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GROUND VIBRATIONS FROM TUNNEL BLASTING IN GRANITE
Cheyenne Mountain (NORAD), Colo.
by

James J. Olson,! David E. Fogelson,? Richard A. Dick, !
and Arlo D. Hendrickson3

ABSTRACT

The Bureau of Mines recorded peak particle-velocity levels and vibration
frequencies to determine the nature and intensity of ground vibrations for
tunnel blast rounds at the NORAD Complex, Colorado Springs, Colo. Previous
Bureau of Mines studies in quarries and underground mines had shown that scal-
ing (dividing) the distance from the blast by the square root of the charge
weight removed the effect of the various charge weights on vibration ampli-
tudes. The analysis of variance tests performed on the NORAD vibration data,
however, indicated that the cube rather than square root scaling exponent
grouped the data more effectively. The empirical propagation equation,

V = 560 (D/Wl/s)'2'°4, where V is the maximum peak particle velocity in inches
per second, D is the distance from the blast in feet, and W is the zero-delay

charge weight in pounds described the attenuation, with distance, of the par-

ticle velocities from the tunnel blasts in the Pikes Peak Granite of the NORAD
Complex.

INTRODUCTION

At the request of the U.S. Army Corps of Engineers, the Bureau recorded
ground vibrations from blasts used to excavate an exploratory drift at the
North American Air Defense Command (NORAD) Complex, Cheyenne Mountain, Colo.
The purpose of the investigation was to determine the amplitudes and fre-
quencies of ground motion and to develop an empirical prediction equation for
vibration amplitudes produced by various sizes of tunnel blasts in granite.
During the subsequent expansion of the exploratory drift into a chamber, the
Corps of Engineers used the prediction equation to design blast rounds that
would not generate excessive vibration levels. The NORAD study also consti-
tuted a continuation of the Bureau's investigations of blast vibrations under
different underground conditions.

1Mining engineer.

2 Supervisory geophysicist.

S8Mathematician (now Assistant Professor of Applied Statistics, Virginia Poly-
technic Institute and State University, Blacksburg, Va.).



Tunnels for construction or mining projects have historically been exca-
vated by two principal methods: machine boring or explosive fragmentation
(drill-blast). During recent years, increased efforts have been made to use
excavation methods not affected by the noncontinuous aspects inherent in the
drill-blast cycle. Hydraulic mining methods have achieved acceptable penetra-
tion rates in excavating soft rock formations. In addition, coal mine produc-
tion openings are often made with highly efficient continuous-mining machines.
For long tunnels in relatively soft, nonabrasive rocks, cutter costs and down-
time are usually not excessive, and the boring machine has virtually replaced
the drill-blast method.

When variable conditions such as a mixed face, squeezing ground, or
excessive ground water are encountered, the tunnel boring machine must be sup-
plemented or replaced by the drill-blast method. Because of excessive cutter
wear and unacceptable amounts of downtime, the boring machines also experience
great difficulty in hard, abrasive rock formations, and the cyclic drill-blast
procedures remain the only reliable, economic tunnel excavating method.
Although many novel techniques employing plasma torches, lasers, hydraulic
jets, and electron beam guns have been studied at near prototype scales, none
have yet shown sufficient promise to warrant development into a full-scale,
production-line tunneling machine for hard rock. Explosive fragmentation,
despite its comparatively low efficiency in soft rock, will continue to be
used to help tunnel boring machines during adverse conditions and often pro-
vides the only feasible method for excavation of tunnels and openings in hard
rock. These facts demonstrate the need for a better understanding of problems
inherent in using the drill-blast method for underground excavation.

Many problems of damage from underground blasting differ from those
encountered in quarry blasting. Although the producing mine or tunnel opera-
tion normally does not have to be concerned with damage to residential struc-
tures, the shock and high-intensity waves from underground blasts may damage
roof rock necessary to support the opening. The vibrations from the blast
zone may affect roof bolt stability and damage mine support systems or other
underground structures (19).%* Excessively high airblast overpressures from
underground blasts may damage mine ventilation walls (1l7). In addition, the
increasing use of explosive fragmentation to excavate shallow underground
openings in urban areas, and the possibility of using nuclear energy for min-
ing operations emphasize the need to determine whether blasting recommenda-
tions found useful for quarry blasting may also be employed to design safe
underground mine and tunnel rounds.

Prior to the Advisory Conference on Tunneling sponsored by the Organiza-
tion for Economic Cooperation and Development (OECD) in Washington, D.C.,
June 22-26, 1970, representatives from all phases of the world's tunmeling
industry were questioned about needed improvements in tunneling technology.
The spectrum of interest ranged from problems in excavating muds and soft
strata for urban transportation and sanitary projects to blasting tunmnels in
hard rock. Almost every country indicated the importance of improving

4Underlined numbers in parentheses refer to items in the list of references at
the end of this report.



explosive fragmentation techniques (7). Controlling damage to nearby struc-
tures and the surrounding rock from air and ground disturbances produced by
blasting received the greatest support among suggested techniques for improv-
ing the drill-blast method.

The Bureau has conducted several previous studies on the problems of dam-
age from blast vibrations. A few of its early investigations had measured the
vibrations of floors, pillars, and roofs of underground mines (6, 9, 20) but
most of the field research on ground vibrations has been concentrated on the
problem of damage to such surface structures as private residences from.vibra-
tions produced by quarry blasts (1-5, 10-12, 21). The results of the quarry
blast vibration studies by the Bureau and other investigators have recently
been summarized and interpreted by Nicholls, Johnson, and Duvall (11).

To estimate vibration levels from various charge sizes, a method of com-
bining the vibration data from the different quarries was needed. One of the
most important findings of the Bureau's quarry vibration studies was that
although each site had a different scaling factor which best grouped the data,
scaling (dividing) the distance by the square root of the charge weight per
delay was empirically shown to remove the effect of charge weight on the
amplitude of peak particle velocity (11). Although other investigators have
suggested that cube root scaling, determined from dimensional analyéis, should
be used, the Bureau found that cube root scaling did not reduce the spread of
the quarry blast vibration data as would be true had cube root scaling been
more appropriate. This conclusion implies that blast design (specifically the
charge length, diameter of holes, or number of holes) strongly influences the
scaling.

As a result of vibration monitoring experiments in operating mines at
White Pine, Mich., and Shullsburg, Wis. (14-16, 18), the Bureau found that
maximum amplitudes of the high-intensity elastic waves associated with routine
production blasts were produced by the charge weight fired in the zero delay
interval. Although some contributions due to the wave additions from the caps
with higher delay periods were observed at the more remote gage statiomns, the
high-intensity portions of the waveforms of all the periods were separate
events. Hence, reducing the zero-delay charge weight could effectively reduce
the maximum vibration amplitudes of the blast. The intense vibration levels
near the face were attenuated very rapidly as the waves traveled through the
mine roof strata.

Statistical analysis of the roof vibration data from the blasts at the
White Pine mine also demonstrated that scaling the distance by the square root
of the charge weight provided better grouping of the vibration data than scal-
ing by the cube root (15, 18). Data from the experiments at Shullsburg did
not have a sufficiently large range of charge sizes to permit determination of
a scaling factor, and hence these data were also scaled by the square root of
the charge weight to compare the vibration levels with other published work
(14, 16).

Because blast parameters, opening configuration, and gage placement could
have a strong influence on the scaling factor, enough data from different



sites are needed to determine what scaling factor should be used to group
vibration data from underground mine and tunnel blasts and to design safe
blasting rounds.
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TEST SITE

The NORAD Complex is located at Cheyenne Mountain, E1 Paso County, Colo.,
5 miles south of Colorado Springs (fig. 1). The underground complex houses
the Combat Operation Center and the necessary support facilities such as a
communications center, barracks, mess hall, infirmary, repair shops, and mate-
riel storage. Three-story steel buildings, having a total floor space of
176,000 ft® (16 300 n®)® are mounted on springs in three parallel underground
chambers (fig. 2). The main chambers are 45 ft (14 m) wide, 60 ft (18 m) high,
and 600 ft (180 m) long. Separated by rock pillars 100 ft (30 m) wide, these
long chambers are connected by three intersecting chambers 32 ft (10 m) wide,
56 ft (17 m) high, spaced about 130 ft (40 m) apart. Utility facilities,
including power generation, air conditioning, and fuel o0il and water storage
occupy excavations adjacent to the building area. The complex is capable of

®The prime units in the text, tables, and illustrations of this publication
are the U.S. customary units. Where appropriate, the approximate equiva-
lents in the International System of Units (SI) are either included or used
alone in accordance with the rules for introducing modernized metric units
established by the National Bureau of Standards ASTM Metric Practice Guide,
Handbook 102. In accordance with the SI convention, a space rather than a
comma is used to separate the digits in a metric number such as 15 000.
The U.S. customary numbers used throughout the report include commas, where
necessary, to separate the digits. The period is used as a decimal point
in both SI and U.S. customary numbers.

Abbreviations
U.S. customary units SI units
in = inch mm = millimeter
ft = foot m = meter
1b = pound kg = kilogram
mv = millivolt N = newton
msec = millisecond mv = millivolt
Hz = Hertz (unit of frequency-- | msec = millisecond
cycle per second) Hz = Hertz (unit of frequency--
cycle per second)
M = mega (prefix 1 000 000)
G = gica (prefix 1 000 000 000)




*0]07) ‘UIDUNOR BuUBA3Y) 'xa|dwon) QYHON 0 ueip207] - *| JHNIId

1
l
|

IYNOZIYYV

svx3lt
__ 021X 3IW M3N
— a9
HY 1X%0
VWO A - | E
— o POPIULILY
$19}9WOIY ‘9{02S / E
=_=_—_"_" PanauesiBR
001 o] ov i B
’ pjunp o.._o B
s9|1w ‘803§ _@ 4 ojqangd
™™ ™ e s ™ ™ ’
001 0% o1 © Ol 1
' x2jdwod QVHON —=\5
®
/_ sbuiidg 0pDpIOI0OD
gV SNV N,
erHzeeron-2

(£8)
(S08)

Hv 1N

—_— - _ d suuakay) .
N yxsvya3N !

ONIWOAM



*xa|duo]) QVHON j0 MaiA [prauag - 7 NI

ALNIOVE DNLSIXE ﬂ
NOLLMWYDIE 3N D

TaNIO3 1
ANOGYY Nanl
—~— > INNNL $S3DIV WHINID
L1404 RINON 01 \ 3T T I Y e . I WX 4 Jﬂ ?!za SSIOVRINOS  WIHOI HLNOSOL  ——==—
(S e TN s e T T [§ Sl oo
$3000 HLIM .
sualuEva ;E\—/

/G



*suoiypig 9B0g pup 4j1i(] A104pi0[dX] O SM3IA B|!j0id pub Upid - "¢ FYN Ol

MIIA 3714044

VAR AV SV

¢
v £

T ——
b — — =

sJaidw ‘91038

= e =
o€ 02 ol o}
1384 ‘21028
e e
00l 08 09 O Oz O
M3IA NVd
134104} o0,/ %,
juawnaisug gl f, %
© 1 .\ UO!{DADOXD __
é .\ {ould g pup-i'd
el . ___lSGerlOIS]
t
| . —_—
I 8 AP¢
V\\ ! W\\ Ol 4
D 49quwoy)d fuo|d 1amod ! &ﬁc T
.
. = & \ 14p Ki0j040)dx
gl 1456 wn\w o ¢ H14p Ksojoa0|dx3

A T

Apiip sp3UIT



self-contained operation under closed-off status for am extended period of time in the
event of an attack (8, 22). The proposed new construction (powerplant chamber, cooling
tower chamber, and mix room) is shown by the shaded area in figure 2. The exploratory
drift followed the curve from the south access tunmel into the side of the powerplant
chamber and ran almost the entire length of the chamber toward the powerplant. Figure 3
shows the location of the exploratory drift and the gage locations for measuring the
vibrations from the tummel blasts in the exploratory drift. '

The NORAD Complex was constructed in the Pikes Peak Granite of Precambrian age. The
general geology of the site has been described by Ogden (13). The Corps of Engineers
mapped the detailed geology of the exploratory drift as part of the planning for the NORAD
Complex expansion project and observed that the rock around the exploratory drift is gen-
erally a coarse-grained biotite granite intruded by a fine-to-medium-grained granite. The
rock is essentially fresh and unaltered except for some thin zones. Fractures in the rock
mass are moderately to clocely spaced. At station 0+20 (fig. 3), a small mass of fine-to-
medium-grained granite was observed, and a large mass of similar rock extends from station
2430 to 3+00. The granite at these locations is also essentially fresh and unaltered with
closely spaced fractures. The effects of the rock texture and structural defects are
reflected in the physical properties of the coarse-grained Pikes Peak Granite. Table 1
shows the results of the acoustic tests and the calculated values for dynamic Young's mod-
ulus, dynamic shear modulus, and Poisson's ratio for the four cores obtained from the
exploratory drift. Tables 2 and 3 give the tensile and compressive strength measurements.
In general, the tests indicate that this section of the Pikes Peak Granite is a less com-
petent rock than would be expected. :

TABLE 1. - Acoustic tests of NORAD granite samplesl

Longi- {Longi- Tor- Dynamic Dynamic
Diam-|tudinal |tudinal|sional|{Dynamic | Young's |Dynamic shear
Sample | Length,|eter,| pulse bar |veloc-|Young's {modulus,| shear }modulus, Poisson's
No. mm mm  |lveloe- |veloe- | ity, |modulus, 10° modulus,] 10° ratio®

ity, | ity, |m/sec | GN/nP 1b/in® | GN/mf 1b/in®
m/sec | m/sec '

1707 | 151.66 |47.32] 3,740 | 3,123 2,392 | 26.6 3.85 15.6 2.26 0.322
1708 154.86 (47.31] 4,170 | 3,544 2,411 | 34.1 4.94 15.8 2.29 .311
1709 | 154.86 |47.27| 3,810 | 3,503 {2,481 | 33.5 4.86 16.8 2.44 .245
1710 | 168.35 {52.25] 4,270 | 3,119 {2,143 | 25.5 3.69 12.0 1.74 .381
Mean - - 4,006 | 3,323 |2,357 | 29.9 4.34 15.0° 2.18 .315
g - - 261 233 148 4.52 .656 2.09 .303 .056

1Rock property measurements were performed by the Property Determination Research Support
group of this center.
2perived from ratio of lomgitudinal bar velocity to longitudinal pulse velocity.

TABLE 2. - Tensile strength tests of NORAD
' granite samples!

Sample |Diameter, Tensile Tensile
No. mm strength, strength,
MN /i 1b/in®
1707 47.35 3.32 482
1708 47.38 2.88 417
1709 47.37 3.97 575
1710 52.25 1.45 210
Mean - 2.91 421
o - 1.07 155

L1Rock property measurements were performed
by the Property Determination Research
Support group of this center.



TABLE 3. - Compressive strength tests of NORAD granite samples1
Sample Length, Diameter, Young's Young's Compressive Compressive
No. mm mm modulus, modulus, strength, strength,
oM /nf 10° 1b/in® MN /nf® 102 1b/in?
1707 73.18 47.36 31.2 4.52 117 17.0
1708 76.05 47.34 39.9 5.78 139 20.1
1709 74.89 47.35 38.6 5.60 150 21.7
1710 83.26 52.24 29.3 4.25 69 10.1
Mean - - 34.7 5.04 119 17.2
O - - 5.29 .767 35.6 5.17

1Rock property measurements were performed
Research Support group of this center.

by the Property Determination

Results of earlier tests on cores from other zones of the coarse-grained
granite from the NORAD site indicated a compressive strength for unaltered
rock of 20,000 1b/ir® (138 MN/m°) and 10,000 1b/in® (69 MN/nf) for altered
rock (22). Tensile strength of the unaltered rock was about 1,300 1b/inf
(9 MN/nf) .

EXPERIMENTAL PROCEDURE

Instrumentation

The recording instrumentation consisted of two separate systems with a
total capacity of 28 information channels. System No. 1 consisted of particle
velocity gages with a reasonably flat response from 10 to 500 Hz, voltage
amplifiers (dc--15,000 Hz %3 percent), and a 14 -channel FM magnetic tape
recorder. Voltage amplifier outputs were recorded on the tape recorder at a
speed of 60 in/sec (approximately 1 524 mm/sec). Recorded shots were replayed
at a speed of 1-7/8 in/sec (approximately 47.6 mm/sec) to either an oscillo-
scope or a direct-writing oscillograph.

System No. 2 employed similar particle velocity gages but different type
voltage amplifiers (2 to 10,000 Hz *3 percent). The outputs of these voltage
amplifiers were fed directly to a 14-channel, direct-writing oscillograph.

Individual components of the recording systems were calibrated before
each field trip. Particle velocity gages were calibrated on a shake table.
In the field, each channel was calibrated before every shot by a standard
calibration signal. When the data were analyzed, comparison of the unknown
amplitude on the record and the recorded calibration signal gave the indicated
particle velocity.

An array of 12 gages was placed along the rock walls in chamber C (fig. 3)
to record the vibration amplitude as a function of charge weight and distance

from the blast.
chamber:

Two gages were placed at the front end of the powerplant

e chamber.

one at the center of the building and one near the corner.
remaining 10 gages were

The

positioned in a linear array at distances ranging from

25 to 338 ft (7.6 to 103 m) from the front end of th These gages
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south access tunnel.
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FIGURE 4. - NORAD Blast Round.

were mounted on 1/2-in-
(13-mm) thick aluminum
plates, epoxied to the rock
and oriented to measure ver-
tical particle velocity.
Gages 1 and 2 at the front
end of the chamber were con-
sidered as part of the lin-
ear array in the data
analysis.

Blasting Operations

The blast rounds con-
tained from 41 to 47 blast-
holes with a five-hole burn
cut near the center of the
drift. A typical blast
round is shown in figure 4.
The hole in the center of
the pattern was not loaded
and served as the free face
for the zero-delay holes in
opening the cut. The blast-
holes were drilled to a
depth of 7 to 8 ft (2.1 to
2.4 m), with a 1-1/4-.
(32-mm) or 1-1/2-in (38-mm)
tungsten carbide insert bit
and an air-leg mounted per-
cussive drill. The rounds
were drilled to pull an
opening at least 8 ft
(2.4 m) wide and 10 ft
(3.0 m) high, as shown in
the figure. Eleven periods
of slow tunnel delay elec-
tric blasting caps were
used. Table 4 shows the
average delay time of each
period.

The shots were fired electrically from a station at the portal of the
When a shot was to be recorded, a telephone countdown

system was used to assure that the recording system was operating at the
proper speed at the time of the blast.

The powder charge per hole was varied from 3 to 6 1b (1.4 to 2.7 kg) ,

depending on the location of the hole and the type of explosive.
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TABLE 4. - Delay times of tunmnel
delays used at NORAD

Delay No. Average delay time, sec
0.008
.025
.30
.50
.75
.00
.50
.00
.50
.00
.50

SN = O

ow gL,
WwWwNN M-

-

The explosives used in driving the exploratory drift included various
combinations of Gelamite® 2, a 45-percent semigelatin, Hercon 2, a 50-percent
low-density ammonia dynamite, and air-emplaced ammonium nitrate prills and
fuel oil (AN-FO). Table 5 gives the properties of the explosives used for the
NORAD experiment. '

TABLE 5. - Properties of explosives used for the NORAD experiment
Property Gelamite 2 | Hercon 2 | AN-FO!
Detonation veloCity..eeveeoronnooeeen ft/sec..l 11,500 11,500 9,500
DO e v eeeseeneesesaneeoeosassanaasnnss m/sec. . 3 500 3 500 2 900
Specific gravity......ocnoeuermevinnranecennne 1.2 1.2 0.95
Calculated detonation pressure......... kbars. . 34 34 21
DO.vuvns et 10° N/of .. 3.4 3.4 2.1
Water TeSIiSEanCe. .. e everscoconecacsonosonenn Good Fair |Very poor
Fume class......... e e e eeeee e s e s e e e s s Good Good Good

lAssuming air injection into a 1-1/2-in (38-mm) borehole.

Because caps with higher delay periods have considerable scatter in fir-
ing times and the exact amount of explosive detonating at a given time within
a period is indeterminable, instantaneous or zero-delay blasting caps must be
used to provide meaningful vibration measurements from tunnel blasts of vari-
ous sizes. If the normal blast rounds were used, only vibrations from the
very small charge weights fired with the zero delay could be obtained to gen-
erate the empirical propagation equation.

To measure ground vibrations from larger charge weights, special shots
using zero-delay caps were fired (table 6).

EReference to specific trade names is made for identification only and does
not imply endorsement by the Bureau of Mines.
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TABLE 6. - Description of test rounds
Shot Description No. of |Charge weight| Explosive type
No. holes | Lb Kg
1 [0-delay portion of 2 6.8] 3.1 {Gelamite 2.
burn cut.
2 do ..o 2 6.8 3.1 Do.
3 |Perimeter holes fired 12 36.6 | 16.6 Do.
| with instantaneous
caps.
4 |0-delay portion of 2 7.51 3.4 Do.
burn cut.
T do.vevenn... 1 3.7 1.7 Do.
6 .o do.v.evinnnn 3 11.2 5.1 Do.
700, do..ovvenn 1 3.4 1.5 |Hercon 2.
8 |Perimeter holes from 4 15.1 6.8 Do.
shot No. 7 fired
instantaneously.
9 |Perimeter holes fired 6 19.7 9.0 Do.
instantaneously.
10 |[Crater cut at center 6 18.7 8.5 Do.
of face, fired
instantaneously. .
11 |Perimeter holes fired| 14 47.0 | 21.4 Do.
instantaneously.
12 |0-delay portion of 1 4.1 1.9 |Gelamite 2.
burn cut.
13 |Perimeter holes fired| 17 73.4 | 33.3 |Hercon 2--56.7 1b (25.7 kg).
with instantaneous Gelamite 2--16.7 1b (7.6 kg).
caps and Primacord. .

EXPERIMENTAL DATA

Vibration records of particle velocity as a function of time were
obtained for the 13 blasts described in table 6. Typical records are shown in
figure 5. The record for shot No. 4 (7.5 1b (3.4 kg)) represents the vertical
component of the vibrations recorded at gage station No. 3 for the zero-delay
portion of the burn cut. The illustrated vibration record from shot No. 13
(73.4 1b (33.3 kg)) was also obtained at station No. 3 and was produced by the
instantaneous detonation of the perimeter holes.

Most of the normal tunnel blast rounds included up to 11 periods of slow
delays. Because the time interval between successive delays was long enough
that the holes fired by the later delay periods produced separate bursts of
vibrations later on the record, the charge weight fired by the zero-delay caps
and not the total charge weight of the blasting round was used in all
calculations.

Maximum peak particle velocity for each gage station was measured regard-
less of frequency or where it occurred on the record. The frequency of the
pulse associated with the maximum peak particle velocity was also determined.
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0.27 in/secl0.68%1G°m/sec)

Shot No. 4

Weight 7.5 1b (3.4 kg)
Gage station No.3
Distance 162 ft (49 m)

Shot No. 3

Weight 73.4 1b (33.3 kg)
Gage station No. 3
Distance 84 ft (26 m)

1.63 in/sec (4.14x10 2 m/sec)

ol,tn of a secon
FIGURE 5. - Typical Vibration Records.

Table 7 contains the measured particle velocities and frequencies for the lin
ear array gage statioms, 1 through 12. Particle velocities for the linear
array stations ranged from 0.003 to 2.2 in/sec (0.008 X 107 to 5.6 X 107
m/sec), and frequencies ranged from 90 to 640 Hz.

TABLE 7. - NORAD particle velocity data

Distance Scaled distance Maximum peak Frequency of
particle velocity maximum velocity
Ft | m Ft/16t /3 | m/kel/s In/sec | 10-2 m/sec Az
SHOT NO. 1 CHARGE WEIGHT 6.8 LB (3.1 kg)

167 51 88.3 35.0 0.084 0.21 270

169 52 89.4 35.5 .065 .17 270

192 59 102 40.5 .10 .25 270

211 64 112 L 4 .031 .079 400

231 70 122 48.4 .016 .041 ' 230

253 77 134 53.2 .0063 .016 230

290 88 153 60.7 .016 041 270

316 96 167 66.2 .010 .025 230

337 103 178 70.6 .0093 .024 230




TABLE 7. - NORAD particle velocity data--Continued

Distance Scaled distance Maximum peak Frequency of
particle velocity maximum velocity,
Ft | m Ft/1b: /3 | m/kg /3 In/sec | 10-2 m/sec Hz
SHOT NO. 1 CHARGE WEIGHT 6.8 1B (3.1 kg)--Continued
372 113 197 78.2 0.011 0.028 540
410 125 217 86.1 .0047 .012 230
504 154 267 106 s0047 .012 200
SHOT NO. 2 CHARGE WEIGHT 6.8 LB (3.1 kg)
199 61 105 41.7 0.058 0.15 160
218 66 115 45.6 .050 .13 160
241 74 128 50.8 .034 .086 180
277 84 147 58.3 .048 .12 160
304 93 161 63.9 .028 .071 160
325 99 172 68.2 .023 .058 150
360 110 190 75.4 .028 071 130
398 121 211 83.8 .017 .043 110
492 150 260 103 .015 .038 110
SHOT NO. 3 CHARGE WEIGHT 36.6 LB (16.6 kg)
154 47 46.3 18.4 0.65 1.65 200
156 48 46.9 18.6 .29 .74 180
179 55 53.9 21.4 .52 1.32 200
199 61 59.9 23.8 .15 .38 260
218 66 65.6 26.0 .069 .18 160
241 74 72.5 28.8 .073 .19 230
277 84 83.4 33.1 .071 .18 180
304 93 91.5 36.3 .046 .12 230
325 99 97.8 38.8 .041 .10 230
360 110 108 42.8 .052 .13 200
398 121 120 47.6 .028 .071 180
492 | 150 148 58.7 .014 .036 150
SHOT NO. 4 CHARGE WEIGHT 7.5 LB (3.4 kg)
137 42 69.8 27.7 0.34 0.86 200
139 42 70.9 28.1 .19 .48 230
162 49 82.6 32.8 .27 .68 180
182 56 92.8 36.8 .074 .19 270
201 61 103 40.9 .054 .14 270
224 68 114 45.2 . 044 .11 180
261 80 133 52.8 .054 .14 200
287 38 146 58.0 .031 .079 180
308 94 157 62.3 .031 .079 160
343 105 175 59.4 .026 .066 160
381 116 194 77.0 .012 .030 200
475 145 242 96.0 .012 .030 110
SHOT NO. 5 CHARGE WEIGHT 3.7 LB (1.7 kg)
125 38 80.6 32.0 0.20 0.51 230
127 39 81.9 32.5 .15 .38 270
150 46 96.7 38.4 .069 .18 160
170 52 110 43.6 . 047 .12 300
190 58 123 48.8 .046 .12 270




TABLE 7. - NORAD particle velocity data--Continued
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Distance Scaled distance Maximum peak Frequency of

particle velocity maximum veloecity,

Ft | m Ft/1b* /3 | m/ke /3 In/sec | 1072 m/sec Hz

SHOT NO. 5 CHARGE WEIGHT 3.7 IB (1.7 kg)--Continued

212 65 137 54.3 0.020 0.051 110
249 76 161 63.9 .029 074 180
275 84 177 70.2 .013 .033 180
296 90 191 75.8 .0085 .022 200
331 101 214 85.0 .0077 .020 200
369 113 238 94.4 . 0050 .013 150
463 141 299 119 .0039 .010 120

SHOT NO. 6 CHARGE WEIGHT 11.2 1B (5.1 kg
112 34 50.0 19.8 0.40 1.02 230
114 35 50.8 20.2 .35 .89 270
137 42 61.1 24.2 .40 1.02 230
158 48 70.5 28.0 .12 .30 320
177 54 79.0 31.3 .066 17 400
199 61 88.8 35.2 . 044 .11 320

SHOT NO. 7 CHARGE WEIGHT 3.4 IB (1.5 k&)

77 23 51.3 20.4 0.51 1.30 640
102 31 68.0 27.0 .23 .58 370
142 43 94.6 37.6 .070 .18 340
201 61 134 53.2 .033 . 084 230
248 76 165 65.5 .021 .053 310
321 98 214 84.9 . 0081 .021 210

SHOT NO. 8 CHARGE WEIGHT 15.1 1B (6.8 ke

77 23 31.1 12.3 0.41 1.04 540
102 31 41.2 16.3 .23 .58 270
142 43 57.4 22.8 11 .28 400
201 61 81.3 32.3 .058 .15 160
248 76 100 39.7 .034 .086 130
321 98 130 51.6 .016 041 100

SHOT NO. 9 CHARGE WEIGHT 19.7 LB (9.0 kg

71 22 26.2 10.4 0.68 1.73 320

96 29 35.5 4.1 .34 .86 230
136 41 50.3 20.0 .10 .25 320
195 59 72.2 28.6 .12 .30 140
242 74 89.6 35.5 .042 .11 200
315 96 117 46.4 .025 .063 140

SHOT NO. 10 CHARGE WEIGHT 18.7 LB (8.5 kg

66 20 24.9 9.88 0.17 0.43 320

69 21 26.0 10.3 .32 .81 320

90 27 33.9 13.4 .33 .84 230
113 34 42.6 16.9 .21 .53 320
130 40 49.0 19.4 .10 .25 400
152 46 57.3 22.7 .083 .21 160
189 58 71.3 28.3 . 048 .12 290
215 66 8l.1 32.2 .052 .13 320
236 72 89.0 35.3 . 045 .11 200
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TABLE 7. -~ NORAD particle velocity data--Continued

Distance Scaled distance Maximum peak Frequency of
particle velocity maximum velocity,
Ft l m Ft/1bt /3 | m/kgl /3 In/sec | 10-2 m/sec Hz
SHOT NO. 10 CHARGE WEIGHT 18.7 1B (8.5 kg)--Continued
271 83 102 40.5 0.036 0.091 110
309 94 117 46.4 014 .036 90
403 123 151 59.9 . 0089 .023 130
SHOT NO. 11 CHARGE WEIGHT 47.0 1B (21.4 kg)
66 20 18.2 7.22 1.00 2.54 160
69 21 19.1 7.58 1.42 3.61 230
90 27 - 24.9 9.88 .66 1.68 320
113 34 31.3 12.4 42 1.07 270
130 40 36.0 14.3 .29 .74 200
152 46 42.1 16.7 .22 .56 160
189 58 52.3 20.7 .15 .38 150
215 66 59.5 23.6 .15 .38 140
236 72 65.3 25.9 .059 .15 140
271 83 75.0 29.8 .087 .22 120
309 9% 85.5 33.9 .035 .089 110
403 123 112 44 .4 .023 .058 130
SHOT NO. 12 CHARGE WEIGHT 4.1 LB (1.9 kg
60 18 37.5 14.9 0.19 0.48 400
64 20 40.0 15.9 .20 .51 540
84 26 52.5 - 20.8 .17 .43 400
107 33 66.4 26.3 .12 .30 400
124 38 77.5 30.7 .047 .12 400
146 45 91.2 36.2 .039 .099 320
183 56 114 45.2 .023 .058 320
209 64 131 52.0 .011 .028 260
230 70 144 57.1 .013 .033 320
265 81 166 65.9 .019 .048 400
303 92 189 75.0 .0045 .011 200
397 121 248 98.4 .0034 .0086 270
SHOT NO. 13 CHARGE WEIGHT 73.4 1B (33.3 kg)
60 18 14.3 5.67 2.20 5.59 230
64 .20 15.3 6.07 2.23 5.66 200
84 26 20.0 7.93 1.63 4. 14 320
107 33 25.5 10.1 1.18 3.00 230
124 38 29.6 11.7 .48 1.22 200
146 45 34.9 13.8 .51 1.30 130
183 56 43.7 17.3 .31 .79 150
209 64 50.0 19.8 .35 .89 130
230 70 55.0 21.8 .17 .43 90
265 81 63.3 25.1 .22 .56 120
303 92 72.4 28.7 .11 .28 100
397 121 94.9 37.6 .063 .16 100
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ANALYSIS OF DATA AND DISCUSSION

Through study of ground vibrations from quarry blasts (11) the Bureau has
determined that the peak particle velocity V of each component of ground '
motion can be related to distance D and charge weight per delay W by an equa-

tion of the form
- K <D >—n
vV = wb 3 (1)

where the unknown coefficients are K, the velocity intercept at unit scaled
distance; b, the scaling exponent; and n, the decay exponent. The effect of
the charge weight on the amplitude of the peak particle velocity data from the
quarry blasts was removed by scaling the distance by the square root of the
charge weight (that is, b = 1/2). Although cube-root scaling is supported by
dimensional analysis, the Bureau has found no reduction in the spread of the
quarry blast data when cube-root scaling was used. Square-root scaling is
therefore recommended for designing safe quarry blasts.

The Bureau experiments at White Pine (15, 18) also demonstrated that
square-root rather than cube-root scaling was appropriate for removing the
effect of varying charge weight of mine production blasts.

Because the geometrical configurations for the openings and the blast
rounds for the NORAD tests were gsignificantly different from those at either
White Pine or Shullsburg, the Bureau performed a statistical analysis on the
NORAD vibration data to determine whether square-root or cube-root scaling
would be an effective way to remove the effect of the charge weight on the
peak particle velocity.

Another way of stating the relationship in equation 1 is that V is & ran
dom variable whose theoretical value is given by equation 1. Equation 1 can
also be written in the linear form

vo =A + B log D + C log W, 2

where A = log K, B = -n, C = bn, and ¥ = log V is a random variable deviating
from y, by an error term.

The usual assumptions used in analysis of variance are that Y is normall
distributed within the ranges of expectation given by ¥ in equation 2, that
constant variance exists independent of the distance and the shot, and that
the sample values are independently distributed. The original observations 1}
obviously had variances that increased with the mean. However, the log trant
formation Y stabilizes these variances.
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The following hypotheses were considered in the analysis. The indices i

and j denote the jth measurement of (D, W, V) for the i*® shot where

i=1, ..., 13, i =1, . J (i), and J (i) is the number of data points for
shot 1i.

G Y;5 = A+ B log Dyy + C log Wy

B : Y55 =A+ 3B (log Dyy; - 1/3 log W)

Hy Y;; = A+ B (log Dyy - 1/2 log W ).

Hypotheses H, and H, were tested against the alternative G to determine
whether the data could be scaled by either of the exponents 1/3 or 1/2. The
value of Fl’lge for testing H; against G was 1.15. The value of Flslze for
testing Hy against G was 34.95, which is statistically very significant,
demonstrating that the scaling exponent b 1/3 fits the data well, whereas
the scaling exponent b = 1/2 does not adequately fit the data. The usual anal-
ysis of variance for these hypotheses is given in table 8. The error sum of
squares is calculated from the general hypothesis G.

TABLE 8. - Analysis of variance
Source Sum of | Degrees of | Mean F-ratio
squares freedom square
Hyovvvonnnn 0.063 1 0.063 1.15
2 1.908 1 1.908 34.95
Error....... 6.877 126 .055 -

The estimated values of the coefficients and their

least-squares standard
errors are listed in tables 9. and 10.

TABLE 9. - Estimated values of coefficients
Hypothesis A B C
H ovoreerenonnnannnanns 2.7501 -2.041 -
3 1.795] -1.708 -
Glo e v oo oo o soseessas . 2.936{ -2.100 | 0.635
TABIE 10. - Least-squares standard errors of coefficients®
Hypothesis Standard Standard | Standard
error of B | error of C |error of v
2 0.071 - 0.234
Hooovvovonnnnnnns . .068 - .263
[ e s se e seaeses .090 0.048 .234

iCovariance between B and C under G = 0.035.
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An approximate confidence interval for the scaling exponent b can be
obtained by using the asymptotic distribution of

A A
p=-%&
A!
B
A A
where B and C are the least-squares estimates of B and C under hypothesis G.
A A
= ( %11 912 . : B :
Let ¥ = be the covariance matrix of . Then b is asymp-
Oz1 Ozz2 é

totically normal with mean b and variance given by (V b) £(V b), where Vb is
the gradient of b with respect to (B,C):

NEEEIED
Vb = -1/ ./ - 1./
A
Hence, denoting the variance of b by o, we have

o8 = B® (b%0;, + 2bOjp + Oz2).

The actual value of && can be estimated from the least-squares estimates
of B, C, and ¥ under the hypotheses listed in tables 9 and 10. This estimated

value was found to be o, = 0.0277. A c%gfidence ipterval\yith confidence
coefficient @ can be approximated by \b - Opx,, b + ogxd/) where

P (leéi%é> = o, and Z is a standardized normally distributed random variable.

A .
Because b = 0.303 and %, g5 = 1.96, a 95-percent confidence interval for b is
0.249<b<0.357. ’

Because the analysis of variance had shown that cube-root scaling was
more appropriate for grouping the vibrations from the NORAD blasts, all the
data points were scaled by dividing the distance by the cube root of the
charge weight. Figure 6 shows the least-squares regression lines representing
the data from each of the 13 shots. The vertical bar through the midpoint of
the regression line represents one standard deviation of the scaled data above
and below the line. Table 11 contains the intercepts K and the slopes n for
the individual regression lines.

Because an empirical propagation equation was needed to predict vibration
amplitudes from the larger production blasts planned for expanding the explora-
tory drift into a chamber, the vibration data shown in figure 6 were combined.
The equation for the least-squares line through the combined data is

6 < D >—2.04
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where D is the distance in feet, W is the charge weight per delay in pounds,
and V is the peak particle velocity in inches per second. In SI units the
equation becomes

-2 .04

v=2.15<wf/3> ,

where D is the distance in meters, W is the charge weight in kilograms, and V
is the peak particle velocity in meters per second. Figure 7 shows the
least-squares line through the combined NORAD data from the 13 shots. The
vertical bar through the midpoint of the regression line represents one
standard deviation of the scaled data above and below the line.

TABLE 11. - Least-squares coefficients for the individual
regression lines--NORAD shots 1-13

Shot No. Charge weight Intercept, K Slope, Standard Data
Lb Kg - In/sec 1072 m/sec -n deviation® | points

1 6.8 3.1 11,000 28 000 -2.69 0.231 - 12
2 6.8 3.1 62 160 -1.50 .082 9
3 36.6| 16.6 28,000 71 000 -2.91 .185 12
4 7.5 3.4 15,000 38 000 -2.60 . 157 12
5 3.7 1.7 70,000 180 000 -2.98 .119 12
6 11.2 5.1 2,500,000 6 400 000 -3.96 .155 6
7 3.4 1.5 33,000 84 000 -2.82 .060 6
8 15.1 6.8 870 2 200 -2.21 041 6
9 19.7 9.0 610 1 500 -2.11 . 149 6
10 18.7 8.5 140 360 -1.85 .170 12
11 47.0| 21.4 710 1 800 -2.17 .107 12
12 4.1 1.9 970 2 500 -2.26 .158 12
13 73.4| 33.3 390 990 -1.88 .102 12

Combined - - 560 215 -2.04 .234 129

1log value.

During the subsequent expansion of the exploratory drift into a chamber,
the Corps of Engineers used the prediction equation to help design blast
rounds that would not generate excessive vibration levels.
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CONCLUSTONS

Previous Bureau studies of ground vibrations from open pit blasting (11)
and of roof vibrations from underground mine blasts (15, 18) have demonstrated
that the effect of the charge weight on the amplitude of the vibrations can be
removed by scaling the distance by a factor (b), which was shown to be the
square root of the charge weight. The analysis of variance performed on the
peak particle velocity data from the blasts used to excavate the exploratory
drift at NORAD showed that dividing the distance by the cube root rather than
the square root of the charge weight removed the effect of the charge weight
per delay on the vibration amplitudes. The 95-percent confidence interval for
the scaling exponent b for the NORAD data was 0.249<b < 0.357.

The empirical equation, V = 560 (D/Wl/a)'2'°4, was obtained from the
least-squares line through the combined NORAD vibration data. The equation
provides an estimate of the peak particle velocities in inches per second
generated by tunnel blasts in the Pikes Peak Granite of the NORAD site.

The results of the NORAD experiments, that cube-root scaling is more
appropriate than square-root scaling for removing the effect of charge weight
on ground vibrations, indicate that more data are needed to determine which
factor should be used to design underground blasts with safe vibration levels.
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