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1. INTRODUCTION

1.1 BACKGROUND

Underground drill and blast excavation is usually accom-
plished with small diameter holes loaded with high energy explo-
sives. The detonaticon pressures are extremely high and an exten-
sive amount of enerqgy 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, Dbamage 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 emploved, in which the spacing and burden of peri-
meter holes are reduced and lighter, decocupled 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. 1In 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:



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 implementaticon 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 (MBTA) Red Line Extension
Northwest (see Section 2).

1.2 QOBJECTIVES

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 tco smooth blasting procedures.
To ensure a valid comparison of the two technigues, it was neces-
sary to determine through experimentation the optimum smooth blast-
ing technigue 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: utjilizing millisecond delay detonating caps in
conjunction with smooth blasting technigues to reduce the human
response to blasting.
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1.3 ORGANIZATION OF THE REPORT

In the next two sections, the project and the site geoclogy
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, res-
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 utilizing milli-
second delay detonating caps are described in Appendix A.



2. PROJECT DESCRIPTION

The proposed Porter Sgquare Station in Cambridge, Massachusetts
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 (MBTA). The pilot
tunnel was excavated to expose geclogic 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 MBTA 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) sguare
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, 87 ft. (27 m} deep (Figure 2-4). From the access
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 912LHD 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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(a) Looking north towards Porter Square
Shopping Center, pilot tunnel access
shaft at right.

(b} Tooking south, Massachusetts Avenue to
right, Somerville Avenue to left.

FIGURE 2-2., VIEWS OF. SITE AREA
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FIGURE 2-4. ACCESS SHAFT TO PILOT TUNNEL

FIGURE 2-5. DRILLING JUMBO



- FIGURE 2-6. LOAD, HAUL, DUMP MACHINE USED FOR MUCKING TUNNEL
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FIGURE 2-7. NORTH HEADING CF PILCT TUNNEL



3, SITE GFOLOGY

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 metamorphcesed 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 (3) classification, the rock mass may be
described as moderately jointed to blocky and seamy. Typical
index properties of the argillite are as follows:

Average Unit Weight = 172.6 1lb/cu. f (2766. kg/cu. m)

t
Average RQD = 77%
Average Compressive Strength = 28,000 psi (193 MPa)
Average Schmidt Hardness = 54.4
Average Taber Abrasion Hardness 6.~ 1.32
Average Tangent Modulus (Et x 107) = 7.0
50

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

h
+

Average Unit Weight = 180.2 lb/cu. (2888. kag/cu. m)

Average RQD = 91%
Average Compressive Strength = 20,000 psi (138 MPa)
Average Schmidt Hardness = 43,2
Average Taber Abrasion Hardness 6 = 5.20
Average Tangent Modulus (Et x 107) = 9.4
50

Overlying bedrock is about 40 to 45 ft, (12 to 14 m) of over-
burden soil. The groundwater table 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~ to
the scouth. Joints in the argillite form three generalized groups:

-10-
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Set No.

1 Joints parallel to bedding, genegally strlklng
east-west and dipping south at 57 to 15°

2 Joints genegally sgrlklng east-west and dipping
north at 407 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. (0.1l5 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, keing 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.

Scme 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 mainonofth south tunnel, both striking about N25°E and dipping
about 60°NW. 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. 1In 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

_12_



FIGURE 3-2. OVERBREAK IN CROWN PARALLEL TO BEDDING -

JOINT SET 1

JOINT SET 4

#]OINT SET 3

FIGURE 3-3. ©NORTH HEADING LOOKING‘NORTH, SHOWING STLABBING
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-toothed 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,

OVERBREAK IN SOUTE RIB OF EAST-WEST ACCESS

FIGURE. 3-4,.
TUNNEI, CONTROLLED BY JOINT SETS 1 AND 2.

Intersecting joints at the corners of north—sbuth 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).

-14-




44, 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., Contreol of the propa-
gation phase requires orienting the cracks and providing a stress
field which will produce the strain energy reguired to maintain
the desired crack velocity. Finally, control of crack arrest
necessitates maintenance of a stress state which is sufficiently
large to aveoid crack arrest until the crack has achieved its
specified length. If all of these aspects of the fracture pro-
cess can be contrclled, then a blasting round can be designed to
properly cut, fragment and move the rock. ‘

‘f4.l.2 Crack Initiation

Control of the location of crack initiation is achieved in
fracture control blasting by notching the drill hole along most
- of 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. TIf the
pressure is too low, the crack will not initiate even at the
notches; when the pressure is too high, cracks will form 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 thée 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 Jjets 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

e
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FIGURE 4-1. SUGGESTED DIMENSIONS FOR NQOTCHES
TO CONTROL CRACK INITIATION

NO CRACK
NOTCH

CRACK

FIGURE 4-2. CRACK INITIATED IN NOTCH IN DRILL HOLE
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radius of 0,030 in. (0,76 mm) should bhe 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 Provagation

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 branching,
which destroys control of the fracture plane, can occur for two
reasons. First, 1f 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 intensi?y factor at the
crack tip above a critical arrest toughness Ky 4) If the pres-
sure in the drill hole is too high and partic{es plug the crack
openings, the stress intensity factor K decreases with increasing
crack length until K < K and the crack arrests. However, if
the gas flows into the opening 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.

-17-



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 b¥

Foster (5) as a method of promoting fracture. Haviland 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 weork in Minnesota.* 1In their 1963
book, Langefors and Kihlstrdém 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) 4t 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 control 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 heles in contreolled blasting for construc-
tion of a Nuclear Power Station in Mississippi, and in concrete
demolition at St. Paul, Minnesota. FKe cut 1/4 in. (6.4 mm) deep
notches in drill holes with an oversize bit ground dom on two
516es, ané used about 1/4 to i/, the charge concentration use?
in normal conditions.
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4,2 APPLICATION TO PERIMETER CONTRCI. IN PORTER SQUARE STATION
PILOT TUNNEL

Fracture control perimeter control technigques were used in
seven full heading rounds during the experimental program con-
ducted in the Porter Sguare Station Pilot Tunnel, The perimeter
holes were drilled using a 1-11/16 in. (43 mm) 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 mm) deep grooves in the drill holes.
ii%ure 4-3 1s a photograph of a notching tool entering a drill

ole.

FIGURE 4-3, NOTCHING TOOL ENTERING DRILL HOLE ' \f

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 ccnsisted of one or two 1-1/4 X 8 in. (3.2 x 20 cm)
sticks of 40 percent extra gelatin, at 0.53 1b. (0.24 kg.) per
stick. The column charge generally consisted of a 4 to 5 ft. (1.2
te 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
Primacord perimeter loading, without the svider 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.
CHARGE IN DRILL HOLE.

As Fabricated

(a)

) _r_
g w»
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CRITERIA IS MIN. FOR
TOOL FABRICATION
o] 05" 1
L | ]
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MATERIAL: HIGH IMPACT POLYSTYRENE
APPROX. SCALE

(b} Cross Section Detail

SPIDER TUBE USED TC CENTER PRIMACORD
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of either sand bags or water bags. Hercules Superdet Electric delay
£aps were used to detonate the round, with the perimeter holes being
z&red on the last four or five delays. :

40% EXTRA GELATIN

400 GRAIN/FT..
IPRIMACORD

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

. R
I P S e
i S g T

4.3 APPLICATION TO GPENING CUTS ~
- P ‘ :
. — L .
- < The"most_critical part of a tunnel round is the opening cut:
this 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 smallest dimension of the tunnel. The cut is the most costly,
time-consuming part of the round. Drill ané powcder factors are very
nigh ang noles must be drilled accuratelv. Because of the

high cqﬁ%lgement, the opening cut holes often wroduce the largest
vibrations for a round. '

In-the application of fracture control (FC) blasting to the
opening cut, it was hoped to significantly reduce the number and
size of the holes which must be drilled, to relax the reguirements
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 wvertices 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 ¢racks would propagate from
edch hole to form a hexagonal plug. The three holes were drilled
with a slight look-in so the cross section of the plug would
decrease with depth.

The three outside holes are loaded in a similar manner to that . _

described previously for the vperimeter holes - two sticks of 40 per-
cent extra gelatin, a cushioned column charge of 400 grain/ft. (0.09

kg/m) Primacord, and stemming. When the holes are fixed, tﬁé\radla;
cracks cut a hexagonal cylinder free on all sides exce3$ the.- base
'LJ‘i‘ e

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 1b. (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 travpped gasses.

4.4 TOOLS FOR NOTCHING DRILL HOLES

~.

4.4.1 Notchlng Tools Used in the~u§ger1mental\Program

T e \\

In the DPérter Square Station PllOt TunneL experlments, driil .
holes were mechanically notched using specially designed tools.
The notching operation was performed after the holes were” drllLed
utilizing the PR-123 drills used for drilling. The tools were
attached to the drill steel with a rope: thread and the only varia-
tions in normal drilling techniques were the preventlon of rota-
tion of the drill steel and reduction of intensity of 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 reguired. '

The test program provided an opportunity 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 Xennametal, Inc.,
Bedford, Pennsylvania, and two prototypes were provided. All
other tools were designed and fabricated by the investigators.

~
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@ 2STICKS 40% EXTRA GEL TAMPED {BOTTOM CHARGE ) .26 LB.
(2 3.5 FT. OF 400 GR/FT. PRIMACORD IN SPIDER TUBE (CCLUMN CHARGE) PER HOLE

(3) SAND STEMMING (IN PAPER TAMPING BAGS)
@) 4 STICKS 40% EXTRAGEL TAMPED (TOTAL 8 STICKS, 4.24 LB.)

® 50 GR/FT PRIMACORD TAPED TO 40% EXTRA GEL ( SPIDER TUBE USED
FOR SPACER)
. TYPICAL LOADING, FRACTURE CONTROL CUT

FIGURE 4-6. FRACTURE CONTROL OPENING CUT
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(a)

(e)

FIGURE 4-7. TOOLS USED TO NOTCH DRILL HOLES

Original Four Piece Straight Cut Broaching Tool

Single Stage, Kennametal Design

Single Stage, Investigators' Design

Single Stage, Corner Cut - 110 Degree Included Angle
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 mm) to fit into
a 1-11/16 in. (43 mm) drill heole with a radial clearance, The
cutting edges were designed to cut notches 1/4 inch (6.4 mm) Adeep.
All but one of the designs had water holes to provide for a cool-
ing fluid. i

The original concept in tool design was to employ a broach-
ing type tool which would notch to the reoguired depth of 1/4 in.
(6.4 mm) but nct 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 mm) long, the second 2.06 in.
(52.3 mm), and the third was 2,188 in. (55.6 mm) long. This tool
was hot 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 Kennametal. 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 mm) 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 mm) four point drill bit) the tool held up much hetter.
Photographs of the damaged Kennametal 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 exXperimental program.

The tool shown in Figure 4-7¢ was similar to the Kennametal
tocl except for the very long cutter members which supvort 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 inadeguate 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 tcool
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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 heoles. 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 H-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 develo@ed with the tools, the malfunc-
tions were primarily due to one of three causes:

a. Insufficient impact resistance of carbide inserts;

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.
] ““f\u.w;% . .
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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 uvon removal.

d. A different drilling/notching technigue 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 pricr 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 tocl to wedge in the
hole when removal was attempted.

The notching tool "hang-up”' problem can be aveided by provid-

ing proper relief in the cutters and providing cutting edges for
both entrarce and withdrawal.
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4,4,2 Future Mechanical Notching Tool Design

Based on the experience with the varicus 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-
guate 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-
ever, both are worthy of future experimental programs.

_29_



_OE_

, | 625
WATER PORT - .
" MILL POCKETS 05625
ST o7 | Ne/ L sy BOTTOM) (D-ﬂ
( ©0.125 — 0.5625 DEEP AN B
! FIRST STAGE v LN FOR CARBIDES
! CUTTER T X=0.1875 FOR FIRST STAGE CUTTERS
| 04375
| | ot25 =t X=0.3125 FOR SECOND STAGE AND
I 043511 WITHDRAWAL CUTTERS
| 0.125
' SECOND STAGE s WELD
: CUTTER ”@r_ L~ MATERIAL
} 0.75 P—
! WITHDRAWAL 4340 STEEL
: CUTTER 0625} S47
' 3.0 pr
X WELD : — | WELD /
T ' 0.50 rd 0.25R
1 4340 TUBE
r'—-L'L-'! V
I i ROPE
: :, THREAD e CARBIDE CUTTER DETAILS
: : 3.0 FLATS CARBIDE GRADE
| | 2.0 TO BE HIGHLY IMPACT RESISTANT
| ]
]
| |
1

STRAIGHT CUT BROACHING TOOL
' NOTES:
I ALL DIMENSIONS IN INCHES.

2. TOOL DESIGNED TQ CUT {/4 IN
NOTCHES IN [-3/4 IN DIAMETER
DRILL HOLE

FIGURE 4-10. RECOMMENDED TWO STAGE MECHANTICAL BROACHING TOOL




_'L'E_

DRILL STEEL

CARBIDE STEEL
CUTTER

DRILL BIT

NOTCHING TOOL
(ON BEARING SURFACE,
DRILL BIT ROTATES INDEPENDENTLY)

FIGURE 4-11. CONCEPTUAL SKETCH OF SINGLE PASS
COMBINATION DRILL BIT/BROACHING TOOL




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 east-west access tunnel, so modifi-
cations in eguipment and procedures could be made before starting
the fracture control experiments in the main north-south pilot tunnel.

Hh. 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.

¢. Modify the contractor's smooth blasting round in order
to determine the optimum perimeter contrcl 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.

Tne ovening cut experiments were conducted in the following
seguence:

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

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

c. Implement the fracture contrel 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 pilect tunnel, Rounds labeled
SSB were the contractor's specified smooth blasting rounds which
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ware documented, Those labeled MSB were the modified smcoth
blasting rounds. Those rounds labeled FC used fracture control
procedures,

‘The following Hercules explosives were used in the blasting
experiments:

- Type - Stick Size(in.) Stick Wt, {1b.) . Use

40% Extra

Gelatin 1-1/4 x 8 in. 0.53 1b. Bottom charge
(3.2 x 20 cm) * (0.24 kg)

Gel Power A-2 1-1/4 x 16 in. 0.71 1b. Column charge in
(3.2 x 41 cm) (0.32 kq) reliever, lifter

holes

Hercosplit WR 7/8 x 24 in. 0.60 1b. Column charge in

(2.2 x 61 cm) (0:27 kg) perimeter holes

Also used were 50 grain/ft. (0.01 kg/m) and 400 grain/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 mm) 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 electric
delay caps manufactured by Hercules, Inc., Wilmington, Delaware.
These standard delay caps had an average delay interval of about
one second. The ms delay round used Atlas Rockmaster SF electric
delay caps manufactured by the Atlas Powder Company, Dallas, _
Texas., Figure 5-2 shows some of the explosives 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 reguired to be excavated. This
test chamber, located in Figqure 2-3, was enlarged to a 12 ft.
(3.6 m) x 12 ft. (2.6 m) cross section area using fracture control
perimeter control procedures. The test chamber allowed the notch-
ing tools and other fracture control equipment and procedures to
be tested before the start of testing in full face rounds in the
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40% EXTRA GELATIN

STANDARD ELECTRIC,
DELAY CAP

WATE3 STEMMING BAGS

FIGURE 5-2. SOME EXPLOSIVES PRODUCTS USED IN EXPERIMENTS

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

Two rounds, called FC Enlargement 1 and FC Enlaraement. 2,
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 0.9} 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 contrcl rounds which were later
detonated in the main north-south vilot tunnel.

5.3 PERIMETER CONTROL EXPERIMENTS

5.3.1 Specified Smooth Blasting (SSB) Technigues

The project blasting specification included in the MBTA 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 mm) ;

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

¢. Perimeter hole bhottom charge of about 0.5 lb. (0,22 kg)
and column charge of about 0.25 tc 0.30 1b/ft (0.37 to 0.45 kg/m)
detonated last.

The specified 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) :

¢. 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 ;

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 1b. (0.24 kg) bottom
charge and 0.30 1lb/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 cof about one second) on the last four delays of the
round; and

g. Cut and reliever hole loading of 3.9 1b. (1.8 kg) per
hole, well tamped, without stemming.

The hole factor* for the round was 1.28 holes/cu. yd. (l1.67
holes/cu m) and the powder factor** was 3.77 lbs/cu. vd (2.24 kg/
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.

**The powder factoyr is the number of pounds of explosives used per

cubic vard of rock broken, and is an indicator of the cost of
explosives.

-36-




rG‘

21"e
P P13] 43 pi3 PI3 PI3  PI3  Pl4
P - = —— <
{
|pi13 F8 oFT  F7 JF8 PI3
24":I¥
4 e 7 R8I Re | F7 P12
24"+
{ R
PIL____FS __401314*+~_°R4____°F_5__~__“_____§
PI2
ci b civz
Pl Fa Rz °0 R2 F3 PI2
° 9 o) o °
ci/a® S °c3m
co
Pl JF6 GRS | RS AF6 PI2
!
|
Li4  LI0 (9 g LS Lo LI

DRILLING PATTERN AND DELAY SEQUENCE

CEPTH OF DRILL HOLE,FT

7.0 6.0 50 4.0 30 20 10 9]
T T T T T —

NN P2 28 Nw L~ - RS a

| - a

/ T PN ooy 21N PR XY
jou @ 6) @
BOTTOM OF DRILL HOLE COLLAR OF DRILL HOLE

() 15TICK40% EXTRA GEL,TAMPED (BOTTOM CHARGE)

(2) 2 STICKS HERCOSPLIT, UNTAMPED (COLUMN CHARGE} || . o
(3) 14 STICK 40% EXTRA GEL,TAMPED PER HOLE
(3) UNLOADED LENGTH |

TYPICAL LOADINGLPERIMETER HOLES

FIGURE 5-3. FINAL CONTRACTOR SPECIFIED SMOOTH BLASTING ROUND

_3‘7_.



5.3.2 Modified Smooth Blasting (MSB) Technigues

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

The lccations 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 1b/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. yvd., (1.65 holes/
cu m) 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 additicn 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 1b. (0.24 kg) bottom charge and a 0.06 1lb/ft (0.09 kg/m)
column charge consisting of 400 grain/ft (9.09 kg/m) 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 orening cut, which is described in Section 5.4. The hole
factor for the round was 1.31 holes/cu.yd. (1.71 kg/cu. m) and the
powder factor was 2.92 lbs/cu.vd. (1.72 kKg/cu. m). TIn addition
to round MS5B 6, the Primacord *M33 perimeter loading was also used
in the east rib of round FC 2.

5.3.3 Fracture Control (FC) Technigues

Fracture control perimeter control technigques 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 Secticn 5.3.4.

With the exception of round FC 4, fracture control rounds
FC 1l 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 guicker. Rounds FC 1 through FC 5 utilized the
contractor's opening cut and used the same cut (C) and reliever
(R,F) hole lcading as round MSB 5 and MSB 6. The hole factors
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TABLE 5-1. MODIFICATIONS TC CONTRACTOR'S

SPECIFIED

SMOOTH BLASTING ROUND

ROUND

MSB 1

MSB 2

MSB 3

MSB 4

MSB 5

MSB 6

CHANGES
Modified delay sequence.

Increased perimeter (P) hole
spacing at back to 24 in,
(0.6 m). -,

Stemmed all holes with inert

stemming (sand or water bhags).

Reduced charge ,in cut (C) re-
liever (R,F) and lifter (L)
holes to 3.37 1lb. {(1.53 kg).

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

Reduced charge in (F) holes
to about 3.26 1b. (1.48 kg).

Reduced coiumn charge in (P)

"holes to 0.19 1b/ft. (0.28

kg/m} .

Reduced (P) hole spacing to 18

in. (0.46 m).
Reduced column charge in (P)

holes to 0.06 1lb/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 inte (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, vd.
{(1.49 to 1.65 holes/cu. m) and the powder factors ranged from
2.97 to 3.13 1lbs/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 1lbs/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
1b (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/m) 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 variations 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-10 through B-15, respectively, in Appendix B.

5.3.4 Technigques in Igneous Dike

In the large ignecus dike in the north heading of the north-
south pilot tunnel (see Figure 5-1), the contractor modified his
specified smooth blasting round bv 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 1lbs. {(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 1lb/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 vat-
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 cf 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 1b. (0.59 kg) per hole for notched holes, and 1.83
1b. (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 typrical completed Drilling and Loading
Report. It shows the as-drilled locations of the holes, the delay
sequence, and typical loading of cut (C), 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 chancges to be made in subsegquent rounds.,
Visual observations and measurements were made of filyrock throw,
muck pile fragmentation, condition cof 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 BLASTING TEST PROGRAM

SYMBOLS AND ABBREVIATIONS

DRILLING
P Perimeter hole
C Cut hole
R Reliever hole

Hole in First row in frem perimeter
Lifter hole

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

[ ]

PE—TE———Perimeter hole
A—Delay number. Hercules Superdet
7.9 Drilleé depth of hole

2.0 Depth of unloaded hole at collar.

LCADING
(/1 uUntamped or stringloaded explosive
=] Tamped explosive
40 1-1/4" x 8" Hercules 40% Gelatin Extra 0.53%/stick
A-2 1-1/4" x 16" Hercules Gel Power A~-2 .71%/3tick
H 7/8" Hercules Hercosplit .30%#/foat
400PC 400 grain/ft. Primacord .08#/foot
WS Water Stemming bag
S Sand Stemming in paper Tamping bags

ADVANCE
Pigures 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 Drilled depth of hole
[2.0] Depth of bootleg after blast

5.7 Subtraction eguals advance

H .

o Half cast remaining after blast (>3 ft.+)
B ha
O

Partial half cast remaining after blast
{1 £+£. ¢ H.C. < 3 £t.)

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, the 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 conditions of the ribs and back after the pverimeter
control experiment, other field measurements were made at the _
completion of the experimental program. Measurements were.made
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 the next sec-
tion, gives a guantitative comparison of the conditidn of the ribs
and back for each experimental round. In addition, [silhouette
photographs of tunnel cross sections, described in Section 5.3.5.3,
were used to measure overbreak for each experimental ‘round,

Also, vibration measurements, described in Section 5.3.5.4,
were made so that vibrations from 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 cverbreak

. and that the remaining rock was not significantly damaged by the
Llast., 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 contrcl achieved using the three blasting techniques, a
half cast factor (HCF) was devised. The HCF is defined as the
total length of half casts wvisible, 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
pilct tunnel was completed. Because of scaling, roof bolt. drill-
ing and installation, shooting of subsequent rounds, and utility
installation, scme of the half casts were 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, AaAs 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 after completion of
the tunnel indicate a HCF of 55 percent, Thus, the HCF data from
the back may be misleading, and in comparing the perimeter control
techniques emphasis was placed on data from the ribs,
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- FIGURE 5-13, TYPICAL HALF CASTS LEFT BY PERIMETER
DRILL HOLES AT BACK AFTER RQUND FC 5

Also, some half casts were removed in the west wall cf 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, the HCF for these rounds were estimated and
are considered to be reliable to within 5 to 10 percent.

The HCF does not-reflect the wider spacing used in the frac-
ture control rounds. To take into account this spacing, the
specific half cast factor (SHCF) was ‘introduced, This is simply
the HCF divided 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 spacing. (It
should be noted that SHCF's greater than 100 can occur.)

5.3.5.3 Silhouette Photographs of Tunnel Cross Sections - In
order to estimate and compare gquantities 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 silhouette'photographic
system. In this method, the tunnel lights-were extinguished and
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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 guantity 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 and -overbreak 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. Meéasurements were made with a SINCO model S-5 Vibra--
tion Monitor with two independent remote sensors. FEach 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 oscilleographic recording
system. The seventh channel recorded air blast overpressure, in

psi, and was measured by a model 53108 remote ‘air blast sensor.

The investigators monitored ground vibrations and air blast
overpressures for several tunnel rounds. Ground vibrations were
measured using a Sprengnether model VS-1100 engineering seismo-
graph, eguipped 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 was
measured by a model SM1l 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 eguipment 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 cof ground motion,
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I NVESTIGATORS '
| SETSMOGRAPH

FIGURE 5-16. INVESTIGATORS' BLAST MONITORING EQUIPMENT
AND DOT/TSC TRANSDUCER AT SENSOR LOCATION J

: Figure 5-16 shows the locatlons near the site where sensors
'were deployed during the program. The investigators' sensor and
:those of the contractor were generally placed on a sidewalk or
.parklng lot pavement and were anchored to prevent slippage of the
-sensor in the event that high ground accelerations were generated
by blasting. . Alr wave detectors were mounted on tripods and
located about four feet (1.2 m) above the ground surface. Fiqure
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
were mounted on 7/8 in. (22 mm) diameter by 1l-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, the transducer was located on the axterior
foundation wall of Star Market within the Porter Square Sho»wping
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 S8B 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 scource to
senscr) would be about the same for each technique,

5.4 OPENING CUT EXPERIMENTS

5.4.1 Contractor's Technigues

The opening cut used by the contractor is illustrated in
Figure 5-17. This cut consisted of three 3-in, (75 mm) holes and
five 1-11/16 in. (43 mm) 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 lbs. (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 contrcl 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. 1In 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 (FC 5},
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FIGURE 5-18. LOADING OF 1-11/16 IN. DIAMETER
CRATER CUT HQOLE IN TUNNEL SIDEWALL

Further north in the same west wall of the north heading.
additicnal experiments were conducted to evaluate the fracture
contrecl 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. TIn the first of these tests, at Station 3482, a 1-11/16 in.
(43 mm) diameter heole 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
peried 2 (1.5 sec.) and the bottom charde on delay periocd 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 Technigues in Full Heading Rounds

After the fracture control techniques had been evaluated
in the tunnel sidewalls, three fracture contrcol 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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DEPTH OF DRILL HOLE, FT.

[ by
s 4 Dl Pbug

BOTTOM OF ORILL HOLE COLLAR OF DRILL HOLE

@ 4 STICKS 40% EXTRA GEL, TAMPED, ON DELAY CAP NO. 2
@ _ SAND STEMMING (IN PAPER TAMPING BAGS)
@ 4 STICKS 40% EXTRA GEL, TAMPED, ON DELAY CAP NO. 3

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 Figqure 4-6, except that:

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

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 1-11/1l6
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 vikrations 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 several 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 technigques
were grouped into three classifications: specified smooth blast-
ing (8SSB) techniques as employed by the contractor, modified
smooth blasting (MSB) technigues developed by the investigators,
and fracture control (FC) technigues developed by the investi-
gators. For compariscon purpcses, 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
heole 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
prulled well and mucked easily but caused the most damage to the
final rock surfaces of the three technigues used. The average
‘half cast factor for the SSB rounds noted in Figure 6-1 was only
9.4 percent. The high column charge (0.30 1b/ft) (0.45 kg/m) was
felt te contribute most to this condition, along with the geclogic
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 cclumn charge utilized and to the geclogic
factors noted in Section 3.3.

The average advance for the $8B rounds was denerally 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 hecles for the four SSB rounds in
Figure 6-1, where advance measurements were rade, was 86 percent
of the average P hole depth. The bootleg was attributed to
relaxed drilling control and to the increased hurden 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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The average drilling time for the S5SB 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 € ft. (1.8 m) high at the face and extended about 40
ft. (12 m} from the exposed tunnel face. The muck size was gen-
erally 2 to 6 in. (5 to 15 mm), with occasional slabs to about

2 ft. x 1 £t. (0.3 m x 0.6 m). Figure 6-3 shows the muck pile
after a typical SSB round.

FIGURE 6-3, MUCK PILE AFTER TYPICAL SSB ROUND (SSB 36)

6.3 MODIFIED SMCOTH 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-row-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.

| R. : duced from %
-6 4~ Lb:l:!mavuailable copy.
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(a) Left Rib | (b) Right Rib . —

FIGURE 6-4. RIBS OF ROUND MSB 6

The modified smooth klasting (MSB) technigues produced
noticeably sounder excavated surfaces, especially when perimeter
holes were shot on 18-in. (0.46 m) centers with 400 grain/ft.

(0.09 kg/m) Primacord , as in round MSB 6 (see Figure 5-5). Figure

6-4 shows the ribs after MSB 6. The average half cast factor
using the MSB Primacord loading was 37.8 percent. The average
overbreak was 8.7 cu. vd. (6.7 cu. m} per round. The average
advance at the perimeter was 92 percent of the average perimeter
hole depth. It:ishould be noted that the MSB Primacord 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 1b/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 technigue was also used in the
west rib of round FC 1 and in the east ribs cof rounds FC 3, FC 4,

B

_65._

/



N (b) Left Rib (c) Right Rib

" FIGURE 6-5. BACK AND RIBS OF ROUND MSB 5
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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. yvd (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 SSBE 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 Figqure 6-6, was about 7 ft. (2.1 m)
high and extended about 30 ft., (2 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 techniques were utilized. Two of the rounds, FC 1
and FC 3, were in the 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
MSE SPACE LOADING



tered in the left (east) rib of these adjoeining rounds (see Figure
3=1). 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 400 grain/ft. Primacord (0.06 1lb/ft). In round FC 3, the left
rib was shot using the space loaded MSB loading (0.19 1b/ft),

with notched perimeter holes on 29 in. (0.74 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. vd. (5.3 cu. m) of overbreak,
and the HCF was 13 percent. That quantity of overbreak would be
equivalent to the left rib being an average of 2,3 ft. (0.7 m)
outside the desired dimension. The average advance at the rib
was about 90 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 HCF 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 1b/ft) (0.28 kqg/m) in unnotched verimeter holes
on 24-in. centers. Figure 6-2 shows this rib, which had a HCF of
25 percent and 4.2 cu. yd. (3.2 cu. m) of overbreak. The averace
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. (0.74 m). These perimeter holes were loaded
with a bottom charge consisting of two tamwed sticks of 40 per-
cent extra gelatin (1.06 1bs.) (0.48 kg) and no column 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
sthis lecading. The rib had a HCF of 32 percent and 2.7 cu. vd.
{2.1 cu. m) of overbreak. The average advance at the rib was
‘90 percent of the varege 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-
nigues. ;

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 a 0.53 1b.

(0.24 kg) bettom charge and a column charge of about 3.5 to 4 ft.
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{1.1 to 1.2 m) of 400 grain/ft. Primacord (0.n6 1lb/ft), Spacing
was 29 in. (0.74 m) in the left rib and 36 in. {(0.91 m) in the
back. 1In the right rib, the perimeter hcoles were not notched
The same loading was used, with 24 in. (0.6]1 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 hole
depth. Figure 6-1la shows the left rib of FC 2 prior to the
damage caused by the opening cut experiments. At the right rib,
there was 3.1 cu. yd. (2.4 cu. m) of overbreak, the HCF was 48
percent, and the average perimeter advance was 97 percent of the
perimeter hole depth. Figure 6-11lb shows the right rib of FC 2.

“‘%&ﬁﬁumml
(a) Left Rib, Notched Perimeter (b) Right Rib, MSB Primacord
Holes . o Loading

FIGURE 6-11. RIBS OF ROUND FC 2
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OVERBREAX TO
JOINT SET 3

(a) Left Rib, Notched Perimeter (b) Right Rib, MSB Svace
Heles Loading

FIGURE 6-12. RIBS OF ROUND FC 4

The left (west) rib perimeter hcoles in rocund FC 4 were
notched and loaded with a 1.06 1lb. (0.48 kg) bottom charge and a
column charge of ¢ ft. (1.2 m) of 400 cgrain/ft. Primacord (0.06
lb/ft). Spacing was 36 in. (0.91 m). In the unnotched right
(east) rib, the space lcocaded MSB loading (0.19 1b/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. vd. (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
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due, for the mget part, to a joint fgom Joint Set No. -3) strik-
ing about N20E and dipping about 75 SE.

Round FC 5 utilized notched 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 1b. (0.48 kg) bottom charge
and a column charge of about 4 . (1.2 m) of 400 grain/ft. (0.09
Kg/m) Primacord (0.06 1b/ft). The other left rib perimeter holes were
notched and loaded with a 0.53 1b (0.24 kg) bottom charge and a
column charge of about 4.5 ft. (1.4 m) of 400 grain/ft. (0.09Y kg/m)
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) and
loading consisted of the space loaded MSB loadinag (0.19 lb/#t.).

The notched left rib of FC 5, shown in Figure 6-13a, had a
HCF of 70 percent, overbreak of 3.3 cu. yd. (2.5 cu. m), and an
average advance 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
sattributed to an insufficient bottom charge for the spacing-used.'

o The unnotched right rib of FC 5 had "a HCF of 9 percent, over-
break of 1.2 cu. yd. (0.9 cu. m), and an average advance of 94
Dercent of the average perimeter hole depth. The right corner
perlmeter holes left about a foot of bcotleg and considerable

- rock betwen them at the corner, while the other perimeter holes
pulled well. Figure 6-13b shows that the right rib perimeter
holes broke to a joint (frgm Joint Set No. 3) striking about
N20 E and dipping about 807SE.

The relatively low overbreak and low HCF of the right (east)
rib, together with the high overbreak and HCF 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 HCF at the back (see Section 5.3.5.2), there was
élmost 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 facteor 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 was varied as
shown in Figure B-15 in Appendix B. At the left rib, 400 grain/ft.
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(a) Left Ribk, Notched Perimeter (b} Right Ribh, MSB Space
Holes Loading

FIGURE 6-13. RIBS OF ROUND FC 5

Primacord (0.06 1lb/ft) was used as a column charge. The

lower two holes used a 0.80 1lb. (0.36 kg) bottom charge while

the 3 corner holes used a 1.06 1b. (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-
pending 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, esvecially at the top corner holes
and the right rib. This can partially be attributed to the
fracture control opening cut used (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 (b) - Right Rib, Notched Perimeter
Holes 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 epening cut experiment
in the tunnel sidewall. At the right rib, excluding the top
corner hole, the average advange was only 29 percent of the aver-
age perimeter hole depth, and the HCF was 36 percent. Figures
6-14a and 6-14b show the left and right ribs, respectively, of

round FC 6. '

Despite the low advance of the cut, the first-row-in (F)
holes in FC ¢ 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 spacing and burden -being toc great for the amount
of powder in the holes, especially in the right 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 egquivalent 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: 2.05 hrs.
Average Notching time: 1.05 hrs,
Average Loading time: 1.30 hrs.-
Average Mucking time: 2.20 hrs.

- This was about 0.9 hours more than the SSB and MSB cycle
times, and is attributable to the time reguired to notch the holes.
The notching times ranged from about three minutes per hole in the
test ‘chamber 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 tocols
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 mm), -
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. Althcugh 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
near-the face. 1In round FC 4, the delay pattern was chandged 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 mm) with
occasional larger slabs. The muck pile was more locose near the
face 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 FC 4

6.5 TECHNIQUES IN IGNEQUS DIKE
po Round FC 7 was shot in the igneous dike in the north heading
%of the pilot tunnel. The location, 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
m) 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 subseguent to FC 7, which was not documented, d4did not
break well, leaving an average of 2 to 3 ft. (0.6 to 0.9 m) of
l.ootleg throughout.
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{(a) Left Rib, Notched, 24-32 {b) Right Rib, Notched,

in. Spacing

FIGURE

At the left rib

break was 1.9 cu. yd.

24-in, Spacing

6-16. RIBS OF ROUND FC 7

of round FC 7, the HCF was 50 percent, over-—
(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
it took 1.1 hours to
muck viles from both
ft. (1.8 m) high and
posed tunnel face.

for SSB 74 and FC 7 were similar except that
notch the 11 perimeter holes in FC 7, The
rounds were also similar. They were about €
extended about 30 ft. (9.1 m) from the ex-

The muck size in the igneous dike was somewhat

larger than in the argillite. The fragments were generally

between 2 and 18 1in,

(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
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

ELAPSED TIME, SECONDS
11.0 12.0 13.0

To.10
in/sec.

Sensor A

Long.

Sensor B vert.

Trans,
i &+ & e et | o 2 Wpup oy

%\TMMNWMW%_OlO
as si
. T P

FIGURE 6-17, TYPICAL VIBRATION RECORD
FPOM CONTRACTOR'S SEISMOGRAPH
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to compare vibrations from the varicus perimeter control tech-
niques, data from the perimeter delays of the MSB, 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 SSB perimeter delays noted of 0.099
in/sec. (0.25 cm/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 cm/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 cm/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 cm/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 SSB 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
delavs, 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 S8B 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 cm/sec.)
for the SSB rounds, and 0.12 in/sec. {0.30 cm/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 velccity of ground vibrations
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(measured adjacent to any structure in the vicinity of blasting
operations) of 1.9 in./sec. (4.8 cm/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

dOMINAL | MAXIMOM ACTUAL MAYIMUM
SLANT FIRING | PARTICLE FIRING AIR BLAST
) SENSOR RANGE | PERIMETER LORDING TIME vELOCITY (4)| TIME OVERPPESSURE (4
roUND e, 'YV)iocaTIion (it.) CELAY NC..2) | TECHNIQUE (2} (sec.) (in./sec.; | (sec.) (psi)
SCUTE HEADING
838 33 3 166 13 s88 12.5 0.09 12.7 0.009
£s3 35 B 164 11 ssB 12.0 0.08 10.0 0.008
833 45 B 156 11 353 10.0 0.08 10.2 0.0G6
S3B 47 B 155 13 SSB 12.5 C.1lE 13.3 0.005
rCol 5 154 12 A 1.2 2.c8 11.1 0.00S
14 FC 4.0 2.05 15.7 0.002
FC 2 3 154 11 SL 19.0 o.12 10.3 0.003
13 ol 12.5 0.08 12.5 0.904
858 53 = 155 11 558 10.0 0.18 10.7 n.004
isB 35 a 157 12 $s5 12.3 0.18 13,2 0.002-
53B 7% ) 176 11 $s3 14.90 0.0% 15.4 0.00¢
“SB 6 o 183 11 PC 10.0 0.03 10.3 0.003
355 81 B 136 12 ssB 11.2 0.14 12.0 - 0.005
NORTH HZADING
ME3 5 F 173 1l S5 0.0 0.12 10.1 g.c02
o 148 17 SL 1.2 0.04 il.4 -
TC o2 E 1732 12 PC 1.2 Q.02 11.9 0.003
13 FC 12.5 0.06 3.4 G.003
o) 145 12 BC 11.2 0.03 11.9 -
12 ¢ 12.5 n.05 13.4 -
FC o g 168 11 L 10.0 0.04 10.0 0.002
13 FC 12.53 0.02 12.5 0.202
142 11 SL 10.0 0.05 10.0 -
i3 FC 12.5 0.02 12.5 -
54 10 RECIRD
56 L 156 12 558 11.2 0.G7 11.7 0.002
0 137 13 S5B 12.5 2.07 13.0 -,
FC 3 H 150 11 FC 10.0 ©.04 1C.3 0.003
12 SL : 1.2 0.04 11.8 0,004
s 135 11 FC 16.5 0.03 10.4 -
12 S 11.2 0.03 11.5 -
vC 6 H 145 12 FC 11.2 n.08 11.8 0.004
0 130 12 Hls 11.2 0.6 il.s -
52 q 140 14 $5B 14.0 0.09 13.3 0.004
o L2z 14 55¢ 14.0 0.05 13.3 -
74 H 110 14 . BSB 14.0 9.14 15.0 0.004
] 130 14 £38 14.0 n.C7 15.0 -
vC 7 K 106 15 FC 15.5 0.12 13.53 0.004
2 13¢ 15 FC 15.5 u.07 15.% -
NMOTES: (1) THE $SB ROUNDS NOTED WERE SELECTED. S0 THAT THE AVERAGE SLANT RANGE (RADIAL DISTANCE

FROM VIBRATION SCURCE TO SENSOR) WOULD 3 ABOUT THE SAME AS FOR TIE M5B AND FC
ROUNDS NOTED. .
(2) BECAUSE OF SCATTER IN THE PEPIMETER DETONATIONS, IT WAS SOMETIMES DIFFICULT TO IDEN-
TIFY THE CORRECT DELAY NUMBER. 4 .
CONTRACTOR'S SPECIFIEL SMOOTH BLASTING TECHNIQUE.

{3) S8B =
SL = SPACI LOADED MODIFIED SHMCOTH BLASTING TECHNIQUE.
2C = PRIMACORD LOADED MODIFIED SMOOTH BLASTING TECHNIQUE.
T =

FRACTURE COUTROL TECHMIQUE,
(4  ALL MEASUREMENTS NOTZD WERE MADE WITH THE COUTFACTOR'S VIBRATION MOWITCRING EQUIRPMENT.
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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 technigues and reduced overbreak (in the
ribs) by 10 to 30 percent;

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

¢. 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 coverpressures 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 contrel rounds than
the smooth blasting rounds, due to the extra time required to
notch the perimeter holes.

6.8 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 technigque, 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 tctal weight
of explosives used, the estimated total drilling and loading costs
are slightly higher than the contractor's specified smooth bhlast-
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TABLE 6-2.

SUMMARY OF OPTIMUM PERIMETER CONTROL PROCEDURES

PInRIMETER [OLES

AVERAGE SPACING
BURDEN

BOTTOM CIARGE
COLUIN CHARGE
TYDPE
WEIGHT
LENGTIf(1}

TOTAL CHARCE/HOLE,

MUMBER OF iOLES
TOTAL PERIMETER
CHARGE WEICHT

COLLAR LENGTH(2)

STEMMING MATERTAL

DETONATfON SEQUINCE

FIRST-RGW-1N {IOLES

SPACING
BURDEN
ORIENTATION

CIHARGE

in.
in.

1b

1b/ft

in.

1b

115)

in.

in.

1b

CONTRACTOR'S
SPECIFIED
SMOOTI1 BLASTING

21 (1)
24 to 38
NON-UNT FORM
0.53

CONTINUQUS
.30

33.5

1/4 STICK
POWDER

3.90

MODITIED SMOOTH BLASTING
SPACE LOADED PRIMACORD
24 18
24 to 29 24 to 29
UNT FORM UNT FORM
0.53 0.53
Y
SPACED CONTINUQUS
.19 .06
60 54
1.48 .80
17 23
25,2 18.4
14 24
——————— SAND OR WATER BAGS—--=-
LAST 4 DELAYS—--—m=————— e
------- 24 Lo 36 —mmmmmmmmm— e
——————— 18 to 29 ———— -

3.37

I'IACTURE
_CONTROL

33
24 to 29
UNTFORM
0.53

CONTINUOWS
.06
54
.80
13

LAST 4 OR
5 DELAYS

3.37

NOTES : (1) 21 IN. SPACING USED AT BACK, WHICH WAS TO BE FINAL EXCAVATED SURFACE.

24 IN.

SPACING USED AT RIBS.

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




TABLE 6-3. SUMMARY OF PERIMETER CONTROL RESULTS
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CONTRACTOR'S SPECIFIED  MODIFIED SMOOTH BLASTING FRACTURE
SMOOTH BLASTING SPACE LOADED  PRIMACORD CONTROL
CONDITION OF BACK: (1) X
AVE. OVERBREAK cu. yd. 3.9 2.8 2.4 2 4.0
AVE. HCF % 3.4 12,0 (& 27.0 (2 14.8
AVE. SHCF 6.0 24.0 2 40,5 (2 45.2
CONDITION OF RIBS:V)
AVE. OVERBREAK cu. yd. 3.7 3.4 2.9 2.3
AVE. HCF % 13.3 23.5 44,3 48.5
AVE. SHCF 26.6 47.0 74.5 123.9
AVERAGE OVERBREAK PER ROUND(D) cu. yd. 11.3 9.6 8.2 8.6
AVERAGE ADVANCE AT PERIMETER % of ave. D
hole depth 85 89 92 88
FRAGMENTATION (PREDOMINANT
MUCK SIZE) in. 2 to 6 3 to 9 3 to 9 3 to 12
HMUCK PILE
AVE. HEIGHT ft. 6 7.5 7 7
AVE. DISTANCE FROM FACE Ft. 40 25 30 25
POWDER FACTOR 1b. /cu. yd. 3.77 3.17 2.92 2.77
HOLE FACTOR ea./cu. yd. 1.28 1.26 1.3%‘ 1.11
VIBRATIONS FROM PERIMETER
fTOLE DELAYS
AVE. IAX. PARTICLE VELOCITY  in./sec. 0.099 0.068 0.063 0.051
AVE. MAX. AIR BLAST OVER-
PRESSURE psi 0.0051 0.0038 0.0030 0.0031
AT AVE. SLANT RANGE ft. 146 154 167 148
AVERAGE CYCLE TIMES
DRILL HRS. = = —— o 2.2 —emmmmmmmee- 2.05
NOTCH HRS., == —mm——m e m e N.A, —————m—mmmm= 1.05
LOAD & SHOOT HRS. = =meemc—em e 1.2 ——mm——— - 1.3
MUCK HRS. ———————— e ——————— 2,3 mememmee———— 2.2
TOTAL CYCLE TIME HRS. 5.7 6.6

NOTES: {1} NOT INCLUDING DATA FROM ROUND FC 6, WHICH DIDN'T BREAK WELL DUE IN PART TO FC CUT, AND
SOME RIBS AND BACKS WHERE RESULTS WERE SIGNIFICANTLY AFFECTED BY FAULT ZONES OR WHERE
EXTENSIVE DAMAGE TO RIBS WAS CAUSED BY OPENING CUT EXPERIMENTS IN TUNMEL SIDE WALL.
(2) DATA FROM ONLY ONE ROUND
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TABLE 6-4, ECONOMIC COMPARISON OF PERIMETER CONTROL METHODS
CONTRACTOR'S
SPECIFIED MODIFIED SMOOUTH BLASTING PRACTURE
SMOOTH BLASTING SPACE LOADED PRIMACORD CONTROL
DRILLING COST
LABCR 2 MEN @ $.25/min x 6§ Rrin $3.08 $3.00 53‘.00 $3.00
GROOVE 2 MEN 2 3.23/min x 6 min - - - 3.00
BITS & STEEL 12 EFr @ $5.20 2.40 2.40 2.40 2.40
BROACEING TOOL 12 ft @ $.30 - - - 3.€0
EQUIPUENT 12 ££ & 5.40 4.80 4.80 4,30 .20
TOTAL DRILL COST $10.20 $10.20 $10.20 19.20
LORDING COST
LABOR 1 MAN @ $5.253/min $1.23 sL.75 $1.25 25
BLASTING CAP .75 .75 .75 .75
PRIMER STICX {0.53 1b) .25 .25 .25 .25
SMOOTH SLASTING POWDER {10 £t} 2.25 1.20 - -
PRIMACORD {10 fti .60 3.75 3.75%
SPACTR/SPTIDER TUBE - 1.20 1.00 1.00
STEMMING .20 .20 .20 .20
MISCELLANECU3 SLUPPLIES . 30 .30 30 .30
TOTAL LOAD COST $5.00 $6.25 $7.50 $7.50
TOTAL COST PER HOLE $15.20 $16.45 $17.70 $26.70
HOLE SPACING fin) 21 24 138 33
MUMBER OF HOLES 28 24 32 17
TITAL COST OF DRILLING AND LOADING ‘
PERIVETEFE HOLES §426. $3495 §566, $454.
OVERBREARK COST
ESTIIATED VULUME OF QVERBREAK 26.0 22.1 18.89 19.8
FOR UNLINED TUNNEL: 3)
MARGINAL COST OF EXTRA MUCKNG (ss./vady 5 35,590 $ 16.00 $ 9 $_4.50
TOTAL COST POR UNLINED TUNNEL $482. $411. §$566. 5459,
FCR LINED TUNNEL: (3
MARGINAL COST OF EXTRA SHOTCRETE (575./yd3;$532.50 $240.00 $ 0 $ 67.50
TOTAL COST FOR LINED TUNNEL $994, $651. $566. §525.

NOTES: (1)

{2)

{3}

COMPARISON BASED OM EXCAVATING A 20 FT. TUNWNEL WITH 50 FT. PERIMETER ABOVE INVERT
AND DRILL HOWLES 12 ¥FT. DEEP. IT IS ASSUMED THAT THE SPACING AND LOADING GIVEN IN
TAELE 6-2 IS USED. ESTIMATED COSTS ARE DIRECT COSTS AT THE KEADING, AND DO NMOT TAKE
INTO ACCOUNT ANY ADDITICNAL CVERHEAD COSTS DUE TO INCREASED TOTAL CONSTRUCTION TIME.
ESTIMATED VOLUME OF QUERBREAK CALCULATED BASED ON OVERBREAK DATA IN TABLE 6-3.

TOTAL AVERAGZ CVERBREAK PER ROUND FOR THE EXPERIMENTAL ROUNDE (36 FT. PERIMETER AND
6.6 FT. ADVANCE) IS MULTIPLIED BY A FACTOR = 50 FT., 1L FT. = 2.3 TO SET ESTIWATED
AVERAGE OVERBREAK PER ROUND FOR 50 FT. PERIHE%%;TAﬁssliTFT ADVANCE

ggggégﬁgESOSTS BASED ON VOLUME CF QVERBREAK ABOVE THAT ESTIMATED “OR M58 PRIMACORD

15 L .
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ing (SSB) techniques and the spacé loaded modified smooth blast-
ing (MSB) techniques., The reasons for the higher FC costs are:

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

b. The relative high cost of the 400 grain/ft. (0.09 Kg/m)
Primacord needed to achieve the required low column charge
distribution in the FC 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 technigues 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 technigue.

FPirst, 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 8§8B 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 1t 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 and FC 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 11l.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, additicnal 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 Takle 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 contractor's SSB
round drilling and loading cost.
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7. OPENING 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 subsegquent north heading round. The photograph
of the crater (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.

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

The single hole crater cut experiments at Stations 3482 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 SIDEWALL AT STATION 3+45,

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 abcut 68 percent of the average cut
hole depth, This opening cut was thought tc be unsuccessful for

cne or more of the following reasons:

a. The cut holes were not looked in tpwards the center
fragmentation hole, so it was difficult for the center
hole to eject the plug formed by the cut holes.



b. The decked chargés 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 heole 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. (0. 01 Kg/m) Primacord
so they detonated simultanecusly, and the center rragmenta;10n hole
had a 3 in. (76 mm) 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 cut 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 SS5B rounds the average maximum air blast overpressure for
the cut holes was about 0.005 psi (0.034 kPa).

1t 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 cpening cut
shown in Figure 4-6,
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7-1. SUMMARY OF VIBRATION DATA FOR OPENING CUTS

_‘[ 6—

OPENING CUT HOLE VIBRATIONS (2) MAXIMUM VIBRATIONS FOR KOUND {2}
ROUND GROUND VIBRATION { AIR BLAST OVERPRESSURE (4) GROUND VIBRATTION AIR BLAST OVERPRESSURE (4
Ng. (1) VELOCTTY (J) VELOCITY (3}
DISTRANCE OF
SLANT SENSOR FROM AT ELAPSED AT ELAPSED

MAXIMUM RANGE | MAXIMUM | ACCESS SHAFT MAXIMUM TIME MAXIMUM TIME

{(in./sec.) (ft.) {psi) (ft.) fin./sec.} (sec.) {psi) (sec.)
S5B 71 0.080 169 0.005 135 0.12 9.9 0.007 1.5
SSB 75 0.070 176 0.004 135 SARME AS | CUT HOLES | 0.006 7.7
Fc cur 1| 0.055 179 0.003 135 0.10 5.7 0.007 5.9
FC CUT 2/
MSB 6 G.200 183 0.005 135 SAME AS | CUT HOLES | 0.008 5.7
SSB 81 0.065 186 0.005 135 0.16 6.2 0.006 5.6
ssB 83. [ 0.140 189 -5 - T - - -
5SB 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
(RADIAL DISTANCE FROM VIBRATICN SOURCE TO SENSOR) WOULD BE ABOUT THE SAME AS THE FC CUT
ROUNDS.

{2) ALL VIBRATION MEASUREMENTS NOTED WERE MADE WITH THE CONTRACTOR‘S VIBRATION MONITORING
EQUIPMENT.

{3) GROUND VIBRATION MEASUREMENTS MADE AT SENSOR LOCATION B (SEE FIGURE 5-1).

(4) AIR BLAST OVERPRESSURE MEASUREMENTS 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 QUT OF PAPER.
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TABLE 7-2. SUMMARY OF

OPENING CUT RESULTS

DRILLING

NUMBER OF 3" DIAMETER HOLES

NUMBER OF 1-11/16" DIAMETER HOLES

TOTAL NUMBER OF HCOLES DRILLED FOR CUT HOLES

EXPLOSIVES
NUMBER OF DELAYS
TOTAL CHARGE WEIGHT FOR CUT HOLES

ADVANCE
GROUND VIBRATIONS (2)

AVE. MAXIMUM PARTICLE VLLOCITY FOR CUT HOLES
AT SLANT RANGE OF:

AIR BLAST OVERPRESSURE (2)
AVE. MAXIMUM ALR BLAST OVERPRESSURE
AT SLANT RANGE OF:

CONTRACTOR'S
OPENING CUT

3

3

g

5

19.5 1bs.
90 to 95%

0.11 in./sec.

183 ft.

0.005 psi
135 ft.

FRACTURE CONTROL (1)

OI'ENTNG CUT

ENTRY™

2
8.0 1bs.

92%

0.13 in. /sec.
181 fe.

0.004 psi
135 ft.

NOTES < (1) DATA SUMMARIZED FOR ROUNDS FC CUT 1 AND FC CUT 2, WHICH USED FINAL FC CUT

DESICN SHOWN IN FIGURE 4-6.

(2} VIBRATION DATA TAKEN FKROM TABLE 7-1.




Using fracture control technigues, 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 vikrations
and air blast coverpressures 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 controcl 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 geclogy cannot be
changed once the structure is located. However, the other two
factors can be contreolled. If either is neglected, the quality
of the rock surface is compromised,

Too much emphasis is often placed on blasting techniques and
not encugh 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. 1In
some cases, drill holes were found to be collared as much as 12
to 15 inches cutside the correct locations. In addition, peri-
meter hole look-out was often excessive. This conclusicn 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 technigues and thcse resulting from increased
drilling control resulting from the investigators' presence in

-94-



the tunnel. It is the investigators' opinion that blasting tech-
nigue contributed more significantly to the beneficial performance
of the test rounds.

8.3 PERIMETER CONTROL

a. Fracture control procedures c¢an 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 eccnomical 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
. lewvels 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 various smooth blasting perimeter delays. Average
maximum air blast overpressure from the fracture control perimeter
delays was eguivalent 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 features such as joints, faults, or bedding planes
can 1nflugnce the perimeter control achieved with fracture control
by arresting, diverting, or bifurcating the driven crack or by
venting the explosive gasses (See sections 3.3, 4.1.2, 4,1.3, 4.1.4,
and 6.4). The results in granite 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 homegenecus 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
methods, while maintaining equivalent vibration levels and advance.
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Q. RECOMMENDATIONS FOR ADDITIOMAL 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 guantity, reducing overbreak and increasing the gquality 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-
‘mercially available explosives in the proper charge distribution.

9.2 RECOMMENDATIONS

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 regquired 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 guarry environment and ongoing rock tunnel projects
is envisioned as the most economical means.

¢. 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.1 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 cm/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 reguired to be
kept below an equivalent peak air overpressure of about 0.15 psi
(1.03 kPa), 1In addition, the contractor was prohibited from
blasting between 10 PM 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 D,
peak particle velocities were maintained below 0.6 in/sec. (0.015
m/sec.) at the nearest structures, about 100 ft. (3C m) away.

Ailr 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 resclution
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
pveriods 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 working 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 damagé to utilities in the tunnel from excessive
.flyrock. ‘

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

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 1lb. (1.7 kg), of 40
percent extra gelatin.

b. Reliever and lifter holes:

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

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

¢. Perimeter holes:

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



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

The complete ms round design is shown in Figure A-1. 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. 1In
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 HCF for
the left rib was 32 percent, while for the back the HCF was 1l per-
cent, Thus, the perimeter contour performance of the ms round was
significantly better than the average contractor SSB round,

-100-



-10T-

TUNNEL ROUND CHARGE

SKETCH OF BLAST PATTERN

73]

T

2’

Low

P

TUNNEL ROUND SUMMARY

I e NO. OF  {CIARGE W1|CHARGE WT| DESIGN | OESIGN
TYPE OF DELAY |IOLES PER ' w0
HOLEAS) ND OELAY | PER HOLE (PER DELAY| SPACING | BURDEN
L e ho uz s Les) {LBS.) {INCHES) (INCHES)
SND NN AR IS I PO S SR A S R N
ny 18 e R 3 31.7% 3.71 3 3
. - [ [ " — -—— - r-———— - ——— ——— -- s - -
R |1 ] _ 1.71 3.1 3 3
HOLE FACTOR_L.28HOLES/YD cuTr _;_.E—, T _ii' g’i—:iii‘ “321!5"'* I T T
b "y & " vea _ 6 _ | 1 am b AT B
o oo DRILL FACTOR 8-98¢¢/y0D3 Ty o f.o3.m ¢ 371 24 _3.
HiA e 08 gy Al 8 1 3.7 9
L] - O e [ [37] I - -
L‘\.D.Ci 2 1.2 1 3,37 | _b./4
& 2
HIG L] o '3 RIS
L] [ ] L) e
RELIEVER §-
*—— @& -— - —&- — - -
L 7e (¥ e [§]] L2E L

D

DISTRIBUTION

BOTTOM | COLUMN | UNLOADED
TYPE OF [UMBER OF| CHARGE | CHARGE { LENGTH [CHARGE W1
HOLE HOLES L OAD LOAD PER HOLE
(# STICKS) |{# STICKS) J(STEMMING) {LS)
BURN 3 MO NONE ) 7'-9" Q
T a0 101 o o
cuT 7 (1) (6) 3t -4 3.71
- LA -T-
SAME A-2
REIIEVER 14 AS (4) 2 -q" 1.17
o -T-
D .‘;;\ME A-2
Lik TER ! AG (1) 2t -4" 1.37
curt -T-
—_— e e — —
SAME n
PERIMETER 1y A5 (23 2°-4q” 1.73
ocur =NT=- {3AND)
DESIGH BOLE Ota . 1-11/16 {3 DURN} gy
CESIGN MOLE LENGTH_ . _ 7 FT
FIGURE A-1. TUNNEL

2 3,137
3 1,13
PEK [METER 24 3 1.73
| 25 ' 1.73
. . 26 2 | a3 |
_Lrrrenr | 26 | 2 3.37
PERIMETER[ 27 4 _1.713
i LlfTER 21 2 3.37
| PERTMETER| 20 | o 1.73
S S _ _
MAX. CHARGE WT. PER DELAY__10-20 g5, on DELav O 20
TOTAL CHARGE WT. OF ROUND _.141.4 . LBS.
POWDER FACTOR ____3:42 _ BS. PER CUBIC YARD

TYPE OF DETONATORS ATLAS ROCKMASTER SF ELECTRIC

BLAST LOCATION:

STATION: 06.5, £ TO oto-, E

ROUND DESIGN - MS DELAY ROUND



PEAK PARTICLE VELOCITY, in/sec

-¢0T-

in/sec

PEAK PARTICLE VELOCITY,
o

ELAPSED TIME, SEC.
0 2.0 4.0 610 8,0 lq.O 12.0 14,0

'iif;E\?:n_jim’ 

[
——

— At

J‘T_[

3L T T f\ o h HERTE _h ITES
PR R ] LR

(a) Vibration Record for Typical Contractor SSB Round Using Regular Delays

0 2.0 sec.

e

U’ , \l,l ’ \ —1 I
1 '

. Sl {
I

RO N O A R I-J il —f
B % s \‘f |
E=aiSRLRAA

A
|

11

—d

g
T ol
(b) Vibration

|

|

Cl
-}-_;__

- 4_ T

S S -

I I
ecord for Millisecond (MS) Delay Round

FIGURE A-2. COMPARISON OF VIBRATION RECORDS FROM TYPICAL
CONTRACTOR SSB ROUND AND MS DELAY ROUND




Left Rib

FIGURE A-3.

(a) Ribs and Back

RIBS AND BACK

-103-




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-
1y reduced with the millisecond delay round due to the reduction
in duratiocn of the noise and vibrations.

A.D5 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
probakility of the explosives "dead pressing” in the holes
when detonated with ms delays.

c¢. Fragmentation and mucking cperations as compared with
standard tunnel delays. o

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

UNLOADED 3" DIAMETER BURN HOLE
® LOADED 3" DIAMETER HOLE

e LOADED 1-5/8" TQ 1-3/4" DIGMETER APPROX,)
CUT, RELIEVER, LIFTER OR PERIMETER HOLE

- LOADRD 1-5/8" 7O 1-3/4" DIAMETER WPPROX. )
GROOVED PERIMETER 0R CUT HOLE USED IN
EXPERIMENTAL FRACTURE CONTROL RQUNDS
AND CUTS

B OCSIGNATION USEQ FOR LOADED CENTERBOLE
N FRACTURE CONT ROL OPENING CUT

C CHT HOLE

R RELIEVEP UIOLE

Rt FIRST ROW IN OF RELIEVER HOLES (DESIL -
NATED ONLY WIICN LOATDED OIFFERENTLY
FROM INTERIOR RELIEVER NOLES)

L LIFTERNOLE

P PERIMETERHOLE

EXPLOSIVES:

a0 40, GELATIN EXTRA DYNAMITE MANUFAG-
TURED BY HERCULES (INCORPORATED
STICK SIZE: 1-1/4"x 8"
STICK WEIGHT: 0.53L0,/STK, = G.BOLB./FT

A-2 GEL-PQWERA-Z PACKAGED SLURRY
EXPLOSIVE MANUFACTURED BY HERCULES
INCORPORATED
STICK S1ZE: 1-1/4" x 16"

STICK WEIGHT: 0,71 18./5TK, = 0,53 LB _/FT,

H HERCOSFLIT WR SEMICELATIN DYNARNTE
MANUFACTURED BY HERCULES INCORPORATED
STICK SIZE. 7/8" x 24"

STICK WEIGHT: 0,60 LB, /STK, = 0,30 LB ,/TT,

PC PRIMACORD MAKUTACTURED BY THE ENSIGN
BICKFORO COMPANY
400 PC; 400 GRPAINS/FT, = 0.06 LB, FT,
50 PC: S50 GRAINS/FT. = 0.011B./FT,

TAMPING;
-NT- NOT TAMPED

-LT- LIGHTLY TAMPED
-T - TAMPED

LEGEND:
P 14 g a
‘— 1vPEa LCADING
— GROOVED
DELAY NUMBER
————— — PERIMETER HOLE
NOTES
1. PGWDER, HOLE AND DRILL FACTORS COMTUTID 4 PERINt REVISION 4 ROUND AT STATION 4 + 02,¢
BASED ON THE FOLLOWING ASSUMED VOLUMES " 7O STATION 4 + 08, T DLTQNATED BY NOKEL
EXCAVATED: PRIMADET NON-ELECTRIC DELAY CANS MANU-
SHAFT ROUNDS: 98 86 CUBIC YARDS FACTURED BY THE ENSIGN BICKI ORD COMFANY,

(24' DA, x 5.9"

12° AY 12' TUNNEL ROUNDS: 41,21 CUMIC YARDS
(13 x 13w &.6N

8'BY 8' TUNNEL ROUNDS: 14,50 CUBIC YARDS
' x9'x 5,59,

UNLOADED LEMGTI(S COMPUTED ASSUMING A
TAMPING FACTOR OF 0,75 fOR TAMIED
EXPLOSIVES AND 0.85 MFGR LIGHTLY TAMPED
EXPLOSIVES,

SHAFT AND TUNNEL ROUNDS TYTICALLY
QETONATED BY SUPERDET ELECTRIC DETAY |
CAPS MANUFACTURED 8Y HLRCLULLS INCORPOR-
ATED,

5, MILLISECOND DELAY ROUND DETONATED BY
ROCKMASTER SF CLEGCTRIC MILLISECOND DELAY
CAPS MANUFACTURED BY THE ATLAS FOWDER
COMPANY,

6. DATA PRESENTED ON ROUND SUMMARIES
INCLUDED HEREIN ARE AS DESIGNED AND RAY
NOT REPRESENT AS DRILLET AND SHOT
CONDITIONS,
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SKETCH OF BLAST PATTERN
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(WATER BAGS
-T~ -NT-
DESIGN HOLE DIA. _ e . IN.
DESIGN HOLE CEMNGTH.__ . 86 ve)  Fy,

FIGURE B-1.

TUNNEL ROUND SUMMARY

NO. OF
3 CHARGE WT|CHARGE WT{ DESIGN DESIGN
L‘t‘.‘)FI’,EE(OS':) DFNLOM “O[';EIS‘A':ER PER HOLE |PER DELAY{ SPACING BURDEN
{Les) (LBs.) {INCHES) {INCHES)
R S 3 1.30 ) 3.%0 | 2
PLRIMETER 29 )3 ] 130 }  1.490 .
1 g 5 1.30 6.50 w |-
g 2 1.30 24 F
4a 1 1.90 11.11 R
T 4w 1 .61 267 T[T e T
KELILVER —— TS —5
5 a 1 3.90 | .51 b2 |24 ]
__ 5 b 1 4.61 20 ,,.g‘l
LIFTER L T 4.43 H.8t | 24-436 f 24
MAX. CHARGE WT. PER DELAY 11,11 _(BS., ON DELAYNO. . 8

TOTAL CHARGE WT. OF ROUND __ _42:78 1 ps.

POWDER FACTOR H.h,

LBS. PER CUBIC YARD

TYPE OF DETONATORS HERCULES SUPERDET ELECTRIC

BLAST LOCATION:
STATION: 2 4 60.13, 89* RIGHT TO 95' RTGHT

TUNNEL ROUND DESIGN - FC ENL. 1



SKETCH OF BLAST PATTERN -

PLyc [T Pogd PIgb Py
Hia Riu Vilh Heb
. * L ] L] Faqr
Page
P393
Pl EXCAVATED
- PREVIQUSLY Fign
o
T e AS DRILL FACTOR u.A.
8'x8 I
Piga
ROUND
Fagh
igo
- L[;ii - Ll
“- 12 —-—!

TUNNEL ROUND CHARGE DISTRIBUTION

TUNNEL ROUND SUMMARY

HOLE FACTOR N.A. HOLES/YD®

BOTTOM COLUMN [ UNLOADED
TYPE OF INUMBER OF}] CHARGE CHARGE LENGTH JCHARGE WT.
= HOLE HOLES LOAD LOAD. PER HOLE
| {4 STECKS) |(# STICKS) [(STEMMING] ALes)
R
3 BURN 0 NONE NONE - -0
7 ‘
cut v HONE NONE - o
A-L 2938
. za 40% .(-?-1 {SAND BAGS} 2.60
RELIEVER — ) k-3 i3 .37
2 b a (SAND BAGS)
=T “
LIFTER 2 1(2): jEJ) 1'-3 3.19
r L S - __1;(;_1--_ | sanD BAGS)
4 .5 3"
e L P
PERIMETER | —— 2.0 L (snp mags)|  1-08
T Bk o ey B
( iy [ | e ) e
1m 1 seacer | (sawo nagsy  9-32
DESIGN HOLE piA 11/ 4N
_ DESIGN HOLE LENGTH_ _ _3:73" V) = gy

FIGURE B-2.

NO. OF -
. CHARGE WTICHARGE WT) DESIGN DESIGN
TYPE OF DELA HOLES PER
HOLE (S) D DELAY |PER HOLE |PER DELAY| SPACING | BURDEN
{Les) (LBS.) (INCHES) (INCHES)
o Ya p 1t J 268 1 .03 ] '24 I
e -
S S—— =0 6.03 .=t 0
2 b 1 3.31% b2 24
3 ga 4 0.80 3°20 24 24 B
EEEETI B 1.06 s.ag | 24-23  |17-24 7
periMeree | 3.9¢ L 1.24 29 | 1T
5 gb 2 1.06 36 lo-24 |
5 go 2 1.24 5.13 36 22-24
s ¢ B L 46 ) 2¢-24
] 5a4a 1 | _0.53 ] e ] 2a
- - =] LTS [ .
LIFfER | 6 2 3.19 6.38 _2a-29 | _ aa |
- _ _ ] ,
. — I
_—_ ) ]
AR U ; — —
4= —
o
, o
.
i O _'__,,___4
MAX. CHARGE WT. PER DELAY___ 638 185, ON DELATNO._ __&_

TOTAL CHARGE WT. OF ROUND __32.23 | 8S.
POWODER FACTOR ____H.B, 18Ss. PER CUBIC YARD
TYPE OF DETONATORS HERCONLS SUPERDET ELECTRIC

BLAST LOCATION: ‘
STATION: 2 + 68.13, 95' RIGHT TO 100' RIGHT

TUNNEL ROUND DESIGN - FC ENL. 2



-80T-

SKETCH OF BLAST PATTERN

HOLE FACTOR_).28 HOLES/TD?

DRILL FACTOR B.98 | f/yp3

g Py 1y 1y L) (] [ Pid
‘F Tn»—i»** .- ——8- - -9 1
Ra L1 RF H
w|1 * [} Ml
A? A6 e N
I-'IIJ - - . [T
Li] HY RA LE)
- Pl L] L ] L ] Mz
o
J . s (.i.o .Clll.u e
" . w O - . Pz
c® 0 %5
-
e e 0 m re
P . . - 'y P2
J* i I i, Je—
Lis (8l L9 (%) Ly 10 (¥1]
— i2' -~}
TUNNEL ROUND CHARGE DISTRIBUTION
BOTTOM COLUMN | UNLOADED
TYPE OF |NUMBER OF| CHARGE CHARGE LENGTH |CHARGE WT
HOLE HOLES LOAD LOAD PER HOLE
(A4 STICKS) |(# STICKS) {STEMMING) (Las)
BURN 3 HONE NONE 79" "]
[ 40% A-2
{4)
CuT 5 )] 404 1'-1o¥ 3.00
. {u
NP - p=
SAME SAME
RELIEVER 20 AS AS 1°-10" 3.90
cuT cuT
SAME SAME
LIFTER 7 AS AS 1°-10" 3.90
crr cut
SAME H
PERIMETER 10 AS 2) 2'-a 1.7
cur -NT- (5AND)
DESIGN HOLE DIA. 1-11/16 (3 BURN) IN.
DESIGN HOLE LENGTH . __ T FT.

FIGURE B-3.

TUNNEL ROUND DESIGN

TUNNEL ROUND SUMMARY

NO. OF
CHARGE WT|CHARGE WT.! DESIGN DESIGN
hoeor | DELAY HOLES PERIGER HOLE [PER DELAY| SPACING | BURDEN
(Les) {Les.} (INCHES) | (INCHES)
Y+ TN SR | | 3,92 3.90 T, S I N
. 174 T 3.92 3.90 3.90 __3___:]
cur 1/2 1 3.92 3,90 3,90 3 )
[ v | ! 3.92 3aoa | 300 F__._L_j
1 _ 1 3.92 3.90 3.90 R
2 31 ) 3.9 | 390 | 3.9 ) 3
|3 ¢ 1 ) 392 | 3.0 f 390 | 2 1
4 4 . 3.92 3.90 _ | 15.C0___ 10-29_ _
@ELiEvER  b——-2— 1. 4 3.92 190 15 G0 15 - 16
6 a 3.92 1,90 15,60 16 - 23 N
F*,lﬁﬂb 4} 3,92 ] 390 | 15.en0_ ) 8-24
] 2 .92 1.130 __2.00 | ¥
L.IFFER | 2 _ 3 3.92 240§ 11,10y 4
10 E 2 392 | 38 | zso | 19
11 5 1.73 1.3 8,65 29
PERIMETER  |— 12 ). 5 - .73 ) 273 ) a6h | ,g?__‘
13 6 1.73 171 10.3A 24
14 2 1.73 I e
MAX. CHARGE WT. PER DELAY.__.15:60 1 BS, ON DELAY NO. _4, 5, 0 AHD 7
TOTAL CHARGE WT. OF ROUND _155.9 LAas.

POWDER FACTOR ___3.727 _ _ L BS. PER CUBIC YARD
TYPE OF DETONATORS __ NERCULES SUPERDET E'.ACTRIC

BLAST LOCATION:
STATION: O + 00, £ TO 4 + 26 %

- . CONTRACTOR'S FINAL SSB ROUND



SKETCH OF BLAST PATTERN TUNNEL ROUND SUMMARY

N F"_,, Lt LAt P} 3y Pid NO. OF
T e or | oA ol e penCHARGE WTCHACE wi oo | oreion
HOLE (S) NO. DELAY CIN URDEN
P o . . i’y rar (LBS) (LBS.) (INCHES) | (NCHES)
Q 1 380 300 1.3 .\ 3
FIt . ": “: ": Pz . | /4 1 3.90 3.30 S B R
3 cor | 12 | 1 3.90 4.90 ] N
. . . . HOLE FACTOR_)_z, HOLES/YD i N 3.0 e _'———7 N A
.N 41 L] L ] L] L] L 14¥F} ‘l‘ 7#1—k ~ ng *:uo I —l- o kY «-—ﬁ
- O e DRILL FACTORB.81 LF/YD? 2 41 3.90 3.90 I S I N
n? wa 00 e g a? I 1 1 3.90 1.90 24 9
Ph . . O . - P2 -—_—t . ]
cn®O 8 4 1 3.90 1.90 24 20
oo 5 1 1.50 3.90 24- 29 20
LT L1 na L] N - ot -
o . . . . 2 RELTEVER ) g | 2 T SN S, ' EN ST M BT B
2 3.90 7.60 6 29
1 e e . 4 3.90 15.60 24 - J6 18- 24
s N _L.ll; o e [1}) 9 4 3.90 15.60 . 24 - 36__ 18- 24
L o 7 LIFTER ig ;2i :.:‘; 1y.50 ;:: ;2 24‘7!2(1
TUNNEL ROUND CHARGE DISTRIBUTION I . vs IS ETE
BOTTOM COLUMN ] UNLDADED LIFTER u P 320 | um —H-u_g 18
TYPE OF |NUMBER OF| CHARGE | CHARGE | LENGTH |CHARGE WT PLRIMTER 1L 2 L1 24 22
HOLE HOLES LOAD LOAD PER HOLE RELIEVER  f 12 1 3.90 | 29-32 | 18 . __
LIETER 12 i 3,90 14.72 3
\ (@ STICKS) |{# STHCKS) {{STEMMING) (LBS.) : . —24-334. L .18 |
A PERTMETER 12 q 113 24 . _f__ 25 ]
o LIFTER 13 2 3.0 19,9 24 17
\lo BURN 8] HONE HONE AT 0 PERLMETER 13 7 1.73 . 24 24 |
: 4 2 1.73 3.46 21 17
[ 404 40% -
1 ——— — - = ——
CuTt o 1) A-2 -1 1.490
[€))
LT~ e |
SAME F SAME . ‘_—*—_‘ —h-"‘ - T
RELIEVER - 20 AS AS 151" 3.90
: cur o MAX, CHARGE WT. PER DE{AY__12:81 | BS., ON DELAY NO. __ 13
J N
- SARE = j TOTAL CHARGE WT. OF ROUND _134.2 __ LBS.
s SAM
LIFTER 7 AS AS Tio11w 3,98 POWDER FACTOR _3.73 LBS. PER CuBIC YARD
cur cur ‘ TYPE OF DETONATORS __HERCULES SUPERPRET ELECTRIC
ShME " BLAST LOCATION:
PERIMETER 17 AS (¥2) 2-5" 1.73 STATION: 2405, B 10 1493 €
" e -NT- {SAND)
DESIGN HOLE DIA ___1-11730 13 Huwd) IN.

GESIGN HOLE LENGTH _ __ _ 2 FT.

FIGURE B-4. TUNNEL ROUND DESIGN - MSB 1



SKETCH OF BLAST PATTERN

Pl 4t Py 3 P13 L) L]
1F —t—— & - - P ————— & ———1
A Ay “ ]Iz
[ - - . . I
as ne " 3
i 4 . . . . § e
HE ne He Ay
- I - . . . Pl
o
€l ez
ar ks PO o ar
Pl - s O . - ez
O
[ 3
10 RS o L1} RQ
LT - - L] [ ] HiZ
- — e e — - * "
s 1l 1o Lie Lo ) us
ey |

TUNNEL ROUND CHARGE

HOLE FACTOR 1.26

HOLES/YD?

DRILL FACTOR H.H1

DISTRIBUTION

BOTTOM COLUMN | unt OADED
TYPe OF (NUMBER OF| CHARGE CHARGE LENGTH |CHARGE WT.
HOL.E HOLES LOAD LOAD PER HOLE
1 (# STICKS) |(# STICKS) [(STEMMING) {LBS.)
=
-]
o BURN 3 NONE NONE 7'-9 0
1
T aow A—é
curt Yy (1) (4) 285" 3,17
-Lr- ~-T-
. SAMLE SAME
RELIEVER 10 AS AS 2°-5" 3.37
B cur cur
-
SAME SAME
LIFTER 7 AS AS 2'-4 3.7
cur Lot
4
SAME 1]
FERIMETER 17 AS (2) 2r-s" 1.73
curt -NT- [uAND)
DESIGN HOLE 0OjA __ 1-1l1/i6 (3 BURH) IN.
DESIGN HOLE LENGTH _ _._____ 7 _ __ _FT

FIGURE B-5.

LF/vp?

TUNNEL ROUND SUMMARY

NO. OF
CHARGE WT|CHARGE WT| DESIGN DESIGN
TYbe OF [ DELAY  |HOLES PERILER 1ot ¢ [PER DELAY| SPACING | BURDEN
HHOLE{3) NO. DELAY
{LBS) (L8s.) (INCHES} | (INCHES)
) 1 237 | a3z b3 |l A
14 1 3.37 3.37 3 _ 3]
cut 172 1 3.37 3,37 | 3 ]
[ 74 N I S 3.37 - 3.37 | . __ .2 3]
[ 1 1| 1.1 3.37 3 1
2 1 227  } a3 | 24 G
3 1 3,37 337 ) z2a ). g __]
4 1 137 | 3.37 2 |
RELIEVER s | 1 3.17 3.37 24-29 | __ 20
6 2 3.37 6,74 29 20
| - -
7 2 3.37 6.74 E
o 4 3.37 13.46 24 —’B’é;‘_ 10 - Zi.q
9 4 3.37 | 11,48 _24-36 | 3p-2a ]
10 2 3.37 1685 24-30 18
LIFTER 10 1 1.37 24-230 )] 24-206_._
RELIEVER [ 11 1 3.37 _ 29=-9r | 13__1
LIFTER _ 1t 1 1.1 13.66 24 = 34 16 |
PERIMETER 11 - q 1.1 . | 24 oo 20
RELTEVER 12 i 31,17 29-17 W
LIFTER 12 1 3.37 13.66 24-34 1|
LERIMETER 12 4 1.13 24 3
LIETER 13 2 131 14.85 24— L2
PERIMETER 11 ¥ L.123 . 24 24 _|
14 2 1.73 1,46 24 17
1 T 1 L o
-
MAX. CHARGE WT. PER DELAY___18.85 185, ON DELAY NO.____.13.__ __
TOTAL CHARGE WT. OF ROUND _137.3 L85,
POWDER FACTOR ___ 3,32 __ LBS PER CUBIC YARD

TYPE OF DETONATORS . MERCULLS SUPERDET ERECTRIC

BLAST LOCATION:
STATION: 3+14, £ 10 3+21, E

TUNNEL ROUND DESIGN - MSB 2



SKETCH OF BLAST PATTERN ' - TUNNEL ROUND SUMMARY

fra 13 Fla M3 s P [41] ND- OF -
E — - - A [ICHA|
3 ) Tree of | oevar  foLes per(CHC WHCERROE W SPACING | BURDEN
* * x * HOLE(S) NO. DELAY
- i v s W s (LBS) {LBS.) UINCHES) | UNCHES)
0 1 1.17 3,37 I
" W . as® [ 1 3,37 ERTI R R
* * F ] sl cur 1/2 1 .37 1.37 3 Y
R . HOLE FACTOR_1.26 HOLES/YD 3/ i 337 337 3 3
6o AY R4 Ha —
w~w " . . . . iz ) 1 IR | _3.31 3.37 k a_ |
= o e . DRILL FACTOR_ 8.41 LF/vD3 2 1| 3.7 3.37 24 | s
ar¥ w *08 g ar 3 1 3.37 31.37 24 9
e - e 0O e [y Pz ' — 4 —F e 4=
cura® D %are 4 1 3,37 3.17 24 B
o as f..o as nat REL.IEVER ~_L N T | 1.17 3,37 | _2a-29 | __ 20 |
M fh - . . iz 6 2 3,37 6.74 29 { 20
|1t 2 3.26 6.52 36 M
_]L . i 2 3.26 ) 24-3_ | 18
Y PR, S tio 1] tis ] 2 3.37 b2 —’—39 - 36 24 4__?
o . g a4 126 13.04 24 - 36 18- 24
|- — 12 #*‘-4 104 2 3.26 16.63 | 24-30_ | _i8
TUNNEL ROUND CHARGE DISTRIBUTION P 0 3 3.37 : 24 - 30 2a-26
ELTEVE 11 1 3.26 29- 17 18
BOTTOM | COLUMN | UNLOADED A— R B . 13.55
TYPE OF |NUMBER OF| CHARGE | CHARGE | LENGTH [CHARGE WT LLFTER 3.37 |--24-34 18
HOLE HOLES LOAD LOAD PER HOLE [ECRIMISTER 11 _.__4 .23 24 | 20 . _L_{
(# STICKS) {(# STICKS) STEMMING)|  (LBS) RELIEVER 12t 1 3.26 29237 10
1 LIFTER 12 1 3.37 13.55 _24-34 | 18 |
:‘ PERTMETER _ 12 4 1.73 24 . 23 ]
— BURN 3 MO NORE 79 0 LIFTER 13 2 _1.31 18 24} 17 ]
.a5
1 berRirEr 12 — I An il 24 )24
_ 14 2 1.73 3.46 24 I % SO
a0% A-2 [ —
cuT 5 (1) (4) 215" 3.37 ]
-LT- ~T- -
SAME A-2 1] 1%-5% - ——]
12+ AS (3 () | (spup BaG 1.26
RELIEVER S S ’ '
8 AS AS 215" 3.3 MAX. CHARGE WT, PER DELAY _1B.85 __{BS, ON DELAY NO.__ 33 .. .
1 [ ¥l
. TOTAL CHARGE WT. OF ROUND __115:2 _ LBS.
SRME SAME
LIFTER . as as - . POWDER FACTOR 3.2 L BS. PER CUBIC YARD
cur cur TYPE OF DETONATORS _ MERCULES SUPERDET FLECERIC
SAME 0 BLAST LOCATION:
PERIMETER 17 A @ 2'-5" 1.73 _STATIGN: 3435, £ 10 3+42, £
our —NT=- (SAND)
DESIGN HOLE DIA. 1-11/16 {3 BURN) IN
DESIGN HOLE LENGTH ? FT.

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



SKETCH OF BLAST PATTERN . TUNNEL ROUND SUMMARY

-CTT-

r fT-e—so v ¥ NO OF |c{ARGE WT|CHARGE WT| DESIGN | DESIGN
f : . Toere | P [HOLER FERIPER HOLE [PER DELAY| SPACING | BURDEN
* * #* 3
o 'y o ry iy o3 {LBS.) (LBs.) (INCHES) | (INCHES)
o T EPEERNN IEYE T SR T B
e ¥ s o a ¥ 1/4 1 3.37 3.17 a 3
o * * * * " cur 1/2 1 3.37 3.37 3 PR
HOLE FACTOR1.26 HOLES/YD? - . I
nolt¥ ne as aa¥ ¥ 3/4 1 _ 3:37 3.37 JRE IR S T
o " . P . ™ L 1 1.37 .37 | 1T
- o cwz DRILL FACTOR_D_-&_LF/YD:’ 2 1 3.37 3.37 24 9 1
Pt “p" "- .8. :! n.r* Pz 3 1 3,37 3,37 24 N )
crra® O 83 4 1 3.37 4 3.37 24 | 20
* 5 1 3.37 3.37 24-29 20
* 5 2
o we o P P S 6 2 337 6.74 29 T
e 7" 2 3.26 6.52 36 29
_iL el . gre ] 2 3.02 i 24-3 | 10
L L1 Lo Lo Lo L8z LI a 2 1,37 12.78 29 _ 36 ] 29
Li*h__ \ | Y% 4 3.26 13.04 24 - 36 24
12 10 2 3.26 16.63 24 - 140 1d
TUNNEL ROUND CHARGE DISTRIBUTION A ER 10 3 1,33 20-30_ | 24-20
BGTToM T CoLumn TUNLOADED RELTEVER 11 1 31,26 1 s 29 - 17 18
TYPE OF [NUMBER OF] CHARGE | CHARGE | LENGTH |CHARGE WI LLFTER 1 ! 207 - | 24-3 |18
HOLE HOLES LOAD LOAD PER HOLE | PERIMETER 11 9 1.73 24 29
(# STICKS) J(# STICKS) |[(STEMMING}|  (Las) RULIEVER 12+ 1 i.26 _29-37 .| e |
LIFTPR 12 1 3.37 13.55 29~ 134 | 18
PERTMETER 12 4 1.73 - 24 29
BURN 3 NOHE NOUE 79w 0 LIFTER 13 2 3.37 24 | 17
13 7 1.173 18.85 24 24
PERIMETER = j
14 2 | 173 3.46 24 i7 |
40% A-2
cut 5 (1) (4) 20 5¢ 1.37 - % T
—Lu— =T= e e -
3as S | A2 - 2r-11" 3.02 T
[ 1 5AME AS "h- H{u 1w
RELIEVER 10 3 eTe T o 1.26
- e e MAX. CHARGE WT. PER DELAY___10.85  18S, ON DFLAY NO.__ 3}
8 pirrit i 2t -5 3.37
o o : — TOTAL CHARGE WT. OF ROUND 1352 LBS.
LIFTER 7 AS AS 2¢-g» 3.37 POWDER FACTOR 3.28 LBS. PER CUBIC YARD
cur cur TYPE OF DETONATORS HERCULES SUPERDET ELECTRIC
- -/
SAME " BLASY { OCATION:
PERIMETER 17 AS 2) 2'-gw 1.73 STATION: 3442, 6 TO 3449, €
cur -HT- {SAND)
DESIGN HOLE DIA 1-11/16 (3 bury) IN.
DESIGN HOLE LENGTH___ 1 FT.

FIGURE B-7. TUNNEL ROUND DESIGN - MSB 4



SKETCH OF BLAST PATTERN

Fid il Pil (4] Pl Pi3 Pta
-F p--— 8 - e 8 e -4 — -
Rll* HD.; ﬂi* Rig
L1 - E ] » * P13
ﬁ%‘ HE ne .'l*
i - ) * Y iz
HOLE FACTORL:26 nOLES/YD®
hﬂ* 1 Re Hl'
-N [JE] » L] - L] P
n R @ cua " DRILL FACTORg, 81 LF/vD?
wt ny 008 gy &t
(A1) . L3 o) ) . (271
eve® Q%
by *
I-IO‘ us ce e L0
M L] L) L3 L ] PLZ
. s e - - —#-— - 3 —~4
(s it L0 [4]+] Lo [§ H LE3
O N
TUNNEL ROUND CHARGE DISTRIBUTION
’ BOTTOM COLUMN | UNLOADED
TYPE OF [NUMBER OF| CHARGE CHARGE LENGTH |CHARGE WT|
HOLE HOLES LOAD LOAD PER HOLE
| (# STICKS) |[# STICKS) [{STEMMING) (LBS)
H .
'_l
w BURN 1 NOHE NONE 7'-9" 0
[
40% A-2
cur S 1) (4) 2'-5" 3.37
-LT- -T-
i SAME A-2 o “on
12* WA (1 (D) (ﬁa;g) 3.26
L NTL s ]
REVIEVER }— SAME 3 f———t
] AS A3 2'-5" 3.37
clit CIUIT -
SAME SAME
LIFTER ? AS AS 2°0-5" 3.37
cup cur
1 SAME ) H + t ualf scicks
(3 x 1/2) e : taped to
PERIMETER 17 AS 12° Space 1's 1.43 wood dowel .
cut Between Stk (sand)
- NT =
DESIGN HOLE DIA.__1711/16 (3_Buen) iN.
DESIGN HOLE LENGTH. _ _ FT.
FIGURE B

TUNNEL ROUND SUMMARY

NO. OF
CHARGE WT|CHARGE WT| DESIGN DESIGN
T rE, 1 DELAY  MOLES PERIPER HOLE [PER DELAY| SPACING | BURDEN
{LBS) {LBS.) {INCHES} {INCHES)
o 1l 3.37 3.37 o3 |3 ]
| /e [ 1 3.37 3.37 1 3 3]
cuT (V72 S VR AT TN NV 2 (T TR DT
/4 1 1.37 .37 3 ___ %7.7,3_ —
AU NSNS VSN SV W SN YN 2 - 00 A R S R R
2} v 237 ) 37 | 2a f 9
— 3 1 3.37 3.37 J___;L_*___ilgw_#
T N R S 3.37 |  3.37 y 24 | 20 |
. 5 1 3.17 3. 37‘_“__247-_2_9___‘ 7_722"‘_‘
RELIEVER $ 2 1.37 6.74 I
- 2 | 3.26 |} 6,52 | 36 ) 29
8 2 3.2 | 24-36" | 18 |
8 | 2 3.31 | Y% 98736 [ s
9% a 3.26 | 13.04 | 24-36 | 18-374 |
10* 2 3.26 663 2430 1 18
LIFTER 10 3 3,37 o 24 -30 | 24 -26 _
RELIEVER 1l 1 3.26 9 - 37 18
LIFTER i1 1 3.37 | 12.35 | 24-234 | 18
PERIMETER 11 4 1.43 24 29
RELIEVER j2=* 1 3.26 29 - 37 18
LIFTER 12 1 1,37 12.35 24-34 . 18
PERIMETER 12 4 1.43 _ 24 29
LIFTER 13 2 3,37 16.75 24 |17
PERIMETER |13 1 1.43 " b 2 24
4| 2 1.43 2.86 24 17
——— Al-( -— e
I

MAX. CHARGE WT. PER DELAY ___16.75 __IBS, ON DELAYNO._ 13
TOTAL CHARGE WT. OF ROUND _130-8_ (g5

POWDER FACTOR . 3.17 | BS. PER CUBIC YARD

TYPE OF DETONATQRS _HERCULES SUPERDET ELECTRIC

BLAST LOCATION:
Statlon: 3+49, £ to 3456, &

-8. TUNNEL ROUND DESIGN - MSB 5
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SKETCH OF BLAST PATTERN

TUNNEL ROUND SUMMARY

G PR ne e wp vt e PE oF | DELAY IOl Es PeR|CHARGE WT[CHARGE WT| DESIGN | DESIGN
HOLE [5) O, bELay | PER HOLE [PER DELAY| SPACING | BURDEN
o S v s o prea {Las) (LBS.) | (INCHES) | (INCHES)
R} Lh:u LT 374 K| 1.30 3490  §y 26 ) -
e " [ “r , BURH 1 1 4.32 4.32 - -
L] - [ ] b - ——— - —— —
o : (T | 2 1 3.37 3.37 18 9
o we w SRS | 2N SEREY YT HAT S S
w " . . . . P 4 4 .37 13.48 29 - 36 12-18 |
—_ l‘.ll-lr al ‘rl:l/l HOLE FACTOR_}.JI HOLESIYDS RELIEVLER .5 4 3,32 13.48 24-329 12-18
Pl u: na. :‘l :4 ‘J2H RELIEVER 6 4 ] 337 ] __11.44 29-3%_ | la-24
3 1 4 3.37 13.48 29- 16 1a-24 |
" ue i M we we DRILL FACTOR 315 LF/¥D 8 2 3.37 6.7a 2-20 | 13
L ] » - -
. we NOTE: ALL €374 HOLES GROOVED |LIFTER ° " - e TR Manvabny
AND LOOKED IN SLIGHTLY| — i N B : = -
I DR A . ) 1 1 Q.17 539 _y s 2 |
Lia Y Ly e b o L4 TOWARD B1i. PERIMETER 12 7 0,17 5.19 18 29 .
|- -2 - : 13 i 0.77 5.22 18 24
14 2 0,77 .34 18 | 12 |
TUNNEL ROUND CHARGE DISTRIBUTION e u 2 -~ : T
BOTTOM COLUMN | UNI.OADED
TYPE OF |NUMBER OF| CHARGE CHARGE LENGTH |CHARGE WT B I —=
HOLE HOLES LOAD LoOAD PER HOLE —]
(# STICKS) [(# sTIcks) [(STEMMINGY |  1LBS) —
4y | qont TnoTE: BuRN HOLE i
BURN 1 (4) (Q) 2v230" a.32 LORDED WITI
DECKED CHARGE, i
e —LT- {SA1D) EACH CHIARGE CON- -/
B R I— ————{ SISTING OF 4 -
404 400PC STICKS OF 40% . 1l
Cut 3 (2} (4.0 1'-10" 1.30 EXTRA CEL TAPED
TN A BUNDLE.
-Lr- i {SAtD) CHARGES SUPARATRD —
a0 a-2 BY 3 FT. OF
- PLASTIC SPIDER
RELIEVER 20 1) (a) 2'-5 3.37 TUBE, CONNECTEL
-Lr- -T- ny 50 GRATM MAX. CHARGE WT. PER DELAY___ 13.48 | BS, ON DELAY NO. 4. 3,604 ] __
RT (. - ELAY
o = onp 1 rom poer. TOTAL CHARGE WT. OF ROUND __120.6 _ LBS.
LIFTER 7 (2) 1 1'-10" 1.490 POWDER FACTOR __1.92 __LBS. PER CuBIC YARD
1 N TYPE OF DETONATORS UERCULES SUPERDET ELFCLRIU -
. 100 400rc 2+-57 B BLAST LOCATION:
. (WATER DAGS
PERIMETER}—-————{ (1) 4.0 0.7 STATION: 0+61, E to 0455.5, £
12 205" — e " e
-LT. -“'I'-
(SAND)
DESIGN HOLE DIA _____1-11/1a (3 bugnl _ 1N,
DESIGN HOLE LENGTH ___ _____ 1 = _FT.
FIGURE EB-9. ROUND DESIGN. - MSB6/FC CUT 2

TUNNEL



SKETCH OF BLAST PATTERN ’ ' TUNNEL ROUND SUMMARY

Fidg Plig Pidg P Pi3 P rH NO. QF .
o
. . M . HOLE (S) ND. DELAY
it ' & ° e s {L85) (LBS.) {INCHES) | (INCHES)
0 1 3.37 3.37 | 3 [ 3
. w e n ug® " 1/a _ ! 3.37 3,37 N
e . : s cor | 12 L 3,37 | 3.31 T B
o o o HOLE FACTORL.26 HOLES/YD Y 1 137 var [ A T |
~ Fidg » - . . pi2 1 1 31.37 3.137 B 3
N a _an ORILL FACTORB.81 LF/vD? .2 1 1 _ | 3.3 337 | 24} 8 |
ar¥ ay sO0® o, n1* k| 1 31.37 B 3,37 24 - 9
P . 9. * . 1 3,37 3.17 24 20
ci/a® O%cep —
- & »* s 4 1 | 3.37 | 3,37 | 24 - 2% | 206 |
Pl . o t) P iz RELIEVER L 6 2 | 3.37 6.7¢ | 29 1 20 |
70 2 3.26 | &.52 36 | 29 ]
1 e ) ' I 3.26 24 - 36 | 18
1 I..II I.TQ L.ID via uz L‘ll 8 2 3.37 13.26 | 29 - 36 ’» 24
} 12" | 9« | 4 3,26 13.04 24 - 36 |18 - 24_ |
10+ 2 3.26 24 - 30 18
TUNNEL ROUND CHARGE DISTRIBUTION " LIFTER 1o 3 337 | 16.63 24 — 30 |24 - 28
EVER 11+ 1 3.26 29 - 37 18
BOTTOM | COLUMN | UNLOADED -RELI] -
TYPE OF [NUMBER OF| CHARGE | CHARGE | LENGTH |CHARGE WT - LLELER ii 1 3-;7 R B T
HOLE HOLES LOAD LOAD PER HOLE e 12“—' | : 3-22 e s
RELIEVER . . - 8 |
,L (# STICKS) {t# STICKS) {(STEMMING}]  (LB5) TLFTER 2 1 355 12.35 TR T8
= : : PERTMETER 12 P 1.43 24 29
w BURN 3 NONE NONE FAR M 0 LIFTER__ 13 2 B 1.17 24 B — 17
! 13 g 3 0.80 14.86 | 24 | 21
13 ] a1 1.3 24 24 ]
. 403 A-2 PERIMETER 14 g 1 0.80 223 24 17
: 20-9" 3.37 - = - . . - - I —]
curt 5 (1) 4) 14 L 1.43 ’ 24 17
-1.T- -T- J—
A-7 " — -
1o SAME :i; H - };;30) 3.26 |
RELIEVER | ————— AS - -
] cut Ae 21_gn 1,17 MAX_ CHARGE WT. PER DELAY__ 16.63 _ LBS., ON DELAY NO.___ 10 _ _._
ShME SAME TOTAL CHARGE WT. OF ROUND __125.8 i8S,
LIFTER ? AS As 2t-5" 1,37 POWDER FACTOR ____3.05_ _{BS. PER CUBIC YARD
cuT CcuT TYPE OF DETONATQORS . HERCULES SUPERDET ELECTRIC
6 g SAME NS }s;;;) 0.80 BLAST LOCATION:
PERIMETER AS ‘ﬁz' e ‘ STATION: 1 + 63, €101 + 56, £
« 3 - -
? cur | 3R STES] o) 1.43
DESIGN HOLE DiA. i-11/16 i3 BURN} IN. ‘
DESIGN HOLE LENGTH 1 FT

FIGURE B-10. TUNNEL ROUND DESIGN - FC 1



SKETCH OF BLAST PATTERN

TUNNEL ROUND SUMMARY

“iag ta1g Fi3g Pidg piag NO. OF Y
7 p— e TYPE OF DELAY |HOLES PER CHARGE WT|CHARGE WT| DESIGN DESIGN
’— HOLE (S) NO. DELAY PER HOLE {PER DELAY{ SPACING BURDEN
Y e e r's S e {1LB5) LBS.) (UNCHES) | (INCHES)
! 0 1 3.317 3.37 N
e no e o Pz | /4y oy b 337 ] 337 4 3 I
" cur | 172 1_ 3.37 3.37 I
’ HOLE FACTOR_1.12 HoLES/YD3 3/4 i 3.37 3.37 i PR
Ha as LT na Y — 1T -
w - ) - . [ l" . 1 1 3.37 3.37 T R I
< e o oz DRILL FACTORA.3v LF/vp? 2 {1 3.3 3.37. 24 2
wr as "0 wr 3 1 1.37 31.37 24
. s O = . Pz - —— o e
cn® 0% 4 _ 1 3.37 3.37 24 20 |
" “o as 0 me a RELIEVE 5 1 3.37 337 24- 29 20
! . . . .'" iz EVER 6 2 3.37 6.74 39 20
3 2 3.37 6.4 36 259
8 4 3.37 13.48 24 - 16 18 - 24
A . e o - 2 8-249
[NT] [ Lio LIO Lio w2 13 9 4 3.37 13.48 24 - 1o 1_8_—_31 ]
I . | lo 2 3.7 24 - 30 18
- 12 b LIFTER 10 3 3.90 10.44 24 - 30 24 - 26
TUNNEL ROUND CHARGE DISTRIBUTION REL] EVER . 1 337 o7 29 - 37 18
LIFTER u 1 3.90 -4 24- 14 is
BOTTOM COLUMN | UNLOADED T PERIMETER 1 2 T T T
TYPE OF |NUMBER OF] CHARGE CHARGE LENGTH |CHARGE WT - g —-— -
HOLE HOLES LOAD LOAD PER HOLE —RELIEVER 12 1 2.37 11.27 21 1L
) (# STICKS) |(# STICKS) {ISTEMMING) |  (LBS) LIFTER 12 ! 3,20 21-3 18
— PERTMETER 12 5 0.80 l 24 29
— __ LIFTER 13 2 3.90 10.a I" 2a-29 {a6-a8
[« BURN 1 N NOHNE P ARDN [ PERTMETER 13 g 1 0.80 ) 36 24
! ) PERIMETER 14 2 0.80 1.60 24-36 19
40% A-2 —
cut 5 m (a) 21-5° 3.37 I ]
—Lr- ~-
SAME SAME N -
RELIEVER 20 AS AS 205" 3.37
cur cur MAX. CHARGE WT. PER DELAY__18.44 8BS, ON DELAY NO._ ___10__
o SAME TOTAL CHARGE WT. OF ROUND _122.8 | @5
LIFTER 7 (2) AS 110" 3.90 POWDER FACTOR ___2:97_ L BS. PER CUBIC YARD
-LT- LuT TYPE OF DETONATORS _MERCULES SUPERDRT ELECTRIC
SAMLE 400 PC BLAST LOCATION:
PERIMETER 14 as (4.4} —or 0.80 SPATION: 3 + 56, £ 1+ 63, £
. (WATER DAGH)
cur -NT-
DESIGN HOLE DIA.. 1-11/16 (3 nuRi) IN.
DESIGN 1101 F LENGTH et FT.

FIGURE B-11.

TUNNEL ROUND DESIGN - FC 2



SKETCH OF BLAST PATTERN

T e e NO OF |CHARGE WI|CHARGE WT| DESIGN | DESIGN
TY £ A H
B ] hoe e | PGy [MOLES PERTpER 1oLE |PER DELAY| SPACING | BURDEW
b w s b (L85} (LBS.) (INCHES) (INCHES)
SR A S N P AN T2 DR
s '™ w8 s i/a L 3.17 ENE Y - 3 :
* . . cutr 1/2 [ 1 3.3 3.37 k] 3
il vieg ) - T - I
LTY he L1 1) ' —-;L‘l - }i_'l—-_— __;.—37— 3.37 = 1__-—‘“_ _-—"}7 0
N . - . . HOLE FACTOR -6 npoLes/yp® | S A TN SN MU S P ¥ A N P ) 3 3
— o i 2 1 j 3.37 3.17 24 E)
en - Pizg — i . ,
a7 ay *0s g w1 | 3 - ] 1.37 - 3.3 )24 N
. NS . ORILL FACTOR B.11 LF/sYD? 4 ] 1.37 137 __1 31 T2
o . RELTEVER 5 ] 1 3.37 3.37 24-29 {20
0 L1033 hd ha RiQ Bidg —
. . . . 6 2 ) 331 | 6.74 4 2% |20 _
! 7 12 1.37 6.74 16 29 ]
JL e e | 8 | a .77 | 1340 24 - 36 ooz
s Ln 1o (%1, LiD uz w3 (") 4 31.37 13.46 24 - 36 18 —_2—41__ .
o e 10 2 3,37 24-.30 18
7 L‘ 12 "‘ LIFTFTR | 10 1 3.90 18.41 24 - 30 24-26 |
TUNNEL ROUND CHARGE DISTRIBUTION RELTEVER 11 A 3.37 29 - 37 18
LIFTER 11 ) 3.90 13.66 | 24 - 34 _ D U S
BOTTOM | COLUMN [UNLOADED RIHE ] ~
1YPE OF |WUMBER OF| CHARGE | CHARGE | LENGTH |CHARGE WT PERTHMETER 11 3. 1.43 29- 30 29
HOLE HOLES LOAD LOAD PER HOLE RELIEVER 12 1 3.3/ 29 - 31 18
1 (# STICKS) J(# STICKS) NSTEMMING)]  (1BS) LIETER 12 ! 3.90 e 12a-31 | 18
— PERIMETER 12 ga 3 1.29 29 - 30 29
- | LIFTER 13 2 1.90 24-29 18
- BURN 3 HOLE NOHE 1 -9" o 13 1 1.43 12.92 29 29
I PERIMLTER 13 g E .80 36 P
13 ga | 1 1.29 29 29
401 A-2 | liga | 2 1.29 2.58 20 - 36 2
cuTt Yy ) (4) 2'-5n 1.1 AU R I AU
-1 -T-
SAME SAME -
RELIEVER 20 AS AS 205" 3.34
ot cut MAX. CHARGE WT. PER DELAY__18.-44 (@S, ON DELAY NO.__ 10 =
— 129.5
ot ShE TOTAL CHARGE WT. OF ROUND __1222.5 __ | BS.
LIFTER ' @ AS 110" 3.90 POWDER FACTOR____3.13 1 BS. PER CUBIC YARD
-LT- ey TYPE OF DETONATORS _HERCULES SUPERDET ELECTRIC
SEME L el l
A [ agom o bl gy | L3 fE et Hicrs  BLAST LOCATION:
PERIMETER] 4 4 | oas “;"‘_,14-:'? ,'—‘!Cl'l‘—, ] (:sr;?u)__ 0.8 1 aouet, STAYION: 1 ¢ 56, £ 1o 1 + 485, § .
- 61—;: T TSRME - DS PCT T -bv ™ 1,29 separated
AL LIFTLR](3.8%) -NT- [5RHD) i by 12",
DFSIGN HOLE DIA ___ _ 1-11/16 {3 BURN) N,
DESIGN HOLE LENGTH . _ i FT.
FIGURE B-12. TUNNEI, ROUND DESIGN - FC 3

TUNNEL ROUND SUMMARY




SKETCH OF BLAST PATTERN

Fiig risgn Pl2gs Plig
o Hy A4 an
. . ] L) n
Pieg
Ny L} Rd N3
L] L] ) - L4
he h6 A5 Ra
- iy [y * - . Pil
(V)
[T DRILL FACTOR
) wy *0e M
e O . - e
LXeY 3
iy cia” S
Hie a3 €0 g o
- » Y [ ) e
--L e e — A ————————————— -
Lis [9E] L 4 Lid (W] [WEY

S |
TUNNEL ROQUND CHARGE DISTRIBUTION

BOTTOM COLUMN [ UNLOADED
TYPE OF INUMBER OF| CHARGE CHARGE LENGTH |CHARGE WT
HOLE HOLES LOAD LOAD PER HOLE
1 (# STICKS) |{# STICKS) I(STEMMING) (Les)
H
|,—nl
fos] BURN 3 NGHE NONE 7r-un 0
i
TTTTTTI T T T T ans -2
cuT y (1) (4) 2054 1.7
-LT- -r-
1 S5AME SAME
RELIEVER 20 AS AS 2'-5" 1.17
T cuy
0t SIME
LIFTER ? 2) AS 1'-10" 3.490
SLx- cut
o SRML 1] [3 1'-5%
SR R I s POV S I Y Mo
PERIMETER) 28 | asair Ldh S | ey | ©%
293 | s LIFTeR | 13.8°) ~HT- %si\ D) 129 |
LEGIGN +ILE DIA 1-11/18 {3 BORN) IN.
DESIGN HOLE LENGTH_. .. 7 ___FT.

FIGURE B-13,.

HOLE FACTOR_L.14 HOLES/YD®

7.96 | Fryo?

4 Half sticks

TUNNEL ROUND SUMMARY

NO. OF

CHARGE WT|CHARGE WT| DESIGN DESIGN
Hovg sy | DELaY WHOLES PERIpER woLE |[PER DELAY| SPACING | BURDEN
(Les) (LBS.) (INCHES) | (INCHES)
o 1 3.7 3.37 3 3
74 1 3.37 3.37 3 T
CuT e | 0 VT 307 3.37 3 IR
/9 1 3.37 337 | 3 | a2 ]
1 1 3.37 3.37 3
2 ] 3.37 1.37 2 | e
| 3 1 3.37 1.7 24 s
4 1 o 1.37 3.37 24 . 207777 ]
5 1 3.37 3.37 24- 29 20
FELILVER | ¢ T 337 | e.m 29 | aw
1 | 2 3.37  6.74 36 o
— 1 3.7 13.98 | 2a-36_ | 18-24
9 1 a4 3,37 13.48 24 - 36 10 - 24
I TR - 1.37 13.48 2420 18
n 5 1.43 7.15 24-29 29
S 12 g T2 .60 sa7 |18 24|
12 qa 3 1.29 6 29
J3aa | 2 1.29 2.58 24 - Al 22 -26
1.IFTER *11 P ,,,,L,77 I 3.90 ___JLE 24 - 30 lﬁ, -
15 q 1,90 15.60 24 - 16 an-3z
= —
MAX. CHARGE WT. PER DELAY__15.60 LBS.,, ON DELAY NO. —.— .12 _
TOTAL CHARGE WT. OF ROUND __126.8 (@S.

POWDER FACYOR ____ 3-07

TYPE OF DETONATORS

t.B8S. PER CUBIC YARD
HRRCHLES SUPERDET ELECTRIC

taped to wood BLAST LOCATION:

dowel,
soparated -
2.

STATION:

1+63, E40 34 70, €

TUNNEL ROUND DESIGN - FC 4
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SKETCH OF BLAST PATTERN
VF Pilga Plag . [JIT ] Fiuga
Hil ns HS R
Pily "y Wu LT -y
a o e @ [
i A
[y T '
n 4] Cif2
KT LE] e0s Rz Ay
a s O » LY PI2
cia® Oy
Pilg . A
O T
X A - -y
15 Lil Lio o Lo Lz L3

R
TUNNEL RQOUND CHARGE DISTRIBUTION

' AOTTOM COLUMN [ UNLOADED
TYPE OF |NUMBER OF| CHARGE | CHARGE | LEWGTH |CHARGE WT
HOLE HOLES LOAD LOAD PER HOLE
(# STICKS) |(# STICKS) [[STEMMING) |  (LBS)
BURN 3 NONE NONE Fr-a" 1]
v 40% a2z |
cuT "5 : () (4) 2t-5" 3.37
-l ~T-
SAME SAME
RELIEVER 20 As s 20-ge 1.3
ot cuTt
. 401 SAME
LIFTER 7 ) As 17-10" 3.90
-LT- CuT
[ SAHE H 31 175" -1
- — |25, T | Qxhl  WT- | (WATER QAGS 1-41
] -0
PERIMETER|  5a | 45 cov | m%ﬁﬁlﬁt _sapp | 0.80 |
T 4 ShME ) PC :H-(B
ga as LIFCER|(1.d4') =NT-|(wnTiLR BAGS 1.29
DESIGN HGLE DiA. 1711716 {3 BURN) IN.
DESION HOLE IENGTH_ 7 ___FT.

“

"FIGURE B-14.

HOLE FACTOR 1.19 HOLES/YD®

DRILL FACTOR_s.30 LF/YD®

| llalf sticks
taped to
wood dowel,
separated by
12",

TUNNEL ROUND DESIGN -

TUNNEL ROUND SUMMARY

NO. CF
. CHARGE WT|CHARGE W1| DESIGN DESIGN
Ve 0E | DRy [MOLES PERIpER HOLE [PER DELAY| SPACING | BURDEN
{LBS) (LBS.) ({INCHES) {INCHESI) 4
0 1 __3.37 3.7 I
1/4 PO N TS OO N P L2 A M
cur w2 | v | 3.7 3.37 | 31 3
3/4 1 T T
T 1 337 | aw ) A—T‘ffbk
2 1 1.37 3,37 24 )
3 | T3 4 Taar b s | T m I T
4 1 3.37 3.37 w1
s | 1 1.37 3.7 | 2a-29 | 20
RELIEVER 6 2 3.37 6.74 29 T
7 2 "1.17 6.74 16 BT
8 4 3.37 131.48 2a-3 | 10-21 |
[~ a2 4 .27 | 1348 | 2a-36_ | 18-24 ]
10 2 3.31 2a - 30 18
LIFTER 10 3 3.90 S IR 24 - 26
| RELIEVER 1n 1 3.37 2937 T8
LIFTER 1 1 ~3.90__| 9.67 20-34__ | a
PERIMETER 11 q 3 0.40 13- a2 17- 29
RELTEVER 12 R - 29\
L1FTER [¥] 1 3.50 14.42 24 -4 M
PERIMETER 12 5 1.43 [ za FI
_ LIFTER 13 2 3.490 7.80 #0-33 | 1a-20
PERTMETER 14 g 2 0.80 1.6u a0 | 23
VSga | 4 1.29 5.16 12 - 40 30
GO SR | _
MAX. CHARGE WY. PER DELAY 18.44° | BS, ON DELAY NO.. 39
TOTAL CHARGE WT. OF ROUND 127.9  LBS.

POWDER FACTOR ____3.10 | gS. PER CUBIC YARD
TYPE OF DETONATORS

BLAST LOCATION:
1484, ET0 31+ 91, K

HERCULES SUPFRDET ELECTRIC

STATION:

FC 5
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SKETCH OF BLAST PATTERN
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[} . . [)
1] L1 Ll L)
Plig . . . .
N <o rm/i.ll;, ¢oa

"y Ry Y@ AT
» - . .
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TUNNEL ROUND CHARGE DISTRIBUTION

HOLE FACTOR 1.11 HOLES/YD?

DRILL FACTOR 7.79 LF/yp?

HNOTE: BURN

HOLE LCADED
WITH DECKED
CHARGE, EACH

CIIARGE CON~
SISTING OF
4 5TICKS OF
40% EXTRA
GEL. STRING
LOADED AND
TAMPED,
CIIARGES
SEPARATED RY
J FT, OF
SAND. &
DFELAY CAP IN
TOP DECK,

4 DELAY TN
BOTTOM DECK.

Four ft. of
Splder Tube

BOTTOM | COLUMN | UNLOADED
TYPE OF |NUMBER OF] CHARGE CHARGE LENGTH |CHARGE WT.
HOLE HOLES LOAD LOAD PER HOLE
[ [# STICKS) |(# STICKS) (STEMMING) (LBS.)
L 0+ 40 ¢
N
o BURN 1 (4) 1) 1'-6" 4312 1
1 - e (sMD)
a0 400 PC
cuT 3q 2) (4a.0') 110" 1.30
(WATER BAGS)
-LT- =NT~
SAME ' SAME
HEL'[-_VEH 26 AS AS 21-5" 3.37
cur cuTr
B N v 1'-10v 3.00
SRR M S S S W
29 . tir- | (o1 wr-dwaten Bacs)|  1-99
anw Ao PC 0"
] ) 3ga |2y -L1- _u‘.la'l -Nr-{WnTER BRGS)E  1.29 |
PERIMETER |~ 0% g0 BT | 2°-0"
1gb 111 =LE- 113,800 -NTH(WATER LAGS) 9.89
TR PP S R T T e
2gd | (1.5) -LT- HONE ¥4 |(upome. pacs) 0. 40
DESIGN HOLE DiA, 1-11/16 IN.
DESIGN HOLE LENGTH _ 7 FT.

FIGURE B-15.

used as 5pac

TUNNEL ROUND SUMMARY

NO. OF
. ICHARGE WT[CHARGE WT| DESIGN DESIGN
PE OF g
IECE | PEraY  HOLES PERIpER HOLE |PER DELAY| SPACING | BURDEN
({LBS] es.) (INCHE 5} (HNCHLS5)
o _ea 43§ o ) 390} 2a | L o
ar |4 1 43z b— 218 _ -
1/2 2.16
2 1 3.37 3.37 24 E]
3 1 3.37 3.37 24 | 9
4] 1 1.37 3.37 24 20
5 ¥ 3.1317 3.37 24 - 29 20 ]
RELTEVER [3 2 3.37 674 | 20 [ 20
? 2 3.7 6.74 16 29
a 4 3.37 13.48 | 24-3% | 10-24
9 . 4 3,37 13.48 24-36 18-24
10 2 3.37 18.44 24 - 10 1
LIETER 10 3 3.90 [ ) 24 - 130 24-26
RELIEVER 11 1 3.37 29-37 | w
LIFTER 11 1 3.90 10.64 24 - 14 18
PERIMETER 11 g 2 1.04 I B
11 ga 1 1.29 6 29
RELIEVER 12 1 3.37 29 - 30 1A
LIFTER 12 1 3.90 .93 24 -4 18
- LLF . =L L
PERTHETIR 12 gc 1 1.06 36 29
12 gd 2 0.80 | 36 3
LIFTER 11 2 3.90 7.00 24 - 36 19 R
lagh | 1 __0.80 0.80 36 24
PETRIMETER 15 ga 2 1.29 } 1.70 36 | 24-36_
15 gc 2__ 1.06 i ] 36 24 - 16
[ E— -
4
MAX., CHARGE WT. PER DELAY 10.44 _ | BS, ON DELAY NO. 10
TOTAL CHARGE WT. OF ROUND 14,5  LBS.

POWDER FACTOR ___2.77  |.BS. PER CUBIC YARD
TYPE OF DETONATORS _HMERCULES SUPERDET ELECTRIC

BLAST LOCATION:

STATICN: 34 91, E 10

+ 05, 6

TUNNEL ROUND DESIGN - FC 6
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SKETCH OF BLAST PATTERN

pre w3 vis frs iy () L) Fia
- — e - 8- — A —— &—————4
T e AT ne s
ruﬁ - - 3 - . [ T
Hr (13 LT " we
by [ - . L] L] 12
[T " Wy Ha A&
- P - [} . . . ri2
o
< Y7
na we ®0w "z LL
L4l * . V] ) ') P2
Cira® O Ocypy
-
]
e R < A 1]
M [ ] - L ] L L ] Pia
RS
Al— — e — ——w -
Lra wia Lia o cha o in

HOLE FACTOR_1.30_HOLES/YD?

DRILL FACTOR_2?-6 LF/YD3

TUNNEL ROUND CHARGE DISTRIBUTION

BOTTOM COLUMN | UNLOADED
TYPE OF |NUMBER OF] CHARGE CHARGE LENGTH |CHARGE WT
HOL.E HOLES LOAD LOAD PER HOLE
{# STICKS) [(# STICKS) [(STEMMING} (Les)
BURH I NONE NONE 79 0
—2
5 :?: Agl 1"-10" 3.90
cut - ()
- HT-
e
— ————— — -
SAME SAHE
RELIEVER 24 A3 AS 1*-i0" 3.90
| Ut cuT
SAME SAME
LIFTER 7 AS AS 1r-1o" 3.90
ocur cuT ‘
SAME u
4 . 20-4n
PERIMETER 18 s 2 1.73
cor -uT- {SAKD)
DESIGN HOLE pra __ '-11/716 4 BuRd) iN.
DESIGN HOLE LENGTH 7 FT.

TUNNEL ROUND SUMMARY

NO OF
CHARGE WT(CHARGE WT| OFSIGN DESIGN
TYPE OF DELAY HOLES PER
HOLE (5) O, GEiay |PER HOLE |PER DELAY| SPACING | BURDEN
(L8S) {LBS.) (INCHES) | (INCHES)
_ o). ] 392 382 £ o
AR V7 N N VO IR YT R YR S S N
cur 1/2 1 3.92 1.02 O
14 1 3 02 1.92 3 3
1 1 3.92 3.92 R Ty T
S ,:_E 3,92 | 7.84 [ 19 - e T
.3 2 3.52 7.84 19 R
F_ 'S A | 3. 15.68 2 R
RELIEVER 5 13 _3.92 11.76 34 24 i
3 2 3.52 15.68 24 - 14 17
? 3 | e 11.76 24 - T
[ 8 2 3.92 7.84 24 - 34 17 B
9 4 3.92 15,68 24 17 ]
LIFTER 10 < 1,92 19.60 24 24
| 1 3 [ 1.80 | _%.00 | 24-34 | 24 |
PERIMETER 12 5 1,80 9,00 24 - 34 24
13 6 1.80 10,00 20,5 - 32 24
14 2| 1.8 11 44 4 | 4
 LIPTENW 14 2 3.92 o 24 17 |
— _ |
SR A —_—
MAX. CHARGE WT. PER DELAY__19-60 | BS, ON DELAY NO..__ 10 .

TOTAL CHARGE WT. OF ROUND 123.5 ___ LBS.

POWDER FACTOR

4.20

LBS. PER CUBIC YARD

TYPE OF DETONATORS _HERCULES SUPERDEY EIECTRIC

BLAST LOCATION: USED TO EXCAVATE DIKE ROCK IHN HOKVH
fIEADING

SIATION: 4+2b, E TO 4+91+, E

FIGURE B-16, TUNNEL ROUND DESIGN -~ CONTRACTOR'S SSB ROUND IN IGNEOUS DIKE
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SKETCH OF BLAST PATTERN

TUNNEL ROUND SUMMARY

kg0 Py Fisy Pilge Plaga H3ga
-“—7 P e e - -
k9 nu LT [T}y L1
bidy L . » ™y * Fisga
L1} ME L HB Ar
- - - - L Pigg
Fie HOLE FAGTOR_1.3) HOLES/YD®
ny L2) LT ) L1} Ay
_N . - . [y - m2g
~ o ar DRILL FACTOR 9.15 LF/YD?
Fllg ———
e wz 80e g e
. e (9] ) a (421 ]
cia® O 8g
L J
s ay Lo aa [
Py - . . » - Pizg
RY
JL‘ —— o e - —— - -4
Lid . Lo g (217 (XT3 [10+] (91}
T ——
TUNNEL ROUND CHARGE DISTRIBUTION
BOTTOM COLUMN | UNLGADED
TYPE OF |NUMBER OFf CHARGE CHARGE LENGTH |CHARGE WT
HOLE HOLES LOAD LOAD PER HOLE
{# STICKS) [(# STICKS) (STEMMING) (Les)
BURN 3 NONE NONE 7-9" 0
T 104 A-2
cuT 5 (1} (4) 24-5" 3.37
-1.T~ -T-
- - S .
T
RELIEVER 24 2'-5" 3.17
7 1'-10" 3,92
LIFTER ﬂ
89 | saNpy | l.2s
odes géz )| 178
PERIMETER 2 SARD) 1.25
- ]'l n— ———
2 a (SARD) 1.78
DESIGN HOLE DIA. IN.
DESIGN HOLE LENGTH ___..._ .. 7:0 __ __ __ _FT.

FIGURE B-17,

NO. OF
ICHARGE WTICHARGE WT| DESIGN DESIGN
b 0f 1 PELSY JMOLES PERYpER HOLE [PER DELAY| SPACING | BURDEN
(LES) (es) | uncHes) | uncHES)
o 1 | 3.37 3.37 ER
1/ [ SRS N - N N P S 2N N R N T
cut 1/2 1 3.37 3.37 3 E
374 1 3.17 3,37 3 3T
N S 1 3,32 3,37 3 3 ]
2 | R T 6.74 s | 1e
[ s 2 | 3.37 6.74 19 18|
1 4 3,37 13.48 24 ET
RELUEVER | _ 5 ) 1.37 10.11 3| a4
AT S SR W N VS T O AT I YIRS Y I L
7 3 3.37 [ 1031 |24 - 3¢ [T =34
8 2 3,37 6.74 |24 - 34 17
9 4 3.37 13.48 24 T T
| "LiFTER T 5 1,92 [719.60 23 24
11 g 3 1.25 1.75 29 L
12 ~ 1 1.325 24 24
12 g 3 1.25 3.00 214 | 2d
13 a 1 1.78 29 24
pERTMETER} 133 | 1 1,25 3-03 39 53
14 1 1,25 [ 29 {21 |
14 a 1 1,78 23 21
14 g 1 1.25 11.90 | 29 24
14 ga 1 1.78 21 24 —‘
LTFTER 14 )N;Z o ~_3__223 - 24 - 29 14 ~
VPERIMETER 15 ga 2 1.78 3.756 24 - 29 24
MAX. CHARGE WT. PER DELAY__193.60 _|BS., ON DELAY NO. 10 —

TOTAL CHARGE WT. OF ROUND _146.6
POWDER FACTOR __ .35

LBS.
LBS. PER CUBIC YARD

TYPE OF DETONATORS . HNERCULES SUPERDET ELECTRIC

BLAST LOCATION:
4+39, £ TO 4+45, £

STATION:

TUNNEL ROUND DESIGN - FC 7, IN IGNEOUS DIKE
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SKETCH OF BLAST PATTERN

&

P14 i3 Py L] P13 Pi3 [oE]
— e — - # - ————— — ——4

RB a7 Rz Re
(1] L L ] * Y L4V
ar Ab A6 L
b'll1 L ] L] - - PiZ
MOLE FACTOR 1.19 HOLES/YD?
RS Ra % a3
_(\I B . . » E ) 2
= il SR U DRILL FACTCR 8.30 LF/vD?
HA Ry & [ Ha '
i L d - | ] - Ple
ti/jag
He HS LH As
1] [ - [ ] Y P2
1 J NOTE: ALL C3/4g HOLES
a0 T o & S GROOVED AND LOOKED

IN SLIGHTLY TOWARD BI,

e — g ———4

TUNNEL ROUND CHARGE DISTRISBUTION
- ROTTOM COLUMN | UNLOADED
TYPE OF |NUMBER OF] CHARGE CHARGE LENGTH CHARGE WT
HOLE HOLES LOAD LoAD PER HOLE
{# STICKS) [{# STICKS) [{STEMMLNG) LBs.)
anf aox* TNoTE: BURNHOLZ
BURN 1 [EN (£} 2'-10" 4.32 LOADED WITH
DECKED CMANGE,
-T- -7 {SaND) EACH CHARGE CON-
— SISTING OF ¢
0% J008C STICKS OF 404w
cuT 3 J (2 {4.0°) 1'-lo" 1.30 EXTRA GEL TAPED
IN A BUNDLE,
-LI- . -NT- (SAND} CHARGES SEPARATED
404 A-2 BY 3 ¢, OF
(0 PLASTIC SPIDER
RELIEVER 20 (1)) Py 1*-1o4 3,90 TUBE, CONNECTED
—t- m BY 50 GRAIN
T FRIMACORD. DELAY
SAME SAME CAP TN TOP DECK.
LIFTER 7 Y " ns 1*-10" 3.90
RELIEVER RELIEVER
SAME H
PERIMETER 19 AS 2) 20-an 1.73
ReLIEVER -HT- {5AND)
DESIGN HOLE DIA. ____ 1-11/16 1)_Burp) IN.
DESIGN HOLE LENGTMH . ' __ _ FT.

FIGURE B-18. TUNNEL ROUN

- TUNNEL ROUND SUMMARY

NO. OF
CHARGE WTICHARGE WT| DESIGN OESIGN
Teth | PEST POBED PRI PER HOLE |PER DELAY| SPACING | BURDEN
{LBS) {LBS)) LINCHES) | (INCHES)
cor ) a4 e |3 1,30 .90 2 4=
BURN T | 4.32 - 4.32 i T ]
2 T 1.90 3.90 L B
_ 3 | 1 3.90 390 | wm | e
o1 a | a 3.90 15.60 29 36 2-18
e ISR B ECTNN EETCON IECRECNN S
— & 3 3,90 15.60 24-36 | 18-2a |
7| a4 ] 390 | 15.60 ) 24-36 | as-24
. A 2| 3.0 7,80 | _2a-20 | _i8 |
. 3 3 3.90 .0 |z a
LIFTER 10 2 3.90 7,80 R L
1 s L.73 8.65 24 T
12 5 1.7 8,65 22 B2
PEHIMETER 11 6 1.73 10.38 22 4
14 2 1.73 .26 T 21-2a T
LIFTER 14 | 2 1.90 ' 24 14
]
—
R - |~
Jo 4o
MAX. CHARGE WT. PER DELAY_ _ 315.e0 . 1BS, ON DELAY NO. 4. 3. 6 and 7

TOTAL CHARGE WT. OF ROUND _144.7 185
POWDER FACTOR ____ 1.0 LBS. PER CUBIC YARD
TYPE OF DETONATORS MERCULES SUPERDET ELECTRIC

BLAST LOCATION:
STATION: 0467.5, E to orel, K

D DESIGN - FC CUT 1



APPENDIX C
SILHOUETTE PHOTQOGRAPHS OF TUNNEL CROSS SECTIONS

The silhouette photographs which follow (Figures C-1
through C-26) were used to calculate overbreak for each experi-
mental round. The calculated overbreak is noted in Figure 6-1.

See Section 5.3.5.3 for details of the silhouette Dhotographlc
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

FIGURE C-2
TUNNEL SILHOUETTE

NCRTH HEADING

Round No.: SSB 36
Station: 3+11
Of fset: 0.0
Scale: 1"=5"

Looking North
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FIGURE C-3

TUNNEL SILHQUETTE

NORTH HEADING

Round No.: MSB 2
Station: 3+18
Offset: 0.0

Scale: "=5"

Looking North

FIGURE C-4
TUNNZEL SILHOUETTE

NCRTH HEADING

Round No.: SSB 42
Station: 3432
Qffset: 0.0
Scale: 1m=5"

Locking South



FIGURE C-5
TUNNEL SILHOUETTE

NORTH HEADING

Round NMNo.: MSB 3s&d
Station: 3+38
Offset: 0.0
Scale: 1"=5"

Looking Morth

FIGURE C-6 -

" TUNNEL SILHQUETTE

. NORTH HEADING
‘Round Nc.: MSB 4

Station: 3+46
Offset;: 0.0
. Scale: 1"=5"

Looking North
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FIGURE C-7
TUNMEL SILHQUETTE

NORTH HEADING
Round No.: MSB 5

Station: 3+53
Offset: 0.0
Scale: 1"=5"

Looking Nerth

FIGURE C-8
TUNNEL SILHOUETTE

NORTH HEADING

Round No.: FC 2
Station: 3+60
Offset: 0.0

Scale: 1"=5"

Locking North



FIGURE C-9

TUNNEL SILHQUETTE

NORTH HBEADING

Round No.: FC 4
Station: 3+67
Offset: - 0.0

Scale: 1"=5"

Looking North

FIGURE C+~10

TUNNEL SILHQUETTE

NORTH HEADING

Round No.: S8B 54
Station: 3+72
Offget: 0.0
Scale: 17=5"

Looking North
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FIGURE C-11

TUNNEL SILHOUETTE

NORTH HEADING

Round No.: FC 5
Station: 3+88
Offset: 0.0

Scale: 1"=5"

Looking North

FIGURE C-12
TUNNEL SILHOUETTE

NORTH HEADING

Round No.: FC 6
Station: 3+93
Offset: 0.0

Scale: 1"=5"

Locking North
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" FIGURE C-13

TUNNEL SILHOUETTE

NORTH HEADING

Round No.: SSB 64
Station: 4+07
Qffset: 0.0
Scale: 1r=5"

Looking North

FIGURE C-14
TUNNEL SILHOUETTE

NORTH HEADING

Rcund Neo.: SSB 74
Station: 4+36 .
Offset: 0.0 .
Scale: 1v=5"

Looking North



FIGURE C-15

TUNNEL SILHOUETTE

NCRTE HEADING
Round . No. : FC 7

Station: 4+42
Offset: 0.0
Scale: 1"=5"

Looking North
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FIGURE C-16

TUNNEL SILHOUETTE

SOUTE HEADING

Round No.: SSB 35
Station: 2+08
Qffset: 0.0
Scale: 1"=5"

Looking South

FIGURE C-17

TUNNEL SILHOUETTE

SOUTH HEADING

Round No.: MSB 1
Station: 2402
Cffset: 6.0
Scale: 1"=5"

Looking South
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FIGURE C-18

TUNNEL SILHQUETTE

SOUTH HEADING
Round No.: SSB 47

Station: 1+67
Offset: 0.0
Scale: 1"=5"

Looking South

FIGURE C-19

TUNNEL STLHCUETTE

SQUTH HEADING

Eound No.: FC 1
Station: 1+60
Qffset: 0.0

Scale: iv=5"

Looking South
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FIGURE C-20

TUNNEL SILHCUETTE

SOUTH HEADING =
Round No.: FC 3

Station: 1+53
Offset: 0.0
Scale: 1"=5"

Locking South

FIGURE C-21

TUNNEL SILHOUETTE

SOUTH HEADING

Round No.: SSB. 53
Station: 1+46
Offset: 0.0
Scale: "=5"

Loocking South



FIGURE C-22

TUNNEL SILHQUETTE

SOUTH. HEADING

Round No.: FC Cut 1l
Station: 0+65
Offset: 0.0
Scale: 1"=5"

Locking South

FIGURE C-23

TUNNEL SILEOUETTE

SQOUTE HEADING
Round No. - MSB 6/

‘ FC Cut 2
Staticn: = 0+59
Offset: . 0.0
Scale: 1"=5"

Looking South
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FIGURE C-24
TUNNEL SILHCOUETTE

SCUTH HEADING

Round No.: SSB 81
Station: 0+52
Offset: 0.0
Scale: 1"=5"

Looking South

FIGURE C-25
TUNNEL STLHOUETTE

SOUTH HEADING

Round No.: SSB 92
Station:  0+10
ffseat: 0.0

Scale: 1"=5"

Looking South
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FIGURE C-26
TUNNEL SILHOUETTE

SOUTH HEADING

Round No.: M.,S. Delay
Station: 0+03
Qffset: 0.0

Scale: 1"=5"1

Leoking Scuth




kounn NO. {oare 7 | Locanion or B
TI#AC BLAST (DY |~ ~
STATION AND | Tolal Charge
OFFSLY Wi lar Round
| o o [{T%) bs.)
SSE 127 Now.78| 51a. 2 + 47 184
1914 |Ofser; €7 €ami
55B 2|MNov.78{Sw: 2 + 53 215.5
1933 |Qitsct: 67 Eas|
S5B 3|bDce.78|Sta: 2 + 59 173.5
1536 (Oifser: &7 East
558 47 Dec.78lsta: 2 + 65 173
] 1721 |oWse 67 East
—
W SSB 508 Dec.7051a: 2 + 68 109
0 1844 [Dilset: &7 East
I SSB & )12Dec.78|Sw: 2 + 68 177
1217 Dllset: 60 East
S5B 7 |MDu 78|5: 2 + 5 167
1948 Difset: 53 Fas:
S5B 8 |150cc. 78|51 2 + &8 187
1942 Difser: 45 East
5S58.9 118Dec 78)S1a; 2 + 68 206
1643 |Oliset: 76 Fasi
556 1d19Dec. 78| s1a; 2 + 65 145
1814 [Ofiset: 82 East
SSB 1120Duc. 768|512 2 + 68 153

NOTES: 1)
2)
]

S5
&)

i

1750

ol the airblast naise, Dy
a Irequeney of 50 HZ .

————

Olfsei: 38 Fast

See Blast Monitaring Location Plan , Figure 5-1_
Explosive data taken from Conlractor's
Haley and Aldrich,
Engincering Seismograph,

Slant range is radial distan
Thice components of motion measured as follo

Haley & Aldrich, Inc. m

lnc, measurements made
Seismomelers were
ce lrom hlast to se

_EXPLOSIVE DATA (20

Total Nunbier
ol Delays

12

14

18

18

18

18

19

19

Porter Sanarc Statson Pllel Tunnd

Sensar {1)
Location
Point

ws: T = Tansverse (Harizontal),
easurements made with Sprengnether Made! SM
Air Wave Detector. Detectors were mounted on Tripod aboul 4 [y,

Sound level measured on the A weiglling scale would be less han the p
€ to the impulsive nalwrs of the airblast ngise,

by:
[ Ferini

Perini
Perini
HEA

Peripy
Perani
HEA

Periai
Perini
Ferini
Perini

€1 P OO WD 0P

Perini

Perini
Periai
Perini
Perini
H&A

Perini
Perin
Perini
Petini
Perinj
Parini

0. O OO (3D M@

— GRUUND VIRRATION DATA

{1
Miasured

Ranye

15/

141
15%
145
145
152
149
145
‘152
150
151

24¢

161
165
165
171
16¢
16¢
14£
145
14¢

16E
177

Slam (4}

(Ve I

Prak T
Farticle  |Owection (51 Sennar (1)
-Velacily O Max, Locatian
(ir_l__/:‘e::) g""’?}’,“"}f ERLCIL

0.20 v F

0.23 v r

0.23 v

0.7 v B

0.1z L

0.11 Y c

0,18 v )

0.16 L

0.16 v c

0.09 v.L

¢.06 v C

0.06 v G

0.19 v C

0.19 v

0.11 V,L C

0.20 v

0.23 v B

0,17 v Cc

0.20 v

0.11 v c

0.12 v

0.19 v C

0.20 v

(&)

Measured
b

Perini

Perini

HeAa

Perini
HEA

Perini

Perini

Perini

Persni

Perini

HEA
Perini

Perinj

Perinj

Slant(4)
Range
PLIRN
151

153

145

153
149

152

151
248

165

171

166
145

1a¢:

177

Peak

. 007

.a1g
QL7

.020

_o12
-007

.012
012

017
.gle

.02

.014

SMLET | ar v

LRPRESSUKE DAIA

i Approx, Equiy
_Level INwmse Level un
di!

135

135

127

136
135

137

132
127

132

132

135
134

136

134

A-Scale (7Y
o
100

1a0

92

101
100

102

97
92

97
97

1e0
1601

101

99

“as shot" tunnel round submitiafs,
with Sprengnether Model VS - X100 Engincering Se smograph,
bolled lo asphall or concrete surface.

V = Vertical,

~ 1 Ajr Wave Detector,
above Lhe ground.
cak saund level measured by -
frequency is dillicull 1o deter

L = Lorgitudinal (Horizontal)

reasurements made wiltk SINCO Model

Reproduced from
. best availabla copy.

e .

Perinl measurements made with SINCO Model 5-5

«€ Ak wave Jetectors, due to the low bequency components
iine, $o the agoximate A scale noise [evels given assume

JOW NOTLVHEIA LSV 40 ANYWWAS
0 XIdNaddY

k
i

n

ONIdOLI
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r;cumn na. |pate,

TIME

55b 1220Dec. 7
SSE 1321 Dec?8

SSE 14|21 Dec 74|

3SB 17|28 Dec.74

558 1B[29Dec 78

1939 [0llsel: 90 East

1946 |Olisel: 96 East

SSB 15P6Dec,78|5t: 2 + 48 139
1221 |Offsei: 25' East
SSB 16|77 Dec,78|5ta; 2 + 6B 167

2121 |Oifset: 19' East
2120 |0lisel: 13" East

1838 |Ollset: 7* Easl

SSB 19| 34an.79|5ta: 2 + 68 139
1438 10Miser. ©

SSB 22] 44an,79|51a- 2 + 59 151
1747

SSB 23 5J)an79{5m; 2 + 52 152
1603

558 24] 8Jan79{Sta: 2 4 45 149
1533

55B 2510Jan.79|51a: 2 + 39 146
1100 .

L

LOCATION Of
BLASY ()

STAVIUN AND | Total Charge | Total Numbor
of Deluys  |Wa, per Delay]

Of £ SEY Wi lor Roun()
) (ths )
Sty 24 48 gg'e!
Sw; 2 4 &g 156
Offsel, 32 Easy
Sta: 2 4 6B 3g'®

S\ 2 + 68 161

Sla; 2 + 6B 157

NOTES: 1) See Dlast Monitoring Localion Plan .

2)  Explosive data taken from Contractar's ©

3 haley

Emgineering Seismugraph,

4) Slam

6) Haley

Air Wave Deveclor,

7Y Sound
af the

and Aldrich, Inc, measurements made with §
Seismomelers were bolu
range is radial distance from blast to sepsor
51 Three eomponents of mation measured as foliows: T

a frequency of 50 HZ_

A

This round vyve used Lo create 3° X N

1508
18
15‘3’
18

16

15

19

19

17

18

18

16

Figure § - 1.
a5 shot” innel roud submitials,

prengnether Model VS - 1100 Engineening Seismograph, Perini measurements made with SINCO Model 5=5
ed o asphall ar concrete surlace,

EXPLOSIVE OATA (21

Pudtir Stace Stiten Piker Tonnel

B GRUULD VULRATION DATA ) "AIR BLAST OVERPRE

FLak T

Mix_ Chame || Sensor (1) (1) iSlant ) Particdde Mlirection (59 | Sensor (1) &) (Slanttd) Peal.

Locahinn Miasured | Range Velacity Of My Location Measured nge -
Mbs.) Punt | Sy fin, faec )| Cumpanant Pomt by i) L]

10.1 B P i 147 0.15 L C Penm 135 0.014
c bemi | 135 { o172 v

22.0 B8 Forini 17?2 0.11 v [o Perini 183 0.015
C Perini 183 611 v

10.7 B Perim 145 a.20 v [ Perinj 129 0.015
C Perini 129 0.20 v

16.9 8 Perini 174 0.11s v [ Perim 189 0.015
C Penni 184 0.12 v

20.9 ;] Penni 181 0,12 v c Perini 194 |0.0311
[ Perini 194 0.145 v

24,2 e Perini 184 0.085 v ¢ Perinj 201 0,014
Cc Perini 201 0,10 v

23.6 B Perim 188 0.08 v c Perini 206 {0,013
C Perini 206 0.08 v

z21.8 B Perini 193 0.12 \'4 [ Perim 212 [0,012
C Panm 212 0.08 v

18.9 B Perini 186 0.07 v [ Petim 213 0.014
C Perini 213 g.075 v

22 B Perini 182 0,105 v c Peqni 216 |[0,012
c Perini 216 o.08 v

17.8 B Perini 178 6.20 v c Perini 216 (0.014
¢ Perini 216 0.17 \

13.9 g Penini 176 0,109 v c Perini 219 0.015
C Perini 219 Q.07 v

Shecer 2w g

SSURE DATA

= Transverse (Horizontal), V = Verlical, | = Longitudinal (Horizenlal)
& Aldrich, Ine. measurements made wilh Sprengnether Model SM - 1 Ajr Waye Delecter. Perini measurements made with SINCQ Model

Detectors were mounied gn Tripod abour 4 ft,
level measufed on the A weighting scale wauld be lgss Lhan the peak sound level measured by the air wave detectors,
aitbiast noise, Due to the impulsive nature of the aifhlast noise, frequency is dillicull w determine,

above Lhe ground.

due to the Tow freauency compancenls
so the approximate A scale noise leyals given assume

lunnel secrian lo wae in cupcrimonial ezt blasting prog-am_

Reproduced from
est available copy.

Appm‘-"l.uu:v'

Level INoise Level oo

A-Scrle 17)

_!ﬂ} (d'!i)

134 99

134 99

134 99

134 99

132 o7

134 99

133 98

132 97

134 97

132 97

124 99

134 99
e |
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Punter Stnare St Filut Vool

Dircitinn (59
01 Mar,
Cumponent
v
v

< T €< €€ €¢ €€ €€ << <

itono we, [bATL | Locanion oF XML bATA @y T T e VIEIA 110N B A
BUAST ) ) Feak

51ATIGN AND Tatal Charge | Tora) Nundier 11ax. Cleany Sencor (1) 3 151lantt | gt

OFFSET Wi, for Round]  of Deluys  |wi_ pet Delay] | oianon Meacnad | Ramge Velutiy
ey {1198 B ths ) Fowl by: ) Gn, fwec)

SSEZRI0 LY S1 24 79 b yap R 'R B T3 oL, r 198 ae
134 . C Feam 211 0,109

S50 2M I dan?9t S 2 4 33 147 17 14.0 [ Fonm 220 0.05

1254 -

S8 2611 Jan7Y| S 2 4 86 149 1y 218 5] Perrm 202 0.20
1725 o} Periy 212 0.145

S%B 29(120an.79] Sia: 2 4 27 155 18 14 9 <3 Perini 170 0.175
1224 C Penni 222 0.075

S58 30[12)an 79| Sua; 2 4+ 92 141 18 136 B Perimi 207 0.13
1431 C Pennj 211 0,010

S5B 311152 79| S1a: 2 4 21 135 le 13.0 B Perini 168 0.13
1041 C Peam 244 0,045

SSB 32)15Jan79] S 2 + 9 136 18 16,3 B Perim 212 0.09
1542 C Pernn;i 209 0.055

558 330164an.79|Sa: 2 + 14 148 18 14,3 i) Penni 166 0.155
12490 C Peom 228 T0.065

558 34016Jan 79| Sw: 3 + 04 148 18 14 4 8 Perini T 215 0.10%9
1701 : C Pesitn 212 D.065

. J H&A 86 0.4

55B 35A7Jan79|Swa; 2 + 8 143 18 13.3 8 Penini 164 0.155

1136 c Perini 238 0.07

J H&A 109 0.24

SSB 34)17Jan 79|5u: 3 + 11 153 18 19,1 -B Perinj 219 0.11
1655 ¢ Petini 212 0.055

4 HEIA 89 0.30

—— —_— — 1 — —-
NOTES: 1) Sce Hlast Monitoring Location Plan, Fiqure % - 1.

2} Explosive data taken from Contraclor's “as' shot” wonel round submittals,

3} Haley and Aldrich, Inc. medsuremenls made with Sprengnelher Model VS - 110
Engincering Seismograph, Seismomelers were bolted Lo asphall or concrele surl

4} Slam range is radial digtance lrom blast o sensor, :

31 Three components of molion measured as foltows: T = Transverse (Hari zomial),

0 Engineering Seismograph.

ace,

V = Vertical,
6} tlaley & Afdrich, Inc. measurements made with Sprengnether Model SM - 1 Air Wave Detector,

Alr Wave Datectar, Detectars were mounied on Tripod aboul 4 M. above the graund,

?

a frequency of 50 HZ

Sound level measured on the A weighling scale would be less than the peak sound level measured by the alr wave deteclors,
ol the aistlasl noise. Due to the implsive nalure of the airblast noise, frequency is ditlicult 1o delermine,

L = Longilwdinal (Harizonial)
Perini measurements made with Sinco Model

Senvor (1)
Lavation
Paunt

c

Reproduced from
best available copy.

(Y]
Messired

Penim |

Penni

Perini

Perini

Perini

Perini

Perini

Pesing

Perini
HEA

Peani
H&A

Slant {4) |
nge

ey
211
212
222
211
244
209
228

212

228
109

212
29

Bppur by
Peab  Level [Hoye 1ol

T A-Scale (1)
PSL | oA i)
0.01ws| 133 a8
0.014 ] 134 99
0,010 | 133 96
Q,014%) 134 9
0,008 129 94
0,0065( 127 92
0,012 Y132 07
0.010 131 96
0,014)134 99
0.010 ji31 96
0.011 1132 97
0.0095]13p 95

]

T T

Pecini measurements made with Sinco Model 5 -

due 15 the low frequenty components
so Lhe appreximale A scale noise fevels given assume

5

LA B {1
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Pontee Snpare Statton 140l Tl

SHIFL & m;
HOUNG (0. [UATE COCATION O ff EXPLOStvE DATA (27 GHULHD VIHIA TION DA TA AR BLAST OVERPRESSURL TiATA T
BLAST (1) Feak N Apyror_ Fauiy.
SIANION AND 3 Total Charye | Tatal Number |Max. Charge || Senzor (13 ) 1SInttD | paricdy | Dirct i (53 Sensor (1) 6) ISlantid)| Peak  tUrvet |Heioe | eyel on
0iIrscl Wt for Round| of Delays (Wi, per Delayll Locatiun Measwed | Ronge | vergeny | 01ty Lorauon | Measured | Range | ]~ A-Seale 17
i . o ”[‘{ . (lbs ) R . "7"5-} _’Jl’i"_‘ B by: | th.y Gin, fse Y Component Foint by: ) PSI i (fn--‘)
Lse ) 1R 0an 79| Swa: 2 4 02 154 14 14 9 %] | T 162 0,124 v c Penni’ | 231 " o032 7| 132 - Y
1255 c Peran 231 0.045 v
J HEA 106 |0.17 L
4 DOT/TSC [ 106 [0.1] v
1 DOI/ISC | 165 o004 v
4 DOT/sC | 307 | 0.032 v
K DO1/715C 86 |o.22 v
L DOT/TSE | 161 0.055 v
M DoTASC | 229 0.032 v
55R 38118Jan79| Swa: 3 4 18 146 la 15.4 B Perini 224 0.14 v c Perini 212 |0.0075 |128 93
! 1716 c Penmi 212 |o o6 v
: SS5R 39[19Jan79) S1a; 1 + 95 " 150 18 2211 B Perini 160 0,17 v
1210 c Penni 234 |0.075 v
b 3 voissc [ 109 |al1a v
1 1 p01/15¢ | 170 0,045 v
G pOT/TSC | 313 0.039 v
K poI/sIsc | 89 lo.m v
L DoOT/TSC | 166 0.074 v
M LOT/15C | 234 0041 v
mM5C 2 [194an79] Swa: 3+ 25 1373 18 18.9 B Penni 230 |o.07 v C Penni 214 F.uuas 129 94
1706 c Perini 214 |0 055 v
SS5B 412279 S ) + B 161 18 24.4 B Perini 157  |0.105 v [ Perins 237 b.oor 128 93
1203 c Penni 237 Jo.os v
J DOT/TSC | 115 0.16 v
] DOT/VSC | 176 [0.053 v
G DOT/TSC | 320 [n.039 v
K DOT/TSC | 92  [0.26 v
L poT/TSC | 171 lo.053 v
NOIES: 1) See Biast Monilosing Location Plan , Figure 5 - 1

23
k1]

4
6)

7T

Explosive data taken from Contractor's "as shot” tunnel round submittals,

Haley and Aldrich, Inc. measurements made wilh Sgrangnether Model VS - 1100 Engineering Seisniggraph .
Engineering Seismograph, Seismomelers were bolted to asphalt or concrele surface.

Slant range is radial distance from blast to sensor.

Theee componems of molion measured as Jollows: = Transverse (Harizonal), V= Vedtical, L = Longitudinal (Harizontaly

Haley & Aldrich, tac. messurements made with Sprengnether Model SM - 1 Air Wave Deleclor.  Perimi m235urements made wilh Sinco Madel
Air Wave Deleclor. Deteclors were mounted an Tripod about 4 M. above Lhe ground.

Sound tevel measuted on Lhe A weighting scale would be less Lhan the peak sound level measured by the air wave detectors,
of the airblast nuise, Due ta the impulsive nalure of the aiblast ngise, frequency is difhieoly to determina,
a beequency of S50 HZ,

Perini measurements made with Sinco Model § - 5

due 1o the low frequency components
50 (he appeonimate A scale noise levels Given assume

Reproduced from
. best available ‘copy.
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BLAST {])
STATION AND Tolal Charge { Tuial Number
OFFSET Wt, for Round| ot Delays
Uy , libs )
SSB a1220an7Y] Sw; 1 + g8 16} 16
1203
SSB 42j234an 79| Sa; 34 32 150 18
1404
SSR 43{24Jan, 79 Sia: 1 1 B1 150 18
1029
MSB 3 & 4PA4an 79|55 3 + 39 136 18
1535
NOTCS: 1) See Biast Monitoring Location Plaa |, Flgure &
2) Enplosive data faken f
3 Maley and Atdrich, In
Engineering Seismoyraph, . Seismomelers were boll,
4) Slanl range is radial dislance lrgm blast 1o sensar
3) Three components of molion measured as follows:
€O} Haley & AMdriieh, Inc,
Al Wave Deleclor.  Deleclors were mounted on Teipod about 4 ft,
7!

HOUND no. (ATt

LOCAVION OF

Sottnd Jevel measured on the A weighling scale would be less han the p

of the airblas! noise.
a lrequeney ol 50 HZ,

CXPLOSIVE DATA ()

29 4

15 4

18,9

-1

Max. Chanje
wt, por Delay
Cibs ) -

Toner Stpuare Siavivn Pl Tunmel

GROUND VILRATION BATA
Pent

Senswrily (3 AS1antt D pogicle |pisechion (51 Semor (1 &) |Slantig)
L acation Measured | Ranyge Velocily 05 Max, Loralinn Measurcd Range
Point by: (h,y lin_fsee W Componon Pyint Liy: (i)

M DOT/TS5C 239 0,02H v

N DOT/15¢C 278 0.634 v

B Penm 235 | 0,055 L C Perini 214

c Perint 214 0.05 v .

J noT /IS¢ 101 0,23 v

1 D03 /TsC .81 0.44 N

I DOT/TSC 1891 on v

K DOT/1SC 128 0,055 v

L DOT /TSC 122 0.091 v

un DOT /TSC 168 0,052 v

N DO /TSC 1565 0.021 v

B Perini 158 0.125 v e e --

C Perini 241 0,06 v

3 PoT/TSC 120 0.11 v

§ DOT/TSC 181 0,052 v

K po1,/T5C 95 0.2 \

L DOT /TSC 176 0.051 v

M DOT/TSC 245 0,031 v

H Perini 192 |0.055 v o Perini 155

1] Perim 155 0,06 \

J poT/1s¢ 105 0.14 v

| PCT/TSC 8o 0.38 v

6 DOTASC + 179 |0.13 v

X DOT/TSC 134 06,071 v

[ DOT /T5C 125 0.11 v

M DOTTSC 166 033 v

P noT/SC 350 0.009 v

rom Contraclor's "as shat” tunnel round Submittals,

©. measuremenls made with Sprengnether Model 6

Due to the impulsive nature of the airblast noise,

ed to asphall or congrete surface,

T = Transverse (Horjzonlal), V= Vertieal,

medsurements made wilh Sprengnether Model SM - 1 Ajr Wave Betecto

abave the qround,

eak seund fevel measured b
frequency is dilficub 1o de

- 1109 Ergineering Seismoyraph .

L = Longhirdinal (Hori zontal)
r. Penni m:asvrements made willy Sinco Madel

Perini measurements made with Sinco Medel §

y the air wave deteclars, due to Whe law frequency components
lermine, 0 Lthe appronimate A scale nois

e levels given assume

[ Peak_ Lever

U R
0.010 | 1m1
0.005 | 125

5

SHEET & G g2
AR BLASY OVERPRESSOKE DATA

A{;l;ru‘.fc|\|nu,
Nuise Level gn
A-Scale IhH
(ﬂ?,l
b6
90

-




A A

Pater Square Stinon Pudat Tannel

UL I T

Leved

123
119

125

ATA

Apprux. [quiv.
Nuiwe Level on
A-Seale 17
1)

93

88
a1

93

88
84

90

. i e — e - ———— g
ROUML NOJDATE | LocavioN OF | EXproswr batA ) [ GHOUND VIERATION DATA ] AIR BLAST OVERPRESSUKL D
BLAST (1) Feat Ut
STATION AND | Yotal Charge | Total Nunber Max, Chame | Sensor (1) 3 (St pugivke |Direerion (5) | Sensar (1) 6) |Stamid)|  Peak
OIFsci Wi, for Round! of Delays  [WL. per Delayl Location Measered | Range Velacily O May_ Locdlion Measured Range 0
[i{ W} (Ibs.) L (bs ) Point by: th. Gin_fsec.)| Component Point : ) Ps1
D R AL T RS IO E e DL PhR R [l Si EACLI HN. A LT .
$58 A5]25Jan7q S 1 + 74 147 18 14,5 B Per 156 n.13 v C Permi 244 0007
1150 [ Pesini 244 0,06 v
MSB 4 125Jan79] Sta; 3 + 46 135 18 18.9 H Perini 185 0.055 v o Perini 152 0.004
1615 0 Penng 152 0.06 v J 118A 75 0_oo2?
J HEA 75 0.37 v
SSB 4726Jan 79 Sm: 1 + &7 145 18 15.& B Fering 155 0.175 v C Perini 237 0.007
1208 C Perini 247 0.055 v
J HEA 131 0,18 v
J DOT/TSC 131 0,12 v
i DOT/TSC 195 0.061 v
G DOT/TSC 341 | 0.059 v
K DOT/TSC 104 0.14 v
L DOT/TSC 187 0,062 v
M 00T /TSC 255 0.042 v
Q DOT/TSC 113 | 0.14 v
MSB 5 |264an79| Sta: 3 + 53 131 18 16.8 H Perini 179 0.14 T 4] Perini 148 0.004
1601 1] Perini 148 {1 0.055 v 4 HERA 114 | 0,003
J HEA 114 0.30 v
J [D0T/TSC 114 .14 v
] pOT/TSC 806 ] 0.3 v
[ DOT/TSC 166 [ 0.087 v
K DOT/TSC 139 0.053 v
L DOT/TSC 128 0.096 v
M DOT/TSC 165 0,05 v
Q DOT/TSC 110 | 0.19 v
FC 1 [29Jan79|S51a; 1 + 59 126 18 16,6 B Pering 154 0.125 v Cc Perini 253 0.005
1547 C Perini 253 0.055 v
J HEA 138 0.14 v
NOTES: 1) Sea Blast Monilasing Location Plan, Flgure 5 - 1,
20 Explosive data waken from Contractor's “as shot” tunmel mund submittals,
3 Haley and Aldeich, Inc, made with Sp ther Madel VS - 1100 Engineering Seismogragh, Perini measurements nade with Sinco Model 5 - 5
Engineering Seismograph, Seismometers were bolted 10 asphalt or concrele surface,
4) Slant range is radial distance from blast Lo sensor. :
5) Three cmponents of molion measured as follaws: T = Tansverse (Horizgnial), V= Vertical, L = Langitudinal (Hori zontaly ) )
6} Haley & Aldrich, Inc, measuremenls made with Sprengnether Model SM - 1 Air Wave Deleclor, Perinj ts made with Sinco Modet
Alr Wave Delector, - Detectors were mounted on Tripod aboui 4 (t. above the ground,
7) Sound level measured on Lhie A weighting seale would be less than the peak sound fevel measyred by the alr wave deteetors, dure to bie low freauency comoonents

of Lhe airblast noise, Due 1o the impulsive nature of the aimlast naise, brequency is dillicult Lo determine, so the ancroximale A scale noise levels given assume
a lrequency of 50 HZ,
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it to. |ATE /| LOCA TION OF
Tietg BEAST (1)
STATION AND
OriSFT
[{{9%}
FC 2 [300n/Y9(5w 14 60
1025
FE€ 3 Dodan795a. ) + 51
1645
FC a |D11an795w; 3 + &7
1256
5538 53/31Jan79| 5. 1 + 46
1723
SSB 55|1 Feh 79 Sum; 1 + 37
1614
SSR Sq 2Feb 79| St 3+ 80
1149
SSB S 2ZFeh 79 Sla; 1+ 31
15650
|6 Feb 79151a: 3+ gg
FC»H a914

— Y
NOTES: D

2} Explosive daa tak

3 Haley and Aldrich
Engineering Sej

4} Siant range is ragdial

6) Maley & Aldrich, Inc, measure
Air Wave Detector,
Sonnd level measared on
of lie airblact nsise, Due Lo the im

7

See Hlast Monitosing Location Plan
en from Conlractor’s “as shot”
« Juc, measurements made with

EXPLOSIVE DAIA (2)

Total Charge | Towl Nunlbier [Max, Thame
Wi, for Round]  of Detays Wi, per Deday
Ubs,) Hus )
123 15 18.4
130 18 18 .4
127 19 156
136 18 15.6
137 1g 156
144 19 143
147 19 15.0
129 19 10.4

. Figure 5 - 1,

a frequency of 50 HZ,

aph
di

the A weigliling scale would be (ess than the peak sound tevel measuced by the air wave d
pulsive nawre of te ajdlast neise, frequency is dilficult 1o determinz,

Puner Stbare Statipn Pl Tunned

Sensor 1Y)
Loration
Pumi

TOI “0Om A0S

o

—am

_ .. GROUND VURATION DA 1A

AEL
Medsured
by:

Penm
Per
HEA

Porem
Pennt
HAA

Penni
Penni
HEA

Pennj
Penni

Perini
Perini
HEA

Perinj
Perinl

Pesini
Pennt

Perini
Perini
H&A
DOT/TSC
DOT/TSC
DOT/TSC

1:-::’:——0:: o® aT

tunnel mound submitialy,

Sprengnether. Model VS - 11

. Sei s were bolled to asphalt or concrete su
stance from blast to sensor,
5} Three comporents of molion measured @s follaws:

T = Transverse {Hori zonlal),

ments made with Sprengnathee Model SM
Deteclors were mounted on Tripod aboot 4 i,

V = Vertical,
- 1 Air Wave Detectar,

abave the ground,

00 Engineering Seismogra P
rface,

Peak .
St parncte | Durcclion (%)
Range } Velucay | OF Max,
h.) !ir!_/a_u-{_\ Cumpm!r_n_[_
173 0.00 v
145 0.0/ Y
120 0.14 v
154 10,335 v
257 0.05 v
144 0,07 %
166 0.06 v
142 0,07 v
a3 0.40 v
155 te,30 LT
250 " 0.035 v
157 G.35 v
262 .04 v
223 .16 v
156 0,105 \i
137 0.085 v
158 0.25 v
265 0.05 v
150 0.19 L
135 016 v
90 0.63 v
142 0.16 v
143 0.12 v
173 0.10 v
_—

L = Longiludinal (Harizantal)
Perini mrasurements made with Sinco Madet

e

Réproduced
best available cop

from

X

Senvur {1y

Lacation

_Fom

o
J

c
4

Perini easurements made with Sinco Model S

steclors doe o the tow Irecuency components
“u Ui Spproximdle A scale noise levels given dssume

WY 2 oor

AIR BLAST OVERFRLSSURL DA TA
Apprus.Enny
(6) |Slantia) | Peak  Level {Noune L evel on
Measured | Range - A-Scale (1)
by ey les | om tan
Pennt 145 0 006 |176 91
HEA 120 p.oo1 |19 74
Penni 257 P.007 [126 91
HEA 144 0.002 |16 81
Perini 142 p.ooos |iz9 94
Penni 260 b.oooa Q123 28
Perini 245 p.oos |1zs 90
Perini 137 fo.005 [125 90
Perini 265 )o,010 131 96
Perine 135 10,004 ]123 8B
-

5



-9F1-

Poder Square Statiun Pilot Tunnel SHEEY koo g2

[wourn wo. oAt/ | Lotation of ) CXPOSWE vaiAa T to_vIbaTion vata |77 AR BLAST OVLRIRLSSURE pata 7
ML seasy | o T e B Peak T Appeis, Laur.
STATION AND  § Tatal Charge | Toral Nuniber [Mar, Chame || Seasor (1) (3 (Slant €| faecre Dirccion (9) | Sensor (1) 6) Islantt4)] Prab Level [Noise | rvel on
or1 9Ll Wit, lar Reundl of Delays  |wWi, per Delay| Lncation Measored | Rauge Velouity 0f Max, Locdtian Measured | Range o ) A-Scale (7))
o ) iy ) abs) e s poim bre | ) G, fee )] Componen Pty by |-y P s | ()
re  5)6Fch 79 S 3+ 88 128 19 18.4 L bOTASC| 142 0.018 v
0914 M DOT/TSC[ 166 0.11 v
Q DOT/TSC| 140 0.13 v
558 5A6Fch 79[ S 1+ 25 157 17 20.2 B Perni 159 0,21 v ¢ Perini 269 | 0.008| 129 94
1317 C Peam 269 0.045 v
FC & ]7Feh79) 502, 3+ 93 123 19 18.4 H Perini 145 6.11 L 0 Perinl 134 } p.006( 126 91
1233 0 Perini 134 0.08 v
i HEA 93 0,43 v
SSB 617 Fcb 79| Sw: 14 19 148 18 14,6 B Penni 160 0.20 v (4 Perini’ 273 | 0,008 | 129 94
1719 c Perini 273 0,055 v
S56 628 Feb 79| Sua: 34 99 147 18 21.6 H Penni 140 0.105 L o Pe rini 132 | 0,005 125 %0
1119 o] Perini 132 0.075 v
SS5B b63BFeb 79! Sia: 14 12 133 17 13,0 ] Perini 161 0.11 v € | Perini 276 | 0.005| 125 Lk
. 1641 c Perini 276 0.03 v, T
SSB 64|9Feb 79| S3: 4 + 05 137 17 13.4 H Perini 135 0.15 L
Non-tlectric | 1202 0 Perini 131 0.065 v
Pelays) H Ha&A 135 0.27 L
558 659 Feb 791 51a. 14 05 144 17 14.5 B Perini 163 0.09 v [ Perini 281 | 0,008 | 129 94
1631 c Perini 281 0,035 v
S5B e 12Feb 79 Sua: 4+ 11 171 17 17.0 H Perim 130 0.075 v 4 Perini 130 | 0.009 | 130 95
1223 [} Penni 130 0.07 v

NOTES: 1) See Blasl Monitoring Location Plan, Flgure 5 - ], )
2) Explosive data taken from Contractor “as shot" tunnel round submittals,
3) Haley and Atdvich, Inc. measurements made with Spengnether Model VS - 1100 Enginecring Seismogragh. Perini measuremenls made wilth Sinco Model §- &
Engincering Seismograph, Seismometers were bolted to asphalt or toncrete suflace,
4) Slant range is radial distance from blasl to sensor,
5) Three eompanents of molion measured as fallows: T = Veansverse (Horizonlal}, V= Vertical, L = Longitudinal (Horizomal) . )
6) Haley & Aldrich, Inc. measuremenls made with Sprengnether Model SM - 1 Air Wave Deteclor. Perini measurements made with Sineo Model
Alr Wave Dulector. Delectors were mounted on Topod ahout 4 11, above the ground.
Sound leve! measured on the A weighting scalc would be less than the peak sound level measored by the air wave delectors, duc to the low Irequency components
ol the airblast asise, Due to the impulsive nature of Lthe aisblast naise, frequeticy is diflicult Lo determine, so the approxiinate A scale nuise levels given assume
a liequency of 50 HZ

7
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ROUNG RO, [UATE ; | LOCATION OF o JEXPLOSIVE DATA 1y o " LROOND RATION DA 1A 1 AIR HLAST OVERFRL SSuRL DATA
TIME BLAST (1) - T T T keat T T R N T 17— C "
STATION AND § Tetal Charge | Tolal Nurber Max_ Chanje | Senwor {17 0 [Slaat €} | paide Dircclion (51 || Senser (1) ) [Stantcay| Peas
OFFSLT W, for Round]  of Uetays  |Wi, pee Deley]l Laranian Meatured | Range Veloeily O May. Locanon Measured Range | =~
SRS [T B I SR S D LT T T ) o] fsec )] Componen || Poing by: uLy | psi
S50 61 13Fel79 S 0+ 98 173 17 17.4 B Penni 165 | 0.10 v T R
1000 [+ Pedni 286 0.03% v
T H&A 193 0.07 v
5B blj. 13Feb79 Sw: 44 17 155 18 15.4 H Perini 124 G.095 v 0 Perini 129 0.006
1549 0 Perini 129 0,125 v
s58 64 14Feb 79 Sta: 0 + 91 152 17 150 B 167 0.11 v C Perini 291 0.010
1112 c 29] 0.05 v
558 7 14F:b791 Sia: 4+ 23 154 17 19.2 H 120 0,11 v [} Perini 128 0.005
1546 L} 128 0.09 v
S5SB 7% 15Feb79 Sia: 0+ 85 156 18 19.7 [:] 69 0 12 v c Perini 295 0.007
1115 c Penni 295 0.03 v
SSB 73 16Feb79| Swa- 4 + 30 175 18 19.8 H Perini 115 0.14 L 0 Perini 129 0,006
a357 . 0 Penini 129 0.08 | v
H HE&A 115 0.20 L
SSB 7% 16Feb79| Swa: 0+ 78 155 18 15,6 8 Perinl 172 0.1t v c Perini 3040 000k
1305 c Perini 300 |o.05 v
558 74 20Fcb79( Sw: 4+ 36 184 18 20.5 H Perinj 110 10.20 v 0 Perini 130 | 0.005
1045 (] Perini 130 0.10 v
J DOT/TSC | 183 |o0.096 v
] pOT/TSC 120 0.12 v
G 00T /TSC | 108 0.13 v
K DOT/TSC 215 0.05 v
L DOT/TSC | 172 0.05 v
. M [DOT/FSC | 178 6.031 v
NOTES: 1) See Blasi Moniloring Location Plan, Figure 5 - 1
2y Explosive dala taken from Conlracior's "as shot* tunnel round submittals
3) Haley and Aldrich, Inc. measurements made with Sprengnether Model VS - 1100 Engineering Seismoaraph, Perini Mmedsurements made with Since Model S - o
Engineasing Seismograph. Seismometers were balted to asphalt or concrete surfage.
4y Slant mange is radial dislance from blast Lo sensor.
S) Three componenis of molion measured as follows: T = Transverse (Horizontal), V= Verlical, L= Longltudinal {Horirontal)
6} Haley & Aldrich, Inc. measurements made with Sprengnether Modal SM - 1 Air Wave Detector, Perini measurements made with Sinco Model
Air Wave Delector. Delectors were mpunted on Tripod about 4 It, above the ground _
71 Sound level measured on the A weighting seale would be less than the p

‘ Porter Snnace S1ation Pilel Tyuncd

eak sound level measured by the 2k wave deteclors,

dur 1o e luw frequency components
Due to the impusive nature of the aiblast nuise, Frequency

of the airslast noise, i5 diflicult Lo determine, 3o the 2pmoximale A scale nojse levels given assume

a frequency of 50 HZ .

SHLLIL & i 2

L,

el

il

1206

131

125

129

126

126

125

Appr;v,ﬁ\uluf
Nowsd Level gn
A-Scale (7Y
ey
21
56
50

93

91

91

50
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Puiter Square Stavien #ilur Lunnel SHECT by 1 a2

Fcnurm NO |DATE/ | LORATION OF EXPLOSIVE nata 2y GROUND VIBRATION DATA o . RIR BLAST OVERI'RESSURL pATA
TIME BLAST (1) J77 777 ST Ty - I Peak e T T Appor . Loy,
STATION AND | Tatal €ldrge |V otal Nynier [Max Chsrge N 1Skt e (e cton U ] Senser () 6) |Stant(d) Peob  Level [Hoeg | ool on
OFrFSeT Wi, Ke Rownd] ol Delays (Wi, per Delay|| Locanion Miavured | Range Velociy Of Hax. Lecalion Measimed Range F— - - A-Soale 17)

. [{T] by, ) Obs ¥ Faint by: [{{|} tin_ face | Cotponant Foim by: - Psl di 1)

SSL 73 20Fh79 Sa; 04 70 | 17 20.? B Penm 176 0.07 v [ Penni 294 0,000 129 94
1521 c Perm 294 0.03 v

FC 7] 21Feb?Y Sta: 44 42 14y 19 15.6 H Penni 1006 0.21 v o Penni 130 0.004]| 126 91
1408 - Q Perim 130 0.10 v
J DOT/TSC| taa 0.09 v
| pov/aSC| 123 0,13 v
G DOT/ATSC | 104 0,17 v
K DOT/ISC| 221 0.04a v
M bo1,/T5C|{ 181 a,04a9 v
Q DOT/TSC | 182 0.17 v
R DOT,/TSC | 487 G.018 v

FC CUT 1| 22Febi79| Sta. 0+ 64 145 18 15.6 B Perini 179 0.10 v C Perin} 311 0.0068| 129 24
1059 [ Pering 311 0.04 v
4 H&A 222 0.06 T
J DOT/TSC | 222 0.06 v
[ DCT/TSC | 293 0,035 v
G LOT/TSC { 4asa 0.036 v
K DOT/TSC | 185 0,07 v
M COT/TSC | 343 0,022 v
Q DoT/IS5C { 207 0.38 v

R DoT/TSC 0.081

SSB 78 23Fch79| Sta: 4 + 47 176 18 20 H Periny 102 0. 18 v 1 Perinj 131 0,009 | 130 95
1022 o] Perini 131 0.11 v
J BLEY 193 0.08 L
4 DOT/TSC | 193 0.078 v
| DOT/TSC [ 129 0.12 v
G DOT/TSC | 100 0.1 v

| K poTT5C | 228 0.03 v 1

NOTES: 1) See Blast Monitoring Location Plan, Flgure 5 - .
2) Explosive data taken from Contiaclor's "as shot® tunnel mund submitlata, !
M haley and Aldrich, Inc, measurements made with Sprengnether Model VS - 1100 Engineering Seismograph, Perini measurements made with Sinco Made! § - 5

Engineering Seismogragh . Seismometers were bolted to asphall or concrete surface.
4} Slan! range is radial distance fram blast to sensor,

5) Threa components of metion measured as follows: T = Transverse (Horizontaly, v = Vertical, L = Lomiludinal (Hgrlzontal)
6) Haley & Aldrich, Inc, made with Spr ther Madel SM - 1 Air Wave Detector, Perini measuremenis mads with Sinco Model
Alr Wave Detector, Delectors were mounted on Tripod aboul 4 It, above the gmund,
7Y Sound level measured on the A welghting scale would be less than the peak sound level measured by lhe alr wave delectors, due tp Lhe low frequency components

of the aimlasi noise. Due to the impulsive nature of the ajblast noise, frequency is difiicult o determine, 50 the approximate A scale noise levels given assume
a lrequency of 50 NZ.




-6%T-

tC cur 2

I

NATES;

MR L7 ] 26T 79

SS5B 80 26Fu79

ROUND NQ, [PATC/ ) LOCATION OF

1} See Blast Monitoring Lacation Plan ,

2y Explosive data taken fmm Cantracter's
3 Haley and Aldiich, Inc.
Eningering Seismagraph,
Slanl range is radial distan
5) Three eompanents of molion measured as follows:
Haley & Aldrich, Inc.

43

©)

Air Wave Detector.
7) Sound level measured

ol the airblast noise,

a Irequeney of 50 H2 |

LXPLOSIVE DATA (21
THaL BiAST () |77 N
STATIGN ANU | Tata! Chavge | T otal Nuniler Mar. Chanje
OF i SET W dor Ruimd]  al Delags W1, per Delay
) iy | s ey
S50 74 23feb 7 Sia- 4+ 47 176 18 20

1022

Siua: 0+ 58 121 ] 12.6
1134

Sta; 4 + 53 i7g 28 19.7
1725

SSB BY27¥Fep79| Swa: 0+ 52 156 18 19.2
1127

SSB 84 28Fct79| Sua: 4+ 59 174 18 20.2
0844

5SB BJ26Feb79] Sta- 0+ a5 167 18 21,3
1500

SS58 B4 1Mar79] St 0+ 38 168 18 21.3

1715 v

SSB 892 Mar 79| Sua; 4 + g5 175 18 19.7
0858

558 862 Mar 79| Sta- 0+ 32 157 18 19.9
1542
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NOTES:

Vortee Sauare: Staton Pt Funnet

1) See Blast Manitoring Location Plan, Figure 5 - 1,

2} Explusive data taken from Contractor's "as shot” tunnel round submitials,

3) Haley and Aldrich, Inc. measurements made with Sprengnethier Modet VS - 1100 Engincering Seismogragh, Petini @easurements made with Since Model § - 5
Engineering Seismograph, Seismsmeters were bolted to asphall or concrele sutface,

4) Slant range is radial distance from blast 1o sensor,

5) Thiee eomponents of motion measured as lollows: ¥ = Transverse (Horizontaly, V= Vertical, L = Longltudinal (Horirontal) .

6) Haley & Aldrich, Inc. measuremenis made with Sprengnether Model SM - 1 Air Waye Detector,  Perini measurements made with Sinca Model
Air Wave Detector. Detectors were mounied on Tripod ahoul 8 N. above the ground,

7) Sound level measured on Uie A weighting scale would be less than the peak sound level measured by the air wave detectars, due 1o the low heguency COMmponents

of the airylast Moise, Due to the impulsive nalure of the aidlast nuise, Irequency is difficul| o determine, so the approximate A scale noise levels given assume
a frequency of 5Q HZ,




APPENDIX E
REPORT OF NEW TECHNOLOGY

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 cutward 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 cverhead 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‘fop, 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.

-152-



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 drilling 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 provide 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 any one 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 1nitiate 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 of 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-row-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 explosive - 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 cf 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.

Jumpo - 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 (ms) delays - Delay caps, or detonators, with delay
intervals of less than 100 ms (1 ms = 0,001 sec,)

Modified Smooth Blasting {(MSB) technigques ~ The specified smooth
blasting technigques, as modified by the investigators to
achieve optimum perimeter control at the site,

Muck - The broken rock resulting from flrlng cne 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 of ground
vibration, expressed in in/sec. (cm/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 technigues - 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 blasting round; used as an indicator
of the cost of explosives.

Primacord - A detonating cord manufactured by Ensign-Bickford
Company, Simsbury, Connecticut; 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.
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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. :

I\

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 (MBTA 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 tc 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, R

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 tamping 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 5,1),
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