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Foreward
This report was prepared by the Colorado School of Mines, Golden Colorado,
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Ahlness acting as Technical Project Officer. William P. Battle was the
contract administrator for the Bufeau of Mines. This report is- a summary
of the work recently completed as a part of this contract during the period
May 1977 to December 1979. This report was submitted by the authors on
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ABSTRACT

One portion of this project was to test a blast shield and to design
\% some features for a novel tunneling method termed the Automated Drill and
Blast System (ADBS). The ADBS tunneling concept was developed for the de-
sign of an excavation syéfem of greater efficiency than conventional drill,
blast, and muck_ (DBM) systems by minimizing the down time and approaching
the non-cyclic efficiency of confinuous tunneTing by means of sma]f charge
blasting. Small charge blasting uses4simu1taneousTyvdefonated, small |
light charges (less than 200 grams per hole) in four to eight shatlow (24
to 36 in. deep) holes usually in a line. Limitation of the total explosive
per blast reduced air blast overpressure, fly rock velocity, vibration,
and noise.l Thus, sﬁie1ded equipment can remain at the face and a tunnel
shield permits support personnel to work outby the shield at all times.

The ADBS equipment will be composed of five components: (1) a chassis,
upen which is mounted automated mucking equipment, and a frame which carries
(2) the hydraylic drill(s), (3) load/blast system(s), and (4) control cab(s).
The blast shield may haveits own mounting. Ventilation, horizontal, and
vertical alignment controls are incorporatéd in the system.

Thé blast sheild, which protects personnel outby the advance equiipment
from air blast overpressure, fly rock, and gases, was tested with full scale
small charge-blasting. A blast shield was designed, fabricated, and tested
under conditions anticipated for a working fodel. ' The shield was designed
to expand to fit the tunnel shape, to seal itself to the tunnel periphery,
and to contain air blast, fly rock, and gaseous explosion pfoducts. In ad-
dition, thé shield, which was Tined on the inby side with rubber belting,
reduced the blast noise level oufby the shield to 113-'dBA or less, which is

very near permissible levels.

xi



The test results show conc]usive{& that the shield concépt is viable.

Based partially on the shield tests, a blast resistant control cab
was designed to be located on the equipment chassis inby the blast shield
to protect operators during blasting, and to contain all the controls neces-
sary for Lsystem operat1on and safety.

The economics of tunnel driving using the ADBS were compared w1th
those of DBM. Four rock types, which determine advance rate, and four cost
categories were examined. The results of this analysis are as follows:

1. ADBS advance rate is faster because equipment remains at the face
and operation procedes semi-continucusly.

2. ADBS bit and explosive cost (which accounts for 4% of the total
advance cost)‘is higher than for DBM,

3. ADBS equ1pment cost, on a per foot basis, is Iower than for DBM.

4. Due to-a reduced labor force, ADBS labor cost 15 10wer than for
DBM. : .

5. Because of the overbreak reduction due to controlled blasting,
ADBS tunnel support cost is lower than for DBM.

6. On a per foot basis, total ADBS advance cost is from 17% to 20%
lower than for DBM, depending on tunnel diameter and rock type.

The small charge method greatly reduces ground vibration, increases
personnel safety by limiting excessive fracture, and decreases tunnel sup-
port>requ1rements by reducing overbreak. The overall analysis, tests, and
results to date show that the Automated Drill and Blast System may be de-
veloped into a viable tunnel excavation method. The method also may be
adapted to use in theiminirng-of.ore.

For some types of mining operations, the cyclic nature of conventional
drill and blast methods may not be a disadvantage, either where the drilling
and mucking may proceed simultaneously or where the agperations are carried
out in adjacent working faces:. The proposed method would find application

where continuous methods of excavation are desirable.

xi1



CHAPTER 1
AUTOMATED EXPLOSIVE SYSTEMS

Introduction

The demand for minerals is growing at an increasing rate. In the

United States, where the per capita consumption of minerals is the highest

-

by many factOﬁs. The grade of newly discovered ore bodies is often Tower
than older o&gé and the more accessible ore is m%ned before more inaccessible
deposi£§1are developed. The result is that, in general, ore of decreasing
grade must be mined under increasingly costly conditions.

Tunneling is also increasing for such uses as public transportation
and utilities (water, sewagé, etc.). The use of underground excavations
is expected to increase for purposes such as storage and office space
(Fairhurst, 1976}, and military and civil defense installations have tradi-
tionally utilized subsurface sites.

The development and use of subsurface openings will continue to in-
crease. Improvement of mining processes requires rapid and economic access
. to ore bodies and improved excavation methods. Underground excavations for
civil purposes wijl, in many cases, be required in populated areas; This
imposes mo re environmenta] restrictions on -both the surface and sﬁbsurface
excavation operations. These constraints, combiﬁed with increased labor
and material costs, makes the deve]opﬁent of imprbved, more economical exca-
vation methods expedient.

The requisites for an improved excavation system are as follows:

1.y Decreased excavation cost

2. Increased advance rate



,3' Excavation of most types of hard rock

4. Reduction of support.requirements

5. Provision of safe working conditions

6. Decreased noise, vibration, air blast, and overbreak

7. Accurate tunnel alignment

8. Allow support installation as close to the face as possible

9. Decreased maintenance costs and down time

10. Simplified disassembly of equipment for transport

11. Low energy consumption

Many of these factors are characteristic of the two major excavation
methods currently in use, drill, blast, muck (DBM) and tunnel boring machines
(TBM). Each of these systems, however, has fixed limitations, as described

below,

Small Charge Blasting

Explosive excavation systems offer several advantages over mechanical
systems, foremost of which is the ability of explosives to fragment even
the hardest rock, and blasting is flexible, allowing continued operations
when rock type, strength, or structure changes.

Excavation with éxp1osives, as currently applied, has two serious dis-
advantages. Conventional blasting produces excessive air blast, vibration,
and overbreak, which_aTso”éadSésdecreased rock strength of the periphery of
the opening and increased rock support reguirements. The other primary dis-
advantage 1is théfcyc]ic; jnéfficieht use of manpower and equipment.

The -small charge- concept was»deQe1oped in ordef to mitigate the disad-
vantages of conventional blasting. -In this method, rock breakage is accomp-

lished by the simultaneous (+ 100 usec) detonation of several small (less

than 200 grams per hole) stemmed charges of high explosives. The limitation



of the charge size reduces air blast, vibration, and overbreak. Simultan-
eous detonation of adjacent charges increases explosive efficiency, thus
réducing the‘powder factor. The effect of simultaneous detonation is
superposition (reinforcing) of stress waves between adjacent holes, which
has been successfully employed in presplitting and smooth blasting, some
of the mechanisms of which afe explained by photoelastic analysis (Dally &
Khorana, 1971).

Reduction of the explosive consumption per hole requires a similar
reduction of the blast hole depth, burden, and spacing. A round depth of
18 in. was successfully tested (CTark & Rollins,; 1976) using a burden and
spacing of approximately 12 and i8“in.,,respective1y. ‘The powder factor
ranged between:i;j, ito 2.7=pounds of explosive per CUbiC‘iﬁfﬂJOf rock
broken. Powder factors for convéntional tunnel rounds exceedjj;6f7and
usually approach2.7'(Langefors & Kihlstrom, 1973). Research reported
herein was conducted to verify effectiveness of 24 and 30 in. deep rounds
(Hanna, 1978) which will reduce blasting costs and minimize many of the
undesirable effects of conventional blasting.

In addition to the direct effects of smaller blasts on the rock, frac-
ture control, and fracture augmentation, the blast effects can also be con-
tained at the face, eqUipment can be shie]ded and remain at thelface, and
support personnel can work outside of the tunnel shield. In short, the
method permits containment of the blast effects so that operations may be
carried on in a continuous manner.

The type of round chosen for experimentation was a V-cht in which seg-
ments of the round which are in a line can be fired simu?tanéous]y to main-
tain the breakage effectiveness of this type of round with a small powder

factor. The method can also be employed with other types of rounds. Two



center lines of the V-cut are fired first, and each successive line blast
generates new free faces to which the next line blasts may break. The
peripheral holes, which are fired last, are spaced closer together and

loaded using as small a powder factor as possible for fracture control and
to avoid overbreak or fracturing of the rock in the perivhery of the opening.

While this method was designed and tested for possible use in tunnels,
it appears to have application in several types of minihg. For example, it
could be designed into:a mining system to excavate a longwall face for
selective mining.. The same features would be retained, i.e., continuous
drilling, blasting, and mucking, with personnel remaining at the face in
protected‘cabs. Cyclic methods are not detrimemtal in some types of mining.

The simultaneous detonation of charges in an automated system requires
the use of detonating fuse ‘or exploding wire (EBW) caps since millisecond
delay caps do not achieve the desired accuracy of detonation {+ 100 ,sec).

- An EBW cap contains PETN and detonates only when a specific high energy
electric pulse is applied, which results in a safer cap not subject to the
usual causes of accidental initiation. Initiation of the cap is by means of a
"firing set" (Reyno]ds Industries, 1977) which produces the necessary energy
pulse. Currently, a firing set can detonate only six caps, which is also

the deﬁired number of small charges per blast employed in experimentation.
Larger sets can be built. if necessary.

Required types of slurry explosives are cap sensitive in diameters as
small as 7/8 in. One inCh‘diametér slurry charge; were used in 18 in. deep
rounds (Clark & Rollins, 1976); the experimentation déscribed‘iﬁ_this report
also utilized one inch diameter slurry charges (Hanna, 1978). This type of
explosive was chosen because (1) it is safer than straight dynamite, (2) it
can be more easily handled by an automated loading system, and (3) it does

not cause headaches when it is handled.



Small Charge System

The use of the small charges mitigates many of the disadvantages of
conventional E]asting. Noise, vibrgtion, and air blast are reduced, which
allows shielded equipment to reméin at the face during blasting, and a tun-
nel shield behind the equipment to contain the blasting effects to the area
near the working face) One aspect of this concept has been successfully
demonstrated in field tests (Peterson & others, 1976) of the Rapidex spiral
blasting method.wherein drilling, blasting, and mucking may proceed semi-
continuously. |

The small charge Automated Drill and Blast System (ADBS)} is planned to
operate as follows: While a set of properly spaced holes is being drilled
to the desired depth, previously drilled holes will be mechanically loaded,
primed, and stemmed. When ‘the loaded holes are connected to the firing set,
the drills and other ADSS components will be shielded and the explosive de-
tonated. The muck produced by the blast can then be gathered and removed
from the face area by a conveyor while drilling and explosive loading con-
tinue.

To obtain rapid advance rates, hydraulic drills will be utilized. Two
automatic Tqading systems appear -to be feasible, and a prototype of a third
system has been suﬁce;sfu11y demonstrated by‘Péterson, et al {1976). Muck-
ing will be accomplished with,ajponyegijgﬁﬁirigéEﬁéfihglgfﬁféEZé7sj@§1§ﬁ:£ybe
of equipment.

The operator{s) and controls will be housed in an encloéed, air éondi-
'tioned cab, shielded from fly rock, noise, and vibrations mounted on the
rear of the main chassis. The main:blast shield will be ]oéated outby the
other components. The purpose of the shield is to isolate the heading area
so that support erection and other activities can proceed continuouslys. un-

affected by the blasting operations. This is accomplished by sealing the



shield to the invert, ribs, and back so as to conté%n fly rbck; duéf and
gases, and blast overpressures inby the shield. Blast noise transmitted
through the shield is attenuated to allowable levels. Besides being cap-
ahle of sea]ing‘ifse1f to the tunnel periphery, the shield must also permit
the semi-continuous passage of muck from the face. In operating shields,
access for men-and material will be provided by means of a second access
door. Utility lines (air, water, electricity, ventilation) will also pass
through the shield. On an operational system,interlocking controls on the
shié]d and the cab wil]lprevent blasting until all doors and other openﬁngs
are properly closed and sealed. The design procedures to account for the
blast characteristics and their effects on the design of the blast shield
and cab are straight forward (Appendix A). The design and testing of an
experimental shield, and the design of .a prototypéféyéféﬁ?ﬁefé;iﬁg:ﬁffﬁﬁég

e

‘mjorbjectives_of tAis project (Chaptet 2).

Comparison of Tunneling Methods

There are currently two proven tunneling methods for excavation in
hard rock: |

1. Drill, Blast and Muck System (DBM)

2. Tunnel Boring Machine (TBM)
In addition, twp novel tunne1inq,b1ast1ng methods are the subject of re-
search and development:

3. Spiral Drill and Blast Machine (SDBM)

4. Automated Drill and Blast System (ADBS)

Orill, Blast and Muck System. In the DBM method of tunnel or drift

excavation, the procedure is to drill holes in the rock face, load the
holes with explosive, blast, muck, and.support the rib and back if neces-

sary. Improved explosives, mechanized drilling and mucking, and advanced



engineering have increased productivity, but the cyclic nature of D3M
operations 1imits the effective continuous use of the‘1abor force aﬁd
equipment.

In spite of the inefficiency due to cyclic operations, the DBM is
the method most used in tunnel and drift construction. This is due to
the methdd{s flexibility. That is, the DBM can operate successfully in
conditions ranging from the hardest rock to softer rocks, and can reédi]y
be adapted to changing rock conditions which are frequently encountered.

Tunnel Boring,Mdchines. Modern hard rock tunneling machines have

developed rapidly since the three machines designed by James S. Robbins
were successfully used for excavating tunnels at the Qahe Dam in 1954,
The TBM concept is not new, however, as evidenced by<the successful exca-
vation of over 6,000 of 7 ft diameter tunnel by means of a compressed air
driven.. fixed pick machine in 1884 (Muirhead & Glossop, 1968). Several
other machines werevsuccessfu11y used in moderately hard rock {1imestone
and sandstone) prior to 1950.

Currently, TBM tunne1ing is 1imited to rocks of 'modérate strength and
hardness. This includes most sedimentary rocks and some of the softer
i@ﬁéﬁﬂE‘and metamorphic rocks. Harder metamorshic rocks, such as schist
and gneiss, can be drilled because of recent advances in cutter and bearing
technology. |

A TBM system must be able to (1) continuously cut rock, {2) collect
and remove rock cuttings as they are produced, (3) excavate the tunnel to
correct line and grade, and negotiate horizontal and vertical curves, (4)
permit support installation as close to the face as necessary, and (5) con-
trol dust, water, and heat. In addition, it should be relatively simple
and with a high degree off%éfi§§fﬁi§9:Zééiijﬁ@f}@jﬁ@@@ﬁjgh@:ﬁiEEEEEﬁbjélﬁﬁnd

“allow _rapid cufter displacement.



A TBM cuts the full tunnel face,lnorma11y producing a circular opening.
(An exception is Atlas-Copco's "Mini'Fullfacer" which produces an arched
back and invert and straight ribs using an under cutting technique). Machine
advance is generally obtained by securing one section of the TBM to the
‘tunne1 periphery via hydraulic jacks and thrusting the cutter head assembly
forward, using the stationary section as the point of forward thrust. (Some
systems use a pilot hole anchorage system to puf] the machine forward).

The cutter head assembly rotates aﬁd is tﬁrust aqainst.thelrock face.
The excavated material is gdthered by buckets or scrapef conveyors and
pnassed through the cutting head on ﬁonvéyorS‘where it may be removed‘frOm
the heading by various means. TBM usage is {ncreasing due to its rapid
advaﬁce rate and low 1ab6r requirement. Principal disadvantages include
high capital cost, long delivery time, and maintenance costs in hard rock.

Based on available data and estimates, the advantages and disadvantageé
of the four systems are summarizedas follows, aséuming that the two new

methods can be made operational as predicted:

Drill, Blast.and Muck System

Advantages -

- Blasting can break the hardest rock.
- Adapts to changing rock conditions
- Excavates any tunnel size or geometry

- Individual componehts may be quickly repltaced, avoiding
nrolonged down time

- Rapid equipment set up
- - High reliability, availability

- Support can be installed close to the face



Disadvantages -

Slow advance rate due to cyclic operations
Labor intensive
Relatively high powder factor

High blast overpressure, noise intensity, vibration, fly
rock velocity

Excessive overbreak and wall fracture, creating safety
hazard and increasing support requirements

Large cost per foot

Tunnel Boring Machine

Advantages - ' -

Continuous advance at a rapid rate

Creates stable opening, improving safety and decreasing
support requirements ‘

Few operating pérsonne],vkeduced labor cost
Simplifies muck removal .

Lower cost per foot

Disadvantages -

High capital cost and long fead time
Limited to moderately strong rocks
Loné assemb]y time

Moderate reliability

Requires large ventilation system
‘High power consumption

Cannot excavate vefy large openings

Cannot excavate unstable rock



10.

Spiral Drill and Blast Machine
Advantages - |

- T Semi-continuous advance at rapid raie
- Can excavate hard rock W -
.- Adapts to changing rock conditions |

- Excavates any tunnel geometéy |

- Relatively low powder factor o A
- Nominal to maximum sdpport requirements

- Remote,monitofing and control of advance

- Few operating personne1{ reduced 1aborrcost

- Low cost per foot - projected
D1sadvantages -

- Remote monitoring and control may be a disadvantage

- High air blast, vibration, and fracture of the wall and
‘overbreak

- Mechanically complex

- Moderate reliability, availability
- Support installation cannot be erected close to the face

- Cannot excavate very small dr'1arge openings

- Requires skilled labor

Automated Drill and Blast System

Advantages - | .
- Complete shie]ding of outby work area ‘ ' '

- Semi-continuous advance at rapid rate a]]owing support
~erection close to the face

-
Yl

- Creates Tess fractured opening, 1m0r0v1ng safety and de- ' o
creas1ng support requ1rements -

- Reduced ground vibration, air blast, and noise
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Ry -

- Low powder factor

- Operator(s) can remain at‘the face

- Few operating personnel, reduced labor cost {urban areas)
- Excavates any tunnel geometry

- Low cost per foot - projected

- Incorporates many proven components

Disadvantages -

- Men continuously remain at the face (currently disallowed -
by MESA and USBM) .

- Complicated rock removal from the face
- Cannot excavate very small openings

- Requires skilled labor

TS If the projected operational characteristics and economics summarized
in Table 1 and thé advantages and disadvantages outlined above represent

a reasonable assessment, the ADBS utilizing small charges and shielding has

the potential of becoming the more viable tunneling method for a wide range

of rock conditions. That is? such an excavation system will provide flexi-
bility of operation reduced costs, together with the other favorab1e char-
acteristics described, and will utilize explosives as excavating agents.

By far the greatest portion of excavation is now carried out Qifh the drill and
blast in spite of its several unfavorable chafacteristics. If these unfav-
orable factors can be reduced, most of the favorable féctofs which have

given explosives such a broad application in the excavation industry can be

retained.




COMPARISON OF THREE EXCAVATION SYSTEMS - LIMESTONE

Excavation
Method

TABLE 1-1

DBM

T8M

13.

. ADBS

Excavation
Characteristics

Type of Rack
Availability

(Machine)

Advance Rate
(ft/day)

12' diam.
24' diam.

PowderSFactor
(1b/ft~)

. Equipment Cost

12¢ diam.
24' diam.

Manpower

12' diam.
24" diam.

Support
Requirements

Cycle: drill, blast
muck

No Timitation

70 - 95%
65

52

1.6 - 8.4

$330,000
497,000
15

24

Maximum due to
fracture and
overbreak

Continuous cut-
ting

6-30 ksi comp.
str

40 - 85%

91
76

N.A.

$1,500,000
3,000,000

2 -4
2 -4
Minfma] due to

excavation
method

Semi-continuous
drill, blast,
muck

No limitation

6N - 90%

79
63

1.35 - 2.7

$325,000
487,000

5
9

Nominal due to
smooth blasting
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| CHAPTER 2 |

THE_ADBM CONCEPT -

Introduction

The caoncept of the ADBS was designed to overcome most of the disadvan-
tagesrof conventional drill, blast, muck (DBM) tunneling. These disadvan-
tages are‘summarized‘as fo]]ows:'

1. Advance raie and efficient utilization of manpower and equipment
is 1Timited by the cyclic nature of the method.

2. Conventional blasting produces high blast overpressure, noise,
and vibration.

3. Conventional blasting can cause excessive overbreak and wall frac-
ture, creating a safety hazard and increasing.support requiremehts.

4, The DBM system of advance has a high cost per foot.

The disadvantages associated with DBM tunneling are all directly related

to the manner in which explosives are consumed. Because several hcles con-
taining a large amount of explosives are detonated at once, high overpres-
sure, fly rock velocity, ground vibration, and noise are produced. Thus,

men-.and equipment must be moved from the face to a safe location. This

-

requires that the operation be cyclic in nature,iWﬁjéE;;EéétéSiﬁn;ihéfii@igncy

e e -

Zoer, foot_of .adyance.

“tha resuTts 1 a hiah cost ;
In a small round, Targe delayed blasts are replaced with several smaller
blasts. Small charges in 4 to 8 holes with the charges detonated simultan-
‘eous1y provide efficient rock breakage and limit blast overpressure, fly
rock, and ground vibration. The total weight of explosive consumed per shot

can be adjusted so that the air blast pressure is limited to a magnitude which

can be safely contained. This allows shielded equipment to remain at the
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face and increases dvera11‘eff1ciency. The small charge round produces a
smooth periphery in the same manner as in smooth blasting. This_technique
improves safety by creating a Tess fractured perimeter and decreases over-
break .. and support requirements.
The ADBS, which may remain at the face because of the utilization of
small charges, will permit semi-continuous dr111iﬁg, blasting, and mucking.
A blast shield; which contains overpressure, dUst, fly rock, and attenuates

noise’, will provide a safe working environment outby the advance equipment.

“ADBS Components

Chassis. The ADBS chassis will consist of dual crawlers to advance
the equipment, an apron and gathering arms to Semi-continucusly %uck the
broken rock, a conveyor to discharge the muck outby the blast shield, and
an upper frame to carry the drill{s), load/blast system(s}, control cab{s},
and the blast shield support booms.

Drills. One or more (depending on'the size of the face area) hydraufic
drills will be mounted on the chassis frame. Each drill will be operated
by controls 10catedvin the cab. Hydraulic drills, which have a higher pene-
tration raté than pneumatic drills, will be utilized, with each drill being
mounted on its own boom.

Load/Blast System. The proposed explosive 1oadihg and blasting system

must be compatéb1e with the total system operation. Two possible systems
are proposed for investigation. The first will be patterned after the sys-
tem which has been emp]oyed to date, i.e., detonating cord. A second system
to be investigated will employ exploding blasting wire caps which are safe
to use and have the required accuracy for simultaneous blasting of adjacent

holes (see.Chapter’7).
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Control Cab. A control cab is designed to protect one drill operator:
and one load/blast operator. The purpoée.of the cab is to nrovide a safe,
comfortable working environment for the operators. It will be heated or
air éonditioned as required,'and will protect the operators from overpres-
sure, dust, fly rock, and excessive noise. The cab, mounted on the chassis
frame, will contain all production and safety controls.

Blast Shield. Blast overpressure, dust, fly rock, and excessive noise

will be contained in the heading by a blast shield mounted at the rear of

" the cthassis. ‘The shield will consist of sect{ons powered by hydraulic jacks,
the sections conforming to‘the shape of the drift. A low porosify foam
material will seal the periphery of the shield to the drift; a rubber lining
on the inby face will attenuate blast noise; Doors will be provided for

the muck opening and a manwdy. The shield will be attached to the rear of
the chassis frame by two hydraulic booms.

Ventilation. The heading will be ventilated by means of the tunnel ex-
haust ventilation system. Except during blasting, the air inby the shield
will be exhausted by a pipeline from the shield to the portal where the
main fan will be Tocated. The cab(s) will be ventilated by fresh air from
outby the shie1d to circulate inby the shield. An auxillary fan may be re-

quired to clear the face of smoke in the desired length of time.

Component Shielding

The protection provided by the blast shield and control céb(s) against
blast overpreséure and fly rock consists of high strength steel pTate and a
rubber 1ining. Field testing of the blast shield proved these materials ef-
fective. Similar protection of the chassis is not required (Alpine, 1977),

however, this should be verified during prototype testing.
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Field testing ‘of the SDBM (Peterson, et al, 1976) has shown that
machine components can be ddequately protected from blast damage by a
heavy wire mesh shield. The hydraulic lines and cylinders on the drill
and load/blast systems must be protected by steel plate. To provide pro-
tection for the load/blast systems, hydraulic drill, drill steel, and drill
slide, an expanded metal shield will be used.

The shielding measures described above will protect all ADBS compo-
nents from blast damage. However, one additional shielding system may be
considered in future research. This would consist of a shield located at
the face, fabricated from expanded metal (heavy wire mesh) or similar
material. Such a shield, which would be hydraulically erected during blast-
ing and collapsed during dr%]ling, loading, and mucking, and would contain

fly rock and provide additional component protection.

ADBS Operation

A typical round using the ADBS will be carried out as follows (Figuréé?fil.
Operators unlatch the manway door on the shield, enter the inby area and
latch the door behind them, and enter the control cab and latch the cab
door. Lights for the face and control console are turned on. The cab
ventilation system is turned on, followed by the drill and load/blast
system hydraulic pump and the chassis hydraulic pump.

While one operator is drilling a line of holes, the second operator is
loading previously drilled holes. Hhen drilling and loading are complete,
the drill and load/blast booms are retrécted from the face. The operators
then close the control cab window shield, the butterfly valve in the main
exhaust line, the cab intake and exhaust lines, and the muck discharge door.

Lights on the console indicate that all apertures are correctly closed

(or indicate which is not closed) which closes the firing circuit. The
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shot is detonated by pressing a button on the firing set.

Immediately after the shot the control cab and exhaust ventilation
systems are reactivated, and the muck discharge door is opened to complete
the ventilation circuit. The control cab window shield is opened, and when
the working face can be seen, drilling and loading commence at the same
‘time tﬁe mucking system is activated.

When a complete round has been exca&ated, the shield sections are re-
tracted and ADBS is moved ahead. At this time, men outby the shield measure
1ine and grade and inform‘the operators. of -necessary correction in hbrizonta]
or vertical alignment.  The two hydraulic booms‘p051tion the shield in the
center of the drift and the shield sections are extended. Men outby the
shield verify that the shieﬁd is properly sealed in the drift via telephone.

While excavation continues, utf1ity 13nes are extended and muck is
transported from the outby-shie]d area. Tunnel sﬁppdrt erection, as required,

and other activities proceed uninterrupted by the heading advance.

Contingencies

In addition to typical mechanical and electrical failures inherent in
any mining equipment, several situations could possibly occur which demand
consideration. These are misfires, electrical failure, and fire.

Misfires. ~In.case detonation is accomplished by electric (EBW) caps,
a misfire may be detonated by rewiring the shot. If the misfire is due to
a cap manunction, the problem becomes more complex. Since each hole must
be stemmed in order to achieve the required explosive containment, top prim-
ing the misfire will not provide detonation. Two solutions toc the misfire
problem are possible. The first is to open circuit the shot and manually
extract the stemming and explosive. However, this method is time consuming

and dangerous. A better solution would be to provide the cab window shield
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with a s1it fitted with high impact resistant glass. When a misfire occurs,
the ADBS would be closed as during a blast and an adjacent hole dri1ied and
shot. The misfiréd Eap and explosive could then-bé collected from the muck
and detonated with the next shot.

Electrical Failure. An electrical failure would render the ADBS com-

pletely inoperable and stop the ventilation system.  If such a situation oc-
curred, even immediately after a blast, the ogerators would be safe. Flash
lights or cap lamps stﬁred in the cab could be Qsed while the cab and shield
doors are manually opened. Self-rescuers, also stored in the cab, would
provide the operators with protection from dust and blast gasesiﬁiiégiiégiﬁés
of nifrogen-while"they exited the ADSS.

Fire. On any piece of mechanical equipment, fire is a possibility.
Fire extinguishers located outby the shield and in the control cab will
probably be able to extinguish any minor fire typical of sdch equipment.
As fn‘the case of anelectrical failure, the operators can exit the ADBS
using cap lamps and self-rescuers. It is emphasized that,.due to the

types of materials used in ADBS fabrication and because of MESA safety

regulations, the possibility of fire is remote.
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CHAPTER .3’
BLAST SHIELD DESIGN

Introduction

One of the key components of the small charge Automated Drill and

Blast System {ADBS) is the blast shield. This component of the system

physically separates two segments of tunnel operations:

1.

Inby shield operations
a. Drilling

b. Blasting, using the simultaneous detonation of several small
charges of high explosives

c. “Muck_githering onto’a conveyor. -’

Qutby shield operations

a. Sypport installation

b-.. Muéklloading and haufing

c. Installation of air, water; and ventilation Tines
d. Advance of track (if rail haulage employed)

e. Other operations in support of face advance

The prime function of the blast shield is protection of outby person-

nel and equipment from blast induced fly rock, overpressure, and excessive

noise.

The shield must provide an access for men and materials (bits and

explosives, etc.} to the face area and an exit mechanism for muck removal.

Electric, communication, water, air, and ventilation utilities must also

pass through the shield. A1l of these openings must be designed so that

dust, fragments, and overpressure will be contained inby the shield and

the transmission of noise and vibration through the shield will be 1imited

to acceptablie levels.
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"The minimum estimated distance from the face to the shield under op-
erating conditions is 20 ft. If six holes, each loaded with one qﬁarter
pound of slurry explosive and stemmed, are detoqated simultaneously, the
peak o&erpressure predicted by equation is 10.5 psi. The design of the

blast shield used in .the field tests described below was based on an over-
pressure of 25 psi. The effective load applied to the shield by blasting

is also determined by the duration of the blast pulse.

High Velocity Fragments. The 1mpéct velocities of particles on metals

are divided intﬁ two regimes:

1. Hypervelocity - greater than 5,000 fps

2. High velocity - 1ess.than 5,000 fps
The velocity of fragments created by conventional blasting is far below the
5,000 fps range and lower portionﬂ of the high velocity regime applies to
ADES blasting conditions.

Within 20 ft of a blast hole, the fragment vélocity is usually asSumed
to equal the initial particle velocity. A study of fly rock velocity from
single cratering charges in sandstone showed a maximum fragmenf velocity of
260 fps (Duvall, 1957). Blasting tesfs using simultaneous1y detonated small
stemmed charges of high explosives (Clark & Rollins, 1976) showed somewhat
iffhigher velocities. These higher velocity fragments may have been only
loosely attéched to the face; and therefore, exhibit a higher fragment velo-
city than would be expected from slabbing of larger fragments.

For simple cratéring shots at the optimum scaled charge depth, the
predicted f1y rock velocity is less than 100 fps‘(Duvall, 1957). In the
tunnel rﬁund tests conducted usiné small chargés, small fragments (less than
three inches in diameter) were thrown 50 to 100 ft. This indicates velo-~
cities of approximately 100 to 200 fps, énd over 98% of the bioken rock was

within 14 ft of the blast.
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‘Grosé shield failure, characterizéd by bending or collapse, will not
occur since the mass of the impacting fragments which reach the shield is
small in comparison to the mass of the shield. Discing or flaking of the
outby shield face will not occur because of low fragment velocity and
strength, and because the ‘test shield is constructed of high strength steel.

whén mild steel projectiles penetrate mild steel plates, the penetra-

tion depth is predicted by (Healey, 1975):‘

- 12630 (v 22 S ER

o~

where
Z = penetration in inches
D = fragment density in pounds per cubic inch
VS = fragment striking velocity in 1,000 feet per second

are ignored and a high impact ve]oCTty of 400 fps is assumed, the depth of
penetration prediicted by equat10n3 2 e approx1mate1y a. 05 in. :.Previpus
tests with a fixed shield and sma]%!charges.of high explosives showed only
minimal pitting of the shield (Clark & Rollins, 1976). |

Vibration. Vibration is of concerh because of the poss{bi]ity of gross
blast shield failure« in the form of bending or collapse, or local failure
due to higher frequency response. Vibration amplitude, frequency, and dura-
tion determine the blast shield response. HNatural vibration‘frequencies of
thin flat plates of uniform thickness may be determined considering the
shield as a mass-spring system (Harris & Crede, 1961). The blast shield used
in the field tests, a 7 x 7 ft by 1/4 in. high strength steel plate with
all edges clamped, was predicted to have a natural frequency of approximately

140 radians per second and a period of 44 milliseconds {22.7 Hz).
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The period ratio is the relationship between the characteristic period
of the forcing function (the blast pulse) to-that of the oscillator (the
blast shield). The anticipated blast pulse period for the charge sizes em-
ployed is 0.4 milliseconds (Clark & Rollins, 1976). Thus, the period ratio
is 0.4/44 = 0.01. The maximax displacement, given as the ratio between

maximum displacement due to vibration (XM) and maximum displacement due to
a static load (Xsb is approximately 1% of the displacement given by a static
load equal to the peak blast pulse amplitude. This analysis shows how the
pulse duration affects the pressure applied to the shield and why the pres-
sure applied to the shield is relatively insensitive to variations in peak
blast préssure unless the effectivéﬁperiod of the blast pu]se-épproaches
" that of the frequency of the shield.
Structural supports, utility fittings, access openings, and other

shield -appurtendnces will tend tocjncrease the’resistance to vibration

motion of the entire shield. Thus, blast overpressures and resultant vib-

rations induced in the shield are far below critical. For small charges,

the factor of safety for bending failure of the shield is greater than 10.
Noise. Tests conducted in an unobstructed short tunnel (Clark & Rollins,

1976) recorded a maxihum'noise intensity of 114 dBA\at a distance of b2 ft

from the detonation of several small charges of high explosives. When a

steel shield with plywood on the inby face and four Iead-viny] curtains out-

by were placed in the tunnel 15 ft from the face, blast noise was reduced to

less than 110 dBA ét 30 ft from a similar blast.

!

* Allowable Blast Effects

Air Blast Pressure. Recent studies (Army, 1969) concluded that the

critical human organ subject to blast pressure injury is the ear. The thres-
hold of ear drum rupture cccurs at 5 psi, while a 50% casualty rate occurs
at 15 psi. For continued exposure, air blast overpressurés must - be less

than 2 psi if human comfort is to be maintained.



Small Charge Blast Characteristics

The simultaneous detonation of several small stemmed charges (usually
from four to eight) of high exp1dsive produces air blast, high velocity rock
fragments, vibration, and noise. The amplitudes of thesé four parameters
dictate the design of the blast shield. and is based on the following:

1. Structural strength to resist stress waves (precursors) which re=>
sult from short period blast waves or high velocity fragments impacting the
shield. |

2. Shield strength, rigidity, and restraint to resist flexure of move-
ment of the entire shield due to‘air blast overpressure or fragment impact.

3. A method of sealing the shield to the invert, ribs, and back so as
to prevent blast overpressures and high velocity fragments from entering the
outby work area,'and to attenuate noise intensity to allowable magnitudes.
The critical values of these parameters are determined largely by the magni—f
tude and duration of impact (see also Appendix A).

Air Blast Pressure. Analysis of air blast overpressure from under-

ground mine production blasts indicate that a cube root law describes the

pressure decrease with distance from the blast {0Olson & Fletther, 1971):

P = 4.9 (10)° (p/u'/3)72-15 (52
where
P = overpressure in pounds per square inch
D = distance from blast in feet

W = zero delay charge weight in pounds

Studies conducted previously in a short tunnel yielded similar support-
ing results (Clark & Rollins, 1976). The pulse magnitude and duration ob-
served in these two studies, which were conducted with stemmed charges, may

be low due to the influence of cross cuts and nearhess to a tunne] portal,

respectively.
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High Velocity Fragments. For safety reasons, all blast fragments must

be stopped by the blast shield. ‘It has been demonstrated that the depth
of)penetration of a high velocity roék fragment into the steel front face
of the blast shield is small. For high velocity fragments, the ratio of
the fragment mass to shield mass is small, and impact does not cause shield
movement, cratering, or bending.

Vibration. Experiments with animals (Rice & Zepher, 1967) have shown
that higher frequencies are less tolerable than lower frequencies. More
specifically, higher frequencies are more tolerable at lower amplitudes,
qand peak accelerations are more tolerable at higher frequenciés. It may |
be inferred that the effect on humans is similar. However, since the blast
shield period is large and the vibration amplitudé is small, the effects on
humans of blast induced vibration will be slight and within tolerable limits.

Noise. Noise exposure standards have been established for both general
industry and the mining industry (MESA, 1974, 0SHA, 1976). Both federal

codes set egual exposure limits (Table 3;j)u

3

[ TABLE 3 Il

PERMISSIBLE NOISE EXPOSURES -

Duration Per Day (hours) - Sound Level (dBA) - Slow Response
8 90
6 92
4 95
3 97
2 100
“1-1/2 102
1 | 105
1/2 110

T/4 or less 115

Field Test Blast Shield

The test shield was designed to attain four major goals:
1. Insure structural strength to resist predicted fly rock impact and

blast overpressures.
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2. Teét'the effectiveness of a support mechanism and sealing system
which would prohibit the passage fo the outby work area of fly rock, dust,
gaseous products of detonation, overpressure, and excessive noise.

3. Test a method of mechanically expanding and contracting the shield
as will be required on a working model. |

4. Provide é'shie]d which could be easily assembled and disassembled
to facilitate transportation into and out of the heading.

A 1/4 in. thick, high strength (Fy = 50 ksi) steel plate was the chosen
shield material because.of its prior successful application under similar
test conditions (Clark & Rollins, 1976) and because analysis indicated a
satisfactory factor of safety against bending failure. The shield con-
sisted of seven overlapping sections. The sections were assembled as shown
in Figure 1 and fabrication plans are contained in Appendix B. Pressure’
against the f]oor; ribs, and back was obtained by forcing each shield sec-
“tion against the main shield section and thence against the opposite surface
df the drift. The force was obtained by hydraulic jacks, which may be con-
sidefed for use in the fully automated shield.

In previous field tests of a similar blast shield (Clark & Rollins,
1976), fragment and‘air blast impact induced vibrations in the shield which
resulted in a ringing noise. The impact and ensuing vibration were not
harmful to the shield, however, the noise Tevel was high. In order to miti-
gate this noise level, 1/4 in. thick synthe'tic rubber lining (used conveyor
belt) was bolted to the inby side of the shield.

Sealing the shield to the floor, ribﬁ, ahd back was accohp1ished by
cold-bonding a low porosity foam rubber to the edge of the shield (Figure3-1).
When compressed, this material deformed to fill thevirregu1arities of the

rock surface.
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T FISURE 3-1]

© GENERAL CONFIGURATION OF FIELD TEST BLAST SHIELD (OUTBY SIDE)

"7 : | N - |

. |
SINGLE | M~
ACTING i t
ACCESS HYDRAULIC } @
DOOR JACKS |I
|
1
| .
Rt

.;'@,@,%W‘G\)«/.\.‘W j.' P S N . ...\-

Note: The numbers indicate the order in which the sections were
erected in the field. Sections 2 through 6 were then
~jacked into place. . :
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A removable door was provided in the shield to allow access for drill-
ing, loading,of explosives, wiring of the round, and mucking. The door,
also fabricated from 1/4 in. thick high strength steel and faced with 1ining,
was flanged to provide effective sealing strength. An overlapping flap of
rubber belt lining reinforced the seal.

This blast shield design, while not intended to be totally automatic,
as will be ultimately required, contains most of the‘basic elements of an
automated shiefd. The method of forcing the sections against each other
and the tunné] periphery uti]izing hydraulic jacks is proposed for a final
shield as is a heavy foam rubber seal which functions as a sealing mechanism.
A noise attenuating material, such as conveyorbe]iiﬁg,]ining the inby side,
is necessary to reduce blast induced high frequency noise which would other-
wise be’transmitted through the shield.

- Blast Shield Erection. Field testing of the test blast shield was con-

ducted in the Colorado School of Mines Edgar Mine in a cross cut aporoxi-
mately 7 x 7 ft in section.

The shield was Tocated at a site 13 ft from the face for the following
reasons:

1. The distance from>the face to the shield is less than that for a
machine-mounted shield.

2. The small floor area. simplified hand mucking.

3. The drift at this location was roughly square in cross section.
The site was prepared by blasting protrusions and filling large voids around
' “the periphery with concrete held in place with bolt and wire mesh réihfﬁﬁﬁémghj.
Muck overlain by sand was used to cover the existing railroad tracks.

The shield was erected (Fiqureiéfh)gwith:sgven,lﬁen;tqn éiqgle%dttiqg

hydraulic jacks extended until their full thrust was reached. This compressed
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the high density foam rubber, originally 6 in. thick, to an average thi@kness
of less than 1 in. The maximum anticipated blast overpressure predicted by

equation A‘ﬂ was 25 pST, assum1ng six ho1es each Ioaded w1th one“quarter

. . T RERN e et  Lr n S "

pound Gf high explosive.

It was found that the total predicted peak blast force of 88 tons on
the shield exceeded the frictional resisting force provided by the jacks,
so six number 8 reinforcing bars were Tnstélled in drilled holes in the
wall, roof, and floor and wedged against the shield.

Shield Tests. Field testing of the blast shield was carried out con-

currently with tests of a 24 in. deep small charge round (Hanna, ]97§0.

This arrangement exposed the shield to blast effects smaller thah those. anti-
cipated. The 24 in. deep rounds were excavated by several shots. Each

hole of the shot was loaded with a predetermined weight of slurry exp]osfve,
the weight being established by the volume of rock to be broken and an as-
sumed powder factor. The holes were stemmed with caulking material. The
explosive was initiated with 25 grain per foot detonating cord with the
length of cord from each hole of the shot connected. The shot was initiated
by a single blasting cap. This method caused all 8 holes of the shot to
detonate simuTtaneously. |

The ffrst shot moved the top right corner of the shield several inches.
Shield movement was caused by the lack of adequate frictidna] resistance
against the drift periphery, and because of the fact that all four holes
bootlegged,, producing high overpréssure.

To prevent continued shield movement, lengths of reinforcing bar were
wedged iﬁto drill holes outby the shield,and the shield was timbered in
place (nﬁtggbownijﬁ As noted earlier, this method of supporting the shield
at seven points, three bars along each side and one at the top, proved rea-

sonably effective. However, high overpressure due to bootlegged shots re-
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quired frequent replacement of reinforcfnq'bars and timber, which failed in
shear and bending, respectively. The first shot of the second 24 in. deep
round (all eight holes of the:V-cut) bootlegged, which caused all six bolts
of the main shield section overlap to fail. These 1/2-in. diameter mild
steel bolts were replaced with high strength bolts. This was the only
shield component failure during testing. The problem of restraining shield
creep was solved by placing a loaded granby car against the shield during

blasting.

Test Results. " In addition to round testing, both noise level outby
the shield and pa}tic1e velocities in the rock were measured (Appendix C).

0f the ten instrumented shots, four bootlegged one or more holes.

Sound levels recorded five feet outby the shiéld ranged from 96 to 112 dBA.
When all of the holes in a shot detonated properly, the maximum noise level
was less than 108 dBA. ‘This noise level compared well with ndise levels
recorded earlier for 18 in. deep small charge tests (Clark & Rollins,’1976).
However, in the earlder tests, a fixed shield with 1/4 in. plywood inby and
four lead-vinyl curtains outby was used (Appendix A). This arrangement,

. while proving the viability of the shield concept, is not practical for the:
ADBS. The tests conducted at the Edgar Mine used a newly designed moveable
shield faced with inexpensive rubber conveyor belting as noise attenuation
1ining. Thus, adeduate noise reduction can be éttained by a‘lined shield
designed to fit the shape of the drift, which was one of the key shield de-
sign criteria.

When the shield was braced to prevent movement, the compressed low
porosity foam provided a good seal between the shield and thé drift peri-
phery. This was evidenced by the lack of smoke or dust in the drift outby
the shield after the detonation. Usually, no particulate matter could be

observed in the air, and only a faint odor of explosive was detected. The
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lack of significant quantities of smoke or dust indicates that the shield
also adequately contained the blast overpressure. Thus, another criterion
for the shield was met: dust, gas overpressure, and fly rock were contained
by the shield. |

The method of extending and retracting sections of the shield using
hydrau]ié jacks worked well. One defect of this design was the tendency of

one of the sections to laterally separate from the main shield section

\‘r_‘LEiqgre 3?5;1 This was causéd by the moveable section being on the opposite
side of fhe main section from its hydraulic jacks and on1y.ohé set of re-.
straining bolts in each slot.” The separation did not, howevér, provide a
péth for the escape of blast overpressure and dust and can easily be recti-
‘fiedi The rubber sheeting appakentTy sealed the separation.

The force provided by the hydraulic jacks against the drift periphery
was insufficient to prevent shield movement caused by excessive blast pres- .
sure. This potential problem was recognized in the design, and was prevented
(the field tests showed that). In order for the peripheral seal to be ef- :
fective, shield movement in the drift must be prevented. This can be accomp-

lished by genérating a notch in the periphery with the outside blast holes,

and/or with steel pins.

Recommendations

The rubber Tining bolted to the inby side of the shield significantly
reduced the outby noise level. The used conveyor belt 1ining employed atso
withstood fly rock impact well. In over thirty shots fired against the
shield, only a few small holes (less than 1 in. in diameter) were made in
the lining when it was not held tight against the shield. Such a material
should be planned for the final shield design. Instead of replacing abraded

lining on the shield, a second layer of lining may be fastened over the



FIGURE3-2 -

CROSS SECTION OF THE LATERAL SEPARATION OF SHIELD SECTIONS
(Operating Face to Left)

USSR ity

. ;—— FOAM SEAL
FACE

B
T0P o

SHIELD -
SECTION

————— LATERAL SEPARATION

BOLT /

GLIDE

MAIN SHIELD SECTION

34.



damaged section. This maintenance method will also provide additional noise
vreduction.

The movement of parts of the shield probably preclude the use of an
-aboustwc rubber sheeting on the outby side. This material functions properly
only when it is cold-bonded to steel (Gates, 1977), which could not be done
because of the wear as one‘shie1d section moves over another. However, a
Tining such as canveyor belting bolted to the outby face would provide addi-
tional noise reduction. This should be investigated in future testing.

.The low porosity, high density foam rubber used to seal the shield to
the drift in the field tests worked very weil. The same material, a common
furniture rubber, or equal would be incorporaten on the final shield. A
better bonding method or material may be required to attach the foam to the
steel shield. The 4 in. wide by 6 in. deep cross section of foam was effect-
ive in the field tests. |

As indicated above, the hydraulic jacks did not provide enocugh force

e

to resist shield movement, but they d1d comp]etely compress and successfu]ly

‘bond’ the foam seal in p]ace when shield” movement d1d not. Toccur. Theim{nhmum

e N i

force requ1red to adequate]y compress ﬁngﬁfgam sea1 was not. determ1ned

~—— - ——n ST i e ———

The bolt guides and slots to direct the movement of the shield sections
were effective and such an arrangement should function on an operational
shield.

s One plan is for two separate systems %o Hb]d the shield securely in the
drift. The first mechanism is to connect the shield to the chassis by means
of two booms (Figurejng)n@hnigdlon the chassis. Each boom is equipped with
two dual-acting hydraulic jacks to position the shield at the desired loca-
‘tion in the drift. Tests of the blast shield showed that restraining the
shield.near its center of mass is very effective in reducing or preventing

motion.
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In the design for a 12 x 12 ft drift (Figure 3-3),the chassis connection
points are 1ocated on the shield so as to brovide three equalTy}spaced Spans;
Plate deflection theory shows that the chassis connection will carry approxi-
mately 70% of the pressure Toad and the periphery.of the shield will tarry.
the remainder. With thé‘Shig]dZZO ft from the blast, the peak overpressure is
approximately 10.5 psi (Appendix A) or a total of'110 tons. Thus, the
chass{s load is 77 tons or 19.1 tons per support. High strength (Fy = 46
ksi) structural tubing will be effective for the booms and supports.

The movement of the upper‘jack on each boom will be operated by a -
single control so that both jacks mov; together. The jack will be pin-
connected to the boom and to an arm which s1ides within the boom. This
configuration allows the bending stress to be carried by the boom and slide
instead of the jack. The two lower jacks, also operated by a single control,
will be pin-connected to the boom support and the shield. Thqs, 6n]y axiaf
force will be applied to the Tower jacks.

The booms, slides, and supports shown in F%gure3-3 were designed using‘
the load, dimensions, and the steel shield indicated consisting of -1/4 in.
plate. Allowable tension,_compression, bending; and shear étress are per
current AISC specificatibns (AISC, 1977) for structural steel design. De-
sign caluclations and details are contained in Appendix B. -

The second system‘for holding the shield is the periphefa1 support.r
One component of peripheral support will Be provided by thé frictional re-
sistance developed at the rubber seal/rock interface. For the dimensionsl
given in Figure 3-4 a 4 in. wide foam seal, and an assumed friction coéffﬁ-

cient of 0.1, the frictional resistance developed can be calculated
) Iyt A ot

ERTEE
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| TABLE 3-7 |

SHIELD FRICTIONAL RESISTANCE
(12 x 12 ft drift)

Contact Qrea Pressure/Section Frictional
Shield Section (in.%) (psi) Force (1bs)
Sides, back or invert 528 - 133.6 L7954
Corner 144 138.9 2,000

Thus, the total frictional resistance is approximately 16 tons. Out of the
110 ton overpressure force, 93 tons will be resisted by the chassis and
frictional resistance, leaving 17 tons to be resisted by the second compo-
nent of peripheral support. This will be provided by eight peripheral jacks,
located on the outby side of the shield (Figureéﬁﬁ).ﬁ Each jack cylinder

will have a poiﬁted end which acts as a stinger when pressed against the
rock. Assuming a contact area of 0.25 sq in. and a coefficient of friction
of 0.1, the functional resistance per jack is 4 tons or 32 tons tdtal.

The muck discharge apparatus (Figur€§}5) is designed to be used in con-
junction with a conveyor system outby. The door will be hydraulically ac-
tivated and will be faced with rubber lining. The manway door will be hinged
and swing in; the latch mechanism will be operated from either side of the
shield. Water, ventilation, electric, and communication lines pass through
the shier. These utility Tines must be caulked or grommeted securely in
the shield opening.

The shield design described above contains all the elements necessary

to function efficiently with the ADBS. This design, combined with the con-

trols and Safety features described above, is safe, effective, and relatively - |

inexpensive to fabricate. 7 3
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CHAPTER 4>
CONTROL CAB -

Introduction

The operations will be monitored and controlled by operators in a
control cab located to the rear of the‘ADBS equipﬁentrand inby the'b1ast
shield. Drilling, using boom mounted hydraulic deifters (Chapter &), and
exb]osive‘1oad{ng and detonation will be controlled from within the cab.
| Because the control cab wi]]‘bel1ocated near the face, the operators must
be shieided from the air blast and flying fragments and provided with a
comfortable working environment. Safety and comfort requirements dictate
that the cab be totally enclosed.

As indicated in Chapter 1,’10cating.bperators at the face has both
advantages and disadvantages{»'Thé'ﬁﬁﬁhcipal‘qdvantage is that an ogerator

,qan'cdntihuously:monitOh the drilling, loading of exp10$i§es,i§fé§fiﬁ§?.-1, .

,gﬁﬁgr;§¥3 §nd'roCk conditions;‘ Most. of the CombdnentSAare broveh and rela-
tively unéomp]icated, and few failures are expected to océur. Continuous,.
direct visual inspection permits rapid preventive maintenance, decreased
down time, and more efficient operation.

In spite of improvements in drilling equipment, explosives, and tunnel
blast rounds, optimum drill hole spacing and powder factor are determined
by geology especially for small charges. Interpretation of the geologic
conditions and evaluation of their effects on blasting requires both exper-
ience and close observation of the face. The small charge method of blast-
ing aliows the shielded operator to monitor the results of each shot. This
information, combined with an overall assessment of the face geology, per-

mits refinement of succeeding round patterns or of hole placement in the

same round. Continual round design refinement is critical particularly in
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the peripheral holes if excessive overbreak and fracture into the walls
‘are to be avoided. |

The chief disadvantage of having operators at the face is that such
an arrangement (men in protective cabs near the face during blasting)} is
an untried innovation. Currently, government requlations require that
"all persons shall be cleared and removed from areas endangered by the
blast" (MESA, 1971). An interpretation of this regulation with regard to
~the control cab has not ‘been requested. An additional disadvantage may be -

in initial operator acceptance.

Cab Design Parameters

Two basic considerations are required. in the design of the control
cab: shielding to resist blast effects and environmental control to pro-
vide operator comfort. The 31£é will be based on the number of men per
"cub1c space for contro]s and other factors d1scussed be]ow )

| Blast Sh1e1d1ng The contro] cab must protect the operators and con-

trols from fly rock? overpressure, and excessive noise. The design condi-
tions for shielding the control cab (Table 4-T)assume that the caB is a
minfmum of 15 ft from the face and that each blast consists of six stemmed
holes loaded with one-quarter podnd of slurry explosive per hole based on

detailed developement of the blast parameters (Appendix-A).

TABLE 4-1
BLAST PARAMETERS FOR CONTROL CAB DESIGN

Blast Parameter : Magnitude
Overpressure : 19.3 psi
‘Fragment penetration | 0.05 in.

Noise level 115+ dBA
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The cab is designed to resist failure by collapse due to overpressure.
Also, the overturning force produced must:be resisted by the cab:weighf and’
the mechanism connecting the control cab to fhe frame. The effect of fly
rock impact with regard to penetration is insignificant (Appendix A).

The attenuation of blast noisé intensity to allowable Federal require-
ments will prbbably require two noise reduction systems: both intefior and
exterior. Ideally, sound level will be reduced to below 90 dBA, which 1is
the maximum for 8 hour exposure (Appendix A).

Cab Environment. The control cab must be totally enclosed in order

to exclude gases, noise, and overpressure entering,and fresh air must be
introduced and exhausted. Also, depending on tunnel environment, heating
and/or'air conditioning may be required.'

Intprior Size Design. Based on the production advance rate (Chapter‘

-

Sy

10, Table 10-6) the number of drills can be determined (Table 4-2).  One mai

o can operate two drills and one.load/blast system operator is required for

each drill operator, while aniopérator is not required for the mucking sys-
tem. Mechanics, electricians, and other maintenance personnel may be

stationed outby the tunnel shield.

[ TABLE 4-2~ |

OPERATOR REQUIREMENTS

Tunnel Advance RateT 2

No. of Number of
Diameter (ft) (ft/day) " Drills operators
12 ’ 82 1 2
16 76 2 2
20 71 3 4
24 65 4 4

]Production rate of advance in sandstone

2 . .
Based on 36 in. deep round (see similar analysis - Chapter 7)
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When one drill operator and one load/blast Qperator are required, é
single cab can be used. For Targer diameter tunnels; two cabs are required
with one drill and one load/blast operator in each. Two cabs are neces-
sitated due to space limitations imposed by the muck conveyor.

The drill and load/blast system is planned to be manipulated by con-
ventional hydraulics, the controls for which can be installed on a console
in front of each respective operator. Console lights wf]] be required as
well as safety lockout electronics. Each operator.will have an adjustab]e

chair.

Cab Design
High velocity impact analysis {Appendix A) and blast shield testing

(Chapter 3) indicate that high strength steel plate 1/4 in. thick will
safely resist fly rock penetration. This material will form the cab shell,
- and during b]dstingd wﬁ]Tuto£a11y enclose the operators. Al1 joints will

be full -penetration welded so as to have strength at least equal to that of
-/

the high strengthisteel'plate. Features of the cab interior {Figure 4-1) are

placed to insure operator comfort. The windows are sized to allow visibi]itg
of the total face so that the tunnel face and ADBS equipment may also be
monitored by each operator from the cab.

The face will be illuminated by spot Tights mounted inside the cab
against the roof. These lights are enc1oséd fo prevent glare from the cab
windows. Additional interior lights will illuminate the controls so the‘
operator will not regquire cap lamps. |

The cab will be ventilated by fresh air injected near the cab roof.

The air source is the fresh air directly outby"the shield, provided by ex-
. haust ventilation (Chapter'S). Cab exhaust air will be discharged to the

area inby the shield. Volume requirements can be estimated from the data

presented in Table 6 inmthe'wdrk;bylzébgtahis (19772).
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The operators are assumed to be working moderately hard, thus con-
suming 1.74 cu ft per operator per minute or approximately 3.5 cfm tota].
The cab has a volume of approximately 66 cu ft. Thus, at the rate of 3.5
cfm, the air turno&ér rate s approximately 3 times per hour. A more desir-

able rate is 6 per hour or 6.6 ¢fm.

TABLE 4-3
APPROXIMATE RATE & VOLUME OF HUMAN RESPIRATION.

Air Inhaled Per. Ajr Inhaled Per

Degree of Respfrations Respiration . Minute
Activity (per-minute) (cu in.) (cu in.)
At rest AR - 30 489
Moderate 0 100 3,000
Vigorous w0 150 " 6,000

One door will be providéd for each cab and‘w11f be loacted onthe side
adjacent to the conveyor. The door will swing toward the face (Fiqure 4-2)
and will be provided with four interior dead bolts to secure the door
tightly closed. During biasting, the windows will be shielded by a 1/4 in.
thick high strength steel plate which will be operated by two dual-acting
hydraulic cylinders actuated from within the cab. While drilling and load-
ing are in progress, the.shie1d will be raised out of the operators'i’ sight
:(Figure 2-2). | |

Noise Attenuation. Based on the noise level measured outby the blast

shield, as described in Chapterc@@ al1/4 in. thick ]ayer of rubber sheeting
will provide adequate noise attenuation. However, in ofder to insuke_noise
reduction to Tower 1e§e1s and to reduce the startle effect produced by the-
blast, a second noise attenuation system will be included.

Several major rubber producers currently market rubber sheeting speci-

fically fabricated to attenuate noise levels around machinery. One manu-
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factures s a 1/4 in. thick synthetic rubber sheeting that, in tests, reduced
noise as follows (Gates, 1977):

Noise level recorded behind 1/8 in. thick steel plate 104 dBA

Noise level recorded behind 1/8 in. thick steel plate

with 1/4 in. synthetic rubber cold-bonded to the steel

on the side opposite the noise impact 89 dBA
This reduction represents an 85% decrease in noise level.

A 1/4 in. thick synthetic rubber sheeting will be cold-bonded to the
steel surfaces of the cab's interior wa1]§, roof, and floor. . This material
is durable enough to withstand wear when nlaced onhthé fléor (Gates, 1977).
A layer of this rubber will also be bonded to the underside of the window
shield, which will also protect the glass from the effects of vibration
loading.

Thus, the cab interior will be'protected by two noise suppression

systems: (1) an exterior system Consistinq of .a durable ]/4 in. thick

T rubber']ining (e. g N conveyor belt as used for the exDer1menta1 blast

shie]ds) which, when the window. shield is closed, will totally cover the
steel cab shell, and (2) an interior system consisting of a 1/4 in. thick
layer of synthetic rubber with a high noise reduction capability.

A11 hydraulic lines and utilities (ventilation, electric, etc.) will
be shielded and grommeted and/or caulked to the frame opening. This will

insure an air tight cab enclosure.

Cab Controls

Controls in the shielded control cab will be of two types:

1. Production controls for the drills, load/blast systém, muck system,
and

2. Safety controls for personnel protection both inby and outby the
shield during blasting.
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The controls for blasting will be accompanied by warning lights located on

the console. Fail safe, interlocking blast controls will also-be installed

on the console as required.

Production Controls. Controls for production equipment will consist

of the following:

1.

On/off switch for chassis hydrallic pump which onerates crawlers
and automatic mucking system;

On/off switch for drill{s) and load/blast system(s) hydraulic
pump; ,

Hydrau11c controls to move each crawler forward or backward ins
dependentiy;

Hydraulic controls to manipulate the drili(s), Toad/blast system(s),
and hydraulic booms;

On/off switch for automatic mucking system;

Hydraulic controls to retract the shield support mechanism
(Chapter 2) and to compress the shield section (same controls

: used to reTnsta]T shleld in the new ]ocatlon in the dr1ft)

Hydrau11c contro]s to man1pu1ate the sh1e]d boom (pos1t1ons
the blast sh1e]d in the drift).

Safety Contro]s, Controls to manipulate safety devices before, during, -

and after blasting will consist of the following:

1.

~Firing control button which initiates the simultaneous detonation

of several small .charges of explosives. This switch will be inter-
Tocked so as to be activated only when all of the following fea-
tures are correctly positioned; -

Open/close switch to operate muck conveyor door on blast shield
(closed during blasting);

Open/close switch to operate contro] cab window shield (closed
during blasting);

Open/close switch to operate butterfly valves in inlet and outlet

~ventilation lines to control cab {(closed during blasting);

Open/c]ose'transducer on manway door in blast shield (closed during
blasting);

Open/close switch to operate butterny valve on exhaust fan {closed

“ during blasting).
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Each.component listed above will be provided with a transducer and

| Warnfngi1ight located at the appropriate open/close switch to verify proper
operation. The warning Tight will glow dimly to indicate that it is opera-
tional. In the event of a malfunction, the light will glow at full brilli-
ance. This malfunction circuit will also open-circuit the detonation
mechanism.

The protection control system will function as follows: After one
set of holes has been drilled and another set loaded, the operators then
close all doors and va]Qes so as to isolate both the area fnby the shield
and the control cab. All the control iights waT glow dimly, indicating
that all valves and doors are properly secured. The Ifght adjacent to the
firing control button is ¢glowing at full brilliance showing that thé circuit

fis complete and that the found can be detonated. If a door or valve had
not been propérﬂy seaﬁed, its warning’light will have-indicated the ma}func-f .
" tion and 6penécfrcu{féd'the”ffrfhé‘éystem.'  R 4 L ”
The protection control circuit is conceptual only. However, it does
effectively monitor the components necessary to assure a safe detonation, -
bﬁth for the crew cutby the shield and in the contro] caB. Such a system
is proven, reliable, simple, and fléxible. For example, should depressuri-
zation of one or more hydraulic jacks on the shield occasionally allow air
blast overpressure to escape tﬁe'inby side‘of the shield, 1ndiv1dual trans-
ducers could be attached to the shield jacks to verify full pressurization.
A prototype ADBS may indicate the need for additional controls on the firing

circuit.
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CHAPTER 5.

"CHASSIS AND AUTOMATIC MUCKING, HYDRAULIC DRILL,
ALIGNMENT CONTROL, VENTILATION

Introductioen

‘The Automated Drill and Blast System (ADBS) will consist of five major
components:

1. Chassis and automated mucking equipment

2. Hydraulic drili(s) |

3. Explosive loading and detonation system(é)

4. Blast shield |

5. Control cab(s)

The explosive loading and detonation component is conceived as con-
sigting of a hydrau]ica]ly?drivenﬂjdrifter—type boom, and a cap and explo-
sive magazine coupled éb aﬁ‘automateq-loading tube; fesearch, design and
" testing of this equipment Qf11 bé berfokﬁéd éésanotﬁer'phaséiof fhis pro-
ject. A similar sygtem is currently being field tested (Peterson, et al,

1976). In addition td these components, continuous horizontal and vertical

alignment and tunnel ventilation must be incorporated in the system.

Chassis and Automated Mucking

Automated semi-continuous mucking is a requiéitg for effective ADBS
operation. The production rates of advance in different rock types (Chap-
ter{Q) are based on muck being co]lectéd and removed from the face as it
is produced. Complete muck removal is mosﬁ‘important when the Tifter holes
are to be drilled,and compressed airs$wéepfqgﬁ?system mayjbe required.

Currently there are successful automated- and semi-automated continucus
types of mucking'equipment avaiiab1e for hard rock mining and tunneling.

Two features are common  to-such systems: A gathering mechanism to pull the
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muck onto an apron and a conveyor which moves the muck from the apron to a
discharge behind the machine. At the réar of tﬁé.mucking machine or system
several methods can be employed to transport the muck. Typical methods in-
clude rail haulage, conveyors, and rubber tire vehicles.
A continuous semi-automated muckingfsystem currently in use is the

"Haggloader," manufactured in Sweden (Hagg]und; 1977). This equipment,

whose only function'islmg§ﬁfﬁ§b operates by pulling tﬁé muck ahead of the
gathering arms,“thus clearing the full width of the drift. Two operatorf
guided gathering arms diretf the muck toward a chainﬂcbnveyorﬁ' The machiﬁe
only moves forward when mucking, eifher oh rails or crawlers. Two constraints
may prevent this particular mucking system from being incorporated into the
ADBS. The primary reason is that the gathering arms interfer with the drill-
ing and_1oad/b1ast components of the ADBS. An additional disadvantage is ﬁ
thaﬁ th;s machine is QnTy_semf—automatic,:thus_requiring an add{fional op-
-erator. - | i | | | . 1

o vAlpine;s "ROC-MINER" (Alpine, 1977).1nc6#poratés a continuaus, auto-
~matic mucking system. This muck collection and removal system operates in
‘much the same fashion as the "Haggloader,' except that no operator is re-
quired for mucking. Two cam-operated gathering arms continuous]y'sweep the
apron and move broken material to the chain conveyor.

E}This system has two advantages relative to the ADBS. First, the apron
and gathering arms have a low profile which wiiT permit comp}gte access to-
the face (including space for the Tifters) at all times.. The second advan-

. tage is that no operator is required. This allows a reduction in manpower
and obviates the need for additional cab space.

The frequent detonation of small charges will produce muck semi-con-
tinuously. The maximum in situ volume to be excavated will be approximately
1.5 cu yd per shot (6 hotles). A manufacturer {Alpine, 1977) has indicated

that both the rock impact and broken rock volume can be satisfactorily ac-



commodated by machines currently in use.

The Spiral DriTl ahd‘BTast Machine '(Peterson, et a],'}976),‘which'1sv
currently being field tested, contains a continuous, semi-automated muck-
ing system. This machine uses a remote mannually-operated hoe to pull
broken material to. the chain cdnveyor. The chief disadvantage of such a
system is that an additional cperator is requfred.

"0f the three mucking systems described, and in the 1ight of the con-
straints imposed by the ADBS {continuous access. to the face and minimum
manpower), the cohtinuouslautomatic gathering arm type mucker appears to
be most adaptable. Such a system can be either rail or crawler mounted.
Because réi] installation involves down tihe; a crawler mounted machine may
be. preferableé:;: (See also Figure &iﬂﬁ.

-The chassis of the ADBS then‘wiTl consist of hydraulically driven
'craQTefé,ha frame to carry the chéin”cqnveyor, the apron and automatic .
:géthef{ng;afms;‘énd;affkame on Qh{ph wiji:bé Eﬁtached other' ADBS componénts.;
| Thé gathering arms,‘chain-cbnveyor, and the:craw1er drive are powered by

their own hydraulic phmp. This machinerij111 be separate from a similar
unit used to power the hydraulic drilling and explosive load/blast compo-
nents.
The apron will extend the total width of the 'drift and will abut the
'faceUHaT1bwing almdst_comp1ete muck collection. After each complete round
(24 to 36 in.)é the ADBS will advance so that complete muck removal is main-
tained.

"The chassis and automated mucking System, as described above, is aQail-
able as a siﬁgTe unit {Alpine, 1977) and can be readily modified to incor-
porate a Full wjdth apron and platform. Two hydraulic arms will alsc be
attachgd to the.rear of the chassis to carry the blast shield when the ADBS

moves forward after each round (Chapterﬁ3).



Hydraulic Drills

“The drilling must be performed semi-continuously' for optimum advance
rates. A typical small cHarge round'requires more Tineal feet of drilling
(of smaller holes) per foot of advance than conventional DBM. This in-
crease in drilling i; required because of the smaller spacing and burden
required for small charges. Reduced blast energy per shot (the small
charge concept) produces lower air blast overpressure, noiée,‘and ground
vibration which is requisite to ADBS operation.‘ |

The V-cut patterns (FigureJSEJ)uSed'in thelEdgar Mine tests of the
small _-charge round (Hanna, ]9780 were 24 to 30 in. deep and had a low powder
factor, good rock breakage, and an unfractured opening perimeter with rela-
tively smooth walls. The rounds were blasted in Idaho Sprfngs gneiss, which
'is moderately jointed and 1ightly fractured in the test section of the
Cdrift. | |

A cdnvenfionaT‘DéM roUnd‘dsually:ehp1oyeH %n fhe.sa@ebhéadfngjig 4 ftf
in depth. Inspection of these two figures shows that the lineal feet of
drilling per fodf of advance is approximately 1.8 times as great for the
ADBS. However, the increased drill hole length imposed by the smaill charge
concept is compensqped for by the reduced drill hole diameter. The ADBS
will use a 1-in. diameter bit (Clark & Rollins, 1976). Because a conven-

'piona1 hole is drilled with a 1-1/2-in. bit, the.smalf charge drill volume
is 0.44 times the conventional drill hole volume. Hence, the total volume
of rock removai by drilling smaller holes is 0.8 that for larger holes.

The number of hydraulic drills required is determined by the rock type
aﬁd tunnel face area. Hydraulic dril]l selection cﬁitefia are:

1. Maximum penetration rate in the rock types attained in a given tun-
nel with a given drill.

2. Power matched to small diameter drill holes.



T FTeREST

ADBS ROUND PATTERN, 24 INCH DEEP ROUND

Y

N0z 20

e

Note: Numbers in Circles Indicate Shot Order
Maximum Holes Per Shot = 8
Total Holes Per Round = 48
Lineal Feet of Drilling = 96 Per Round
Lineal Feet of Hole Per Lineal Foot of Advance = 48
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3. Drill boom designed for the short feed distance required by the
small charge concept (18-36 in.). |

4. Dfi]] boom sized to cover the required face area.

5. Drill boom designed to accommodate the selected hydraulic drill.

6. Drill boom modified to provide blast protectiqn for the hydraulic
Tines {such protection will consist of steel shields around‘hydrau1ic Tines..
designed to allow normal articulation).

7. Drill controls mounted in the enclosed cab.

Alignment Control

Predicted rapid advancé rates require that proper horizontal and verti-
cal a]ignmenf be continuously verified and maintained. Proper alignment
‘can be maintained through the use of _ laser' instrumentation and telephone
" communication withithe operators. The system Will conceptually operaté as
follows: Surveyofs porrectly ajién é }aggr iﬁstrUmgnt'mqunted'bnfone rib
~of the drift. This is typically acconplished by aligning the origin of
laser light anditwo additional targets throuéh wHich the 1ight beam passes
(these two targets allow the instrument to be adjusted if it is bumped).

The laser beam impinges on the blast shield and from this point the distance
to the rib and invert may be directly measured by personnel outby the shield.
Based on this measurement, the operators can be informed of.1ine and/or

grade changes as required.

Ventilation

The ventilation system must be deisgned to furnish air to three separate
operational areas:

1. Outby shield areé (support erection as required, muck loading and

haulage, utility installation, etc.).



2. Inby shield area - control cab (comfort and ventilation required
for dperétors).
3. Inby shield area - drilling and blasting area to provide visibility
for continued advahce‘operations. |
Ai'r regquirements for‘ﬁhe outby shield area dépend on fhe number of
personnel and types of equipment operating. The requirement for‘the control
cab(s) is 6.6 cfm which provides that the air be replaéed'six times per hour.
The remainder of inby shield area will be occupied with gases and dust .each
 time. blasting occurs. ‘Blasting liberates approximately 30 moles of gas per:
kilogram of explosive (5160 ft3/1b) (Cook, 1958). The dust generated by
b]astihg is 62.8 mppcf based on samples collected immediately after blast-
ing in over 75 underground mines (Hartman, 1961). Ventilation requirements .
are-based solely on the dust concentration, assumed to be 70 mppcf. That
- is, i1f the smoke time deiay is assumed to be one minute per shot, the flow 3

of air requiredito.reduce 70 mbbtf to.#‘mppcf{is:--_w

70 mppcf/4 mppcf (1 min)/1 cu ft

1]

Q(cfm)
Q{cfm)

17.5 cfm

This amount of air must be exhausted from inby the shield and not allowed
to contaminate the outby work area. Thus, an exhaust ventilation Tine is
required from the ‘shield to-thé'porta]. (water sprays can be incorporated
inby the blast shield to alloy the dust to provide more rapid visibility).
Since an exhaust line is required, the most efficient overall tunnel

ventilation is provided by an exhaust system (Figureé}eﬂu A main exhaust
line, sized for both inby and outby requirements, may be located on the rib
or at the crown. The blast gases and dust may be discharged to this line
‘via-a flexible vent fubing. The vent line will be protected dﬁring the

blast by means of a butterfly valve. After the blast, the valve will be




" FTGURE 5-2_ |

"PLAN‘ VIEW OF ADBS.EXHAUST VENTILATION SYSTEM

\%\\%‘\Z/j/ﬁz/c‘ S-z/,«\ﬁ\z/%

PO
AN

v
~ |
~

HEADING

Y S LSRN

R

7

2%

AR PR

. CONTROL
cAB

Ea . . .. R VS '
A SV : ) L Co- o

. g -V | e N
h ~ g ; N T (A

4 I — B e -
. : . L I

PN I : ', L
L b [P I
;

.70
PORTAL

R

Vo7

/'f ;&V W

EXHAUST
LINE ——m=i

V)




- opened and the‘dust exﬁausted. The coﬁtro] cab(s) will be continuously
~ ventilated axcept during‘b1ast1ng whén the cab will bée totally closed.
After each blast, all ventilation valves will be opehed and fresh air cir-
‘culated. |

This ventilation plan assures thét, even after the blast when the door
on the shield is opened to allow muck removal, blast gases and dust will not
enter the outby work area. An auxilliary fan may be necessary if the exhaust
system does not remove“blast'gases_and dust rapidly encugh. Such a fan could

be attached to the control.cab and adequately shielded.
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CHAPTER 6
T TNOTSE AND ATR BLAST MEASUREMENT ]

PP S

Introduction

A second generation blast shield was designed and fabricated and was
tested under conditions identical to those anticipated for a shield under
operating conditions. The purpose of the shield is to contain blast over-
pressure, dust, fly rock, and to reduce the noise level outby the shield.
The weight of power per hole and the number of simﬁltaheous]y detonated
holes per shot were determined by results from previous research (Clark: &
Rollinsi, 1976). The shield was located 13 to 17 ft from the face instead
of over 20 ft as planned for an operational ADBS, the ovehpressure was

| higher than that predicted, and the pressure will be further reduced when
operating equ1pment is between the blast and the shield.

“Over thirty shots were f1red3aga1nst the shield. For shots 2 through -
?1, the seismic particle velocities 1h Ehe‘roEk<were measured at three loca-

tions along the drift, and the noise level was measured 5 ft outby the shield.

Instrumentation

Longitudinal, transverse, and vertical particle velocities were mea-
sured at three Tocations in the.wall of the drift by three component geo-
phones. The geophones were bolted tola plate which was anchored to the rib
by steel bars wedged in drill holes. Each instrument was then leveled with
leveling screws.

The blast noise level was measured by an Air Wave Detector, Model SM-1

A (Sprengether, 1977). This instrument is
"a low frequency omnidirectional transducer that functions
independently of electronic amplification. It is intended
for use in applications where the monitoring of low fre-

quency accoustic phenomena associated with explosions is-
required." ‘
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The three geophones and the Air Wave Detector were connected to a 12~
chéhne]'refFaction amp]ffief, SIE Model RS-44:(SIE,-T977); This instrument
has 1ndjviduql”bhanne1 gain and fijter adjustméﬁt wﬁich’a]Iowed signal out-
put to be adjusted according to the anticfpated magnjtude of the blast.

The output was recorded onEadfRaSeriesjpéﬁfligéfaphT(U}e§5éf;751{5
1977). This unit produced a permanent record of the output of déophones
and Air Wave Detectors on light-developed record{ng paper. Both the oscil-

lograph and the RS-44 were‘powered'byr24 volt batteries (Figures 6-1 &°6-2).

Test Results - General

The shot for‘which particle velocities and noise were measured produced

"good rock breakage except for those where holes bootlegged. This problem
was first attributed to inadequate stemming, and the single short length

cau]king was augmented by filling the hole to within 5 TnT of,the Eo]]ar
with’moist medium grainednsand.l This stemming.gavé no improvement in blast-
“ing results. The s]urry expio§ive-stréngth was then compared with Hercules
65% "Unigel" dynamite. This was accomplished by placing equal weights of
§e1 and dynamite in 1 in.vdiameter steel pipes resting on compacted soil.
Three different weights (60, 75, and 90 grams) of each explosive were de-
tonatéd and the width and depth of the crater thus formed were measured.
No significant’dif%erence in crater dimensions was observed'(the'gé1'may :
have produced a slightly larger crater). The powder factor was then increased
by 30% to 50% and no furthgr bootlegs occurred. The bootleg problem was
directly attributable to insufficient explosive energy for the burden and
hole depth.

The noise Tevel produced outby the shield by the ten shots ranged from
96 to 112 dBA. Iﬁspection of the'data (Chapter 6) shows that when all holes

 6f-a shot detonated properly, the makimum noise level was less than 108 dBA.
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Reproduced from 22
best available copy. -

Figure 6-1 Typical Geophone and an Air Wave Detector
- Installation.

Figure 6-2 Recording Instrumentation Showing (Left to
Right} Batteries, Recording Oscillograph,
and Refraction Ampiifier.
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CHAPTER 7~
BLASTING EXPERIMENTAL DESIGN

Introduction

In additioh to- the tests to determine the response of the shield to
air btast and the Ievel of noise putby the shieid, a vital part of the=
research program was to investigate the details of r0undrdesign, their re-
Tation to'breakage,;fragmentation, ground‘v{bratjon; air blast, particle
ve1ocify, and related factdrs. ‘ ‘ ,

Small charge blasting, and particularly the experimentation, is de-

signed to determine the Tower limits of breakage in terms of powder fac-

DR,

tor, spacing of holes, burden, and geological structure.

- Test Site and Geology

The investigatioh of the second phase of the factors involved in the
design and testing of a small charge method of drill and blast system were
conducted at the Experimental Mine of the CoTokadoHSchooi\Qf Mines located
at Idaho Springs, Colorado. The experiments were carried ouf in a cross
cut from B-Teft drift (Figﬁre 7-1)in a jointed and fractured granite or.
gneiss. The general geology of the Idaho Springs gneiss, which is a jointed,
faulted, and foliated metamorphic rock mass, has been described by Moech
(1964). The local rock mass consists of g?anite gneiss, pegmatite, and
biotite gneiss. Several faults occur in the vicinity of the B-left drift,
but no faulting is present in the immediate experimental area. No attempt
was made to measure the direction of the joints except in the face of the
experimental drift. The rock had a high modulus of elasticity, averaging

6

8.36 x 107, and its compressive strength varies from 16,500 to 25,700 psi

unconfined and with higher strengths under confinement (Tables 7-]{&!7&2).
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.- FIGURE 7-1 7Map Showing Location of the Geophones and an
© 7777 Air Wave Detector in the B-Left Orift, Colorado
School of Mines, Experimental Mine, Idaho Springs,
Colorado.

e
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1 TABLE 7-1 |

Elastic Moduli of Rock (Cox,Jr., 1971) .
ESbecimen No. J Length-to- | Young's ModuTus Poisson's E
' | Diameter Ratio 10° Ratio |
; L/D - Ciirb/in?
ER-1 3.07 6.88 . .14
ER-2 3.07 | 7.83 ' 14
5-18-8 2.24 | 9.47 .13 |
5-22-6 2.29 | 8.53 . a3
ER-3 2.53 | 7.47 13 %
ER-5 3.06 ¥ 7.08 .10 |
' Average Young's Modulus = 8.36 x .o1
Average Poissonts Ratio = 15 ;1.04
TR T )
Compressive Strength (Cox;dr.,'1971)‘,.
i Specimen No. Length to biameter Rétib '_ CompressiVé Strength !
' (L/D) |  (psi) |
§-22-6 cL2.25 v 3 25,700
5-22-7 2.21 ] 22,000
| 5-18-7 2.14 | : 16,500
| s-18-8 2.20 | 20,000
- 500 psi confining pressure | =-----
A2 2.24 ; 17,200
B 2.24 | 25,000
--- 1,000 psi confining pressure |  —mm-e-
AT 2.13 | 24,000
A3 2.14 | 30,500
B2 2.19 ‘ | 27,000

Average unconfined strength
@ 500 psi confinement
@ 1000 psi confinement

‘Average density = 0.095 +)0

Average specific gravity

18, 200 + 3600 psi

21,200 + 4000 ps1

27,800 i 2600 psi

01 lb/ in3°(164.2 1b7cu ft)
2.63

L} O unmn
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Instrumentation

One of the unique characteristics of the small charge blasting method
is the manner in which the'charges are fired. That is, 2 to 6 holes in a
line are loaded with as small a charge as possible to 1nsure breakage, and
the charges are firgd simultaneously (within + 100 fsec). The purpose of
this’typéubf Ioadﬁng and firing is to reduce the air blast and‘the ground
vibration as much as bossfb]e, and instrumentéfibn was selected to measure

the air-blast level outby the tunnel shield and the ground vibration

(particle velocity) along the walls of the drift[(Fiqure 6-1). ]

The three components of the particle ve]ocity were measured at three
Tocations {19, 39, and 61 ft) from the face of the drift on the rib. Three
component geophones were bolted to steel piates, and the p]ates were an-
chored to the rib with short steel bars, the bars being wedged tightly in
drill holes. | |

The air blast wés measured 5 ft from the tunnel shield on the outby
side with an Air Wave Detector, SM-1 (Sprengnether, 1977).

The three geophones and the Air Wave Detector were connected to a 12-
channel refraction amplifier, SIE Model RS-44 (SIE, 1977). This instru-
ment has individual channel gain and filter adjuétments which allow the
signal cutput to be regulated for the anticipated mangnitude of the air
blast or particle velocity. The output was recorded on an R Series Re-
cording Oscillograph (Dresser SIE, 1977’, which produced a permanent re-
cord of the output of the geophones and the Air Wave Detector on Tlight

-

developed paper [(Figure 6-27- ]

Round Design

A V-cut type round was selected for the basic tests of the feasibi-
lity of rock breakage with smali charge rounds because it was desired to

fire in line holes simultaneously and all of the segments of a V-cut round
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are made uplof holes which are arranged in straight lines. Also, it does
not require the drilling of dummy holes which are7n6t loaded with explosive .
as is found in many burn cut rounds.

The basic principles of round design used in this experimentation are
the same as those employed in the design of any conventional round. The
explosive in the holés fired initially must be lTocated so that the stress
waves will break out a section of the face in such a manner that the
breakage will create new free faces to which the subsequently fired charges.
may break. |

The first phase of this experimentation, which was carried out in Mis-
souri red granite in Missouri, utilized the face of a granite quarry in
which most of the drift face was free from fractures and joints. One of
the objectives of the secbnd phase of this project, the, results of which
are described in this feporf;,waSFto determine the effects of the geologic
stfucture'of the face upoﬁ‘the_fUnctioning'of.fﬁé small charge method of |
‘breakage. Of particular concern was the‘qﬁestiéh as to whether the rein-
forcing effects of stress fields from adjacent b1a§£ ho1és would be de-
creased by the presence of the joints and fractures.

Hence, the factors to be evaluated 1n'these tests were the re]ation-
ships of the following to the geologic structure of the face:

a. - Burden and épacing of holes

b. Depth of holes

c. Inclination of holes

d. Diameter of holes

e. QOther types of cuts

f. Relation of rock and explosive properties

g. Method of initiatjon of explosive

h. Determination of optimum powder factor for each part of round

i. Determination of optimum number of charges per shot
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j. Placement of holes with respect to joints and fractures

Rounds of 18 in. depth had been fired in earlier experimentation so
it was planned to fire tworoynds'each of: 24 and 30 in. depth. These rounds
were designed to maintain a proper powder factor without increasing appre-
ciably the number of holes. However, as the depth of a round is increased
thevsgggingigﬁﬂiépfﬁen may be increased, which in tum requires an increase
of the weight of expjosive per hole.

A general rule that has been followed in blasting isrthat the depth
of the boreholes should not be any deeper. than the minimum horizontal or
vertical dimension of the face. This rule would hold for V, pyramid, draw,
and slab type cuts, but the 1imit of depth of burn cut rounds is primarily
. determined by the depth to which holes can be drilled accurately, i.e.,
with minimum deviation in direction.

Thus, for very shallow rounds, the number of holes per unit area of
the face is detérmined byvthe depth of the;hofes.' For rounds dther tﬁéﬁ
burn cut, Langefors and Kihlstrom (1963) indfcate that the number of holes
per unit area increases more slowly than the increase in cross sectional
area for smaller drifts, then reaches a constant value at a point which

depends upon the rock properties and the diameter of the holes[(Figure 7-2)

The number of trim holes increases while the number of center‘hbles re-
mains constant.

In the experiments described below the minimum diameter of hole fhat
could be employed was controlled by two factors. The first was that drills
of diameters smaller than 1-1/4 in. are not readily évailable, and'the
second was that the slurry explosives have a criticél diameter oféﬁ in.
Consequently, for small charges and j-1/4 in. diameter holes, the charge
is concentrated in the bottom of the hole which may limit the depth, spac-

ing, or burden. : - B
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No. aof holes
200.1
1501
100.1
. es)
‘ - (rim not |
outer O
/_/ Holes in center section
500 1000 1500 sq. /1.
O - |l 1 'l 1 a ]7| a2 I : ——- L l. | t —Jl
0 20 40 60 80 100 120 140m~
Area )
18.0 252 31.2 36.1 40.0 44.0 it
55 7.7 9.5 11.0 12.2 13.4 m
Breadth

FIGURE 7-2 Number of holes as a function of tunnel face area for hole diameters for rocks
with property constants C=0.4 and C=0.6 assuming a bore hole deviation of

0.85 1t (0.25m). Includes holes for smooth blasting.
Langfors & Kiistrum, 1963
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However, as discussed below, as the depth of the round is increased to
30 in. and greater, the results of the tests indicare that the spacing and
burden can be increased with a consequent decrease in the amount of drill-
. ing and the number of blasting caps required. :

The first rOund of 24 in. depth as fired to test round parameters as
well as to test the blast shield and measurements were made of theiair
blast dnd the ground vibrdtion. The goals of the first test were:

a. To smooth the walls and obtain a smooth regular face.

b. To determine effects of geologic structure upon small charge
blasting.

c. To modify blast patterns based upon observed effects of geologic
structure. .

d; To optimize .the number of holes to be fired simultaneously.

e. To test the shield.

f. To measure ground v1brat1on and ‘air -blast.

This round requ1red severa] shots cons1st1ng of b]ast1ng of groups of
in 1ine holes. The whole round consisted of about 40 holes, 1<1/4 in. dia-
meter which were driT]ed with a jackleg. The cut portion of the round con-
$isted of 8 holes collared in a ;ertica1 Tine, inclined at an 18 degree
angle with tﬁé‘norma] to the face, thus providing a 28 in. burden and 18 in.
spacing at.the collars. The weight of explosive per hole was -calculated
based upon .the volume of rdck burden.on each hole with an assumed powder
factor of 0.1 1b/cu-ft. After the initial cut was broken out, the blasting
progressed by 1oad1ng and firing each successive line of holes until-the
periphery of the drift was reached. For the best results, the value for
the spacing/burden ratio was taken to be greater than one, i.e., for suc-
cessful breakage to bench-like free faces, the spacing was 18 in. and the

burden: 14 in. The. peripheral holes were drilled outwards at a 10 degree
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angle to form a 7 x 7 ft opening and spaced at:a $maller distance to produce
a smooth opening utilizing a powder factor of<{t§5§]b/cu—j@§?

The slurry charges were primed and firéd with 25 grain-per-foot de-
tonating cord with the cord leading to each hole in a group joined to one
blasting cap. The holes were stemmed with a single shot length of caulk-
ing compound to a point within 6 in. of the collar. The use of detonating
cord in this manner resulted in virtually simultaneous detonation of the
charges in one group.. The first fourhbﬂés in the center of the cut boot-
-~ legged and the air blast moved the shield several inches, the blowout
being due to an 1nadequate powder factor. The shield was reinforced as
described in Chapter 3J' With 1hcreased powder factor, the first round
was successfully brdkén, creating a relatively smooth wall and face.

The second round differéd from the fifst in the following respects:

a. Initial cut:

1. -The-powaer-faéto; was incfeased to-55¢;fb/cu-yd,

2. This was partially accomplished by decreasing the burdeéen
from 28 to 20 in.

b. Relievers and peripheral holes:

1. The powder factor was increased -'to: 2.4%. 1b/cu-yd.

2. The number of periﬁheral holes was increased.

32, The-amount. of explosive in holes close to joints was reduced.
Al11 of the holes were stemmed to the collar by filling them with

caulking material and moist medium-grained sand. The round was again 24

in. deep and consisted of 48 holes|{Figure ?:3). To keep the amount of

explosive per shot less than 1 1b, it was necessary to fire the holes in
nine or more groups. The cut was fifed in two sequences with 4 holes per
shot, and the reaminder-fired in the order shown in[fiﬁﬁféZZEEEi]The
‘above .values gave good fragmentation, retatively. low air blast pressure,
-and somewhat reduced ground vibrations, especially when blowouts did not

occur. The data obtained from this test were used as a base for designing
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a 30 in. deep round.
The purpose of firing a deeper round was to investigate the effects
of increased depth in relation to geclogic structure, spacing, burden,

breakage, and general blasting performance. The pattern used a "baby"

cut numbered 1[(Fiqure 7-4) to make the First break- into the  faceland to
keep the amount of explosive per shot below 1 1b. This procedure also
reduces the deptn of the first break and creates a new face to which the

”ma1n jcut may break. The "baby" cut‘was:dr111ed with holes 13 in. deep at

a 40-degree angle with the normal to the face.

The 30 in. round consisted of 52 ho]eijfigﬁrg_i:éi:]and the holes
by Tﬁne,were fired in the order indicated. The powder factors used were
0.5 Tb/cu-ft for the "baby" cut, withvaihesf_»e-ranging fromoﬁ.o“to'afés,
J]b/co—yd The round broke successfully and the values employed for powder |
factors were again emp]oyed as guides for a second round 30 in. "~ deep. -
- However, the h1gh powder factor requ1red to break the rock in the first

round was excessive because of m1sa11gnment of holes, and was consequently

Y
ST e e

reduced to 0.21 1b/cu-ft for the second round\f i

In the 30 in. rounds, the number of holes was kept approximately the
same as for the 24 in. rounds. For'an infinitely large face, theoretically
it should be possible to increase the burden and soacing linearly with the
increase in depth of the holes. This would aseume, however, that the
geometry of the charges for the 24 in. rounds was of optimum size and
shape. Also, the diameter of the drill holes would be increased in a Tike
manner. In'other words, cube root scaling should aop1y to the breakage
effects.

As indicated earlier, the smallest diameter that can be used is dic-

tated by the size of drills available and the critical diameter of the ex-

plosive. For blasting of drift or tunnel rounds, it is usually deéirable
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__ _Fiqure 7-4 [Experimental Round Pattern {V-Cut)
30 Inch Deep Round.
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. NOTE: HNumbers Indicate Shot Order. Maximum Holes Per
Shot = 5. Total Holes Per Round = 52.  Lineal
Feet of Drilling = 104 Per Round. Lineal Feet
of Hole Per Lineal Foot of Advance = 52.
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to have the explosive distributed along the drill hole. instead of its being
concentrated at thelbottoﬁ of the hole. With the depths -of round required
for small chafdé blasting and the diameter limitations described above, the
charges are still pretty Qe]] concentrated at the bottoms of the holes.

If, however, the spacing between the ‘holes is increased 1ﬁ proportion
to the depth, the volume of‘rock to be broken by each hole increases as
the cube of the depth increase, and if the diameter of the hole is kept
the same, the length of the explosive charge would likewise be increased:
by the ratio of spacing increase.

There are not enough data available at the present time tormake an
exact analysis to the relationship between the spacing, burden, powder
| factor, depth, face area and rock proﬁerties. Langefors and Kihlstrom
have depicted the relation of number of holes and face area for. two rock
constants{j}ﬁ}ﬂﬁiﬁjﬂéﬁjﬁbut this analysis applies largely to very large
~tunnels. T '

A‘plot of the data for excavated tunnels described by Langefors and
Kihlstrom (1964) indicates the general relationship between the number of
blast holes per unit area of tunnel face and the depth of holes for conven-
tional blasting, for application of the cube root law, and the values that
have been used in small charge experimentation together with a projection .
for possible reduction in the number of holes with increased depth of

blast holes [(Figure 7-5). In general, the depth of the blast holes in-
creases with the smallest dimension of the face, so that the depth of

holes is approximately proportional to the square root of the face area.
It is obvious that for the usual siie of tunnels the depth of holes far

small charge blasting is independent of the face area. The upper limit

on depth is imposed by the restriction on the amount of explosive which
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can be fired in one shot and the amount of explosive per hole. For good
fracture control, it is usually desirable to fire 4 to 6 holes at bne
time, although there is a possibility that for some portjons of the round
that this could be reduced to 2 hoaes per shot.

The results of the experimentation to date indicates that the advan-
tages of firing holes simultaneousiy outweigh the advantages of increasing
the depth of the holes.

Thus, a round was designed utilizing 38 holes[{Figure 7-G), |but it

was not tested. - The spacing and burden were increased Tinearly with the
depth of hdles following the cube root Taw and with the same powder fac-
tors employed in the test rounds which were fired. The cut holes will

contain 76 to 200 grams, the relievers 200 grams, and the trim holes 100

to 200 grams of explosive.

Mapping the Face
| In ordef to determine the effects of fdce structufe upoh'breakage and
fragmentation, the geologic structure of the faceWasmabped before and
after each set of holes was fired. In general, the successively exposed'
faces were moderaté]y jointed and lightly fractured. The mapping of the
face included a visual assessment of the irregu]arity of the joints, whether
they were open or c¢losed, and their avefage spacing. This 1nformat10n'was
used in the analysis of results and the planning of the layout of each
portion of the round .(see Chapter 8). ~

The number of Ho]es per square foot of face varies frbm 0.8 to 1.0.
FokJ1arqe faces, if four holes are fired for each shot, the number of shots
per advénce would be nﬁ= 0.8A/4. More holes can be fired per cycle in
1argef faces where two or more drills are employed and with delays between

groups of holes to keep the amount of explosive per shot to a minimum.
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CHAPTER 8
BREAKAGE, THROW AND GROUND VIBRATION

Introduction

The expefiments descriﬁed in the preViéus ;Haptef produced results
which added to the information about sma]Tvchafge blasting which had
been obtained in earlier experiments 1n.Missour1 red granite. The tests
confirmed that the principle of simultaneous blasting of adjacent blast
. holes resulted in good fracture control even though the tunnel face was’
jointed and fractured. Hith proper design and correct drilling good‘
breakage and fragmentation was likewise obtained, as well as'a reduction
of air blast. The placement of the geophones with respect to the tunnel
_face béing blasted apparently had a marked effect upon the magnitude of
the ﬁeak particle vélocities. |

The first 24 in. round wag uti]ized'to determinelthe,effects of~r0ﬁnd
desigh upen bréakagé and fragmentaticn aslwell as to make measurements of
the air blast pressure outby the shié]d and the partitle velocity at the
geophone stations. The round was fired in eight separate line shots, which
included those shots in which bootlegs occurred (Tab1efé¥jj. The cut, hav-
ing 8 holes,was fired in two sequences, first, the bottom 4 holes and the
top 4. The holes were inclined at 18 degrees with the normal to the face |
giving a 28 in. burden at the collar with an 18 in. spacing. The bottom
holes were 24 in. deep and were loaded with charges varying from 50 to 200
grams (273 1b/cu-yd) per hole, depending upon the burden on the particular (
hole, which varied because of the irreqularity of the face. A1l four holes
bootlegged because the burden was too great. Holes were redrilled, reduc-
ing the burden to 20:.in., and reloaded with 80 gramg per hole (4;Q¥;]b/CUﬁy¢).

They were well stemmed with caulking and wet sand. ' Good breakage was ob-
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tained while a few large fragments were. formed" about 2 Tt on.a s1de par-:7
tially because of the position of the holes with respect to the joints,
and'bééiﬁée*of fractures created by the bootlegged shots. The burden on
the top 4 holes was smaller because of irregularities of the face and the
rock between them was easily broken to extend the cut (Figure 8-1). The
sides of the cut were relatively smooth, and the line of fracture between
the holes extended beyond the cut several inches in both directions.

The remainder of the holes were fired proceeding outward from the cut.
The second line of relievers was fired with 56 grams per hb]e (1..35: 1b/cu-
'jd).;;The bottom two holes did not break to full depth, probably because
qf misalignment of the ho]eé. The remaipder of the relievers were fired
with the same powder factor and all of them broke the rock successfully
(Table 8-1.).

| In order to maintain smooth walls and the desired d1mens1ons, the

'per1phery holes were "drilTed w1th the1r co11ars on a 7 ft square with the
holes 1nc11ned outwards at a-]O.degreg angle. .and on 14 in. center spacing.
The powder factor used waslﬂi35i1b/cu-§d with 30 t6.70 grams/hole depend-
ing upon the depth of the hole. Only one hole bootlegged, probably due
to excessive natural fracturing at the borehole which allowed the gases
to escape. The crown and 1ifter holes were fired with aﬁ average of 40
“grams per .hole, resulting in good breakagelat the crown, but with 3 boot-
legs in the lifters, which were fired with 56 grams per hole, breaking
the rock effectively. The face of the drift was moderately jointed with
tight joints spaced on 5 in. to 1 ft intervals. The geologic structure
of the face was mapped before and after each shot, because the presence
of the joints could create large fragments in the muck pile .and‘affect

the propagation of controlled fractures between the blast holes.
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The round was modified to adjust for the Spa;Tng and direction of
the joints by placing the holes in the solid rock between the joints
where it was possible to do so and adjusting the amount of exp]osiﬁe.'
The results of Shot Nos. 2 and 5 (Table'8-1) indicated that large fragments
were created because of the joints and nafurai fractures (FTgure-éQéﬁ, '
The results from the Tine shots showed that when the holes were placed
in the solid good breakage from the face was obtained and consistently
smaller fragments resu]ted:

The resﬁ]ts of fhis;rbﬁnd'brovided data for thé-design of the secénd
24 in. round, althdugh tHe required powder factof was not firmly estab-
lished nor the reasons for the occurrence of bootlegs determined. The
| objectives of the second were to further test the shie1d; to measure air
" blast and ground vibration, and to improve round design (Table é;i). A
powder factor of 0.10 1b/cu-ft was used in the centréT holes in the cut,
- and a factor of 0.125 in the corner holes of the cut, but all 6? the holes
bootlegged which created both excessive air blast and ground vibration.

Shot Nos. 2 and 3 of the cut were loaded with:§z4§‘1b/cu-ig_and broke
to their full depth when they were fired. In £hé f@ﬁﬁfﬁﬁék:of the shots,
a powder factor of 0.09 1b/cu-ft was used, the corner-ﬁo1és heing loaded
with 10 to 20% more explosive which resulted in sucéeésfu] breakage and
good fragmentation. The crown holes were loaded with less explosive be-
cause 0f:the smaller spacing and the burden was small because of the ir-
"~ regularity of the face. However, the burden on the 1ifters was greater,
(Figure'8§3a) so the holes were loaded heavier w1th gbod‘breakage résu]t—
ing. To minimize the amount of explosive fired in one shot, subsequent
deéigﬁs provided for firing the center crown and 1ifter holes first and

the corner holes Tlast.

oy
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Area 1 -- Location of Holes
and Charge Size for Shot No.
2. MNote that the Bottom Two
Holes had Large Amounts of
Powder. Shot No. 2 Resulted
in Large Fragments.

Area 2 -- The Amount of Ex-
nlosive was Reduced and Holes
Placed Between Joints. Good
Breakage and Better Fragmen-
tation Resulted.

Bootleg Occured in the,Bottom‘

- 2 Holes of Shot No. 4 Due to

Large Burden.

Large Fraaments were Created -
from the Joints in Shot No. 5
Oue to the Intersecting of the
Borehoies with the Joints.

" Figure 8-2| Face Structure and Effect of Joints Upon
Blasting (Table 5.1, First 24 in. Round).
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a) The Crown Holes Loaded with
Small Amounts of Explosive
Due to the Unequal Burden. -
Note that One Extra Lifter -~
Hole was Prilled at the: Left::
Corner to Reduce the Burden..

SHOT NO. 9

SHOT NO. 10

41
24 pes SOLID ROCK
l {io s0 %0’ 85 85 a5 % 100 GM
; 7/ 'y Ty =
| (a) !

~After Shot Nos. 9 & 10, the -
Fractures Extended at the
Corners and Damage in Bottom
Corners Due to Heavier Load1nq
in Lifter Holes.

RELATIVELY
SMOOTH FACE AND
WALLS

F1qure 8—3 Crown and Lifter Holes (a) Before, and (b) After Shot Nos..
' 9 & 10 (Table 5.2, Second 24 in. Round). T
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Good fracture control and relatively small fragments were obtained .
by using a modified hole placement pattern with the amount of explosive
also adjusted to the structure of the face (Figure8-4). Thus, the holes
were placed :intthessolid- rock between the joints wherever possible, and
the weight of the charge was adjusted to the burden, spacing, and distance
| from the hole to the joint.

. 'The test results (Figure-8-4a-d) showed that large joints caused the
fractures initiated by the explosives to deviate and to extend beyond the
"control” plane, and re]ative]y large fragments were created because of
two major joints.

The above experiments indicated that bootlegs were caused by 1ow

‘powder factor or misaligned holes or bath. |
The primary purpose of tests with 30 in. deep rounds was to determine
the behavior oflthe deeper rounds and breakage efficiency for the design -
of a prototybe system. The round (Figﬁfé{ffaﬁzWas Fived in eleven lines
to keep the amount of explosive consumed at less than 1.5 1ibs per-shot.
The "baby" cut (4 holes) was.ffrgd;fifst. Then the 8 cenfra] holes were
fired second, and the remaining holes were fired in the sequence shown in
Figure 4.6. _

Shot Nos. 1 and 2 (Table8-3) bootlegged because of a Tow powder
factor and the high strength of the rock, but caused some fracturing
around the holes. Another line 0f holes was drilled on the right side
8 in. from.the central line of theqface, and‘the powder factor was in-
creased from 0.2 to 0.35 1b/cu-ft.k The holes were 1baded using approxi-
mately 145 gn/hole, and the top and bottom two corner holes were loaded
with aﬁprdximately 10% more than the average. A1l 4 holes broke the rock
to full depth, formed an evenly shaped V-cut, and small fragments were

-

nroduced.
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[~ Figure 8-4] Face Structure and Effect of Joints Upon Blasting
(Placing Holes in Solid Between Joints gave Effect-

ive Breakage. Table 5.2, Second 24 in. Round).
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To complete the free faces, the cut (8 central holes) was then fired
in two sequéences, the top and then the bottom 4 holes. The holes in Shot
Nos. 4 and 5 bootlegged, which initially indicated that a higher powder
factor might be required for this depth of cut. The holes (Shot Nos. 6 & 7)
were reloaded with more powder, approximately 340 gm/hole, to give a powder
factor of T3§2f1b/cu—ydz Rock breakage was successful and good fragmenta-
tion was obtained.

Two main factors were responsible for the high number of bootlegs.
zThe first was the type of rock. If éppears that the rock in the face was
éo]id, confined, moderately jointed, and had high strength. The second
and most important was the misalignment of the drill holes (Figure 8-5).
The holes should be drilled in such a way that the bottoms of the pairs
of holes meét at the apex and have the same spacing. However, after the
blasting desgribed,aﬁbvei it was discovered that}the holes deviated froml
the feqyifedsdirettioh, which caused each bair b? ho]eé to have‘abdut 6
in. burdén at the apex and 27 in. spacing between the bottoms of some of
the holes. These alignment errors caused unbroken rock to remain as con-
~ vex projections on the face {Figure 8-5). It‘was believed that simultan-
eous detonation would reduce the effect of the misa1ignment somewhat, but
most of the drill holes had such great deviations that it was not effect-
ive in avoiding bootlegs.

After the initial V-cut was comp]eted, the re1iever.hoTes were fired
with the same powder factor utilized in the reliever holes ‘as for other
1ines of holes with the same burden. In other words, if the breakage was
successful for a certain volume and‘geometry of rock,'then the powder fac;
tor was reduced in the following line ghot.‘ The reliever holes in Shot
Nos. 8 and 9 had‘the same volume of rock. The breakage in Shot No. 8 was
successful and small fragments were produced. Thus, in Shot No. 9, the

powder factor was decreased from?fiiﬁ}tO'§:OT?1b/cu-§df Breakage to full
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Section A-A (Top View)
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(Table 5.4, First 30 in. Round).



96 35

depth, re]ativeiy smooth walls, and good fragment distribution fesu]ted.
- Shot Nos. 10 and 11.were blasted in a manner similar to the nrevious two.
shots. The powder was decreased from 0.13/to 0.12 jb/cu—ft for Shot Nos.
10 and 11, respectively. Breakage to full depth was again achieved with
good fragment distribution. It appears that the breakage obtained from
the inclined holes (Shot Nos. § & 9) was better than those drilled per-
pendicular to the face (Shot Nos. 10 & 11) because of the greater angle
of inclincation.

“In order to obtain smdoth wai1s and the desired size of the drift,
the periphery holes were drilled outward at a 5° angle. In all of these
holes, a pdwder factor of 0.11 1b/cu-ft was used which required 167 gm/
hole. The breakage obtained from Shot‘Nos. 12 and 13 was successful and
smooth walls were obtained (Figure:Sééj.

_As describgd earlier for the 24 in. dgep roqnds,iit was found that.
‘the “inside crdﬁh.o}hlifiérihoqé§3shou1d betfjfed first, and then the cor-
ner holes wouﬂa reqﬁire feé§ exp1osive.“Thus, the five central ho]eé in
the crown and central Tifters were fired first with a powdér factor of '
0.11 1b/cu-ft. Then the corner holes were fired using a powder factor of
0.09 1b/cu-ft. Figure Stf,shows the blasting sequences and the amount of
explosive per hole. Breakage to full depth and small fragments were ob-
tained, and no damage was done to the ribs. The 1ifter holes mugt break .
and heave the rock to ensure good breakage and move the muck away from the
face. Thus, the lifter holes were loaded with 10 grams more than average
amount‘for the c¢crown holes.

The geologic structure of the face as it was advanced changed from
highly to moderately jointed. The newly exposed rock was relatively solid
with few natural fractures. Figure 818:shows the face structure and the
amounf of explosive loaded in eacﬁ hole. No large fragments were obtained

because of the modified drill pattern and the utilization of more powder
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Smooth Wall Results from
Blasting when Small Charge
Method is Utitized in Hard
Granite Gneiss Rock (CSM
Experimental Mine).
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Figure Sfijiring Sequence in the Crown and Lifter Holes gave Smooth

“~—'Unfractured Walls (MOTE: The Humber in:Circles Indicate
Shot Order, Table 5.4, First 39 in. Round).



- few natural fractures in the face. Figure 5.9 shows the face structure
and the amount of explosive Toaded in each hole. No large fragments were
obtained because of the modified drill pattern and the utilization of
more powder in each hole. A1l of the corner holes in a Tine were loaded
10% to 20% heavier than the average to ensure breakage. Experience showed
that small joints did not cause the cracks to deviate. However,VSOmé‘
cracks deviated and caused a small amountvof»damage to the walls. This‘
was due to heavier blasting as in Shot Nos. 8 and 10, Figure 5.9. Also,
the results indicated that the inclined holes (Shot No. 9) which used a
lower powder factor were more effective in breagage than those drilled
perpendicular (Shot No. 11) to the rock surface. -

In.éénerél, the resp]ts,optained from the first roUhd.qf”301jn. depth
‘ c0hfirméd1many.5f'the spec}fig reqdifémenfs for?thé effecff@éﬁéés of the
small charge hethod.; However, deviation of the holes in a line requires
a higher powder factor for breakage. Thus, one additional line of holes

in the initial V-cut of a second round was blasted in order to furnish
more accurate data related to powdef factor and drilling precision.
The holes of the initial V-cut were located and drilled the same as
~in the first 30 in.. deep round, but the holes were carefu]Ty a]igned be-
fore and during drilling in order to keep them in the target direction
which permitted a decrease in powder factor. The shots and test results
are présented in Table 5.5. Good breakage and good fragment distribution
was obtained. The results of this test showed that the simultaneous de-
tonation of well aligned holes produces éffi;ieﬁtIbre;kagqiiﬁggiiégEEEEQi(-
, Eiﬁbﬁ;ﬁIyﬁiégil&,zihétpbﬁdér¥f§¢de waéinotfihé;méﬁh[rgasgnff&rmboqxlegs

(as ih the Firét 30 in. round), but deviation in hole alignment required.
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in each hole. All of the corﬁer holes inta line were loaded 10% to 20%
heavier than the average to ensure breakage. Experience showed that small
joints did not cause the cracks to deviate. The results again indicated
that the inclined holes {Shot No. 9) which used a Tower powder factor

were more effective in breakage than those drilled perpendiCu1aﬁ¥(Shot No.
11) to the rock surface.

In general, the results obtained from the first round of 30 in. depth
confirmed many of the specific requirements for the effectiveneéé‘of the
~small charge methoa. However,ldeviation of the holes in é line which
creates a greater burden requires a higher poWder factor for breakage.
Thus, one additional Tine of holes in the initial cut of a second round
was blasted in order to furnish more accurate data related to powder fac-
tor and dfi]ling precision.

In a second 36‘jn. round, ho1es,§flthe cqt_wefé 10c§ted ahd‘drilled ,
| the same aslih‘thevfirst,30~in. deep "round, but the Ho1es were carefu{1§-
~aligned before and'during dki]]ﬁng in order to keep them in the target
direction. This permittedla decrease in powder faétor. The shots and test
results indicate (Table 8-4) good breakage and fragment diétribution. The
results of this test showed that the simultaneous détonation of well aligned
holes produces efficieﬁt breakage, preventing bootlegs which occurred in .
the first 30 in. deep round where poor . hole a]ignﬁent required a greater
amount of -powder. Also, for the 30 in. deep round, it was found that the
powder factor was from 7% to 16% higher thaﬁ for the 24 in. deep rounds:
The results obtained also indicate that the number of holes may be de-
creased by increasing the spacing and burden with the same powder factor
and still maintaining efficient breakage and good fragmentation.

Evaluation of the size distribution of the fragments was important in

order to accurately assess possible damage of the blast shield and the prob-
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lems of muck handling, The size and number of the largest fragments were
measured as well as the throw (Tables é55?1‘8¥83. Figures é?9?(throuqh
fé{lg*give the Tocation ana the various sizes of the fragments in the muck
piles. The test results showed that the largest fraaments (about 2 ft
diameter) obtained from the initial cuts were found at a range of -2 to
9 ft from the face. The smaller fragments (less than 0.8 ft) were found
against the shield and the drift walls. Therefore, the large fragments
did not impact or damage the face of the shield. The effect of the impact
" of smaller fragments on the shield face was insfgnjficant because of their
_ Tow velocity and the high structural strength (Fy~= 50 ksi) of the steel
plate. Because the fhrow and velocity are decreased due to the small
charge size and efficient utilization of the explosive, it is easier to
contain the flying fragments |
‘ . The 1arge fragments were uSuaIIy created because of Jo1nts or\ex1st—
k ing fractures in. the face (Tab]es‘B 5 - 8 8) The number of Targe fraq-
ments was m1n1m1zed'1n‘two ways._ One approach was to reduce the amount
of explosive in the holes close to.joints and to place the holes in solid
rock between joints and fractureS.ZlAs noted above, this method resulted
in efficient rock breakage, fracture control, and good fragment distribu-
tion (Figures ‘8- 9 -°8-13).
. It appears also that where gouge or 1ntehse fracturinq1§§"a§§567a%e3

e w:m_,y Ty

_§ w1th spac1nq grea;erJEhaq‘1 ft 1arge fragments w1lj,bevcreated
Also, the rock fracture was ]1m1ped by joint planes as shown by the smooth
surfaces of broken rock (Figure 8—Tla).

The fragments pbtained from Shot Nos. 1 and 2 ef ehe second 30 in.
deep roundr(Figure 8—135) were very small. This was due to:the high pow-
der factor for these particular shots. Therefore, it is estimated that

thegﬁﬁ!ﬁ@fﬁfactor required for the initial cut in the 30 in. deep round

can be reduced by 10%Z with proper hole alignment.
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TABLE 8-5

]

Fragment Distribution
24 Inch Deep Round

(First Round)

- Throw
Shot No. of No. of From:-Pace Dimension . ,
No. Holes Fragments| - »(ft)_ " {ft) Comments
2 4 L S 9 <2 Large pieces cre-
: Many oG 7-13 <1 “ated by breakage
Smal]er to joints, & exist-
| ing fracture in the
face
3 4 1 10 <2 Good fragment dis-
&6 2-10 <1 tribution
*‘Lﬁéﬁy;;ﬁ‘ Aga1nst" 5 =0.5
Smaller “the. shield
485 4 3 2 2 Large pieces cre-
holes/shot . 10 e 2-10 el <1 - | ated by breakage .
] Many e Fragment 2 <0.5 | to ‘joints & ex1st-,,-
Smal]er 11ne against %?f . “ing fracture
: the nibs |
748 -3 4 RN A <105 Relatively large
holes/shot | «, Many y Fragmenb iy <0.7 fragment due to
b- Sma]]er '11ne agalnsp ,yj many intercepnt
holes/shot the ribs joints
9&10 8 2 Near the 2 Good fragments dis-
2 face 1.2 tribution
4 <0.5




TABLE 8-6

h
I

Fragment Distribution
24 Inch Deep Round

(Second Round)

[ 195. ]

Throw
Shot | No. of | No. of . From Face .
No. ‘Holes - |Fragments (ft) Dimension |~ Comments
2%&3 | 4 holes/ 4 2-5 < Large pieces created
g shot 3 10 - .1 - |'by two major joints
Many Against the <0.5
Smaller shield
4 24 2 Fragment - 1 'Very good fragment
10 line against <1 distribution from
Many the ribs <Q0.7- | Shot Nos. 4 & 5 due
"~ Smaller ' 0.4 to high powder fac-
. | tor :
5 4 3 <'I R n ] n 1] n
- 5 0.8
. Many - <0.6
L I Smaller B
5 4 1 1.5 x | Large piece created -
1 x 1 ]by joint
748 | 6 holes/ 10 <] Very good fragment
shot 5 <0.9 distribution obtained
Many <0.7 from Shot Nos. 7, 8
Smaller %9 _
9 8 3 At the <'| 1} il " L) H
Many face <0.5
7 Smaller
10 9 1 At the 2 x 2| Large piece due to
4 face X 2 large burden & not
Many =1 enough powder
Smaller <0.5




" TABLE 8-7 |

Fragment Distribution
30 Inch Deep Round
(First Round)

Throw T
Shot No. of No. of From Face
No. Holes | Fragments (ft) Dimension ‘Comments
3 4 1 4 =1 Very good fragment
Many - Against 0.5 distribution
Smaller | the shield TV~
6 4 1 6 2x1.5x1 Large piece created
‘ 5 10 <1 by breakage to
Many Against <0.6 joints
Smatler "~ the shield
7 4 3 8 <1.5 Relatively small
5 Against <] fragments
Many the shield
Smaller -
8 4 3 - Fragment - Good fragment dis-
o 2 line against <1 tribution from Shot
| Many ~ the ribs <0.5 Nos. 8 - 16 except
Smaller ! for large pieces
' [ created by breakage
to joints 1in the
| face ‘ '
9 4 1 | 2x1.5
Many <0.6
: Smaller |
10 4 4 | 1
Many ] <0.6
Smaller |
11 4 4 | <1.5
Many * <N.7
e e ek Smaller
12813 5 : 3. Fragment 1
holes/shot] 5. line against| <1
Many the rib <0.8
Smaller




I 197,
[ TABLE 8-7 {Cont'd.)
Throw
Shot No. of No. of | From Face Dimensiaon
NO. Holes  Fragments (ft) (ft) Comments

14, 15 5 e [ At the a

& 16 |holes/shot] Many: face <0.9

6 | Smallek- .
holes/shotl 7 . = =.f
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| ]
30 Inch Deep Round
(Second Round)
Throw
Shot No. of { No. of From Face Dimension | .
No. Holes=| Fragments | (ft) (ft) Comments
1- 4 3 8 <] Good fragment dis-
-Many Against the .<0.8 . | tribution obtained . .
Smaller: - | shield : S from Shot Nos. 1, -
I : 2, & 3. This is
due to high powder
factor
Y 4 5 6
Many Against the
Smaller | shield <1
3 4 4 7
' Many Against the =1
Smaller | shield <0.7
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Reproduced from
best available copy.

(a) Ffagments Obtained from the Cut (Shot No.
2, Table 8-5). -

(b) Fragments Obtained from the Keliever Holes
! (Shot No. 5, Table 8-5).

Figure 8-9 Fragmentation from Cut and Reliever
Holes of the First and Second 24 in.
Rounds, Respectively.
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(a) Fragments Obtained from the Re-
1iever Holes (Shct No. 4, Table
8-6). ,

(b) Fragments Qbtained from the Reliever Holes
(Shot No. 6, Table 8-6).

Fiaure 8-10 Fragmentation rtrom Reliever Holes of
the Second 24 in. Round.



N Reproduced from
est available copy.

(a) Fragments Obtained from the Cut (Shot No. 6,
Table 8-7).'

(b) Fragments Obtained from the Cut (Shot No. 7,
: Table $-7).

Figure 8-11 Fragmentation from Cut of the First
30 in. Round.



(a) Fragments Obtained from Reliever Holes (Shot
No. 8 & 10, Tahle 8-7).

(b) Fragments Obtained from Reliever Holes (Shot
No. 9, Table 8-7).

Figure 8-12 Fragmentation from Reliever Holes of
the First 32 in. Round.

P12,



2
. Reproduced from g‘;/é
besl avatlabe copy. //m\\\*

(a) Fragments Obtained from Reliever Holes (Shot
No. 11, Table 3-7).

(b) Fragments Obtained from Cut (Shot Nos. 1 & 2,
Table 8-7).

F1gure '3-13 Fragmentation from Re11evers and Cut

of the First and Second 30 in. Rounds,

Respectively.

113.
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Thus, for the small charge method utilizing well stemmed, confined
charges, the fragment distribution is about the same as that for conven-

tional blasting.and provides for efficiency in muck handling.

Air Blast and Ground Vibration

During the initial tests, ten shots were instrumented in order to
measure air blast (noise Tevel) and wave particle velocity in the rock.
Typical results of the noise 1eve1 (Table;éfgjj show that when the explo-
sives were loaded and detonated properly, the noise was in the,ﬁéﬁg@;of
96 to 107 dB. When one of more of the ho1e§ bootlegged, the maximum noise
level Qas as high as 111-dB, due to the fact that the shield was moved
several inches which resulted in reduced sea115g. |

The ground vibration (particle velocity) was measured at three loca-
tions along the drift and the square root of-the sum of the squares {(RSSQ)
of the'10ngit@dina],‘transverse,'and vertical were ca1éui§£§i§OTable S{TOﬁ.
The values of the‘péakibért1c1é ve10cﬁt1é§_(RSSQ) vs cube and square root
scaled distance are sﬁmmarized in Tables S?ligand @f&iﬁl A logrithmic re- |
gression analysis was made‘to'determine'whether the data could be scaled
by either of the above two methods. The.anaTysis showed tﬁaf thelregres-
sion factor for-square root scaling was 0.84 and for cube root scaling
was 0.81. This means-that the scaling exponent b = I/QTfits the data
sTightly better than scaling exponent b=1/3 (FigureQSjiéﬁ &8;35?).

fhe equations for the data scaled by the square and cube root methods

are:

<l
|

= 7.31 (p/w/2y"1-54 » (8.1)

-
{

= 6.46 (pyw!/3y~1-50 (8.2)
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T TABLE B9 ]
Noise Level Measurements
(5 Ft Outby Shield)

Total Charge o
Shot Weight Noise Level
No. (gm) (1b) - {dB) - Comments -
2 321 - .71 | 96 Breakage to full depth (Shot
' Nos. 2 & 3)
3 . ’ 151 - .33 . 107 . | n n 1 I "
4 225 - .5 2 " Sootlegs :in, o hoTes s 7o
5| 212- .47 106 Breakage to full depth {Shot
ok LT o Nos. 5 & 6)
6 176 - .39 ! 107 :[' I " n n
“_ 7 180 - .4 105 Bootleg in one hole
8 | 256- .56 | 107 | Breakage to full depth-
9 | 3%- .74 _ 108 Bootlegs in three holes
10 - 170 - .37 -—- Recording probiem
1* 540 - 1.19 . Bootlegs in eight holes

*Indicates the shot of the 2nd 24 in. deep round
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[ TABLE =11 |
RSSQ Particle Velocities (iq%gec) and
Scaled Distance {ft/1b'/?)
Geophone No. - 1 2
o, E3;?1 Aoty | mssg ow/3 | mssq o3| mssq  owl/3
2 |31 - 71| 20 213 | ---- 438 | .15%  68.5%
3 | 151 - .33 ..006% 27.4* | .005  56.1 002  87:8 -
4 | 225 - .5 067  24.0 | ----  49.3 008  77.1
5 | 212 - .47 | .034  24.5 016 50.3 006 78.6
6 176 - .39 | .037  26.1 013 54,1 .007  83.7
7 | 18 - .4 | ---- 25.9 | 017  53.1 011 83.0
8 | 256 ' - .56 | .020. 23.0 | .011  47.2 01 73.8
9 | 334 - .74 .086 lgj,c L017 . 432 | 011 67.6
10 | 120 - 37| 21 o268 l.013 5401 .010  84.6
1 540 - 1.19 | === 17.9 .048  36.8 026 57.6

*Values not included in regression analysis



[ TABLE 8-12 |
RSS Particle Velocities {ip/sec) and
Scaled Distance (ft/]b]/z)
Geophone No. 1 ' 2 3
SRﬁF_ I§$?1 Charg?1§§ Rssg  o/w'/@ | 'mssg pyu'/Z | mssq o'/l
2 | 31 - .71 .20 22.6 | ----  86.4 | .15%  72.5%
30151 - .33 | .006* 32.8% | .005. 67.4. | .002 105.4-
4 | 225 - .5 | .067 27.0 | ---—- 55.4 | .008  86.6
5 | 212 - .47| .03 27.8 | .06 57.1 | .006  89.3
6 | 176 - 39| .03 30.5 013 62.6 | .007  98.0
7 0180 - 4 | ---- 30,2 | 017 61.9 | .011 9.9
8 | 256 - .56 | .020 25.3  .011  51.9 o1 8l2.
9 | 33 - 74 .06 222 | 017 455 | 011 . 71T
10 | 120 '-‘ 370 021 31.0 | .013 © 63.7 .| .010  99.7
1 | s40 - 1.09) —-=- 7.2 | 048 3.8 | .02 55.9
I PRI AR o A et

¢

*Values not included in regression analysis
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cularly the geometry of the drift had a significant influence on the peak
ve1dcity because of the horma1 reflection‘of the wave. The vibration from
conventional blasting also affects the support stability and causes frac-
ture damage to the surrounding rock, while small charge blasting causes
only minor damage to the rock support where the peak particle ve]ocitié;
are low. This was also evidenced by the stability of the rock on the roof
and walls, which did not require barring down after blasting. ..

The fa;t that the peak velocities measuredyin-granite—gneiss were so
much lower than those at the other sites indiﬁated in Figure Siﬁkf Qaé'fﬁ
part due to tHe location of the geophones (Figure'flfi)f These were placed
on the rib of the drift leading to the working face, which meant that the
attenuation of the wave before it reached the geophones was affected not
~only by properties of thg rock and the distance traversed, but the geometry
.of the blast-geophone layout was such that thé_wave; in essence had to |
turn the corner" to‘reaéh'thé geaphones.. S o

The magnitudes of the peak velocities at these iocations are important
in determining the effects of blasting on the walls outby the shield, and
the increased attenuation due to the geometry.of the tunnel is another cri-
tical factor which is in favor of the installation of rock support outby
the shield while blasting operations are proceeding at the face. The mag-
nitudes of the peak velocities in the.direction of the axis of the tunnel
and in all directions beyond a plane coincident with tHe face would be of
greater magnitude as shown. by the upper curves in Figure foTE;:WA

The data obtained to date, therefore, indicate that the higher values
would be applied to determine the effects on structures or personnel lo-
cated in this half-space either in openings underground or on the surface

if the blasting is being carried out at shallow depths. The effects in the
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walls of the tunnel appear to be at least an ordérrof magnitude lower,
- which, as stated above, favors the acceptable operation of the small

charge drill and blast system.

Calculation of Explosive Parameters

Only an aluminized slurry explosive was used in the experimentation
except for comparative crater tests, and the last tﬁo shots of the second
30 in. deep round in which dynamite was utilized. The dynamite created
a slightly 1arger'crater~than the slurry.’ |

The detoﬁation state and explosion state parameters of the gelatin
dynamite 65% were determined using the composition data from the manufac-
turer. - The composition of the slurry explosive was not available. To
make predictive calculations regarding the performance of the dynamite
explosive, a suitable equation of stateland thermohydrodynamic equation,
etc., were used for computer ca]cd]apions. The ca1cu1atfon methodé‘are
described by Clark (1959). —The‘oufput.aéta for the detonatioﬁ and explo--
_sion states are summarized in Table 5.14 for three different densities.
The oxygen balance and the heat of formatién were calculated from the com-
‘position, i.e., the gram atoms per 100 gram of the elements in the explo-
sive. The primary constituent elements are hydrogen, nitrogen, oxygen,
carbon, and sodium. Calculations showed (Tab1e~§;fé);that the dyﬁamite .

has' a slightly negative oxygen balance.

Stress Reinforcement and Effect of Joints and Fracture on Breakage

As described previously, the stress waves generated from simuyltanecus
firing of two adjacent confined explosive charges reinforce each other and
thereby produce additive stresses which enhances the initiation and propa-
gation of the fractures between the holes, which result in effective break- .

age from the face and good fragmentation. The beak stress and wave energy
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penetrating the walls and the roof of the drift is reduced because of the
5maf1 size of charges. Small fractures along the line of holes were ob-
Served even when the holes bootlegged.

The analyses of the results of the blasting show that the structufa]
geology of the face is a more important factor in affecting small charge
blasting than in conventional blasting. The major joints and natural frac-
tures affect the reinforcement of the stress waves, but only when extensive
fractures or large open joints exist‘jn the fagé,_the energy of thel§tress
wave:. is depleted énd poor breakage resuits. In order to overcome these
effects, a modified drilling pattern and powder factor are required. Thus,
the blast is more effective if boreholes are placed in the solid rock between
the joints with a slightly reduced powder factor, which procédure resulted
in good fractufe,ébhtro1 and better fragmentation.

The Joint. and fractqre patterns‘of the rqck b]agted in this eXperTmépﬁ

'fation.were ré1ative1y éohsisteht,~and the‘b?éakége‘éf the rock‘in each
round indiﬁated the adjustments in tﬁe positioning of holes which were
required for efficient breakage. An experienced miner could readi1y make
the minor adjustments in round desién to conform to the géo]ogjc structure.

Finally, the simultaneous detonation of small charges has much in
common with smooth blasting where the confining stresses in the rock around

- the .opening acts to improve the dﬁrection control of the fractures, reducesl

the averbreak énd deviation of the cracks, and enhances the stability of

the wa11§ of the excavation.
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Chapter 9
CONCEPTUAL EXPLOSIVES LOADING AND FIRING SYSTEM

Introduction

One of the unique features requisite for the most effective hreakage
for the small charge blasting system is that ‘two or more adjacent holes in
a line be fired sfmu]taneous]y. The advantages 6f this procedure have been
cwell provén in severai full scale tests, i.e., good fracture control, re-

. duced grognd vibration per unit wéight of explosive, and containment -of the
air blast and flying fragments, which in turn will permit the system to be
operated in a continuous manner.

The system as currently conceivéd will rgquire the following:

1. Timing of charges in a single blast to within + 100 microseconds.

2. That the charges be well étémmed.

3. That tHe'charqe§-be insensitive enough.to beé safe with mechanical
"~ handling. ' : - : '

4. That the blasting caps be insensitive enough to be inserted in
the charge loaded mechanically.

5. That there be no excessive accumulation of explosives at or near
the working face, i.e., inside of the shield.

6. That the gaéeous detonation products be non-toxic.

7. That the explosive loading system can operate efficiently without
breakdown. ‘

8. That the 10ading.system can load holes in any part of the tunnel
face.
Explosive
As noted earlier in this report, an aluminized slurry explosive was
utilized for most of the experimentation. fhis explosive has several ad-
vantages for use in the proposed automated system. First, all of the in-

gredients are hon-eprosive by themselves. ~Secondly, the strénqth and sen-
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sitivity of the explosive can be varied by a wide range.. Its use for auto-
mated loading would require that one . cartridae be loaded into thersystem
at a time, which will require only moderate advances in the technology of

the fabrication of explosives, and the problems appear to be easily solvable.

Explosive Loading and Firing System

In the experimental small charge blasting performed to date, detonation
cord has been employed to obtain the precision timing required for simultaneous
inftiation?of the chafges in oné. shot.. For an operational system, however,
detonating cord has some disadvantages. The first is that the explosion of
the cord is not confined in the rock, and hence, it contributes to the air
blast behind the shield.. The second is that considerable quantities of the
cord would be requiredioh‘both sides of the §h1e1d and a system to handle
the detonating cord may be more c0mp11cated than that for EBWS A third
"possible difficulty arises .in. the cutt1no, tv1nq, and pr1m1nq of the cord.

In view of these and other factors, this method of ignition has not been
considered further at the present time.for the conceptual design of the pro- ;
posed system. Its use is considered to be technically feasible, however.

From the outset of the small charge blasting project, it was felt that
the most suitable method for precision timing of adjacent charges would be
exploding wTre blasting-caps. The:cost of high precision research type ex-
ploding wire caps is foo high, but upon ingquiry-to an explosives manufactuf—
ing company, it was found that the EBW's of the required accuracy cén be
purchased at approximately the same price as standard b1astihq cavs. As
far as cost is concerned then, it will be a matter of reducing the number
of caps to an optimum in keeping with the other requirements of the blast-

.ing. In any case, the total explosives costs per foot will be greater than
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for conventional blasting, but tradeoffs will more than compensate for this
additional cost.

Thus, the most successful‘operation of the small charge blasting sys-
tem requires that four or more small charges in line be fired within 0.2
milliseconds of each other, that the charge size be adjusted to the burden
and geology of the facg, that the charge be well stemmed, and that the ex-
plosive and initiator beAsafé to- handle by an. automated exp]osiye‘Toééing
device. o | |

In theJexperTmentation to date, the charge size has been varied accord-
ing to the burden on the hoie, its dépth, and the soiidity of the face around
the hole. Fo} a practical blasting system, it will be desirable to use only
one or two sizes of charges, whereas in the research, most of the experimen-
tation was specifically planned to determine the minimum size charge to
break the rock effectively, and Qery~few of the holes were overloaded. In
'operati@n b]asfing with a small charge system, the controlling factor will
be that the charges be large énouqh to break the rock with virtually zero
bootlegs. | |

One of the first conceptual designs of an explosive loading system
included the plan - for an apparatus for mixing the explosive ingredients
of -a slurry outside of.the shield. However, the proper mixing of slurries
"~ requires careful control,and this type of operation could not be carried
~out as planned with the present state—offthe-art of explosive fabrication.

The proposed system will, therefore, be based upon the concept that
the charges and the stemming will be prefabricated.

In the projected first experimental explosives. loading and blasting
system, it wi]] not be possible to incorporate aill of the features that
are desired in the finaf design of a fully automated system. Provision for

operational safety and efficiency can be made only after research experience
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3

and after more sophisticated devices have been designed, bui]t,,and:tested.
_ f ‘
'The operations for which the system must be designed are:

3

1. Transport of explosives from the magazine to-a pbsition near the
shield. '

2. Trahéporf of stemming and blasting cap assembly to a posﬁtion
near the face. '

3. Storage of the above items near the shield for automated transoort
through the shield. : ‘ '

4. Transport of 1nd1v1dua1v1tems through the shield.

5, Attachment of cap and.stemming to the explosive cartridge.

6. Place assembled charge éhd stemming in loading device.

7. Load into hole and compress explosive and siemming.

8. Attach Tead wires to curfent source and fire shot.

The transport of the explosives from a magazine to a position outside
of the shield can be accomplished wfthout any difficulty. It is planned |
~that the exp1QSiMe and-stémmjng;each be packaged, with the blasting cap
already placed in the stemming. Large'numbers of these can belplaced in

slotted ‘containers which can be suspended from the wall of the tunnel neaﬁ;
lthe shie1a. The explosive charges and the stemmingbgbkégégwith the cap iﬁ
ihehi”éan then be fed one at a fime into plastic tubes individually on de-
mand through the shield into the cab to be assembled by hand and nlaced
“into énother tube Ieadfng to the explosive.loading device.

Two alternative déviceS‘have been suggested for conveying the charae
into the hole. One would be a plastic tube with water or air at low pres-
sure employed to carry the assembled charge into ihe hole. A second device
would be made up of half of a rigid split tube of plastic material which
would be lined up with the hole at the collar with the aﬁsembIed charge

laid in it. The charge would then be pushed into the hole with a wooden
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or plastic tamping rod, provided with a groove to clear the lead wires.
The Tength ofvwires”reqUired and the means of connecting them to the cur-
‘rent source willibe provided. The high capacity current source required
for EBWN's will be housed in the protective cab,lwith multiple outlets or
connectors outside of the cab, shié]ded aqéinst air blast and fly{nq frag-
ments. The firing circuits must be arranged so that tﬁe leads from the
caps be as short as possible to keep this type of firing circuit properly

balanced, i.e., for high current EBW's.

Storage of Explosives

Explosives will be stored in much the same manner as they are in normal
drilling and b]asting, with the exception that it will be necessafy to main-
fain a supply of cartridges, caps, and stémming units dutby the shield dﬁr-
ing drilling and blasting operations. That i;, it woﬁ1d be expected thaé
in a tunne]ing-operatioﬁ, for exémp1e, that the main powder maga;ine»wod]ﬂ.-
be outside of tHe poftal of the tunnel, a smaller magazine located withih= 
the tunne] if the distance from the portal to the working face is gréat,“
and small Stroage units just outby the shield where the parts of the explo-
sive-cap-stemming unit can be kept in such a manner that they hay be handled
with automated equipment for moving, joining together, and for Joading into
the blast hole.

The first two types of Storage magézines would require no spécial‘de—
sign, following the usual practice of keebinq the caps ‘and explosives sepa-
rated.

- The storage units outby the shield, however, constitute the first part
of theé automated loading and blasting system which must be considefed. As
an 1nitia1-po$sib]e design, the blasting cap and the stemming may be fabri-

cated together. _This will serve at -least two purposes. The first.is that
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the blasting cap will be relatively protectéd from impact, éven though EBW's
do not have any primary explosive in them. The secondris that the cartridge
of stemming serves as a means of conveying the stemming and the blasting cab
from the storage units through the shield where they will be connected with

the explosive cartridge. (Figure-8-1).

Explosive Charges

In the experimental work per%ormed in this project, slurry explosives
were employed for almost all of the .shots. The reasons for this are tHat
the explosive has the qualities needed for an automated system, ie., it is
safe to handle, its properties can be varied, it is cap-sensitive in small
diameters, its fume properties are excellent, and its pliable so that it
can be expanded to £i11 the bottom of the blast hole with moderate pressure.

For the initial concept of an automated exp1osjve toading system, the
type of charge construction is visualized. as é‘cyiindrical;shaped séctioh

‘of exp]oéive enclosed in a moderately riéid plastia o} waterproofed expand-
able casing (Figure 9-2). The end of the cartridge which wi11‘;ontact the
stemming will be faced with a small rigid disc with a hole in the center
iust larger than the diameter of the éap. This will serve the following
purposes: It will helo keep the cartridge from expanding prematurely; it
will act as a djaphragm or‘piston‘for compréssed air to push against to con- -
vey the .cartridge from containers through the shiejd and also into the
blast hole, and will serve as a means of applying pressure to the'cartridqe

to expand it in the bottom of the hole to give a high loading density.

Stemming-Cap Assembly

For the initial concept of the explosive 1oad1ng'system, it is planned
to utilize a prefabricated assembly with the can enclosed in a cartridge of
stemming. This has several possible advantages, the first being that the

sterming will serve as a means of conveying the cap through the system. The
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casing for‘the Stemmfng'wil1 be similar to that which holds the explosive,
‘i.é., it will be made of semi-rigid plastic or paper which is folded or
creased in such a manner that if will expand when pressure is aoplied to‘
both ends of the cartridge. A rigid disc just larger in diameter than the
cartridge will be fastened to the end opposite the cap to give riqidity to
the cartridge during transport-and to serve as a pressure. surface when pres-
.sufe is applied to expand the explosive and stemminag cartridges at the bot-
tom of the blast hole .(Figure 9-3). |
At the interface between the two cartridges a means will be provided
to lock the two together with the cap inserted into the cap well in the
explosive. In the initial phase of the development and testing program,
it is anticipated that the two parts will be locked together by hand and
p]éced into the 1oading~tubef]éad1ng to the:b1ast hole. This W1T] be further
developed to permit automated éésémb1y and;transfer tq thé‘b]agt hole.
' Tﬁg b]asting-wireslwi11-bé coiled wifhin a Sma11 paper tube at the
rear of the ﬁtemming, AInasmuch as the cartridge will be trénsported pneu-
- matically, the wires in either a coiled or extended configuration will not

interfer with the transport or compression in the bottom of the blast hole.

Charge Placement

The placement of the ch@rge. at the bottom of the hole WiT1Abe one of
. the .critical operations of the system. That is, the‘expTosive must be ex-
panded to g{ve a ]oading density as near one as possible, and the stemming
Tikewise expanded to furnish an optimum resistance to expansion of the ex-.
plosive genefated gases down the borehole.

One plan is to transport the charge—stemming-assemb1y to the bottom of
the hole through tubing, the latter section of which is rigid. This will be

withdrawn to allow small dogs at the end of the tubing to drop or be forced
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in place by small springs behind the rear disc on the charge assembly. The
rigid portion of the tubing will have a device to lock onto the sides of
the hole and will be forced forward either mechanically or pneumatically
to compress the explosive and the stemming. {Figure 9-4).

Careful alignment of the charge during all of the operation will be
necessary. Also, the use of blasting caps which do not contain primary

explosives will minimize the possibility of premature initiation.

Safety of EXp]osive System

As noted briefly above, the use of the proposed system is in conflict
with current safety codes and rules for the employment of explosives under-
ground. Aluminized small diameter slurries are safer than dynamites.  In
the higher strength aluminized slurries, the particle size of the aluminum

_ is. Targer than that fn those of.1ower strength;-andhis probably not‘éxoTos-
-ible éth,when_it;igfdjéperseﬂ . air:~ffhé:air-qab séﬁsithfty~i§“a]$d iow;i
‘which also minimizes the bo§§1b11i£y of anaccidental explosion of a cart-
ridge. If the transporting systemrjs-proper]y‘designedg*the;stora@éwchamber can
be isolated from the transport: conduits so that an explosion cannot be
propagated back through these tubes. The bullet sensitivity is likewise
very low.

The protective cab and the shield will. be designed to,re&ist the air
blast even if all of the hofes ina line bootlég. Misfires and hangfires
can be handled safely because the operator wf]]‘be able to observe the con-
dition at the face from within the cab, which wii] expedite the broceés of
taking care of any of the above occurrences,

As noted at the beginning oflth{s chanter, the concent of having per-
sonnel remain at the working face while blasting takes place is a novel

idea, and is contrary to the rules stating that personnel should be removed
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~from the blasting site to established distqnces. ‘However, the results of
the experimentation to date indicate that all of the blast effects experi-
enced by operators in the protecfive cab. or outby the main shield can be
reduced to or below aéceptab]e levels. The principles of the protection
of human beings in hostile environments have been well established in the
space program for astronauts, and these same principles can be applied to “
the environments which will be present with the small charge blasting sys-
tem. If fhe system is proper]y‘designed‘and operated, the hazards would:
be less than those encountered in conventional drill and blast methods.

A somewhat parallel situation exists in an automobile, where hundreds
of small scale exp1osibns take place per minute within a few feet of the
;driver. The explosions are properly contained, and there is no,conceknefftv

for the safety of the people within the car.
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CHAPTER 10
COST ANALYSIS

Introduction

The viability of an Automated Drill and Blast System (ADBS) will be
determined by its productivity, safety, and cost effectiveness. In the
evaluation of cost effectiveness, two requirements are indicated: An
analysis of ADBS pefformance and technical feasibility, and a comparison
with a proven tunneling method whicﬁ can be used as a standard in order
to show more effective operation at lower cost.

The ADBS tunneling concept was developed in order to design an excava-
tion system of greéter effectivenass than the‘Dr111, Blast and Muck (DBM)
ISystem'by applying the non-cyclic efficiéncy of continuous tunneiing and
~ the characteristics of small charge b]astingﬂ. Since the ADBS method must
*.be.mdre than épmpétitive With conventioﬁa]'DSM tdnne]ing, it“isilogiéal
“that-the Tatter be chosen,as the standard. . | “

Preliminary field research on the technical aspects of automated tgn-
neling with small charges has provided some of the initial data for develop-
ing the economics of the ADBS (Clark & Rollins, 1976). The total direct
cost is the sum of three expense categories: equipment (including supplies),
labor, and tunnel support. A parallel breakdown is,alsb app]icéble to tﬁe
DBM.method.

Projecfed cost savings of ADBS over DBM are as follows:

Direct Costs

Equipment: Possible lower capital costs due to lower equipment
costs and more rapid advance rates

Labor: Less labor required due to nature of operation

Support: Less support required because of reduction of wall
: fracture and overbreak
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Indirect Costs

Reduction of overhead costs such as management and engineering
salaries due to shorter period for project completion

Reduction of costs due to improved environment

The - improvement in enViﬁGhméntéﬁigohditiohs'Wiil‘accrue from changed
conditions. relative of DBM, both underground, and in some cases, on the
surface. The blast shield will contain the gases from the explosives and
may be more readily pumped from the working face by the ventilation fans.
The containment of-thé‘ajr blast and the flying fragménts willrdecrea;e}the
effects of blasting on rock structurés, artificial support, equipment and
personnel. _ | ' ’

The reduction in ground vibration and air blast will make it possible
to lower excavatfon‘cost§ in urban areas where vehicular tunnels are being
driven. In the excavation-of the Metro system in Washington, D.C., for
examp1e, blasting was,geverely restricted: as tﬁftime of the day and néarness- .
to surface structures. The use of small charge blasting will make it pos-
sible to carry out such blasting operations on a more cbntinuous basis with
obvious decrease in Tlabor, equipment, and most.qther'operational costs.

| If the small charge method of 51ast1nq pro&es feasible for use in a
longwall system of mining, some of the same advantages will also apply.
That is, air blast will be'kept to a Tower Téve1 than is possible with con-
ventional bTastiné, prétected personne]l can work continuously at the work-
ing face, and the operation may be made‘continuous without moving equipment
and men from working plage to working place while b1asting is done.

The effects of small charge blasting on the walls of the excavation
have been discussed in detail in earlier chapters, i.e., the reduction of
overbreak and fracture of the surrounding rock can critically reduce support

costs.
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Because larger numbers of smaller diameter-ho1es are required for- the
proposed small charge»blastfng-System, the costs‘per foot of advance for
both drilling and for b]astjng-capé will be higher than for conventional‘
blasting. Exploding Qirev(EBw) caps required for the ADBS in small guanti-
ties currently cost over $3.00 each. In large quantities, EBW's with the
required accuracy of initiation can be produced for approximately the same

~price as electric blasting caps (EBC's).

Rate of Advance-

‘The rate of aannce is influenced by many factors such as tunnel con-
figuration, equipment, manpower, water inflow, type and structure of rock,
and method of rock breakage. However, the most influential factors are theﬂ
~rock type {Mayo, 1968) and method of rock breakage. For the ouroose of. |
_this cost ana]ysis, host rock is assumed- to range from "intact" to"strat1- :
aLif1ed or sch1stose ‘(Mayo 1968) and‘to cons1st of a rock type such as’ qran1te
1H“or qnelss ' Add1t10na]1y, advance rates in strat1f1ed and Jo1nted sandstone,
and limestone are considered. |

DBM Systems. In tunneling practice in firm rock, small tunnels are
driven full face, while large ones are driven "top heading' first, portal
to poftal, with steel ribs of the primary lining set in hitches on the side
"~ of the tunﬁe1;. The oeprationatyc1evat the' face consists of (1) drill, (2)
‘b1ast, (3) muck, and (4) sdpport (Tab]é 10-1). |

In conventional tunneling, blast holés are 4 to 12 ft deep. Tyoically,

one hole is required for every 2 to 8 sq ft of face. For small tunnels,
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jack-leg drills are employed. Drill jumbos of various types are used to

drive larger tunnels.

TABLE 10-1
OPERATIONAL CYCLE - DBM
Drill Cycle
Move in drill (jumbo), connect air & water Tines
Drill blast holes
"Blast Cycle
Disconnect air & water and move drill {jumbo) out
Load powder
Connect blasting Teads
Move personnel to safe position
Ventilate (smoke time)
Muck Cycle
- Hose down
‘Scale roof, clean fly rock C
"~ “Move muck1ng machine. 1nt0 head1nq
Muck out round
Extend track as required-
Move out mucking machine
Support Cycle
Move in materials & erection eqdipment
Install bolts as required
Erect set(s)
Where rail haulage is employed, changing of cars requires time and
may delay the mucking cyc1e. Ventilation regulations usually require 100
c¢fm per man or 50 cfm per square foot of tunnel cross section. The waiting
time for fumes to clear for safe breathing is usually about 20 minutes.
For the proposed system, enough .of the fumes must be removed to provide

visibility only since the ADBS operator(s) will be enclosed in air condi-

tioned cabs.
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A study of the tunnel excavation operations at the Flathead Tunnel
"1o§ated in nokthwesfefn Montana (Skinner, 1974) for conventional drill .and
blast (Tab1e 10{D:$HoW§that the percentages of time per cycle were: drill-
ing, 28 pércent; mucking, 28 percent; support, 21 percent; loading, 13
peréent; and miscellaneous, 10 percent. The rock encountered in the Flat-
head Tunnel ranged from "stratified" to "blocky and seamy" to "squeezing."
However, over 90% was located in what may be considered as "moderately
blqcky and seamy rocki“ The average‘rate of advance was approximately 12.9
- ft per shift or 38.6 ft per working déy. The faﬁe area was abpr&ximate]y
600 sq ft (equivalent to a 27 ft - 8 in. diameter tunhe1). This rate of
advance is over 40% faster than predicted by'Mayo (1968) under the best
éonditions. However, when total tunneling time including shutdowns is in=-
cluded, the average advance rate is 28.6 ft per day over the prpject life,
which is within the‘rénge of rates described by Mayo.

The'above"aﬁajysisj}ndicatesifhdﬁ-théréiafé two time framesvtolbe con- )
sidered‘ﬁhen'determining advance rates. The first, as‘reported by Mayo,
includes driving time and delay and shutdown time. This total time deter-

.mines project duration.

The second time frame is the production (working) time which excludes
holidays and other times when heading advance is stopped. This time will
determine -total Tabor cost for the project,. neglecting salaries and overhead
for sgcurity guards, maintenance peop]é, and staff who work duking shutdown.
time.

The total project time is a function of both delay time and rate of
advance. The delay time is a function of shutdown time which, for this
analysis, consists of holidays and weekends. 7Pr0duétion‘t1me is composed

solely of the time during which the heading crew is working.
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The only available comprehensive soﬁrce of tunnel advance rates ‘is
Mayo's (1968) report, which considers réte§ in granitic type rocks.only.
However, the production advance in massive 1imestone and sandstone can be
determined by mbdifying the operational cycle (Table 10-2).The rock type
will ﬁot significantly affect the blast or muck cycle. In the two sedi-
mentary rock types, support would prcbably consist of shotcréte and rock
" bolts. This analysis assumes a 50% reduction in support erection time .
since steel sets would not be required. .

The»dkiTTing rate affects the -production advance rate more thén-any
of the other gperation cyt]e e]ements. ATl dkil] rates‘énd equipment costs
reported below assume that hydraulic drills are used @ﬁé@f&F“4) since
su;h technology is expected to become the industry standard within the next .
five to-ten years. Drill penetration rates for hydrau]jé drills are signi- |
*ficantly higher than for pneunatic drills (Table iogg): .

TAéLE 10-2
DRILL PENETRATION RATES

Pneumatic Drill Hydraulic Drill
. (ft/min) (ft/min)
Rock Type {Schmidt, 1972) (Bullock, 1974)
Granitic 2.00 3.00
Sandstone 2.25 . 4.50+
Limestone ' , 2.50 | 4.00+

Drilling time includes both penetration time plus the timé required to
retract the bit from the drilled hole, realign bhe drill, and collar the
next hole. DBM drilling times are based on the assumption of an 8 ft deep
round and 30 seconds per hole for retracting, aligning, and collaring

- {Table 10-3). The determination of the number of holes per face is described
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below under Bit and Explosive Cost. The number of drills is based on

‘ typical current practice for a given face area wh1ch is determined by the

desired rate of advance, manpower requirements, and available capital.
Thus, drill cycle times for pneumatic drills may roughly be reduced

as follows for hydraulic drills:

granitic 30%
sandstone 44%
Timestone 32%

' TABLE 10-3
DRILL CYCLE TIME - 8 FT ROUND

Tunnel Diam. No. of No. of Drill Cycle Time (hrs)

Rock Type (ft) Drills Holes Pneumatic Hydraulic
Granitic 12 2 28 1.05 0.74
16 2 35 1.35 0.95
20 2 45 . 1.73° .21
_ | 24 3. 58 . 1.50 1,06
Sandstone 12 2 28 0.95 0.53
a : 16 2 35 " 1.22 . 0.68
S20 2 45 1.55 0.87
24 3 58 1.35 0.76
Limestone 12 2 28 0.86 0.58
| 16 2 35 1.1 0.75
20 2 45 1.42 0.96
24 3 58 1.23 9. 83

Thus, the drijll ;yc}e in granitic rock wj11 océupy ébproximate]y 28% of

the production cycle time, and because of the faster drill peﬁetration rates
(Table 1053) drill cycle time is estimated to be 20% and 22% of the produc-
tion cycle time for sandstone and limestone, respective1yz Mayo's (1968)
analysis indicates that the total rate of advance is a function of the

tunnel diameter:

TOTAL ADVANCE -RATE '(ft/day) = M x TUNNEL DIAMETER (ft) + B (10.1)



where

M is constant for the two granitic rock types ("intact" and "strati-
fied or schistose") '

B varies according to rock conditions (intact, fractured, etc.)
Mayo's (1968) value of M(M = -0.90) and the rate of advance achieved
in the Flafhead Tunnel (as indicated above) yield a predicted rate of ad-

vance in moderately blocky and seamy rock for pneumatic drills:
ADVANCE RATE (ft/day) = -0.90 x TUNNEL.DIAMETER (ft) + 64 (10.2)

‘When rock typé, hydraulic drill penetration rates, and support erection
times are considered, the rate of advance is predicted by equationﬁ
These equations assume three eight hour shifts per day and were derived
by'reducing cycle times as described above.
INTACT ‘ROCK ADVANCE RATE (ft/day) =
- -0.90 .x TUNNEL DIAMETER (ft)-+ 63. :
"STRATIFIED OR SHISTOSE ROCK ADVANCE RATE (ft/day) =
-1.60 x TUNNEL DIAMETER (ft) + 74 : :
. (10.3)
LIMESTONE ADVANCE RATE (ft/day) = A
-1.10 x TUNNEL DIAMETER (ft) + 77
SANDSTONE ADVANCE RATE (ft/day) =
-1.13 x TUNNEL DIAMETER (ft) + 79
~ Determination of the overall rate of advance must include shutdown -
time. When 10 holidays are included with weekénds,.a total of 114 days of
shutdown are obtained per year. Thus, a five day work week permits a pro-
duction advance availability of 69%, which gives the predicted overall ad-
vance rates as:

INTACT ROCK ADVANCE RATE (ft/day) =
-0.62 x TUNNEL DIAMETER (ft) + 43

STRATIFIED OR SCHISTOSE ROCK ADVANCE RATE (ft/day) = (10.4)

=1.10 x TUNNEL DIAMETER (ft) + 51



LIMESTONE ADVANCE RATE (ft/day) =
-0.76 x TUNNEL DIAMETER (ft) + 53 - o . (10.4)

SANDSTONE ADVANCE RATE (ft/day) =
. -0.78 x TUNNEL DIAMETER (ft) + 55

Automated Drill and Blast System. The unit operations of the proposed

automated'system are essentially the same as for conventional drilling
(Table 10?§J.However, the drilling and mucking can proceed simultaneously,
and ventilation can be performed -while mucking is taking palce. Deiays
for bootlegs and misfires are'not considered. Inasmuch as drilling time + .
“for DBM includes the moving of the jumbo to the face and out after drilling,
and mucking time includes moving the mucking machine, there will be an ap-
preciable saving of time for the ADBS which only moves a short distance
ahead after round has been fired. Likewise, the support crews can work

continuously outby the tunnel shield.

TABLE. 104 .
CYCLE TIME DISTRIBUTION - ADBS
DBM 0 ADBS

% of Cycle Time Est. Time Saving %
' min. ma X.
Drilling time | 23 0 0
Explosive loading time 13 2 ; 7
Ventilation C ' 5 ' 1 - 6
Mucking 28 10 14
Support installation 2 2 6
Rail laying & lost time 5 5 10
100% 20% 43%

The estimated time saving by the ADBS (Table]O{Q)varies from approxi-

mately 20% to 43% which means that the ADBS advance rate is faster than the
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DBM advance rate by a factor of 1.25 to 1.75. Simultaneous mucking and
drilling without the necessify'of moving equipment from the face résu]ts .
in a lower cost per foot of advance for factors other than those which are
cons tant per foot of tunnel. Thus, labor and overhead costs per foot are
reduced. k |

An advance rate of 5 ft per houf was estimated in a preliminary de-
sign report for the Hercules system of automated blasting (Hercules, 1976),
which should attainuadvance rates similar to the ADBS. However, for this
ahalysis;.rates are conser&étive1y assumed to be‘1.25 times the DBM rate
- of advance obtained in a given rock type (equations 10;5).aﬁg} Thus, the
ADBS direct rate of advance can be predicted by:

INTACT ROCK ADVANCE RATE (ft/day) =

-1.13 x TUNNEL DIAMETER (ft) + 79

STRATIFIED OR SCHISTOSE ROCK ADVANCE RATE (ft/day) = SR
-2 00 x TUNNEL DIANETER (ft) + 93 . R T 10 5).‘

.LIMESTONE ADVANCE RATE- (ft/day) =
-1.38 x TUNNEL DIAMETER (ft) + 96

SANDSTONE ADVANCE RATE (ft/day)
+

-1.41 x TUNNEL DIAMETER (ft) + 99

Similarly, the overall rates of advance can be predicted for the ADBS
from equations 10.6, 41 again assuming a 69% availabiTlity:

INTACT ROCK ADVANCE RATE (ft/day) =

-0.78 x TUNNEL DIAMETER (ft) + 54

STRATIFIED OR SCHISTOSE ROCK ADVANCE RATE (ft/day) =
-1.38 x TUNNEL DIAMETER (ft) + 64 : (10.6)

 LIMESTONE ADVANCE RATE (ft/day) =
-0.95 x TUNNEL DIAMETER (ft) + 66
SANDSTONE ADVANCE RATE (ft/day) =
-0.98 x TUNNEL DIAMETER {ft) + 69
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Summar
TABLE 10-5

PRODUCTION (OVERALL) RATE OF ADVANCE (FT/DAY) FOR: DIFFERENT TUNNEL
DIAMETERS AND ROCK CLASSIFICATIONS USING THE DBM METHOD OF ADVANCE

Tunnel Rock Classification
Diameter (ft) Intact Stratified Limestone Sandstone
12 52{36) 55(38) 64{44) 65(46)
16 48{33) 48(33) 59(41) 61(43)
20 \ . 45(31) - 42(29) 55(38)} 56(39)
24 ' 41(28) 36(25) 51(35) - 52(36)
TABLE 10-6 -
PRODUCTION {(OVERALL) RATE OF ADVANCE (FT/DAY) FOR DIFFERENT TUNNEL
DIAMETERS AND ROCK CLASSIFICATIONS USING THE ADBS METHOD OF ADVANCE
Tunnel Rock Classification :
Diameter (ft) Intact Stratified Limestone Sandstone
12 65(45) 69(47) 79(55) 82(57)
16 - 61(42) - 61(42) 74(51) - 76(53)
20 -56(38) - 53(36) . " 68(47) - - 71(49)
24 -52(35) = .2'-43(311__ . 63(43) - - 65{(45)

Bit énd fxp]osives Cost

. Differences in bit and explosive costs between DBM and‘ADBé result
from differences in the unit operations of drilling and blasting. This is-
due to drill hole spacing and depth, and the larger number of holes and caps
required for the ADBS.

. DBM. For this ana1ysisl‘a‘b1t diameter of Tf]/Z-in. was assumed. - The -
number of holes per standardvkound can be determfned from the following
equation (Gustafséon, 1973), where "diameter" is the tunnel diameter: -

NO. OF ‘BLAST HOLES =
0.094 (DIAMETER (ft) )° - 0.877 (DIAMETER (ft) ) + 25 (10.7)
For the dr11]iﬁg rates given above and a 500 ft bit Tife (Cummins &

Given, l973),’the.co§t-for,drill.bité can'be”détermined,from~the_fo]]owing
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equation based on a current cost of $10 per bit (Ingersoll-Rand, 1977):
BIT COST ($/ft) = (NO. OF BLAST HOLES x 10)/500 © (10.8)

The above analysis assumes althrow-away bit.

The explosive cost depends on the number of blasting caps'and weight
of explosive used. The number of caps per round is equal to the number of
- blast holes calculated above, md the cost of explosives per foot may be
determined from the following equation Which,conservative1y.asSumes 0.975 .
'bdunds of ‘dynamite per cubie5f66t.of'rock broken (Eangefors'& Kih]strem,
1973) where "diameter" is the tunnel diameter:

EXPLOSIVE COST ($/ft) =

~ CAP COST ($/ea) x NO. OF BLAST HOLES/ROUND LENGTH (ft) + - (10.9)
DYNAMITE COST ($/]b) x.(DIAMETER (ft) )¢ x 0.059 . _

r

' ADBS- In the FTathead Tunne] (Sk1nner, 1974), exper1ments were carr1ed;ﬂ

:1liout w1th smooth wa]] b]ast1ng to obta1n a. more un1form arch ‘the procedure

being somewaht s1m11ar to that.of f1r1ng per1meter holes in the ADBS

In the first set of experiments, 7 ft ho]es were drilled above the
spring line with 30 in. spacing. These were loaded w{th‘Hercu]es 60 per-
cent trim powder with a Toading density of 1/4 pound per foot and fired with

No. 12 delay caps. . The resulting rock breakage was largely along the joints,

.fﬁrthe rock beingrcharacterized as good (moderéte1y'i0 highjy fracturedIBUt
tightly jointed). N |

The hole spaeing was reduced to 24 in. with the loading density main-
fained at 1/4 pound per foot of hole. This resulted in improved breakage,
i.e., remnants of the drill holes were observed, no overbreak occurred,

1ittle scaling was required, and minimum rock bolting Was used.



51

The smooth-wall blasting was discontinued because:
1. 'The‘tfmeirequi%edtfor additfbnav drill holes disrupted the normal
drilling cycle.
2. The drilling required of the three top machines on the jumbo was
increased.
3. Special powder was reguired.
4.. Improvements due to smooth-wall blasting in closely jointed rock
could not be determined aﬁcurate]y.
5. In highly jointed rock normal support would be required.
6. Increased stability resulting from smooth blasting could not be
quantitatively determined.
In support of the use of smpoth-wall blasting, as related to the ADBS, .
'Jthe following should be observed: K

1. An add1t1onal dr1]1 on. the top deck of the jumbo wou?d have ob-~ ;}

"‘:1v1ated the f1rst two ObJECthnS

2. If smooth- wa]] b]ast1ng had been p1anned in advance, the hand]1ng ?
of spec1a1 powder-for_the top per1meter‘ho1es would not present a problem.

3. While No. 12 delay caps Were emp]oyeg to fire the top perimeter.-
holes, the most efgective results are obtained when the firing of caps does
not vary more than 200- microseconds.

4. In jointed rock, the -drill holes shouidlbe‘placéd "in the solid"

between joints as much és possible. o |

5. As Compared with the ADBS, shorter holes in the 1after permits
better placement of the charge.

6. With closer hole spacing, the smooth-wall blasting was reported as
giving beneficial results.

7. In the.ADBS by:comparison, smaller charges with closer spacing are

" required and give little overbreak in jointed rock (Hanna, 1978).°
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A drill diameter of either 3/4 or 1-in. has been suggested for thé
“ADBS scheme. For- this ana]ysis;;a.diameterzof"T—in;!is assumed (Clark &
Rollins, 1976). Bit 1ife is 500 ft which is the same as for DBM. Again,

assuming $10 per bit, the bit cost may be estimated by:
“BIT COST ($/ft) = (NO. OF BLAST HOLES ¥ $10)/500 {10.10)

As with the DBM system;vADBS blasting cost is a function of the number .
_of caps and pounds of explosive used. The blasting cost may"be determined
. from the following, conservatively_aSSuming'afpowder factor of 0.08 1bs/ft3
of intact rock (Clark & Rollins, 1976):

EXPLOSIVE COST ($/ft) =

CAP COST ($/ea) x NO. OF BLAST HOLES/ OUND LENGTH (ft) + (10.17)
SLURRY COST ($/1b) x (DIAMETER (ft) )° x 0.063

Exp]osiveHCOSts as-of Mérgh.1977*aré”(Emerj¢k:& HiiI;']977):

Staﬁdard Electric. Blasting Caps =~ - $0.70/ea

Straight Dynamite (1-1/4 x 8) .45/1b
Slurry- (GEL) (1-1/4 x 15) .55/1b
TABLE 10-7

BLASTING COSTS - DBM (8 ft round)

Tunnel.:i No. of ‘ o Explosive Total

Diameter Blast Bit Cost Cap Cost .- Cost’ Cost
(ft) - Holes (§/ft) ($/ft) __(§/7t) ($/ft)
12 28 .56 2.45 3.82 6.83
16 35 .70 3.06 6.80 10.56
20 45 .90 . 3.94 10.62 15.46

24 58 1.16 5.08 15.29 21.53
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TABLE 10-8
BLASTING COSTS - ADBS

Round  Tunnel No. of Bit Cap* Explosive Total Total
Depth Diameter Blast Cost Cost Cost Cost Cost-DBM
(ft)  (ft) Holes ($/ft) ($/ft) ($/ft) ($/Ft)  ($/ft)
1.5 12 73 1.46 34.07 4.99 40.52 6.83
16 121 2.42 56.47 8.87 67.76 10.56
20 171 3.42 79.80 13.86 97.08 15.46
24 236 4.72 110.13 19.96 134.81 21.53
2.0 12 64 1.28 22.46 4.99 27.73 6.83
16 105 2.10 36.75 18.87 47.72 10.56
20 148 2.96 51.86 13.86 68.62 15.46
24 204 4.08 71.40 19.96 95.44 21.53
2.5 12 57 1.14 15.96 4.99 22.09 6.83
16 94 1.88 26.32 8.87 37.07 10.56
20 132 2.64 36.96 13.86 £3.46 15.46
24 182 3.64 50.96  18.96 74.56 21.53
3.0 12 52 1.04 12.13 4.99 18.16 6.83
16 86 1.72 20.07 18.87 30.66 10.56
20 o121 2.42 28.23 13.86 44.51 15.46
24 166 3.32 38.73 19.96 . 62.01 21.53.

*Cbrrent cost of high precision EBN's (+ 10 usec accuracy) is $3.00. -Cost
of required EBW's (+ 200 usec) accuracy is approximately the same as ‘
~standard caps. :

The total explosive cost for small charge rounds is much larger than
that for DBM (Figure 10-1), but decreases rapidly with the deoth of round.

The higher cost is due to the cost of blasting caps.

Capital Cost

The capital costs include those of mining equipment used at and near
‘ the -tunnel face, and the supporting egquipment and materials. The size of
the equipment and the quantity of required materials is a function of the
tunnel diameter, the method of excavation, and the rate of funne1 advance.
DBM. Equipment cost for the DBM method of advance is determined from
the equation given below {Mayo, 1968). The curves in this reference were

revised to reflect equipment only (labor was excluded) and were updated to
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January 1977 dollars using the Engineering News Record index. The cost per

foot is obtained by_dividing the cost obtained from the eqdation:given be-

Tow by the appropriate advance rate.
EQUIPMENT COST ($/day) = 515 x TUNNEL DIAMETER (ft) + 7400 - (10.12)

Automated Drill and Blast System

- ADBS. Equipment cost for the ADBS may be determined from the following
relationship (Hercules, 1976), which was applied to the Hercu1es.meth0d of
continuous advance fof a 15 ft diaméter tunnel:

Capital Cost - DBM $1,110,000
Capital Cost - ADBS 900,000

Using the ratio of the above, ADBS equipment cost could be estimated from:
EQUIPMENT COST ($/day} = 420 x TUNNEL DIAMETER (ft) + 6000 (10.13)

‘An alternate ﬁethod'of déte}mining eddipmenﬁ cosfs'is'to'prieévequfp;», :
ment on a per item/basis. The fo]]owing_analyéis is based oh a‘f3 ft
square tunnel (equivalent to a 15 ft diameter tuhne1)ﬁ Standard nractice
using DBM in a tunnel of this size is to use a two boom jumbo. Rail haulage
and mucking is assumed and hydraulic drills are utilized. Costs are sum=
marized as follows (Atlas-Copco, 1977; Elliot, 1977; Ingersoll-Rand, 1977;

Tyson, 1977) assdming stratified and schistose rock:

1 - Drill jumbo complete but w/out drills, L.S. $ 33,000
2 - Hydraulic drill w/boom and hydraulic pump, L.S. | 146,000
10 - 8 cu yd muck cars (8 ft round) @ $5500/ea 55,000
3 - 15 ton locomotives ® $70,000/ea 210,000
2 - Eimco 75 mucker [ $95,000/ea 190,000
1 - Support (steel & concrete) jumbo, L.S. 45,000

1 - Msc. equipment including c0mpressors, building, fans,
pumps, etc., L.S. , 250,000

TOTAL DBM EQUIPMENT COST ‘ .$929,000
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In stratified and schistose rock, the ADBS production advance rate is
estimated to be 73 ft per day. If 2.5 square ft of face per drill hole is
assumed, ‘approximately 4900 lineal feet of drilling is required to advance
73 ft. With a 36 in. deep round, 1630 total holes are required. If 10
seconds are required to align the drill and collar the hole, total drill
fime delay is 4.5 hours. A standard shot will consist of six holes or 270
individual shots for 73 ft, or 11 per round. A one minute delay per shot
yields a total shot time delay of 4.5 hours. Thus, 15 hours are left for
drilling or 2700 ft per drif] per day in granitic rock. Two hydraulic
drills are, therefore, required.

Muck will be produced at the semi-continuous rate of 32 cu yd per hour
with 73 ft of advance per day and a swei1 of 50%, as was also applied to DBM.
The 50% swell is assumed to include overbreak volume. One train is being
loaded each hour while a second train is being dumped, which requires four
-muck cars per train or a totaT of B muek cars. |

Costs for ADBS equipment are as follows (Ibid; Alpine, 1977):

1 - ADBS dritl platform and mucking system, L.S. $200,000
2 - Hydraulic drill w/boom & hydraulic pump, L.S. 146,000
1 - Explosive loading system, L.S. , 25,000
1 - Control cab w/controls & interlocks, complete, L.S. 20,000
1 - Blast shield w/hydraulics & muck thru-flow, L.S. 15,000
8 - 8 cu yd muck cars @ $5500/ea 44,000
3 - 15 ton locomotives @ $70,000/ea 210,000
1 - Support (steel & concrete) jumbo, L.S. 45,000
1 - Msc. equipment, L. S. 250,000

TOTAL ADBS EQUIPMENT COST ' $955,000
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The cost for the ADBS components, which 1hc1udes mucking, drills, cab,
shield, and controls is $406,000 or approximately 40% of total equipment
cost. The total system cost would be lower if the ADBS were priced as a
unit rather than adding component costs for various conventional systemsf

| However, in order to determine a conservative equipment cost, the
ratio of the above equipment costs is_app]iedrto the DBM equipment cost

equation (Equation 10.14) to obtain:

EQUIPMENT COST ($/day) = 529 x TUNNEL DIAMETER (ft) + 7600 (10.14)

Labor Cost
Labor consists of the crew involved in mining, personnel supporting‘the
face crew, éupport crew, and the project administration staff.
DBM System. ‘Labor cost for the DBM method is based on the estimated
number of men necessary to drfve a tunnel of a given size (Mayo, 1968). For
~example, a Iafge tunnel requires more miners to obtain the desired advance
rate than a smaller tunnel..  Based on present wage rates and personnel re-

quirements, the apparent cost of labor is obtained from the formula given

below. This equation‘was derived from the data in the above references pub-

~lication and current wage rates (Kiewit, 1977):

APPARENT LABOR COST ($/day) = 365 x TUNNEL DIAMETER (ft) + 2740 (10.15)

The labor cost obtained from the above formula must be adjusted to inf
clude the indirect labor costs such as fringe benefits and insufance, These
i _' - costs typically amount to approximately 30% of wages (Tyson, 1977). Thus, =~

the true labor cost becomes:

7 TRUE LABOR COST ($/day) = R
475 x TUNNEL DIAMETER (ft) + 3560 . (10.16) -
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ADBS. It is estimated that DBM manpower (not labor cost) can be re-

" duced by 30% if thenADBS‘is utilized‘(Hercu]és,‘]976). A more rational
labor cost reduction can be quantified by eliminating from the DBM person-
nel (Mayo, 1968) those positions which are not required for .the ADBS (Table

10-9&} Typical positions in¢lude mucking machine operators, miners, and chuck
tenders. When this is done, the reduction in labor cost is approximately
20%. Thus, the true cost for ADBS Tabor (including insurance and fringe
‘benefits) may simiTar]y be determined from the following, assuming,a 20%
labor cost reduction:

TRUE LABOR COST ($/day) =
380 x TUNNEL DIAMETER (ft) + 2850 ‘ (10.17)
As with the, DBM system, the above costs are given for January 1977
~dollars. Labor cost per foot is determined in dollars per foot by divjd-

ing labor cost by.advance rate per day.

" TABLE 10-9

WAGE RATES AND PERSONNEL REQUIREMENTS
FOR A 12 FT/DIAMETER TUNNEL

DBM ADBS

Hourly No. of Cost/ No. of Cost/
Position Wage Men Shift Men Shift
Shifter $ 8.50 1 $ 68.00 1 - $ 58.00
Nipper : 5.00 1 40.00 -1 40.00
- Muck Machine Operator  7.75 1 62.00
Qiler 7.10 1 56.80
Motorman . 8.25 3 198.00 3 198.00
Brakeman 7.10 3 170.40 3 170.4%
Electrician 8.25 2 132.00 2 132.00
Compressor Man 6.85 1 54.80 1 54.80
Yarehouse Man 6.85 1 - 54.80 1 54.80
Mechanic 8.25 2 132.90 2 132.00
Powder Man 7.75 1 62.00
Laborer 7.10 4 227.20 4 227.20
Truck Driver 10.20 1 81.60 1 81.60
Walker 10.60 1 84.80 1 84.80
Office Help 6.85 4 219.20 4 219.20
Superintendent. - 14.50 1. -116.00 - 1 116.00
Miner 8.25 5 330.90 4 264.09
Chucktender 7.10 5 284.00

TOTAL COST/SHIFT — %2,373.50 3T,842.80
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Tunnel Support Cost

The need for some tunnel support is-almost universal. ,Nhether the tun--
nel is %or water or wastewater conduits, or transportation, support is usu-
ally required for a portion of the tunnel. Tunnels or drifts driven for
mining purposes often do not require permanent support but usually need
some type for acceptable stability.

In the analysis that follows, the most costly qase‘is assumed, that is,
that maximum tunnel suppért is required. Current practice in rock requiring
-heavy support favors installing both steel sets. (temporary supﬁort)'and )
concrete lining (permanent support). Each of these two types of support
is designed to carry the total design load with no consideration for the
support provided by the other system and are applied to stratified and
schistose rock as described below.

As4ihdicated previously, limestone and sandstone may,require_minﬁmal
support tOnsfsthg‘oflshbtckétéAahagrdpg'bo[ts;,vRock bolté.afé:aséqmed“to
be required for only 25%;0f the\fuhhe1 length. Tﬁis amoun£ of minima} sup-
port sygtem has also been applied to intact rock.‘ '

[t is necessary also to analyze the effect of overbreak on support
costs. Overbreak affects tunnel cost in three respects: 1increased steel
set cost due to increased rock load caused by uncontrolled blasting, in-
creased contrete»yardagé to fill the overbreak wvolume, and increased muck”
removal.

DQM. Steel support design in the U.S. is based on the rock classifi-
cation and attendent load configuration developed by Terzaghi (Proctor &
White, 1968). In this analysis, the rock conditions chosen ranged from
"intact" to "stratified or schistose" and a density of 160 pounds per cu ft
is used. Terzaghi's method determines”a rock column height whose weight is
~applied to the set. Suppoft requiréments are predicated'on steel ‘sets on

four foot centers.
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Baséd unbon these criteria, the set can be designed using design charts
. and a steel cost of $0.50 per pound (CommerciaT'Shearing'and Stamping, 1977),
which gives the following:
STEEL SET COST IN STRATIFIED AND SCHISTOSE ROCK ($/ft) =
7.88 x TUNNEL DIAMETER (ft) - $70 (10.18)
Concrete costs are divided into two categories: support concrete and
overbreak concrete. Support concrete requirements are determined using
Terzaghi®s loading. method-and. concrete with_a.3500‘p§1 compressive.strehgth :
| at 28 days. Grouting behind the concrete Tining is included in the concrete
cost and is estimated at $200 per cu yd in place {Tyson, 1977; Appendix B). .
CONCRETE COST IN STRATIFIED AND SCHISTOSE ROCK =
"12.5 x TUNNEL DIAMETER (ft) » (10.19)
The vo]ume of overbreak 1s determined from 2 re]at1onsh1p which assumesi
overbreak at approx1mate1y IZA (Abe] 1975).
OVERBREAK VOLUME (yd®/ft) = :
0.072 x TUNNEL DIAMETER (ft) = 0.45 _ ~(10.20)
Cost to transport overbreak muck and replace this volume with concrete is
calculated to be $75 per cu yd of overbreak (Tyson, 1977). For intact rock,
support concrete is.not- required. 'However, a 3 -in. thickvshdtCrete 1ining
is assumed to provide for the safety of the workmen. - The eguation given
below utilizes an in place shotcrete cost of $50 per cu yd based on premixed
aggregate, manual loading, énd wet-mix application (Conspray, 1977). Rock
bolts are mechanically anchored, 6 ft in lenqgth, cost $2.20 each including
the shell (Union, 1977), and are installed on 4 ft centers (AppendixB]):

SHOTCRETE AND ROCK BOLT COST ($/ft) =
0.84 x TUNNEL DIAMETER (ft) +0.18 - , . - (10.21)
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For intact rock, no concrete lining is installed and the cost for
mucking and transporting the‘overoreak volume. is not included. Support re;f"
quirements for limestone and sandstone‘are assumed to be the same as those
for intact rock.

ADBS. The use of smooth blasting has proven effective since its intro-
duction in therear1y 1960's because of the reduptjon in overbreak and the
- consequent reduction in the volume of concrete. Hence, small charge’b1asting
results in significant cost saviugs as described above.‘ | |

“Smooth blasting in the Flathead Tunnel (Skinmer, 1974) and small.charge
blasting (Hanna,if§2§)iboth resulted in reduced overbreak. In these cases,
lack of overbreak was evidenced by the visual remnants of the perimeter
blast holes after blasting. In the small charge tests, the ribs and back
did not require barring down after each round'because of the sound rock

-'cond1t1ons Smooth b]ast1ng has a1so been effect1ve1y ut111zed in 1arge,

’underground chambers to reduce overbreak and’ rock fracture around the per1—":'

meter of open1ngs (Gagne, 1973; Hansen, 1968)

The reduction in overbreak can easily be quantified. For example, if
prover drill a]ignhent is assumed and the remnants of perimeter drill holes
are observed, the reduction in overbreak may be estimated to approach 100%.
The reduction in set load due to reduced overbreak is not eUrrent]y quanti--
~ fied (Engineers,‘1977;:Rec1amation, ]977;'Sk1nner, 1974). Houever; such a
reduction s generally recognized (Transportation and Communications Minestry
of Ontario, 1976):

"Wwith standard drill and blast methods the thickness of the

loosened zone has been observed to vary from about 2 feet
in good quality rock to about 10 feet in Tow quality rock.

This loosened zane will exert increased loads on the sup-

port system. Improved blasting techniques, Such as smooth

wall blasting, will reduce the thickness of the loosened

~zone, but field data are not available to evaluate this
reduction quantitatively."



1625

Thus, steel and concrete suppokt cost for the ADBS can be.cdnservatively

-~ determined (assuming no -load reduction) from equationéfqdiﬁgi§hdijﬁéj?ji:f”50%.

decrease in overbreak volume is assumed for smooth blasting:

OVERBREAK VOLUME (ydS/ft) = Ly
0.036 x TUNNEL DIAMETER (ft) - 0.23 (10.22)

As with the DBM method of excavation, overbreak muck removal and concrete
replacement costs can be calculated at $75 per cu yd of overbreak.

Thé support cost in intact -rock, 1Tmestone,'and-sandstone is. predicted

based upon the assumptions indicated above for shotcrete and rock bolts.

Thus, equation 10.21"¥s-871so”applicable to excavation by igans of the ADBS.

TABLE 10-10- .

DBM- SUPPORT COST ($/ft)

Support Coéf(s) 3 -"a‘Tota1

Rock - - Tunnel ‘ :
Type. - ~ _Diam. (ft).  Steel - Concrete . ‘Overbreak - -Shotcrete ' "Cost - -
Intact = 120 T ' - 10 10 .
16 L o ' © 14 14
.20 - ' 17 17
24 20 -~ 20
Stratified & :
“Schistose 12 25 150 31 206
16 - ‘ 56 200 53 309
20 a8 250 74 412
24 - 119 300 9% 515
- Limestone 12 - ' 10 © 10
: 16 ' ‘ 14 14
20 . 17 17
24 : 20 20
Sandstone 12 10 10
16 14 14
20 : 17 17

24 ' 20 20
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TABLE 10-11
ADBS SUPPORT COST ($/ft)

Rock Tunnel Support Cost(s) Total

Type Diam. (ft) Steel  Concrete  Overbreak  Shotcrete Cost

Intact 12 10 10

-16 _ 14 14

20 : 17 17

24 20 20

Stratified & 12 v 25 - 150 15 C 190

Schistose - 16 56 - 200 26 282

A ’ 20 . 88 - 250 37 o . 375
24 . 119 - 309 ¢ - 48 - "‘. 467 7

Limestone 12 h 10 10

’ 16 14 14

20 17 17

24 ' 20 20

Sandstone 12 o “ - : 10 - 10

20 ' . ‘ ' 17 17

24 .20 20

s”DiStussioﬁ ' 1j" | ' |
fhe estimated costé fderBM éﬁd ADBS tunné]ing were détermined‘consider—r
1ng-three'direct cost caregories: Equipment cost, labor cost, and support
cost. Bit and explosive costs are higher for the AD3S (Tables 10{i§:5\19;13)-
Fquipment cost is obtained by applying equations1b.1@j§hd 104747 for- DBM arid the
ADBS, respectively. The cost per foot is determined by dividing the equip-
_ment cost per’ day by”the overall raté of advance inlthe-apprépkiate'tybe
of roék. Equipment dépreciation was not considered since the S]ight]y higher

- ADBS. equipment cost (3% higher) is insignificant and is offset by the more

rapid overall advahcé rate. Total labor cost per foot is obtained by divid-

E

ing the labor cost per day (Equatfon10ifﬁ"gjfﬁngjf5§:Eﬁéi§?§ﬁﬁ§tfgﬁ;é@i@hce

Crate (Tables 10-12 & 10:13). ™

The sum of these four cost categories yields the total cost per foot

(Tébles-10{Igﬁ&éTQ;lg);jgﬁg36ﬁinged§§§§Agss?fﬁghgfﬁggiugquﬁgfgqﬁﬁ@ﬁgison.



TABLE 10-12

TOTAL DBM ADVANCE COSTS:

N6,

Tunnel Bits & Equip. ~ Labor Support Total
Rock Type Diam. {ft) Explo. ($/ft) ($/ft) ($/Ft) ($/ft)  (8/ft)
Intact 12 7 377 178 10 572
16 11 474 233 14 732
20 15 571 290 17 893
24 22 706 365 20 1113
Stratified & 12 7 357 168 206 783
Schistose 16 11 . 474 233 309 1027
20 15 610, . 311 - 412 1348
24 .22 790 416 515, 1743:
Limestone 12 7 309 145 10 471
16 11 381 189 14 595
20 15 466 237 17 735
24 22 565 293 20 900
Sandstone 12 7 295 . 142 10 154
16 11" 364 183 14 572
20 15 . 454 233 17 719
24 22 549 . 288 . 20 379
oo TBlE 10130
TOTAL ADBS ADVANCE COSTS
(36 in. round)
Rock Tunnel Bit & Equip. Labor  Support Total
Type Diam. (ft) Explo. ($/ft) ($/ft) ($/ft)  ($/ft) (§/ft)
Intact 12 18 310 114 10 452
16 31 382 146 14 573
20 - 45 478 187 17 727
24 62 580 230 20 892
Stratified & 12 18 297 107 190 612
Schistose 16 31 382 146 282 841
20 45 - 505 197 375- 1122
24 62 655 266 467 1450
Limestone 12 18 254 94 10 376
16 31 315 121 14 481
20 45 387 154 17 603
24 62 472 190 20 744
Sandstone 12 18 245 90 10 363
16 3] 303 118 14 466
20 45 . 371 148 17 580
24 62 451 184 20 717
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The results of the calculations (TabIés.TO—T’Z &.{i&ogjja.)_';'jiéfv.é;ﬁ'_"_sévéb-ali_“hi{_:;
 significant ffaﬁﬁ;t@?f'éf'ééh'C'e'hnj?h G tunneling in general”and DBM vs ADBS tun-
éng]fngjnngﬁhrticulhr:

1. Tunneling in weak rock, as represented above by stratified and
schistose rock, requires a significant expenditure fur support. For both
DBM and ADBS tunneling, support costs ranged from 28% to 32% of the total
advance cost. | |

2. After support cost equ1pment is the. most costly port1on of tun-
| neling in any type- 6f rock. |

3. ADBS bit and explosive cost is almost three times as high as that

for conventional DBM. However, bit and explosive c¢ost is small compared to
total advance cost {averaging approximately 1% and 4% for DBM and ADSS, re-
spect1ve1y, in stratified and sch1stose rock).
_ 4, when cons1dered 1n terms of cost per foot the ADBS equ1pment cost;i
a.is 1ower than DBM S1m1]ar1y, ADBS ]abor cost wh1ch is approx1mate1y 20%7
less than DBM on. a da11y bas1s, is 51gn1f1cant]y reduced due to the more
rapid rate of advance.

5.. The smillest advantage of the ADBS in terms of cost per.:foot over
D3M Shows cost savings of approximately 17% in stratified and schistose rock
and savings of from 17% to 20% for the three other rOCk types. - ‘

Cost savtngs‘predtcted for the. ADBS are s1gn1f1cant (F1gure 10 2) fOr
idniving a 20 foot diameter tunnel in stratified and schistose rock as com-
pared with the DBM system. The projected savings increase with increase in
tunnel diameter.

A second method of tunneling cost analysis is based on the cost per

unit of rock broken. In the United States, where more underground work has

‘f_been carried out than anywhere else 1in the world (Sandstrom 1963), tunne1-

ing costs are 1nf1uenced by h]gh labor costs., abundant labor supply, and
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union policy. American machines are heavier and more labor and‘energy in=
‘tensive, thus requiring a more rapid rate of advance.to compensate for-equip-
ment capitalization and manpower cost.

“Application 0% the £uropean cost analysis £, tné DB method and the;ADBS
ﬁyiéidsféhfﬁﬁiéﬁeéiiﬁgxﬁigﬁpfﬁ};“ A;;uminq a two m11e416ng tunnel in strati-
fied and schistose rock with a face 13 ft by 13 ft (equivalent to a 15 ft
diameter tunnel), overbreak as described above and all equipment written
off, costs may be summarized aé follows based on the equations and costs

deve]oped,and‘described above:

DBM
 Rate of Advance (production) 50.0 ft/day
Production Time 212 working days
Bit & Explosive Cost @ 9.90/ft $105,000
Equipment Cost , $929,000
Labor Cost @ $10,685/day - ’ $2,265,000
- viV ~ Steel Support @ $48/ft $ .507,000.
s " Concrete Support 2 $188/ft 1,985,000 .
Overbreak.Cost @ $47/ft .- 496,000
Support Cost o o $2,988,000
Total Tunnel Cost . $6,287,000
Total Volume Excavated , 72,770 cu yd
"~ Tunnel Cost $86/cu yd
ADBS
Rate of Advance (production) : 63.0 ft/day
Production Time 200 working days
Bit & Explosive Cost 8 $28/74/ft
(3 ft round) . . $ 303,000
Equipment. Cost $ 955,000
Labor Cost @ $8550/day $1,710,000
Steel Cost @ $48/ft ~$ 507,000
Concrete Support @ $188/ft 1,985,000
Overbreak Cost @ $23/ft 243,000

Support Cost : $2,735,000
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Total Tunnel Cost $5,703,000
Total Volume Excavated : o 72,390 cu yd
Tunnel Cost , $79/cu yd

Because the above analysis considers total volume of rock broken,
including overbreak which is significantly more for DBM, the figures re-
flect an unrealistic cost. When the usable volume of tunnel (inside the

support systems) is used, the following results:

DBM
Total Tunnel Cost $6,287,000
Usable Tunnel Volume 69,120 cﬁ yd
Tunnel Cost | $91/cu yd'
ADBS |
Total Tunnel Cost . $5,703,000
Usable Tunnel Volume ---‘ ;71_69,120‘cu yd
Tunne].gdst . 'i‘ . | $53}cd yd

The above analysis shows a savings of 9% for the ADBS as Ophoséd to
DBM. Both methods of comparing ADBS vs DBM costs show significant savings
in spite of many conservative assumptibns utilized in determining ADBS
costs.

»%wp additional aspects of ADBS funhe11ng'represent‘significant}ayet.
unquantifiable, cost savings.‘ These savings are safgty and reduction in
materials committedlio constructioﬁ. ‘The ADBS requires fewer personne] at
the face. These individuals are pfotectéd in air conditioned, blasting
resistant cab{s) which will provide assured safety. Personnel involved in
suppart erection and other activitfes outby the ADBS are safer than under
conventional conditions due to reduced rock fracture provided by contro]]ed

blasting.
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The commitment of natural resources to construction projects is a

. major consideration as currently evfdenced,by environmenta] impact stéte;
ment requirements. Powder factors lower than those currently applied to
conventional tunnel rounds are anticipated for ADBS tunneling. Steel sets
and concrete were considered for ADBS tunnel support in stratified and
schistose rock, however, the system ideally lends itself to rock bolt and|
shotcrete support. This would materially reduce ADBS tunneling costs by

reducing the materials required for construction.

Summary

The above analysis examined various aspects of OBM versus ADBS tunnel-
ing in order to obtain an equitable cost comparison. The specific categories
considered weré: (1) rate of advance, {2) bit and explosives cost, (3) capi-
tal costs, (4)Eiabor cost, and (5) tunne] supbort cost. The ana]ys1s cons ?;
k. 51dered four. of the many rock types and structures encountered in tunne]1ng ?'

I"and are representat1ve of a w1de var1ety of cond1t1ons : o
Succinctly stated, the results are as follows:

- The ADBS advance rate is estimated to be from 25% to 75%
faster than DBM. The 25% increase was used in determining
the costs reported above.

- Bit and expleosive cost for the ADBS is_significantly higher
than for. DBM.. This higher cost is offset by a faster rate
'of advance, and lower-Tabor and capital ~costs per foot.

- Capata1 cost for the ADBS is approx1amte1y 3% higher than
for DBM. The system cost would be lower if the ADBS were
‘priced as a unit rather than adding component costs from
various conventional systems. ADBS equipment cost, on a
per foot basis, is approximately 18% lower than DBM.

- Labor cost per foot for the ADBS, due to a reduced Tabor
force and more rapid advance rates, is approximately 37%
lower than DBM on a per foot basis.

- ADBS tunnel support costs are from 0% to 9% Tower than
DBM, depending on rock type, due to decreased: overbreak
which results from controlled and blasting.



- On a per foot basis, total ADBS cost is from 17% to 20% lower
than DBM, depending upon tunnel diameter and rock type. .

- Two additional aspects of ADBS tunneling represent signifi-
cant yet unquantifiable savings: Safety and reduction in
materials committed to construction.
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CHAPTER 11
-CONCLUSIONS AND RECOMMENDATIONS

General

The increasing demand by society for minerals will significantly ex- _
pand underground mining in the coming years. It is estimated that the
United States industry must at least double its output if the nation is
to retain its current ratio of domestic production to consumption. The
mining industry abroad may have to triple its production to meet the:demand.
(Malenbaum, T97é). In order to increase production rates, new methods,
equipment, and technologies are required. In thef}é{i&of underground
mining, safer, more efficient and more economical excavation techniques
are necessary if the industry is to attain the desired production.

.The research and preliminary development of a continuous small charge
Qrill and blast excavation ﬁacﬁinq.fon.mihing#énd high Speéd tunne}ihg.has
béeh significantly advénced fn tHé«ﬁést year. This {mprovehent for tunnel
technology has confirmed most of the projectéd»capabi]ities of a machine
which can remain at the tuﬁne] face and continuously perform drilling,
exp]osive loading, initiation, mucking, and other functions. Recent tech-
nological advances have been made with three novel methqu of utilizing
explosives for more.rapid-undergkound éxpavation. These are: (1) the
spiral-Rapidex, (2) the decoup1ed-charge-Hercu]es, and (-3) fhe method
uti]izing sma]j charge simultaneous firing. The 1atter.épbears to have
the greatest potential for application.

| Small charge blasting system has the potential of becoming a valuable
mining tool for excavation of many types, including the mining of ore.

Major benefits which may be obtained by utilizing this system for tunnel-
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ing are a smoother, stronger drift perimeter, a more rapid advance rate,
“and-a Tower excavation cost. While only preliminary studies have been -
made to date, the effective use of the ADBS concept in longwall mining
also appears to be feasible. | |

The amount of underground construction in the U.S. and overseas is
also growing rapidly due to increasing congestion and inflated real es-
tatecosts in the citie§ and suburbs. Thé use of underground space for
transportation and ﬁtijities is - becoming relatively more economical. The
ADBS s well suited for use in tunne]ing'fh uhbanized_areaS'sinﬁe small”
chargés produce only smajl ground vibrations and minimize the air blast
and noise level. “

The research4reported herein had several objectives.. The first was
to design and field test a moveable blast shield whose perimeter can con-
-formito the shape of a tunnel or driff, and‘whichdcontains blast overbres—
sure, fly rock; and atteﬁuates noiselto a¢cepta51é-]évé]s;out5y the shield.
The second was to develop a conceptual design of the overa]] system and
establish the basic configqration for the integrated components.

The primary purpcse of another phase of.fhe investigation was to deter-
mine the effects of geologic structure upon small charge blasting and ground
vibration. The 1nvestigation of round parameters hadlthe.fbllowing'goa1s:
First, to design and field test 24 and 30jin. deep rounds , secondly, fo
evaluate the effect of the geologic structure in relation to the round
parameters, and finally, to measure the air blast overpressure and Qround

‘vibration produced. A total of four rounds was tested, two 24 in. and

two 30 in. rounds. The rock breakage was recorded and analyzed in terms
of the effects of the cut, successive line shots, and geologic structure
of the face. Safe effectiverslurry explosives were used and are available

for the excavation conditions anticipated in full scale operations.
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Finally, the economics of the system were compared with those of a-
conventional dkill;lblast, and muck system.' This required analysis of -
advance rates in different types of rock, bit and explosives cost, and

equipment, Tabor, and tunnel support costs.

Conclusions

The small charge blasting method, which consists of the use of simul-
taneously detonated, light weight charges in two to eight holes, is the
key to ADBS operation. The semi-éontinuous blasting with small charges
alTows sHie1ded equfpment to remain at the face, which eliminates the
cyclic inefficiency of the conventional drili, blast, and muck method.

The system will be composed of five components. The chassis and frame
will consist of dual crawlers to advance the equipment, an apron and
gatheriﬂg’arms to semi-continuously muck the face, a conveyor to discharge
_-the muck outby: the blast shield, and;an-uppernframé-to carry the drill(s),
| 10ad/b1a§t system(s),,contro1 cab(s),‘and the:b1ast shie1d/support‘booms.
One or more hydraﬂ]ic&dr11ls will be mounted on the chassis frame. A con-
cept fdr the explosive load/blast system was also deve]oﬁéﬁ. The explo-
sive loading areas and the hydrau]ic‘dri11(s)’wi11‘be boom-mounted and
operated from within the.control cab. The'tohtro1lcab,'Tocated‘on the
chassis frame, will protect one drill operator and one load/blast opera-
tor from blast overpressure, dust, fly rock, and excessiQe noise, and will
contain all production and safety controls. The blast éhield, mounted at
the rear of the chassis, will contain blast overpressure, dust, fly rock,
and excessive noise in‘the heading, thus allowing men to work safely out-

by the heading equipment.



175

The viability of the blast shiéld concept was critically examined.

A réview of civilian and military literature dea]ihg'With blast effects’
{overpressure, vibration amp]%tude, fly rock velocity, énd noise level)
indicated that the products of small charge blasting could be contained.
Based on these parameters a blast shield was designed and fabricafed.

This shield contained many of the featureé.which will be required for a
working ADBS shield. It was mechanically expanded to fit the test drift,
it sealed itse1f>t0‘thé'periphery;of the drift, and was lined.with a noise
»éffénuationjmaterial. '

The method of expanding:varioUS shie]diééétions using hydraulic jacks
and bq]t guides in slots worked well. . This mechanism functions best when
the hydraulic jacks are located on the same side of the main shield section
~as the moving section;

- The Tow porosity, high_density foam seal between the shield and the_
rock effectively contained'oberpfesSure, dﬁst, and f]y.roek when‘compresséd
and when the shield was adequately restrainedii&ﬁthe drift. When the
shield was moved by overpressure, the cold bond between the steel and the
foam failed, thus destroying the integrity of the seal. 'A1though the Tow
porosity foam provides a good seal between the éhjéﬁd}and an irreguiar
'.rock surface, the shield must also be rigidly restrained.

" The frictioﬁa]'force developed at the driftfperiphery was insufficient
to prevent shield movement, and such movement. was prevented when the shield -
was braced against steel pins set in drill holes, and against a loaded
granby car. This support method approximates the recommended final design
consisting of tﬂe friction due to the foam seal, hydraulic Jacks applying
direct force to the drift periphery, andlthe center of the shield to chassis

frame connection.
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The rubber Tining attached to the inby side of the shield reddced the
‘noise level outbhy the shield to a-maxfmum of 112 dBA. .When.all hdles .of -
the shot broke the rock properly, the noise Tevel outby was 108 dBA or
less, _

Field testing showed that an automated shield can successz11y seal
itself to é moderately irregu1ér drift periphery by ﬁeans of moving sec-
tions bounded by a foam gasket. If blast indUced shield movement is pre-
vented, the shiefd and seal effectively contain blast overpressure, dust,
“and fly rock. The fubbergﬂining on the inby side of the shield provides
significant noise attenuation and can be easily enhanced. The testing
proved that a properly designed blast shield can be retractgd at necessary
intervals during ADBS advance, expand and seal itself to.the drift perf=
phery, adequately contain the blast products, and attenuate noise.

The ana1yses of the data obtaihed_from round design and blasting
showed. that the V-cﬁt p%ttérh”u51ng.sha1lféhargés'Qf 50 to 200 grams
(0.12 to 0.16 1b/cu-ft) in 1-1/4 in. diameter holes fired simu1taneou$1y
broke thevgranite gneiss with about 18 1in. spﬁcing and 7 to 14 in. burden.
The V-cut pattern which consists of 2 to 6 holes per line detonated simul-
taneously makes effeqtive use of sfress wave reinforcement; The energy
and the stress propagated from two adjacent charges caused high:stress
_'concentration‘afong the-]ineéof hb}es-and.resu]ted-in~good fracture con-
trol, rock breakage, and efféétive fragment distribution. Also, the
breakage into the walls of the excavation was limited because of the utili-
zation of small charges and the geometry of the holes in a Tine. The
fracture control was somewhat diminished énd cracks were created in the
rock when they intersected natural fractufes or open joints. These joints

and fractures may cause large fragments to be thrown into the muck pile.
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Mapping of the face permits meaningful evaluation of the effects of struc-
ture and the determinatgon of the correct amount of explosive néeded,for‘

- successive shots. Better fracture control and fragment distribution were
obtained when a modified drill hole placement pattern was used. That is,
the influence of the joint or natural fracture was overridden when the
holes were placed in the solid rock between the joints. This resu]tedlin
better fracﬁure-éontrol, and the size of the Targest rock fragments was
reduced for effective muck handling. .

The maximum throw of thg‘fragments frqm.thE*tunnel face‘fsia function
of the powder faptor employed. The large fragments up to 2 ft were always
found near the face and no damage was done to the shield by the impact of
the smaller fragments.

A regression analyses of the peak particle velocities showed that the
- cube root -as well as the quare.root'scaling 1aw fit the:ground vibration
data:for draﬁitefgneiéqgand the geophone ]oqation'empToygd;A:combarative
analysis of the particle velocities produced by Sma11 charges and conven-
tional blasting showed a redﬁction of peak velocities by a factor of 55
compared to those obtained by conventional b]astihg (Kid Creek) and pre-
vious small charge tests. The geometry of the drift and the lTocation of
the seismometers, however, had significant effects on the transmission of
the wave. Thusy‘a reduction of daﬁage potential to rock structures and
support systemé caused by ground vibrations is obtained due to the small
size of charges and the geometry of wave travel in the rocks in the walls
of the drift.

In the beginning of the experimentation, several holes bootlegged,
which resulted in high air blast overpressure and ground vibration.. The

-results obtained from a crater test for measuring the effectiveness of two
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‘explosives were similar, showing that the slurry explosive was equivalent
to a 65% dynamite, and that the exp]osfME‘strength was-not the cause of
the bootlegs. Therefore, the powder factor was increased by 30% to 50%
for some of the holes and no further bootlegs occurred.

Although slightly weaker than the dynamite, the slurry explosive has
several advantages because it is safe for handTin§ and will meet many of
the. requirements for automated operations.

The results of peripheral rock breakage by smatl chargé‘b1asting are
similar ‘to .those of thé‘smooth'b]asting'technique; That is, the errbfeak
and fracture into the walls are limited because of the larger number of
holes and smaller amounts of explosive@qséii&§‘smooth walls are broduced
which provide good sealing of the blast shield, and rock support require=
ments are significantly reduced. -

Based on .the pré]jminary design conffguration of. the ADBS, the'ecpnoéﬁf
miés‘of tunnéladriviné using this sygtem'wére éompared'with conventional -
drill, blast, muﬁk { DBM) tunneTﬁhg. Fohr rock types (intact rock, strati-
fied and schistosegrock,D, limestone and sandstone}, which dictated the ad-
vance rate, and four cost categories (bifs‘and explosives, equipment, labor
and tunnel support) were anamyzéd. '

The ADBS advance rate is more rapid than. DBM because the former can
remain at the face and muck‘semi-continuous1y. The advance rate was es-
timated to be from 25% to 75% greater than that of the DBM, the 25% increase
was uséd in cost calculations. |

ADBS bit and exp]osive;cost is re]ative]y higher than for DBM. How-
ever, this cost accouﬁts for only 4% of the total advance cost per foot
and is offset by the faster advance rate, the lower per foqt labor and

equipment costs and possible lower rock support costs.



The estimated total capital cost for the ADBS is approximately 3%
higher than for DBM. "This cost would be Tower:if the?ADBS were priced as
a unit rather than adding component costs from various conventional systems.
On a per foot basis, ADBS.equipment cost is approximately 18% Tower. Be-
cause of reduced labor force and more rapid advance rates, ADBS labor cost
is 37% lower than DBM on a per foot basis. |

Controlled blasting, which results from the use of small charges, re-
_duces overbreak, which decreases ADBS support costs by up to 9%, depending
‘on .rock type.v-Contro14éd>b1asting also provides. an unguantified reduction
in the Toad tb be carried by the support system. This decrease wés not con-
sidered in the cost analysis.

On a pef foot basis, thé calculated total ADBS advance cost is fromsl_
17% to 20% lower than DBM, depending upon tuUnel diameter and rock type.
Thisfreduction_is bésed on an assumed,conservative‘increase 1n édvance,
rate, savings in labor, éﬁuiﬁment;-and support costs.

-~ The ADBS-has additional advantages whose cost savings cannot be'easilg-
quantified. Small charge blasting producés‘significant1y lower ground vib-
rations than conventional blasting. This feature will greatly reduce com-
plaints in urbanizedlareas. antr§11éd blasting also reduces overbreak
and fracture which decreases muck haulage and backfill. Required ground .
support 1is also reduced, however, the magnitude*of the reduction is not
currently quantified. The ADBS provides a significantly safer working en-
vironment because fewer personnel are required inthe heading. These men

will be protected in air conditioned, blast resistant cabs.



Recommendations

':A11 of the tests,coaducted to date indicate that the use of the.small
charge method of excavation will be technically and ecnomically feasible.
Certain areas for improvement of the experimental components have emerged
from the test resuylts, and the requirements for further research and de-
velopments clarified.

The following improvements can be made on the shield now on hand, and
the.effects of these improvements evaluated in further tests at the CSM
Experimental Mine:

a. Line both the inside and outside of the shield with rubber belt-
ing to obtain greater noise reduction.

b.. Place a double line of heavier bolts on the sliding portions of
the shield to prevent buckling.

c. Use heavy steel pins at about 8 positions around the periphery
of the shield inserted into shallow drill holes to anchor the
shield. Ultimately these wou]d be automated

d. Test the shleld for stab111ty w1th the max1mum expected air
blast if all holes in a shot boot]eg ,

e. A simple but heavy support should be provided against the center
of the shield.

While the rounds uti1ized Qere effective, they should be designed in
conformance with the curves in Figure to determtne the optimum spacing
vs depth and charge weight. If spacihg'can be increased further without

.increasing the powder factor, the cost of blasting caps will be decreased

in proportionL That is, atter the face area or the depth_of'ho1es reach
a certain value, the number of holes per unit area of face for a given
rock type and round design is constant. However theraat b]ast and ground
;v1brat1on, w1th jncrease "of exp]os1ve per shot, is critical.

Other round designs, such as draw—cut, pyramid, and butrn-cut, should

be analyzed to determine their adaptability to the small charge technique

of blasting.
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While 'the small charge method of blasting was origina]]y conceived in
connection with tHe-rapid excavation of tunnels, thére;apﬁearsfto be no
reason why this cannot be applied to other blasting geometries, such as
long wall mining, blasting in stopes, raises, shafts, and similar openings.
In the longwall mining af>ore, fo} example, the drill operator would be
housed in a protective cab, a shield would be provided to retain the
blasted material on a conveyor be1t,land the operation could proceed in a
continuous manner. Initial experimentation 1s>thjs direction was conducted.
at White Pine and the blasting technique works we]ﬁ in breakiﬁg the ore |
and waste separately.

One of the next steps in the research will be to make a detailed de-
sign of a protective cab for operators, to construct it and to mount ¥t on -
a simulated mobile chassis, and to test it under blasting conditions. The
chassis would probably belmade up of a heavy track type vehicular frame. .
~The cab woqu'be‘fabricéted with quf} window, and thé necessary sound inj
‘sulation. Instrumentation will include that for measuring the vibration
of the‘compqnents df the cab, the overall movement of the cab, tHe sound
léQe] wifﬁin the Cab,rand its structural resistance to air blast and frag-
menf'impact. | —

The conceptual .elTements of an explosive loading and firing system
have been described in the body.of the report. The.ﬁesearch, deve]opment;
design, construction, and testing of such a system should be a priority
item for the next phase of the research program.

The Tayout of the experiﬁenta1 drift in the CSM Experimehta] Mine is
such that ground vibrations may be measured in a heading which is parallel
to the test drift. It is highly desirable to measure ground vibrations

along the test drift, but also in the parallel drift to determine the re-



lationship of the magnitude of peak velocity and the direction of propaga-
tion of the waves in the rock with respect to'the working face.
In summary, the next research areas or phases of the project should
be concerned with the evaluation of the fo1]owiﬁg:
a. Simple improvements of the shield which can be conducted with the
shield on hand and their effectiveness tested.
b. Further tests should be made of design of the V-cut round of the
, re]ationsh1ps between depth, spacing, burden, powder factor, ai% blast, and
ground vibration. Analyses should be made of the.possible applicability
of other types of rounds. |
c. Further measurements should be made of ground vibrations in dir-
ections other than along the sides of the experiment;] heading.
d. A protectivé type cab should be designed, cdnétructeq, and testedb
~under operating conditions. - :
e. An expﬁdsive.Tbadinguandlf%ring ;ysfém,5h6u1d'be designed, con-’
structed, and tested. Th1§ wou]ﬁ include a mixing and cartridge>fabr1ca—
tion machine to be developed and designed by an explosives company and
field tested at the CSM Experimental Mine together with the loading system.
f. An in depth feasibility study éhou1d be made of the possible ap-
plication of the small charge techniqué of blasting-to other types of rock
breaking operations,.including stopes, raises,'winzes,Jshafts, etc.
g. Other phases of research pertaining to the successful application
of the small charge method should be continued, such as updating the ec-.

onomic studies, etc.



APPENDIX A
'BLAST PARAMETERS AND BLAST SHIELD DESIGN'

The simu]taneous detonation of several smai1 stemmed charges of high
explosives as employed in the ADBS produces air blast overpressures, high
velocity rock fragments, vibration, -and noise which are lower than those
associated with conventional blasting. The characteristics of these four

parameters dictate the design of the blast shield.

Air Blast Pressure

There are only a few references in the literature to measurement of
air blast pressure in underground openings due to blasting. One recent
anaiysis of air blast pressure from confined underground production blasts
indicates that a cube root Taw equation describes the peak pressure decrease

~with distance (Olson & Fletcher, 1971):

Cop=ag (10) o/
where
P = overpressure {above atmospheric), psi
D = distance from the blast, ft

W

zerg = de]ay charge weight, 1bs

The abdve equation'wés developed from'tﬁe data plotted in Figure s
for distance from the blast to the gage gtation varied from 120 to 970 ft
And generated a maximum peak pressure of 1.76 psi.

Studies conducted in a short 8 x 8 ft tunnel in granite (Clark & Rol-
lins, 1976) yielded similar results (TableA.1). These data, included in
Figure A-1 conform with the results of the prediction equationA.l.within

experimental error, indicate that it can be used to predict the peak pres-
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sure acting on the blast shield. Also, the effective force acting on the
"blast shield can be ea1cu1ated if the pulse shape and duration-are also

known. This is the force which must be resisted by the shield.

TABLE A-1
SUMMARY OF BLAST RESULTS - TUNNEL IN GRANITE

o No. of Sticks Overpressure Distance Scaled Dis.]
Shot No. _ of 40% Dynamite (psi) (ft) (D/u'!/3)

1 4 - 5.5 22.5 18.5

2 3 6 . 22.5 20.4

3% 3 -- 25.5 23.1

4 5 -- 25.5 19.5

5 5 8 25.5 19.5

6 2 5 25.5 26.4

7 1 3 25.5 33.3

Tassumes one stick of 40% ‘dynamite: weighs 0.45 pounds.

Values of peak pressure (Table A-2), assuming a seven foot sqﬁare
sh1e]d, six b1ast holes detonated s1mu1taneous]y, and each ho]e ]oaded with
‘one quarter pound of s]urry exp]os1ve, decrease rap1d1y with d1stance from |
the blast. The blast is assumed to occur at the center of the face The
effective pressure is the average pressure distributed over the total shield
area.

The above results and the values tabulated in Table A-Zare for stemmed
charges and assume that a hemispherical wave front .is preserved for a dis-
taﬁce equa]>to one tunnel radius down the drift before fef]ections become
important. This is probably accurate for charges detonated near the tunnel
center line th may be inaccurate near the rib, back, and invert due to re-
flections.

The two sets of tests summarized above were conducted in a working mine
and a short {25 ft) tunnel, respectively. For this reason, the reported
overpressuree may be low due to the influence of Cross-cuts and the tunnel

portal, respectively.



P

TABLE A-2

TYPICAL PEAK AND AVERAGE PRESSURE ON A 7 x 7 FT BLAST SHIELD AT VARIOUS
DISTANCES -PRODUCED BY SEVERAL SMALL STEMMED CHARGES OF HIGH EXPLOSIVE

Distance From Blast (ft)

10 12 14 16 18 20

Peak Pressure (psi) 46.4 31.3 22.5 16.9 13.1 10.5
Effective Pressure (psi) 39.1 27.7 20.5 15.7 12.4 10.1

Blast shield design was based on the peak pressure of 25'p51 of a
triangular pulse of 0.40 msec duration, which'wil] conservatively account

for possible underestimation incurred by applying equation A.1.

High Velocity Fragments

The research concerning the impact of particles on metals may be
divided into two general categories: | _
1. Hyperve]ocity - greater than 5,000 fps; and,
2! High velocity - less than 5,000 fps.
‘Hypervé1ocities result in the expected types of impact of micrometeorite§
on space vehicles. Further, the velocity of fragments created by blasting
is far below the 5,000 fps range, and thus? the lower part of high velocity
regime refiects ADBS blasting conditions.
Particle impact velocity is of primary concern for design purposes.
Within twenty feet of the detonation, striking velocity is usually assumed
to equal the initial particle velocity (Healy, 1975). A study of fly rock
velocity from single cratering charges in sandstone showed a maximum fly
rock velocity of 260 fps (Duvall, 1957). A charge size of 8 pounds was
utilTized in the tests and the shaliow depth of charge burial resulting in
the above velocity was only 0.44 ft (Table A-2, Figure A-])ﬁ?Thus, the scaled
depth of burial (D/NI/B) was 0.22. The optimum scaled depth for maximum

depth of cratering in sandstone was found to be approximately 1.6 (Figure A—éj;



ROCK VELOCITY (ft/sec)

FLY

'FIGURE A-2

PARAMETERS EFFECTING FLY ROCK VELOCITY

188,

SCALED CHARGE DEPTH

(s’

300%3.0
2504
FLY ROCK VELOCITY
VS.
_ SCALED CHARGE DEPTH
200}2.03
2
~
Cx
T
-9
7]
Q
150 4 | @
w
—
<
[-°4
L9
-
-,
I
o
(7]
100 $1.0
5C SCALED CRATER DEPTH
Vs '
SCALED CHARGE DEPTH
0 + — — — —
0 0.50 100 159 2.00



189

In order for the small charages to be effective, the explosive per
volume of rock to be broken must be.at or near optimum. Thus, based on the
data presented in Figure.A—g,f1y rock velocity of Targe particles would be
approximately 50 fps. . Even assuming a gross drill hole spacing error,
maximum fly rock velocity would not be expected to exceed 80 fps.

Tests using small charges were conducted and the resutting fly rock
throw was filmed with a high speed movie camera {Clark, 1976). Larger frag-
ments (15 to 17 in. diameter) were reported to havé moved with velocities

up to 171 fps, but'thﬁé‘va1Ue appears to be in error.

TABLE A-3
FLY ROCK VELOCITY DATA FOR SANDSTONE

Charge Charge Fly Rack -
Depth Weight o 1/3 Velocity
Explosive (ft) (1b) . (D/W''"™) (ft/sec)
“Semigelatin 0.9 "8 0.45 210 -

' 2.4 -8 . 1.20 S an
2.4 8 1.200 90
2.9 8 1.45 ' .70
3.9 3 1.95 13
4.7 8 2.35 9
Gelatin 1.8 -8 0.90 ‘ 120
2.5 8 1.25 70
2.9 8 1.45 50
3.9 8 1.95 19
Ammonia Dynamite 0.44 8 .0.22 260

An additional consideration is fly rock throw. Smali fragments (less than
3 in. in diamqter)'were thrown as far as 50 ft.which would indicate a maxi-
mum fragment velocity of abproximately 200 fps., bg}}@Véf;2§ﬁ§?@§éﬁﬁi§fﬁfﬁe
broken rock was within 14 ft of the face. A maximua %1y rock velocity of

80 fps is anchipated;for small charge‘b]asts. However, a velocity of 400

fps was uti]iied.for_shie]d design.
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Fragment impact effects for military purposes are divided into two
| categories: Those oﬁ the front face of the»object.and those on the back
face. Front face effects inc}ude fragment deformation, vicochet, shatter,
and indentation. " Back fabe effects deal with perforation and thé residual
particle velocity in the event that berforation occurs. The blast shield
design must preclude back face éffeéts for sa%éty reasons.

The failure magnitude depends on the ratio of the mass of the fragment
to the mass of the‘target and may bé either gross or local. Gross failure |
‘occurs when large fragments impact flexible bodieéaand is characterized by
bending or collapse. Such conditions are not anticipated since overall
structural response to impact is insignificant where the mass ratio is
“small, as 1s‘the case with a blast shield.

For mild to hard steel, ductile (local) failure is of primary concern. ;
In thié case, thé fragment p1a§tica1Ty deforms tﬁe shiéld material during
“penétratioh-wfthout ejéptinéxp]éte‘matgfiafi”:This phénom;noﬁ is fréqﬁent}y‘?
recognized oﬁ highway signs and explosives magazines subjetted to -bullet
impact. Discing or flaking may. occur on the back face. Th1§ typé of failure
is mainly of concern where plates of inferior quality steel are utilized.
Thus, discing and flaking is not a problem for blast shield design.

When steel penetrates steel, where the hardnesses are similar, the &
probability of fragment shatfer and ricochet is high. The equation for

penetration of mild steel fragments into mild steel plates (Healy, 1975)

is
z =1.63 D(v,)' % (A.2)
where
Z = penetration in inches
D= fragment density in pounds per cubic inch
V_ = fragment striking velocity in 1,000 feet per second
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In the case of the blast shield, with rock impacting steel, shatter
and ricochet are the dominant characteristics of the impact. .If shatter
and ricochet are neglected and equation A-21is applied, assuming a rock den-
. sity of 160 pbunds per cubic foot (0.093 pounds pe% cubic inch), and a velo-
city of 400 fps per the above discussion, the penetration is approximately
0.65 in. Tests conducted using a fixed shield and small charges (Clark &

Rollins, 1976) showed very little pitting of the shield.

Shield Vibration

Vibrations génerated‘by blast overpressure, and to a lesser degree
fragment impact, are of concern because of the possibility of_gﬁoss blast
shield failure, probably in the form of bending or collapse. Failure of
the shield support mechanism might also occur. 'ijration amplitude, fre-

" 'quency, and duration detérmined the blast shje1d resﬁonse. Ngturai vibra-
' tibn'frequengiés of thin flat plates of uniform thickness aré given by

e s
w = B EtZ/pa%(1 - vE)1/2 (A.3)

where
w = natural freguency in radians per second
B = constant based on plate' geometry and edge condition
E = Yoﬁng's modulus in pounds per square inch {30 x 10 psi for steel)
t = plate thickness in inches
p = mass density in 1b-sec2/1'n.4
a = diameter or length of side in inches
v = Poisson's ratio (0.25 for steel)
Values of the constant B are given in TableA-4 for selected plate geomefries

and edge conditions assuming a 7 x 7 ft plate, 1/4-in. thick.
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In general, clamping the plate at the edge increases rigidity and the
“natural frequency. The same effect is obtained by reinforcing the platewith
structural shapes such as angles or tees, and/or ﬁﬁ}?ﬁggjﬁéiﬁEE}fﬁ}ﬁKﬁESS

,jﬁgiggg}p1§iéiii}hé natural frequency varies inversely as the square of the

—

lateral dimensions. Neither the fundémentaT mode (as described below)} nor

~any of the higher natural frequencies will be excited by the detonation of
several small charges. However,pf@fd?%@?é.or 15ca1 stress waves are qenef-
ated. Such a Tocalized stress may adversely'affect bolted, riveted, or
weldea joints if the vibration amplitude, frequency, and duration are suffi-
ciently high. |

The above fundamental parameters of importance in the design of a
bjast'shie1d are utilized in this study of response spectra by considering
the plate to. represent a mass spring system with a single degree of freedom.

- (Jacobsen & Ayfe, 1958). _Pértinent definitions are:

1." .The spectrum @f a‘forcing funcéioq iérthe ré]ationship‘between é
:given réspoﬁse of a single degree of freedom.oscillator and the ratio of
the charactefistic period‘(or frequency) of the forcing function to that
of the oscillator, i.e., /T, or w/p, where v is the beriod of the forcing
function, T is the period of the oscillator, and w and p are their respec-
tive frequencies.

2. The maximum d{splacement, velocity, and acceleration of the oscil-
Tator caused by the forcing function, i.e., the maximum displacement, etc.,
are denoted by XM, kM’ and XM. |

3. The maximum distortion caused by shield motion, dr maximax distor-

tion, is denoted by XD.

4. The maximum displacement during the residual vibration pericd, re-

sidual amp]itude,‘is denoted by XS' This is given as a dimensionless ratio

of the particular response to a:transient to the maxihum'disp]acement, XS;

caused by a static load equal to the peak pressure of the transient.
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TABLE A-4

NATURAL FREQUENCIES AND PERIODS OF
THIN FLAT PLATES OF UNIFORM THICKNESS

Shape of Edge Mode
Plate Condition ! 2 3 4 5 3

Circular Free B 6.00 10.53 14.19  23.80 40.88 44.68
w1 83.98 145.2 195.7  328.2 563.7 616.1
T 75 73 32 19 11 10

Circular Simply B  5.90
SﬂppprtEdfw] 81.4
At Edge T'@ 77

Circular Clamped B 11.84 24.61 40.41 46.14 103.12
“At-:Edge  w,163.2 339.4 557.3 636.3 1422.0

T! 38 18 1 10 1

Square AT11 Edges B 4.07 5.94 6.91 10.39 17.80 18.85
: Free W 55.3 80.7 93.9 141.2 241.9 256.2
T 114 78 67 44 26 25

Square A1l Edges B 5.07 14.26 22.82  28.52 37.08 48.49
Simply wy 77.5 193.8 310.1  387.6 508.9 695.0 .

Supported T].81' .32 20 e 12 9

Square - A11-Edges B 10,40  21.21 . 31.29 38.04 38.22  47.73
- ~ Clamped w,141.3 ~ 288.2 - 425.0 517.0  319.4  648.7
T 44 21, 15 12 12 10

]Period measured in miTliseconds.

The motion of a flat plate is giQen by‘a fourth order differeﬁtial
equation. Such an equation may be solved ‘for different boundary conditions
.(Jacobsen, ]958)1 -However, when such a system vibrates in a natura] mode ,
all segments of the system display simple harmonic motion. Thus., a simple
spring-mass analysis is applicable. For triangular pulses {(Figure Ag§);
which have been found to accurately model simple blast waves, the relation-
Ship of rise time, fall time, and pulse duration is expressed in terms of
a factor ¢ = t1/r. Thus, if o = 0, the rise time is instantaneous; if

o = 1, the decay time is instantaneous.
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In the design of the blast shield, the residual amplitude, the maximax
disp]acemént, and the maximax distor?iqn as functions of the period ratio
are of particular importance (FjgurelA-A); The natural period, T, of the
blast shie1d (7 x 7 ft x 1/4-in.), all edges clamped is 44 msec (Table A-4j.
The anticipated blast .pulse period is 6}4:mséc (Clark & Roijins, 1976).

Thus, the period ratio is:

/T = 0.4/84 = 0.01

The corresponding‘displécement; XM/XS (Figure-AJQL,}s approximately 0.02.
The maximax displacement for o = 0 increases asymptomatically to a value
approximately equal to 2. In other words, the plate would be displaced by
the pulse approximately 1% of the maximum possible under a static load
equal to the peak blast pressure. Assuming a blast shield of the above
dimensions constructed of ASTM A440 steel (Fy = 50 ksi), the factor of
safetyragainst shear or bending failure is greater than 10.

- Based on this{ané]ysis, neither the fundamenta1 mode or higher natural
frequencies will be exCited'due to‘the small plate displacement. Structural
supports, utility fittings, men and matéria] access openings, énd other ap-
purtenances fastened to the blast shield tend to increase the resistance to -

motion of the entire shie]d. Thus, blast overpressure and shield vibrations

are far below critica].

Noise and Its Effect on Humans

A study of short random bursts of noise to determine perceptual growth
and decay of noise experienced by humans (Miller, 1968} found that a short
term noise must be more intense to equal the effectiveness of a noise of
lTonger duration. The threshold of hearing is reduced by the increase of

noise duration up to one second. However, the Toudness-of an intense noise



FIGURE A-4
MAXIMAX DISPLACEMENT DUE TO A TRIANGULAR PULSE
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' dependé on duration only up to 76 msec. Miller (1968) concluded that
.". ... it is inferred that the auditory system acts as if the growth and
decay periods of noise perception depend upon differenées in latencies

among the varioué neural paths in transmitting the chochlear activity to

the hiaher centers. of the brain. According to this hypothesis, the activity
of the sTowest pathways arrives at the center 65 msec after activity of the

- fastest -pathways.”

F?ﬁﬁr€A=55hows that tﬁe growth of noise perception jncreases with time
(Rice -& Zepher, 1967); However, if faint short aﬁd Tong noises are ampli-
fied from 20 to 90 dBA, they are no longer perceived as sounding equal
(Figure AZ6).

Research indicates (Rice & Zepher, 1967) that a weighted energy function
concept permits the subjective Toudness of various types of single event
transient sounds to‘be predicted\from the Fourierftransfdrm qf_ﬁhe wave and
" the frequency of the hearing-ﬁéchénigm. for'thgse ekperiﬁents,ispecia1.
earpﬁdnes were used and the"éound‘source‘was'a 22 caliber blank producing |
a pulée of 50 msec duration. The wave form-was determined and'approximated
as a triangular wave shape. The modu]ué of the wave form F (@) was then
written in terms ﬁf the frequency and the rise and decay time, from thch
a'we{ghted energy density was obtained. This was then used to determine
Toudness, ‘assuming a relationship based_on.empirical evidence.

The F (w) of a p1§to1 shot wave is essentially a flat distribution
with regard to‘frequency. Thus,‘tﬁe energy density waves are functions of
weighting factors of the hearing mechanism. These re]atfonships predict
maxima in frequency ranges of from 402 to 4,000 cycles per second. The
choice of dBA ]evé] affects the location of the frequency maxima on the

weighted density curves..



- FIGURE A-5

GROWTH OF THE PERCEPTION OF NOISE
~ AS A FUNCTION OF TIME
(RICE AND ZEPHER, 1967)
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FIGURE A-6

EQUAL-LOUDNESS CONTQOURS FOR NOISE
'AS A FUNCTION OF DURATION
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In the initial portion of this project (Clark & Rollins, 1976}, studies
were conducted to determined sound intensity atténuation using a fixeq_b]agt
shield and lead-vinyl curtains. Additionally, blast-induced sound intensi-
‘ties were measured at various distances from the blast with the shield and
curtains removed (Table‘Ajél- Distances were measured from the face and
the blast shield was 8 ft from‘the face. Inspection indicates that unat-
tenuated intensity, based on shot numbers 25 through 28, would exceed 120
dBA 20 ft from the face. | |

Studies (May, 1971).have shown the startle éffect 1§‘pr0porfiona1 to
loudness depending on the subjectfs expectancy, and 1s low where the back-
ground noise level is high. Research techniques employed in such studies
are well developed and consider a large number of variables including fre—

" quency, background frequéncy,,accousti; noise, subject vs experiment, pre-
_sentation of stimulus, vision, foopweaf%lsex;’posfure, subject restraint,
and subjécflattentfdnfl | L ' . o

Fﬁrther studies of thefqﬁantitative effects of thése faptors"on‘humans :

working with the ADBS will be requiréd to evaluate the acceptability of the.

noise and vibration levels in a cab and outby the tunnel shield.



TABLE A-5

BLAST-INDUCED NOISE INTENSITY WITH AND WITHOUT
BLAST SHIELD AND LEAD-VINYL CURTAINS

Shot Charge Weight Blast Pb-Vinyl
No. {(gms) Initiation Shield Curtains dBA
12 230 1 cap & std! None 107 @ 30
: primacord
13 230 : 5 caps std. None 105 @& 30'
14 230 4 caps std. 4 100 @ 390°
18 . 613 --- ‘ 1* 4 109 @ 30'
19 230 --- ' 1% 4 104 @ 30'
20 230 -—- 1* 4 105 3 30'
21 - 230 -—- R 4 102 @ 50' -
22 230 : --- 1% 4 96 @ 70"
23 . 230 R 1* 4 104 @ 30'
24 613 --- 1% 4 108 @ 30
25 613 “—- Remo ved None 114 @ 52
26 - 184 --- Removed None 108 @ 70'

- 27 184 -—- Removed None 108 @ 70
28 184 -—- Removed  None 107 @ 82

*Indicates a 1/4 inch thick layer of plywood on inby side of blast shield.

;B1ast Damp1ng Requ1rements-'

‘As was 1nd1cated above ," the s1mu1tane0us detonat1on of severa] small
stemmed charges of high exp1os1ves produces air blast preSSure, h1qh velo-
city fragments, vibration, and noise. The characteristics of these para-
meters have been established. The element of the ADBS most sensitive to
these effects is the workman. Al1 four of the blast effects can be reduced

or contained so that a permissable working environment can be provided.

Air Blast Pressmre

Recent tests (Army, 1969) have indicated that the Tungs are-one of the
critical organs subject to blast pressure injuries. The release of air bub-
bles from disrupted alveoli of the lungs into the vascular system probably
accounts for most injury and death. ’Based on present data, a tentative
estimate of human response to fast-rise pressures of short duration (3-5

- msec) s g1ven in Table A 6. Human tolerance to-blast pressure is governed
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by the lowest tolerance of a given body element which is the ear.
For continued exposure, air blast pressures must be reduced to less
‘than 2 psi. As indicated above, the maximum anticipated peak air blast

pressure on the inby side of the shield is 15 psi.

TABLF A-b
HUMAN TOLERANCE TO AIR BLAST PRESSURE

Critical Organ or Event Overpressure (psi)

Ear drum rupture:

Threshold | ’ 5
50% casualty ' 15
Lung damage: '
Threshold 30-40
Severe 80+
Lethality: -
Threshold 100-120
50% casualty - 130-180

99%+ casualty ‘ © 200-250 -

_ High‘Veloéity Fragments

It has been demonstrated that the penetration of a high velocity .rock
fragment into the steel front face of the blast shield is negligable. A1l

high velocity fragments will be stopped by the shield.

Vibration - Human Response

A study by Rice and Zepher,(1973) established three levels of human
response to vibration: |
Lével I - threshold of perception.
Level IT - threshold of discomfoft
Level II1 - threshold of tolerance
Di fferences due to direction of application and subject attitude (standing,

sitting, or lying) were noted. Higher frequencies were found to be less



tolerable than lower frequencies_(Figure A-ﬁi}vMore specifically, higher
frequencies are more tolerable at lower amplitudes and peak accelerations
are more ﬁo]erable at higher frequencies.

Studies conducted to determine the effects of short term vibrations
on the cardiovascular system of animals (Zep]ek, 1973) were documented by
monitoring the control and regional blood flow ve1ociti¢s and blood pres-
sure of animals. The animals were anesthetized, restrained with spine ver-
. tical and Qibrated along that axis for 30 seconds. The frequencies were
varied from 2 to 12 Hz with accelerations 1, 2, and 3g.

It was found that the 3 to 9 Hz range resulted in minimum flow of
blood rates for all accelerations. Extreme values occurred at 3g and 4 Hz
and yielded (1) a maximum aortic flow rate of more than twice the control
(normal) ya1ue; (2) a minimum aortic flow rate_of"QO% less than the control
; va]qes, and (3)'§n in;fease_in bibod préésUrevofrmore,than 5 times'the con- .
‘tkoT‘va1ue7 | | _ | | | 7 |

: ‘It may be inferred thatlthe efféét on "humans -is similar. However,

sinée the blast pulse may be measured in msec and the resulting plate oscil-

lation measured in seconds, human response to the anticipated amplitude and

frequency of vibration will not exceed allowable Timits.

Noise Measurement‘and-ReggJétions

The two parameters which are usually employed to measure iﬁ§g§jiﬁ;ﬁ
noise are sound pressure and frequency (Bell, 1973). Sound pressure of in-
terest varies from 10-9 to 20 psi. The decibellequiva1ent of pressure
varies from 0 d8 (3 x 107° psi) to 160 dB {3 x 107! psi). Levels of sound
from differgnt sources are combined by recursive methods, and frequencies
are multiplied by different types of weighting scales based on octave or

1/3 octave separation of frequencies. 'Sound power, the rate at which accous-



FIGURE A-7

THREE LEVELS OF RESPONSE TO VIBRATION
(ZEPLER, 1973)
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tic energy is radiated, is also important in noise evaluation and control,
and -is ‘mathematically related to the decibel level. Many industrial noises
have discrete frequency spectra, which are functions of the distance from
the source. However, explosions generate noise of the explosive-impact
type, whichhas:a greater density of high frequency noise.

Current noise level regulations are in terms of the "A" scale or oc-
tave band noise levels. This is usually measured with octave band analysis
or sound level meters. These instruments are designed to measure the
wéighted overa]1 sound pressure level relative to a standard reference -
pressure of 0.002 dynes per square contameter. Precision meters have three
weighting networks; the A scale corresponds most closely té the freguency
vs amplitude response of the human ear. |

Noise exposure standard have beén established for both general 1ndus-
try- and the mining industry (MESA, 1972; 0OSHA, 1976). ‘Both feder51 codes

use A scale measurements and set equal exposure 1imits (Table A-7).

TABLE A-7
PERMISSIBLE NOISE EXPOSURES

Duration Per Day (hours) . Sound Level dBA - Slow Response

8 . o - 9D
6 ' C 92 -
4_ . i ; g5 T
3 : - 97
2 ' 100

fer151/2 102
1 ‘ 105
1/2 { : 110
1/4 or Tess 1151

The "slow response" indicated above refers to the measuring equipment.
Persona]lhearing protecticon apparatus must be provided when noise
Tevels exceed those given in Table A-7and must 1imit the sound level to

permissible values. Where daily exposure is compesed of two or more per-
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iods at different intensity levels, their combined effect must conform to

equation
C,. C C
1y Tg + ..+ Tﬂ < 1.0 (A.3)
] 2 n
where
€ = sound 1eve1'dBA, slow response
T = time of exposure in hours

The Mining Enforcement and Safety Administration (MESA) requlations 1imit

exposure to 115 dBA. For impact noises, 140 dBA is the maximum allowable.
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DERIVATION OF -EQU‘ATIONS

Equation 10,18
For'ﬁ:Stratified or Schistose" Rock:
Hp =.012SB, where B = Tunnel Width
w(assumed) = 160 pcf; Sets @ 4'—Of 0.C.
Load = 4 X W X Hp = 4.x 160 x 0.25 x B
= 160 x B

Assume steel set is sémi-circular with nominal diameter (B) equal
to the tunnel diameter plus 1'-0":

Tunnel Diameter Set Diameter Set Load (1b/ft

(final) {nominal) of width)
12 13 . 2080
16 : 17 2720
20 . : 21 3360
24 25 4000
Design sets as wall p]&te rib:(PwoctorfaHHEWhiié«guwg;‘jiing?;g"

1968, Table 2, p. 240):
Tunnel Diameter Steel Set Based Weight of set!

(final) on Load - (1b)
12 4 1 7.7 157
16 4 H13.0 347
20 61 17.25 569
24 6 H 20.0 785

1
Assumes Zemi-circular sets with a nominal set d1ameter as
indicated above.

Set length = 1/2 x © x Dia (nominal)
Assume bolts, collar braces, foot plates, etc. add 10% to the set

weig?t; steel cost = $0.50/1b (Commercial Shearing and Stamping,
1977 ) '



Tunnel Diameter Total Steel Weight Total Set Steel Cost

(final) Per Set (1b) Cost  (§) ($/LF)
12 174 ©87.00 21.75
16 382 191.00 47.75
20 626 313.00 78.25
24 864 432.00 108.00
Assume timbering adds T0% to the cost of the steel:
Tunne].Diameter  Steel Cost  Total Set Cost!
_{final) ($/LF) ($/LF)
12 21.75 25
16 - 47.75 55
20 78.25 85
24 - 108.00 120

1 Rounded to nearest $5.00.

Thus, the cost equation is of the form

COST($/LF) = M x Diameter + B '

1Regression yiéTds

COST(S.LF) = 7.88 (DIAMETER) - 70

B) Equation 10.7%

i

R A

Since the concrete lining has the same nominal diameter and Toad-
carrying requirements as the steel sets, the following is valid
{see above): ‘

Tunnel Diameter Concréte Arch Diameter  Concrete Load (ib/ft

(final) s (nominal) = . of width)
12 13 2080
16 17 , i ' 2720
20 : 21 3360
24 25 4000

Because the concrete support is an arch, design for compressive load;
assume f' = 3500 psi. Because the loads are small (all less than

30 psi),cassume'the concrete thickness equals the depth of the steel
section:

' Preceding page blank
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' Shotcrete thickness

,Eqﬁat%onfﬁolér‘%;l§k.f
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Arch diameter = nominal diameter + steel-section depth
Assume the concrete is poured the full tunnel circumfrence:

Concrete volume = m x Arch diameter x Steel set depth x

1 LF / 27
Tunnel Diameter Arch Diameter Concrege Volume Concrete Cost]
(final) (ft) ' (yd”/LF) _($/LF)
12 13.3 0.5 100
16 17.3 . 0.66 135
20 21.5 1.25 250
24 25,5 1.48 295

Concrete cost (including grout) = $200/yd3 (Tyson, 1977);
rounded to nearest $5.00.

Regression yields

COST -($/LF) = 12.5 x Diameter

v =3 i Thus, the nominal tunnel diameter equals .-
the tunnel diaméter (fin ) + 0,5 ft. Assume chotcrete is applied
above the spring line: :

2 2

Shotcrete Volume = 1/2(ﬂ'X1E¥£L%%12;§) - T (Q%—J )
= w/B(DIAz + DIA + 0. 25 - DIA )
- =0.39(DIA) + 0.10 (F£°/LF)

=0.0145(DIA) + 0.0036 (yd>/LF)
Shotcrete cost is $50.00/yd3 (Conspray, 1977):

" SHOTCRETE COST ($/LF) = 0.73(DIAMETER) + 0.18

Rock bolts are installed @ 4'-0" 0.C. or 16 ft° per bolt; bolts
cost $2.20.per bolt; only 25% of the tunnel is bolted.

Bolt Cost ($/LF) = m x DIA x 1 LF x $2.20 x 25% / 16



BOLT COST ($/LF) = 0.11(DIAMETER)

SHOTCRETE AND ROCK BOLT COST ($/LF) = 0.84(DIAMETER) + 0.18
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The slurries of the type used in this experimentation are sensi-
tized With Al for use in small diameter boreholes. While they are
used as a replacement for dynamites, they are much Tess sensitive and
have other favorable characteristics. They resemble gelatin dynamites
in texture and density.and have been produced in three grades of about
40, 60, and 80 percent strength by cone company. 'Slurry technoiogy
permits extensipn of the grades above 100 percent equivalent dynamite
‘ strength and down to 40 percenf.

These slurries have significant advantages over correéponding
gelatin dynamites. They are non-toxic themselves, generate less toxic
fumes, and while they are cap sensitive, they are much less hazardous
than dynamites. In addition, the air-gap sensitiveness need be no
greater than that required for satisfactery blasting performance. The
“critical diameter can be adjusted as small as 1/2 in,and the gap
Sensﬁtivitylin 11/4 1nfchafges td aboutlB to 5 in. Their employment
in place dfldynamites requires.caherT adherence to instructions for
use. The densifieé may be varied from 1;0 to abouf 1.15 g/cc without
chemical aeration. \

Thus, the advantages of such slurries are, {1) high strength/cost
ratios, (2) safety, (3) good water resistance, (4) non-toxicity, and
(5) cap sensitivity without the hazards of dynamites. They may be
formulated to‘yier effective]y no toxic fumes, i.e., they have very
good fume qualities even with moderate oxygen unbalance which gives a
minimum of noxious fumes.

The Iremite slurries are formulated for use in specific borehole
sizes for given rock temperatures, the sensitivity cantrol being

accomplished by varying the ratio of fine to-total aluminum present.
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The most sensitive grade is designed for use‘jn_charge'diametersLQfﬁ
7/8 in. to 1 1/2 in. and at borehole temperatures above 15° ¢, The
sensitivity is regulated by means of the ratio of fine, f]aked (paint
grade) to spherical, granular aluminum. The total amount of aluminum
and the "strength," or available energy per pound, is the same for the
60 and 80 grades, but only fine alumimum is employed in the 40 grade
and its strength is less.

This‘type of slurry is manufactured from non-explesive Tngrediénts ,
in a continuous flow system in which the aqueous solution and solid
1ngred1en£s, bdth non-explosive, are fed with quéntitative atcuracy
into a small mixihg'fUnnél and pumped with an ai}—dperatéd‘diéphragm
pump into p01yethy1ene tubing. The lengths of tubing are then tibper-
tied in the desired lengths. A fine spray of wate#«fs employed in
the cutting and tying operation to maintain cleanliness and to wash .
away excess slurry. The safety features of this process are:

1. The mosf sensit{ve state is at the end of the mixing cycle
when the slurry is mixed and partly thickened and the sTurry
is entering the tubing.

2. Until the solids come in contact with the liquid phase, fhere
is noexplosion hazard except for possible dusts and vapors
which must be carefully controlled.

3. The aqueous solution is self-quenching in a fire, and the
redox mixture formed after the solids and aquedus soTution
come together does not burn unless most of the water is lost
by evaporation.

4. There is only a small amount of expliosive present in the flow

cycle at a given time if appropriate steps are taken to
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remove the tied tubes far enough from the flow system that an
explosion cannot propagate to the mixed eﬁp]osive.

5. The finished product, although it is cap sensitive, is
orders- of magnitude safer fhan dynamite when exposed to heat,
friction, and shock.

The critica1 diameter may be measured:-with the charges in a

' vertical position, 1nftiated With a No. 8 cap in the top of the charge.

Charges are usually contained in polyethylene tubing of 12 inch lengths.

One method prescribes that dC be determined to the nearest 1/4 inch

for charges of 1 1/2 inch diameter or less, and to the nearest 1/2 inch

for charges greater than 1 1/2 inches in diameter. The criterion for

failure in the measurement of dC is the‘existence of residue of un-
detonated:explosive,

The detonation ye]dcity VS. cha}be diameter cufves are obtained
‘fﬂam-measufements of the velocity with at’least 1”1nch~of'the charge
beyond the last point of measurement. Also, a 1éngth of at least 6
inches, or three charge diameters, whichever is the greatest, is
required between the No. 8 initiator and the first measuring point.

Bullet Sensitivity for this type of explosive is measured’by

- means of a 22-50 ca11ber r1f1e 48- gra1n Jjacketed bullet with a maximum
muzzle ve]oc1ty of 3,800 feet per<second, with rifle being fired 100
feet from the samp]e. The velocity is decreased in 200 feet per

second intervals until 50% initiations are obtained, initiation being
witnéssed with a‘1/2 inch steel plate, although the sound is.alsé a
suitable criterion of go/no-go.

The air-gap sensitiveness .at a specified‘temperature is obtained

by measuring the maximum air gap for detonation by influence utilizing
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4-incﬁ lengths of the explosive for both the donor aﬁd the receptor.
The witness is a one foot Tength of 20-50 grain per foot detonating
- cord inserted 1/2 inch into the far end of the receptor. The up and
down method is used to determine the maximum gap for three successive

detonations.

The thermal stability of cap sensitive slurries is determined by
differentiaT tHerma1 analysis using samples greater than 1/2 gram, |
Thé requiremeﬁtkis-tﬁat,the explosive will not exhibit an exotherm -
Vlbe1ow‘130° C.. and preferably not below 150° ¢.

The usual requirgment,for therma]'stabf]fty is that an explosive
will not show a significant weight Joss when held at a temperature
of 75° for 48 hours, However, this is not practical for slurries

“because they lose weight - slowly by evaporation of water at ?50 Cf A
- mod{fied'test'utili;es‘the-triteriahthat there is no-appreciable-
generation of permanént géses,.i.e., those which will not condense at’
‘this temperatube.

Slurries may be stabilized so that there is no appreciable
reaction of aluminum with water in prolonged storage at 40° ¢. 1t

has been found that one AN/A]/H20 slurry has a shelf life of at Teast
che year. |

One method of measuring the comparative strength, or the so-called

"seismic strength" (Cook, 1970) consists of detonating one-gallon
charges of explosive with a 380 gram booster in a large pond at a
fixed depth and at a fixed distance from a seismograph on the ground
near the pond. The relative strength {s determingd‘by cqmparisoﬁ'&ith
amplitude vs, charge‘weight vialues for ANFO detonated un&éf the%éame

conditions. An increase of the percentage of aluminum from 3.5% to



10% increases both the weight and the bulk strength, and the tempera-
ture as well as the heat of explosion. The critical diameter of all
three grades, the bullet sensitivity, and the thermal sfabi]ify are
identical. These properties are of particuiar importance for applica-
tion in automated drilling and b1asting‘because of the need for a;1owl‘
value of precariousness of the explosive, and the inertness of the
ingredientg. ‘

Samples ofrIREMITE 40, 60, and 80 were subjected to fume tests by
the Bureau:ofMines (Cook, 1974). In the first series of tests, the
0B was adjusted to zero for the slurry alone, and about -2% with | |
polyethylene tubing. The test results (Table D-1) indicated:that:the
. tubing-reécted to give a negative OB, while in a second series of
tests, the OB desjgn included the tﬁbing and the resulting fumes’were
'very low. The theory bf thé generaiioh'of fumes for Bichel gége, C-Jd,
and borehole conditioﬁs is dfscusséd-by Cook (1974) in defai]; He
shéws fhatlthe method of ca@éu]afing explosion products7utijfzing a
modified Abel equation‘of state, shock wave‘equations, énd related
thermodynamic equations gives very gecod approximations of the test
results for amoﬁnts of‘gases in the detonation products (Table D—é;f

& B-3).
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Tab]e'ﬁ:T- Properties of SHE Cap Sensitive Slurries (Cook, 1978)

A
Inorganic nitrate 70
Total water : : 15
Total aTuminum 3.5
Density {(g/cc)* - 1.20
Detonation velocity (m/sec)* ’
1.25" diameter B "3450
1.50" diameter ‘ 3620
2.00" diameter _ 3760
2.50" diameter . -3940
"Sensitiveness'* in 1 172" diameter 3"
Critical diameter* <0.75"(S)
<1.25"(L)
Minimum cap for initiation* #4 or #5
Bullet sensitivity* F
(48 grain bullet at o
3800 feet per second)
"'Strength" (ANFO - 1.0)
a. Weight . -0.83
b.  Bulk ' 1.25
Thermal stability
DTA 0 +
48 'hours at 75 C. #
Calculated properties
Mols of gas per kg 0 35
Explosion temperature (= K.) 2500
Q [Heat of explosion (kcal/g)] 750>
A [Maximum available energy . 690

(kcal/g)]

* Measured at temperature of application.
+ No exotherm below 1300 C, '

# No measurable permanent gas generation in 48 hours at 75° F.

#4

33
2750
870
780

e

66
14
10

1.29

3610
3670
3810
4010

31[

<0.75"(S)
<1.25"(L)

#4 or #5
F

28
3000
1040

870

Note: Tests are in general conducted on samples at least one day old.

‘Cook, M. H. (1978), Personal Communication.
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Table D-3 - Data from Bureau of Mines Reports on IREMITE Fume Studies

Data

A a
September 16, 1970

B. o
June 8, 1971

TREMITE

IREMITE 40

Bichel gauge
Crawshaw=Jones

gauge

IREMITE 60
B gauge
C-J gauge

IREMITE 80
B gauge
C-J gauge

IREMITE 40
B gauge

C-J gauge .
IREMITE 60

B gauge
C-J gauge

Nohe

3.1

. None

3.1

Okides of

Nitrogen
(1/kg)

None

1.2

None
0.2(0.5)

None
<0.06

CoO + 6.5
Oxides of

Nitroden
(17kg)

19

14(1.2)
12.5(14)

10.5
<12

None
17.1

None
7.6

a - The IREMITES tested by the Bureau of Mines and reported on September 16,
1970, were all slightly negative in oxygen balance, whereas those re-
ported on June 8, 1971, were oxygen balanced at zero (including polyethy-

Tene).

b - Results on second’

(replication)-datansheet. i< .+, U0
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Tdbie;D¥ﬂr Gaseous Products Obtained. from IREMITE (Cook, 1978) in the
- Bichel Gage and Crawshaw-Jones Apparatus.-

Test Method ‘ Bichel Gage Crawshaw-Jones
Gaseous products, percent:

30.6 32.9

| CO2 |
CHO - 0.2

H2 | - -- ‘ 1.1
0 | -- 1.0
CHy | 3 - 0.2
N2 ’ 66.5 63.8
NOZ Co-- 0.2
N,0 ' -- 258 ppm
0, 2.9 0.6

Gaséousebrodugts per pound _

- of explosives,.cu ft1/:. _ - .
COp ©- . 139 150
CHS e 0.01

Hy o - 0.05
co S , - 0.05
CHy -- 0.01
N2 3.02 2.91
NO2 ‘ . -- 10.01
N,0 - - 0.001
O2 0.13 0.03

Total poisonous gases, cu ft/1b2/ none 0.06

Cu ft/200 grams | none | 0.03

IME-Fume Class - 1 1

1/ At 760 mm Hg and 0° C.
2/ Includes CO and NOZ'
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