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1. I NTRODUCT I ON

1.1 BACKGROUND

Underground-drill and blast excavation is usually accom­
plished with small diameter holes loaded with high energy explo­
sives. The detonation pressures are extremely high and an exten­
sive amount of energy is dissipated in the process; however, very
little of this energy is used to create the desired fracture
planes required for excavation. The available energy is expended
in crushing the adjacent rock, in producing a dense, randomly
oriented radial crack pattern about the holes, and in producing
radially outgoing stress waves. This causes several undesirable
effects:

a. Overbreak at the excavation perimeter, which results
in more muck to remove and extra concrete or shotcrete to fill
the voids.

b. Damage to or loosening of the remaining rock at the
perimeter which may require additional support.

c. Ground vibrations and air blast, which could result in
damage to nearby structures and complaints by people living or
working in the area.

Several steps may be taken to minimize these effects. Where
control of the perimeter is desired, smooth blasting techniques
are generally employed, in which the spacing and burden of peri­
meter holes are reduced and lighter, decoupled charges are used.
Where vibration damage to structures is feared, control is gen­
erally exercised by limiting the charge weight per delay period
so that the ground vibrations at the nearest structure do not
exceed a peak particle velocity of two inches per second. Where
blasting complaints may be a problem, control may be a more com­
plex task, since the human body can sense vibrations and noise
levels that are significantly lower than those necessary to cause
structural damage.

A modified drill and blast process, denoted herein as frac­
ture control blasting, has been developed (1,2) to aid in con­
trolling the undesirable blasting effects noted above. In this
procedure, drill holes are grooved and loaded with very light,
cushioned column charges and a concentrated bottom charge. By
properly stemming the drill holes to confine the explosive gases,

.crack propagation will result between widely spaced drill holes.
When utilized in perimeter holes, fracture control procedures
offer the following advantages over smooth blasting:

-1-



a. Improved structural integrity of the remaining rock;

b. Improved ability to control the excavation dimensions; and

c. Reduction of the number of holes drilled and the amount
of explosive used.

When utilized in the opening cut holes (which often produce
the maximum vibrations within a given round), fracture control
procedures can reduce the number of holes and the amount of
explosive used, and thus may reduce the resulting maximum vibra­
tions.

In addition to the undesirable effects noted above, the cost
of drill and blast tunnel construction has increased rapidly in
recent years. As a result, the Urban Mass Transit Administration
(UMTA) is seeking methods to reduce underground construction
costs. Fracture control in tunnel blasting has the potential to
favorably affect the cost of hard rock tunnel construction. The
procedure has been tested in the laboratory and has had limited
field testing. It was felt by the investigators that the pro­
cedure warranted implementation on a test basis in an actual
drill and blast tunnel project. In this program, fracture control
procedures were tested in an actual pilot tunnel constructed in
Porter Square, Cambridge, Massachusetts, as part of the Massachu­
setts Bay Transportation Authority (META) Red Line Extension
Northwest (see Section 2).

1.2 OBJECTIVES

The objective of this research was to implement fracture con­
trol procedures in a tunnel project and to assess the practicality,
advantages, disadvantages, performance and cost effectiveness of
fracture control methods as compared to smooth blasting procedures.
To ensure a valid comparison of the two techniques, it was neces­
sary to determine through experimentation the optimum smooth blast­
ing technique for the site. Factors affecting the performance of
the fracture control procedure, practical limitations, equipment
and material requirements were defined.

During the experimental program, another area of investiga­
tion was added: utilizing millisecond delay detonating caps in
conjunction with smooth blasting techniques to reduce the human
response to blasting.

-2-



1.3 ORGANIZATION OF THE REPORT

In the next two sections, the project and the site geology
are described. Following that is a discussion of the theory and
applications of fracture control blasting. The experimental pro­
cedures used are described in Section 5. The experimentation was
divided into two parts: perimeter control and opening cuts. The
results of each of.these are described in Sections 6 and 7, ies­
pectively. Conclusions are presented in Section 8, and finally,'
recommendations are made for future research. The procedures and
results of an experimental smooth blasting round utilizingmilli­
second delay detonating caps are described in Appendix A.

-3-



2. PROJECT DESCRIPTION

The proposed Porter Square Station in .Cambridge, Bassachusetts
will be constructed as a mined chamber in bedrock and is part .of an
underground rapid transit system extension being undertaken by the
Massachusetts Bay Transportation Authority (META). The pilot
tunnel was excavated to expose geologic features at the crown of
the proposed chamber and to evaluate the performance of the rock
during drilling and blasting. The work was performed between
November 1978 and February 1979 by Perini Corporation. The ex­
perimental work reported herein was directed and executed in
accordance with the Blasting Test Program section' of the META con­
tract specifications (MBTA Contract No. 091-301).

The project is located (Figure 2-1) in a densely populated,
commercial-residential area in Cambridge, Massachusetts. The
station lies beneath a major three-way street intersection, the
parking lot of a medium-sized shopping center, and a Boston &
Maine Railroad commuter rail line. Figure 2-2 shows two photo­
graphs of the site area.

The pilot tunnel has a 12 ft. (3.6 m) x 12 ft. (3.6 m) square
cross section and is approximately 600 ft. (183 m) long (see Fig­
ure 2-3). Access to the tunnel is provided by a 23 ft. (7 m) dia­
meter shaft, 87ft. (27m) deep (Figure 2- 4). From the acces s
shaft, there is an east-west access tunnel which leads to the main
north-south pilot tunnel (Figure 2-3), where most of the experi­
mental blasting was done. Rock cover over the pilot tunnel is

. approximately 30 ft. (9 m). The heading was drilled with two
Gardner-Denver PR-123 drills on a Gardner Denver Mini-Bore jumbo
(Figure 2-5). Mucking was done with an EIMCO model 9l2LHD loader
with a 2.5 cu. yd. (1.9 cu. m) bucket (Figure 2-6). Figure 2-7 is
a view of the north heading of the pilot tunnel.
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FIGURE 2-1. PROJECT LOCUS PORTER SQUARE, CA~ffiRIDGE, MASSACHUSETTS
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(a) Looking north towards Porter Square
Shopping Center, pilot tunnel access
shaft at right.

(b) Looking south, Massachusetts Avenue to
right, Somerville Avenue to left.

FIGURE 2~2. VIEWS OFcSITE AREA
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FIGURE 2-4. ACCESS SHAFT TO PILOT TUNNEL

FIGURE 2-5. DRILLING JUMBO
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,FIGURE 2-6. LOAD, HAUL, DUMP MACHINE USED FOR MUCKING TUNNEL

FIGURE 2-7. NORTH HEADING OF PILOT TUNNEL
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3. SITE GEOLOGY

3.1 GENERAL

The pilot tunnel was constructed within a sedimentary rock
formation known locally as the Cambridge Argillite. At the site,
the rock is a slightly metamorphosed mudstone exhibiting rhythmic
layering of alternating lighter and darker sediment layers. The
rock is intruded frequently with dikes of igneous origin ranging
from a few feet to several tens of feet in thickness.

Using the Terzaghi
described as moderately
index properties of the

(J) classification, the rock
jointed to blocky and seamy.
argillite are as follows:

mass may be
Typical

Average Unit Weight = 172.6 lb/cu. ft. (2766. kg/cu. m)
Average RQD = 77%
Average Compressive Strength = 28,000 <psi (193 MPa)
Average Schmidt Hardness = 54.4
Average Taber Abrasion Hardness

10 6 ):
1. 32

Average Tangent Modulus (E
t

x 7.0
50

All but one fracture control round were conducted in the
argillite. Fracture control round FC 7 was conducted in an igneous
dike, petrographically described as an altered basalt, with the
following typical index properties:

=

(2888. kg/cu. m)
91%

= 20,000 psi (138 MPa)
43.2
5.20
9.4

unit Weight = 180.2 lb/cu. ft.
RQD
Compressive Strength
Schmidt Hardness
Taber Abrasion Hardness
Tangent Modulus (E

t
x 106):

50

Average
Average
Average
Average
Average
Average

Overlying bedrock is about 40 to 45 ft. (12 to 14 m) of over­
burden soil. The groundwater tab~e is about 20 to 30 ft. (6 to 9
m) above the top of rock. Figure 3-1 shows a generalized geologic
profile (Section A-A) through the main north-south pilot tunnel.

3.2 BEDROCK STRUCTURE

Bedding forms definite planes of weakness in the argillite
and strikes approximately east-west and dips approximately 10

0
to

the south. Joints in the argillite form three generalized groups:
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Set No.

1 Joints parallel to bedding, generally striking
east-west and dipping south at 50 to 150.

2 Joints geneeally sbriking east-west and dipping
north at 40 to 60 .

3 and 4 Joints generally striking north-south and dipping
very steeply east and west.

The joint surfaces are usually smooth, and many joints have
secondary mineralization, usually calcite.

Joints parallel to bedding (Set No.1) are spaced every 2 to
5 ft. (0.6 to 1.5 m) and are continuous over distances of 50 ft.
(15 m) or more. However, the majority of the east-west joints
(Set No.2) are not continuous over the width or height of the
pilot tunnel, the continuity of the joints being interrupted by
shears parallel to bedding and other joints. Joint spacing
varies from 0.5 to 15 ft. (0.15 to 4.5 m) apart.

The joints striking generally north-south (Set Nos. 3 and 4)
form two conjugate sets. One set dips steeply to the east, and
the second set dips steeply to the west. These sets form the
most continuous joints observed in the pilot tunnel, being gener­
ally continuous over at least 20 to 40 ft. (6 to 12 m). Joints
are spaced from 1 to 5 ft. (0.3 m to 1.5 m) apart.

Some of the principal geologic discontinuities encountered
during excavation are shown on the generalized geologic map in
Figure 3-1. Two faults were encountered in the south heading of
the main north-south tunnel, both striking about N250E and dipping
about 60 0NW. The faults were about 6 to 18 in. (0.15 to 0.45 m)
in thickness, and had soil filling or gouge. Three igneous dikes
were encountered at the locations shown on Figure 3-1. The lar­
gest dike, within which round FC 7 was shot, was located in the
north heading and was about 43 ft. (13 m) wide along the axis of
the tunnel.

3.3 EFFECTS OF GEOLOGIC FEATURES ON PERIMETER CONTROL RESULTS

Excavation of the pilot tunnel demonstrated how geologic
features can affect overbreak in the blasted rock. In general,
overbreak in the crown was controlled by joints and planes of
weakness parallel to bedding (Set No.1), forming large flat slabs
(as shown in Figures 3-2 and 3-3). Sidewalls in the main north­
south tunnel direction often broke to the steeply dipping
north-south joints (Set Nos. 3 and 4), as can be seen in Figure
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FIGURE 3-2. OVERBREAK IN CROWN PARALLEL TO BEDDING -

JOINT SET 1

JOINT SE'l' 4

,OINT SET 3

FIGURE 3-3. NORTH HEADING LOOKING NORTH, SHOWING SLABBING
AT CROWN, OVERBREAK TO JOINT SETS 3 AND 4
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3-3 and in Figure 2-7. Sidewalls in the east-west access tunnel
sometimes broke to saw-tooth~d surfaces formed by the joints
parallel to bedding (Set No.1) and the east-west striking north
dipping joint set (Set No.2), as shown in Figure 3-4.

FIGURE 3-4. OVERBREAK IN SOUTH RIB OF EAST-WEST ACCESS
TUNNEL CONTROLLED BY JOINT SETS 1 AND 2.

Intersecting joints at the corners of north-south and east­
west tunnels resulted in substantial overbreak. Overbreak also
occurred in the. south heading where the two fault zones inter­
sected the tunnel (see Section 6.4).
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4, THEORY AND APPLICATION OF FRACTURE CONTROL

4.1 THEORY AND BACKGROUND

4.1.1 General

Fracture control blasting is based on controlling all phases
of the fracture process: crack initiation, crack propagation, and
crack arrest. Control of crack initiation involves specifying the
number of cracks to be initiated and the location of the initia­
tion sites on the wall of the drill hole. Control of the propa­
gation phase requires orienting the cracks and providing a stress
field which will produce the strain energy requir~d to maintain
the desired crack velocity. Finally, control of crack arrest
necessitates maintenance of a stress state which is sufficiently
large to avoid crack arrest until the crack has achieved its
specified length. If all of these aspects of the fracture pro­
cess can be controll~d, then a blasting round can be designed to
properly cut, fragment and move the rock .

. ::4.1.2 Crack Initiation

Control of the location of crack initiation is achieved in
frac~ure control blasting by notching the drill hole along most
bf its length. The notch in the wall of the drill hole is an
~effective means of concentrating stress at a specified location.
The stress concentration ensures that the first crack to be
initiated will be located at the notch. There is a pressure range
which must be achieved in order to control initiation. If the
:pressure is too low, the crack will not initiate even at the
notches; when the pressure is too high, cra~ks will forci at the
natural flaws on the side of the drill hole. The loading of the
drill hole with a column charge which gives a satisfactory per­
formance can usually be achieved with a few trials in the field:

In theory, the notch serves as a starter crack and should be
very sharp and as deep as possible to facilitate initiation at
the lowest possible pressure. One way of forming the notches
would be to utilize high pressure water jets to cut narrow slots.
When such equipment is fully developed and operational, such a
method may be desirable. Until then, however; notches will be
cut with a mechanical tool which will wear and the sharp point
will become rounded. Also, the cutting forces and the time to
notch the drill hole are both reduced if relatively shallow
notches are employed. Based on experiences to date, it appears
reasonable to suggest a notch depth of 1/4 in. (6 mm) for a 1-3/4
in. (44 mm). drill hole, as shown in Figure 4-1. The suggested
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FIGURE 4-1. SUGGESTED DIMENSIONS FOR NOTCHES
TO CONTROL CRACK INITIATION

FIGURE 4-2. CRACK INITIATED IN NOTCH IN DRILL HOLE
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radius of 0,030 in. (0. 76mm) should be sufficiently sharp for the
notch to act as a crack yet large enough to resist rapid wear,
The 80 degree included angle is to enhance gas flow into the crack
and to provide for a sufficient shear area to minimize tool break­
age.

Figure 4-2 shows a half cast, or half drill hole (see Section
5.3.5.2), left after a fracture control round. This perimeter
hole had been notched longitudinally along a horizontal as well
as a vertical plane, and one of the notches in the horizontal
plane can be seen in the half cast. A joint strikes diagonally
through the half cast. To the right of the joint, a crack was
initiated, while to the left of the joint,. near the collar of the
drill hole, the borehole pressure was insufficient due to venting
at the joint and a crack was not formed.

4.1.3 Crack Propagation

The next phase in the fracture control process involves con­
trolling the orientation of the fracture plane. This 'orientation
can be controlled quite easily if crack branching is inhibited.
The cracks generated by the pressure in the drill hole will propa­
gate along a straight radial line (assuming residual stresses are
small as is almost always the case for near surface excavation)
maintaining control of the fracture plane. Crack branchinq,
which destroys control of the fracture plane, can occur for two
reasonp. First, if the crack intersects a large flaw in the
rock structure, the flaw can arrest, divert or bifurcate the
crack. The second reason for crack branching is the over-driven
crack, which results when the strain energy available is much
larger than the minimum strain energy required to propagate a
crack. Branching due to over-driving can usually be controlled
by limiting the pressure in the drill hole. .

4.1.4 Crack Arrest

The final phase of fracture control involves the length of
the crack which is driven from the drill hole. The crack length
is controlled by maintaining the stress intensiry ) factor at the
crack tip above a critical arrest toughness KIm 4. If the pres­
sure in the drill hole is too high and particles plug the crack
openings, the stress intensity factor K decreases with increasing
crack length until K < KI and the crack arrests. However, if
the gas flows into the op~ning crack and pressurizes the fracture
surface, the stress intensity at the crack tip increases with
increasing crack length and there is no reason for cracks to
arrest except for depletion of the gas supply due to the increase
in the volume of the cavity or due to venting.
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With proper stemming, where the stemming length is half the
drill hole spacing, crack extensions 20 times the drill hole
diameter can be achieved. It appears that in practice the crack
length will be limited by flaws which arrest the crack or cause
it to branch rather than the ability of the drill hole pressure
to drive the crack.

4.1.5 Background of Fracture Control

The idea of fracture control through the use of notched drill
holes is not a new one. In 1905, notching was described by
Foster -(5) as a method of promoting fracture. Haviland (6) des­
cribed the practice of "reaming" drill holes in stone quarrying
work in the late 1930's. Fracture control procedures have been
more recently used in quarry ~Ofk in Minnesota.* In their 1963
book, Langefors and Kihlstrom(7 discuss a way of guiding cracks
by making a primary indication, or notch, in a hole.

Fracture control procedures were more fully developed and
refined by Fourney and Dally (1,2,8,9) at the University of Mary-
land between 1975 and 1977. They conducted laboratory tests using
small two-dimensional polymeric and rock models, together with
high-speed photography for visualizing the dynamic fracture pro­
cess. After establishing mechanisms of failure and parameters for
groove geometry in the laboratory, they conducted field tests of
fracture control methods on boulders of limestone and sandstone.

In late 1978 and early 1979, fracture contfol procedures were
implemented at the Atlanta Research Chamber (10 during construc­
tion of the Peachtree Center Station of the Metropolitan Atlanta
Rapid Transit Authority (MARTA) rapid transit system. This re­
search, sponsored by the Urban Mass Transportation Administration,
utilized a "scribing" tool to notch perimeter drill holes.
Notched drill holes have also recently been used in excavation
for a nuclear power plant and in demolition blasting of concrete
structures.**

* The use of notched drill holes in precision stone cutting was
described in personal communication with Mr. Joe Peters of the
Cold Springs Granite Quarry, in Minnesota.

** Lewis J. Oriard, in personal communication, has described his
use of notched drill holes in controlled blasting for construc­
tion of a Nuclear Power Station in Mississippi, and in concrete
demolition at St. Paul, Minnesota. He cut 1/4 in. (6.4 m~) deep
notches in drill holes ~vi th an oversize bit ground do'm on t'lO

sides, anQ used about 1/4 to l/S the c~arge concentration use~
in normal conditions.
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4.2 APPLICATION TO PERIMETER CONTROL IN PORTER SQUARE STATION
PILOT TUNNEL

Fracture control perimeter control techniques were used in
seven full heading rounds during the experimental program con­
ducted in the Porter Square Station Pilot ,Tunnel. The perimeter
holes were drilled using a 1-11/16 in. (43 rom) bit, and then
notched using a specially designed notching tool. The notching
tools, which will be described in detail in Section 4.4, were
designed to cut 1/4 in. (6.4 ~~) deep grooves in the drill holes.
Figure 4-3 is a photograph of a notching tool enterinq a drill
hole.

FIGURE 4-3. NOTCHING TOOL ENTERING DRILL HOLE

The perimeter holes in each experimental round were loaded
with a specially designed string of explosives consisting of a
concentrated bottom charge and a distributed column charge. The
bottom charge consisted of one or two 1-1/4 x 8 in. (3.2 x 20 CM)
sticks of 40 percent extra gelatin, at 0.53 ib. (0.24 kg.) per
stick. The column charge generally consisted of a 4 to 5 ft. (1.2
to 1.5 m) length of 400 grain/ft. (0.09 kg/m) Primacord which was
supported in the center of the drill hole by a specially designed
spider tube. A photograph of the spider tube is shown in Figure
4-4a and a detail of the cross section is shown in Figure 4-4b. The
Prirnacord perimeter loading, without the spider .tube, is shown in
Figure 4-5. The perimeter holes were stemmed with 24 in. (0.6 m)
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FIGURE 4- 4.

(b) Cross Section Detail

SPIDER TUBE USED TO CENTER PRIMACORD
CHARGE IN DRILL HOLE.
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.\ of either sand bags or water bags. Hercules Superdet Electric delay
Faps were used to detonate the round, with the peri~eter holes being
r~t.red on the last four or five delays.

\,
\.

J,

FIGURE 4-5. PRIMACORD PERIMETER HOLE LOADING
(WITHOUT SPIDER TUBE)

•.l·~,~_~ .~ __r --->~ -,~.

'll.3 APPLICATION TO GPENING CUTS ''--~
" /

~ ---- '_ ..~.',/ -T'he..-mO:~!.r,,.G~r-itical part ofa tunnel round is the open.ing cut:
~his must provide a free face for the rest of the round to break
toward. If the cut fails to pull,.to bottom, it is impossible for
the remainder of the round to pull to bottom. The depth of a
rOUnd is usually limited by the cut to a maximum of 60 to 70 percent
of the s8allest dimension of the tunnel. ~he cut is the most costly,
time-coQsuming part'of the round. Drill and powder factois are very

~ high and:: holes must be' drilled accuratelv. Because of the
high con:'flrie~entI th~ opening cut holes ;ften Droduce the largest
vibrations'for a round. .

In-the application of fracture control (FC) blasting to the
opening 6ut, it was hoped to si~nificantly reduce the number and
size of the holes which must be drilled, to relax the requirements
for drill alignment and to reduce the amount of explosive used in
forming the cut., .
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The opening cut developed using fracture control techniques
is shown in Figure 4-6. Three 1-11/16 in. (43 mm) holes were
drilled at the vertices of an equilateral triangle, and a 3 in.
(77 mm) hole was drilled at the center of the triangle. The three
outside holes were notched so that two cracks would propagate from
each hole to form a hexagonal plug. The three holes were drilled
with a slight look-in so the crbss section of the plug would
decrease with depth.

The three outside holes are loaded in a similar manner totha~_

described previously for the ?erimeter holes - two'stick~ of 40 per-
cent extra gelatin, a cusi1ioned column charge of 400 grain/ft. (0.09
kg/m) Primacord, and stemming. \\Then the hole~ are f i,~d, th~rca.~ial
cracks cut a hexagonal cylinder free on all slde~ excep~ tha·hase:

. 1'"6. -~, -~-_. ------"'?-:. _____

The hexagonal plug is removed by firing a decked-charge 'In
the center hole. The first charge is positioned at the bottom of
the hole and the second charge is positioned 3 to 3-1/2 ft. (0~9

to 1.1 m) from the collar. The two charges are connected with 50
grain/ft. (0.01 kg/m) Primacord. Each charge contains four sticks,
or 2.12 lb. (0.96 kg) of 40 percent extra gelatin. Firing the
decked charges fragments the hexagonal plug and it is expelled from
the tapered hole by the action of the trapped gasses.

4.4 TOOLS FOR NOTCHING DRILL HOLES

",-

4.4.1 ,Notching To~Used in th~--R..x-12W~taI'-.:program

In the pC;;~:r squ:r~~:~tion Pilot Tunrl~';L e~TJments'~arill'. -.-.-
holes were mechanically notched using specially c1~signed tools. -;
The notching operation was performed after the ho+es-:~'Je're/drfilE:ci,'::,,'--T'<-' ~l
utilizing the PR-123 drills used for drilling~ Th~ toois were I

attached to the drill steel with a rope thread and th~' only varj,a- "
tions in normal drilling techniques were the prev~ntion of rota------
tion of the drill steel and reduction of intensity or the hammer
action. Alignment of the notches was done by holding a wrench on
the drill steel until the tool had entered the~drill hole. This
method of visual alignment was considered to be sufficiently
accurate to produce the desired results. Alignment after the tool
entered the hole was not required.

The test program provided an opportuni ty to evaluate a number
of different notching tools. Photographs of the various tools
evaluated are shown in ,Figure 4-7. One of the tools (see Figure
4-7b) was designed by the Mining Tool Group of Kehnarnetal, Inc.,
Bedford, Pennsylvania, and two prototypes were provided. All
other tools were designed and fabricated by the investigators.

'~-
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FIGURE 4- 6. FRACTURE CONTROL OPE"l-JING CUT
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(a)

(b)

'J:, ,

<I

(d)

FIGURE 4-7.

(e)

TOOLS USED TO NOTCH DRILL HOLES

(a) Original Four Piece Straight Cut Broaching Tool
(b) Single Stage, Kennarnetal Design
(c) Single Stage, Investigators' Design
(d) Single Stage, Corner Cut - 110 Degree Included Angle
(e) Four Stage Broaching Tool,.,Hardened Tool Steel Cutters
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All tools were designed with an alloy steel body (either 4140
or 4340 steel) fitted with a rope thread (2 threads/in.) (79 threads/
m.) which was compatible with the standard drill steel. The tools
were designed into a body diameter of 1-5/8 in. (41 rom) to fit into
a 1-11/16 in. (43 rom) drill hole with a radial clearance. The
cutting edges were designed to cut notches 1/4 inch (6.4 mfl) ~eep.

All but one of the designs had water holes to·provide for a cool~

ing fluid.

The original concept in tool design was to employ a broach­
ing type tool which would notch to the required depth of 1/4 in.
(6.4 rom) but not require the removal of large volumes of rock by
a single cutter.

A four piece, three stage broach design is illustrated in
Figure 4-7a. Details of this broach design are shown in Figure
4-8. The three cutters were progressively longer so that as the
tool passed into the bore hole, the notch became deeper. The
first. cutter was 1.935 in. (49.1 rom) long, the second 2.06 in.
(52.3 rom), and the third was 2.188 in. (55.6 mm) long. This tool

was not water cooled and the cutters were made from 4140 steel
rod, 3/4 in. (19 mm) in diameter. The carbide inserts used for
cutting the rock were impact resistant, type 3055, manufactured
by Kennameta1. This tool was destroyed on the first pass. The
removable cutters did not have sufficient bending resistance and/
or shear strength and were broken off.

The tool provided by Kennametal (Figure 4-7b) performed well.
The cutter was an integral part of the body, and the full 1/4 in.
(6 rom) notch depth was achieved with the one-stage cutter. The
carbide inserts (also type 3055) chipped after notching five to
ten holes. When these inserts were replaced with more massive
and more impact resistant carbide inserts (from a standard 1-3/4
in. (44 rom) four point drill bit) the tool held up much better.
Photographs of the damaged Kennameta1 tool and the same tool after
it was repaired are presented in Figure 4-9. Although the repair
was rather crude, this modified tool was used to notch most of the
holes in the experimental program.

The tool shown in Figure 4-7c was similar to the Kennametal
tool except for the very long cutter members which support the
carbide inserts. The long supports were used to improve the notch
alignment and to inhibit rotation of the tool in the drill hole.
This tool failed after limited service when the carbide inserts
broke off in a drill hole, either as a result of inadequate impact
resistance or because they were not properly supported by the
cutter.

The tool illustrated in Figure 4-7d was designed to cut a
pair of notches with an included angle of 110 degrees. This tool
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(a) Damaged (b) Repaired

FIGURE 4-9. KENNAMETAL NOTCHING TOOL

-was intended for use in corner holes at the perimeter and in
fracture control cut holes. The body of this tool failed after
it was accidentally driven into a bootleg hole and hammered

. against the bottom of the hole.

A broach design with four hardened steel cutting edges is
shown in Figure 4-7e. The tool steel used was 8-11. This tool
cut sharp clean notches in several holes before the teeth began
to break off. It is believed that quenching cracks occurred in
the heat treatment process which caused premature failure of the
teeth. It was noted that wear of the hardened steel was not
excessive.

"
Of the problems which developed with the tools, the malfunc-

tions were primarily due to one of three causes~

a. Insufficient impact resistance of carbide inserts i

b. Quenching cracks near welded regions, which resulted
in body and insert support failures; or

c. Driving the tool against the bottom of the drill hole,
which resulted in thread and body failures.
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In addition to excessive tool breakage, two operating prob­
lems developed. First, in 'aligning the tool with the perimeter
line, the tool would sometimes tend to rotate as it entered the
hole, particularly if the tool was loose on the drill steel. To
avoid this rotation and to enable the tool to be more easily
aligned, future tools should incorporate a shank which can be
held with a wrench until the tool is collared in the proper orien­
tation in the drill hole. The second operational problem involved
the tool becoming wedged in the drill hole after the hole was
notched. This tool "hang.,..up" problem may have been due to one or
more of the following reasons:

a. The repaired Kennametal tool and all tools designed by
the investigators used very small or non-existent relief angles
on the cutter, which inhibited the angular movement of the cutter
in the notch and thus reduced the possibility of the cutter wig­
gling free if slightly misaligned when being pulled out.

b. The longer cutter members (which were used in the latter
stages of the experimental program to provide better notch align­
ment while cutting) would also limit the movement of the cutter in
the notch during tool retrieval from the drill hole.

c. The larger, more massive carbides used to replace the
original broken carbides resulted in larger notches, or more
cutter steel in the notch, which also served to reduce movement
of the cutter in the notch upon removal.

d. A different drilling/notching technique was employed in
the north/south headings than in the preliminary test rounds fired
in the blasting test chamber (see Section 5.2), which could have
caused or aggravated the "hang-up" problem. Initially, each
perimeter hole was drilled and notched prior to drilling the next
hole. After drilling was completed in a hole, the drill bit was
removed and replaced with the notching tool without moving the
drill boom.· As a result, the drill rod stayed aligned directly
with the axis of the drill hole. This practice resulted in in­
creased drill/notch times due to continually interchanging the
bit and the notching tool. Because of increased drill/notch
times, the perimeter holes in subsequent experimental rounds in
the north-south pilot tunnel were drilled prior to the start of
the notching operation. As a result, the drill steel was not
accurately aligned with the drill hole axis when advancing the
notching tool. This may have caused the tool to wedge in the
hole when removal was attempted.

The notching tool "hang-up" problem can be avoided by provid­
ing proper relief in the cutters and providing cutting edges for

. both entrabze and withdrawal.
~r~~_--_ .
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4.4.2 . Future Mechanica~ Notching Tool Design

Based on the experience with the various tool designs used
in this research program, a recommended mechanical notching tool
is shown in Figure 4-10. This broaching type tool incorporates
carbide inserts for entrance and withdrawal, and provides ade­
quate relief in the cutters.

In order to mechanically notch the bore holes in the fastest
possible time, it would be best if the notching tool were made
part of the/ drilling bit so that at the time the drilling was com­
pleted, the bore hole would also be notched. Figure 4-11 is a
conceptual sketch of what such a tool might look like. Contract
timing and the inertia of prototype tool manufacture prevented
either of the designs shown in Figures 4-10 and 4~11 from being
fabricated and field tested during this research program. How­
~ver, both are worthy of future experimental programs.
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5, EXPERIMENTAL PROCEDURES

5.1 GENERAL

The sequence of performing the perimeter control experiments
was as follows:

a. Test the various notching tools and other equipment and
procedures to be used in the fracture control experiments.
These tests were conducted in a preliminary test blasting chamber,
located at the east end of the ~ast-west access tunnel, so modifi­
cations in equipment and procedures could be made before starting
the fracture control experiments in the main north-south pilot tunnel.

b. Allow time for the contractor to develop the specified
smooth blasting round to both his and the owner's satisfaction;
then document the procedures and results for several rounds.

c. Modify the contractor's smooth blasting round in order
to determine the optimum perimeter control that could be achieved
in the host rock using smooth blasting procedures.

d. Implement fracture control procedures in several tunnel
rounds and compare the results with the optimum smooth blasting
results.

The opening cut experiments were conducted in the following
sequence:

a. Document the contractor's procedures and results for
several rounds.

b.
opening
wall so
ing the

Test the fracture control opening cut, the contractor's
cut and other types of opening cuts in the tunnel side­
that comparisons and refinements could be made before try­
fracture control opening cut in a full heading round.

c. Implement the fracture control opening cut in a full
heading round, make necessary modifications, and compare the
results to those of the contractor's round.

The experimental millisecond (ms) delay tunnel round (Appen­
dix A) was detonated in the south heading as. the last heading
round of the project.

Figure 5-1 shows the location of the test chamber, and the
various test rounds detonated in the pilot tunnel. Rounds labeled
SSB were the contractor's specified smooth blasting rounds which
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were documented.
blasting rounds.
procedures.

Those labeled MSB were the modified smooth
Those rounds labeled FC used fracture control

The following Hercules explosives were used in the blasting
experiments:

40% Extra
Gelatin

Gel Power A-2

Hercosplit WR

Stick Size(in.) Stick 'ivt. (Ib. ) Use

1-1/4 x 8 in. 0.53 lb. Bottom charge
(3.2 x 20 cm) (0.24 kg)
1-1/4 x 16 in. 0.71 lb. Column charge in
(3.2 x 41 cm) (0.32 kg) reliever, lifter

holes

7/8 x 24 in. 0.60 lb. Column charge in
U.2 x 61 cm) (0; 2. 7 kg) perimeter holes

Also used were 50 grain/ft. (0.01 kg/m) and 400 graln/ft.
(0.09 kg/m) Primacord, manufactured by Ensign-Bickford Company,
Simsbury, Connecticut. Stemming consisted of both sand filled
paper tamping bags and plastic water bags. The water bags were
manufactured by Central States Paper and Bag Company, Inc., St.
Louis, Missouri. They were about 2 in. (51 rom) in diameter when
full and were designed to be pressurized, then stretched longi­
tudinally so they fit snugly into the drill holes. The bags fre­
quently leaked, however, through the self sealing fill system,
so their diameter was reduced in size and they often did not fit
snugly in the drill holes.

Except for the millisecond (ms) delay round (Appendix A), a~l

experimental rounds were detonated with Hercules Superdet electrlc
delay caps manufactured by Hercules, Inc., Wilmington, Delaware.
These standard delay caps had an average delay interval of about
one second. The IDS delay round used Atlas Rockmaster SF electric
delay caps manufactured by the Atlas powder,Company, Dallas, .
Texas. Figure 5-2 shows some of the exploslves products used In
the experiments.

5.2 TEST CHAMBER EXPERIMENTS

During the early stages of excavation for the pilot tunnel,
a 14.75 ft. (4.5 m) long, 8 ft. (2.4 m) x 8 ft. (2.4 m) prelim­
inary test blasting chamber was required to be excavated. This
test chamber, located in Figure 2-3, was enlarged to a 12 ft.
(3.6 m) x 12 ft. (3.6 m) cross section arp.a using fracture control
perimeter control procedures. The test chamber allowed the notch­
ing tools and other fracture control equipment and procedur~s to
be tested before the start of testing in full face rounds in the
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BAGS

FIGURE 5-2. SOME EXPLOSIVES PRODUCTS USED IN EXPERIMENTS

main north-south pilot tunnel, so that there would be time to
make modifications to the tools and the procedures if required.

Two rounds, called FC Enlarqement land FC Enlaraement2,
were implemented to enlarge the test blasting chamber. The

~:round designs are shown in Figures B-1 and B-2, respectively, in
~Appendix B. Several different perimeter hole loadings were used,

and perimeter hole spacing was varied from about 24 to about 36
in. (0.61 to 0.91 m) •

These preliminary tests pointed out the problems with the
notching tools, which were described in Section 4.4, and aided
in the design of the fracture control rounds which were later
detonated in the main north-south pilot tunnel.

5.3 PERIMETER CONTROL EXPERIMENTS

5.3.1 Specified Smooth Blasting (SSB) Techniqries

The project blasting specification included in the META con­
tract documents was based on current smooth blasting techniques
used in the United States, which generally utilize the following:
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a. Small diameter perimeter holes, 1~5/8 to 1~7/8 in.
(40 to 48 rom) ;

b. Perimeter hole spacing of 18 to 24 in. (0.5 to 0.6 m)
with burden of about 1.2 times the spacing; and

c. Perimeter hole bottom charge of about 0.5 lb. (0.22 kg)
and column charge of about 0.25 to 0.30 Ib/ft (0.37 to 0.45 kg/m)
detonated last.

The ~pecified smooth blasting (SSB) round finally adopted by
the contractor is summarized in Figure 5-3, and consisted of the
following:

a. Perimeter hole diameter of 1-11/16 in. (43 mm)

b. Average drill hole depth of 7 ft. (2.1 m)

c. Perimeter hole spacing of 24 in. (0.61 m) at the ribs
and 21 in. (0.53 m) at the back (roof) for a total of 18 perimeter
holes i

NOTE: The spacing was closer in the back because this was
to be a final excavated surface in the proposed
station chamber.

d. Perimeter hole burden of 29 in. (0.74 m) at the ribs and
24 in. (0.51 m) at the back;

e. Perimeter hole loading of 0.53 lb. (0.24 kg) bottom
charge and 0.30 Ib/ft (0.45 kg/m) column charge, stemmed with a
quarter stick of tamped 40 percent extra gelatin;

f. Perimeter holes detonated with regular delays (average
delay interval of about one second) on the last four delays of the
round; and

g. Cut and reliever hole loading of 3.9 lb. (1.8 kg) per
hole, well tamped, without stemming.

The hole factor* for the round was 1.28 holes/cu. yd. (1.67
holes/cu m) and the powder factor** was 3.77 lbs/cu. yd (2.24 k9/
cu m). The complete round design for the final contractor speci­
fied smooth blasting round is shown in Figure B-3 in Appendix B.

*The hole factor is the number of drill holes per cubic yard of
rock broken, and is an indicator of the number of delay caps to
be used and of drilling costs.
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5.3.2 Modified Smooth Blasting CMSB) Technigues

The specified smooth blasting round as adopted by the con­
tractor was modified by the investigators during the test blast­
ing program, one step at a time as summarized in Table 5-1.

The locations of the six modified smooth blasting (MSB)
rounds are shown in Figure 5-1 and the complete round design for
each is in Figure B-4 through B-9 in Appendix B. The changes des­
cribed in Table 5-1 resulted in two final MSB rounds, MSB 5 and
MSB 6. Round MSB 5 used a perimeter hole loading of 0.53 lb.
(0.24 kg) bottom charge and a 0.19 lb/ft (0.28 kg/m) space loaded
column charge, stemmed with sand. Figure 5-4 shows the perimeter
hole loading, as well as the drilling pattern and delay sequence.
The hole factor for the round was 1.26 holes/cu. yd. (1.65 holes/
cu rn) and the powder factor was 3.17 lbs/cu. yd. (1.88 kg/cu m).
The complete round design for MSB 5 is shown in Figure B~8 in
Appendix B. In addition to round MSB 5, the space loaded MSB
perimeter loading was also used in the west rib of round FC 1 and
the east ribs of rounds FC 3, FC 4, and FC 5.

Round MSB 6 utilized a perimeter hole loading (Figure 5-5) of
0.53 lb. (0.24 kg) bottom charge and a 0.06 Ib/ft (0.09 kg/m)
column charge consisting of 400 grain/ft (0.09 kg/n) Primacord,
stemmed with sand. The complete round design for MSB 6 is shown
in Figure B-9 in Appendix B. This round also utilized the fracture
control opening cut, which is described in Section 5.4. The hole
factor for the round was 1.31 hqles/cu.yd. (1.71 kg/cu. m) and the
powder factor was 2.92 Ibs/cu.yd. (1.73 kg/cu. rn). In addition
to round Msa 6, the Prirnacord ~1S3 ?erimeter loading was also used
in the east rib of round FC 2.

5.3.3 Fracture Control (FC) Techniques

Fracture control perimeter control techniques were used in
seven full heading rounds. Figure 5-1. shows the locations of
these rounds (FC 1 through FC 7). All rounds were in the argil­
lite except FC 7. This round was in the large igneous dike in
the north heading, and is described in Section 5.3.4.

With the exception of round FC 4, fracture control rounds
FC 1 to FC 6 utilized a delay sequence similar to the modified
smooth blasting round, with the perimeter holes fired on the last
four or five delays. The delay sequence and lifter hole loading
in FC 4 was modified to that shown in Figure B-13, Appendix B,
in an attempt to loosen the muck pile and make the mucking opera­
tion easier and quicker. Rounds FC 1 through FC 5 utilized the
contractor's opening cut and used the same cut (C) and reliever
(R,F) hole loading as round MSB 5 and MSB 6. The hole factors
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TABLE 5-1. MODIFICATIONS TO CONTRACTOR'S
SPECIFIED SMOOTH BLASTING ROUND

I
LV
~

I

ROUND

MSB 1

MSB 2

MSB 3 & 4

MSB 4

MSB 5

MSB 6

CHANGES

Modified delay sequence.

Increased perimeter (P) hole
spacing at back to 24 in.
(0.6 m).
Stemmed ail holes with inert
stemming (sand or water bags).

Reduced charge/in cut (C) re­
liever (R,F) and lifter (L)
holes to 3.37 lb. (1. 53 kg).

First-row-in (F) holes looked
out parallel to (P) holes

Reduced charge in (F) holes
to about 3.26 lb. (1.48 kg).

Reduced column charge in (P)
holes to 0.19 Ib/ft. (0.28
kg/m) .

Reduced (P) hole spacing to 18
in. (0.46 m).
Reduced column charge in (P)
holes to 0.06 Ib/ft (0.09 kg/m).

COMMENTS

Provided better relief for first-row­
in (F) holes.
Eliminated one hole at back.

Contained gasses in drill hole.

Reduced powder factor, and fragmenta­
tion unaffected.

Uniform burden allowed (P) holes to
pull to bottom with less explosive

Reduced back break into (P) hole
burden.

Reduced overbreak and reduced damage
to remaining rock.

Reduced overbreak and reduced damage
to remaining rock.
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for FC 1 through FC 5 ranged from 1.14 to 1.26 holes/cu. yd.
ll.49 to 1.65 holes/cu. m) and the powder factors ranged from
2.97 to 3.13 Ibs/cu. yd. (1.76 to 1.86 kg/cu. m). Round FC 6
utilized a fracture control opening cut. This round had a hole
factor of 1.11 holes/cu. yd. (1.45 holes/cu. m) and a powder
factor of 2.77 Ibs/cu. yd. (1.64 kg/cu. m).

It was intended that all fracture control rounds have first­
row-in (F) holes drilled with a look-out so they would be parallel
to the perimeter holes, as was done in the smooth blasting modifi­
cations. Although most of the F holes were looked out, this was
not consistently done in all rounds unless the drillers were con­
tinuously supervised.

All fracture control perimeter rounds, except FC 6 and FC 7,
used notched perimeter holes at the back and at one
rib. Perimeter (P) holes on the other rib were drilled and
loaded using the modified smooth blasting techniques to allow a
round by round comparison of results. In FC 6, all P holes were
notched, while in round FC 7, all but four P holes were notched.

The fracture control bottom charge for the perimeter holes
consisted of one or two sticks of 40 percent extra gelatin, 0.53
Ib (0.24 kg) per stick. The perimeter hole column charge was
generally similar to that of round MSB 6, consisting of 4 to 5
ft. (1.2 to 1.5 m) of 400 grain/ft (0.09 kg/~) Primacord. Peri­
meter holes were stemmed with about 24 in. (0.6 m) of either sand
bags or water bags.

Spacing of notched perimeter holes was varied from 24 to 48
in. (0.6 to 1.2 m). The burden on the perimeter holes remained
fairly constant (about 24 in. (0.61 m) at the back and 29 in.
(0.74 m) at the ribs) although variatiqns did occur due to inac­
curate drilling.

Figure 5-6 summarizes the drilling pattern, delay sequence,
and perimeter hole loading for a typical fracture control round
(FC 5). The complete round designs for FC 1 through FC 6 are
shown in Figures B-IO through B-15, respectively, in Appendix B.

5.3.4 ~echniques in Igneous Dike

In the large igneous dike in the north heading of the north­
south pilot tunnel (see Figure 5-1), the contractor modified his
specified smooth blasting round by adding a vertical row of four
reliever holes. Figure 5-7 shows the perimeter hole loading, as
well as the drilling pattern and delay sequence.
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The round used 18 perimeter holes, with a charge weight of
1.86 lbs. (0.84 kg) per hole, at a spacing of 24 in, (0.6-m) at
the ribs and 21 in. (0.5 m) at the back. The powder factor for
the round was 4.20 Ib/cu. yd. (2.48 kg/cu. m), The complete
round design is shown in Figure B-16 in Appendix B. A total of
six specified smooth blasting rounds were detonated in the igneous
dike.

One fracture control round (FC 7) was implemented in the
igneous dike. The location of the round is shown in Figure 5-1.
Except for the perimeter holes, FC 7 used the same drilling pat­
tern as the specified smooth blasting rounds. Figure 5-8 sum­
marizes the drilling pattern, delay sequence, and perimeter hole
loading for FC 7. The complete round design is shown in Figure
B-17 in Appendix B.

Round FC 7 used 15 perimeter holes. At the left rib and
back, spacing of 24 in. was used at the corners, with 32 in.
(0.81 m) spacing for the interior holes. At the right rib, peri­
meter hole spacing of 24 in. (0.61 m) was used. All but four of
the perimeter holes were grooved. Perimeter hole loading was
generally 1.30 lb. (0.59 kg) per hole for notched holes, and 1. 83
lb. (0.83 kg) per hole at the corners and in unnotched holes. The
powder factor for the round was 3.55 lb/cu. yd. (2.10 kg/cu m).

5.3.5 Evaluation Procedures

5.3.5.1 General - Most of the field evaluation was done using the
three field data sheets shown in Figures 5-9, 5-10, and 5-11. A
legend for the abbreviations and symbols used is shown in Figure
5-12.

Figure 5-9 is a .typical completed Drilling and Loading
Report. It shows the as-drilled locations of the holes, the delay
sequence, and typical loading of cut (e), reliever (R), first-row­
in (F), and perimeter (P) holes.

Figure 5-10 is a typical completed Report of Advance. Ad­
vance measurements were made in two ways. First, a reference
line was painted on the tunnel ribs and measurements were made
from that. In addition, bootleg was measured (in brackets on the
Report of Advance) and subtracted from the hole length.

Figure 5-11 is a Summary Report which lists the objectives
of the round, summarizes the round geometry, and the results, and
gives recommendations for chang.es to be made in subsequent rounds.
Visual observations and measurements were made of flyrock throw,
muck pile fragmentation, condition of perimeter hole half casts,
and shear between perimeter holes. Maximum ground vibration and
air blast noise measurements were noted, and the average advance
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PORTER SQUARE PILOT TUNNEL BL..;STING TEST PROGRAM

SYMBOLS AND ABBREVIATIONS

DRILLING

P Perimeter hole

C Cut hole

R Reliever hole

F Hole in First row in from perimeter

L Lifter hole

Figures on DRILLING AND LOADING REPORT (All measurements
in feet)

7.9

2.0

LOADING

P~~1~2~-Perimeter hole

~Delay number. Hercules

Drilled depth of hole

Depth of unloaded hole at

Superdet

collar.

r><::::1
40

A-2

H

400PC

v,s
S

ADVANCE

Untamped or string loaded explosive

7amped explosive

1-1/4" x 8" Hercules 40% Gelatin Extra 0.53#/stick

1-1/4" x 16" Hercules Gel Power A-2 .71*/atick

7/8" Hercules Hercosplit .30./foot

400 grain/ft. Primacord .06#/foot

Water Stemming bag

Sand Stemming in paper Tamping bags

Figures on REPORT OF ADVANCE (All measurements in feet)

8.2 Measurement before blast

2.3 Measurement after blast

5.9 Subtraction equals advance

7.7

[2.01
5.7

Drilled depth of hole

Depth of bootleg after blast

Subtraction equals advance
H
o Half cast remaining after blast (> 3 ft.~)
P
o Partial half cast remaining after blast

(l ft. < H.C. < 3 ft.)

FIGURE 5-12. LEGEND FOR FIELD DATA SHEETS
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at the cut holes and at the perimeter holes is estimated from the
Report of Advance. In addition, th.e delay time, if any, asso­
ciated with the special procedures and documentation was noted for
use in compensating the contractor.

In an effort to make more meaningful and objective compari-
sons of the conditiori~ of the ribs and back after the perimeter ,
control experiment, other field measurements were made at the _ ~.~.~-_.~

completion of the experimental program. Measurements w.er.e./macre~- ;:
of the total length of half casts visible at the perimeter of each
round, and, from that a half cast factor was calculated. The half

.cast factor, which is described in more detail in th~ next sec­
tion, gives a quantitative comparison of the conditidn of the ribs
and back for each experimental round. In addition, ~ilhouette

photographs of tunnel cross sections, described in S~~tion 5.3.5.3,
were used to measure overbreak for each experimental ~ound.

Also, vibration measurements, described in Section 5.3.5.4,
were made so that vibrations frdm the experimental rounds could
be evaluated and compared.

5.3.5.2 Half Cast Factors ~ The half casts left by perimeter
drill holes (see Figure 5-13) after detonation of a tunnel round
give an indication of perimeter control and the condition of the
remaining rock. If all or a majority of perimeter hole half casts
were present, it would indicate there was very little overbreak
and that the remaining rock was not significantly damaged by the
blast. If very few half casts were visible, it would indicate

.·there was overbreak beyond the drill holes and the remaining rock
may be damaged or loosened.

In order to make quantitative comparisons of the amount of
perimeter control achieved using the three blasting techniques, a
half cast factor (HCF) was devised. The HCF is defined as the
total length of half casts visible, divided by the total length
of perimeter holes. A HCF of 100 percent would indicate excel­
lent perimeter control and no bootleg.

The HCF was determined from field measurements made after the
pilot tunnel was completed. Because of scaling, roof bolt drill­
ing and installation, shooting of subsequent rounds, and utility
installation, some of the haLf casts "vere removed between the time
the round was shot and the data was recorded. This is ,especially
true in the back (roof) of the tunnel, where it is felt that this
later activity caused breakage of rock slabs along the near hori­
zontal bedding planes, As an example, field notes taken just
after roof scaling was completed for round FC 5 indicate a HCF of
almost 100 percent. The measurements taken aLter completion of
the tunnel indicate a HCF of 55 percent. Thus., the RCF data from
the back may be misleading, and in comparing the perimeter control
techniques emphasis was placed on data fram the ribs.
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FIGURE 5-13. TYPICAL HALF CASTS LEFT BY PERIMETER
DRILL HOLES AT BACK AFTER ROUND FC 5

Also, some half casts were removed in the west wall of the
north heading by the opening cut experiments in that wall (Section
5.4.2). The west ribs of rounds MSB 4, MSB 5, FC 2, FC 4, and
FC 6 were all partially damaged in that way. However, with the
help of field notes, theHCF for these ~oundswere estimated and
are considered to be reliable to within 5 to 10 percent.

TheHCF does pot-reflect the wider spacing used in the frac­
ture control rounds. To take into account this spacing, the
specific half cast factor (SHCF) wasintr·C;duced. This is simply
the HCFdivided by the number of holes per foot, of perimeter. The
SHCF gives an indication of the degree of perimeter contour control
which also reflects the perimeter hole spacing. The larger the
SHCF the better the control and/or the greater the ~pacing. (It
should be noted that SHCF's greater than 100 can occur.)

5.3.5.3 Silhouette ~hotographs of .Tunnel Cross Sections - In
order to estimate and compare quantities of overbreak and under­
break, tunnel cross sections were recorded at the 'midpoint of each
experimental round. The tunnel. cross sections were recorded after
the pilot tunnel was completed, using a sllhouettephotographic
system. In this method, the tunnel lights·we~e e~tinguished and
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FIGURE 5-14. SCHEMATIC DRAWING OF TUNNEL SILHOUETT~

PHOTOGRAPHIC TECHNIQUE

TUNNEL
(12' x

CROSS
12 r )

FIGURE 5-15. TYPICAL TUNNEL SILHOUET.TE PHOTOGRAPH
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a scaled photograph was taken of a narrow light beam which made
visible the tunnel cross section. Figure 5-14 is a schematic,
three dimensional drawing which illustrates the technique. Figure
5-15 shows a typical resulting tunnel silhouette photograph.. By
superimposing the design excavation limits onto the photograph,
the cross sectional area of overbreak was measured with a plani­
meter at each rib and the back. This area was multiplied by the
average tunnel round advance (about 6.6 ft.) (2.0 m) to get the
estimated quantity of overbreak at each rib and the back.

As discussed in Section 5.3.5.2, the west ribs of several
rounds in the north heading were damaged by the opening cut
experiments in the sidewall. For rounds MSB 5 and FC 2, the dam­
age was minor andoverbreak data are considered reliable. For
rounds MSB 4, FC 4, and FC 6, however, the damage precluded an
accurate estimate of overbreak for the west rib.

5.3.5.4 Vibration Monitoring - The pilot tunnel contractor
(Perini Corporation) measured ground vibrations and air blast
overpressures adjacent to the nearest structures for almost every
round fired. M~asurements were made with a SINCO model S-5 Vibra-­
tion Monitor with two independent remote sensors~ Each sensor ~

monitored three orthogonal components (vertical, longitudinal and ~
~ -

transverse with respect to the source) of ground motion. Ground
particle velocity, in in./sec., was recorded on direct write-dry
photographic paper using a seven channel oscillographic recording
system. The seventh channel recorded air blast overpressure, in
psi, and was measured by a model 53108 remote air blast sensor. 1

The investigators monitored ground vibrations and air blast
overpressures for several tunnel rounds. Ground vibrations were
measured using a Sprengnether model VS-IIOO engineering seismo­
graph, equipped with a remote sensor (seismometer), which also
measured ground particle velocity, in in./sec., in three ortho­
gonal axes. Particle velocity was recorded on direct-write
photographic paper using a four channel recording system. The
fourth channel recorded air blast overpressure, in psi, and Has
measured by a model SMl remote air wave detector.

Additional ground vibration measurements were made for
several rounds by the Noise Measurement and Assessment Laboratory
of the Department of Transportation/Transportation Systems Center
(DOT/TSC). The DOT/TSC vibration monitoring equipment generally
consisted of seven ENDEVCO model 2217E acceleration transducers
fed into a Hewlett-Packard 3960A instrumentation recorder. Meas­
ured acceleration data were processed through a filter to a com­
puter where the time history of ground accelerations was inte­
grated to calculate particle velocity values. All transducers
measured the vertical component of ground motion.
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FIGURE 5-16. INVESTIGATORS' BLAST MONITORING EQUIPMENT
AND DOT/TSC TRANSDUCER AT SENSOR LOCATION J

. Figure 5-16 shows the locations near the site where sensors
~~~re deployed during the program. The investigatois l sensor and
:~hose of the contractor were generally placed on a sidewalk or
':parking lot pavement and were anchored to prevent slippage of the
·~ensor in the event that high ground accelerations were generated
'by blasting .. Air wave detectors were mounted on tripods and
located about four feet (1.2 m) above the ground surface. Figure
5-17 is a photograph of the investigators' blast monitoring equip­
ment set up adjacent to a DOT/TSC transducer at sensor location J.

Except at sensor locations N, P, and Q, DOT/TSC transducers
\vere mounted on 7/8 in. (22 rom) diameter by I-ft. (0.3 m) long brass
rods driven into the ground below the parking lot pavement. At
sensor location N, the transducer was mounted on the exterior founda­
tion wall of the CVS store within the Porter Square Shopping Center.
At sensor location P, t~e transducer was located on the exterior
foundation wall of Star r1arket within the Porter Square Sho??ing
Center. At location Q, the DOT/TSC transducer was mounted on the
tunnel wall.

Maximum vibrations at the various sensor locations were sum­
marized for each round. In addition, data from perimeter delays
were analyzed in an effort to compare maximum :vibrations caused by
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the different perimeter control techniques, Data from all MSB
and FC rounds, as well as from several SSB rounds were reduced
and summarized. The SSB rounds chosen were generally adjacent
to or in close proximity to the FC or MSB rounds so that the
average slant range (radial distance from vibration source to
sensor) would be about the same for each technique.

5.4 OPENING CUT EXPERI~mNTS

5.4.1 Contractor's Techniques

The opening cut used by the contractor is illustrated in
Figure 5-17. This cut consisted of three 3-in, (75 rom) holes and
five 1-11/16 in. (43 rom) holes, each drilled about 7 ft. (2.1 m)
deep. The three large diameter holes provided relief for the cut.
Each small diameter hole was loaded with about 3.9 Ibs. (1.77 kg)
of tamped explosive, and detonated with regular delay caps (Her­
cules Superdet Electric) in the sequence indicated on Figure 5-17.

5.4.2 Tests in Tunnel Sidewall

Both the contractor's cut and the fracture control cut were
first evaluated by tests conducted separate from full heading
rounds, in order to minimize disruption to the contractor and to
allow for separate evaluation of the cuts.

The first opening cut experimentation was done at the same
time as the test chamber experiments. The east-west access tun­
nel had been excavated and blasting was ready to start in the
north heading of the main north-south pilot tunnel. At about
Station 2+70, a fracture control cut, shown schematically in Fig­
ure 4-6, was drilled. It was planned to fire the cut in two
stages. First, the three notched holes would be loaded and fired.
The results would be observed, then the center hole would be
loaded and fired, and the results again would be observed. How­
ever, when the three notched holes were fired, craters were formed
from the drill holes which overlapped and destroyed the collar of

'the center hole. The damage prevented the center hole from being
loaded and detonated.

Later in the program, several opening cut experiments were
conducted in the west wall of the north heading of the main north­
south pilot tunnel. In the first of these experiments, the frac­
ture control cut (Figure 4-6) was drilled at Station 3+45. Just
to the north, at Station 3+64, the contractor's cut (Figure 5-17)
was also drilled in the tunnel wall. Both cuts were detonated at
the same time as the next north heading round (FC5).
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DEPT'" OF DR I LL HOLE, FT.

7.0 6.0 5.0 4.0 3.0 2.0 1.0 o
1

CD 4 STICKS 40% EXTRA GEL, TAMPED, ON DELAY CAP NO.2
® SAND STEMMING (IN PAPER TAMPING BAGS 1
@ .; STICKS 40% EXTRA GEL, TAMPED, ON DELAY CAP NO.3

FIGURE 5-18. LOADING OF 1-11/16 IN. DIAMETER
CRATER CUT HOLE IN TUNNEL SIDEWALL

Further north in the same west wall of the north headinq,
additional experiments were conducted to evaluate the fracture
control cut. In these tests, a single hole was drilled and deton­
ated, without the three notched holes around it, to see if the
crater from a single loaded hole could form a sufficient opening
cut. In the first of these tests, at Station 3+82, a 1-11/16 in.
(43 rom) diameter hole was drilled to a depth of 7 ft. (2.1 m)
and loaded as shown in Figure 5-18. The decked charges were fired
on two separate delays, the charge nearest the collar on delay
period 2 (1.5 sec.) and the bottom charge on delay period 3 (2.1
sec. ) .

In the second of these cratering experiments, at Station'
3+95, the hole diameter was increased to 3 in. (76 mm) and a simi­
lar loading and delay sequence was used, as shown in Figure 5-19.
In the 3 in. (76 mm) hole, the four sticks of 40 percent extra
gelatin were taped together in a bundle. .

5.4.3 Fracture Control Techniques in Full Heading Rounds

After the fracture control techniques had been evaluated
In the tunnel sidewalls, three fracture control cuts were detonated
as part of full heading rounds. The locations of these rounds,
designated as FC 6, FC Cut 1, and MSB 6/FC Cut 2, are shown in
Figure 5-1.
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FIGURE 5-19. LOADING OF 3-IN. DIAMETER CRATER
CUT HOLE IN TUNNEL SIDEWALL

Round FC 6 utilized a fracture control opening cut similar
to that shown in Figure 4-6, except that:

a. The three notched cut holes did not look-in. It was
intended that the holes be drilled perpendicular to the face, but
in fact, measurements after the round indicated that two of the
holes looked-out about 2 to 4 in. (50 to 100 rom) .

b. The decked charges were detonated on separate delays,
with the top charge detonated at 1.5 sec. and the bottom charge
at 2.1 sec.

c. The diameter of the center fragmentation hole was 1--11/16
in. (43 mm) •

Rounds FC Cut 1 and MSB 6/FC Cut 2 utilized the fracture con­
trol opening cut shown in Figure 4-6 and described in Section 4.3.

5.4.4 Evaluation Procedures

Field evaluation of the opening cut experiments utilized the
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field data sheets described in Section 5.3.5.1, Advance/bootleg
measurements were considered the most important measurement in
evaluating the opening cuts.

Vibration measurements were made using the equipment des­
cribed in Section 5.3.5.4. Vibration records were analyzed so
that maximum vibrations from both the contractor's opening cut
and the FC opening cut could be tabulated and compared. Vibra­
tion data from the three FC cuts, as well as from se¥eral adjacent
contractor opening cuts, were reduced and summarized.
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6, PERIMETER CONTROL RESULTS

6.1 GENERAL

As described in Section 5.3, the perimeter control techniques
were grouped into three classifications: specified smooth blast­
ing (SSB) techniques as employed by the contractor, modified
smooth blasting (MSB) techniques developed by the investigators,
and fracture control (FC) techniques developed by the investi­
gators. For comparison purposes, 11 SSB rounds were documented,
along with the six MSB rounds and seven FC rounds. The pro­
cedures and results of these rounds, together with their loca­
tions, are summarized in Figure 6-1. For each round, the peri­
meter hole spacing and column load, as well as the half cast
factor, the specific half cast factor, the amount of overbreak,
and the advance, are noted. Those ribs or backs where the peri­
meter holes were notched are noted with an N after the perimeter
hole spacing.

The tunnel silhouette photos (see Section 5.3.5.3) for the
rounds noted in Figure 6-1 are. shown in Appendix C.

6.2 SPECIFIED SMOOTH BLASTING (SSB) RESULTS

In general, the contractor's specified smooth blasting round
pulled well and mucked easily but caused the most damage to the
final rock surfaces of the three techniques used. The average

_half casf factor for the SSB rounds noted in Figure 6-1 was only
9.4 percent. The high column charge (0.30 Ib/ft) (0.45 kg/m) l:las
felt to contribute most to this condition, along with the geologic
factors noted in Section 3.3.

The average overbreak was 11.5 cu. yd. (8.8 cu. m) per round.
This large amount of overbreak was attributed mainly to relaxed
drilling control, which will be discussed in subsequent sections,
as well as to the high column charge utilized and to the geologic
factors noted in Section 3.3.

The average advance for the SSB rounds was qenerally about
90 to 95 percent of the average drilled depth. However, the peri­
meter (P) holes often left bootleg, especially at the corners.
The average advance at the P holes for the four SSB rounds in
Figure 6-1, where advance measurements were ~3de, was 86 percent
of the average P hole depth. The bootleg was attributed to
relaxed drilling control and to the increased burden at the
bottoms of the holes due to "looking out" the P holes. Figure
6-2 shows the ribs and back of-a typical SSB round.
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(a) Back

(b) Left Rib

(c) Right Rib

FIGURE 6-2. BACK AND RIBS OF TYPICAL sse ROUNO (SSB 54)
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The average drilling time for the SSB rounds was 2.2 hours.
An average of 1.3 hours was used to load and shoot the round, and
mucking generally took about 2.3 hours. The muck pile was gener­
ally about 6 ft. (1.8 m) high at the face and extended about 40­
ft. (12 m) from the exposed tunnel face. The muck size wasgen­
erally 2 to 6 in. (5 to 15 rom), with occasional slabs to about
2 ft. x 1 ft. (0.3 m x 0.6 m). Figure 6-3 shows the muck pile
after a typical 5SB round.

FIGURE 6-3. MUCK PILE AFTER TYPICAL SSBROUND (5SB 36)

6.3 MODIFIED SMOOTH BLASTING (MSB) RESULTS

As noted in Table 5-1, the major changes made in modifying
the contractor's specified smooth blasting round were to:

a. Change the delay pattern to provide better relief for
first-raw-in holes; -

b. Reduce the charge in cut, reliever and lifter holes~

c. Look the first-row-in holes out to put a uniform burden
on the perimeter holes; and

d. Reduce charge in and stem perimeter holes with inert
stemming.

\
\
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(a) Left Rib (b) Right Rib

FIGURE 6-4. RIBS OF ROUND MSB 6

The modified smooth blasting (MSB) techniques produced
noticeably sounder excavated surfaces, esp~cially when perimeter
holes were shot on 18-in. (0.46 rn) centers with 400 qrain/ft.
(0.09 kg/m) Primacord , ~s in round MSB 6 (see Figure 5-5). Figure
6-4 shows the ribs after HSB 6. The average half cast factor
using the MSB Prim~cord loading was 31.8 percent. The average
overbreak was 8.7 cu. yd. (6.7 cu. ~) per round. The average
advance at the perimeter was 92 percent of the average ?erimeter
hole depth. It',:should be noted that the MSB Pr imacord loading
was only used in round MSB 6 and in one rib of round FC 2.

---~

The other MSB technique used space loaded perimeter-holes,
shot on 24-in. centers with a column charge of 0.19 Ib/ft (0.28
kg/m) , as in round MSB 5 (see Figure 5-4). Figure 6-5 shows the
ribs and back after MSB 5. This' technique was also used in the
west rib of round FC 1 and in the east ribs of rounds FC 3, FC 4,
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BACK AND RIBS OF ROUND MSB 5
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(a) Back

(c) Right Rib
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and FC 5. The average half cast factor using the MSB space
loaded perimeter loading was 19.7 percent. The average overbreak
was 9.7 cu. yd (7.4 cu. m) per round. The average advance at the
perimeter was 89 percent of the average perimeter hole depth.

The cycle times for the MSB rounds were about the same as
those for the contractor's SSB rounds. The muck piles from the
MSB rounds were somewhat tighter than the SSB rounds. However,
there was no significant increase in mucking time. The muck pile
after round MSB 6, shown in Figure 6-6, was about 7 ft. (2.1 m)
high and extended about 30 ft. (9 m) from the exposed tunnel
face. The MSB 5 muck pile was about 7.5 ft. (2.3-m) high and
extended about 25 ft. (8 m) from the exposed tunnel face. For
both rounds, the muck size was slightly larger than that pro­
duced from the SSB rounds. The fragments were generally 3 to 9
in. (7.5 to 22.5 mm), with occasional slabs to about 2 ft. x
1 ft. (0.6 m x 0.3 m) .

FIGURE 6-6. MUCK PILE AFTER 'ROUND MSB 6

6.4 FRACTURE CONTROL (FC) RESULTS

Figure 6-1 shows the locations in the tunnel of the seven
full face rounds (FC 1 through FC 7) where fracture control peri­
meter control techniaues were utilized. Two of the rounds, FC 1
and FC 3, were in th~ south heading, and a fault zone was encoun-

." ~
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FIGURE 6-7. LEFT RIB OF ROUND FC 1,
NOTCHED PERIMETER HOLES

FIGURE 6-8. LEFT RIB OF ROUND FC 3,
MSB SPACE LOADING



tered in the left (east) rib of these adjoining rounds (see Figure
3~l). In round FC 1, the perimeter holes in the left rib were
notched and shot on 24-in. centers (0.61 m) using 4.5 ft. (1.4 m)
of 40D grain/ft. Primacord (0.06 Ib/ft). In round FC 3-, the left
rib was shot using the space loaded MSB loading (0.19 Ib/ft),
with notched perimeter holes on 29 in. (D.74 m) centers. In
spite of these perimeter control techniques, there was consider­
able overbreak into the fault zone in both rounds. At the left
rib of FC 1, there was about 9.6 cu. yd. (5.3 cu. m) of overbreak,
and the RCF was 13 percent. That quantity of overbreak would be
equivalent to the left rib being an average of 2.3 ft. (D.7 m)
outside the desired dimension. The average advance at the rib
was about 9D percent of the average perimeter hole depth. At
the left rib of FC 3, there was 4.3 cu. yd. (3.3 cu. m) of over­
break, the RCF was 21 percent, and the average advance was 86
percent of the average perimeter hole depth. Figures 6-7 and
6-8 show the left (east) ribs of FC 1 and FC 3, respectively.

The right (west) rib of FC 1 was shot with the space loaded
MSB loading (0 .19 Ib/ft) (0.28 kg/!D.) in unnotched perimeter holes
on 24-in. centers. Figure 6-9 shows this rib, which had a RCF of
25 percent and 4.2 cu. yd. (3.2 cu. m) of overbreak. The avera0e
advance at the rib was 89 percent of the average perimeter hole­
depth. The right rib of FC 3 utilized notched perimeter holes
spaced at about 29 in. (D.74 m). These Derimet~r holes were loaded
with a bottom charge consisting of two t~m?ed sticks of 40 per­
cent extra gelatin (1.06 lbs.) (0.48 kg) and no colur.m charge. 'The
collar was stemmed with two feet (0.6 m) of sand, tamped against
a spider tube used as a spacer. Figure 6-10 shows the results of

·:this loading. The rib had a RCF of 32 percent and 2.7 cu. v~.

)2.1 cu. m) of overbreak. The average ~dvance at the rib was
~~D percent of the vareqe perimeter hole depth.

The results of rounds FC 1 and FC 3 indicate that in a large
open discontinuity, such as a fault, no advantage is gained by
using fracture control procedures. In the'right (west) ribs,
however, the fracture control procedures used a wider perimeter
hole spacing and resulted in a higher half cast factor and less
overbreak, with the same advance, as the space loaded MSB tech­
niques.

The remainder of the fracture control rounds were shot in the
north heading. The rock quality in the north heading was gener­
ally better than in the south heading, and it was expected that
better results would be obtained. Rounds FC 2 and FC 4 were
adjoining rounds which utilized fracture control techniques in
the left (west) ribs and back and modified smooth blasting tech­
niques in the right (east) ribs. The left rib and back perimeter
holes in round FC 2 were notched and loaded with aD.53 lb.
(0.24 kg) bottom charge and a column charge of about 3.5 to 4 ft.
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FIGURE 6-9. RIGHT RIB OF ROUND FC 1, FIGURE 6-10.
MSB SPACE LOADING
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RIGHT RIB OF ROUND FC 3,
NOTCHED PERIMETER HOLES,
NO COLUMN CHARGE



(1.1 to 1.2 m) of 400 grain/ft. Primacord (0.06 Ib/ft). Spa~ing

was 29 in. (0.74 m) in the left rib and 36 in. (0.91 m) in the
back. In the right rib, the perimeter holes were not notched.
The same loading was used, with 24 in. (0.61 m) spacing.

At the left (west) rib of FC 2, there was 1.3 cu. yd. (1,0
cu. m) of overbreak and the half cast factor was 56 percent.,As
discussed in Sections 5.3.5.2 and 5.3.5.3, field notes were used
to estimate these values since the opening cut experiments in the
sidewall had damaged the rib. The average advance at the left
rib perimeter holes was 89 percent of the average perimeter ~ole
depth. Figure 6-11a shows the left rib of FC 2 prior to the'
damage caused by the opening cut experiments. At the right ~~b,

there was 3.1 cu. yd. (2.4 cu. m) of overbreak, the HCF was 4B
percent, and the average perimeter advance was 97 percent of the
perimeter hole depth. Figure 6-11b shows the right rib of FC 2.

(a) Left Rib, Notched Perimeter (b)
Holes

Right Rib, MSB Primacord
Loading

FIGURE 6-11. RIBS OF ROUND FC l:.
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(a) Left Rib, Notched Perimeter
Holes

(b) Right Rib, MSBSpace
Loading
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FIGURE 6-12. RIBS OF ROUND FC 4

The left (west) rib perimeter holes in round FC 4 were
notched and loaded with a 1.06 lb. (0.48 kg) bottom charge and a
column charge of 4 ft. (1.2 m) of 400 grain/ft. Primacord (0.06
Ib/ft). Spacing was 36 in. (0.91 m). In the unnotched right
(east) rib, the space loaded MSB loading (0.19 Ib/ft) was used.
The notched left rib had an HCF of 51 percent and an average
advance of 89 percent of the average perimeter hole depth. The
HCF was estimated from measurements and field notes, and over­
break could not be measured due to the damage caused by the open­
ing cut experiments in the tunnel wall.

Figure 6-12a shows the left rib of FC 4. The unnotched right
rib is shown in Figure 6-12b. This rib had a half cast factor of
18 percent, overbreak of 4.5 cu. yd. (3.5 cu. m) and an average
advance of 85 percent of the average perimeter hole depth. The
relatively large amount of overbreak in the right (east) rib was



due, for the most part, to a joint (f~om Joint Set N6. 3) strik­
ing about N20 0 E and dipping about 75 SE.

Round FC 5 utilized notche~ perimeter holes at the left
(west) rib and back. In this round, an attempt was made to break
the corners at the back using two notched holes, spaced one foot
away from the corner, as shown in Figure 5-6. These corner peri­
meter holes were loaded with a 1.06 lb. (0.48 kg) bottom charge
and a column charge of about 4 ft. (1.2 m) of 400 grain/ft. (0.09
kg/m) Primacord (0.06 Ib/ft). The other left rib oerineter holes were
notched and loaded with a 0.53 Ib (0.24 kg) bottom-charge and a
column charg.e of about 4.5 ft. (1.4 m) of 400 grain/ft. (O.O~ kg/r:1)
Primacord. Spacing at the left rib was 33 in. (0.84 m). The right rib
perimeter holes were not notched. Spacing was 22 in. (0.56 m) anct
loadinq consisted of the space loaded MSB loa~ina (n.1Q l~/~t.).

The notched left rib of FC 5, shown in Figure 6-13a, had a
RCF of 70 percent, overbreak of 3.3 cu. yd. (2.5 cu. m), and an
average advarice of 78 percent of the average perimeter hole depth ..
The left corner perimeter holes pulled well but there was some
rock left at the corner between them .. The other three perimeter
holes left about 2 ft. (0.6 m) of bootleg each. This bootleg was

~attributed to an insufficient bottom charge for the spacing used.
''"; . /

./~ The unnotched right rib of FC 5 had'a RCF of 9 percent, over-
break of 1.2 cu. yd. (0.9 cu. m), andC"an average advance of 94

"percent of the average perimeter hole depth. The right corner
berimeter holes left about a foot of bootleg and considerable
tack betwen them at the corner, while the other perimeter holes
pulled well. Figure 6-13b shows that the right rib perimeter

\1101es broke to a joint (frgm Joint Set No.3) striking about
N20 0E and dipping about 80 SE.

The relatively low overbreak and low RCF of the right (east)
~ib, together with the high overbreak and RCF of the opposite
rib, indicate that the round was located and drilled about 9 in.
(0.23 m) to the east of the correct alignment. In addition, des-
pite a high RCF at the back (see Section 5.3.5.2), there. was
~lmost 6 cu. yd (4.6 cu. m) of overbreak recorded at the back.
Measurements at the face prior to loading the drill holes indi­
cated an average distance of 12.6 ft.' (3.8 m) from the left to
the right rib perimeter holes (and 13.3 ft. (4.1 m) from the
lifter holes to the perimeter holes at the back. These and other
measurements suggest that relaxed alignment and drilling control,
and not perimeter control technique or geology, was the most
important factor in the large quantities of overbreak recorded.

In round FC 6, all perimeter holes were notched and 36 in.
(0.91 m) spacing was used. The perimeter hole loading vias varied as
shown in Figure B-15 in Appendix B. At the)8ft rib, 400 grain/ft.
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(a) Left Rib, Notched Perimeter
Holes

(b) Right Rib, MSB Space
Loading

FIGURE 6-13. RIBS OF ROUND FC 5

Primacord (0.06 Ib/ft) was used as a column charge. The
lower two holes used a 0.80 lb. (0.36 kg) bottom charge while
the 3 corner holes used a 1.06 lb. (0.48 kg) bottom charge. At
the right rib, no column charge was used, instead a piece of
spider tube was used as a spacer to place the water bag stem­
ming against. The bottom charge used was the same as the corres­
ponding holes at the left rib. This round also used a fracture
control opening cut, the results of which will be described in
more detail in Section 7.

Round FC 6 did not break well, and considerable bootleg was
left at the perimeter holes, especially at the top corner holes
and the right rib. This can partially be attributed to the
fracture control opening cut usea (see Section 7) which had an
advance of only 68 percent of the average cut hole length.
Excluding the top corner hole, which had 5.5 ft. (1.7 m) of boot-
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(a) Left Rib, Notched Perimeter
Holes

(b) Right Rib, Notched Perimeter
Holes, No Column Charge

"."..- FIGURE 6-14. RIBS OF ROUND FC,6

leg, the average advance at the left rib was 72 percent of the
average perimeter hole depth, and the HCF was estimated from
field notes to be about 40 percent. The overbreak could not be
determined due to damage to the rib by an opening cut experiment
in the tunnel sidewall. At the right rib, excluding the top
corner hole, the average advan~e was only 29 percent of the aver­
age perimeter hole depth, and the HCF was 36 percent. Figures
6-l4a and 6-l4b show the left and right ribs, respectively, of
round FC 6.

Despite the low advance of the cut,' th~ first-row-in (F)
holes in FC E had an average advance of 90 percent of the aver­
age F hole depth. Thus, the bootleg at the perimeter was mainly
a result of the spacin~ and burden -being tod great for the amoun~

of powder in the holes, especially in the r~ght rib, where no'
column charge was used.
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The tunnel silhouette photograph measurements indicate an
overbreak at the right rib of round FC 6 of 3.2 cu. yd. (2.4 cu.
m)" This would be equivalent to the right rib being an average
of 1.1 ft. (0.34 m) outside the desired dimension. A field meas­
urement was made from the tunnel centerline (as marked by the con­
tractor) to a bootleg hole at the right rib. The measured dis­
tance was 7.0 ft. (2.1 m), which indicates the overbreak was
mainly the result of improper hole location and excessive lookout.

The average cycle time for the fracture control rounds was
about 6.5 hours, broken down as follows:

Average Drilling time:
Average Notching time:
Average Loading time:
Average Mucking time:

2.05 hrs.
1. 05 hrs.
1.30 hrs.·
2.20 hrs.

This was about 0.9 hours more than the SSB and MSB cycle
times, and is attributable to the time required to notch the holes.
The notching times ranged from about three minutes per hole in the
teitchamber to as much as 15 minutes per hole in the later full
face 'rounds. The average notching time for the full face rounds
was about six minutes per hole. The longer grooving times were
the result of changes in the tool design which caused the tools
to "hang up" on removal (see Section 4.4).

The muck piles from the FC rounds were similar to the MSB
rounds in that they were generally 6 to 8 ft. (1.8 to 2.4 m) high
and extended about 25 to 30 ft. (7.6 to 9.1 m) from the exposed'
face. The muck size was generally 3 to 12 in. (7.6 to 30.5 rom),
with occasional slabs to about 2 ft. x 1 ft. (0.6 m x 0.3 m).

,As with the MSB rounds, the muck piles from the FC rounds
were somewhat tighter than the SSB rounds. Although this did not
lead to an increase in mucking time, complaints were received from
the-load haul dump operator that this muck pile was very tight
nearcthe face. In round FC 4, the delay pattern was changed and
the lifter holes were fired last in an effort to loosen the muck
pile: The resulting muck pile, shown in Figure 6-15, was about 6
ft .. (1.8 m) high, extended about 30 ft. (9 m) from the exposed
face, and had muck size of about 2 to 8 in. (5 to 20 rom) with
occasional larger slabs. The muck pile was more loose near the
fac~ and mucking time for that round was less than two hours.
However, the lifter hole delays caused significantly higher ground
vibrations than had been previously recorded, so the FC 4 delay
pattern was not used again.
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FIGURE 6-15. MUCK PILE AFTER ROUND Fe 4

:6.5 TECHNIQUES IN IGNEOUS DIKE

Round FC 7 was shot in the igneous dike in the north heading
~6f the pilot tunnel. The locatibn, procedures and results of this
;~ound and the'specified smooth blasting round which preceded it

(SSB 74) are summarized in Figure 6-1. Round SSB 74 used peri-
,"meter hole spacing of 24 in. (0.61 m) at the ribs and 21 in. (0.53
rn) at the back. The perimeter hole loading, shown in Figure 5-7,
was the same as that used in the argillite. Round FC 7 used peri­
meter hole spacing of 24 to 32 in. (0.61 to 0.81 m) at the left
rib and back, and 24 in. (0.61 m) at the right rib. The perimeter
hole loading and spacing is shown in Figure 5-8.

Except at FC 7, very few half casts are visible in the igneous
dike. The left (west) rib of round SSB 74 had a HCF of 10 percent
and overbreak was 1.6 cu. yd. (1.2 cu. m). At the right (east)
rib, the HCF was 7 percent and overbreak was 4.1 cu. yd. (3.1 cu.
m). No ,advance measurements were made for this round but the peri­
meter holes generally pulled well. It should be noted that the
SSB round subsequent to FC 7, which was not documented, did not
break well, leaving an average of 2 to 3 ft. (0.6 to 0.9 m) of
bootleg throughout.
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(a) Left Rib, Notched, 24-32
in. Spacing

(b) Right Rib, Notched,
24-in. Spacing

FIGURE 6-16. RIBS OF ROUND FC 7

At the left rib of round FC 7, the HCF was 50 percent, over­
break was 1.9 cu. yd. (1.5 cu. m) and the average advance was 85
percent. At the right rib, the HCF was 32 percent, overbreak was
1.9 cu. yd. (1.5 cu. m) and the average advance was 90 percent.
Figures 6-16a and 6-16b show the left and right ribs, respectively,
of round FC 7.

The cycle times for SSB 74 and FC 7 were similar except that
it took 1.1 hours to notch the 11 perimeter holes in FC 7. The
muck Diles from both rounds were also similar. They were about 6
ft. (1.8 m) high and e~tended about 30 ft. (9.1 m) from the ex­
posed tunnel face. The muck size in the igneous dike was somewhat
larger than in the argillite. The fragments were generally
between 2 and 18 in. (0.05 and 0.46 m) and well graded.
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6.6 VIBRATION MEASUREMENTS

A summary of all vibration measurements made is presented in
Appendix D. This summary table gives explosives data submitted by
the contractor, peak particle velocities for the round at the I

various sensor locations, and peak air overpressures for the round
at the various sensor locations .. The sensor locations are shown
on Figure 5-1.

A portion of a typical vibration record from the contractor's
seismograph is shown in Figure 6-17. The recorder tape speed
used was about 4 in/sec. (0.10 m/sec.) so that individual hole
detonations could be identified. Because of scatter in the det­
onators used, it was found that most of the holes in the round
detonated independently. The scatter in the perimeter detonators
was often as much as one to two seconds. Thus, identifying the
correct delay number for an individual detonation was sometimes
difficult.

For most rounds, the maximum vibrations summarized in Appen­
dix D occurred during cut or reliever hole detonations. In order
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FIGURE 6-17. TYPICAL VIBRATION RECORD
FROM CONTRACTOR'S SEISMOGRAPH
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to compare vibrations from the various perimeter control tech­
niques, data from the perimeter delays of the MBB, FC, and sev­
eral SSB rounds are summarized in Table 6-1. For each round, the
table gives the sensor location (see Figure 5-1) and the slant
range from the blast to the sensor. For each perimeter delay in
the round, the loading technique is noted, as well as the nominal
firing time of that delay, the maximum ground vibration velocity
recorded for that delay, and the actual time of the maximum
recorded velocity. Also noted is the maximum air blast over­
pressure associated with the perimeter delays, if that measure­
ment was made.

The results summarized in Table 6-"1 indicate an average maxi­
mum particle velocity for the SSE perimeter delays noted of 0.099
in/sec. (0.25 em/sec.) at an average slant range of 146 ft. (45 m).
For the MSB space loaded perimeter delays, the average maximum
particle velocity was 0.068 in/sec. (0.17 em/sec.) at an average
slant range of 154 ft. (47 m). The MSB Primacord loaded perimeter
delays had an average maximum particle velocity of 0.063 in/sec.
(0.16 em/sec.) at an average slant range of 167 ft. (51 m), and
the FC perimeter delays had an average maximum particle velocity
of 0.051 in/sec. (0.13 em/sec.) at an average slant range of 148
ft. (45 m). Thus the decrease in charge weight in the perimeter
holes had the expected result of reducing the ground vibrations
associated with the perimeter hole delays.

It was also expected that stemming the perimeter holes with
inert stemming for MSB and FC rounds, as against the 1/4 stock of
40 percent extra gelatin used by the contractor in the SSE rounds,
would reduce the air blast noise associated with the perimeter
delays. The results in Table 6-1 indicate an average maximum air
blast overpressure of 0.0051 psi (0.035 kPa) for the SSB perimeter
delays, 0.0038 psi (0.026 kPa) for the MSB space loaded perimeter
delays, 0.0030 psi (0.021 kPa) for the MSB Primacord loaded peri­
meter delays, and 0.0031 psi (0.021 kPa) for the FC delays. The
slant ranges were all similar to those noted for the perimeter delays.

As noted previously, the maximum vibrations within each round
generally did not result from perimeter delay detonations. There­
fore, although the perimeter delay vibrations were significantly
lower using fracture control procedures, this did not affect the
maximum vibration levels within each round. However, because the
MSB and FC rounds used less charge weight per hole in cut and
reliever holes, there was a slight reduction in maximum vibration
levels in comparison with the SSB rounds. For those rounds noted
in Table 6-1,the average peak particle velocity (from data in
Appendix D) at the sensors noted was 0.17 in/sec. (0.43 em/sec.)
for the SSB rounds, and 0.12 in/sec. (0.30 em/sec.) for the MSB
and FC rounds. The average maximum air blast overpressure was
0.007 psi (0.048 kPa) for the SSB rounds and 0.006 psi (0.041
kPa) for the MSB and FC rounds. The contract documents specified
a maximum allowable peak particle velocity of ground vibrations

-80-



(measured adjacent to any structure in the vicinity of blasting
operations) of 1.9 in./sec. (4.8 em/sec.). Air blast noise
adjacent to nearby structures was required to be kept below an
equivalent peak air overpressure of about 0.15 psi (1.03 kPa).

TABLE 6-1. SUMMARY OF VIBRATION DATA FOR PERIMETER HOLE DELAYS

;,jOMiNAL ~:AXI~IUM ACTUAL M.i\XiMUM
SLA..'lT FJ:RING PI,RT:CLE FIRWG p.IR BLAST

SEtISOP R~NGE PERH1ETE" :'OADI1JG TIME VE:'OCITY (4) TDlE OVERPPESSURE (<1)

RDCND :,0. ,11
!..OC;'~TlaN (f::.. ) DEL,\Y NO.(2) TECH'HQr';E :2) (sec. ) (in.;sec. ) (sec. ) (;:lsi)

SOUTIi 3E~.:::>I~~G

SSB 33 S 166 13 sss 12.5 0.09 12.7 0.009
SSE 35 E 164 11 SSB 1.0.0 0.08 10.0 0.008
s::,a 45 B 156 11 SS3 10.0 0.08 10.2 0.006
S3B 47 B 155 1 • SSB 12.5 0.18 13.3 0.005-~

?C 1 5 15~ 12 s:c. 11..2 0.08 11.1 0.005
14 Fe 14.0 C.05 15.7 0.002

FC J 3 i54 11 SL 10.0 0.12 10.3 0.003
13 Fe 12.5 0.08 12.5 0.004

SSB 53 E 155 11 SSB 10.0 0.18 10.7 0.004
-"5B 5=) a 157 13 SSE 12.5 0.18 13.2 0.002-
SSB -0 B 176 :~ SSB 14.0 0.06 15.4 0.006
:-1SB 6 jJ :'L8] 11 PC 10.0 0.03 10.3 0.003
SSE 81 i3 136 12 SSE 11. 2 0.14 12.0 0.005
~OP.~E :l2AD::JG

:·:53 5 h i73 11 S~ 10.0 0.13 10.1 0.002
C1 148 1, S1. :1. 2 0.04 11. 4 -

?C ~ 'l 1i3 12 PC 11. 2 0.02 11.9 0.003
13 FC 12.5 0.06 13. /j 0.003

0 145 12 PC 11. 2 0.03 11. 9 -
13 FC • ~ c 0.05 13.4 -- ..l."" • ..J

Fe .\ :l 166 11 SL 10.IJ 0.04 10.0 0.002
13 FC 12.5 0.02 12.5 O. ,)02

0 1~2 11 5L 10.0 0.05 10.a -
13 FC 12.5 0.02 12.5 -

54 ,10 rtECC"D
56 H 156 12 SSB 1:.2 0.07 11. 7 0.002

0 1'- 13 SSB 12.5 0.07 13.0 -~ .
Fe 5 H 150 11 FC 10.0 0.04 10.4 O. 003

:2 SL 11.2 0.04 11.5 0.004
0 135 11 FC 10.0 0.03 10.4 -

12 s~ 11. 2 0.03 11.5 -
:'C 6 H

. ,. ::'2 FC 11. 2 0.08 11. 8 0.004L~_

Q 130 12 Fe 11. 2 0.0f; 11. 8 -
~2 :i 140 14 SSB 1~.0 a.09 13.3 0.01)~

0 • 0- 14 SS3 14.0 0.05 13.3 --,-"L

74 H ~10 ~4 SSE 14.0 ,).14 15.0 0.004
U 130 1-1 ·~'SE 14.0 G.G7 l5.0 -

"'C 7 E 106 15 FC 15.5 0.12 15.5 0.00 4
() 13G 15 FC 15.5 a.07 15.5 -

NOTES: (1) THE SSB RomlDS NOTED l'Ii::RZ; SELECTED SO TH"T THE AVEP.AGE SLPllT Rl>J:IGE (RADIt,L DISTANCE
FROM VIBP.ATION SOURCE TO SENSOR) HOULD 3E ABOUT THE 51'-''1E AS FOR TilE ~lSB AND FC
ROUNDS NOTED.

(2 i BEClIUSE OF SCATTER IN THE PERI!1ETER DETONATIONS, IT WAS SOI1ETIHES DIFFICUL':' TO IDEN­
TIFY THE COR?.ECT DELAY NU~1BER.

(3) SSE CONTRACTOR'S SPECIFIED SMOOTH BLASTING TECHNIQUE.
SL = SPAC:: LOADED :-IODIFIE;:; S'lCOTH B:'AS1'I:IG TECHN lQUE.
PC = PRI:-t.0.CORD LO.'IDED ~1ODIFIED S!~O'JTH 3LASTI:lG TECHJ;rQUE.
::'C: == FR..;'CTURE '2()r~-r:';<'OL ~~SCH~1IQUE.

(4; Al.:c. ~AS:.rRE~..EtlTS OiOTZD WERE ~tADE lET" 1'HE COlITFACTOR' S VIBRATIO~ NONITORINC EQTJI"~1EN':'.
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6.7 COMPARISON OF OPTIMUM PERIMETER CONTROL TECHNIQUES

Table 6-2 summarizes the optimum parameters for the perimeter
control techniques used in the experiments, Table 6~3 summarizes
the results obtained with each of the techniques. It can be seen
from these tables that the fracture control procedures had the
following advantages over the smooth blasting techniques:

a. Maintained remaining rock condition equal to or better
than the smooth blasting techniques and reduced overbreak (in the
ribs) by 10 to 30 percent;

b. Reduced the number of perimeter holes by 23 to 43 per­
cent;

c. Reduced the total explosive weight in the perimeter holes
by 43 to 69 percent; and

d. Reduced maximum ground" vibration velocities resulting
from perimeter delay detonations by 19 to 48 percent, and reduced
maximum air blast overpressures resulting from perimeter delay
detonations by up to 39 percent.

The only drawback for the fracture control techniques, as
compared with smooth blasting, was the average cycle time, which
was about 0.9 hours longer for the fracture control rounds than
the smooth blasting rounds, due to the extra time required to
notch the perimeter holes.

6.S ECONOMIC COMPARISON OF PERIMETER CONTROL METHODS

Table 6-4 is an economic comparison of the perimeter control
techniques described herein for a hypothetical tunnel excavated
in argillite. For each technique, the perimeter hole costs are
estimated for excavating an assumed horseshoe shaped (cross
section) tunnel with a 10 ft. (3.0 m) radius and a 50 ft. (15.2 m)
perimeter above invert. It is assumed that the optimum spacing
and loading given in Table 6-2 are applicable and that the drill
holes are 12 ft. (3.6 m) deep. Cost data presented in Table 6-4
are direct costs per round at the tunnel heading, and do not take
into account any additional overhead costs associated with in­
creased construction time.

If drilling and loading costs are compared, it can be seen
that, although fracture control (FC) procedures substantially
reduce the number of perimeter holes drilled and the total weight
of explosives used, the estimated total drilling and loading costs
are slightly higher than the contractor's specified smooth blast-
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TABLE 6-2. SUMMARY OF OPTIMUM PERIMETER CONTROL PROCEDURES

CON']'RACTOR 'S
SPECIFIED

SMOOTH flLASTING
110DIFIEO SMOOTH BLASTING

SPACE LOADED PRIMACORD
FHACTURE

CONTROL

PERHlETER HOLES

-------------------LA5T 4 DELAYS-----------------

33
24 to 29

UNIPOffil
0.53

CONTINUOUS
.06

54
.80
13

18
24 to 29

UNIFORH
0.53

18.4 10.4
24 24

WATER BAGS--·--------------

LAST 4 OR
5 DELAYS

,'lo

CONTINUOUS
.06

54
.80

23

SPACED
.19

60
1. 48

17

25.2
18

-------SAND OR

24
24 to 29
UNIFOR11

0.53

33.5
28

1/4 S'l'ICK
POWDER

CONTINUOUS
.30

48
1. 86

18

21 (lJ

24 to 38
NON-UNIFORM

0.53

Ib
in.

Ib

in.
in.

Ib/ft
i 1\.

Ib

DE']'CJNAT rON SEQUENCE

AVERAGE SPACING
BURDEN

BOTTOM CHARGE
COLUllN CHARGE

TYPE
vJEIGHT
LENGTH(I)

']'0'1'1\1, CHARGE/HOLE,
Nut-mER OF HOLES
TOTAL PERUlETER
CHARGE WEICm'
COLLAR LENGTH (2)

STEMtUNG HATERIAL

I
co
W
I

FI RST- ROW-l N IIOLES

srr,CING
BURDEN
OIUENTATION

in.
in.

------------------24 to 36 ------------------------------
--------------------------18 to 29

PERPENDICULAR TO FACE ---------- PARALLEL TO PERIMETER HOLES------

CHARGE Ib 3.90 3.37 3. "37 3.37

NOTES: (1) 21 IN. SPACING USED AT BACK, \~IICH WAS TO BE FINAL EXCAVATED SURFACE.
24 IN. SPACING USED AT RIBS.

(2) ASSUMING HOLE DEPTH OF 7.0 FT. (2.13 M)



TABLE 6-3. SUMMARY OF PERIMETER CONTROL RESULTS

"

HOLE FACTOR ea./cu. yd.

POWDER FACTOR Ib./cu. yd.

AVERAGE OVEP.BREAK PER ROlTNO(l) cu. yd.

AVERAGE ADVANCE A'I' PERIMETER % of ave. l'
- hole depth

FRAGMENTATION (PP£DOMINANT
- MUCK SIZE) in.

CONTRACTOR'S SPECIFIED MODIFIED SMOOTH BJ~STING FRACTURE
SMOOTH BLAS'J'ING SPACE LOADED PR1MACORD CONTROL

3.9 2.8 (2) 2.4 (2) 4.0
3.4 12.0 (2) 27.0 (2) 14.8
6.0 24.0 (2) 40.5 (2) 45.2

].7 3.4 2.9 2.3
13.3 23.5 44.3 48.5
26.6 47.0 74.5 123.9

11. 3 9.6 8.2 8.6

85 89 92 88

2 to 6 3 to 9 3 to 9 ) to 12

6 7.5 7 7
40 25 30 25

3.77 3.17 2.92 2.77

1. 28 1. 26 1.31 1.11
"if

0.099 0.068 0.063 0.051

0.0051 0.0038 0.0030 0.0031
146 154 167 148

ft.
ft.

cu. yd.
%

cu. yd.
%

VIBRATIONS FROM PERIMETER
HOLE DELAYS

AVE. ~mx. PARTICLE VELOCITY in./sec.
AVE. HAX. AIR BLAST OVER-
PRESSURE psi
AT AVE. SL&~T RANGE ft.

CONDITION OF BACK: (1)
AVE. OVERBREAK
AVE. HCF
liVE. SHCF

CONDITION OF RIBS :(1)
AVE. OVERBREAK
AVE. lICF
AVE. SHCF

HUCK PILE
-XVE. HEIGHT

AVE. DISTANCE FROM FACE

I
00
~

I

AVERAGE CYCLE TIMES
DRILL -
NOTCH
LOAD & SHOOT
MUCK
TOTAL CYCLE TIME

HRS.
HRS.
HRS.
HRS.
HRS.

2.2
N.A.
1.2
2.3
5:"7

2.05
1.05
1.3
2.2
~

NOTES: (1) NO'f INCLUDING DATA FROM ROUND FC 6 I WIlICH DIDN I 'I' BREAK WELL DUE IN PART TO FC CUT I AND
SOME RIBS AND BACKS WHERE RESULTS WERE SIGNIFICANTLY AFFECTED BY FAULT ZONES OR 1*IERE
EXTENSIVE DAMAGE TO RIBS WAS CAUSED BY OPENING CUT EXPERIMENTS IN TUNNEL SIDE WALL.

(2) DATA FROM ONLY ONE ROUND



TABLE 6-4. ECONOMIC COMPARISON OF PERIMETER CONTROL METHODS (1)

DRILLr1G C0ST

CONTRACTOR'S
SPECIFIED

SMOOTH BLASTING
MODIFIED SMOOTH BLASTING

SPACE LOADED PRI~~CORD

FRACTURE
CONTROL

NOTES: (1)

\2)

(3)

COMPARISON BhSED ON EXCAVATING A 20 FT. TUNNEL WITH 50 FT. PERItolETER ABOVE INVERT
AND DRILL HO~ES 12 FT. DEEP. IT IS ASSUMED THAT THE SPACING AND LOADING GIVEN IN
TABLE 6-2 IS USED. ESTIi4ATED COSTS ARE DIRECT COSTS AT THE HEADING, k~D DO NOT TAKE
I~TO ACCOl~T ANY ADDIT!CNAI OV~RHEAD COSTS DuE TO INCREASED TOT~L CONSTRUCTION TIMZ.
ESTI1'WrED VOLUME OF OVERBREAK CALCULATED BASED ON OVERBREAK DATA IN TABLE 6-3.
TOTAL A,~RAGE OVERBREAK ?ER RO~~D FOR THE EXPERIMENTAL ROUNDS (36 FT. PERI~ETER k~D

6.6 FT. ADVANCE) IS MULTIPLIED BY;, FACTOR = 50 FT· X g FT. = 2.3 TO GET ESTI~\ATED
36 '"1:. 6.6 FT .

.r,.VERAGE OVERBREAK PER ROUND FOR 50 FT. PERIMETER AND 11 FT. ADVA...'lCE.
:·IARGINAL COSTS BASED ON VOLUllE OF OVEiUlREAK .UlOVE '~HAT ESTIMATED FOR MSB PRlMACORD
!'ROCEDlJ~S •
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ing (SSB) techniques and the space loaded modified smooth blast­
ing (MSB) techniques. The reasons for the higher FC costs are:

a. The additional time and equipment costs associated
with notching the FC perimeter holes, and

b. The relative high cost of the 400 grain/ft. (0.09 Kg/~)

Primaco~d needed to achieve the required low coiumn charge
distributiol1 in the Fe perimeter holes.

It should be noted that the total drilling and loading costs are
highly dependent on the assumed optimum perimeter hole spacing.
This factor and others (such as drilling/notching times and
charge weight per hole) may vary in different rock types.

The drilling and loading costs do not reflect the fact that the
less costly smooth blasting techniques will result in more over­
break and will not produce as sound an excavated surface as the
FC techniques. This economic analysis does not include the pos­
sible cost reductions in rock support measures which may result
from a sounder excavated rock surface. However, the effect of
the additional overbreak is seen in Table 6-4 when the estimated
cost of overbreak is included for each technique.

First, an unlined tunnel is considered. An estimate is
made of the quantity of overbreak per round for each technique,
based on the results in Table 6-3. The marginal cost of extra
mucking was then calculated and added to the drilling and load­
ing costs for each technique. For the unlined tunnel, the MSB
space loaded round is still the most economical, but the FC costs
become comparable to the costs for the SSB procedures.

Finally, a lined tunnel is considered, and the marginal cost
. of extra shotcrete required to backfill the overbreak is estimated
for each technique. If this marginal cost of shotcrete is added
to the total costs for the unlined tunnel, it can be seen that
the FC and MSB Primacord techniques become most economical.

It should be noted that, since it was felt that relaxed
alignment and drilling control were significant factors in the
total amount of overbreak (see Section 6.4), part of the reduction
in overbreak in the MSB andFC rounds may have been due to in­
creased drilling control when the investigators were present. A
study of the overbreak data in Figure 6-1 shows that for the four
SSB rounds prior to the start of the MSB rounds, the average
overbreak was about 11.9 cu. yd. (9.1 cu. m) per round, while the
average overbreak for rounds using SSB techniques after the start
of the MSB rounds (including MSB 1 and FC Cut 1) was about 11.1
cu. yd. (8.5 cu. m). This may indicate a slight increase in
drilling control, however, the results of round FC 5 (Section 6.4),
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where a large amount of overbreak was attributed to drilling
inaccuracy, do not indicate such an improvement.

In order to realize the economic advantage of the increased
spacing allowable with FC procedures, additional research should
be devoted to developing a single pass drilling and notching
tool, such as that described in Section 4.4.2~ With such a tool,
perimeter holes could be notched as they are being drilled. If
such a tool were available, the grooving time in Table 6-4 could
be eliminated and the cost of drilling and loading for the frac­
ture control round would be reduced from $454.00 to $403.00. This
would make the FC drilling and loading cost comparable to the cost
of the MSB space loaded round and less than the contractorts SSB
round drilling and loading cost.
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7. O~ENING CUT RESULTS

7.1 TESTS IN TUNNEL SIDEWALL

The opening cuts shot in the west wall of the north heading,
at Stations 3+45 and 3+64, gave a good indication of the effective­
ness of the fracture control opening cut as compared to the con­
tractor's opening cut. The crater formed by the contractor's
opening cut is shown in Figure 7-1. It should be noted that one
hole, designated Cl in Figure 5-17, did not detonate with the
rest of the cut holes. This hole was reloaded and fired at the
same time as the subsequent north heading round. The photograph
of the crat~r (Figure 7-1) was taken after all holes had been
detonated. The crater formed by the fracture control cut at
Station 3+45 is shown in Figure 7-2. It can be seen that the
fracture control cut pulled deeper and removed more rock than did
the contractor's cut.

FIGURE 7-1. RESULTS OF CONTRACTOR'S OPENING CUT
IN SIDEWALL AT STATION 3+64.

The single hole crater cut experiments at Stations 3+82 and 3+95
indicated that the center fragmentation hole in the fracture con­
trol cut will not create a sufficient opening cut without the three
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FIGURE 7-2. RESULTS OF FRACTURE CONTROL OPENING
.CUT IN SIDm"i'ALL AT STATION 3+45.

j$cut holes around it. In both cases the collar of the drill hole
-':was blown off but the hole remained intact below a depth of about

2 to 3 ft. (0.6 to 0.9 m) from the collar.

7.2 RESULTS IN FULL HEADING ROUNDS

7.2.1 Advance

The average advance of the contractor's opening cut was
generally about 90 to 95 percent of the average cut hole length.
The first full heading fracture control cut, used in round FC 6,
had an average advance only about 68 percent of the average cut
hole depth. This opening cut was thought to be unsuccessful for
one or more of the following reasons:

a. The cut holes were not looked in towards the center
fragmentation hole, so it was difficult for the center
hole to eject the plug formed by the cut holes.
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b. The decked charges were on separate delays, with the
top charge detonated first. The top charge may have ejected
the sand stemming and bottom charge.

c. The diameter of the center fragmentation hole was
only 1-11/16 in. (43 mm).

FC Cut 1 had an average advance of about 95 percent of the
average cut hole depth, while the average advance of FC Cut 2 was
about 89 percent of the average cut hole depth. Both these rounds
used the drilling pattern and loading shown schematically on
Figure 4-6. In this design the cut holes were looked in, the
decked charges were connected by 50 grain/ft.(O.Ol Kg/m) Primacord
so they detonated simultaneously, and the center fragmentation hole
had a 3 in. (76 n~) diameter.

7.2.2 Vibrations

In order to compare vibrations from the fracture control
opening cuts with those from the contractor's opening cuts, data
from cut delays of FC Cut 1 and FC Cut 2/MSB 6 are summarized in
Table 7-1 along with data from several adjacent SSB rounds which
utilized the contractor's opening cut. The maximum particle
velocity from the cut holes of FC Cut 1 was 0.055 in./sec. (0.14
cm/sec.) while the maximum particle velocity for the cut holes of
FC Cut 2 was 0.020 in/sec. (0.05 cm/sec.). Since the opening cut
holes were loaded the same in both rounds, and the slant ranges
were about the same, the large variance in c~t hole vibration
velocity cannot be explained. The average maximum particle
velocity for the SSB cut holes was about 0.11 in/sec. (0.28 cm/
sec. ) .

The average maximum air blast overpressure for the fracture
control opening cut holes was about 0.004 psi (0.028 kPa) while
for the SSB rounds the average maximum air blast overpressure for
the Cut holes was about 0.005 psi (0.034 kPa).

It can also be seen in Table 7-1 that the maximum vibration
for the round occurred on the cut hole delays only twice out of
the six rounds fully documented.

7.3 COMPARISON OF OPENING CUTS

Table 7-2 summarizes the techniques and average results for
the contractor's opening cut and the fracture control opening cut
shown in Figure 4-6.
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7-1. SUMMARY OF VIBRATION DATA FOR OPENING CUTS

,
~

t-'
I

OPENING CUT HOLE VIBRATIONS (L) MAXIMUM VIBRATIONS FOR ROUND (2)

ROUND GROUND VIBRATION AIR BLAST OVERPRESSURE (4) GROUND VIBRATION AIR BLAST OVERPRESSURE (4)
NO. (1) VELOCITY (3) VELOCITY (3)

DISTANCE OF
SLANT SENSOR FROM AT ELAPSED AT ELAPSED

MAXIMUM RANGE HAXIMUlJ( ACCESS SHAFT MAXnWH TIME MAXI HUM TIME
(in./sec. ) (ft.) (psi) (it. ) (in./sec. (sec. ) (psi) (sec. )

SSB 71 0.080 169 0.005 135 0.12 9.9 0.007 1.5

SSB 75 0.070 17,6 0.004 135 SAME AS CUT HOLES 0.006 7.7

FC CUT 1 0.055 179 0.003 135 0.10 5.7 0.007 5.9

FC CUT 2/
MSB6 v.200 183 0.005 135 SAME AS CUT HOI.ES 0.008 5.7

SSB 81 0.065 186 0.005 135 0.16 6.2 0.006 5.6

SSB 113. 0.140 189 _ (5) - _ (6) - - -,

SSB 86 0.170 197 0.005 135 0.22 6.0 0.006 6.0

NOTES: (1) THE SSB ROUNDS NOTED WERE ADJACENT TO THE FC CUT ROUNDS SO THAT THE AVERAGE SLANT RANGE
(l~DIAL DISTANCE FROH VIBRATION SOURCE TO SENSOR) WOULD BE ABOUT THE SAME AS THE FC CUT
ROUNDS.

(2) ALL VIBRATION MEASUREMENTS NOTED WERE ~~DE WITH THE CONTRACTOR'S VIBRATION MONITORING
EQUIPI1ENT.

(3) GROUND VIBRATION MEASUREMENTS MADE AT SENSOR LOCATION B (SEE FIGURE 5-1).
(4) AIR BLAST OVERPRESSURE HEASUREMENTS MADE AT SENSOR LOCATION C (SEE FIGURE 5-1).
(5) AIR BLAST OVERPRESSURE NOT RECORDED.
(6) VIBRATION MEASUREMENTS ONLY RECORDED FOR INITIAL 2 SECONDS OF ROUND DETONATION BEFORE

MONITORING EQUIPMENT RAN OUT OF PAPER.



TABLE 7-2. SUMMARY OF OPENING CUT RESULTS

I
ID

. I\J

I

DRILLING
NUl-mER OF 3" DIM1ETER HOLES
NUMBER OF 1-11/16" DIAMETER HOLES
TOTAL NUMBER OF' HOLES DRILLED FOR CU'f HOLES

EXPLOSIVES
NUMBER OF DELAYS
TOTl\I. CHARGE \'lliIGHT FOR CUT HOU:;S

ADVANCE

GROUND VIBFATIONS (2)
AVE. MAXIMUM PARTICLE VELOCITY FOR CUT HOLES
AT SLANT RANGE OF:

AIR BLAS'r OVERPRESSURE (2)
AVE. MAXIMUM AIR BLAST OVERPRESSURE
AT SLANT RANGE OF:

CONTRACTOR 'S. FRAC'l"URE CONTROL (1)
OPENING CU'f OPENING CUT

3 1
5 3
11 4

5 2
19.5 lbs. 8.0 lbs.

90 to 95% 92%

0.11 in./sec. 0.13 in./sec.
183 ft. 181 fL.

0.005 psi 0.004 psi
135 ft. 135 ft.

NOTES: (1) DATA SUMl-lJl.RIZED FOR ROUNDS FC CUT lAND F'C CUT 2, ~1HICH USED FINAL FC CUT
DESIGN SHOWN IN FIGURE 4-6.

c:n VIBRATION DATA TAKEN FROM TABLE 7-1.



Using fracture control techniques, the number of opening cut
holes was reduced by 50 percent and the total charge weight was
reduced by 70 percent, while average advance, ground vibrations
and air blast overpressures were about the same for both. tech~

niques.

More field tests are necessary, but it appears that the
fracture control opening cut can significantly reduce the number
and size of the holes and the amount of explosive used in forming
the cut.
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8, CONCLUSIONS

8.1 GENERAL

The following conclusions can be drawn from the controlled
blasting experiments at the Porter Square Station Pilot Tunnel.
It should be noted that these conclusions are based on limited
testing at one site and in one rock formation. Additional field
testing of the methods is required, particularly in different
rock types. Nevertheless, it is felt that these conclusions will
be generally applicable to other rock types.

8.2 DRILLING ACCURACY

In drill and blast excavation, four factors control the
overbreak and soundness of the remaining rock:

a. Intact rock properties (strength, hardness, modulus,
etc.),

b. Site geology (joints, faults, in-situ stress, lithology,
etc.),

c. Blasting technique, and

d. Drilling accuracy.

The intact rock properties and site geology cannot be
changed once the structure is located. However 1 the other two
factors can be controlled. If either is neglected, the quality
of the rock surface is compromised.

Too much emphasis is often placed on blasting techniques and
not enough on drilling accuracy. In this study, it was concluded
that the major cause of overbreak was not improper blasting tech­
niques or poor rock properties, but relaxed drilling control. In
some cases, drill holes were found to be collared as much as 12
to 15 inches outside the correct locations. In addition, peri­
meter hole look-out was often excessive. This conclusion was
emphasized by the fact that overbreak for the Porter Square Station
Pilot Tunnel was calculated from silhouette photographs to be about
30 percent of the total design volume of the tunnel.

In arriving at the conclusions contained herein, it was
difficult to differentiate between reduced overbreak resulting
from the blasting techniques and those resulting from increased
drilling control resulting from the investigators' presence in
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the tunnel. It is the investigators' opinion that blasting tech­
nique contributed more significantly to the beneficial performance
of the test rounds.

8.3 PERIMETER CONTROL

a. Fracture control procedures can reduce the number of
perimeter holes as compared with smooth blasting while maintaining
equivalent or better control of overbreak and improved preserva­
tion of the structural integrity of the remaining rock. In this
study, the optimum fracture control techniques increased the peri­
meter spacing by 38 to 83 percent over the various smooth blasting
techniques. The average half cast factor at the tunnel ribs was
increased by 15 to 270 percent over the various smooth blasting
techniques, while overbreak at the ribs was reduced by 10 to 30
percent.

b.· Fracture control procedures can reduce the amount of
explosives required in perimeter holes as compared to smooth
blasting. In this study, the optimum fracture control techniques
reduced the total explosive weight in the perimeter holes by 43 to
69 percent. However, it should be noted .that the type of explo­
sives required in fracture control perimeter holes is currently
relatively expensive and until a more economical light column
charge is commercially available, the benefit of reduced explo­
sive quantity may be offset by increased explosive costs.

c. Fracture control procedures can reduce the vibration
levels resulting from perimeter hole delays as compared with smooth
blasting techniques. In this study, the fracture control peri­
meter delays had an average maximum particle velocity which was
about 20 to 50 percent less than the average maximum vibrations
produced by the yarious smooth blasting perimeter delays. Average
maximum air blast overpressure from the fracture control perimeter
delays was equivalent to or less (by up to 40 percent) than the
average maximum air blast overpressure produced by the various
smooth blasting perimeter delays.

However, it should be noted that the maximum vibration and
air blast overpressure did not generally occur as a result of the
perimeter hole delays. Therefore, although vibrations from the
perimeter holes may be reduced, maximum vibrations from the round
may remain unchanged.

,d. Geologic fea~ures such as joints, faults, or bedding planes
can lnf1uence the perlmeter control achieved with fracture control
by a:resting, dive:ting, or bifurcating the driven crack or by
ventlng the exp1os1ve gasses (See sections 3.3, 4.1.2, 4.1.3, ~.1.4,
and 6.4). 7he results in grani~e quarries and in concrete
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demolition described in section 4.1.5, as well as the fracture
control round in the igneous dike (FC 7) . indicate that the fracture
control procedures may result .in better perimeter control in rock
formations that are more massive, homogeneous, and less jointed
than the argillite at the Porter Square site. It should be noted,
however, that the perimeter hole spacing and burden in more
massive and homogeneous rock formations may be limited not by the
ability to drive a crack between the perimeter holes but by the
ability of the perimeter hole charges to achieve the desired
advance (pull to the bottom of the round).

e. To make fracture control techniques more economically
desirable, a less expensive method of notching the drill holes,
such as a single pass combination drill bit and notching tool,
should be developed.

f. At the present time, the space loaded, modified smooth
blasting technique appears to be the most economical perimeter
control method for unlined tunnels, and produces better results
than the method usually specified in the United States. For
lined tunnels, where shotcrete is used to backfill areas of over­
break, fracture control procedures and Primacord loaded modified
smooth blasting procedures may result in substantial cost savings
over conventional smooth blasting techniques.

8.4 OPENING CUTS

Opening cuts using fracture control techniques can reduce the
number of holes and the amount of explosives as compared with other
me~hods, while maintaining equivalent vibration levels and advance.
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9. REcor1MENDATIONS FOR ADDITIONAL RESEARCH

9.1 GENERAL

Based on the results of experiments conducted during this
research project on a full scale tunnel project" the investigators
have concluded that fracture control procedures can be successful
in: reducing the number of perimeter drill holes, reducing explo­
sives quantity, reducing overbreak and increasing the quality of'
the rock left in place as compared to standard practice. The
practical advantages of the procedure are limited by as yet undev­
eloped efficient tooling and the availability of economical com-
~rnercially available explosives in the proper charge distribution.

9.2 RECO~~ENDATIONS

To make the procedure more economically attractive to the
industry, the following additional research and development is

.. suggested:

a. Design, develop and test a single pass drill and broach­
ing tool to be used in drilling and broaching perimeter drill holes.
An artist's conceptual drawing of such a tool is shown on Figure
4-11. Such a tool would permit drilling the perimeter holes and
notching them without the additional time currently required to
change bits, realign the drills, and notch the holes with a sepa­
rate tool.

b. Test the tool and fracture control procedures in differ­
ent rock formations to evaluate performance, limitations, and
blasting design parameters in differing rock types. Currently,
testing in a quarry environment and ongoing rock tunnel projects
is envisioned as the most economical means.

c. Develop and document blasting design parameters for use
in various rock formations with fracture control procedures.
Parameters would include drill hole size, notch configuration,
perimeter hole spacing, burden, charge distribution and type, all
related to rock formation.
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APPENDIX A
USE OF MS DELAY ROUND TO REDUCE HUMAN RESPONSE TO BLASTING

A.l BACKGROUND

To minimize the possibility of damage to nearby structures, a
maximum peak particle velocity of ground vibrations (measured
adjacent to any structure in the vicinity of blasting operations)
of 1.9 in/sec. (4.8 ern/sec.) was specified in contract documents.
To prevent air blast damage and reduce disturbance to the public,
air blast noise adjacent to nearby structures was required to be
kept below an equivalent peak air overpressure of about 0.15 psi
(1.03 kPa). In addition, the contractor was prohibited from
blasting between 10 P~1 and 7 AM and on weekends and holidays.

The contractor measured ground vibrations and air blast over­
pressures adjacent to the nearest structures for every round fired.
Additional ground vibration measurements were made by the investi­
gators and by the Noise Measurement and Assessment Laboratory of
the Department of Transportation/Transportation Systems Center
(DOT/TSC). The measured ground vibrations and air blast noise
were well within the specified limits. As shown in Appendix 0,
peak particle velocities' were maintained below 0.6 in/sec. (0.015
m/sec.) at the nearest structures, about 100 ft. (30 m) away.
Air blast noise at similar distances was maintained below 0.020
psi (0.14 kPa) peak air overpressure.

In spite of these relatively low vibration and noise levels,
complaints were made by residents in the area. As a result of
these complaints, the Cambridge City Council passed a resolution
reducing the hours of blasting to between 7 AM and 8 PM.

It was felt that the complaints were a result of the following
factors, listed in order of importance:

a. Duration of vibration. The contractor was using 19 delay
periods of standard delay caps (Hercules Superdet Electric) which
resulted in a duration of vibration and noise of over 16 seconds.

b. Timing of blast detonations. The complaints began after
the contractor started worklng two shifts and blasts were det­
onated on two successive evenings at about 7 PM, a time of very
low ambient noise level in the area. Previously, all blasts had
been between the hours of 7 AM and 3 PM. Ambient noise levels are
relatively high during the 7 AM and 3 PM period, mainly due to
heavy traffic in the square.~

c. A heightened awareness of the blasting, brought about by
organized opposition to the'construction.
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A.2 PROCEDURE

The Blasting Test provision of the contract was used to have
the contractor detonate a heading round with millisecond (ms)
delay caps (Atlas Rockmaster SF Electric) in order to minimize the
duration of the blast and thus minimize human response to the
vibrations. There was concern that the ms delays might result in
the following undesirable effects:

a. Possible increased vibration levels. With the regular
delays used by the contractor, the scatter in detonation time from
the. nominal firing time for any given delay number was often as
much as one second, especially in the larger delay numbers. This
resulted in most of the holes in a given delay firing indepen­
dently. With millisecond delays, the scatter would be far less and
some of the holes in a delay would be expected to fire simultan­
eously. In addition, with the shorter intervals, there is more
likelihood of overlap of one delay with another.

b. Possible failure of the cut holes to detonate, due to a
tendency of the water gel explosives to "dead-press" in closely

_spaced holes detonated with ms delays.

c. Possible damage to utilities in the tunnel from excessive
.flyrock.

After assessing these possible disadvantages, it
try one ms round, the last full round of the project.
the possibility of the undesirable effects described,
design was modified to meet the following criteria:

was agreed to
To reduce

the round

a. Cut holes were loaded with extra gelatin dynamite in
place of the water gel explosive. Each cut hole was
loaded with seven sticks, or 3.7. lb. (1.7 kg), of 40
percent extra gelatin.

b. Reliever and lifter holes:

1. Maximum of two holes or 7.8 lb. (3.5 kg) per delay
(50 percent of usuai charge with regular -delays) .

2. The detonation sequence was modified to prevent
excessive vibrations due to overlap.

c. PeriMeter holes:

1. Maximum of four holes, or 6.9 lb. (3.1 kg) per delay
(67 percent of perimeter charge with regular delays).

-99- .



2. The contractor's SSB perimeter hole spacing and
loading was used except that perimeter holes were
sterruned with sand.

The complete ms round design is shown in Figure A~l. A total
of twenty-five delays were used in the round.

A.3 RESULTS

Some of the results from the ms delay round~ as well as the
previous SSB round (SSB 92), are summarized in Figure 6-1. The
following results are of particular significance:

a. The duration of vibrations was reduced from over 16
seconds for the regular delay round to about 2.2 seconds for the
ms delay round. Figure A-2, which shows a vibration record from
a typical tunnel round, together with a record of the ms round,
illustrates this reduction in duration of vibrations.

b. The maximum measured ground vibration, at a distance of
about 120 ft. (37 m) from the blast, had a peak particle velocity
of about 0.4 in/sec. (1.0 cm/sec.), which was about the same as
for the preceding regular delay round.

c. Although. the muck was thrown further down the tunnel
(about 50 ft. (15 m) compared to about 25 ft. (8 m) for the con­
tractor's round), there was no flyrock damage to utilities. In
addition, because fragmentation was better and the muck pile was
less compact, mucking operations were improved.

d. The round generally pulled beyond the bottom of the drill
holes. The advance was greater than 100 percent at the cut holes,
was about 95 percent at the left rib, and about 94 percent at the
right rib.

e. Figure A-3 shows the left rib, back, and right rib of the
ms delay round. A fault passes through the right rib of the round.
As a result, there was about 5.0 cu. yd. (3.8 cu. m) of overbreak at
that rib and the half· cast factor was only 2 percent. However, at
the left rib and back, the overbreak was only 1.2 cu. yd. (0.9
cu. m) and 2.4 cu. yd. (1.8 cu. m), respectively. The KCF for
the left rib was 32 percent, while for the back the HCF was 11 per­
cent. Thus, the perimeter contour performance of the ms round was
significantly better than the average contractor SSB round.
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FIGURE A-2. COMPARISON OF VIBRATION RECORDS FROM TYPICAL
CONTRACTOR SSB ROUND AND MS DELAY ROUND



(a) Ribs and Back

(b) Left Rib :~. (c) Right Rib

FIGURE A-3. RIBS AND BACK OF MS DELAY ROUND
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A.4 CONCLUSIONS

Although such a conclusion is sUbjective, it was agreed by
personnel at the site that the disturbance to the public- was great­
ly reduced with the millisecond delay round due to the reduction
in duration of the noise and vibrations.

A.S RECOMMENDATIONS

Additional experimentation should be done with the use of
millisecond delays in tunnel rounds, using both conventional and
fracture control procedures. Testing should be aimed at assessing:

a. Vibration levels and human response as compared with
standard tunnel delays.

b. The use of water gel explosives in cut holes and the
probability of the explosives "dead pressing" in the holes
when detonated with ms delays.

c. Fragmentation and mucking operations as compared with
standard tunnel delays.

d. Perimeter control performance as compared with standard
tunnel delays.

e. Advance per round as compared with standard tunnel delays.
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APPENDIX B
TUNNEL ROUND DESIGN DETAILS

SYMBOLS AND ABBREVIATIONS

DRILLING LOADING

H

o UNLOfIDED 3" DIIIMETER BURN "OLf

• LOfIDED 3" DIAMETERflOLE

• LOADED I-SIB" TO 1-3/~" DIAMETER IAPPROX.)
CUT, RELIEVER, LIFTER OR PERIMETER IlDLE

r- LOADrD 1-5/A" TO 1-3/~" DIAMETER IArPROX.)
GROOVED PERIMETER OR CUT HOLE USED IN
EXPERIMENTAL FRACTURE CONTROL ROUNDS
AND curs

B DFSIGrlll TlON USED FOR LOfIOED CENTER HOLE
IN FRACTURE CONT ROL OPENING CUT

C CUT HOLE

R RELIEVEP "OL E

R" nRST ROW IN OF RELIEVER "DLES (DESIG­
flo\ TED ONLY W"EN LOfIDED DIFFERENTLY
rROM INTERIOR RELIEVER 1I0LES)

L LIFT ER IIDL E

P PERIMETERIlDLE

P \4 Q •

1
! LL. TYPE. LOADING

- GROOVED

DELAY NUMB ER

------ PERIMETER 1I0LE

EXPLOSIVES:

40:,. 4(T,'. GELATIN EXTRA DYNAMITE Mi\NUrAC­
TURED DY "ERCULES INCORPORflTED
STICK SIZE: 1-1/4". B"
STICK WEIGHT: 0.5) LIl./SH. = O.AO LB./FT

A-2 GEL-POWER "-2 PACrAGED SLURRY
EXPLOSIVE MANUFACTURED BY IIERCULES
INCORPORATED
STICK SIZE.' 1-1/4".16"
STICK WEIGIIT: 0.11 LB. ISH. = 0.53 LB.IFT.

HERCDSPLIT WR SEMIGELATIN DYNAMITE
MflNUFACTURED BY HERCULES INCORPORATED
STICK SIU: 7/B". 24'
STICK WEIGHT. 0.60 LB. ISH. = 0.30 LB .IFT.

PC PRIM"CDRD 'MNI,rACTURED BY THE ENSIGN
BICKFORD CDMrArlY
400 rc. 400 GPAINSIFT. = 0.0& LB.IFT.

50 pc: 50 GRAINSIFT. =0.01 LB. 1FT.

TAMPING:

-NT - NOT TAMPED
-LT- LIGHTLY T"MPED
- T - TAMPED

I. POWDER, "OLE AND DRILL FI\ClDRS cor.,rUHo
llASED ON THE FOLLOWING "SSUMED VOLur.llS
EXCAV"TEO:
SllIIFT ROUNDS. 9B.B6 CUBIC Y"RDS

(24' Dill. ,5.9'1
12' BY 12' TUNNEL ROUNDS. 41.)1 CIIPIC Y"RDS

(U', lJ', 6.~·1

B' BY 8' TUNNEL ROUNDS. 16. 5n CUPIC Yl\rn,
(ql .. q' Jl: 5.5 1).

2. UNL()',OED LENGTIIS COMrUTED ",SlH.lING"
TAMPING ~"CTOR OF 0.75 rOil TIIW'EO
ExrLOSIVES AND 0.B5 rOR L1GlIl LY TM.1rrO
EXPLOSIVES.

3. SHAFT AND TUNNEL ROUNOS TyrlCIILLY
DETOMTED BY SUPFRDEr ELECTRIC DElAY,
CAPS MIINUFACTURED BY IIERCULES INCOPP0p·
ATED.

NOTES

4 PERINI REVISION 4 ROUNDAT STI\TlON 4 + 02,t
TO STA TlDN 4 + DB. t. DnON!lT ED DY NONEl
PRIMIIDET NON-ELECTRIC OEL"Y CArs MflNU­
fACTURED BY THE ENSIGN BICKFORD COMrIlNY.

5. MILLISECOND'DELAY ROUND DfTONI\TED IlY
ROCKMIISTER SF ELECTRIC MILLlSEC()rIO DELAY
CAPS MIINUFACTURED BY TilE ATLAS rOWDEn
COMPANY.

&. DATA PRESENTED ON RourlO SUMMllRIES
INCLUDED IIEREIN ARE AS DESIGNED "ND ~IAY

NOT RErRESENT "S DRILLEOIIND SHor
CONDITIONS.
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SKETCH Of BLAST PATTERN

~ -------12'----~

TUNNEL ROUND CHARGE DI STRIBUTION

I
I

.------1 -------1- ---1------1------.-- _..

24

DESIGN
BURDEN

(lNCIIES) I (lNCI1ES)

DESIGN
SPACING

NO, or ICHARGE WTICHARGE WT
1I0LES PER PER HOLE PER DELAY

DELAY
(LOS,) (LOS,)

TUNNEL ROUND SUMMARY

DELAY
NO

TYPE or
liOLElS)

kELIEVE~

PE~IME1'ER

1-----+---- I ---1-----1-----1-------1
1----1- --+-------+---~_+-------+--- ----
t===1===t== --1 - --==t-:---==---=I--------I

I E~r ~-nt;~~~:~~,:-1r=:4~~t-=
_~~__ __ I 3,90 11.51 __._.2?

5 b I 4.61 29 I 24t-£I:t'1H. ~ 6'1 -- ----'2-- --MJ ---s-:-Bfi- -24~-:i6--- ---24
I- --- ------ -I--- --------

[oj'tl f' l~ f',)U P~lI f'J
- ------....- -- - - -.- -.-- ------...----

11")0 .,. .'. .,.. . . • • PI

." ~ I
PI

liDLE FACTOR~HOLES/YD3

........ t I EXCAVATED

\ l'PREVIOUSLY DRILL FACTOR....u.A~LF/YD3
AS

a' X a' P"

'" l'~ L \ ROUND , ,
P"

I L~ • '- _______1 ___-I Lt.1I

-(\.I

I
I-'
o
0'1
I

BOTTOM COLUMN UNLOADED
TYPE OF NUMBER or CHARGE CHARGE LENGTH CHARGE WI

HOLE HOl.ES l.0AD LOAD PER HOLE
(# STICKS) (# STICKS) (STEMMING) (LaS I

1l01iL NO:IE --- 0
BURrJ 0

------ ------ f--.

CUT (] NOliE 1I01l., --- (]

------ ------- ----

~ d 40~ ~4f m 1'-7 11 3.90
(I) -'r- -T-

RElIE.VER -----------
A=:r~..- 1-------1----

l l> -'r- (5) (I) 7" 4.6l
-T- -T-----_.- --------

40\ 11-2

J4) 4.43LIFTER 2 (2) 0\ l' -I "

-'l"-
(I)

-T-
----- f-----1--------- -----

~O\ ·100 rc

PERIMETER 1) (2) (4' ) I' -7" l. )0

(WATl::H BAGS
-T- -NT-

r----I------+ 1 -+------1-----1
--_.-

1-------1---·-----j------J----I------~--_t-- ---
I t-- I-----t------I------------+--- -------

1 --t I ~I---

----+----+ - I I ------j--------

1------ I + t- ---I------.~-------.

MAX, CHARGE WT. PER DELAy __Il...!!,- LBS., OtJ DELAY NO. ----- -,,­

TOTAL CHARGE WT. OF ROUND _..E~__ lBS.

POWDER FACTOR~,__ LBS. PER CUBIC YARD

TYPE OF DETONATORS IIESCIlLES SIiPEllDE."T ELEC·I~::.I=-C~__

BLAST LOCATION:

~~I'IOH:.2..t 6B.~2.! ll'" ~IGII1' TO 95' R:.T:...G:...H.:.1'-=-- _

DESIGtJ 1I0LE DIA .!.:'11/16 1N.

DESIGN 1I0LE IftJGTH ~~ .._~IIVE. 1..- FT.

FIGURE B-l. TUNNEL ROUND DESIGN - FC ENL. 1



SKETCH OF BLAST PATTERN TUNNEL ROUND SUMMARY

~ ----- 12' --l
TUNNEL ROUND CHARGE DI STRIBUTION

BOTTOM COLUMN UNLOADED
TYPE OF NUMBER OF CHARGE CHARGE LENGTH CHARGE WI

HOLE HOLES LOAD LOAD. PER HOLE
1# STICKS) (# STICKS) (STEMMING I ILBS I

BURN 0 NONE NONE --- 0

CUT U IlOUE NOllE --- 0

Iii' 2 1 _)"

2,662 a (SAND BIIGS)
RELIEVER

40' -T-
f------- 01 A-Z I 3"

2 b (4) (SAND BAGSI
3. J7

-T-

UFTER
40\ '(3; 1'-9"

2 121 3.19
-T- -T- (SAND BIIGS)

1--------- f---·~O{- -W5!Y-4 qa (I) 9" 0.8U
~------- ---l~j-~

-NT- .(SAI~_~!\~

() qh
--IIONE,- 4·-9"

1.06
PERIMETER -T- ' SPACER jSAND BIIGS------ ------~ -----m- --~C- - -1'=-9u .] qc

1----- - T- .1!1l\l1D BIIGS) 1. 24
f-~n- ~E-,- 5'-3" - ---- -- --

I '1d -'r- Spl\CER (SAND OIlGS
0.5]

P~'itC I>~g.l: P~"d ~tb p~

--~---------~--

_________ L

MAX_ CHARGE WT. PER DELAY 6.38 LBS_, ON DELAY NO. __-"'- _

TOTAL CHARGE WT_ OF ROUND 32,25 LBS.

POWDER fACTOR --ll..h-LBS_ PER CUBIC YARD

TYPE OF DETONATORS IIERCIII.I;S SUl'ERDE'f ELEC'rRIC

BLAST LOCATION:
STATION: 2 ... 68.l3, 95' RIGIIT 'ro 100' RIGIIT

NO_ Of
CHARGE WT CHARGE WT

TYPE Of DELAY HOLES PER
DESIGN DESIGN

tlOLE (5) NO_ DfL.AY PER HOLE PER DELAY SPACING BURDEN

ILBS.) (LBS_l (lNCHESl (lNCHESI
I a I 2.66 29 24

----- ------- - ---_._- 6.0l ----------- --- - -------
I b f--- 1 l,31

REI.IEVER --- --
29 24

2 a I 2.66 29
--------

24
6.0l -_._-~.-- -------

2 b I 3.31 29 24
3 qa 4 0.80 l.20 -24-------24--

4 qb 4 1.06
-----_. -

f-----
24 - 29 11 - 24

4 qC
5.48 ------

PERIME:rER
1 1.24 29 17----

5 yb 2 1.06 36
----

18 - 24-- ----- --------
5 gc 2 1. 24 5.13 36 22 - ~!-__
5 "a 1 0.53 ]6 __

--~"--
LIFTER 6 2 3.19 6.38 24 " 29 24-- ~----- --- ---

--------
---

1---._-- ---~-~

-- ------- .

-------

--------

- ----

-------

-----

---- ------
---

--
-- -----

----
_.-.

HOLE FACTO~OLES/YD3

DRilL FACTOR~LF/YD3

f-Jilu

P.5,o

fl4Qto

....

....

LO

liIi!:b._..
•R".

EXCAVATED
PREVIOUSLY

AS
B' X B'

ROUND

Nl....."

P-.t-ab

I
(\j

rf' 4 ib

c.

.1
I-'
o
-....J
I

DESIGN HOLE 01 A

D[S~N HOLE LENGTH

I -ll/l6 __ I N_

5.15' (AVE.) FT_

FIGURE B-2. TUNNEL ROUND DESIGN - FC ENL. 2



SKETCH OF BLAST PATTERN TUNNEL ROUND SUMMARY
PI) "I) f'U PI) Pi' PIJ

- -- ....--- .- ---e--e- - .....__....

~-- 12' .. I
TUNNEL ROUND CHARGE 01 STRIBUTION

BOTTOM COLUMN UNLOADED
TYPE OF NUMBER OF CHARGE CHARGE LENGTH CHARGE WI

HOLE HOLES LOAD LOAD PER HOLE
(ill: STICKS) (#STlCKS) (STEMMING) (lBS.1

BURN 3 NONE NONE 7'-9" 0

40' A-2

CUT 5
(4)

( 1) 40\ l~-lO" 3.90
(1)

-UT- -T-

SAME SAMr~

RELIEVER 20 AS AS 1'-10" 3.90

Cl1l' ctrr

SAME SAME

LIFTER 7 AS AS 1 '-10" 3.90

Ctrl' CUI'

SAME H

PERIMETER 10 AS (2) 2'-4" 1. 7 J

CUT -NT-
(SAND)

I
I-'
a
00
I

•• ., ., ..
PII' • · · ·., .. H•

.,
." · · · •

H' H' .. ••
p" · · • •N

J
6' Cl/l.. •• -0. ~z ..." • · 0 · •

Cl/"- 0 ·CSf4

•
H' H'

60 .. ..
POl · • · •

• - - - - -e---_____e . .~

'14 110 to II .. 110

P",

P"

HOLE fACTOR~HOLES/YD3

...
llfllLL fACTOR~Lf/YD5

.1>

NO. OF
TYPE OF DELAY HOLES PER CHARGE WI CHARGE WI DESIGN DESIGN
HOLE(S) NO. DELAY PER HOLE PER DELAY SPACING BURDEN

(leS.) (lBS.) (lNCHESI llNCliES)

e---!L __. J -2, n 3. 90 '-__!~9~ _ ] __

ctrr ~._4 !...___ 3.92 3.90 3.90 ---3---
1/2 1 '---:r.92 -------- - -3-

-3/4 -----1---- ·-3.n - _..2.90 3~_ ----).-
_________________ ----l.9lL-- _._.3.90... __ .__.. _

t--- -J__.---'...-J__ 1 3.92 _--....l,~ __ 3.90 3

1-__2,,---.___ I 3.91 ----l.~__ 1-_~.20....::.:::=_~- 9 =
f--- 3 1 3.92 , '10. ....l...2.Q_. I-- __._9__

__4___ 4 3.92 '-'JJl c, (O I--!.I!..::.~~__
'lELIEVEll f----2-- __. 4 3.92 , ...n~lL... 15 - 1B
~ ~_~L.._f--.L~_O_ ~~6~_-=-~:: 24---

~ I--- 4 ].n . _90.__ ......l5..fill..__~_8 - 24

I- .J--_.....::..Il 2 J.n ~__.1.60 !...B_=
LIF"fER 9 3 3.92 ~ or. __10__ .......:.!:!..__

1- -I,---~1~0 2 3.92 ~.9lL-.~llo......_ 19

., ~_ 1. 73 I 7] 8 65 29
~>-------

PERIMETER i---ll. 5 1. 73 1 7' ----ll.lll.._f-----~~_
13 6 1. 73 7~ ~Q...3.ft '-_~__

14 2 1. 73 ..lJ~ It>
I,IF"I'ER 14 2 3.92 ~ 11.26 ---18----- ..-._--~._---

--
--

1------+------+--.--;------f----+.---~
--

1-------I~---__1----_jI_----l-.-----f--_.---

t-----t------I-------l-------I------------
--

MAX. CHARGE WT. PER DELAY 15.60 LBS., ON DELAY NO. ....!,_~~.~Ill..!__

TOTAL CHARGE WT. Of ROUND ....l55.9.__ LBS.

POWDER fACTOR _l....TI-- LBS. PER CUBIC YARD

TYPE OF DETONATORS HERCULES SlIl'ERPt.'T E'.EC':'RIC

BLAST LOCATION:

STATION; 0 -t 00, £ TO 4 + ~_f. _

DESIGN I-IOU:: 01 A. -!.:QLH; (3 BURN) IN.

DESIGN HOLE LENGTIt ~_ FT.

FIGURE B-3. TUNNEL ROUN,D DESIGN -·CONTRACTOR'S FINAL SSB ROUND
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I.D
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SKETCH OF BLAST PATTERN

BOTTOM COLUMN UNLOADED
TYPE OF NUMBER OF CHARGE CHARGE LENGTH CHARGE WI

HOLE HOLES LOAD LOAD PER HOLE
(il STICKS) (il STICKS) (STEMMING) IlOS.)

BURN ] 1I0NE tlOtlr. 7'-~" 0

4[H 40"
III

CUT ~ (I) A-2 I' -U" l.90
(41

-/.T- -T-
r--'

SAME SAHt:

RFLIEVER ~O AS A5 1'-11 " 3.90

Clrr nIT

SAm: SAl-IE

LIFTER 7 AS AS l' -II" 3.90

cl!r em
SAME II

PERIMETER 17 AS (2) 2-5" 1.73
I em' (511110)-NT-

DESIGN HOLE 01 A. _~Il/IG ~l fIlJl<Nl IN.

DESIGN HOLE lENGTH__ ./ FT.

TUNNEL ROUND SUMMARY
NO. OF HARGE WI CHARGE WT DESIGN DESIGNTYPE Of DELAY HOLES PER PER IIOLE PER DELAY SPACING BURDENHOLE(SI NO. DELAY

(LOS.) (laS.) (INCHES) (INCHES)

0 -~ ----.1. QO '.';!Q~.- .. __~l. ___ ___..l____
1/4 1 3.90 3.90

'- I-----~~. 3
f--~--~

---~--

cm _.]1_2__ 1 l.90 1.90 1 1---- -~~~

f-...li4__ 1 l.90 l.90 _._l____ __ ----.l___
1 1 3.90 1.90 f---- 2.__ ------..l...._~- -----
2 I 3.90__ 3.90 24 --~---------- ---_._-----
3 1 3.90 l.90 24 ')--_.-
4 1 l.90 3.90 f----~-1------1L~
5 1 l.90 3.90 24 - 29 20I------"c....---f--

\lliLlEVER
"

2 ___
' Q" , Q" -29...-_ f--- - .21] _ .~

f--L - 2 l.90 7.60 16 29:.-
6 4 l.90 15.60 _+.~4-~~2.!__
9 4 l.90 15.60 24 - l6 1~ - 24------

10 2 l.90 24 - lO H!__
LIFTER 10 , , Q"

19.50
"-.1ll- ,. , .. -~

~.ELIEVER 1 L ' Q" 29 17 'D ____

LIFTER U 1 l.90 14.72 24 - l4 10
Pr.I<IHETER 11 4 1. 7l 24 . 29

..JlEI.IEIlEB.
., 1 -l..2.lL- ~!l..:::.....lL 18 -

LIFTER 12 1 1 90 14.72 2· l. llL__
PER1HE'1'ER I' • 1 , • ,. _--.Z:L____

n ...."R 1] 2 l.90 24 17

11 , ,7>
19.91

PJ::RlME1'ER ---------2L.-1----2 <1 __

14 2 1.73 l.46 24 17

.~--

.~

~---

--

MAX. CHARGE WT. PER DELAY 19.91 Las., ON DELAY NO. __ ll_~~_

\
TOTAL CHARGE WT. OF ROUND ~..2.__ LBS.

POWDER FACTOR 3.7l LBS. PER CUBIC YARD

TYPE OF DETONATORS IIEKCUl.ES SUPJ;RDET ELECTRIC

BLAST LOCATION:

STATION: 2+05, S TO 1+99 E

FIGURE B-4. TUNNEL ROUND DESIGN - HSB 1



01 STRIBUTION

NO. OF CHARGE WT CHARGE WT DESIGN DESIGNTYPE OF DELAY HOLES PER
PER HOLE PER DELAY SPACING BURDENItOLE(S) NO. DELAY

(LOS.) (LOS.) (I NCt!ES) (INCHES)

- 0 -~ ----L.JL_ ---l....J.L--- __.__.4__ ___3.___ .

1/4 - 1 _127__ --..Lfl _ ___3. __ __L_

cur 1/2 1 1.37 1.17 ----]- _._-]---r----'---
1/4 1 3.37 1.37 e-----___L -- ____.J.___

f---. 1 1 ~J 3.17 ____..L_ 1----]--

r------l.-- __l- ----.J .37 3 JL- 1--_. __...2,1.. _ ___ll.____

f-----__3 -- ___l _ _ ---.h.ll-_f-...J..TI._ _ -----.2!l_ ____---'1__

4 1 ]. ]7 ].]7 ...--.21._ ---.20...-

~. 1 1.37 3.37 1!..::...l2..._ --~Rl;LIEVER
1----._6 __ 1-___2_ 3.37 (;.74 ---~ 20_._-----,-

7 2 ].37 6.74 36 .___ 2ti _.-
0 4 3.37 13.40 -~]~- .....!!!...::..~--
9 4 3.37 1l.40 ._~ll:>_ __ lQ=-lL_

10 1--. 2 3.37
16.85 1----21=-.Jll_ --1a..__

I.IFTER 10 3 ~ ~~ .,. _,,, ., .2.6.__

,,,,, TL'''''O 11 _...L. 3.37 ~=--ll_ r----l8.-
T.IP'I'F.R 11 ----.l- ' n

1l.66
~~4--1-. ..3.11__

PERIMETER I I ..A- ,,, "'1...... ------L'l_
I h." T~.n' 12 I ~ 17 ._29_=--11._I-.-.lli....--
LIFTER 12 1 3.37 13.66 7. - H IL__

Cf:llll1ET "D 12 4 1.73 -..2L_ _ .........2!L....._
, ..•....·D II 7 , l~ .,

~-111.115
11 ~ ] J3 24--_ __:LA_._PERHIETER

1.13 3.46 7414 2 11

-- -- ._-
.-f--- --

-- _._._--

.1 8 .85 LBS., ON DELAY NO. LL_ -_._

TOTAL CHARGE WT. OF ROUND _!l7. 3 LBS.

TUNNEL ROUND SUMMARY

MAX. CtlARGE WT. PER DELAY

BLAST LOCATION:

STATION, 3+14, E 1~ 3+21~ E

POWDER FACTOR --1...1_2 __ LBS. PER CUBIC YARD

TYPE OF DETONATORS _ IIERCUf.ES SIn'EI!PE'f ta.ECTRIC

LIS
----. -- ----. - - -----.. .

1l.J 1I1 110 LIO LlO ll,l

SKETCH OF BLAST PATTERN
~'l" .." ." PI> PI' PIl Pl4
--- ...- - - .- - - .----.-..--.-

." .. .. ."put · · · · '''u

PII.
.. .. •• ..· · · • • Pil

N. •• •• •• j." HOC' 'ACT.'-",,-,'.eE'" 0'
-N "'T · · • •

co CI/Z DRILL FACTOR~LF/YD3
.r .s .0. •• .,

Pllt · • 0 • · P"
·0.

CI"" • C '/4

.00 •• CO .. .'0
Pili · · • • • "Ii

~--~'----12' ...1

TUNNEL ROUND CHARGE
BOTTOM COLUMN UNLOADED

TYPE OF NUMBER OF WARGE CHARGE LENGTH CHARGE WI
HOLE: HOLES LOAD LOAD PER HOLE

(I STiCKSI 1# STICKS) (STEMMING) (LOSI

BURN ] NOI-IE NONF. 7'-9" 0

f-:--.
40, A-2

CUT ~ (I) (4) 2'-~" ].37

-LT- -T-

SAllli SAME

RELIEVER ~o AS AS 2 1 -5" ].37

ClfI' ClfI'

SI\ME SAME

LIFTER 7 AS AS 2'-5" ].37

Clrr cU'r
I-----

SA.ME II

PERIMETER 17 AS (2) 2'-5" 1.73

C'ff
-N-r- ("IIND)

I
i-'
i-'
o
I

DESIGN HOLE LE NG TH __,-- _

DE SIGN HOLE DI A I-lljlf.- (] BURIl) IN.

- FT.

FIGURE B-5. TUNNEL ROUND DE~~GN - MSB 2



SKETCH OF BLAST PATTERN TUNNEL ROUND SUMMARY

l.... 12' .. I
TUNNEL ROUND CHARGE 01 STRIBUTION

BOTTOM COLUMN UNLOADED
TYPE OF NUMBER OF CHARGE CHARGE LENGTH CHARGE WI

HOLE HOLES LOAO LOAD PER HOLE
1# STICKS) 1# STICKS) (STEMMING) ILBS.}

BURN ] NOliE NGllE 7'-9" 0

40% A-2

CUT 5 (ll (4) 2 1 -5 1
' 3.37

-l.T- -T-

~I\ME A-2 II 1 1 -5"
12- AS

~~~
(1) (SAND BAG) 3.26

RELIEVER CllI:.- _w.'_
SAME SAME

8 lIS AS 2'-5" ].37
rUT r,rI'

SAME SAME

LIFTER 7 AS /IS 2 1 -5" 3.37

clIr Cl1I'

S/IME 1\

PERIMETER 17 AS (2) 2 1 -5"
1.73

ern' -NT-
(SAND)

-----LID LIZ Lillo

1

MAX. CHARGE WT. PER OELAY IB 85 LBS,. ON DELAY NO. __ll-.-.c_~__

TOTAL CHARGE WT. OF ROUND 115.9 LBS,

POWDER fACTOR 1 2!J LBS. PER CUBIC YARD

TYPE OF DETONATORS IIERCULES SUPE\I1.lET f;u:<:rRIC

BLAST LOCATION:

~~~I 3.35, E ~~ ]~42. £

NO. OF CHARGE WI CHARGE WT DESIGN DESIGN
TYPE OF DELAY HOLES PER PER HOLE PER DELAY SPACING BURDEtJtiOLE(SI NO. DEU.Y

ILBS.) IlBS.} (INCHES) (INCHES)

0 1 ~7.-__ 3.37 3 __L __------- ------
1/4 1_~ 3.37 3.37 3 ]-- -----

CIII' 1/2 1 3.~~ 3.37 3
'.-

__.2._

~(4 1 3.37 3. )1 3 3-------
___l. ' n , n .:1..__. f------ .:L-_

2 1 3.37 3.37 24 q
I---~-

3 1 3.37 3.37 1----~4__ ___9__

4 1 3.37 3.37 24 20------
REl.IEVER 1--._5__-- ____ 1___ 3.17 3,_37___ Lll.=-z~ _...N____

6 2 3.37 6.74 29 _. __20 ...___
~. 2 3.26 6.52 36 I--~---

O' 2 3.26 24 - ]6 18
13.26 1---------1----.--

8 2 3.37 29 - 3lL-. 24
q.
~

, ~~ n n4 24 - 36 18~~

lO' 2 3.26 I-~JJ:L-I--...l..ll..--16.63

''''''D 10 3 3.37 24· ]0 24~_

IR.'LIEVE" U' I 3.26 29 - 37 18

LIM-F." U 1 3.37 13.55
I--~L..... -~----

1;o~T"'~T."T U _._4___ .--l 11 14 --.2.:1. __~
',n .' 12' 1 3 1" 29 - 37 10

LIFTER 12 1 3.37 13.55 -.2.1.'- !L-I--~!L___
PERIllE'n:R 12 4 I. 73 M..___ ._~--
LIFTER J' , , ,~ ~, 17 --

13 ___1....- J ~, 18.85
~!l.----. I---..2L--PERIME'rER

14 2 1.73 3.46 l'L...- __J.1___

~'-

I- ._---
--1--.----

_. -- ------

HOLE FACTOR~~OLES/YD'

DRILL FACTOR...JL.!!!.-LF/YD'
Po'

POl

P"

'02

PIS

Po'

---------~LU III LID LIO

PI4 PI] f11j PU "IS PI]
--e--.-e---.

it ,. .. ..
HI! fig RI Ali

PI)' • • • •

.. ..
A'l AU A. ••

I'lit • • • •

it *Aa A~ A4 iii.
1'", • • • •

CI (.I!Z ..

u* ttl. O. tIIZ R1"II' • • o. •
4;1/ .. - C;; ·c".

.. CO ..
RIO ftl III 11110

I'll' • • • •

-N

I
.......
I-'
.......
I

DESIGN HOLE 01 A.

DESIGN HOLE LENGTH

1-11/16

7

(l BURN) IN.

FT.

FIGURE B-6. TUNNEL ROUND DESIGN - MSB 3 & 4



SKETCH OF BLAST PATTERN TUNNEL ROUND SUMMARY

BOTTOM COLUMN UNLOADED
TYPE OF NUMBER OF CHARGE CHARGE LENGTH CHARGE WT

HOLE HOLES LOAD LOAD PER HOLE
(# STICKS) (#STICKS) (STEMMING) (LBS)

BURN 1 Non.: NOUE 7'-9" 0

40~ A-2

CUT 5 (I) (4) 2 ' -5" ].]7

- "- -'1'-

Sl\ME 1'.5 "-2 2'-U" ].02
~-~SA~UT.AS-

-11 ~I -T-
~l H(ll I'_rIO

RELIEVER 10' __ cur ]I-T- -!IT- iSII~D~ ].26-_._--
II

SliME AS S~....1I5 2' -5u ].37',n-
SM!E SAME

LIFTER 7 liS liS 2'-5" ].37

Cl1f Cl1T

SliME H

PERIMETER 17 liS (2) 2' -5" 1.73

CUT -tl'f- (~ANO)

Pl4 "'1:1 1'1") PI} tot] f"lj "14-- -~--O-- ___

1 U~ ~U~ 1+-~1-~1=·'
~ ~:~~ ~:~~-= =2~~__ ~-~-~- j

NO. OF
HOLES PERICHARGE WTICHARGE WTI DESIGN I DESIGN

DELAY PER HOLE PER DELAY SPACING BURDEN

(LBS.) (LBS.) (INCHES) (INCHES)

DELAY
NO_

1/4

o

J __...J..__] li..-... ---.ld.7 ~1 9 _

4 1 3.]7 3.]7 24 20 _

t=_5_-- __1__ _ 3 .]7 __~__ 24 - 29 __ 20 _
6 2 ].]7 6.74 29 20
- ---- -----
7' 2 ].26 6.52 ]6 29

Cl1T

TYPE OF
~IOLE(S)

IillLJEVEH

~-­

lli.---t-­
1 _1--_-- --- -I' ----2---

MAX. CHARGE WT. PER DELAY 10,115 LBS., ON DELAY NO. .lL__

.TOTAL CHARGE WT_ OF ROUND -l.~4....--.-- LBS.

POWDER FACTOR __3._2_8__ LBS. PER CUBIC YARD

TYPE OF DETONATORS IIERCULES SUPERDET ELECTRIC

BLAST LOCATION:
STATION, ]~42, G TO 3+49, ~

I 8*' 2 ].02 24 - 36 J 0
~ 12.78 1-------- ----

II 2 ].37 29-3(, 24- -
.9* 4 ,-..l12...__ ,---!l~__~::.~ -'!(j.::...l1.. _
10' 2 3.26 16.6] ~~__~

I~R 10 ] 3,37 24 - ]0 ..1'1....::..2Ji_
RELIEVER lJ' 1 ] 26 29 - 37 lJ!.__
J.l~"TER 11 I ].]7 13.55 24-34 18_

11 d 1 71 ---..---2.4...."
RELIEVER D * 1 1 _71; _...2q - 17 lll....-_

.H."P'" 12 1 1 17 13.55 '4 - 1. .....l.!!
PERTMETER _ 12 4 1. 13 . 24 29

I.It"fER )) 2 3. 17 24 17
- 18.05
PEHTMETER 13 7__ -1.7~_ _ 24 24 I

14 2 1. 7] 3.46 24 f-----!..L.---

HOLE FACTOR~OLES/YD3

DRILL FACTOR~LF/YD3

Pll

.Il

...

."

.Ol

L"

HIO*
o

liId**
o

••*
o

""'1.*
o

.,.
o

0/ STR/BUTION

• *." ••0 0

.. ••
0 0

•• ••0 0

£:1 CI!iil

fU • 0- .2
000

~1/4· 0 ·Clt4
o

fU CO 1iI4
o 0

RtI**
o

•,*
o

•••o

.uo*
o

fUl*
o

--.-----. . . .~
LIJ UI LtO LlO llO LU

- PII
N

.11

."

I ."
1·"

l- 12' ..I
TUNNEL ROUND CHARGE

I
.......
.......
I\J
I

DESIGN HOLE LENGTH __

DESIGN HOLE DIA 1-Jl/16 (3 llURN) IN.

fT_

FIGURE B-7. TUNNEL ROUNDQESIGN - MSB 4
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ftll* ~ ••* All*.0

"'I · · • • , PI)

.,. .. .. *..." · • • •
HOLE FACTOR~IOLE S1'103

* ••••• ., ••0" · • · · I,,,
N- DRllcL FACTOR~LF IYD3

1
• c, CI/.

'"hl "'
.0. .. "'0" · · 0 • • POl

CV'''- 0·C514.
*"10* ", co ". .'0

0" · · • · • PIZ

.-.- --.-----e------e---.--.-
III '" 1.10 LID LID LI' L1.

1
......
......
W
I

SKETCH OF BLAST PATTERN
1'14 "U PU .. I}, PI' 1'1) PI ..

------.. • --- . --+-------------+---

~-----~--- 12' ~ I
TUNNEL ROUND CHARGE DI STRIBUTION

BOTTOM COLUMN UNLOADED
TYPE Of NUMBER OF CHARGE CHARGE LENGTH CHARGE WT

HOLE HOLES LOAD LOAD PER HOLE

(lit STICKS) ,_ STICKSI (STEMMING) (LBSI

BURN 3 Nom; NONE 7'-9" 0

40% Ao-2

CUT 5 (11 (41 2'-5 11 l.37

-LT- -T-
-

1\-2
12' SAHE \I 1'-5"

('~;
D) (1) l.26

RELIEVER f- ~hi"':' (Sand)
SAME SAME

a
('h~ ('f,~ - 2' -51. l.37

SI\HE SAME

LIfTER 7 AS AS 2'-5" l.37

CU'!' CU'!'

SMIE H t

PERIMETER 17 AS
(l x 1/2)

1'5 11 1.4312" Space
CUT Be~o;;?_n si:i<~ (Sdnd)

DESIGN HOLE DI A_ 1-11/16 (l Burn) IN.

DESIGN ~tOLE LENGTH !- FT.

t lIalf sticks
tal-'~d to
wood dowel.

TUNNEL ROUND SUMMARY
NO. OF

CHARGE WT CHARGE WT DESIGN DESIGN
TYPE OF DELAY HOLES PER
HOLE(S) NO. DELAY PER HOLE PER DELAY SPACING BURDEN

(LBS.) (LBS.) lINCHESI lINCHES)

_____L __ ___1_ l.37 l.37 __..~ -- --~ ---- - ---~---

r----!/~- __L-_ l.37 l.l7 e------ .1.___ __~_l ___

ClJT 1/2 ----1..
--l)1-

l.~ ___1___
c-----l -

f--.---3LA.--. 1 -----1.-3L- -------L..1L- ~_.3____ _._-~-
r--- 1 -----L...- "l "l7 .L.3L... f-- _1..___ ____.3 ___

1------2 __ .-----1.__ -----.J..J.l- .-.1....2L_ ____J.i.__ f-- - -----.L.__
1---__l __1- 1 l.)7 l.37 24 __.2.___

4 1 l.)7 l.37 r---~-- --~Q._-~
5 1 l.)7 l.l1_ 24 - 29 20------ ---_._~

RELIEVER 6 2 l.)7 6.74 29 f- _.1Q..____
7' 2 l.26 6.52 36 29

24 - l6~
---~--

8* 2 l. 26 18
1l.26 -~

-_I!_--__ 2 l.37 29 - l6 -~~
9* 4 3.26 1l.04 24 - l6._ --.!.~H_

10* 2 3.26
16.6l

24 - 30 18
r.TFTE:R 10 l 3 )7 24 - lO ~1L...

rBlli£\TER 1 J * 1 ?t: --29....::.J7 III '

LIFTER II 1 l.37 12.l5 24 - l4 18
,

Ii 11 4 1. 4l 24 __~ --.1.'L__
RELIEVED 17' "l 7t: ~Q _ 17 .---l.B___

LIFTER 12 I l l7 12.35 24 - H ___ _----..U_~
PERIMETI>R 12 4 1. 4l 24 '------.12_
LIFTER 13 2 l.l7 24 "!L.....-16.75
PERIMETER

----U____ _---.1 1 41 2.4._ ~_2..1.....-

14 2 1.43 2,86 24 17

--
~. --

--

MAX_ CHARGE WT. PER DELAY 16 75 LBS., ON DELAY NO. ------.ll~_~

TOTAL CHARGE WT. OF ROUND UO. 8 LBS.

POWDER FACTOR 3.17 LBS. PER CUBIC YARD

TYPE OF DETONATORS UE:RCUI.ES SUPERDET ET.BCTJilC­

BLAST LOCATION:

Station: l+49, ~ to l+S6, ~

FIGURE B-8. TUNNEL ROUND DESIGN - MSB 5



SKETCH OF BLAST PATTERN TUNNEL ROUND SUMMARY

STATION: 0'6~0'5~

BLAST LOCATION:

NO. OF
~HARGE WT CHARGE WT DESIGN DESIGN

TYPE OF DELAY HOLES PER
HOLE IS) NO. DELAY PER HOLE PER DELAY SPACING BURDEN

ILBS.I IlBS.} (lNCHES\ (INCHES)

-.£lll:.-.-_ --J/_L..- ---3_.__ __.L.J.U-_ -..3...91)_ .___ .2£>..____ -----
f--)Hlffil __ _..L.-__ __L __ f--.4.32__ 4,32 =----- e----=------

--.2.__
,......-~ 1_ 17 ].37 __ --.!!!.--- .__9_____

) 1 3 37 3.37 -...!.'!-- ._~--_... ---L... ' n .U..1lL. e.-.29_ '<', _.li-=...llL. __
RELIEVER __.L--

~~------.l.. 17 13 4!!.__ __ll...:..ll.....- _!l..::..!.!!.-
RELIEVER h 4 3 37 ll.40 29- ]6__ ..!.!!..::...~

7 4 3,31 ll.48 _ ._ 29 - 36 _ 18 - 24.. -----
'------ 2 3,37 6.74 24 - 29 __1_9___

~ .. -..1....20_ --ll.1ll.- -----2L_.~ --..~_ ..._-LIF'I'ER
10 2 3.90 7.60 24 18 --

J n.77 <; ]'1 __!!L-__ _ ...1L.___

PERlHE'fER
12 7 077 5,19 __ --.....-.!~ 29

"J J a.•.TL._ <; 1'1 .lJl._ ___2L__

~U_ 2 077
9.34

18 12

LIFTER o. , 1 '1r. -..-l!l.-=...2.4_L.-l.L_

--

--- -----
-- f-.----

-- -----

~

,tNOTE: IJURN HO/.E

If)IIDED WITII
DECKED CHARGE,
EACII CIIARGE CON­
SIS'fING OF 4
51'ICKS OF 40\
EXTRA GEl, TAN;D

IN A !JUNDLIL
CHARGES 5L1'IIRATE
BY ] FT. OF
PLASTIC SPID}o~R

'fUBE, CONtlF.CrEU
nv 50 GRIIIN MAX. CHARGE WT. PER DELAY 13,48 lBS., ON DELAY NO..1,-~. umL7__

PRlMACORD. UELAY
CliP IN 1'01' DECK, TOTAL CHARGE WT. OF ROUND~~~ lBS.

POWDER FACTOR ~~~.9.7~__ LBS, PER CUBIC YARD

TYPE OF DETONATORS IIERCULES SUPEIUlET ELF,C'j'RW

P02 UOTE: ALL C3/4 tlOlES GROOVED
AND LOOKED IN SLIGHTLY

~. ~. L~' TOWARD B I .

., .1 t't'l.Yl

• ·
"'l"

.0 .J
0 · PI~\W

., n,
0 • ."

., l<o/' HOLE FACTOR~ 1l0lES/YD!• •• ., ."o' 0

'of ." DRILL FACTOR~LF/YO!0 .. .. n.
0 0

PI'l "1) PI] PI" PU Pil PI]W f'13w f'IjW- .. - ...........-.

'" .. n,
0 •

'" ., p"
0

'" ·
.11

., .,
N

0 ·J <"'r." ".-6 k~

I 1~6 11:1

Pil •.---.LI4 LI~- --~."

1-..----··-12' -----l
TUNNEL ROUND CHARGE 01 STRIBUTION

BOTTOM COLUMN UNLOADED
TYPE OF NUMBER OF CHAHGE CHARGE lENGTH CHARGE WI

HOLE )fOLES LOAD LOAD PER HOLE
(At STiCKSI (_SlICKS\ (STEMMING) (LOS')

4o~1 40,t

BURN 1 (4) (4) ~'-]O" 4.32

-T- -LT- (SAIID)
---- f------

40\ 400PC

CUT ] (2) (4.0') 1'-10" 1.30

-LT- -N'j'- (SAIID)
----------_.

40~ p.-2

RELlEVfR 20 (1) (4) 2 I _5" ],37

-1.1'- -T-

--- '----'

40\ 11-2

LIFTER 7 III /41 1'-10" ],90

-LT- -'r- ---_.-
40\ 400PC 2'-5"

b (WATER IJAGS
PERIMETER (11 14,0') 0.77------

12 2 1 -5"
-LT· -NT-

(SANDI

I
f-'
I-'
,l:>.

I

DESIGN HOLE DIA l=..il/lfi 1Ll!llruL-IN.

OESIGN HOLE LENGTH - _ ....!- FT.

FIGURE B-9. TUNNEL ROUND DESIGN,- MSB6/FC CUT 2



I
f-'
I-' )
Ln
I

SKETCH OF BLAST PATTERN
'14g PIJ" PI'g ,,5 ,.is PII

~---......----------.

"1Iif- ••t!< ..* klZ*
1'11111 • · • • .OS

* *.. •• .. ••
Pllg' · • · • PO<

* .... HOLE FACTOR~HOLES/YD3.. .. ••
f'''~ • · • • P"

~ DRILL FACTOR8.81 LF/YD3I "'"' ..•n* A] .0· AI .,
pu" • • 0 • • PO>

(1/4- 0 ·tJ'4

* • ..RIQ fiI, CO R4 .'0
plllll • • • • , f'lZ

.---.~-----LI, "" "0 1I0 UO W u,

I- 12' ..I
TUNNEL ROUND CHARGE 01 STRIBUTION

BOTTOM COLUMN UNLOADED
TYPE OF NUMBER OF CHARGE CHARGE LENGTH CHARGE WI

HOLE HOLES LOAD LOAD PER HOLE
(# STICKSI (#STlCKS) STEMMING) ILBS.l

BURN 3 NONE NONE 7'-9" 0

40'1. A-2

CUT 5 (1) (4) 2' -SI' 3.37

-I.T- -T-

12" SAME (3) A'-~T_ 1'-5" 3.26(l) II_N'r_ (SAND)
RELIEVER AS

J~~t;8 2'-5" 3.37CUT CUT
SAME SAME

LIFTER 7 AS AS 2'-5" ].]7

CUT CUT

SANE '~~5';''i l'-ll" 0.808 9 -NT- (SAND)
PERIMETER AS

9 (3x~I~TJ<S 1'-5" 1.43CUT -NT- (SAND)

DESIGN HOLE DIA, 1-11/16 (] BURN) IN.

DESIGN HOLE LENGTH 7. FT.

TUNNEL ROUND SUMMARY
,...--.

NO, OF CHARGE WI CHARGE WT DESIGN DESIGN
TYPE OF DELAY HOLES PER
liDLE (SI NO. DELAY PER HOLE PER DELAY SPACING BURDEN

(L8S,) (LBS.) (INCHES) (INCHES)
0 1 3.37 3.37 ] ~

1/4
-', -----------

1 3.37 l~.l.l- --_!..._->--_L_~
CUT 1/2 1 ] 37 3.37 ...L___ ) .

~-,----

3/4 1__ 3.37 3.37 ) ]

1 1 3.37 3.37 ] .===2___
2 1 3.37 3 37 ..~- __2..__
] 1 3.37 J.37 24 _~ '9
4 1 3.37 3.37 24 20,-_. -_.~-
5 1 3.37 ].]7__ 24 - 29 20

RELIEVER 6 2 3.37 6.74 --~~- --~()---
7" 2 3.26 6.52 ]6 __ 29

~
------

8' 2 ].2~_ 24 - ]6 18
8 2 3.37

13.26
~. - 36._ 24

.~ ,-----_.-
9" 4 3.26 13.04 24 - 36 18 - 24

10· 2 3.26 24 - ]0 18 __
• T~"'L'D 10 3 3.37 16.63 24 - 30 24 26

l.-JmLIEYf:R 11' 1 3.26 29 - 37 III

UITWL 11 1 3, ]7 9.1l3 . ~--=--li.. _1_8___
PERIMETER 11 9 4 0.80 24.._ 29-----
RELIEVER 12' 1 3.26 29 - 37 11l ___

I.IfTER 12 1 3.37- 12.35 24 - 34 18------ ---~-
PERIMETER 12 4 1.43 24 ~-

LIFTER 13__ ,-.__2___ 3.37 ~--- 17-----
13q 3 0.80 14 .86 24 24
13 4 1.43 24

--
24

PERIMETER 14 9 1 0.80 ~._.
17 --

2.23 ----_.-
14 1 1. 43 24 17 __

..

MAX. CHARGE WT. PER DELAY 16,6] LBS., ON DELAY NO.--Ul. _

TOTAL CHARGE WT. OF ROUND _125.8 LBS.

POWDER FACTOR 3 05 LBS. PER CUBIC YARD

TYPE OF DETONATORS HERCULES SUPERDET ELECTRIC

BLAST LOCATION:
STATION: 1 + 63, E TO 1 + 56, L----'-------

FIGURE B-10. TUNNEL ROUND DESIGN - FC 1



SKETCH OF BLAST PATTERN TUNNEL ROUND SUMMARY

~ 12' ./

TUNNEL ROUND CHARGE 01 STRIBUTION
BOTTOM COLUMN UNLOADED

TYPE OF NUMBER OF CtiARGE CHARGE LENGTH CHARGE WI
HOLE HOLES LOAD LOAD PER HOLE

(lit STICKS) (lit STICKS) (STEMMING) ILBS.)

BURN 3 W1f1t: NONE 7 1 -9" 0

40\ A-2

CUT 5 (11 (41 2 1 -5" 3.31

-I:r- -T-

SlIME SlIME

RELIEVER 20 AS AS 2 '-5·' 3.37

CUT CUT

~O\ SAME

LIFTER 7 (2) AS 1'-10" 3.90

-LT- CUT

SAME 400 PC

PERIMETER H AS (4.4' ) 2 I -0" 0.80
(WATER DAGS)

CUT -11T-

J

DESIGN
BURDEN

(lNCHESI

]
-------

]
-~~ ---

J

DESIGN
SPACING

(INCHES)

NO. OF
HOLES PERICHARGE WTICHARGE WT

DELAY PER HOLE PER DELAY

(LBS,) (LBS.)

DELAY
NO,

CUT

IU:LIEVER

TYPE OF
HOLElSI

I I I I I --+-1~-

TYPE OF DETONATORS HERCI".E~ §UPERDET ELECTRIC

I I t L~~==

I 1------ - I I I .--+------1

MAX, CHARGE WI. PER DELAY 18,44 LBS., ON DELAY NO,----...!..q,.-----

TOTAL CHARGE WT, OF ROUND 122.8 LBS.

POWDER FACTOR 2.97 LBS. PER CUBIC YARD

BLAST LOCATION:
STATION: ] + 56, E 3 + 6], E-------------

___ Q......___ 1 3:J7 l.:.~7 .3
1(4 __-.!--. 3,31 3.J7. _._.__~

1-_...!l'_2 ! __ -~h-']. 37~ . .~

~ _~1 ....2:~ 3.37 J

I---_.~ 1 . J.:.32- ].J7 2 ._._.~ _

+---=:: .~ ~:~~ . tfL~~~E_~-~ :=-i==~
4 _._ f- 1__ ].37 J.31 . __2~_ .~ _

___5__ 1 J.17 ].]7 .__.~4_-_2_9 ~~_.__

,~__ 2 ].37 G. 74 29 _.:~__

__.'!.-. .2.__ ].]1 6.14 36 __ .~_2_'.> -1
8 4 ].31 13.48 24-J6 18-24

-------+---_.- - ----- ---------
I--~__ 4 J.J7 13.48 24 - 36 .~'_~ __

I--- 10 __~___ ].37 10.44 24-]0 ..!!!.__
LIF'rER 10 3 ].90 24 - 30 24 - 26

RELII;VER II 1 3.]7 29 - 37 10
LIFTER II 1 ].90 10.47 24 - J4 ---uJ---

1----- ------
PERIMETER 11 n 4 0.80 29 29

RELIEVER 12 1 ].]7 11.27 f-----"-~---- .__1_8 _
LIt'TER 12 1 3.90 24 - 34 IB

PERIME'I'ER 12 5 0.80 I 24 --29---

LIfTI;R IJ 2 ].90 r24 - 29 16 - 18
PERIMETER 13 9 ] v.80 10.2 36 24-------
PERII1ETER 14 2 O. 8U 1. 60 2_4_'_]_6_._ f--._1_9 _

DRILL FACTOR~LF/YD3

HOLE FACTOR~HOLES/YD3

P'2

PO>

"II

.,2

PI'

-.-. :QIII'HljI h5, f'IJg .,.....
---....... -- - ------.-

H" H" H" ."· · • ·.. .. •• ..· · • •
.. .. •• ••· • • •

CI '-Ill

'"
., ·0. .2 .,

• • 0 • •
el'''· O·CJ,M..,0 "' CO .. .'0• • • •

------.--~---. . .
LIJ III LID LIO LID Ll2 III

PII~

"'1111

I
N

J-'"
..1111

I
I-'
......
0\
I

DESIGN HOLE DIA. \-11/16 IJ DURIO IN,

DESIGN 1I0LE LENGTH __. ._7 FT,

FIGURE B-ll. TUNNEL ROUND D~SIGN - Fe 2



SKETCH OF BLAST PATTERN TUNNEL ROUND SUMMARY

BOTTOM COLUMN UNLOADED
, YPE OF NUMBER OF CHARGE CtIARGE LENGTH CHARGE WI

HOLE HOLES LOAD LOAD PER HOLE
(# STICKS) 1# STICKS) ISTEMMING) ILOS.1

BURN 3 UO/:E NOllE "I' -9" 0

----- ---_.
·101- 11-2

CUT 5 (1) (4) 2'-5" 3.37

-11'- -T-
--

SAME SNIE

RELIEVER 20 liS AS 2'-5" 3. ]7

cU'r CUT

401. SN-U:

LIFTER 1 (2) AS 1'-10" 3.90

-LT- ClJ'r
f-----,;)<.ME 1- l' 5" -- -----

4 AS C1J'f (3K") -N'r-
--~¥:!Ul~-

1. 43
---. ~-- · - -SI\.-m-- -41l0I'C-- -----

PERIMETER ] g 1\5 CUT (4.4') -lIT- (SlIllU)
O.AU

~---~'-- - ---Sllm:--- ---41\0 pc-- -'2""C1P'-- -------
f, ')a

II~; LIFTLR (J.8') -NT- (SAlin)
1. 29

fIo14'i! ~I)Q Pll, "IS, t'14,
----~-------~--~- DESIGN

BURDEI~

(lNCI1£~)(INCHES)

HERCULES SUPERDET ELECTRIC

].13 LBS. PER CUBIC YARD

NO. OF
DELAY IHOLES PERICHARGE Wl\CHARGE WTI DESIGN

NO. DELAY PER liDLE PER DELAY SPACING

(LOS.) (LOS.)

CUT

TYPE OF
HOLE IS)

IU:LIEVER

PERIHL"TER

POWDER fACTOR

TYPE OF DETONATORS

BLAST LOCATION:
S'I'II1'10N: 1. 56, L TO 1 + 48.5, L

l----- I -l ~ I "----

MAX. CHARGE WT. PER DELAY _ 18.44__ LBS., ON DELAY NO. _.__1_0 .. _

TOTAL CtiARGE WT. OF ROUND_~__ LBS.

o 1 3.37 3.31
--- --- ----- ------._-- _._---- - '-- - ---
~ 1 . 3.37 3.37 __~ .~ _

!{~_ 1 3'-~ 1---...2.:~_ ___3____ _2 __~_
_U4 __I-__.!_~ _--.---1~_ _ -L.lL 1..- .. .1

I- -1---.1-- 1 3_.11. hlL-I--__2.. ._~__I

~~---~--!...--f_-!.:.l~ ----.!.:.E ~ ~_

I----__~_-_===_: _~~ - ~:~~--~d~--= -2~ _F.: -= .--~-- -- ~:;~ -~:~;---~\929 --~~ --=
I I--__2__. 3_._3_1__~.?4 ]6 ~~ _

.a!.. 1--- 4 3.37 13.48 24 - 36 __~<1.

f---.9 4 3.37 13.48 24-36 lA-.~ _

I- __HL~_ ----L- ~ n 18.44 ~--f--l.Ii-_---
_~~_ 10 3 3.90 24 - 30 24 - 26

~~VER 11 1 3.31 29 - 37 18

~J"'R 11 ..1 ~ '>I' 13.66 ;M_=..:l.4..- _~_._
I-P_E_·R_I_M_E_T_E_R_t---_....;l_l___ 3 1.43 29 -)0 _2_9 _

RELIEVER 12 1 3.31 29-)7 IB

I LIFTER 12 1 3.90 __ 11.14 24 - l1...- l~__

PERUlE'rER 12 qa ] 1. 29 29 - ]0 '--I---lL.-_-
I.IFTER 13 2 3. 9Q_ _:u...:.l2__~.!L__._._

_13 1 ~. 1.43 12.92 29 29

--~-f- 3 0.80 r-l~---__21':""' _
I] 9" ..__!____ 1. 29 29._ _--l2-__

I- I 149a. ~ 1.29 2.58 29-36 22

t "a If sticks
taped to wood
dowel,
~eparat{;.d

by 12".

HOLE FACTOR~~IOLES/YD3

DRILL FACTOR--!.:.~l.F/YD3

PIZ,

"'11Q

PliI'l

f'1j'il

L"

R'O·
.J
•

H'·
•••

~
DISTR IBUTION

."·

LIO LIZ

H6

•

HO·

H,·H,·
u.·
.b·

,. (lIz
81 ,,~.O_ Al

• • 0 •
tl/.- ~ ·c,,..

"10 I., GO h4· . .

Hb·

.11
o

H.·

-----.----.-LI. llO LID

."
-N

u,

."

1
p"

p,.

~-----.-~12'-­

TUNNEL ROUND CHARGE

I
r-'
r-'
-...J
I

DI:SIGN ttOLE DIA l_-~!{~-E..~--IN.

DESIGN HOLE LfUGTH !.____ FT.

FIGURE B-12. TUNNEL ROUND DESIGN - Fe 3



SKETCH OF BLAST PATTERN TUNNEL ROUND SUMMARY

~--- --- ----- 12' ~

TUNNEL ROUND CHARGE 01 STRIBUTION
BOTTOM COLUMN UNLOADED

1 YPE Of NUMBER Of CHARGE CHARGE U::NGTH CHARGE WT
HOLE HOLES LOAD LOAD PER HOLE

1# SllCKSI (#STICKS) (STEMMING) (LBS)

BURN ) NOUE UONE 7' -y" 0

------- ------
~O, 1,-2

CUT ~ (I) (4) 2'-5" 3_)7

-LT- -1'-

--
~AI1E SA:1E

RELIEVER ~o AS AS 2' -5" 3.37

CIJT CIJT

------ 1--------
40l S/.ME

LIfTER 7 III AS 1'-10" )..,0
-1.1'- CUT

1-------

5
SIJ·iL;- II t I' -5" J.41

-----~l-- AS CUT W.Jllo,L_-N'I·- f--,15A1Ul) ----
P£RI/AETER 5 q

--';Mlr--- 400 PC 2"~U"-- 0.80
1--_._----_._. AS nIT 14.4') -NT- -- F~R~L- --~--2 qa --, )IJ-n:;- ~1J\Jt'C"--

liS 1,IFn:1< (J.8') -111'- SA 0) 1. 2'}

"II, 1'lol'IIQ PIIOG PIl,
-..,-------------

----.- --- ...---- .....
ll:l LI' L.14 LI4

DESIGN
BURDEN

(lNCHE5)
)

---]-----

NO. OF ICHARGE WTICHARGE WTI DESIGN
'-JOLES PER PER HOLE PER DELAY SPACING

DELAY
(UiS) (LBS.1 (INCHES)

DELAY
NO.

cu'r

TYPE Of
liOLECS)

Nt:LH:VER

l'ERIHE'I'ER

===t=--==t=-Jt=---""i--------I

MAX. CHARGE WT. PER DELAY 15.60 LBS_, ON DELAY NO. lL _

TOTAL CHARGE WT. Of ROUND __126:_8__ LBS.

POWDER fACTOR ~_ L8S. PER CUBIC YARD

TYPE Of DETONATORS IIEIcCUl.l-:S s~~~..!::1' I::LECT~__

:-1--~--~~~=-~

o 1 3.37 3.37 3
----iIi' ---1-- ---:J:]'7- ""'3:'37-- --~-j--

----_ .. --_._--- -_._---- ------

1/2 I 3.17 3.37 3
------ ----- ------ ----- - --_._- -- ~---

S
3~_i_--_- -_-_-_-1_1-=--=-_=_ ~:~~ _~_:_~;__ -_-_-_t~= =~_~_===

2 1 3.37 3.37 24 ~
----- ----- ------ ----_.------ ._---------

__....3_ ___..,}__ ___!:.l7 3.37 2! . ~ _

t=i--=-=~-~--=- --~:~~_ --..l:~__ --2f-\9- =--_~~ I
6 2 3.37 6.71 29 2U-------- --------- ------ ------ -----_.- ---.-.-"_._- -_.

___7 2__ 3.37 ,,6.7.4~_~ ~~"- __ -~=_2')--- __

f---....!!.. __4___ 3.37 lJ-1!L-... li..::_J!! 1!!.:::_1..i__
___ ....2.___ __....!_ 3.37 13.48 _ 24-~ _ _....!!!...::.:?i. __

f-------t- ii,,·-_-_-. -_-5--- __~_:_~;~" Il~~ ~~_= ~: -_-_-_~~==_~
12 9 ~__ 0.80 5.47 _~8 ~ _

__~a )___ l.~ __36 2~_

r-----t---'I..],,'--"L!!,,-~- __L l. 29 2 5!L.._ 24 - 41) __ -ZL=.li'. __
1.1~"l'ER 1-1..... 3___ ~_ II. 70 .....li~]O ..!...2.:L _

l- -f_-'1,,5'--_~--4 1.90 _ 15.60 ....1i..: 36 _...!.Q..::.2~ __

----- ------

t lIalf sticks
td(,,,d to wood BLAST LOCATION:
d,)wl.ll. STATION, 3. 63, \; '1'0 3 • 70, E
separCltl!d b-- -------
12" _

DRILL FACTOR~LF/l'03

HOLE FACTOH~IOLES/y03

>"

>"

>"

u.L1'

•••
..,
•
.,.·

..·

L"

., A-, ·.. ••· •
.. ..
• ·

(.1 cln

HJ -a. Hi!

• 0 •
(1/... • 0 ·")/4•
Iil~ '0 A4

• •

'"·

• '0·

...
•
.,·

PI2'lI

_ PIZ,
N

J""

I
I-'
I-'
00
I

DESIGN HOLE DIA. J-Jl/16 (J IIl1pm I N_

DESIGN HOLE LE NGnl_~__7 f T_

FIGURE B-13. ~UNNEL ROUND DESIGN - Fe 4



SKETCH OF BLAST PATTERN TUNNEL ROUND SUMMARY
PI!SIlIG

-----~~
PICg ~I:'IQQ. .

r-l311° t Pltllla

"OI "" .. AI.!

• . • . P,.

Pll~ • .. H" .. ••• • • D p"

1l0LE FACTOR~HOLES/YD3

1""1 ~ ":" ,,; ~ \'" O",'LFACTOR-'!c2"-,FIYO'
h 1 AS· O. flZ A' '
• • O. •. PIli

(,1/4° 0 -1:.314

"'119 e
foliO R~ CO li4 RIO

• • • • • PIZ

- 6- -- .--O---e----_+__-,,, LII LID LID LID Ll' LU

NO. OF CHARGE WI CHARGE WI DESIGN DESIGNTYPE OF DELAY HOLES PER
IIOLEIS) NO. DElAY PER HOLE PER DELAY SPACING BURDEN

(LBS.) (LBS.) (INCHES) (INCHES)

__.!L.-_ ___1___ ]. ]"I 3.37 ~ 3-._---->--=------ --------
I/~ 1 ].]7 3.37 ] ]

-------- ------ --------- 1------_.- ---------.
CITf e--_!il__~_L__ ].37 3.37 1-------]---- --~----

~L1..-.
___1___ ].37 _........i:.J"'-- -~-_:!..._- ]----- -----_.

1 1 ].37 __3.37_ 3 --_..!_------ ._---- "---------
2 1 3.37 3.37 24 9

r---.----- -- ----- ._-----_.- -----
] -_. 1 ]. J7 ]_ 37 24 ~- ---- -------- -----------
4 1 ~~--~?........ 24 20

-----" -0_-_----
5 I ].]7

--~--~_29__ 20.._-----
RELIEVt:R 6 2 ] .37 6.74 29 ___ ~O___---

>--7 2 ].37 __ 6.74 ]& 2~------ ------- ---------

~~ 4 ].]7 lJ.~~ 24 - ]6 18 - 2~
~----- -----_.

9 4 'j, 37 lJ.48 24 - ]6 18 - 24------- -----
10 2 __

1--_ 3 . 37-- 24 - 30 18
18.44 -----

I.IITER 10 ~~--]--- ].90 24 - ]0 24 - ~6

~EVER
11 --

I 3.37 29 - 37 ·18--
----- ---

LIFTER Jl ] ].90 9.67 ~~~- __ 18_

~HETER I1g ] 0.110 ]J - 42 17 - 29--
RELIEVER 12 1 ].37 29 III

f--.
I.IFTEH 12 I ].90 14.42 24 - J4 ]/J

~Ht:TER_ 12 5 1.4] 24 29
f-.----- f-,-------

LIFTER ]] 2 3.90 7.80 24 - II 18 - 20-------
PERUIETI>R __11..:'1_ 2 0.80 1.6U 40 24

f----_- ---.
15 na ......___4 __ I.~9 5.16 12 - 40 ]0

~-----

>------ -- ~--

f-----
-.

--------

---- --

MAX. CHARGE WT. PER DELAY 111.44' LBS., ON DELAY NO.---~:._ ~

TOTAL CHARGE WT. OF ROUND __l~ LBS.

POWDER FACTOR 3.10 LBS. PER CUBIC YARD

TYPE OF DETONATORS HERCUl.ES SIlPERDET EWCfRIC

BLAST LOCATION:

STATION: ] + 84, E TO ] + 9]. f.

t lIalf Bticks
taped to
wootl dow~lr

separa.ted by
12" .

~
DI STRIBUTION

l...--~--12'--­

TUNNEL ROUND CHARGE
BOTTOM COLUMN UNLOADED

TYPE OF NUMBER OF CHARGE CHARGE LENGTH CHARGE WI
HOLE HOLES LOAD LOAD PER HOLE

(_ STICKS) (# STICKS) (STEMMING) (LBS.)

BURN ) tlONIo: NONE 7' -9"1 0

---
40\ A-2

CUT 5 (I) (4) 2'-5" ] .37

-IJr- . -T-

SAME SAME

RELIEVER 20 AS AS 2 1 _5 n ]. ]1

CUT CUT

40\ SAME

LIFTER 7 (2) AS 1'-10" ].90

-l.T- CUT
f---.

5 SAllE " 1 lr-:-s''-
AS CUT ili'1L-=H'.r.= 1!j!;~¥~

1.4]---_.- -'SM1E-- -----
PERIMETER 5 q ~OO PCAS e1l1'

~~ Ob-~= -...l{l~~I--":
0.80

r--.------ --SAME---- --------
4 9d AS l.If"I't:R (3. d') -NT- (WATt:R B/I(;S 1.29

I
f-'
/--'
\0
I

DESIGN HOLE DIA. 1-11/16 (] BURJOI) IN.

uESIGN HOLE LENGTH 7 FT.

FIGURE B-14. TUNNEL ROUND DESIGN - Fe 5



SKETCH OF BLAST PATTERN TUNNEL ROUND SUMMARY

BOTTOM COLUMN UNLOADED
TYPE OF NUMBER Of CHARGE CHARGE LENGTH CHARGE WI

HOLE HOLES LOAD LOAD PER HOLE
I.... STICKS I I_STlCKSI ISTEMMING) ILBS.I

401 t 40\ t

BURN 1 (,11 (41 }1_6" 4.32 t

-1'- -1'-
(SANDI

40\ 400 PC

CUT ] 9 (21 (4.0'1 1'-)0" 1.]0
(WIITER DAGS)

-L1'- -N1'-

SAME SAME

RELIEVER 20 liS AS 2'-5" ]. J7

CUT CUT_.
LIfTER 1 m :;~t;

1'-10" ].90
-U'- CUT

2 'I }pr- (4~y'tl P~N1'
~r::n 1.04(1.51 -1.1'- (WATER BAGS)----- --4~- --;;JtRrI'C"
(WII~ERO;AGS)] ga (21 -LT- ~4'1 -NT 1.29

PlRIMHER f--------
--~'my_·- UO~-'---Z~~

._----"--

I--~-- HL.{O\-!-o.!::... U1..~-=!'I'!: l!!IITf:R DIIGS I 1).80

] 'Ie NooP. t t
b"=J)" 1.06 ,

H.L -L'r=- ~IER BAG~!
r----~-

(1.~T-
----_._-

b~n-- ------_.
2 '1.1 NONE ti IIWIITER BAGSI 0.&0

DESIGN
BURDEN

(INCHES)

DESIGN
SPACING

NO,Of j,
HOLES PER HARGE WTICHARGE WT

DELAY PER HOLE PER DELAY

(LOS.1 ILBS.)

DELAY
NO.

I.IF1'P.R

TYPE Of
HOLE(S)

PERIME'fER

PERrMETI:R

f--!:.!!!ER

~---) I I----~-----------t__-·- -----

I ~ I I--------t__----t------

BLAST LOCATION:

MAX. CHARGE WT. PER DELAY__18.44 _ LBS., ON DELAY NO. --}£!.- ----.

TOTAL CHARGE WT. Of ROUND _.lJ_L,2_ LBS.

POWDER fACTOR 2.17 LBS. PER CUBIC YARD

TYPE Of DETONATORS HERCUI,ES SIIPERDET ELECTRIC

\lNCHCS)

___o....g .....J ~--_-._.J.-•.-:llI.-·_-_-_+_-.._-J-~-~-.-__-t_-.._-2-4-__-__-._-J+_--_-~~_::

f-~J=~-= ------~--~-~-- ~~ ----- -------
2 1 ].31 ].]7 24 9--- .-~--- -------~-~- -------- -------
~ ] 3.]7 ].]7 24 9

REr.JEVER I----ri--= --- ~ ~:~~~~=-~r= ~~~:~-~=~~~~~---
-----1-------"-. - -- . -- ---.

_7 ....1...__ --l.1_7__ 6 - 74 ]!?.____ ___~'!.... _
>--._8 4 __I-~_-------.!2~ ~~..:~__ .2~~~~ 1
I---'!'-- 4 ].]7 1l.48 24 - ~._ ....!8_-_~.:!...__

10 2 l.J7 10.44 ~~. _!!I__._
LIFTER . .-!O_ __ ] 3, '10 ~-4---~-- ~~ __:_~6 _

~LlEVEn 11 1 ].31 _~~2...__~
l,lPTER 11 I 3.'10 10.64 ~1.!.. !.Q... __

PP.RlHETER 1!-'!_1-- 2 1.04__ 1-_.-26 __~
1-- -l__-'I-'I-"'-g~a__.jl_- 1 1.29 ]6 __2_9 _

_RE_.L_I_E_V_E_R 1_2~___ 1 ].31 __29_-_]C!.._ _ ~ _

12 1 ].90 '1.9] ~~~ ~

12 'Ie 1 1.06 ~___ 29 _

12 qd 2 ~.~ ---.-26.....- __~~ _
bl 2 1-].90 7,00 24_~__ 19 _

f-14_sh.... f-. l____ 0.80 0,80 ]6 ._~ _

15 "~_I---_ 2 1.29 4.10 ]6 _~~]6__

I I 15 'Ie ~ I___!.:..~ _. ~ J!?.... ~:4.-=-]Ii.._~

t Four It. o[ ~~II·f!.oN,] i 91,E '1'0 ) ., 'IS, r;
SpJrler Tube
used as Spac

t NOTE: IlURN
HOl.E LOIIDED
WITH UECKED
CIIARGE, EACH
CIIARGE CON­
SISTING OF
4 STICKS OF
401 EXTRA
GEl. STRIIlG
LOADED liND
TIIIWED.
CIIl\RGBS
SEPARATED DY
] FT, OP
SANlJ ...

DELAY CAP IN
TOP DECK,
.. DELIIY IN
BO'ITOM DECK.

HOLE FACTOR~HOLES/YD3

DRILL FACTOR~LF/YD3

Pll.d

PIi!ld

PI20c

PI~gc

OR
o

.oo
o

..
o

."o

.,
o

PI.,.

--~

01 STRIBUTION

.,
o••o."o

.. .. fill
0 0 0

•• .. ••0 0 0

coo rDl/_,./,"lCOO
.r ., 0 .,

0 0 0

y
(.Og

H'O •• .-0 0 0

--.---..---.--------..---
LI] LII LtO LIO LID L10 1I]

P.!ita PI~OIl PIII,b----
PlIga

N PlIg

J.."
~ 12'

TUNNEL ROUND CHARGE

I
I-'
IV
o
I

DESIGN 'IOLE DIA.

DESIGN HOLE LENGHL.

1-1!L16

1

____ IN.

____ FT.

FIGURE B-15. TUNNEL ROUND DESIGN - Fe 6
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I
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IV
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I

SKETCH OF BLAST PATTERN
~I). 10'1) 1"., flU ,.1 p"

.-- --.- -. -- .- ----..--- .__-e--

"0 ". .J ,'. ..
HI. · · .. · ·

", '" "' .. "'HI' • · · • · rHOLE FACTOR-.!..:1.!!-HOLES/YO'

'" .. "' .. .h
POI · • • • • PI2

{\/

1
c, elli DRILL FACTOR_9 .£>6 LF/Y03.,

'" .0. Itil ",
POI • . () • •

C 114- <1 .CJ/..

•
h, .. CO .. ••

POI • · · • • • 1"2

"'
& ---e- --.--..---.---..--

,"0 0..1" LID '00 '.0 <I'

1--------12'

TUNNEL ROUND CHARGE 01 STRIBUTION
BOTTOM COLUMN UNLOADED

TYPE OF NUMBER OF CHARGE CHARGE LENGTH CHARGE WI
HOLE HOLES LOAD LOAD PER HOLE

II STICKS I llit STICKS! (STEMMING! (lflS.1

BURr~ J NOllE NONE 7"-<)"' 0

40' 1\-2
j41

CUT 5 (I) 0\ 1'-10" 3.90

--fJ'I'-
(1)

-T-

SANE 511I·1£

RELIEVER 24 AS liS 1'-10" ].90

CUT CUT

SN-tl::: SlIIo\E

LIfTER 7 liS liS 11-1011 ).90

cu'r CUT

- - f-----
SAME /I

PERIMETER 18 l\!; (2) 2'-4 11

1. 7]
CUT -IIT-

(511/10)

TUNNEL ROUND SUMMARY
NO OF CHARGE WT CHARGE WTTYPE OF DELAY IIOLES PER DESIGN DESIGN

110LE(SI NO. DELAY PER HOLE PER DELAY SPACING BURDEN

('-flS.! (lflS.! (INCHES! (INCHE!»
_ .!l__ _____.1___

f------102~-----~- ] ]

I--~-- ___..1. ___ .
----- ------ - ----._--------

___l~__ _.2.: 92__ ] 3------- - -------
CIIT 1------.1/.1._ 1 ].92 ].92 ] ]

f----.l/4 1 ).92
--------- -------

].92 ] )

-~
~-----

1 1 ].92 J
---)---

----- --------- ----- --j9---
2 ;0 ].92 7.84 19

--~ 2
._----._----

].92 7.84 19 Hl

>--.!.._- ~ ].92 15.68 24
-----

f--.
20'-_._---

RELIEVER 5 ) ).92 II. 76 14 24

6 4 ].92 15.60 24 - 14 17 --

7 ) ] .92 11.76
_._---

24 - )4 17 - 24-- -----
8 2 3.92 7.84 24 - J4 V

CI d ~~.92

--
15.60 -~---- __107. ___

LIFTER \1) " ~ 92 19.60 24 ---ll. __
11 5 1.00 9.00 24 - )4 24

PERIMETER
12 5 LBO 9.00 24 - 14 24

11 £> 1.80 10.00 20.5 - P 24 --
14 2 1.80 f--~-~1-_1_7____

LlFTt:1< 14
11.44

2 :L_~f- 24 1~

1---

-- --
--

-----

-----
---

--- ----_.

MAX. CHARGE WT. PER DELAY 19.60 LBS., ON DELAY NO. __H! _

TOTAL CHARGE WT. OF ROUND )7] 'i LBS.

POWDER FACTOR 4.20 LBS. PER CUBIC YARD

TYPE OF DETONATORS HERCUI.E5 SUPERllE1' ELECfRIC

BLAST LOCATION: USED TO EKCIIVllt'E OIIU: ROC\{ IN NORt'lI
IlBAUING

DESIGN HOLE 01 A. /-11/16 II DURI-l)

FIGURE B-16. TUNNEL ROUND DESIGN - CONTRACTOR'S SSB ROUND IN IGNEOUS DIKE



I
I-'
l\J
l\J
I

SKETCH OF BLAST PATTERN
io'1:l'Q 1-"411 f'ljy I'U,_ P14g. "I~"O

---4-------~.- ---~ •

•• II .. ., .0 ••e,,_ r · • · • • f'1 'i 110

., .. .. .. .,· · · · • PIZg

"Illl • HOLE FACTOH~OLESfYD5... .. ., •• o•· · · • · Pili

~
DRILL FACTOR~LFfY05

rOo " ""iii 8 HZ .0- Ali!' ..
.• • 0 • · PI.!,

CI/"'- (; -f;J{4

IoI'J ... " CO f14 0"
1'11\1 • • • • · I ~12<;1.,

.------e-.- --.---.- • ------- -,.. "0 110 L'" LtO L'O L14

~--------12' .. I
TUNNEL ROUND CHARGE 01 STRIBUTION

BOTTOM COLUMN UNLeADED
TYPE OF NUMBER OF CHARGE CHARGE LENGTH CHARGE WT

HOLE trOLES LOAD LOAD PER HOLE
(# STICKS) (NSTICKS) (STEMMING) (LBS)

BuRN 3 NOIJI:; NONE 7'-9" 0

40% A-2

CUT 5 (I) (4 ) 2' -51' 3.37

-LT- -'1'-
1----

SAME SAME

RELIEVER 24 AS AS 2'-5" 3.37

CU'!, CUT
c---- :;m;nr-- Ar7 AS 1'-10" 3,92
LIFTER CUT ! 4) __-- lewo -------

~ 'J Hi -I.'!'- H~2f¥ -N' __ S~P•.L 1. 25

3 gil - r-=-1/1'=--I~~-~
-----

3~~fl =~;-- ~~~~~-
1. 78

o ---- ------
PERIMETER 2 (2) -1,'1'- I. 25

40.--------
.(OOi'c-=N~

--. rr-=jrt-- ------
2 0 (J) -LT- D. 2 'I (SAND) 1. 78

DESIGN HOLE DIA 1-11/1~ IN_

DESIGN /lOLE LENGTII J_.0 FT_

TUNNEL ROUND SUMMARY
NO. OF

!cHARGE WI CIIARGE WT DESIGN
TYPE OF DELAY HOLES PER

DESIGN

HOLE(S) NO DELAY PER HOLE PER DELAY SPACING BURDEN

ILI!S) (LBS_) (INCHES) (INCHES)

0 _______1___ _.__...!.:1?__ 3.37 3 3----- ----- -_._---_._-- ---------
-.!L4 -_....!_- '----~~?_-~~!..- 3 3

cu'r >----1/2-- 1 3.37 3.37
--3----f-----r-=-.-----

f--!I~- 1 -~~
3,]7 3 -

----~-- ------- --~----------
.L___ __1..- _ ], J7 3 3.7__ __3____- ____3_-

-~__ 2 3.]7 6.74 __ 19 ~!l. ___
3

.---------
2 __ __ 3,37 6.74 19 18

___4__
-_.~ 3,37 13.'!l!- ~---

20--~

RELIEVER ___5__ 3 3,37 10.11 34
-2"4---

f---.J!___ ~_!-- 3.37 ~.4~_
---- -n----

----- 24 -=-~i._
-------~-

7 3 3,37 10.11 ~~!.- 17 - 24
8 2

-~--- --17--3,37 6.74 24 - 34
9 4 3.]7 13.48 ~24----- -TI---

-i:iTTER- ------f-- 5 -24----]0 3.92 19.60 -~--24---

1---- f----- ----- -------.

'---~- 3 1. 25 ].75 29 24

_12 1 1,_~ 24 24
5,00 - -_.!u 3 1.25 24 24

]] a ] 1,78
-~ -2"9-- 24

--.!l..L...- 1
3.0] ---.--- ------

PERIMETER 1, 25 29 24
-----

14 1 1. 25 29 24
__14_0____ 1 1.78 29

-------
24

"---!.!...'L- I-- 1 1.25 13.90 __2~_ 24

14 'E- 1---_ 1 1.7~_ 1--_2_4____
--2"4--

LJFTER 14
f------

2 3.92 24 - 29 IB
PERHIETEk 15 '1d 2

-----
-- 1. 78 3.56 ".1_ 29 24

----- -----
-- f----.---------------

-- -----_.

---- ---- ---

MAX. CHARGE WT. PER DELAY-!2~ LBS_, ON DELAY NO. .!!L _

TOTAL CHARGE WT. OF ROUND _.!..1!!..:..L_ LBS.

POWDER FACTOR 3. 55 LBS. PER CUBIC YAR,J

TYPE OF DETONATORS m,RCULE:> SUPERDET EI.I,cTRIC

BLAST LOCATION:
STATION: 4+]9, E TO 4+45, E

FIGURE B-17. TUNNEL ROUND DESIGN FC 7, IN IGNEOUS DIKE



SKETCH OF BLAST PATTERN TUNNEL ROUND SUMMARY

HO Ql HI Ritf"l . . · . .. JIll

Al nc. 116 R1
1-'11 • • • • 'PIli!.. .. .. .. j HOLE FACTOR~HOLESIYD3

J
N~" :. <>J':,~ ~ -,::141:. p,z DRILL FACTOR~F/YD3

i'li • • • • PI~

....,
C.s/40

~ hI) Ii~ Iilfii
PII • • • • 'Pll!:

1 --l NOTE, ALL C3/4Q HOLES
u~- - ~;;--t. lO, lO. too u. GROOVED AND LOOKED
I IN SLIGHTLY TOWARD B I.
'""'------- 12' ~

TUNNEL ROUND CHARGE DISTRIBUTION

BLAST LOCATION:
STIITION, Ot61.5, E to 0+61, E

NO. OF
TYPE OF DELAY 1l0LES PER CHARGE WT CHARGE WT DESIGN DESIGN
liOLEIS) NO. DELAY PER HOLE PER DELAY SPACING BURDEN

(LOS,) (LOS.) lINCHE~) lINCliES)

C!JI' _." 1-_3ji.-.9- ~_._LlQ_. 3~0_ __ ~._.. - __. _

llUIDI I .f--._l_~ .4.j2 4.32 -. ~ _

~ ~ 3.90 ~3.90 _~I--~__ .. -,!__
-...!---t-----,.l.---. 3.90 3.90 .~--~--.-... __9__

RELIEVER 4 4 3.90 15.60 29-36 12-18
5 4 3.90 15.60 24 - 29-- -15-='24--

__.Ii- 4 3.90 15.60" --2-~~ '10- 24--

7 4 3.90 15.60 24 - 36'- -lil-"~-

, --l~-l1u_-- 7 1 "0 '~a;;-- '2'4':2"9- --18--
._--~ --------

LIFTER 9 3 3.90 .1l.10 24 .2~ __
______- 10 2 3.90 1.80._ 24 ~~

11 5 1.73 8.65 24 29

D 5 1 13 8.65 24 -2'9---
PERIMETER ,> 6 1 13 10.38 21 ..2~

14 2 1.73 11.26 ~ 24 16
LIFTER 14 2 3.90 24 III-------1

f--.---

t----t----l----l----I------· -----
t---t---t---t---!--~·---·

.-

I----t----l----~---l----j-----
--

1-----4-----+------11----- ~.-.-+_-~--l

r-----..-----+-----~------J--.----1---.--.-­
t----+----------4---~+-----+------ ------

Nal'E: HURN HOLe:
WIIDED WITII
Df;CKED CIIIIRGE,
EACH CHARGE CON-
SISTING OF 4
STICKS OF 40'
EX'I'RA GE:L TAPED
HI A 8UNDLE.
CIIIIIlGES SEPIlRATED
BY 3 t"l'. OF
PLA=3TIC SPIllER
TUBE, CONNECrED
BY 50 GRilIN MAX. CHARGE WT, PER DELAY~...60....-- LBS,. ON DELAY NO, ..h.2L.,t;,i!!!'!-1--
PRlMACORD. nEr.... V
CAP IN 1'OP DECK. TOTAL CHARGE WT. OF ROUND 144.7 LBS.

POWDER fACTOR -------3_'ill.-- LBS, PER CUBIC YARD

TYPE OF DETONATORS lII::ncuU:5 SUPI-:RDJ:,"!' ELECTRIC

Pl4 fou PIl P"S pas PIS PU f'14
1- • __~ ..-__ • • - . ...-

. BOTTOM COLUMN UNLOADED.
TYPE OF NUMBER OF CHARGE CHARGE LENGTH CHARGE WI

HOLE HOLES LOAD LOAD PER HOLE
(.... STiCKSI (#STICKSI (STEMMING) (LOS.)

40\t 40,t ,1

BURN 1 141 (4) 2 1 -10" 4.32

-'f- -LT- /SIIND)

40\ ~OOPC

CUT ] 'J m /4.0') 1'-10" 1.30

-LT- -NT- /511I10)

40\ 11-2

RELIEVER 20 (1)
(4)

1'-10" 3.90
40\

-1:1'- (~)

SANE. SAME

LIFTER 1 liS 1If; 1'-1011 3.90

IlELIt:Vt:R nELIEVER

.,"---
SAME II

PERIMETER 18 liS /21 2 1 .-..-1" 1.1)

IU:LlBVLI< -llT- (SANDI

I
t-'
tv
W
I

DESIGN HOLE fJl A. __ 1=.ll/16---------il-llurnl IN,

DESIGN HOLE LENGTH_... '!... FT.

FIGURE B-18. TUNNEL ROUND DESIGN - FC CUT 1



APPENDIX C
SILHOUETTE PHOTOGRAPHS OF TUNNEL CROSS SECTIONS

The silhouette photographs which follow (Figures C~l

through C-26) were used to calculate overbreak for each experi­
mental round. The calculated overbreak is noted in Figure-6-l.
See Section 5.3.5.3 for details of the silhouette photographic
technique.
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FIGURE C-1

TUNNEL SILHOUETTE

NORTH HEADING

Round No.: SSB 34
Station: 3+03
Offset: 0.0
Scale: 1"=5'
Looking North

NORTH HEADING

FIGURE·C-2

TUNNEL SILHOUETTE

SSB 36
3+11
0.0
1"=5'

North

Round No. :
Station:
Offset:
Scale:
Looking
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FIGURE C.,..3

NORTH HEADING

TUNNEL SILHOUETTE

BSB 2
3+18
0.0
1"=5 1

North

Round No. :
Station:
Offset:
Scale:
Looking

1"=5'

NORTH HEADING

SSB 42
3+32
0.0

','

FIGURE C-4

~UNNEL SILHOUETTE

Round No. :
Station:
Offset:
Scale:
Looking South
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NORTH HEADING

FIGURE C-5

TUNNEL SILHOUETTE

MSB 3&4
3+38
0.0
1"=5'

North

Round No. :
Station:
Offset:
Scale:
Looking

. NORTH HEADING

MSB·4
3+46
0.0

TUNNEL SILHOUETTE

FIGURE C-6

Round No.:
Station:
Offset:

. Scale: 1"=5'
Looking North
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FIGURE C-7

NORTH HEADING

TUNNEL SILHOUETTE

MSB 5
3+53
0.0
1"=5'

North

Round No. :
Station:
Offset:
Scale:
Looking

NORTH HEADING

FC 2
3+60
0.0
1"=5'

North

FIGURE C-8

TUNNEL SILHOUETTE

Round No. :
Station:
Offset:
Scale:
Looking
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NORTH HEADING

FC 4
3+67
O. a
1"=5'

North

FIGURE C-9

TUNNEL SILHOUETTE

Round No. :
Station:
Offset:
Scale:
Looking

.,"

FIGURE C"'10

NORTH HEADING

SSB 54
3+72
0.0
1"=5'

North

TUNNEL SILHOPETTE

Round No. :
Station:
Offset:
Scale:
Looking
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NORTH HEADING

FIGURE C-ll

TUNNEL SILHOUETTE

FC 5
3+88
0.0
1"=5'

Round No.
Station:
Offset:
Scale:
Looking North

FIGURE C-12

NORTH HEADING

TUNNEL SILHOUETTE

:~...

FC 6
3+93
0.0
1"=5'

Round No.
Station:
Offset:
Scale:
Looking North
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NORTH HEADING

FIGURE C-13

TUNNEL SILHOUETTE

SSB 64
4+07
0.0
1"=5'

North

Round No.:
Station:
Offset:
Scale:
Looking

NORTH HEADING

FIGURE C-14

TUNNEL SILHOUETTE

SSB 74
4+36
0.0
1"=5'

North

Round No.:
Station:
Offset:
Scale:
Looking

, 'L

I ;:...

, """
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FIGURE C-15

NORTU·HEADING

TUNNEL SILHOUETTE

FC 7
4+42
0.0
1"=5'

North

Round No.:
Station:
Offset:
Scale:
Looking

.',',.',
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SOUTH REP..DING

FIGURE C-16

TUNNEL SILHOUETTE

SSB 35
2+08
0.0
1"=5'

South

Round No.:
Station:
Offset:
Scale:
Looking

HSB 1
2+02
0.0

FIGURE C-17

TUNNEL SILHOUETTE

SOUTH HEADING

Round No. :
Station:
Offset:
Scale: 1"=5'
Looking South

-133-



1"=5'

SOUTH HEADING

FIGURE C-18

SSB 47
1+67
O. 0

TUNNEL SILHOUETTE

Round. No. :
Station:
Offset:
Scale:
Looking- South

FIGURE C-19

SOUTH HEADING

TUNNEL SILHOUETTE

FC 1
1+60
0.0
1"=5'

Round No.:
Station:
Of::set:
Scale:
Looting SO"Jth
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FIGURE C-20

SOUTH HEADING.

TUNNEL SILHOUETTE

FC 3
1+53
0.0
1"=5'

South

Round No. :
Station:
Offset:
Scale:
Looking

TUNNEL SILHOUETTE

SOUTH.HEADING

. FIGURE C-21

SSB 53
1+46
0.0
1"=5'

South

Round No.:
Station:
Offset:
Scale:
Looking
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SOUTH. HEADING

TUNNEL SILHOUETTE

,

FIGURE C-22

FC Cut 1
0+65
0.0
1"=5'

South

Round No.
Station:
Offset:
Scale:
Looking

Round No.

FIGUREC-23

SOUTH HEADING

MSB 6/
FC Cut 2
0+59
0.0
1"=5'

South

TUNNEL SILHOUETTE

Station:
Offset:
Scale:
Looking

: ~'
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SOUTH HEADING

FIGURE C-24

TUNNEL SILHOUETTE

SSB 81
0+52
0.0
1"=5'

South

Round No.:
Station:
Offset:
Scale:
Looking

SOUTH HEADING

FIGURE C-25

TUNNEL SILHOUETTE

SSB 92
0+10
0.0
1"=5'

South

Round No.:
Station:
Offset:
Scale:
Looking
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FIGURE C-26

TUNNEL SILHOUETTE

SOUTH HEADING

Round No.: M.S. Delay
Station: 0+03
Offset: 0.0
Scale: 1"=5'
Looking South
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-11

tJ:J
r
:J>:J>
en \J
-t""U

rn
<z
-tj
UJ­
::::ox
>
-j t:l-o
z
3:
o
z--I
o
;:u-:z:
G>

Sill [T I (JI I:'-, -, - --- - ----
- --- ROUND VIBllATiON DATA

..-- .--- - -, AIR OLAST OVfRPRESSURE OA IA-- -_. - - -·-P[ak- - ---
-- -- ---- --- ... -- - -- ...------ Apnro""'"x.!:q(JlV

13) SlanlC 4) Parlic.le Dlrccllon (5) Sen~or (l) (6) SIdnlC41 r---Y~~!- _!- ~v_~1 NOI~e levl:"! unMt·,]':.urcd Rall!l'" ,\'e!or:ily or Max. locallOn Measured Range A-Sc ...!", OJby, (I\. I (in.h<:cJ ~on~~~_n:.~~ Poinl __ by: ([~ PSI dll (dI\ I-'- - --. -... -- ---Perllli 15/ 0.20 V r Perini 151 0.016 135 100

Perini 141 0.23 V F Perini 153 0.017 135 100Perini 15~ 0.23 V
f1&A 145 0.17 V B f1&A 145 0.007 127 92Perini 145 0.12 L
Penni 153 O.ll V C Perini 153 0.019 136 101iliA 149 0.16 V B H&A 149 0.017 135 100Perini 14" 0.16 L
Perini "152 0.16 V C Perini 152 0.020 Il7 102
Perini 15CJ 0.09 . V,L
Perini 151 0.06 V C Perini 151 0.012 132 97
Perini 24f. 0.06 V G Perini 246 0.007 127 92

Perini 161 0.19 V C Perini Ib5 0.012 132 97Perbi Ib~ 0.19 V
Perini Ib~ O.ll V,L C Perini 171 0.012 132 97Perini 171 0.20 V
f1&A 16f. 0.23 V B H&A 166 0.017 135 100Perini 16f. 0.17 V C Perini 145 0.019 Db 101Perini 14~ 0.20 V
Perini 14<; O.ll V C Perini 140 - 0.02 136 101Peril'll 14C 0.12 V
Perinj 16£ 0.19 V C Perini 177 0.014 134 99Perini 177 0.20 V

Nf)TES= 1) See Blast Monitoring lOl;alion Plan. Figure 5 _ 1 .
2) Explosiv'e data taken (n)m Conlractor's "as shot" tunnel round sUbmlllah.

3) H,ley and Aldrich, Inc. moasuremonls made With 5pro"9nother Modol V5 - HOD EnginoerilllJ 5e smogra~. Perini ",easurements made with SINCO Mode. 5-5
Engineering Seismogralil. Seismometers were boiled to asphall or concrete surface.

4) Slanl rang~ is radial diSLarlce from blast lo Sensor.

5) Three components of motioll measured as folloIN5: T =: Transverse (Horizon1an. V::: Vertical, L = longitudinal <Horizontal)
6) Haley & AI~,ich, Il'1c. meaSluements made wilh Sprengnelher Model SM - 1 Air Wave Delector. Perini IT'I'':'asuremenls made with SINCO Model

Ai, Wave Detector. Deleclors were mounled on Tripod about 4 fl. above !.he grtlund.

7) Sound level measured on the A wei';jllling ~l:ale would be less Ulan Ule flcak sound level measured by l .....e air wave deteclor<j. due to the low freQuenc'j comDoneols.
or the ilirblasl noise. Due tQ the imp.llsive nalure or the airblast noise, frequency is diHlculllD deler.-.ine. so lhe applo.imate A SCi\le noise levels given a'iSumea l,eQu~llC}' of 50 HZ ~

Ploner ~(llldrl 513110n PII"I TUlUll:"1r I I" , •.-- _
"",,'m ." '''''' ; I""""" oc 1:_ """'" "m '"TiME BLAST (II

"..,"",," ,.", ""''' '""'"'''''"j~d,.""I'""'"""O~ FSll Wt. lor Round or Delays. Wl. pet Delay Location
Hl.) (lbs..) Ubs..) Poinl

- -- - - - - - - ----- -- - '-
sse lr7NOV.78 s",· 2 + 47 194 15 40.8 C

1914 Oflsot, ~7 EaS(

SSB 2 29Nov.79 S"',2+53 215.5 14 43.0 B
1933 Oflsel: b 7 Easl

C
S 5 n 3 16 Oor.. 79 Sta, 2 + 59 173.5 12 33.3 B1536 orbcl: 67 East

B
CSSB 4 7 Oor.. 79 Sta, 2 + 65 173 IB 17.4 BI 1711 Ollset: 67 faS!
BI-'
CW

5 SB 5 9 Oor.. 78 5la, 2 + 6B 109 18 10.4 BI.D
IB44 OIlSOI, 67 faSI

CI
SSB 6 120e,,79 5ta, 2 + 68 177 18 22.7 G1217 fls.et; 60 East
S SB 7 140",.79 S"', 2 + 68 167 18 20.6 B1949 Hsel: 53 East

C
SSB 811500r..79 Sta: 2 + 68 197 18 19.3 B1942 flse': 45 faSI,

CSSB.9IlBOo,,79 Sta, 2 + 66 206 16 30.6 B1643 orrso': 76 fas'
B
C

SSB IJI90008r"': 2 + 66 145 19 13.9 61614 orrso', 83 faSI
C

S S 6 11 21Joer.. 76 Sta: 2 + 66 153 19 15.1 B17 50 orrsol, 38 faSI
C~----

Reproduced from'
,best available cop'Yo
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~II[[I / (JI I.'--- . - - ---
-- -----._--- - -- -tOww Vll!ru\ T1UU DA lA

ArR BLA~LOV~'!I'~~~~IJIl[IJA lA _I-'L..llt
Appru., Lqu,vSlalll (Ill P;:Jrlldt: [li'(:((IOII (~) 51.:1I:.or (1) (L) Slanl(4)~..L,""el. Nl.JI~(' Lcvd unRallge Vdacity Of MJA. loeJ!lon M(,<l~u'E'd Rangf' A -5c."c III(h.) (m.hcc.J Cl.Jln~.oru!lll Poilll __b~,_ -~- PSI dIJ (d1;)

. -147 0.15 L C Perlol 135 0.014 134 99135 0.12 V

1'12 O.ll V C Perini 183 0.015 134 99183 0.11 V
145 0.20 V C Perini 129 0.015 134 99129 0.20 V
174 0.115 V C Perini 189 0.015 134 99184 0.12 V

IB 1 0.12 V C Perini 194 0.011 132 97194 0.145 V
184 0.085 V C Perini 201 0.014 134 99201 0.10 V

188 0.08 V C Perini 206 0.013 133 98206 0.08 V

193 0.12 V C Perini 212 0.012 132 97212 0.08 V

186 0.07 V C Perini 213 0.014 134 99213 0.075 V

182 0.105 V C Penni 216 0.012 132 97216 0.08 V

178 0.20 V C Perini 216 0.014 134 99216 0.17 V
134 99

176 0.105 V C Perini 219 0.015
219 0.07 V

cr,

I'uril-, ~llllilrl~ ~LJ'I(JIl hlc.l llllllid

Sensor (]) (1)
lorilllo'l rJLa"urL'd

P/,,IIot by,

(; PL-<'ini
C Pcrllli

B Perini
C Perini

B Perini
C Perini

B Perini
C Perini

B Perini
C Perini

B Perini
C Perini

B Perini
C Perini

B Perlni
C PCUni

B Perini
C Perini

B Perini
C Perini

B Perini
C Perini
8 Penni
C Perini

See Olast Monitoring location Plan, Figure 5 _ 1.
Explosive data taken from Contrador's "as shot" tunnel tolnld submlllals.

tlaley and Aldrich, Inl:. measurements made Wllh Sprengnether Model VS - 119Q ~ngineerlR9 Seismograph. Perini measurements made with SINCO Model 5-5
Engineeri~ Seis.mograph. 5eismomder5 were bolted to as.phalt or conClete surface.
Slant rafllJf' is radial distance from blast to sensor.

Three components 0' motion measured as follows: T:;;: Transverse (Hori1ontal), V = Vertical, l =:. longiludinal (HorizonlaD
Haley & Aldrich, Inc. measurements made with Sprengnether Model SM - 1 Air Wave Detec:lC'r. Perini ~aSurements mdde wilh SINCO Model
Air Wave DeLector. Deleclor5 were mounted on Tripod about 4 ft. above lhe ground.

Sound level measured on lIle A weighting scale would be less than the peak sound level measurf"d by the air ~"'.lVe detectors, due La the low fteouenq components
of the airblast noise. Due lo the impulsive nature of lhe airLlast noise, frequency is diHicult to determine, so the approl(lmate A sCille noise lev.::ls given JSSumf"a frequency of 50 HZ.

This rOllnd ...;,1<; uo:;ecf Lo crea.te 3' )( 8' 1111111<" ,"CCtiDI1 10 U:!:C' in c ....pc~imC'nul lc::1 bb::lin!? p1'"(]'j.Jm.

NOT[S· 11
2)
JI

41
5)
6)

7)

81

RlJurm rio. IDA HI I l DCA 1I0rl Dr [XPlOSIV( DATA (21
BI ASI ClI - -. --lIMe

SI" 11011 ArJO Total Chargt' 1 01.11 I~LJrnLl'r MJ•. Charqe
Of I S(J Wi. for ROllnd of IldJj'~ Wl. pt.., O~by

Cfl.! Cfb5. I IIL5.)I
88(e) 15(8 )S ~ E.. Ii' '~O D(:c. 7 t Sw, 2 , 1.8

10.11939 011,'1, 90 [a51

sse 13 ?lDec.78 S"" 2 , be lSI. 18 I 22.0
Oflsl:L. 32 East

sse 14 2T O'e. 78 Slit, 2 • 68 88(8) 15(8)

I 10.71941. Ollsel; 96 Easl

S SB 15 60ec.78 Slit, 2 • 6B 139 18 16.91221 Ollset: 25 1 ~sl

I S SB 16 27 Oec.78 Slit,2 • 68 167 16 I 20.9t-' 2121 OHset: 19' East
,j:>. SSB 17 280ec.78 Slit, 2 • 68 161 16 I 24.20 2120 OUset: 131 Easl
I

SSB 18 290,cl8 Slit, 2 + 68 157 19 I 23.61838 Ollset: 7' East

S SB 19 3Jan.79 Slit, 2 • 68 139 19 I 21.8143B onset: 0

SSB 22 4 Jan.79 Slit· 2 + 59 151 17 I 18.91747

S SB 23 5Jan.79 Slit, 2 + 52 152 IB I 221603

S S B 24 a Jail. 79 Slit, 2 • 45 149 18

I 17.81533
S SB 25.IOJan.79 Sta, 2 • 39 146 16 13.9

I 1100

Reproduced from
best available copy.



I'Lrl,·, ~qll.oill ',I"llm "ill,1 IIJlllh:1

~I If I r "~ (If f'''''"'''' ''". '"'" .J;.';;;'"'" " ---- --- ---- -- - ---~--- -- - -------- -._-----------
-- ---------rXf'lO~IVl Oil fA ell I Co 1/IIlJ/IC' VII; llA 1lOll I,,, '"

AIR BlAST OVrlll'lll ~~II"l ('f, If,
11IA51 llJ

~H'll!.or I II I ()) h ... ~

,;, ."':;;'f'"'c '",' /I~l'fU" .1111'1\'
~ '" lIO'1 liND l(),.J' CI.dlgt' T"wi tJuIIILl'/ '..'''';ll. CL.JJIJl: Sldlll(4) ('~l1lidl (jud',on (~) \5""',0' 11)

'~UI~-l' I '·.'d uh
011 SII WI, fDr RQU/uJ of Dd;.y:. WL p'~r ()f'I,ty

1o, ""on 1M' "'""J R~n~t' Vducdy 01 M.I)'. I (llo.ll ..:m
M""""ed Range I J\-Sf.:Ik (I)

Ill.) lib,.)
U1'5. ) Powl by: 111.1 (m./~H.l CWllr;UlJl:"lll Po,nl by, 1Il. I PSI dB (dBJ

~~(: /f,](J!.JIl)1 Soil 1-179 In; Ih 12 _I L. r "Iill'- I'I~ 0.10 V I c Perlll;--- -- 2-11-- o.-012S 13-i
'18

1331
C P('11Il1 211 0.105 VSH '2] ]] Jo.IJl./l) Sl..l- 2 -1 33 147 17 14.0 C ~'''fln, 220 0.05 V1254

SSr: 2~ ] I JdIL7f1 S13: Z" Btl 149 19 n.n IJ PellfJI 202 0.20 V C Permi 212 0.014 134 I 99
Jn5

C PeJlfll 212 0.145 VSS8 29 12Jan.79 S ... , 2 ~ 27 ISS 18 14.9 B PerifJi 170 0.175 V C Perini 222 O.OJO 131 I 96
1224

C Penn; 222 0.075 V55B 30 12Jao.79 Sta, 2 ~ 92 141 18 13.b B Perini 207 0.13 V C Perini 211 0.0145 134 I 99

I
1431

C Penni 211 0.010 V
I-'

SSB 31 15Jao. 79 Sta, 2 ~ 21 135 18 13.0 B Perini Ib8 0.13 V C Perini 244 0.008 129 I 94

,l:>.
1041

C PenOl 244 0.045 V
I-'

32 ISJdo.79 S ... , 2 ~ 98 13b 18 Ib.3 212 0.09 C Perini 209 O.OObS 127 I 92

I SSB
B Perini V1542
C Permi 209 0.055 VSS8 33H.Jao.79 S ... , 2 ~ 14 148 18 14.3 B Perini Ibb 0.155 V C Perini 228 0.012 132 I 97

1240
C PenH I 228 0.Ob5 V558 34 IbJao.79 S... , 3 -> 04 148 18 14.4 B Perini 215 O. J05 V C Perini 212 0.010 131 I 96

1701
C Per;"i 212 0.Ob5 V

I
J HlI.A 8b 0.4 V558 35 II7 Jao. 79 Sta, 2 ~ 8

I
143 18 13.3 B Perini Ib4 0.155 V

I
c Perini 228 0.014 134 99

113b
C Perini 228 0.07 V H&A 109 0.010 131 96J HlI.A 109 0.24 L5 S 8 3el17 Jao. 79 Sla, 3 ~ 11 J 53 18 19.1 B Perini 219 0.11 V C Penni 2]2 0.01l 132 97

leSS
C Perini 212 0.055 V H&A 89 0.0095 130 95J HlI.A 89 0.30 V

NOTES: ]) Set; Blast Monifor,ng loc.ation PJan, F;qure 5 _ 1,

2) E "plo5lVe data taken 'rom Contrador's "as'shot" lunoe' round submillals.

3) Haley and Ald<ich. Inc. measu'emenls made with SJllengnelhe, Mod" VS - 1]00 [n9inee,ing Seism09'"Ji1. Pe,ini meaSu,emen!s made with Sinco Model S _ 5
(1I9incering 5ei5mogra~l. Sei5roamelen. were bohed Lo asphall Or concrete ~urface.

4) Slanl riinge is radial di~Lance (rom blasl lo sensor. _

5) Thrl:~ componenls of molion measured as folfo~: T =- Transverse (Horizontal), V = Verlical, l == LongiLudinal CHor!l'DfILAIl
6) Haley & Aldrich, 'nc. meaSUremenl5 made with Sprengnether Model SM - 1 Air "'ave Del.eCLOL Perini ~a5uremenls made with Silleo Model

Air Wave Delecfor. Delectors were mounled on Tripod aboul 4 fl, above the gFOlJnd.

7) Sound Jf"tIeJ measured on theA weighli"g scale would be less than th~ peak sound level measured by the air wave deledof"S, due to the low frequency components
o( the airtlas.l noise, Due lo the imJlJlsive nature of the airblasl noise, frequency is diUicult lD delennine, 50 the approJlimale A scale noi~e levels given assumea frequent)' of 50 HZ.
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AIR BLAST OVEHl'RESSlJlIl IJr, TA

---- f:~------ IAP''''~.r'l'''VSldnt(4) pe~.k __ ~!,vl·1 tJlJ;~'· 1l'\l1"I U'I

R.."ge 1 A - Sf.,Jlt" 11},
UL.l PSI dB l,n: I

23-\- o.oli- 131 - - 'JI

Penoi

Perini

Perini

(61
Mc-J.surcd

by,
-Penni

c

c

c

------. --- -- -----

Sf'r1'!.or (l)

lordllDO
PlJinl
- C

DIft.·(lJrlll (~)

01 ~.1~",-.

COfll~[llll·1l1

V
V
L
v
V
V
V
V
V

V
V

V
V
V
V
V
V
V
V

V
V

V
V
V
V
V
V
V

1\111

1'",1/" ~"11.,,~ ~Idli(jn hll,1 1111:110-1 ~1t11·1 '1 (JI 1/

NOlES; )) See Bla!il Moniloring location Plan. Figure 5 _ 1.
2) Explosive dala taken from Conlraclor's "as sho'" tunnel round submillals.

3) Haley and Aldrich, Inc. meaSuremenls made wilh Sprl!ngnelher Model VS - 1100 Engineering SeiSnlogra~. Perilli D1eaSurernenls made Wllh ~inf;Q Model S _ 5
Efl9ineering Seismograp.. SeismomelelS were bolted to asphall or concrele Surface.

4) Slanl range is radial diSLance from bla~il to SenSor.

5) 1111c~e compOlleRls of molion measured as follows: T::. Tran.')lIerse fHor;zor1t.JI>, V=- Verlical, L =: longitudlnaf ttlorizonlillJ
6) Haley & Aldrich, Inc. meJ.suremenl5 made With Sprengnelher Model SM - 1 Air Wave DeleClor. Perini rn-;l35uremenls made wiLh Sinco Model

Air Wave Delector. Deleclors were mounled on Tripod abollt 4 fl. abo\le the ground.

7) Sound level measured on !.he A weighting sCdle would be les5 than I.he peak sound l~vcl measured by Ole air W.:..l\lC detec.Lors, due La the low freauency componcnts.
of the air:"'ldSL nuis~. pue to the impulsive nalJlrt: or Lhe airblasl. noise~ lJL"Quem:y is diHIl:ult to d(.!e';;jj'l~. 50 Ihe ap;fO.lClRldle-A scale noise levds gillen assume
a f'~IlLJcncy of 50 HZ A

-
IWUNe) flO. '1(\ 1 L LtllllllON 0' EXP, OSIVI Oil IA (11

GUUUfW VHII:A IIOU lJJIII AS I (]I
f'l'J.kSIAIION ArlO Tatal Cha'lje lalitl Nurr,llcr M..lJ(. ClldnJe SCII~U' (1) 01 Sl~n((il) r'iitlidcOIlS'I WI. tOf RuuJli.J of Od,ly'i Wt. pl'"IOelu)' Localll.lll Ml·.l~u'eLi RJllgl' Vt-loL:llyIh.J lib>.) lib>.) Poinl by, (It.) lin.hn.l

t.1~C 1 If! .Iar .. 7l.j Slil, 1 ; 01 154 18 1~.9 B Pl;r11l1 1/,1 0.1151155 C Pl'f1ni 131 0.045
J liLA lOb o.n
J OaT rrsc lOb 0.11
I DOT rrsc 11,5 0.04
G OOT rr sc 307 0.031
K DDT rr sc Bb o.n
l DOT rrsc 161 0.055
M OOT rr sc 2?9 0.032

SSB 38 18 J,ln.7Q Sta, 3; 18 146 IB 15.6 B Perini 224 0.141716 C Perini 212 0.06
558 39 1~ Jan.79 Slil, 1 ; 95 150 18 22.1 B Pt!f1ni 160 0.171210 C Penni 134 0.075

J ooTrrSC 109 0.13
I DOT rrsc 170 0.045
G 001 rrsc 313 0.039
K DOl rr SC 89 0.31
l DOT rrsc 166 0.074
M oOTrrSC 234 0.041

MSC 1 19 Jan.79 Slil, 3 ; 25 137.3 18 18.9 B Penni 230 0.071706
C Perini 214 0_055

SSB 41 22 Jan.79 Slil, 1 ; 8B 161 18 24.4 B Pcrini 157 0.1051203
C Perini 2J7 0.05
J DOTrrsc 115 0.16
I DOT lISe 176 0.05J
G DOTrrsc 320 0.OJ9
K oOTrrSc 92 0.26
l DOT rrsc 17l 0.053

- ------------ ---- ----- ---------- ----- ----------------- ----

I
I-'
~

N
I
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--
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1
tAS1. OV~ERPRESSlJRE 0jll;;;p;o,.f"",V

(b.l SlanL(4) Pe~~ _ ,=t:,:,~I_ Nui .. e Level O!l

Mca~U1CtJ Range r A -ScJ.le (J)

Ly, -'1,,=2.- PSI dr. leill

Perini

C

o

Sen~or (11
Lor.Hion

P"inl

---"'-------l L-. ---..& _

v
V

l
V
V
V
V
V
V
V
V

V
V
V
V
V
V
V

V
V
V
V

V
V
V
V
V

Di'~Cllan (5)

OJ M";ll.
~(I~I~~~~1

f,ROllmll VIIJIIlJ"~:.~:' ')fll/\
I)) Slant(4) P,a,Jide

MC.J'J",t:-d I R.aIlIJe Vdocity

by: (ft.) !j.~.~~~~~_.~

I'urici ~r/lJrlr!' SI .. ljt,., l'ill,1 lUllfld

M DOT fTSC 23'-' 0.028
/I DOTflSC 278 0.014
B Perllli 235 0.055
C Perini 214 0.05
J 001 fT SC 101 0.23
I OOTfTSC .81 0.44
G DOTfTSC 181 0.11
K DDT fTSC 128 0.055
l DOT fTSC 122 0.091
M DDTfTSC Ib8 0.052
II DDT fTSC Ib5 0.021
B 158 0.125
C 241 O.Ob
J 120 0.11
I 181 0.052
K 95 0.2
l 17b 0.051
M 245 0.031
H Perini 192 0.055
0 Perini 155 O.Ob
J DTfTSC 105 0.14
I OT fT5C 80 0.38
G

IDDlfTSC 179 0.13
K DOlfTSC 134 0.071
l DOT fTSC 125 0.11
M DDlfTSC Ibb 0.13
P 001 fTSC 350

1
0

.
009

Scmor(] )
locarion

Point

24.4

15. b

18

18

EXPtOSIVE Oil Til (2)

161

150

Tolal Ch,lrgc ITolal NumLcr IMdXo Ch.:.lnJe
Wt. for Ruund 01 Delays Wt. pN DelJy

lIb,.1 lIbs.)

NflT[S: 1) See Blasl Moniloring Loc..alion Plan I Figure 5 .. 1_
2) Explosive data taken from Conhador's "as shol" lunnel round submiUars.

3) lIaley and Aldrich, Inc. measu,"menLs made with So,en"ne,h .. Mode' 115 - 1l0Q Eng",eering Sei,m09<""1. Pe,ini me"uremenls made wilh Sinco ModelS _ 5
Engjn~f'ring Seismograph._ Seismometers were boiled to asphalt or concrele slJflace.

4) SlanL range is radial distance Irom blll.'5l to Sen~or. .

5) Three componenLs. or molion m~asuled as follows: T:::: Transverse CHori20nlalJ. V ~ Vertical, L = LOrlgiludmal (HOrizontal)
6) Haley & Aldrich, Inc. meaSuremf'nts made wilh Sprengnether Model SM • I Air Wave Detector. Pelln; m~aSUr(;mer;l5 macl~ wilh Sinco ~1oJel

Air Wave Detector. Deleclors were mounlcd on Tripod auout 4 fl. above lhe qround.

71 Sound level mea,ured on U,e A weigh""" scale ,"onld be Ie" than the pe.k 'ound level measured by the ai, ""ve deleelo", due 10 U,e low frequency fumponents
01 the airilla" noise. Due 10 the ;mr»I"ve n'\!Jre of the 'iml• ., noiSe, frequency i, difficull '" deL""'ine, '0 the 'o"'oKimote A '«>'e noi'e le'/ds gIven 'ssumea (reQuenCy of 50 H2.

SSB 42123J.... 791 SID, 3 i 32
1404

ItOrAllon 01
BIll, I (1)

SlllllON AWl
orrSEI

til.) (l

5 5[; '41122J"L7~1 SID: ~--;-~8
1203

lwurw tw. ILJr,Cl

f__ , ,

I
I-'
.e- SSB 43124J.... 79ISId, Ii B1 i 150 I 18 I 14.9W 1029

I

MSB 3 & 4rz41J;~r ISid: J ... 39 I 13b I 18 I 18.9
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l'l.llcr ~111J_lr~ SllllI,n 1',11)1 1 111111el

NlJT ES: 1) See Blast Monitoring location Plan, fig u re 5 • 1.
2) Explosive dala laken hom Contractor'" lias shot" lunnel fOund submmals.

)) Haley and Aldrich, Inc. meaSurements made with Sprengnelher Model VS - 1100 Engineering Seismogra",. Perini 'DIeasuremenls made wiLh SineD Model S _ 5
Eogineering Seismograph. SeismomelerS were bolted to asphalt or COrtcrele Surface.

4) Slant range is radial distance from blast lo sensor. .
5) Three mmponenls of moUon measured as follows: T == Transverse CHorizonlan, V:: Vertical, L == longitudinal (Hofllonlal)

6J Haley & Aldrich, Inc. measuremenU made wilh SprengneLher Mndel SM - 1 Ai, Wave Del£clor. Perini mea.Surements made wilh SineD Model
Air Wave Detector.' Detectors were mounted on Tripod about 4 Il. above lhe ground.

7) Sound level measured on Ole A weighting seale would be less than lhe peak sound level measured by the air wave deteclDrs. due to Ule low freQuency comDOnenlS
Dr Ihe airblast noise. Due La lhe imp.llsive nalure or Ule airbloilsl noise, frequency is difllcult to determine, 50 lhe a~::,rol:jmateA scale noise levels given assumea Irequency or 50 HZ.

---
--------_._-----~-- -----~- -- -----.- -

AIR BLAST OVERPIlESSUlll IlAj-A----
ROUrW NO. OAIE LOCA liON or EXPlOslVr I1I1IA 12J GIIOUNI> Vn"UllIOIl 011111BLAST III -- - - . -- --- - - "-- -

"'t:..l~
---

- - - ------ --~--- -- - ApprullC*[ qUIII_STATION AND TOlal ChdHJC 10ldl NUll,Let PAol,X. ChArge Sell~ .... r (]) IJI ~1.)fll(4) Pdtlidt: Oircclioll (5) Sen~or (]) (bl Sian' 141 Pt'dk level NUI:..e t eve! on
orrsu Wl. lor ROUIIl' or DebJ's w,. per DeIJ:.' LOC~llioli Mf:"~:'IHeJ Ranlje Velocily Of Max. Locdllon fJIea~urf:"d Range -------

A-Srdle !71
lIU lIb>.J L IIb>.1 POUlI by, Ill .• (i~-I~_~c.J C~'~L:'I~I_I~nl Poinl .bt, __ (h.J PSI dIJ (L1 ~)

----- - ----- - --- - . - . - - --,-550 45 25Ja,,75 SLa: 1 • 74 147 18 14.5 B Ptonlli IS/, O.IJ V C Perrni 244 0.007 128 9J
1150

C Perini 244 O.Ob VMs8 4 25 Ja'l.79 Sta, 3 + 4b 135 IB IB.9 H Perini 185 0.055 V 0 Perini 152 0.004 123 BB
IbIS

0 P'"lIlii 152 O.Ob V J lilA 75 0.002 Ill. 81J HlA 75 0.37 VSSO 472bJan.7 SLa: 1 + b7 145 18 15.b 0 Perini 155 0.175 V C Perini 247 0.007 12B 9J
120B

C Perini 247 0.055 V
J Hi.A 131 0.18 V
J DOT/TSe 131 0.12 V
I OOT/TSe 195 O.Obl V
G OOT/TSC J41 0.059 V
K OOT/TSe 104 0.14 V
L OOT/TSC 187 0.Ob2 V
M DOT /Tse 255 0.042 V
Q OOT/TSC 113 0.14 VMSO 5 2bJa'l.79 Sta, 3 + 53 131 18 Ib.8 II Perini 179 0.14 T a Perini 14B 0.004 123 BB

IbOI a Perini 140 0.055 V J H8.A 114 0.003 119 B4J Hi.A 114 0.30 V
J loOT/Tse 114 0.14 V
I pOT /TSC 00 0.3b V
G OOT/TSe Ibb 0.087 V
K OOT/TSe 139 0.053 V
L DOT/TSC 128 0.09b II
M OOT/TSC Ib5 0.05 V
Q OOT/TSC 110 0.19 VFe 1 129Ja'l. 79 SLa, 1 • 59 12b 18 16.b B Perini 154 0.125 V C Perini 253 0.005 125 90

1547
C Perini 253 0.055 V
J H&A 13B 0.14 V

I
......
01'0
01'0
I



:..lWCl I (Jr 1.-'- --------GHOurw VlllRIIllUU 011111
AIR BLAST OVERf-'R[55IJR( IJII Til

------- ...

-------- r-- --
"pprLJI.lllllI\l

P£;.1"
l31 Slalltl4) P.. rlacll" OIrI..'c1ion (5) St:n",llrU) «(,1 51.n1l41 r-P"~- l f'1Ie( tJOI'>l level on

Mt.a-:.urt'd RJn~e Vl:h"'-lly Of M.u:. Locdtlun MNSlI1cd R.J.nge -

A-SCdle- (I)
by, fh.) ~i~./:'I'~J ~Ol!lPlJ~t"~~~_ POlnl by, ....!!U.. PSI dB (dill--,

Pt.'llm 113 O.Ob V 0 Penni 145 0.006 12& 91p~,,", 145 0.07 V J f1!J\ 120 p.OOl 109 7_HI.A PO 0.10' V
PCrllll 1~_ 0.335 V C Perini 251 .007 126 91Peru,i 251 0.05 V J II&A 144 0.002 116 81HI.A 14_ 0.07 l
P~nni 166 0.06 V 0 Perini 142 p.008 129 9_Perini 142 0.01 V
f1!J\ 83 0.40 V
Penni 155 0.30 L,T e Penni 260 p.004 123 BBPenni 260 0.035 V

Perini 157 0.35 V e Perin; 2_5 .005 125 90Perini 262 0.04 V
H&A 223 0.16 V

Perini 156 0.105 V 0 Perini 137 0.005 125 90Perini 137 0.085 V

Petini 158 0.25 V C Perini 265 0.010 131 96Penni 265 0.05 V

Perini 150 0.19 l 0 Perini 135 0.004 123 80elini 135 0.16 VH&A 90 0.63 V
DOT /TSe 142 0.19 VOOT/TSC 143 0.12 V
OOT/TSC 173 0.10 V

----------

II

l' .... rtj:r ~t111.1rl· ~l..liun hl.,1 Tunlld

NOTES: ]) See Blast Monitoring location Plan J Figure 5 _ 1,

2) EkplQSllle data takM from Contractor'5 "as 5hol ll lunnel round -submittals.

31 Haley and Ald'ich, loc. meaSu<emeol5 made wHh Sprengnelh", Model VS - 1100 Engineedng Se;sm09'd!b. Pe,;ni ",edsuremenls made w;lh Sioco Model S _ 5
[ngineering Seismograph. Seismometers were boiled to asphalt Or &DI1l:tele surface.

4) Slanl rang.e' is radial distance from blasl to senSor.

S) Thr~e component!. ot motion measured illS follDw5: T == Trans\lerse (Horizonl;lJ)... V:. Vertical. L == longiludinal (Horizontal)
bl Haley & Aldrich. Inc. measurements made with Sprer.gnelher Model SM - 1 Air Wave Detector. Perini neasuremenl5 made WiUl Since. Model

Air Wave Detector. Delectors were mounted on Tripod aboul ~ fa.. above Ole gTound.

7) Sound level rneolSllred on Ule A weigilliny scale would be less than lhe PNI.: 50und level m~.J.:;u'cd by the air WOlve "'~l('dDrS" d .......J lh~ fow freQUency componenls
of the ';,bla<\ no; ... Due to the ;mpulsive nat"., or the 'irbla,t oo;se, ~eq"en(y is d;ff.cuillo del."";n" ~"U., "~pro","aleA scale ooise levels given aSSumea frCI'JU{'11CY of 50 HZ~

(CU{::SlJ riO. lIAlll LOCII J lOll OF - - EXPLOSIVE 0/\ IA 121
-----.J If.'L BLAS] III

5 TATlUII ArlO 10(.,]' Chargt' lou'rJ'JlIJIH-'r '.1 ...... ChdnjC Sensorr SET WI. tor Round 0' O{'I.,;Il~ We pt:r Dcl<t}' LOr,llh.1 llb,.1 lib,. ) POI,-- -- --

Fe 2 30J.J11.79 S"', 3 i 60 123 IS IB.4 H1025
0
JFe 3 30Ja,,- 7\ 5"', I + 51 DO 18 18.4 61645
e
J

Fe - 31.lAn.79 Sid, 3 i 67 127 19 15.6 H1256
0
1S 5B 53 31 Ja,,-79 Sid, 1 + _6 136 16 15.6 B1723
e

S S6 55 1 Feb, 79 Sid, 1 + 31 137 16 15.6 B1614
C
I

556 5 2 F<b 79 Sid, 3 + 80 144 19 14.3 H11_9
0

SSO 5 2 Feb 79 Sid, I + 31 147 19 15.0 B1650
e

,6Feb79 Sid, 3 + 88 128 19 lB._ HF e 5 091_
0
I
J
G
K

.'I-'
~

U1
I
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l'lIrtf'r ~f1LJ,lrl' ~ldliLiIl ",Ii'l lWlIld
'ilL LI 1< lJl I"----

I'- --------Ilourw NO.I[lAT~1 IlOCAlIlJlI or _ ._.__ 1:X1'1[)~IVL !'A!A 121 ____..
GROUIW VlllltA TlOll DATA

AIR BLAST OVlRI'RtS,lIlll I'AIA----- ._-. - --- ._---

----I' ---~-l-- . r.;r·;~; Lo""HM "'''''H r I: PC'''''STATIO" ArID TnLlI Cha,g. TOldl N"",Le, Ma •. CI""J. Sensor (lJ IJI Slant (41 1'.Jrlidl.:' OirLLl,on (~)
S""", 11 1 . fbi SI.n1l41 ..fea'_ .t.,",. N"",. I ,.,,,, 0"on ~El WI. for Round of nelJy~ We per Otlay Location Mf.lsur.'d Rall(je VdOlily Of M......
lOlallOn Measured Range I I A<)(Jle (7)Ul.! IIbs.1 lib,.) Poinl by, Ih.1 (in. /~l:C l Com~orlf~nl

__ ~Olll~ __ !ry:___ ~ _FSI dE (cr',)rc 5 I L Feb 7'11 S"" J ';8'8'- ---i-is' -----i9--- ----18-:-4'-
L OOT IT SC H2 0.018 V0914
M OOT IT SC 16/. 0.13 V
Q DOT IT SC 140 0.13 V

SSB 5~bFeb7'1 S.. · 1 + 25 157 17 20.2 B Penni 159 0.21 V II C I Perini I 2L9 I 0.0081 129 I 94
1317

C Penm 269 0.045 V
FC bI7Ft/>19 S"', J+ 93 12J 19 18.4 H Perini 145 0.11 L ~ 0 I Perini I 134 I O.OOb I 12b I 91

12JJ
a Perini 134 0.08 V
I H&A 93 0.43 VI

m T." Sid, 1 • 19 148 IB 14.b B Penni IbO 0.20 V ~ C I Perini' I 273 I O.OOB I 129 I 94

......
1719

C Perini 273 0.055 V
,l:>.

0"\ SSB b2 B Feb 79 S"': J + 99 147 18 21.b H Penni 140 0.105 L II a I Perioi I 132 I 0.0051 125 I 90
I 1119

0 Perini 132 0.075 V
SSB b BFeb79 SIa: I. 12 133 17 13.0 B Perini 161 0.11 V ~ C I Perini I 27b I 0.005 I 125 I BB

Ib41
C Perini 27b O.OJ V, T

SSB b4 9 Feb 79 SI.>: 4 + as 137 17 13.4 H Perini 135 0.15 LNon--cleetrie 1202
0 Perini 131 0.065 Velays)
H H&A US 0.27 L

SSB 65 'I Feb 79 SIa: 1 + as 144 17 14.5 B Perini IbJ 0.09 V ~ C I Perini I 2Bl I O.OOB I 129 I 94
IbJI

C Perini 2B 1 0.OJ5 V
SSB b~ 12 Feb 7 SI.>: 4 + 11 171 17 17.0 H Perini DO 0.075 V II 0 I Perini I UO I 0.009 I 130 I 95

InJ
a Penni 130 0.07 V

NOTES; l) See Blast Monitoring localion Plao, Figure 5 _ 1.
2) Ev:p'oslve dala taken from Contractor "as shot" tunnel round submittals.

3) Haley and Aldrich, Inc. meaSurements made wiLh Sprengnether Model VS - 1100 Engineering Sei5mogra~l. Perini measurements made wilh SineD ModelS _ 'i
Engineering SeismograJl1. SeismomelerS were bolted to asphah or concrete surlaee.

4) Slant ran~e is radial distance 'rom blast 10 Sensor.
5) Ttltee co';'ponenls of molion measured as rollows: T = Transverse (HorizonLaD, V:;; Vertical, l;;; Lorgitudinal UiorizonLaIl
6) Haley & Aldrich, loc. measurements made with Sprengnether Model SM - 1 Air Wave Detector. Perini rrreasurt:menlS made wilh SineD Model

Air Wave Ddeetor. Detectors were mounted on TII pod aboul 4 fl. above lhe ground.

7) Sound level mf'aSUrM on theA weighlinq scale would be less lhall the peak sound level mea~ured by the air v.l1ve detectors, due lo lhe low rreauency componmlS
olLhe airblasL noise. Due La lhe im~rsive nalure of the airblasl noise, frequehcy is dHlieul~ lo dclermine, 50 Ule. approll;imate A scale noise levels given assumea f.eQuency of 50 HZ.
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f'utter S!1l1ilft' ~1~t1on ~ljll.J1 TUIJllf'1

NOTES: 1) See Blasl Moniloring Localion Plan, Figure 5 _ 1.
2) Explosive daLl laken hom Conlraclor1s 'las shot" tunnel round 'SubmlUals.

3) Haley and Aldrich, Inc. m.aSUr.m'nts mad. with S ....ngn.Lh.r Mod.1 VS - 1100 Engin••rill1] S.ismograJiJ. P.rini m.aSul.menls mad. with Sineo Model 5 _ 5
Engineering Seismogra~. Seismometers were balled La asphalt or concrll!'tll!' surface.

4) Slant range is radial distance Irom blasl lo sensor.

5) Three compOnents of molion measured iilS follows.: T:::- Transverse (HorilonLaI), V:=: Verlical, l = Longlludina' (HorllontalJ
b) l-laley & Aldrich, Inc. measurements made with Sprengnelher Model SM - 1 Air Wave Deleclor. Perilli ~aSureR'1enls made wilh Sinca Model

Air Wa\le Deteclor. Deleclors were mounted on Tripod aboul 4 rt. abo\le the ground.

7) Sound level measured ~n the A weighting scale would be les$ than the peak sound leve! measu"ed by the al,. wave detectors, due In Ihe low freauency Componenls
of th. a;~JlaSI nois •• Du. 10 th. impulsiv. nalur. of th. aiobl..t noise, b.qu.ncy i' dill,culllD del.,m;n., so th. ap~o.imal.A seal. noise I.v.ls given assumea frequency of 50 HZ.

- -- ._---
------~-_._--- --- --------- - --_. --- i - -- - - - - -- ----~-_._--- --- -----

I!DUNlJ NU. lJATE; lOCATION OF Hl'lOSIV[ DATA 121
- - - [;IllJUNlJ VIUllA TION lJA TA

- ---_~~LO"V!'~!;fI[SSUllt OA lA_ _ _
TiME [Il!1ST (11 ---._---- -- - --- ._--- --- ----

- -----. - -- -- p(:~~- - -

Appr(lJ. [qllIV.
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5Sf; 6 13Ft:b7 5",: 0 t 98 173 17 17.4 8 Perini 165 0.101000
C Perini 286 0.035 VT H&A 193 0.07 V

550 6 13F.b7 SU: 4.+ 17 155 18 15.4 H Perini 126 0.095 V 0 Perini 129 0.000 120 91
1549

0 Perini 129 0.125 V
S5B 0' 14Feb7 Sla: 0 + 'II 152 17 15.0 8 Perini 167 0.11 V C Perini 291 0.010 131 9b

1113
C Perini 291 0.05 V

SS8 7 14Feb7~ Sla:4+23 154 17 19.2 H Perini 120 0.)) V 0 Perini 128 0.005 125 90
154&

0 Perini 128 0.09 V
SS8 7 15F.b79 SIa: 0 + 85 ISo 18 19.7 B Perini 109 0.12 V C Perini 295 0,007 128 93

1115
C Penni 295 0.03 V

SS8 7 16Feb79 5",: 4 + 30 115 18 19.8 H Perini 115 0.14 l 0 Perini 129 0.000 120 91
0857

0 Perini 129 0.08 V
H H&A 115 0.20 l

SSB 1 loFeb79 Sta: 0+ 78 155 18 15.6 B Perini 172 0.11 V C Perini 300 0.00& 126 'II
1305

C Perini 300 0.05 V
SS8 7 20F<b79 Su: 4 + 3& 184 18 20.5 H Perini 110 0.20 V 0 Perini 130 0.005 125 90

1045
0 Perini 130 0.10 V
J OOTifSC 183 0.096 V
I DOT ifSC 120 0.12 V
G DOT if SC 108 0.13 V
K OOT/TSC 215 0.05 Vl OOTifSC 172 0.05 V
M DOTifSC 178 0.033 V
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N0TES: }) See Biasi Monitoring location Plan, Figure 5 - 1.
2l Explosive data taken from Contrador's "as shot" tunnel round submiUals.

]) Haley and Aldrich, Inc. measurements made with Sprengnelher Model VS - ] 100 Engineering Seismograph, Perini meaSUrements made with SineD Model S _ 5
Engineering Seisrnogradl. Seismometers were bolted to asphalt or concrete surrate.

4) Slant range is radial distance from blast to Sensor.

5) Three mmponenls of molion measured as 'ollows~ T = Transverse (Horizontal), V = Vertical, l = LongHudinal (Horlzonlal)
b) Haley & Aldrich, Inc. measurl!ments made wiLh Sprengnelher Model SM - 1 Air Wave Detector. Perini lrf.!aSuremenl5 made with SineD Model

Air Wave Detector. Detectors were mounted on Tripod about 4 h. above lhe ground.

7) Sound level measured on the A welghling scale would be less than UJe peak sound level measured by lhe air wave delectors, due lo the low r,eQueney components
of the airblast noise 4 Due lo the irnPJlsive naWre of lhe airblasl noise, frequency is djHiculllD delermine, so Ihe approximale A scale noise levels given assumea frequency of 50 HZ.

PUdCI ~1l1l.1I1' ~1-IIIUI\ "lIul (urllll'1 ~II[[I 10 <.W I:)

IlUUlJU NU IUAT[/ II-ofAlloN OF-I~__---' fXPl(jSIV': ll!,rA~I.2!_ I'" - ._'- GIlOurm VIIlI<lliiOll DATA AIIIB~~T OVElll;Rfssurll. DATA _

TIME ULAST III Peak Apl"",.I"","
STA 1lOtJ AND 10t.<ll Ch,utje T 01... 1 NIIIIIL/, MdX. Ch.lr~J~ SCll~or ()) (1) 513111''') ('Jrl'lh· Dill LtUIII (5) Sl'n:..nr (1) (6) ~Slanl(4l-~(:~ l "vll IrJlJl'.," l ,'vel (Jfl

OrJS[l \·.l.f.,rUUlJlld ol()t1.JV~ Wt.pl',Oel il J lOlJlIOn r.1l:a:'IHI"ll Rdllrjt. Vdl.>Llly OrUdX. lociihon Ml:as.ured Range I A-S •.dt-(71
(11.1 U!J., I Obs. ) ('OIllt b;,: (ft.) (in.I.~l:( J r. ur::r,[J'llllt POllll by: . (lL) PSI dB (JIO

S5U 7~ 20FeL7,1 5,a, (); 70 -, En 17 20.? B Pc,,", HI, '0.07 V· .- e Pe"~n,- - -294- 0.000 129 I .94
152] - C Perllll 294 0.03 V

Fe 71 21FeL7 Sla, 4; 42 147 19 19.(, /I Pe",,; lOb 0.21 v II 0 I Perini I 130 I 0.0061 121, I 91
140B 0 Peri", 130 0.10 V

J OOT/TSC 1B8 0.09 V
I OOT/TSC 123 0.13 V
G OOT/TSe 104 0.17 V
K OOT/TSe 221 0.048 V
M OOT/TSe 181 0.049 V

I I a OOT/TSe 189 0.17 V
I-' ROOT/Tse 487 0.018 V

~ Ie CUT 1/
22F

eb79 Sla, 0 + b4 145 18 15.1, B Perin; 179 0.10 V II e I Per;nl I 311 I O.OOB I 129 1 94co 1059 e P.,ini 311 0.04 V

I J H & A 222 O. Db T
J DOT /TSC 222 O. Db V
I OOT/TSe 293 0.035 V

G DOT /TSe 450 0.031, V
K DOT/TSe 185 0.07 V
MOOT/TSe 343 0.022 V
a DOT/TSC 207 0.3B V
R OOT/TSe 0.081

558 7R 23Feb79! Sta: 4 + 47 U 171, I 18 I 20 II H Pe,ini 102 0.18 V "0 IPerini I 131 I 0.0091 130 1 95
1022 II 0 Pe,;n; 131 0.11 V

J H&A 193 0.08 l
J OOT/TSe 193 0.078 V
I DOT /TSe 129 0.12 V

C DOT/TSe 100 0.11, V
K DOT /TSe 228 0.03 V



f'ullll ~tl\1.lIl- ~."1Cf(jf1 I'i'fJ( Tuum-I

SHUT II OJ "
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(11 51_0[141 PM,.de O"oc,"oo (~I Se",,,, I II I II.) ISlan'lilieak ~jNo>se level onOrJSf[ V.'t. for RUllo,' (l'llt"la t 5 WI. Pl"f Ol-I~y lO(~I,(j"

M'-J"H"~ RJ"'Je Vclouly Of I.'.,. Ln,","uo Mca5"'Cd~ fLngc ~ A-Scale (7)'".1 <Ills.) me.> f'olfll
by: eh.} (in./sec.l COlnp(Jllt.'nl POlllL by: . cft.) PSI dB CdR)
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-.-

'OOTfTSC 183 -0.04-3 - -- - it - ..-- --- - ---. ---. _;S[, 7a nle/,7'1 S"',4; 47 17b 18 20 MIOU
Q OOTflSC 195 . 0.14 V
R DOT fl SC 494 0.009 V

~IS0 L! 12br'~,]i S"" O. 58 I 121 I 18 I 15.1. I B Perin; 183 0.20 V
~ c I Penni I 316 I 0. 008 1 129 I 94

IC C 1I T 2 1135
C Perini 31b 0.04 V
T H&A 16 I 0.11 L

SSB

"1'''.''
S"" 4 + 53 178 18 19.7 H Perini 98 0.15 V 0 I Perini I 133 I 0.0051 125 I 90

I 172S
a Penni 133 0.06 V......

SSB B 271L'b79 S"', O. 52 156 IB 19.2 B Penni 186 0.16 V C I Penni I 320 I 0,0061 126 I 91

J:>.
1127

C Perini 320 0.04 V
W
I SSG 8 28Feb79 SI.!: 4 + 59 176 18 20.2 H Perini 94 0.16 V 0 I Perini I 134 I 0. 005 1 125 I 90

OB44
0 Penni 134 0.09 V

SS8 Bj 28Feb79 Sta: 0+ 45 167 18 21.3 B Perini 189 0.14 V1500
C Perini 324 0.035 V

SS8 8JIMar79 51.!: 0 +38 168 lB 21.3 U Pen,,1 147 0.16 V1715

S SB 8 2 Mar 79 5ta: 4 + 65 17S 18 19.7 H PerinJ 91

r·
2O

I
V n 0 I Perini I 137 I 0. 005 1 125 I 90

085B
0 Penni 137 0.16 V

SS8 Bt.l2 M.. 79 Sta· 0 + 32 157 18 19.9 B Perini 197 0.22 V
~

r; I Perini I 335 I 0.0061 126 I 91
1542

C Petinl 335 0.05 V,

NOTES; 1) See BI4st Moniloring lQCitLion Plan. Flgllre 5 _ 1

2) E:cplo'iive data. taken from Contraclor's "as shot" wnnef round submilLilIs.

3> Hafey and Aldrich. Inc. m"suremen's made with S",engnelher Mode' VS . 1100 Engioee<ing Seismograli\. Perini ....suremon.s made with Sine. M.del S _ 5
Engineering SeismogrClP'J. Seismomelers were bolted 10 asphalt or concreLe surface.

4) Slant range is radial disLancl!' 'tOm blas.l to sen5.0r.

5) Three components of molion measured as follows: 1 = Tran~verse eHorizontan, V::::: Vertical, l:::: Lo~iLudinal CHorizootaU
b) H.aIf"'J & Aldrich, Inc. measurements made with Sptengnelhe, Model SM - 1 Air Wave OeLeClOr. Perini ft"!'=aSliremenlS made witJJ SincD Model

Air Wave OeleClOr. De'fOclol$. 'Were mounted on Tripod about 4 I.. above lhe ground.

7) Sound level measured on Ute A weighlirtg scale would be les.s Ulan the peak sound 'evel mea~uted by the air Wilve df'lecI0r5
1

due lo the low freQuency comPOl'lenlS
at Lhe airbla~l nQise. Due to the ImPJlsiYe nalure 01 Lhe airhlasl noise. frequency is dirtlcult to deLermine. 50 tt,e apprO,lCJmale A scale noise levels given a!.sumea Irl"QUl"ncy of 50 HZ.
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NOTES; }) See Blast f.1~U1ilorin9 location Plan. Figur~ 5 _ 1.
2) ExplCJsive dala ta~f'f'l hom Contractor's "as shol" tunnel round submiUals.

)) Hairy and Aldrich, Inc. measuremenls made with Sprengnelller Mode' VS -1100 Engineering Selsmograp'l. Perini measurements made With Sinco Model S _ 5
Engineeril19 Seismograpl. Seismometers were balled to asphalt or concrete surface.

4) Slant range is radial dlstaoce from blasl lo sensor.

5) lhree components of motion measured as lollows: T:; Transverse (HorilontalJ, V = Vertic:al, L = longlludlnal (Horizontal) .
6) Haley & Aldrich, Inc. meaSUremenls made wilh Sprerl9nether Model SM - 1 Air Wave Oel.f'clnr. Perini ~asuremenlS made Wtth SiRc.a Model

Air Wave Ddeclof. Detectors wele mounted on lripod aboul 4 h. above lhe ground.

7) Sound level measured on theA weiyhlilllJ scale would be less lhan Ole peak ~ound level rueasured by lJle air waVe' dEtectors, due In lhe low frequencY components
of Ihe airlJlasl noise. Due 10 the imp,Jlsive nAl.ure of the airb'ast noise, frequency is diHiculL lo ~elcnnine. so lJle app-oximale A scale noise levels given aSSumea IrequEncy of 50 HZ.



APPENDIX E
REPORT OF'NEW TECH~OLOGY

The work performed under this contract, while leading to no
new technology, has allowed field evaluation of several innova­
tive procedures in the field of drill and blast excavation.
Fracture control procedures were successfully applied to both
perimeter control blasting and to the opening cuts. The Half
Cast Factor (HCF) -and Specific Half Cast Factor (SHCF) were
introduced as valuable aids in assessing the results of peri­
meter control blasting. Silhouette photographs of tunnel cross
sections were found to be an accurate and economical method of
estimating overbreak in a tunnel.

/
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GLOSSARY

,
Advance - Length of additional tunnel excavated as the result of

shooting and mucking a round, generally advance per round
made in relation to drilled depth.

Air blast - The pressure wave, produced by the explosive energy
from blasting, which radiates outward through the atmos~

phere.

Air overpressure, or air blast overpressure - Air pressure over
and above atmospheric pressure, expressed in psi (kPa); a
measure of the pressure from air blast.

Back - The roof, crown, or overhead portion of a tunnel.

Bootleg - Unbroken or intact portion of drill hole (usually at
bottom of hole) left after the charge has been fired; a
drill hole which was not fully blown out. Measurement of
bootleg was used in this study to determine advance per
round.

Bottom charge - Concentrated charge, generally tamped, in the
bottom section of a drill hole.

Burden - The distance from a charged drill hole to the nearest
free face, generally measured perpendicular to the axis of
the drill hole.

Cap - Detonator.

Collar - The top, or outer portion of a drill hole.

Column charge, or column load - A charge in the column section of
the drill hole above or closer to the face than the bottom
charge.

Coupling - Placing an explosive charge in direct contact with the
rock wall of the drill hole, often done by tamping the charge.

Crown - Back or roof of tunnel.

Cushioned charge - An explosive charge placed in a drill hole so
that it is decoupled, or not in contact with the rock wall
of the drill hole.

Cut, or opening cut - An artificial opening made in the center
of a tunnel face to provide relief for the rock broken in
detonating a tunnel round; the drilling pattern used to
create the opening.
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Cycle time - The time required to complete a drill and blast
tunnel round; includes drilling~ loading, detonation, vent­
ing, mucking, support measures (such as rock bolt installa­
tion or shotcrete application) until start of drill~ng for
next round.

Dead press - A process wherein water gel explosive in a drill
hole is compressed due to the detonation of other closely
spaced drill holes to a degree such that the water gel
explosive will not detonate when the delay cap is fired.
This process can occur in closely spaced opening cut holes
when millisecond (ms) delay caps are used.

Decoupling - Placing an explosive charge in a drill hole so that
it is not in direct contact with the rock wall of the drill
hole, done to reduce damage to the remaining rock in peri­
meter holes.

Delay, or delay cap - Detonators used in tunnel blasting that
have delay provisions resulting in the charges firing in
rotation. Delay caps are used to pr'ovide adequate relief
(i.e. so the rock will be exploded into an area into which
it can expand), and to reduce the total charge weight
detonated at anyone time so that blasting vibrations will
not be excessive.

Delay interval - The elapsed time between the detonation of
successive delay caps. Delay intervals vary from less than
0.10 sec. for millisecond (ms) delays to about one second or
more for standard tunnel delays.

Detonator - A cap or capsule of sensitive explosive material used
to initiate a charge of high energy explosive.

Dike - A tabular body of igneous rock that cuts across the struc­
ture of adjacent rocks or cuts massive 'rocks, generally
resulting from the intrusion of magma.

Dip - The angle at which a planar feature or stratum is inclined
from the horizontal. The dip is at a right angle to the
strike.

Drill hole - A hole drilled into rock to accommodate an explosive
charge for blasting the rock.

Face ~f heading - The free face or exposed vertical (typically)
rock surface into which drill holes are drilled in advancing
a tunnel.

Fault - A fracture or fracture zone in rock along which there has
been displacement of the sides relative to one another paral­
lel to the fracture.
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First-raw-in (F) holes ~ In a blasting pattern~ the row or column
of reliever holes directly adjacent to the perimeter holes.

Flyrock - Rock fragments ejected from tunnel face during detona­
tion of tunnel round.

Fragmentation - The extent to which rock is broken up into small
pieces by blasting.

Gelatin exp10sive - A plastic, high explosive that can be pressed
into different shapes. Gelatin explosives have the advantage
of being easily tamped_ in a hole to provide good coupling.

Groove - Notch.

Half cast - The half drill hole remaining at the perimeter of a
drill and blast excavation (see Figure 5~13).

Half cast factor (HCF) - Total length of half casts visible after
a tunnel round divided by the total length of all perimeter
holes in the round. Expressed in percent, the HCF allows a
quantitative comparison of the degree of perimeter control
achieved (see Section 5.3.5.2).

Heading - Area at the tunnel face.

Hole Factor - Number of drill holes per cubic yard of rock broken
in a blasting round; used as an indicator of the number of
delay caps used and of drilling costs.

Joint - A fracture in rock along which no appreciable movement has
occurred.

Jumbo - A highly integrated, mobile drilling rig on which the
drills are mounted on booms, maneuvered (usually) by hydraulic
controls.

Lifter (L) holes - In a blasting pattern, the row of drill holes
located at the bottom of the round which fragments immediately
above the invert. Generally fired near the end of the delay
sequence and often loaded more heavily than reliever holes so
that detonation will "shake up" and loosen the muck pile and
make mucking operations easier.

Look-out - Angling of perimeter drill holes in a tunnel round out­
side the desired excavation limits in order to provide space
to accommodate the drill when drilling for the next round.
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Millisecond ~s} delays - Delay caps, or detonators~ with delay
intervals of less than 100 ms (1 ms = 0.001 sec.)

Modified Smooth Blasting (MSB) techniques - The specified smooth
blasting techniques, as modified by the investigators to
achieve optimum perimeter control at the site.

Muck - The broken rock resulting from firing one or more charges,
as a tunnel round.

Notch, or groove - A V-shaped indentation, cut longitudinally
along a drill hole, used to control crack initiation along
the drill hole (see Section 4.1.2).

Opening cut - See Cut.

Overbreak - Rock broken beyond the design limits of a tunnel or
other underground chamber excavated with drill and blast
methods.

Particle velocity ~ Unit of measurement of magnitude o£ ground
vibration, expressed in in/sec. (em/sec.).

Pattern - A dimensioned plan of holes to be drilled in a tunnel
face in advancing a tunnel by drill and blast methods.

Perimeter - That portion of the final contour, or excavation
limits of a tunnel above the invert.

Perimeter control techniques - Those procedures, such as smooth
blasting or fracture control, which attempt to produce smooth
final contours, reduce damage to the remaining rock, and
reduce overbreak.

Perimeter (P) holes - In a blasting pattern, the exterior row or
column of drill holes, above the invert, which determines the
final contour of the excavation.

Powder factor - Number of pounds of explosives used per cubic
yard of rock broken in a blastingroundi used as an indicator
of the cost of explosives.

Primacord - A detonating cord manufactured by Ensign-Bickford
Company, Simsbury, Connecticut i· a strong .. flexible cord con­
taining a core of detonating explosive, generally used for
initiating a series of charges simultaneously. It explodes
practically instantaneously throughout its length; when
initiated with a detonator.

Pull - Length of rock broken when a tunnel round is detonated;
advance per round.

- 155-



Reliever (R) holes - In a blasting pattern, the drill holes
between the opening cut holes and the perimeter and lifter
holes.

Rib - Sidewall of tunnel, between invert and back.

Roof - Crown, back of tunnel.

Round - The series of drill holes detonated to produce a unit of
advance in the tunnel heading.

Scaling - Manually breaking off loose rock from ribs and back of
tunnel after detonation of a tunnel round.

Shotcrete - A spray-on concrete used to apply a concrete lining on
a tunnel immediately after excavation; used for rock support
and as a permanent lining.

Sidewall - See Rib.

Smooth blasting - A method of perimeter control blasting using
closely spaced perimeter holes and reduced perimeter hole
charges.

Spacing -The linear distance between collars of adjacent drill
holes aligned approximately parallel to a free face.

Specified Smooth Blasting (SSB) techniques - The smooth blasting
techniques specified in the contract for excavation of the
Porter Square Station Pilot Tunnel (META Contract No.
091-301). These techniques were based on current smooth
blasting techniques used in the United States (see Section
5.3.1).

Spider tube - A specially manufactured extruded plastic tUbing
used to support the Primacord column charge in the center
of the drill hole (see Figure 4-4). Used in perimeter holes·
using fracture control (FC) procedures and Primacord loaded
modified smooth blasting (MSB) procedures, as well as in cut
holes of the FC opening cut.

Stemming - Material used to seal a drill hole after the charge
has been placed; generally an inert material such as clay,
sand (in paper tamping bags), or water (in plastic water bags) .
Stemming serves to a) hold the charge in the drill hole so
it is not blown out by previous hole detonations; and
b) contain the explosive gasses in the drill hole.

Stick - A cartridge, or preformed unit of high explosive wrapped
to a predetermined diameter and length.

Strike - The direction or bearing of a horizontal line in the
plane of an inclined joint, fault, or other structural plane.
It is perpendicular to the direction of dip.
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Tamp - Compact or pack an explosive charge into a drill hole with
a succession of light or medium blows with a tamring stick.

Throw - The spread of rock fragments in connection with detonation
of a round.

Water bag - A plastic bag filled with water under pressure and
used for stemming drill holes· (see Section 5 .ll •
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