charge the trim holes,

~ Reduced back break.

Step 4. A modified design was prepared to address the observed problems. By this time
the monitoring of a number of actual production blasts had been completed (Table 10.11).

A typical set of records for one site is shown in Figure 10.57,
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Table 10,11, Results from a serics of test blasts in quartz menzonite porphyry.

Mumber Blast Scaled Masimism Masimum Maximum M immanm
nu, distance el velocity Iransverse vertical longiudinal
w09y (insec) velosity velocity vekocity
{in'sec) {in'sec) {in'sec)
1 G40 503 .41 29 L 4
2 G406 593 353 | 2.1 265
3 G408 852 1.43 0.5 0.4 1.2
4 G410 EN | £3 .2 42 3
5 6415 .69 595 ] 43 iT
fi 6417 147 1.3 178 87 6.2
7 G4 18 i 588 25 4.7 235
g G420 2717 Q.79 25 55 1.7
9 6425 3.52 4,89 1.7 2.7 3T
1 B4 26 4,08 6.5 24 ER 4.7
] A3 1H 5l - 1 IL.38 0.9
2 6327 i | .54 035 .64 .62
I3 6528 13.2 ey .4 0.3% 0.4
id G330 [k.54 .56 0.2 0.5 0.8
] 6337 R03 I.E2 0,76 07 [.5
6 547 k12 T3 G .48 0.52
¥ 549 14.%8 {62 0.2 03 0.5l
18 G566 1k k5 051 0.2t 036 029
1% 4607 208 |6 1 1.1 LIRS
20 G618 11.7 (45 1t .24 016
21 Hb28 10.2 L (L38 052 .43
22 G4 7 .75 1.41 0.3 (.74 .13
23 f661 9.5 037 0.14 121 027
24 G622 9.57 (.66 018 (.4 (49
25 G672 7.3 1.74 0,68 1.6 (R
26 G67H .16 .14 0.54 (.75 ()t
27 i i3 148 0.68 1.31 EN
28 GiER .4 .62 0.Hy 1.4 0.73
29 a9 7 4,38 2.23 139 164
a0 6692 15 N 143 .18 256
3 6715 127 I 032 077 054
iz 6734 1.5 .54 07l .64 1.1
13 6773 i58 ool 0.1 ] i
14 6774 b B 044 014 0.2l 0.34
E L] (iRE] 1331 1.28 .68 0.58 0.64
k] 6TEA 10 0.74 037 041 0,49
EY) H2 1,1 1.0 .55 077 0.47
I8 HRO3 HEE .82 .26 .74 0.23%
£ i il ] .36 .07 LINT 031
44 0817 SR 1.34 27 .57 .18
41 G822 4.5 au0s (.03 LTI 0,01
42 GRS 13.3 iLER (.58 .52 41
43 BRI 156 2467 1.21 .78 |.58
44 6437 129 1.15 067 .62 0.7
45 G343 10.3 08 0.3 054 05l
46 6864 g4 .91 0.2 01,59 67
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a. Blast Skeich

b. Elast ala
Delay Time | MNo.of Wi Powder Wi AKFO ANFO Slope Scabed
Halkes Citheer Than Equny, [hstance [hstumce
ANFO Total Wi
l 0 MIS 2 — £00 B0 195 689
2 25 M5 b — 240K} 2400 195 194
3 30 MS 10 -— 3950 3930 195 o
4 75 M5 8 — IR 3000 195 3.56
a K] 4 — 1 54K 1500 195 5.4
M5
M5
b
MS
M5
M5
Tatal: 30 11650 L1650

Figure 13T, Typical data collectien from @ test blast {Savely, 1986),
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Figure 10,57, Continued,

Figure 10.58 shows a summary velocity-scaled distance figure for porphyry with the
46 data points. The best fit curve is

R =141
V=31.88 [H" - ] (in/sec) (10.52a)
R -1.51
V= sm[ m] (mm/sec) (10.52h)

With this information, a new set of design curves was prepared (Fig. 10.59). The modi-
fied design as shown in Figure 10.60 was recommended to

— Provide more efficient charging by eliminating the time consuming and labor inten-
sive decking.
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Figure 10.60. The modified design (Savely, 1986).

— Eliminate the hard toe problem.
An increase in blast damage (back break) was expected. The resulis were

— More back break. The overbreak at the toe was 12 fi. The final bench face angle
was 75°,

— Poorer fragmentation. Due to the elimination of the upper deck charges, larger rock
blocks came from the upper portion of the blast,

~ The position of the buffer row was bad because future bench crests were broken.
— The hard toe problem continued.
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Figure 10.61. Distribution of the foe angles with and without rimming (Savely, [986).

One of the problems in this type of design involves deciding how far from the trim hole
position the actual bench face will break. A very limited evaluation suggested that under
the highly confined conditions present at the toe, the limiting particle velocity was of the
order of 75 in/sec (1900 mm/sec). At the cresi, the first approximation for the limiting
velocity is 1000 mmysec. (40 in‘sec).

The reason for the hard digging toe was that as shown in Figure 10,61, the average
slope angle was not 63 as assumed by rather 70° for the untrimmed bench faces and 75°
for those trimmed. In trying to reach the flagged crests, the shovels were digging unfrag-
mented material.

Step 5. The new design shown in Figure 10.62 was proposed.

~ The designed distance from the toe of the trim hole was selected as 7 ft. With the 75°
face, this gives a crest distance of 20 fi.
— The decks were reinstated. Two larger decks rather than the 3 smaller ones used in

Design | were chosen.
— The bulfer row was moved so that it did not fall within the crest of the future under-

lying bench. The subgrade drilling was reduced.
The resulis of the blasting were

- The hard toe was eliminated

— The backbreak seemed to follow the design line closely

— The deck charging improved the distribution near the wall and gave good fragmenta-
tion.

An important observation was that better results were achieved when the bulTer row
was blasted and loaded out prior to shooting the trim row. The maximum distance from
the temporary crest to the collar of the trim hole should be 15 fit (4.5 m).

The deck charges were shot as shown in Figure 10,63, When the production, buffer and
trim rows were shot together even with delays between rows, the back break was worse.
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Figure 10,62, The final design (Savely, 1986).

Srep 6. The process 18 repedted in the different rock types/struciures making up the pit. At
Inspiration there are three major rock types with their characteristics given in Table 10012,
The resulting velocity-scaled distance equations for the other rock types are given in Ta-
ble 10.13. The design limiting peak particle velocities are given in Table 10.14.

10.4.4 The CSM approach

The Swedish approach o perimeter design is an extremely useful one. There are however
a number of problems involved with the development and use of empirical propagation
equations of the form

V=K WuRR (10.53)

where K = constant, ¥ = source charge weight, R = distance from the source, a = empiri-
cally determined constant, } = empirically determined constant.
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Figure 10,63, The delay pattern used for the trim row [Savely, 1986}

Tahbe 1012, Characteristics of the Inspiration rock types.

FPorpiyry — Hard, brittle and intensely fractured
— Typically the blasted rock would have Bl percemt of rock fragmenis less than 5 em (2 in) size.
The mascimum szae block would be abogit 3000 &0 em (1 10 2 i)
- Back break is controlled by joints and fauls
= In some areas the porphyry cin be loaded by shovels without blasting bt blasting makes loading
mire eflicient
Schisi ~ Wariahle in hardness and fraciure intensity
- Most of the schist is foliated
The blasted rock fends o be more coarse than the porphyry, Tvpleally 60 percent is more coarse
than 5 cm (2 in. ). The maximuem size is abowt 120 cm (4 ft),
— The schist seems to absord energy but back break is ofien exensive. It follows majpor siructure o
fioliation.
- |3 generally associated with the more severe slope instahilities
{hreite Massive and competent
Ulsually onveer 50 percent of the rock blecks are greater than 30 cm (1 ft) in diameter, Maximum
size blocks are 30 cm {10 fi)
At hobe spacings greater than 20 1t (6 m) large blocks will oceur and secondary blasting is re-
guired,
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Table 10,13, Resulis of blast moniforing.

Fhata Murriber of hlasis Slope of hog- [mtercept &t unlty scaled distance
[og regression curve mmsec {infsec)

Forphyry 46 -1.51 Bl (32}

Schist 14 1.1 uH (16}

Dacite 1] 202 2240 (HE)

Table 10,14, Criteria for observable bast damage. After Savely (1986),

Observation Conclusion Limiting peak pariicle velocity mmfsec {in'sec)
Porphyry Schist [racite

Occasional falling of leose rocks from  No damage. 127 {5 g (L] (25

bench fiaces,

Partially locsened rock falls from faces  Possible damage, 381 {15} 254 (1) 1270 (50)

that would have remained in place if but probably

niat blasted. acoeplable.

Partions of bench face fall, loosened, Mg hlast LEL] {253 ELO(IH 19 (T5)

rock falls, some frocture in bench level  damage.

Backbreak extencds into toe, crest off Blest damage. =635 (=25) =30 (=15 =1905 (= 75)
future benches heavily fractured,

noticeable increase m fracture intensity

on bench and in face, loase rock blocks

in Face, cratering near bench toe, heaved

ground and offset on structure.

A few of these problems will be listed below:

1. A number of field tests must be run to determine the needed values for K, a and i

2. The units in which K is to be expressed are variable. When W = R = |, the units of £
are those of velocity. For other values, the units of K depend upon « and [

3. As noted by Holmberg and Persson (1979) when one gets close to the charge, the
travel distances from different parts of the charge to the point of interest are quite differ-
ent. They have shown one way of how this can be taken into account. Their procedure in-
volves assuming that the contributions from the different elemental charges making up the
total charge arrive at the point of interest at the same time. This is not truee for two reasons:

a) there is a finite detonation velocity along the charge column. For an end initi-

ated 3 m long explosive column having a VOD of 5000m/sec the time delay along
the column is

Af = —— = | x 107" sec

b) The waves generated by the explosive travel at the speed of sound in the me-
dium. Thus the longer travel paths require a greater amount of time to traverse than
do the shorter paths.
A related problem is that the angle of approach of the wave from the elemental charge to
the observation point is not taken into account. It should be a vector addition of the armiv-
ing amplitudes and not a straight addition.
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4. The use of total explosive weight (W) or even the charge concentration per unit
charge length () does not take into account certain special bui impornant conditions such
as decoupled charges.

3. In the Swedish approach the particle velocities corresponding to the extent of the
damage zone must be determined using the same curves used eventually for design. By
doing this the problems described above are largely removed. There is a problem, how-
ever, if one tries to break this chain and obtain the critical particle velocities by some
other lechnique, for example by laboratory testing.

To overcome these objections, a different approach is required. The one described here
was developed at the Colorado School of Mines (Hustrulid et al. 1992) at the end of the
| 9805 and hence the name CSM approach. A more detailed description of this and related
approaches such as described by Plewman and Starfield (1965), Siarfield (1966, 1967,
1968} and Harries (1983) are discussed in detail in Chapter 16. The approach is built on
the use of the expression for the particle velocity ansing from the detonation of a spherical
charge in an infinite, isotropic and homogeneous medium as presented by Favreau (1969)

_u_lr 2
Phe  aPh <in aft  Pb mﬂ.ﬁf

Fire = - s 10.
D =e et L gr Bock " pcb peR " pb. (10349
2 Al = 2V)pet+ 31 - vppP o

o T (10.55)
3 2pet =31 -vphyP

= 10,56

p - { )

where ¢ = time, p = rock density (kg/m'), ¢ = compressional wave velocity in rock

(m/sec), & = original spherical cavity radius (m), P = explosion pressure (Pa), ¥ = Pois-

sons ratio for the rock, ¥ = ratio of the specific heats of the explosion gases, R = distance

of the observation point from the charge center (m), T = retarded time (sec) = ¢ — (R - bife.
To use Equation (10.54) the following must hold:

2p =31 -v)yP

which is true for most rock-explosive combinations. For the interested reader Favreau
{1969) has presented the appropriate equations for the other cases as well.

Most blasting operations today use cylindrical charges and to apply this propagation
equation, the cylindrical charge is first divided into a senes of elemental charges each of
which will be modelled as a spherical charge (Fig. 10.64). To have equivalent volumes of
the explosive represented by the spheres, the radius of the sphere 15 chosen such that the
volume of the sphere is the volume of of the cylinder whose length is the diameter of the
sphere (Harries, 1983). By this procedure the overall length of the cylindrical charge and
the set of spheres remains the same. Thus if the radius of the sphere is b and the radius of
the cylinder is r., then

b= 1.22471, {10.57)
The particle velocity produced at Point A (R = 5 m) by one sphencal charge of radius
b=0,0503 m

will be considerad.
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Figure 10064, Simulation of a cylindrical charge by
cguivalent spheres.

The rather typical explosive-hardrock characteristics assumed are:
Explasive

P=2360 = 10° Pa

=167
Rock (granire)

p = 2630 kg/m’

¢ = 53550 mfsec

ve=0.45]

From the particle velocity versus time curve shown in Figure 10.65, the peak velocity is
about 1.6 m/sec at retarded time zero, e just when the strain wave produced by this
charge imitially reaches this point. From the peak value, the velocity rapidly dies off be-
fore oscillating about zero. The initial pulse is of very short duration (about 16 microsec-
onds in this case). The duration 15 insensitive 10 changes in K.

The distance (d) between adjacent charge centers in this example is

d=2b=0.106 m

Assuming that the detonation velocity (FOOD) of the explosive is 5500 m/sec, the time
delay (A7) between detonations is
d
Al VoD 0. 1006/3500 = 18.3 x 10r? secs

The overall peak particle velocity at Point A is obtamed by summing in time the overall
contributions from the single elemental charges. Figures 10.66 and 10.67 show the effects
of superimposing the particle velocities from two adjacent spherical charges for 380 mm
and 150 mm diameter holes, respectively. The same explosive-rock characteristics used
above are assumed and the distance from the charge center is 5 m. As can be scen, due to
the short duration of the peak velocity pulse and the relatively long time between arrivals
there is little overlap. The maximum peak particle velocity is that produced by the element
closest to the point of interest (multiple elemental charges need not in this end initiation
example be considered). The peak particle velocity occurs at

T =1 sec
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Figure 1065, Particks velocity as a function of retarded tlme. Benineet (1991a b), Hustrulid et al. {1992),
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Figure 10,68, Effect of overlapping on the peak particle velocity-time curve for the 380 mm (15 in) diameter
holes. Benmett {19975, b, Hustoulid et o, {19592,

This means that
o't
e M= (10.58)
and
sin 2P _ g (10.59)

peh
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Figure 10047, Effect of overlapping on the peak particle velocity-time cusve for the | 50 man (6 in) diameter holes.
Pennett {19910, b), Hustrulid et al. { 1992),

msu—ﬁt= (10.60)
pch
The particle velocity propagation equation (Equation 10.50) for the spherical charges
simplifies to

Pb

F(peak) = — 10.61
(peak) ook (10.61)
For cylindrical blastholes this becomes
1.2247 Pr
¥ = 10.62
(peak) pcR (10.62)

where r = radius of the cylindrical hole (m).

An example of the use of this predictor equation is shown in Figure 10.68, which in-
cludes borehole diameters of 170 mm (6.75 ins) to 380 mm (15 ins) commonly found in
surface mining operations, The parameters which have been used are

P = 2000 = 10° Pa

p = 2650 kg/m?

&= 5500 m/sec
These curves can be easily transformed for other choices of parameter values simply by
multiplying by the appropriate scaling factor (see Eq. 10.61).

The design procedure involving these curves is exactly the same as has been discussed
by Holmberg & Persson (1979). In the development of the curves the pressure (P) used is
appropriate for ANFO (and related explosives) when the hole diameters are completely
filled with explosive. There are many perimeter blasting situations when the hole cross-
section is not completely filled with explosive. These can be easily included in the pro-
posed technigue.
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The explosive has the following characteristics
P=2630 = 10" Pa
¥=1.67
In the first case (Fig. 10.69) the hole is filled with explosive. In the second case (Fig. 10.70)

a 150 mm (6 in) diameter tube has been placed i the borehole and filled with explosive.
The rock mass properties are assumed to be

p = 2360 kg/m?
¢ = 5550 m/'sec

As can be seen, there is a major difference in the velocity profiles. With the use of plastic
tubes, even large holes can produce acceptable damage zones. Figure 10.71 shows a com-
parison between the peak particle velocities as a function of R as caleulated using the
CSM and Swedish approaches for the fully-coupled case when

g = 6.8 kg/'m
P=2360 = 10° Pa
£ =0.102 mm

p= 2630 kg/m*
¢ = 5550 m/sec

At a distance of R = 3.2 m, the two yield the same result. For distances closer to the charge,
the Swedish approach gives higher values probably due to the fact that the velocities from
all of the incremental charges are added together, For distances greater that 3.2 m, the
C5M technique yields higher values than the Swedish approach due to the different pow-
ers of B (1/R versus /R 1), If the velocity limit of Im/sec is selected, the damage zone
radii are:

L]

Swedish curve

Peak Particle Velocity {misec)

iCSM Curve

j -
N . = = (00 e /
I > ! 1

4 32 7T 1d 20 4i)
K i)

Figure 0.7, Comparison of the peak particle velocity-radial distance curves obtained using the C5M and the
Swedish approaches.
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CSM approach: B = 10 m

Swedish approach: R =7 m
The Favreau particle velocity equation applies for waves travelling in an elastic medium.
This means that the decay in amplitude with distance travelled is simply due to geometri-
cal spreading. Attenuation due to geometrical spreading is due to a decrease in energy
density as the waves propagating from the explosion encounter larger volumes of rock.
There are three mam types of waves which may be generated by a blast, These are body
waves travelling within a semi infinite medium, body waves travelling along the surface
and Rayleigh waves (Ewing, et al, 1957). Each type will attenuate in a different manner.
For a homogeneous, isotropic, linearly elastic medium, the decrease in vibration velocily
amplitude with distance is given by

— 1/R for body waves within a semi-infinite medium,

— 1/R? for body waves travelling along the surface,

— 1/R™* for Rayleigh waves.
Since on the whole, rock masses are nod homogeneous, isotropic, or elastic, geomeirical
spreading does not account for all of the attenuation seen in the particle velocity amplitude.
Energy losses may be attributed to many inelastic mechanisms (Ghosh & Daemen, 1983):

— Matrix inelasticity,

= Fluid flow,

— Dissipation in a fully saturated rock because of the relative motion of the frame with
respect 1o the fluid inclusions,

— Shearing flow of the fluid layer,

— Partial saturation effects,

— Enhanced intercrack flow,

- Stress induced diffusion of absorbed volatiles,

— Systems undergoing phase changes,

- Scattering from small pores and large irregularities,

— Selective reflection from thin beds.

Barkan {1962) has suggested that inelastic attenuation can be modelled by an experimen-
tal decay function of the form

Dy =e® (10.64)

where [ = inelasticity coefficient.
Introducing this factor, the peak particle velocity equation becomes

— N R—-b)
p=Tbe (10.65)

pck
The guantity R — b has been used instead of” R since at the wall of the hole, & = b, the
inelastic attenuation must be zero.
The value of the factor [ can be determined by plotting the quantity ¥ x £ as a function
of (R — b) on semi-log paper. The slope of the curve is equal to the coefficient I. This pro-
cedure is described in detail in Chapter 14.

Application to the Aitik Mine
The steepness of the slopes which can be created and maintained at the Aitik Mine in
MNorthern Sweden is of major importance. Unwanted blast damage results in flatter bench
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face angles and the need to leave wider safety benches. The overall slope angles are
thereby reduced and stripping requirements increased. This translates into smaller mine-
able reserves, a reduced mine life and higher costs per ton. A number of different blasting
studies (see for example Section 10.4.2) have been conducted at Aitik the objective of
which was to develop blast design rules leading to steeper final overall slopes. Some of
the published blasting results have been reanalyzed using the present approach. In the first
test series the explosive Reolit A6 was used in 250 mm diameter holes. Peak particle ve-
locity measurements were made at distances of 13.2, 27.0 and 49.0 m from the charge.
The following values are assumed to apply for the explosive:

Explosive = Reolit Af,

e = 145 glem?

FOoD = 4800 mv'sec (in-hole measurement)

Ppgr= 8360 MPa

P, = 4180 MPa

g = 74.2 kg/m (hole diameter of 251 mm)

For the rock il is assumed that
p = 2.64 glem’
¢ = SO0 misec

The measured (vertical) peak particle velocities made by Holmberg & Persson (1978b)
were

Dristamce {m) PP [(mfsec)
132 1.5
270 LK
4900 13

These are plotted in Figure 10.72, Using Equation (10.65) one finds that the predicted
PPV versus scaled distance relationship assuming no atienuation is given by

L
_ P.h _ 4180=10% _ S%E (10.66)

Vo =0k (2640)3000R R

The relationship between b and the hole diameter ris
h=12247r

and hence
bh=1.2247(0.251)/2=0.154 m

Equation {10.66) becomes

. 6087

R

This curve has been superimposed upon Figure 10.72. As can be seen the predicted values
of PPV assuming no attenuation are considerably higher than those measured. The theo-
retical expression for PPV versus scaled distance including the attenuation term

V e (10.67)
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Figure 10,72, The peak particle velocity versus distance curves for the Ak mane {230 mm diameter holesh.

p = Peb rnry_ G087 _yayy (10.68)

peR R

was now applied. The attenuation factor *I" was varied until the curve passed approxi-
mately through the measured points. In this case the resulting value was found to be

I = 0.05/m
The predictive expression becomes

6087
F oas = R g DOLR-B) (10.69)

It is observed that the measurement at the distance of 13.2 m lies slightly below the curve,
A second set of experiments were performed using Reolit 10 in 171 mm diameter pro-

duction holes, A summary of the important parameters are:

Explosive = Reolit 10

Per = 1.45 glem’

VoD = 5000 mi'sec (ideal)

= 4800 m/sec (estimated for in hole conditions)

P ey = 5800 MPa

P, =2900 MPa

q = 34.4 kg/m (hole diameter of 171 mm)
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The peak particle measurements made by Holmberg & Persson (1978b) revealed that

I Mstance {m) PPV [misec)
15 [ 447
139 0,562
0.9 0,283

These are plotted in Figure 10.73. Using Equation (10.65) one finds that the predicted
PPV versus scaled distance relationship assuming no attenuation is given by

S Peb | 2000x10%k _ cb (10.70)
peR (26400 4000)8 R
The relationship between b and the hole diameter r is
b=1.224T7r
and hence
‘ b=1.224T(0.171)2=0.105m

Equation (10.70) becomes
~ 28.84
Vs "R

This curve has been superimposed upon Figure 10.73. As can be seen the predicied values

of PPV assuming no attenuation are considerably higher than those measured. The theo-
retical expression for PPF versus scaled distance including the attenuation term

F e

(10.71)

10D -
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Figure 10.73. Peak pamicle velocity versus distanee curves for the Aitik Mine (171 mm diameter hobes).
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- Lbe-.f[ﬂ-b:|= EE-E"'E-HR-H {10.72)
pck R

was now applied. The attenuation factor "I was varied until the curve passed approxi-
mately through the measured points. In this case the resulting value was also found to be

I =0.05/m

W max

The predictive expression becomes
28.84
Vs = r g DOS R =) (10.73)
It is observed that the measurement at the distance of 13.9 m lies below the predicled
curve, The appropriate value in this case is

F=0.07'm

In continuing the analysia it will be assumed that [/ = 0.05 adequately describes both sets
of experimental results.

In the first set of experiments, that involving the 251 mm diameter production holes,
disturbance assessment was done by coring and through the use of extensometers. Dam-
age is considered to have occurred when the number of cracks measured after the shot is
greater than before the shot. Holmberg & Persson (1978b) concluded that

— There were great difficulties in determining *new” fractures in this jointed rock,

~ With the possible exception of the zone within a two meter distance from the blasthole,
the number of cracks which result from the blasting is small,

~ There were obvious differences before and afier blasting in the 0-10 m zone,

— There is a 50% probability of damage extending to 22.5 m from the hole,

- There is only a 5% probability that the damage extends beyond 32 m.

Omne can then translate these observations into the following practical limuts
Crushed zone =2 m,
Fraciured zone = 10 m,
Influenced zone = 22.5 m.

When comparing these dimensions to the radius of the sphere *5" (& = 0.154 m) one finds
that

Crushed zone: R/b =13,

Fractured zone: B'h = 65,

Influenced zone: R/b = 146.
Vovk et al. { 1974) have presented the results of a series of experiments (a detailed discus-
sion of these experimenis is included in Chapter 21) in which concentrated (spherical)
charges of TNT were used in large blocks of granite, limestone and concrete. Prior to
blasting, diamond drilling was done in the blocks. The number of cores, their length and the
fissure orientation was determined. After blasting the new fissure patiern was determined.
By comparing the fissure networks before and after blasting, the induced fracture pattern
could be determined. The distance at which the core yield is equal to that before the ex-
plosion is taken as the limit of fissure propagation. The rock properties are given in Ta-
ble 10.15. After blasting, the following three damage zone radii were determined

~ Crushing {R..),
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— Radial fissures (Ry),
= Induced fracturing (&),

and the ratios of these radii with the charge radius (b) formed. The results are given in
Table 10.16.

In comparing the values determined from the Holmberg & Persson (1978b) expen-
ments 1o the results of the Russian experiments for granite

R/b (erushing) = 11 — 14
R/b (radial fissures) = 25
Kb (induced fracturing) = 54 — 69

it is seen that the crushing zones are similar in extent. The zone of induced fracturing
{Russian) corresponds approximately to the Holmberg & Persson fractured zone. The Rus-
sians did not have a category commesponding to the influenced zone.

The different damage limits have been superimposed on Figure 10,74, As can be seen,
the crushed zone at 2 m corresponds to a peak particle velocity of about 27.5 m/sec. The
fractured zone at 10 m corresponds to a value of about 3.7 m/sec. If the influenced zone
extends to 22.5 m, the peak particle velocity is about 0.9 m/sec.

However as was noted in Section 10.4.2, the damage assessment hole was drilled at
about 457 to the direction of the blasted face. The corrected damage zone dimensions be-
come

Crushed zone = 1.4 m; b =9
Fractured zone = 7 m; R'b = 46
Influenced zone = 16 m; &&= 104

instead of, respectively, 2 m, 10 m and 22.5 m. These new limits have been plotied on
Figure 10.75. The corresponding peak particle velocity limits are:

Table 10,15, Rock properiics in the Russian biasting tests (Vovk et al., 1974),

Rock type  Deseriplion Densiny Wave velociy Compressive Elastic Poissan's
strength miodiulus ratio
(gm/cen’) {m/sec) iMPa) (GPa)
Granile Eray-green, 260 720 154 294 022
coarse-grained
Limesione  shelly, [.590 3220 a9 12 030
recrystallieed
Concrele xa7 36 26 14.4 025

Table 10,16, Results of the Russian blasting lests (Viovk et al,. 1974),

Rock Charge Crushing Radial Mssures linduiced fracturing
Wiigmy Rodiusim) R,cm) R, Ry (em)  Rg'b By iom) g

Concreie 120 00262 26-3 1013 63 24 135 52

Ciranile 124 (TR .37 11-14 63 25 140-180 S4-69

Limeslane )] e LH ] B 62 i 120-150 1048
1 HA PEERRS X7-36 912 T2 4 134 45

| Bl (rT5H P EE ] H=11) 63 2 10&- 1 &0 -6
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Figure 10,74, Peak paricle velocity versus distance curves for the Ak Mine (250 mm diameter holes),
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Figure 10,75, Peak particle velocity versus distance curves for the Aitik Mine (250 mim diameter hobes) with the
damage limits added,
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Crushed zone = 40 m/sec
Fractured zone = 6 mv'sec
Influenced zone = 1.7 mfsec

If ome now applies these same linats to the 171 mm diameter hole one finds that (Fig. 10.76)

Crushed zone = 0.7 m
Fraciured zone =4 m
Influenced zone = 10 m

These corresponds to

Crushed zone: Rib=7
Fractured zone: R = 38
Influenced zone: b = 9%

There was, unfortunately, no diamond drilling done and hence no possibility to confirm
whether these predictions are correct or nol. [n any case the technique, as described, al-
lows the simulation of a number of explosive combinations and blast geometries with the
possibility of identifying those which might improve slope conditions. The simplified ap-
plication of the CSM approach as discussed here does have some limitations. These are
discussed in some detail in Chapter 16.

1000
i) AITIE MINE
Peak Particle
Velociny 00
e Hisle Dinmeter = 171 mm
50

i 5 [} 15 20 25 30 35
[histance {m)

Figure 10,76, Peak particle velocity versus distance curves for the Adlik Mine {171 mm diameter holes) with the
damage limits added.
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The invention of black powder, the first of the explosives, is attributed to the Chinese
in about the 4th century. Brought to Europe by the Barbarians in the 13th century, its
first use in hard rock mining was reported in the early 17th century. The invention of
dynamite by Alfred Nobel in 1867 opened up enormous new possibilities fo rthe mining
industry. Both black powder and dynamite were essential ingredients when the age of
large-scale open pit mining began at the end of he 19th century on the Mesabi Range
in Northemn Minnesota. The well-fragemented iron ore was loaded by sieam shovel
directly into trains to begin the long voyage to the eastern steel mills. Today the largest
of the world's open pit mines removes nearly one million tons of drilled and blasted rock
per day. With the deepest of these openings now approaching 1000m, plans are being
made for pits nearly one mile in depth. In removing the rock, the walls of the opening
created in the earth's surface must generally be as steep as possible and remain sta-
ble over many years. The challenge for the blasting/fragmentation engineer is to
remove the desired rock with the desired degree of fragmentation as inexpensively as
possible while leaving the remaining rock, that forming the walls, in pristine conditions.
This is, needless to say, a formidable task involving a delicate balance of planning, pro-
duction and geomechanics inputs so that the overall fragmentation plan is optimal.
Blasting Principles for Open Pit Mining is intended to assist the fragmentation engineer
in meeting this challenge.

The book is designed to serve as both a textbook and a reference book describing the
principles involved in hard rock blasting as applied to surface excavations, in general,
and open pit mines, in particular.

Blasting Principles for Open Pit Mining has been written in two parts and published in
two corresponding volumes. Volume 1 entitled "General Design Concepts’ is intended
to introduce the reader to the basic engineering concepts and the building blocks that
make up a blast design. Volume 2 entitled “Theoretical Foundations’ is intended to pro-
vide the reader additional depth and breadth for better understanding some of the fun-
damental concepts involved in rock blasting. The material contained and the presenta-
tion form should make it of value to practicing mining, civil, and construction engineers
involved in surface rock excavalion as well. The contained material should provide a
basis for engineers to improve (a) their blasting operations as well as (b) their ability to
understand the content and potential application of blasting papers appearing in the
technical literature.

The focus has been on presenting the principles involved in explosive rock excavation
in as logical and easily understood way as possible. A large number of examples are
included to illustrate the application of the principles.
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