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STRUCTURE RESPONSE AND DAMAGE PRODUCED BY AIRBLAST
FROM SURFACE MINING

by

David E. Siskind, 1 Virgil J. Stachurg, ! Mark S, Stagg, 2 and John W, Kopp?

ABSTRACT

The Bureau of Mines studied airblast from surface mining to assess its
damage and annoyance potential, and to determine safe levels and appropriate
measurement techniques. Research results obtained from direct measurements
of airblast-produced structure responses, damage, and analysis of Iinstrument
characteristics were combined with studies of sonic booms and human response
to transient overpressures. Safe levels of airblast were found to be 134 dBL
(0.1 Hz), 133 dBL (2 Hz), 129 dBL (6 Hz), and 105 dB C~slow. These four air-
blast levels and measurement methods are equivalent in terms of structure
response, and any one could be used as a safe-level criterion. Of the four
methods, only the 0,1-Hz high~-pass linear method accurately measures the total
airblast energy present; however, the other three were found to adequately
quantify the structure response and also represent techniques that are readily
available to industry. Where a single airblast measuring system must be used,
the 2-Hz linear peak regponse is the best overall compromise. The human
response and annoyance problem from airblast is probably caused primarily by
wall rattling and the resulting secondary noises. Although these will not
entirely be precluded by the recommended levels, they are low enough to pre-
clude damage to residential structures and any possible human injury over the
long term.

INTRODUCTION

Airblast, like ground vibrations, is an undesirable side effect of the use
of explosives to fragment rock for mining, quarrying, and excavation., Blasts
at large surface mines and quarries can produce noticeable airblasts at large
distances, particularly when weather conditions are favorable for propagation.
Because of these variations in propagation, and the strong relationship between
blast confinement and airblast character and levels, prediction and control are
often more difficult for airblast than for such other adverse blast effects as
ground vibrations, dust, and fumes, -

LGeophysicist.,
2 A ]
Civil engineer.
3M:i.ning engineer,
All authors are with the Twin Cities Research Center, Bureau of Mines, Twin
Cities, Minn.
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FIGURE 1. - Occupied residences near an operating surface mine.

This report summarizes research by the Bureau of Mines on airblast effects
on residential structures. Discussed is research by the Bureau and other
institutions on ground vibration response and damage, human response, sonic
booms, airblast generation and propagation, and instrumentation as they apply
directly to the airblast-tolerance problem. Reports are being prepared on
blast~vibration generation and propagation, ground vibration damage, and
instrumentation methodology, and while work is continuing on many other aspects
of the blasting problem including blast design and human annoyance,

Research in areas related to airblast was also analyzed-specifically,
sonic booms and human response to transient overpressures. Most of this work
is in general agreement with the Bureau's results; however, it was mainly
supportive data because of characteristic differences in the sources and their
resulting effects,

An understanding of how residential structures respond to airblast and
the airblast characteristics most closely related to this response will enable
blasts to be designed to minimize these adverse effects, The mining industry
needs not only appropriate design levels for blast effects, but also practical
techniques to attain these levels. At the same time, environmental agencies
responsible for blasting control and noise abatement must be provided with

ey



reasonable, appropriate, and technologically established and supportable cri-
teria on which to base their regulations. Finally, neighbors around mines and
other blasting operations require protection of their health and property
(fig. 1).
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ATIRBLAST CHARACTERISTICS

Causes of Airblast

Airblast is an impulsive sound generated by an explosive blast and result-
ing rock fragmentation and movement. Four causes of alrblast overpressures
are generally recognized: (1) direct rock displacement at the face or mounding
at the blasthole collar, (2) vibrating ground, (3) gas escaping from the det-
onating explosive through the fractured rock, and (4) gas escaping from the
blown~out stemming. Wiss labels these four contributions to the total airblast
(1) air pressure pulse (APP), (2) rock pressure pulse (RPP), (3) gas release
pulse (GRP), and (4) stemming release pulse (SRP) (§§)4. Their characteristics
have been described in various other studies (53, 58, 83). The GRP is also
termed the gas vent pulse (58).

The air pressure pulse (APP) will dominate in a properly designed blast,
and will only be absent for cases of total confinement (that is, underground
blasts). Each blasthole acts as an APP source, Close-in or front-of-face
airblast measurements with wide-band systems usually detect a series of APP
pulses corresponding in time to the interval between the top decks or front-row
holes. At large distances or behind the face, dispersion and refraction mask
the individual pulses and the blast timing becomes less evident. The time
histories then lose their APP spikes and assoclated high frequencies.

The rock pressure pulse (RPP) is theoretically generated by the vertical
components of the ground vibration summed over all the area, which acts as a

large vibrating piston. A simple relationship was found by Wiss (53, 83)
between RPP and the vertical ground vibration V,:

“Underlined numbers in parentheses refer to items in the list of references
preceding the appendixes.




RPP = 0.0015 V,,

with RPP in pounds per square inch (lb/in?) and Vy in inches per second (in/
sec). Normally, RPP has the least amplitude of the airblast components; how-
ever, it is typically of higher frequency (identical to the V, which spawns
it), and enables us to predict the minimum airblagt level expected (for
example, 1.0 in/sec Vy will generate 0.0015 lb/in?, or 114 dB-peak). It
arrives at the receiver simultaneously with the ground vibration and prior to
APP,

The gas release pulse (GRP) and stemming release pulse (SRP) are the most
undesirable and theoretically controllable parts of the airblast, since they
involve the blast design variables of stemming, spacing, burden, and detonation
velocity. SRP and/or GRP result from a blowout and appear as a spike or series
of spikes superimposed on the APP. Because they have rise times of only a few
milliseconds, they are rich in unwanted high-frequency airblast energy. Snell
(58) reports that simply the use of an AN-FO explosive contributes to the
irregular occurrence of SRP because of its slow detonation. Other conditions
that may contribute to this effect are small-diameter holes (lower detonation
velocities), wet holes, long columns, and high propagation velocities of the
rock, Consequently, SRP would be more of a potential problem for quarries
than coal strip mines, Figure 2 shows a coal mine production blast soon after

FIGURE 2. - A production blast in a surface coal mine.




initiation. The mounding which produces APP energy and the stemming plume are
both visible, signifying that less than total confinement was obtained.

Surface detonating cord is a potential source of high-frequency airblast,
and at small to moderate distances may be the dominant source. It is easily
controlled by increasing the ground cover, and its effects diminish with
distance.

Alrblast Types Observed In Mining

Airblasts from surface mines have been classified according to their
frequency character (53). Figure 3 shows the time history and spectra of a
type 1 airblast which has prominent APP pulses resulting from almost line-of-
slght propagation conditions, and exhibits a 15-Hz spectral peak corresponding
to the 60-msec separation betwen hole detonations. This 15-Hz peak in the
spectra is not the largest, but it is the most important in terms of its
noticeability and effects on structures. The magnitude of the APP peaks is a
fundamental result of the rock fragmentation process, and cannot be appreclably
reduced., However, the delay interval and the resulting airblast frequency are
part of the blast design and can be controlled. A type 2 airblast is shown in
figure 4, with the APP pulses spread out into a single, very-low-frequency
overpressure. This type of airblast typically occurs at large distances and
behind the rock face, For quarries, APP pulses are produced by rock movement
directly away from, and in front of, the face. The relatively high frequency
airblast energy represented by the APP spikes cannot readlly diffract behind
and around obstacles, including the face itself. Consequently, type 1 air-
blasts are typically encountered in front of the face, and type 2, behind,

An exception to this noted by Stachura (61) involved a high face across the
pit from the blast., The face served as a simultaneous reflector and high-pass
filter and returned the APP pulses as a ghost type 1 airblast., For coal mine
highwall shots in area strip mines, where little or no rock displacement
occurs, the heaving of the bench at the collar of each hole generates some
APP, which should not be as horigontally directional as it is in contour mines
or quarries. For all blasts, the alr is a dispersive and selectively absorp=-
tive medium for sound transmission., The high frequencies are attentuated at
a higher rate, and all airblasts become similar to type 2 at large distances.

The time history and spectra of a coal mine highwall shot producing a
blowout and significant SRP appear in figure 5., This sharp pulse caused a
large structural response and a high level of sound., Theoretically, blasts can
be designed to prevent the generation of SRP and GRP; however, the natural
variability of the blasted material (mainly, its nonhomogeneity and anisotropic
character) makes it impossible to control SRP at all times.

Small blasts such as those used in construction and coal-mine-parting
shots are particularly troublesome, not only for the high levels of airblast
they can produce, but also because they are of high frequency (as much as
5-25 Hz compared with the usual 0,5-1.5 Hz). Obtaining sufficient confinement
is the usual problem with these shots,
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Unconfined Blasts

Even more serious than poorly confined blasts is the problem of totally
unconfined blasts exemplified by artillery, open-air detonations, uncovered
surface detonating cord, and explosive testing. These produce high-frequency
airblast and the highest levels per amount of explosive. Studies of the
effects of unconfined airblast cannot readily be applied to the mining airblast
problem, except possibly to provide a worst case or, when unconfined blasts are
observed at large distances, to simulate confined blasts (58). These studies
are discussed in the "Human Tolerance' section.

Sonic Booms

A typical sonic boom time history (N-wave) and spectra are shown in fig-
ure 6 (86). Considerable work has been done on the damage from and response
of structures and humans to sonic booms., With caution, these results can be
applied to the blasting problem.

The period of a sonlc boom depends on the aircraft size and ranges from
75 msec for an F-104 to 206 msec for an XB-70. The spectrum is smoother than
an airblast and like it contains much low-frequency energy. Sonic booms do not
have isolated frequency spikes as do SRP and APP, and probably should not be
directly equated in effect to type 1 or blowout-dominated airblasts. Most
gonic boom spectra drop off at 12 dB per octave in pressure from the spectral
peak, which can be roughly determined by inverting the N~wave duration and
typically ranges between 4 and 11 Hz,

MEASUREMENT AND INSTRUMENTATION

Airblast is a transient time-varying overpressure, which can be expressed
in any units of pressure. Various types of studies have specified pounds per
square foot, pounds per square inch, millibars, and Newtons per square meter,
and various expressions of relative sound levels, in decibels (dB). An equiv-
alence and conversion chart for overpressure units is shown in figure 7.

Sound Pressure Levels

Shown in figure 7 is a line representing the sound pressure level (L;)
defined by the standardized relationship:
P
L, = 20 logy, e
where P, is the reference pressure of 20 x 10°° N/m° or 2.9 x 107° 1b/in° 5,
38, 61). Airblast time histories (figs. 3-6) plot pressure versus time wit
amplitudes proportional to changes around the zero line (ambient pressure).
The measurement of sound is a co?Plex subject involving factors of weighting
(filtering), short-term integrations (fast or slow), long-term averaging
(Lan ), root mean square (RMS), impulse and peak values, and a multitude of

special descriptors (5, 38, 48, 53, 60, 70). Stachura (6l) describes these
measurement factors as they pertain to airblast,
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FIGURE 8. - Instrumentation for measuring airblasts.

Survey Instrumentation

The measurement and recording systems used for the Bureau of Mines air-
blast studies have been described in interim reports (54, 55). Low-frequency
pressure transducers of 0.1- to 380-Hz response were used in 7- and 14 channel
FM recording systems (figs. 8-9). From these "ultralinear'" airblast time
histories, other '"'linear'" measurements were generated by appropriate filtering.
The 0.1-Hz low-frequency response was required for research purposes to measure
accurately the 1-Hz energy often present in the airblasts (8, 53, 56). The
high-frequency response of the measuring system could be a problem for some
sources (detonating cord, SRP), although in practice, only a 200-Hz response
is required (23). The 0.l-Hz airblast time histories were processed by play-
back through various analysis systems (including the filtering networks of
standard sound-level meters,) and then correlated with measured structure
responses. Supplementing these values were dlrect measurements using a 0.1-
8,000-Hz sonic boom measuring system (B&K 2631)° and sound level meters giving

SReference to specific brand names is made for identification only and does
not imply endorsement by the Bureau of Mines.
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2~Hz, 5-Hz, 6-Hz linear, and C-weighted-slow values. The analyses are further
described in the section on processing airblast time histories, and algo in
Stachura's report (61).

Structure responses and ground motions were measured by direct~reading
velocity gages of 2.5~ and 4.75-Hz natural frequencies (Vibra-Metrics 120 and
124) with flat frequency responses of 3-500 Hz and 5-2,000 Hz (-3 dB), respec-
tively (62).

The airblast measuring instruments and their application (table 1) are
discussed in other reports (5, 38, 54, 61). It is often convenient to measure
airblast with blasting seismographs, most of which have an airblast channel
as well as three components of ground vibration. They typically give permanent
film or paper records, but often limit the choices of weighting, integrating
times, and frequency ranges. Stagg (62) and Stachura (61) describe these
systems, many of which have been frequency-calibrated by the Bureau of Mines,
Two of the devices in table 1 are not complete systems, but transducers which
require some type of recorder (B&K 2631l and Validyne DP-7). Two are impulse-
precision sound level meters with multi-function capability (B&K 2209 and
GenRad 1933). Permanent records can be obtained by using a suitable recorder
on their outputs; however, the sound level meters give only numerical readings.
The B&K 2209 has a "hold" capability which greatly facilitates the reading of
transients. The acoustic monitor (Dallas AR-2) is designed for long~term
unattended recording. The ultralinear system is the only one which accurately
measures the true waveform, and should be used wherever later processing is
required.
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TABLE 1., - Airblast-measurement systems

Time Perma- Frequency
Quantities history nent response Welght
Name measured Qutput capa~ record (t 3dB)., 15 Notes
bility capa~ linear or
bility flat getting
Briel and A-, B-, C- Direct sound= | NOsssesaveavse |NOvesunasvasss | With4145 (1= 6 Sound~-level
Kjaer 2209. welghted level-read- in) micro- meter, hold

rRMS; flat, ings and phone, itis capablility
peak, and voltage. 2 Hz~18kHz on meter,
impulse; or 6 Hz-18 battery
fast and kHz select~ operatilon.
slow response ablej with

4165 (%«1in)

microphone,

it is 3.5 Hz-

20 kHz or 5.5

Hz-20 kHz

selectable.

GenRad 1933, [A-, B-, C- erreedOiiencs | NOvavsusnonose |NOwuusanneasss |With 1961~ 5.5 Sound-level
weighted 9601 (1-in) meter, does
RMS; flat, microphone, not hold peak
peak, and 5 Hz-~12 kHz; readings,
impulse; with 1962- battery,
fast and 9601 (%-1in) operation,
slow response; microphone,
octave band 5 Hz-19 kHz.
“ levels (10).
Bruel and Qverpressures, |Voltage pro- Yes, whenused |Yes,whenused |With 4146 (1~ 4.3 Sonic boom sys-
Kjaer 2631. portional with ancillary | with ancillary| in) micro- tem, Recording
to pressure. recorder. recorder. phone; 0,1 device is required
- Hz~8 kHz. {oscilloscope,
oscillograph,
tape recorder).

Validyne DP-7 [OverpressureS.|.cces d0cseas vevss@0errnees |oensedo.aa.. | Selectable 3.3 Do.
pressure low fre-
gage with quency to
CD~16 car- 380 Hz.
rier demodu~
lator,

Dallas Instru~ jA~, B~, C- Bar graph, NOuessonseooas |Yes.uouuoaoaes | 5Hz-8kHz, 23 30-day recording
ments AR~2 welghted not printed. monitor. Runs
acoustic RMS: flat 5-7 days on inter-
monitor, and peak; nal battery, 1-2
slow response.| slow response months on 12-volt

automotive
battery.

£T
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TEST STRUCTURES

A total of 56 different structures were studied for airblast and ground
vibration response and damage (table 2), All were houses, except No. 54, which
was a mobile home. 1In addition, structures 13, 15, 16, and 50 were somewhat
larger than single-family residences. Some structures (19 and 20) were studied
for a variety of blasts, highwalls, parting, and surface, The response of
structures l-6 were described in an earlier study (55). Of the 56 structures,
only 17 had significant and identifiable levels of airblast response (figs. 10~
24). In many cases, the blasting did not result in high airblast levels and/or
high~frequency airblasts. Measurements were generally made near the blasts
since ground vibration were also being sought. Time separation between the
ground vibration and the airblast was not always sufficient to identify the
latter response. The coal-mine-parting and quarry shots usually produced good
airblast data, as did the coal highwall shots with long delay intervals.
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TABLE 2. - Test structurcs and their measured dynamic properties

[ ——— T
e e [Dimenslons , feet Coastruction Total structure Midwall | [
. | ber [ Plan Exterior [Iaterior Hatural Damping, | Natoral [Damp- Shot Alr-
wa of dimev~ |Overasll| Supevstructure covering  covering Foundation |frequency, pot frequency,| ing, nubers blast
T cto- | slons, |height Z Hz pct {table 3} response
vies | NS x EW N-S | E-W N-S | E-W
T 22 x 30 14 Wood £rame....... |Wood Gypsum Full 16 13,14,17, X
siding. wall- bagement, 18
board,
+ 1 30 x 70 14 Hasonry and wood. |Stune,.. oedOain sdoLiiaa. 1 15
3 l1-1/2] 35 x 35 | 16 |Wood frame....... |Brick eedoaa.. JOT: T 13 16
and
wood,
W 12 30 x 40 | 22 |.iiii80uiiianisa. |Hood vud0.es. | Full 8.2 2.0 19,22 17,18 X
siding. basement,
5 |2 40 x 40 22 weres@0icaaverves |Brick enl@00ss. Parecial 19 139
and basement,
wood
siding,
6 |1 40 x 40 | 14 veent80aausiasans |VWood c.d0.e%. | Full 4a9.6 a2 19
siding. basement,
7 1 48 x 25 15 ceeenlOsaacivasas |Ashestos v «8Cuaus PR 1. PO 33
siding.
s |2 15 x 10 12 vress80si0isensss |Wood vadoe, ., Conerete 33
siding. slab.
g |1 6l x 29 14 eveselOuassinanee Luedoaaiaen o doa,.. Full kA
basement,
10 2 46 x 29 22 worsxlO0unssseses |ASPhalt Plaster. Y- - SO 33
: sheathing,
1 12 26 x 32 a0 rassd0uiniasaues |Masonite Gypsum 4280y naen 38 35
siding, wall-
board.
12 Ji-1/2f 27 x 36 | 20 wreredOuransnasea | Cedar wedOuy oy - - 25 35 X
shakes,
13 1 34 x 1001 16 vsess800auwasnees | Brick PN [ DR Slab and 35
and crawl-
gtucco, space
14 1-1/2} 35 g 35 23 ersaedtuaisinneea | Hoad eadogun, Full 10.4 6.5 14 36,38 X
siding. basement,
5 1 125 x 23 12 Steel frame....., |Steel,,ase |..d0s.es Concrete 5.6 2.8 17 36,38
slab,
16 1 80 x 80 17 Brick R 1> PR Full 8.3 36
and basement.
stucco.
17 {1-1/2) 19 x 40 20 Wood frame....... |Wood P - PN POL. L 5] 8,6 |4.5 6.7 |18 37,146
shingles,
18 |1 44 x 28 13 cressd0iivansarse | WOOd P L P Pillars in| B.8{ 8.0 2.3 |4.3 11L.4 37,146
siding. dirt,
19 |2 33 x 35 | 26 |.iaesd0uiciianiess |Wood Plaster Partial 4,11 3.9 |3.5 [7.0 | 13,17 4.5, | 39-48, X
siding, and basement. 5.1 59-86
lathe.
20 |1-1/2f 39 x 29 21 ereesdOuiiaiiiase | 0adOiiive. [Gypsun Full | 8,3} 7.6 |3.0 {3.6 |20 EI9Y 42-58 X
wall- basement,
board.
21 |1 48 x 28 15 eseesG0uiaiaanres [aetdOaaeaas [o0d0esee adOaaiaes | BLO) 6.4 12,9 |3.3 | 13,4, 2.9, 97-102 X
14.5 2.3 110,111,
113,114,
117,
135,136
22 |2 27 x 76 26 ws2e380000s00ness |Brick and |Gypsum Crawlspace | 7.5] 6.5 [2,1 11,8 | 12,3, 2,4, 103,104 X
masonite. | and 13.1 3.0
pan~
~| eling.
2 |1 62 x 26 | 14 «rars@0iiusonasss | Asbestos  |Gypsum WedOuaaens| 7241 7.3 [2.8 14,9 [ 18,5 103-105 X
shingles, | wall-
board.
24 |1 24 x 55 15 veseodOuiuauenvae |Brickesaas [eudoiass Crawlspace [10,6) 5,9 1.7 | 3.3 106
25 11-172] 41 x 24 22 1e1e280uurarsaens | WOOI celOean, Full 8,1110,1 {3,3 13,2 | 13,7, 1,8, 106
siding. bagement., 16.3 3.6
26 11 40 x 31 13 seeeetOuvaiiienee | Aluminum vd0saes Crawlapace 107
siding. .
27 11 51 x 30 15 seravdOiuunapunnss | WOOD Plastar Partial 7.2] 6.3 8.2 [6.3 | 17,2 C.1-C.11 X
i siding. and basement.
lathe,
28 |1 42 % 28 1 14 | 4evss€0isvunanaas |Wood and  |Gypsum crawlspace| 7,0{10,1 |1,7 1,3 108,122
aluminum, | wall-
board.,
2% |z 26 %35 22 verealdDuirvansnnas |WooOd . SN vad0ua.en.| 6.6] 7.9 [2.2]1.9 | 17,7, 1.1, 109,120,
13,0 2+2 121
0 11 Y x 48 16 ceresdOiuerneians | BEONEL L ves |oudoe.,, | Full 112
basement.
EL R ISk Ah | 13 | id0iiuaannas. | WoOd »edo.s.. | Crawlspace| 8.1} 5.9 [2.9]2.2 | 12.2, 1.5, | 115,11s,
slding, 16.6 1.2 118
32 |1-1/2 58 x 2¢ 22 esneedOiseviavnas | Brick and | Panel- Conerete 119
masonite. | ing and slab,
wall~
board.
33 11-1/2] 69 x 27 2% wnenstdOuaveranesa | SEONE.. ey | Cypsum Full 2.5] 7.9 |16 3.0 | 16,0, 1.5, 124,125,
wall- basement 19,7 2,1 132-134,
board. 137-139%
L 33 %331 18 vesvedOuiisenasas | Asphalt Plaster. Crawlspace| 7.1 6.4 3.4 126,127, X
gheathing. 136,131
L 32 x 37| 18 | .iieudOureranress | 0ad0iasael] Gypsum cadouieel| 7.1 6.1 {14 ] 4.0 128,129, X
wall~ 140
Jboard.
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TABLE 2. - Tegt structures and thelr measured dypamic properties--Continued

Hum- | Dimensions, Ffeet Construction Total scructure Midwall
Strue- ber Plan Exterior | Interior Natural Pamping,  Natural Damp~,  Shot Afr-
ture | of dimen- Qverall] Superstructure covering | covering Foundation frequency, pot frequency, | ing, numbers blast
sto- | slons, helight 2 Hz pet | {table 33 response
ries | N§ % EW N-S{ E-W | =S | E~W
36 |1 28 % 40 14 eeess80, . unia. . ASphialt d0iaee | aideaiel ] 6.3 7.1 30 14,17 141-145 X
shingle.
37 | 1-1/2f 32 x 26 20 sesesdOoyiriae .o Wood Plaster Full 8,6110.0 | 2.0] 1.9 |18.5,20 146,150 X
siding. and basement,
lathe,
38 12 28 x 32 20 Masonry and wood.|Brick Woad Concrete 4.6 5.5 1 3.8|3.0 147,148 X
and paneling. slab,
aluminom
39 11 34 x 29 15 Wood frame.......fMasonite | Paneling Full 5.01 4.8 | 7.3 14 147 ~
siding. and wall- basement. -
board.
40 11-1/2] 28 x 31 18 eseaatOuiinauiia.] Stucco. .. | Plaster Partial S5 7.5 ) 2.6 2.4 |13.6 148
and basement,
lathe.
41 |2 40 x 28 22 crnesdOuiiiansas]Wood Gypsum Full 8.9] B.1 | 2,5 (2.3 |1lé.6 149
siding. and bgsement,
plaster,
42 {1-1/21 44 x 30 20 cevesdOiiiiineeed sedan, o, | Paneling. eodOaLiien ] 5,47 6.7 | 4.7 [3.7 (11,9, 151.153
13.9
43 |1-172| 28 x 46 23 FERTTS- - PR T3 CEDUGu . I Nt I TN - 5.1 18,18 154 X
44 11 - 15 ereeadOnciiainaafadon, ., - adleina, 11,11 156-156
45 12 35 % 44 32 Solid brick......|Brick,.,. | Plaster xed0, 000 ] 6317 8.1 157-15%
on brick
46 {1.1/2| 38 % 40 21 Concrete block...|Concrete | Plastereees | cadOuevacn 11,11
block.
47 |1 87 x 38 15 Wood frame.......|Brick.... | Gypsum PR - 12.3, 160
wall- 13.3
board,
48 11-1/2] 36 x 24 22 vereedOuiiiinsaaalWood S - IR IR [« 8.3 16,7, 161 X
siding. 16.7
49 [1-1/2] 41 x 35 27 sanaedOuiiiinvaea]osdoasiss | Gypoum edOeiiae | 5415 10 4.2 |18.2, 162,164~
wallw 18.2 166,172
board
and
plaster,
50 (1 46 x 180 14 veresdOiiaesnassejaluninum | Gypsum Concrete 163
siding, walle slab.,
board,
51 |2 30 % 43 28 Solid rock..., ... Brick.... | Plaster Full 8.3 167-171,
on brick basement, 173-182
and lathe,
52 |1 37 x 24 16 Wood frame,..,... - Wood PR L P, 183
paneling,
53 11 24 x 35 15 saceedOiiieisne, . Wood - Crawlspace 184
siding,
54 1 12 x 60 15 Metal walls....., Metal..,, | Paneling..,, | Nome...... 186,187,
189-192
55 |l-1/2 40 x 31 23 Wood frame,.....,|Wood - Full 193
siding, basement.,
56 1~1/2| 34 x 57 20 sevedlOusaraanas | WOOD - ceedOuinrun 194,196
siding,
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Test structure 19

FIGURE 12
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Test structure 20,
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FIGURE 14. - Test structure 21, coal m
FIGURE 15. - Test structure 22, stone quarry.
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FIGURE 17. - Test structure 27, coal mine.
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FIGURE 21. - Test structure 37, metal mine.
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FIGURE 22. - Test structure 38, metal mine.
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FIGURE 23. - Test structure 43, coal mine.
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FIGURE 24. - Test structure 48, coal mine.

Instrumenting For Resgponse

Outside ground vibration, airblast, and corner and midwall responses of
the structure were measured for each shot, The ground vibration was measured
by three orthogonal 2.,5-Hz wvelocity gages buried about 12 inches into the soil
next to the foundation (62). Outside airblast was measured with at least one
DP-7 gage, and two sound level meters (one reading C-slow). The structures were
instrumented for horizontal motions by a pair of gages mounted low on the first-
floor vertical walls in the corner closest to the blast and one or more mid-
walls, Typically, the vertical motion was measured in the same corner, Addi-
tional channels were usually available and used for various additional corner-
motion measurements at mid-heights, near the ceiling, or on the next floor;
additional floor-motion measurements such as mid-floor verticals; basement wall
horizontal measurements; opposite-corner responses (for rotational motions);
and inside noise.

Corner measurements assessed the racking motions (distortion) of the
structure. Essentially all blast damage occurs where stresses and deformations
are produced within the planes of the wall as shear stresses. Consequently,
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the vibration measurements
0.3 ' ' ' l made in the corners were
I-story assumed to indicate damage
potential, because they
measured whole~structure
response, Other types of
response caused different
but consequential results,
- Midwall motions (perpen-
dicular to the wall surface)
are primarily responsible
for window sashes rattling,
L 1 | picture frames tilting,
dishes jiggling, and knick-
f knacks falling. Midwall
3+ -1 accelerations in excess

of 0.4 g (12.8 ft/sec”) are
occasionally generated and
could cause items to fall
2 71 off shelves. These midwall
motions are not necessarily
dangérous to the structure
since walls can vibrate in
Jd - -1 this mode without producing
high levels of stress.
Midwall motions are mostly
annoying. Floor motions

@) . Lt L present a problem similar
to midwalls, Like them,
they also produce secondary
3 - -1 noises and can 1lift hanging
objects off nails and cause
them to drop to the floor,
Structures are designed to
2 - -] resist normal vertical load,
' so vertical corner motions
of less than 1 g should not
warrant serious concern.

1\/5story

OCCURRENCES

)3

2-story

Natural Frequencies and

Damping
' L L Natural frequency and
| 0 4 8 12 16 20 damping are the most impor=-
3 tant structure-response
g FREQUENCY, Hz characteristics, The nat-
FIGURE 25. - Natural frequencies of residential ural frequencies of the
E structures. structures as measured from

blast-produced corner motions
are summarized in figure 25, with individual values listed in table 2. Struc-
tures continue to vibrate after the sources (ground vibration and airblast)
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decay, and natural frequencies and damping can be measured from the time
histories. The vibrations of structures, especially midwalls, are approximately
sinusoidal; therefore, the natural frequencies are calculated by inverting

their periods (in seconds). The damping values are given by

B = % Ln (An/Ansg) s

where B 1s the percentage of eritical damping, A is the peak amplitude at the
n'® cycle, and m is any number of cycles later, Murray (28) discussed the
general problem of structure frequencies and damping and also computed many of
the values in table 2, He noticed that damping values were level-dependent,

indicating that friction was nonlinear.

Little difference in natural frequencies was observed between 1-, 1-1/2-,
and 2-story houses. Medearis (27) measured frequencies and damping values for
61 houses and found similar results, except for some higher frequencies for
the 1- and 1-1/2-story homes. He found frequency ranges of 8-18 Hz (1 story),
7-14 Hz (1-1/2 stories), and 4-11 Hz (2 stories). Two potential problems
exist in Medearis' data. He utilized bumping and door slamming for his vibra-
tion sources, and these might excite only parts of the structure (unlike
blasting). Bureau measurements of bumping vibrations also gave higher and
more scattered values than the blast-produced responses. In addition, midwall
frequencies are higher than the vibration frequencies of the structure as a
whole (fig. 26), and could contribute to the corner vibration measurements, as
was the case with the corner mid-height horizontal measurements. Damping is
summarized in figure 27.
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FIGURE 26. - Summary of natural frequencies of residential structures.
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FIGURE 27, - Damping values of residential structures, corners and
midwalls.
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PRODUCTION BLASTING

Table 3 lists 196 production blasts. The first 12 shots were used for
umentation calibration, and are not included. A wide range of
harge slzes, distances, and blast types produced airblasts of various peak
C¥2u§5 durations, and frequency character. Quarries typically had a high
??cc f;ce, with strong directional effects. Quarries in urban areas used
multiple decks, and hole diameters seldom exceeded 6 inches. Shots 21 to 30
were 1n an isolated quarry with high airblast levels at the close-in measuring
jocations, but no house vibration measurements were made.

airblast insty

Coal mine highwall blasts varied from well-confined blasts producing no
throw whatsoever, to quarry-type blasts with three free faces (top, front, and
one side). Where ground vibration appeared to be more serlous than airblast,
e¢mphasis was put on sufficient relief. Parting shots iInvolve blasting a thin,
often hard, rock layer, and can produce high levels of airblast. The difficulty
in obtaining sufficient confinement has resulted in some parting blasts being
almost as loud as with unconfined explosive.

The metal mines produced a wilde range of airblast concerns, depending
on the proximity of residences. One operation (shots 36 and 38) had no struc-
tures nearby that were not company owned, and consequently loaded to the
collar in order to fragment hard rock near the surface.

The operators recognized the alrblast problem created by exposed surface
detonating cord; none of the coal or stone quarry shots had uncovered cord.
A few shots were designed with long delays which greatly influenced the air-
blast frequency character (for example, shot 101 (fig. 3}).

An extensive study was made by Wiss (83) of the blast design factors of
noise and vibration. These are summarized in appendix B of this report, and
reference 56,

PROCESSING OF AIRBLAST TIME HISTORIES

Descriptors for Sound

A variety of descriptors characterize levels of sound; however, no
consensus exlsts on the appropriate measurement methodologies for impulsive
nolse sources. The nonuniformity of symbols among gtudies also complicates
the problem, so the Environmental Protection Agency (EPA) has recently recom-
mended standard terminology (59).

Stachura (6l) defines and discusses various sound descriptors for impulsive
nolses, The applicability of these descriptors to blast-produced noise is dis-
cussed in this report in the section on tolerable airblast levels.

Perceived Noise Level (L,,), also labeled PNdB, was analyzed by Kryter
(19) for aircraft and nonimpulsive sources. Kryter (20) later examined a
modified Ly, , which included a time and tone correction, calling it "Effective
Perceived Noise Level" (L.,pn), which he labeled EPNdB., Both L;, and L.pn have
been correlated with peak sonic boom levels by subjective assessment of test
subjects (19-20, 48, 50).
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TABLE 3. - Production blasts and airblast measurements

Blast design

Sound levels, dB Structure Orien-
response tation
Total Peak | Peak | Peak Per- |Rock | from airblast of
Shot | Facil-| Shot |charge | Lb/ Dis- | Scaled distance |linear |linear |linear ceived|pres-| Peak Peak (Structures| gage |Alrblast
No. ity type |weight,|delay | tance,|Ft/1b’ & Fe/16*/° (0, 1-Hz | 2-Hz | 5-Hz [C-slow level, |sure |corner [midwall [monitored to type
1b ft high | high | high PLdB |pulse |motion,|motion, blast
pass | pass | pass (RPP) [in/sec |in/sec free-
face
13! | Quarry |High- 2,033 280 400 24 61 130 105 88 111 0.70 3 1
wall.
14 | ..do.,|..do..| 4,353 218 900 61 149 125 | 116 <110 79 102 1 1,2
15 | ..do..|..do..| 1,995 303 900 52 134 111 | 114 <90 102 2 90° 2
16 | ..do..|..do..| 2,850 187 | 1,200 88 210 125 84 3 1;2
17 ..do..|..do.. | 5,047 200 | 1,400 99 239 131 | 126 124 97 W41 1 270° 1,2
17 | ..do..|..do..| 5,047 200 | 1,800( 129 308 130 87 101 .28 4 270° 1,2
18 | ..do..|..do..| 2,367 305 400 23 59 128 125 107 1 1,2
18 | ..do..|..do..| - 2,367 305 800 46 119 115 105 4 1,2
19 | ..do..|..do..| 2,450 160 [ 1,100 86 204 124 119 89 106 5 270° 1
19 «sdo..|..do.. 2,450 160 1,500 119 276 116 6 270°
21 «|esdoe.| 4,240 1,470 240 6.3 21 143 103
21 o|.edo..| 4,240 1,470 620 16,2 54 144 270°
21 «e|.edo..| 4,240 1,470 260 6.8 23 154 270°
21 o|esdo..| 4,240 1,470 475 12.4 42 134
21 o|eodo.. | 4,240 1,470 75 2.0 6.6 140 90°
22 ..do..| 3,560 790 425 15.1 46 133 116 0°
22 ..do..| 3,560 790 260 9.3 28 149 ] 270°
22 ..do..| 3,560 790 610 22 66 144 270°
22 ..do..| 3,560 790 290 10.3 32 139 180°
22 ..do..| 3,560 790 82 3.0 8.9 140 110 90°
23 o|sedoas| 5,540 985 210 6.7 21 143 270°
23 o|eedo.s| 5,540 985 400 12.7 40 160. 180°
23 ..do..| 5,540 985 705 22.4 71 153
23 ..do..| 5,540 985 230 7.3 23 156 | 142 115 | 137 0°
23 ..do,.| 5,540 985 110 3.5 11.1 143
24 ..do..| 3,500 580 750 31 75 123 | 120 0°
24 ..do.. | 3,500 580 550 23 66 139 270°
24 «.do..| 3,500 580 190 7.9 23 126 180°
24 ..do..| 3,500 580 250 10.4 30 130 270°
25 ..do..| 4,600 790 440 15.7 48 127 0°
25 ..do.. | 4,600 790 550 20 60 138 104 270°
25 ..do..| 4,600 790 410 14.6 45 124 90°
25 «.do.. | 4,600 790 550 20 60 125 | 117
26 ..do..| 3,620 790 238 10.1 26 133 0°
26 .odoe.| 3,620 790 365 13.0 40 136 270°
26 ..do..| 3,620 790 5%0 21 64 142 270°
26 ..do..| 3,620 790 105 3.8 11.4 137 180°
26 ..do..| 3,620 790 142 5.1 15.5 131 | 115 115 90°
27 ..do..| 3,500 755 480 17.5 53 134 0°
27 eedo..| 3,500 755 530 19.3 58 140 270°
27 eodo..| 3,500 755 209 7.6 23 137 . 180°
27 ..do..| 3,500 755 238 8.7 26 130 | 126 123 103 90°
28 eodo..| 2,900 402 215 10.7 29 138 0°
28 ..do..| 2,900 402 650 32 88 140 270°
28 eodo..| 2,900 402 300 15,0 41 135 180°
28 ..do..| 2,500 402 280 14.0 38 126 90°
28 «.do..| 2,900 402 395 19.7 54 134 127 106 180°
29 «|eedoes| 3,960 860 115 3.9 12.1 142 0°
29 ..do..| 3,960 860 440 15.0 46 147 270°
29 ..do..| 3,960 860 179 6.1 18.8 141 180°
29 ..do..| 3,960 860 139 4.7 14.6 136 90°
29 ..do,.| 3,960 860 440 15.0 46 133 120 103 180°
30 «sdo..| 3,520 402 498 25 67 130 | 127 125
31 Jodo..| 4,470 115 150 14,0 31 135 0°
31 «.do..| 4,470 115 645 60 133 128 270°
31 «odo..| 4,470 115 130 12.1 27 132 180°
31 «.doee| 4,470 115 470 44 97 123 | 116
31 «odo..| 4,470 115 400 37 82 130 90°
32 «odo..| 4,320 110 312 30 65 143
32 eodocs| 4,320 110 390 37 82 142
32 ..do..| 4,320 110 120 11.4 25 153
32 odo..| 4,320 110 300 29 63 144 90°
33 ..do..| 8,762 700| 3,300 125 372 117 7,8
34 oodov.| 1,985 68| 1,200 146 294 112 9
35 High- |507,060| 4,200 1,160 18 72 129 119 10 180°
wall,
35 «.do..|507,060| 4,200| 1,600 24.7 99 109
35 ..do..|507,060| 4,200 3,440 53 213 122 | 116 115 97 77 100 11,12,13
36 ..do..|592,150(21,000| 18,800 130 681 129 | 121 116 88 74 .081 14, 2
36 «.do..|592,150|21,000( 7,000 48 254 132 105 16
37 «.do..|184,240| 2,184 4,000 86 308 122 96 104 18
37 Test.. 2 2| 4,000|2,828 3,176 117 96 17
38 High- |212,990(15,530| 41,700| 335 1,671 123 86 100 14
wall,
38 ..d0..|212,990|15,530 | 42,700 343 1,712 122 15
39 High- | 20,300 2,300| 3,084 64 234 122 97 19
wall,
40 Part- 648 72| 6,506 767 1,564 114 113 93 19
ing.
41 High- | 21,800| 2,600 2,979 58 217 125 99 19
wall,
43 | ..do..| ..do,.| 20,700| 2,600 2,872 56 210 124 | 121 93 101 19
43 | ..do.,|..do..| 20,700| 2,600 2,241 44 163 123 | 117 98 107 20
44 | ..do..|..do..| 20,600| 2,300 2,757 57 209 123 | 119 90 100 19
44 | ..do..| ..do..| 20,600| 2,300( 2,287 48 173 121 94 108 20
45 | ,.do,.| ..do..| 20,700| 2,300| 2,651 55 201 121 | 115 90 98 19
See Tootnotes at end of table, i
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TABLE 3. - Production blasts and airblast measurements--Continuved
Blast design Sound levels, dB Structure Orien-
-—w——r" response tation
Tatal , Sealed dist l?e‘:k ?eak Peak Pexr- lRock | from airblast af
ot Facil-| Shot |charge 1 Digm cale ‘___5_ nce iiinear |linear|linear ceived|pres-| Peak Peak Structures| gage |Airblast
;r;?t ity cype |weight, delay | tance, Ft,flhi A ref |0 1-He | 2-Hz | 5-Hz |C-slow level,fsure jcorner |[midwall!monitored to type
15 ft high | high | high PdB {pulselmotion, motion, blast
pass pass pass {RPP) lin/sec [infsec free-
face
‘ZE‘"LT.do. T, do.. ] 20,700] 2,300 | 2,347 49 178 120 | 114 113 93 75 0.020 | 20 2
46 ..do.. [piteh. 3,600 600 2,231 91 265 111 113 87 19
46 | ..do..[.sd0.0| 3,600 600 | 1,753 72 208 88 20
47 | ..do.. High- | 21,600] 2,600 2,535 50 184 123 | 120 87 98 19
wall,
47 | ..80.xi..d0,.] 21,600] 2,600 2,413 47 176 115 90 20
48 | ,.do.. |..do..] 20,6007 2,300 2,430 51 184 120 | 117 8% 99 19
48 | ..do.. l..do.. ] 20,6007 2,300 2,480 52 188 113 92 20
49 | ..d0.. [.d0..] 19,800 2,200 | 2,548 54 196 117 | log 87 105 20
50 | ..d0..leado,. ] 19,7004 2,200 2,617 56 201 119 | 114 9L 105 20
51 | ,.do,. |..do.. ] 19,3001 2,200 | 2,687 57 207 113 | 110 B4 103 20
52 | ..do,. {Part= 384 241 3,347 683 1,162 106 87 20
ing.
53 | +ud04e [sadOye 264 24| 3,0421 621 1,055 108 | Lo6 88 20
54 | Coal,, [Part- 360 36| 2,547 425 772 >113 | 108 112 93 20
ing.
S5 | ..do.. High~ | 18,400| 2,100 | 2,764 60 216 118 | 112 85 103 20
wall,
56 | J.do.. |eodoe.) 17,700F 2,000 | 2,843 64 226 116 | 111 84 103 20
57 | .udo.. [sodo.. | €,000) 2,000 2,912[° 65 231 114 | 110 8% 98 20
58 | ..do..{Part- 480 30| 2,434 444 782 97 20
ing.
59 | ..do..|..do., 2% 30) 4,314} 788 1,389 117 98 19
60 | ..do.. [High- | 21,400} 2,000 | 1,896 38 135 125 m 19
wall,
61 | ..do.. |..do..] 24,7001 2,100 1,608 35 125 127 104 19
62 | ..do.. |Sweet-] 1,500 1501 1,696] 138 318 127 | 127 124 99 4 J13 40 19 1
ner.
63 .«do.. Part- 384 24 4,127 842 1,431 112 115 112 % 19
’ ing.
64 | ..do.. High- } 24,600) 2,100} 1,50L 33 i17 128 | 122 120 100 87 111 .53 19 1,2
wall,
65 | vedooeldou. 15,700 2,200 1,428 30 110 126 | 124 97 111 19
66 | ..do,.|..do.,| 15,8007 1,300 1,339 31 108 128 | 126 102 113 19
67 | ..do..|..do..| 13,540) 1,900 1,248 29 101 129 | 126 123 103 73 107 W70 19 1,2
68 | ..do., |Part~ 300 30| 3,9041 713 1,256 107 | 108 106 83 19
ing,
69 | ..do., High- | 11,0601 2, 000 1,160 26 92 121 | 117 96 110 19
wall,
70 | ..do.. {Sweet~] 2,100 300 1,485 86 222 129 | 126 124 101 87 .06 .56 19 2
ner.
7L 1 L .do., [Hille 9,020 410 1,359 67 183 131 | 1239 125 103 87 97 W11 .28 19 1,2
top.
72 | ..de..|Diteh,] 3,060 510 2,096 93 263 113 | 111 48 19
73 | ..do.. JHBigh- | 19,600] 2,000] 1,093 24 &7 132 | 128 105 19
wall,
74 | s.do..fuddo,l] 17,1000 2,000 1,011 23 80 129 | 125 114 19
75 | ..do.. |Diteh. i 118 | 114 89 92 19
76 | L.do., foudol.| 3,360 2807 1,549 93 238 126 | 123 <30 19
77 | s.dog,eldod, ] 1,200 2201 1,518 102 251 117 | 115 90 19
78 | ..do,. {High~ | 22,200] 2,100 928 20 72 129 | 124 120 103 95 114 L.10 19 1
wall,
78 | ..do.. jeado,.]| 24,900] 2,200 853 18.2 66 132 | 129 126 107, 91 120 1.18 19 1,2
80 | ..do,.l..do.,| 25,100| 2,300 801 15.7 61 132 | 127 124 108 93 109 1,50 19 1,2
8L | ..do., Sweet-] 3,240 360 699 37 99 126 | 126 123 106 99 98 .70 19 1,2
ner,
82 | ..do..[Hill~- | 27,000] 1,000 699 22 70 133 12 19
top.
83 | ..do,.|Ditch.} 2,040 340 1,487 8l 213 122 1 120 99 19
84 | ..do., High~ | 25,600] 2,200 754 16.1 58 134 | 130 126 116 1 108 |>110 1.40 19 2
wall.
85 | sedosvjesdo.,| 25,400) 2,200 732 15.6 56 133 | 128 125 109 97 120 W221 1,04 19 2
86 | ..do..]..do..] 25,9000 2,200 716 15.3 55 135 | 132 130 107 92 119 <241 2,50 19 2
87 | «odo.o(Ditch.] 1,320 2201 1,459 33 241 120 | 120 95 a8 19
88 | ..do..|Part- 360 36| 2,593] 433 786 125 108 19
. ing.
89 | ..do..}..do., 360 36| 2,2291 372 675 114 9% 19
90 | ..do..|High~ | 25,500] 2,200 720 15.4 55 129 | 124 120 104 86 121 49 19 2
tall.
91 | ..do,.f..do,.| 31,500] 2,200 738 15.7 57 132 | 128 105 119 19
92 | ..do.,{Ditch. 131 | k29 128 104 93 93 Jd20 .58 19 1
93 | ..do., |Parg- 114 121 2,167 626 947 110 } 109 111 94 19
ing.
94 | ..do,.[High- | 30,700] 2,200 300 17.1 62 133 | 13¢ 127 104 83 108 .30 19 2
wall,
95 | sedo,ofuldo.,| 26,600] 2,200 840 17.5 65 128 | 123 120 101 83 114 .59 19 2
96 | Jedousj.ndo..] 20,500 2,000 906 12.3 72 132 102 115 19
97 | ..do..[..do..| 9,000 450 2,500] 118 326 119 | 115 91 21
- 98 | L.doyelaldole] 14,400 4501 2,700f 127 352 120 | 121 95 21
:i 99 | ..do..|Pare- | 20,880 7731 1,400 50 153 128 | 125 123 96 88 99 W72 21 2
9 ing.
100 | J.douufa..do..| 18,000 200 750 53 128 118 | 114 112 97 112 21
9 101 | ,.do..{..do..| 17,500 3501 1,800 %96 255 121 ) 120 118 102 83 98 L0 91 21 1
3 102 | .odo..|..do,.| 27,040 208 700 48 118 119 | 120 100 117 21 N
H 103 | Quarry|High- 4,956 6321 1,558 62 182 122 121 94 84 163 .07 ,28 22 0
wall,

See footnotes at end of table.
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TABLE 3. - Production blasts and airblast measursments--Continued

Blast desizn Sound levels, dB Structure Orienw
Tesponse tation
Total . Peak | Peak | Peak Per- (Rock | from airblast of
Shot |Facil-| Shot |charge | Lb/ Dig- | Scaled distance  linear|linear|linear celved pres-| Peak Peak Structures| gage [|Alrblast
No. ity type |weight, delay | tance, Fe/167 70 | Fe/10° /0|0, 1-Hz| 2-Hz | 5-Hz |C-slow|level sisure corner |midwallmounitored to type
iv ft high | high | high PLdB |pulse motion,|motion, blast
pass | pass | pass {RPP) |in/sec |infsec free~
face
LO3K" |, .do.. {,.de., 4,956 632 1,558 62 182 124 | 120 121 38 a8 103 | 0,083 | 0,65 22 270°
103 2ed0,, |audo,, 4,956 632 701 28 82 133 132 130 106 99 110 W25 .60 23
103K%| . .de,. |, do., 4,956 632 701 28 82 131 108 92 110 .16 .87 23 270°
104 |..do,.[«vdo..] 5,752 632 | 1,481 59 173 121 <30 22 270°
104 .odo., faude, . 5,752 632 646 26 76 133 23 270°
105 |..do.. . do.. ) 4,350 615 550 22 (23 132 | 130 126 10l 89 113 W36 46 23 [
1058 |. .do.. |..do., 4,350 615 550 22 64 126 103 87 113 10 40 2707
106 wedo, . [s.do., | 17,604 852 | 4,208 144 443 133 124 <100 24 270°
106 eodOy [oodo.. | 17,605 852 2,304 79 243 121 113 <%0 102 25 90°
107 [Ceal., |High- 127 123 100 105 26 90°
wall,
108 J..do..|..de,. 122 112 28 90°
109 vedog.jeldo., 300 | 1,811 105 271 105 <80 29 90°
110 «edo,, {Parvi- 21,600 240 800 52 12¢ 118 115 116 38 114 21
fug.
111 cedou.|udo. . |112,200 320 | 1,000 56 146 120 | 122 121 98 106 21
112 {..do,,|High- 300 ] 1,408 81 210 111 | 111 <80 103 30 90°
wall.
113 eadO.. |Pare- 112,200 320 1,100 61 161 126 | 120 117 96 112 21
iog,
114 |..do..|..do..| 23,680 370§ 1,300 68 181 119 | 113 114 9% 105 21
115 |..do.. 21| 1,801| 393 653 124 31 50°
116 »d0. . |High= 12,000 300 652 38 97 114 | 117 9% 105 31 30°
wall.
117 | ..do.,jPart- | 14,400 360 | 3,0007 158 422 120 | 112 114 92 21 90°
ing.
119 |[Quarry|High~ | 16,608 7821 4,301} 154 467 124 | 123 <30 32 270°
wall.
120 [Coal,.[..do..| 15,120 120 | 1,443 132 293 115 92 2% 90*
122 »etO, . 15 1,698] 439 689 122 | 111 <90 37 28 90°
124 | +doe.|Pare= 1,340 20| 2,000) 447 737 130 111 .09 1.77 33 90¢
ing.
125 s«do., fHigh~ 10,200 2001 22,0000 141 342 114 113 112 a5 33
wall,
126 |..do..|Part- 1,200 201 1,750 391 645 136 | 135 133 115 | 103 W14 1.71 34
ing.
127 - odo.. {Bigh~ 12,000 400 «do, 88 238 108 | 106 34
wall,
128 |..do..|Part~ 1,500 20 3,250 727 1,197 127 | 127 125 102 89 98 .13 1.80 35
ing,
129 |..do..|High~ | 15,000 350 3,100] 156 4440 113 %4 35
wall,
130 |..do..{Part- 850 20 1,750] 391 645 127 128 122 107 91 040 | 1.09 34
ing.
131 |,.do,.|High~ | 10,800 4001 1,750 88 238 111 108 34
wall,
132 {..do..|Part- 1,300 30 1,200 219 386 130 | 130 131 113 33
ing.
133 |..do..|High- | 24,000 400 1,200 60 163 98 33
wall,
134 | ..do..}High~ 2,300 4001 2,000 60 163 113 | 113 111 92 106 33
wall,
135 esdoL, 2,000 127 113 21
136 |..do,.[Part~ | 29,700 900 500 16.7 52 126 | 128 125 108 21
ing.
137 |..do..|Part= 2,300 201 2,000 447 737 122 122 97 33
ing.
138 | ..do..).do.l] 2,300 20 2,000f 447 737 119 119 98 106 33
139 «od0, [ Highe 19,200 4001 2,000 100 271 116 116 97 33
wall,
140 1 ,.do,.|Part- 1,000 201 3,5%00] 783 1,289 116 | 11s 113 s
ing.
141 | ..do..]..do..| 1,000 20 2,400] 537 884 1241 125 123 101 86 025 .86 386
142 | ..dos.) cado,.) 1,000 201 2,4000 537 884 1z1 119 95 . 36
143 | ..do..|High- | 40,000 4001 2,4000 120 326 111 94 36
wall,
144 | ..do,.|Part- 2,400 10] 2,400 759 1,114 118 ] 115 113 92 36
ing.
1453 | ..do. High- | 40,000 400 2,400 120 326 109} 106 82 91 36
wall., ‘
146 | Iron [High- [573,610| 4,580] 5,800 86 350 17| 112 108 87 62 104 B 17,18 2
mine.l wall,
146 | ..do..|..do..|573,610] 4,580 6,400 95 387 116 | 111 85 104 37
147 | ..do..] ..do. ] 524,030] 8,800] 6,900 74 336 1311 123 93 102 38,39
148 1 ..do..|..do..| 593,7201 8,230 6,730 T4 332 131 127 124 25 8l 94 | .12 47 38,40 1
149 eodo,,l o dol,] 38,0000 2,500 11,0500 221 814 117 112 86 41

See footnotes at end of table,
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TABLE 3. - Production blasts and airblast measurements--Comntinued
B Blast design Sound Tevels, ¢ T Structure Or Len~
7 7 response tation
Total Peak | Peak | Peak Per~ |Rock | from airblast of
swot | Factle] Shot |charge Lb/ Dis- Scalfd dais tan;:e3 linearilinearlinear ceived [pres- | Peak Peak |Structures| gage [Afvblast
N ity type |weight,|delay | tance,|Ft/lb FlRe/167 7% 0. 1-1zy 2-tiz | S-Hz |C-slow level, Jsure jcoruer {midwallimonitored to type
o 1b fr high | high | high | PLAB [pulse Jmotion,|motion, blast
pass [ pass | pass (RPP) linfsec | in/sec free-
face
T35 - ed0ua|.ed0.. [184,500] 3,260 | 5,820 102 393 127 123 | 120 9 | 8 | 92 | 0.082 | 0.246 | 37 Z
152 | Goal..l..do..| 3,585] 255} 2,110} 132 333 111 38 42
153 | ..000.1..0000] 3,783 152 | z,1100 171 395 117 | 105 90 106 42
154 | v.dBaa]e.do.s| 3,000 125 575 51 115 125 7 121 118 97 82. | 107 .85 43
155 | cedooa|eedo..t 5,400 120 475 43 85 122 | 121 102 44
156 | ..do..|.wdou.] 3,600 80 365] 41 85 126 | 122 109 &4
57 | .adesu)iedol | 4,500 75 ] 1,100} 127 261 115 112 94 45
157 | oodo.a]..doss] 4,506 75 4sel 52 167 124 96 48
158 | vodousjsodoL.] 2,460 411 1,150 180 334 112 108 91 45
158 | ..d6..]..doal] 2,460 41 360] 38 104 123 | 122 98 110 46
159 | ..do.e|e.don. 920 23 | 1,200] 250 422 104 106 86 88 45
15 | .,d0..00dous 920 23 2501 52 88 125 | 123 | 102 108 46
160 Vo0, fardoe, 5,460 78 450 51 105 113 116 98 9% 47
181 | «vdoaetaedoed| 3,280 41 215 34 63 130 | 130 128 112 94 1.25 48
%62 | ..doe.f..do..] 13,060] 602 ] 1,506 6L 177 119 | 112 <50 102 45
163 | Iran |..do..|210,600] 8,530 600 6.5 29 155 ) 134 152 129 125 | 1.18 3.78 50
mine. .
164 | coal..]..do. ]| 3,510 351 835 45 119 121 | 118 97 85 98 W40 45
165 | ..do.ef..do.e] 4,914 351 815! 44 116 115 <90 45
166 ] ..do.ef.ado.. 117 91 151 49
167 Jedouedsdeo, 1,750 35 301 51 52 119 { 119 97 107 51
168 cedoLa]aedol ] 4,300 86 250 27 57 128 108 112 51
169 edosefeadoae ] 4,300 86 178 19.2 40 129 127 108 112 51
170 w804 ]eados, | 4,300 86 150 16,2 34 129 127 >110 115 51
171 | idegel.udos, ] 1,775 71 150 17,8 36 129 127 105 115 5L
2 el [cedoe, 120 <40 103 49
173 [ ced0aafeedo, ) 2,150 86 45 27 56 122 § 125 101 167 51
174 vedoesedado.t 4,300 86 152 21 44 106 112 51
175 |..de..f..do.,| 5,150 12 144 9.9 24 135 | 134 135 112 124 51
176 ad0s e feedo, ] 3,550 71 58 6.9 14,0 133 132 114 121 51
177 [ ..doajaldo,.) 3,260 36 58 9.7 17,6 127 126 110 51
178 aedo,dsodo., 1,320 33 260 45 81 121 | 119 <100 51
179 oados o] dol.] 2,145 33 180 31 56 128 | 124 125 2103 51
180 eodOL e faedo.. 1,620 18 17 4.0 6.5 137 133 135 112 51
151 cedoaiaadon, 1,580 22 87 18,5 31 1386 | 125 128 104 51
182 sedoso]ydo.| 1,620 18 14 3.3 3.3 132 | 129 131 110 51
183 «odo, . [Conim 2,375 125 | 2,300] 206 460 106 52
Lour.
184 ooyl ado..| 18,500 200 | 2,6000 184 445 121 118 <50 53
185 | ..do..}..do,. 545 3 600 268 351 110 ¢ 110 108 91
186 A Ly . T 350 35 750 127 230 105 <40 87 54
187 § ..do..]..dos. 350 35 7501 127 230 108 | 108 86 81 54
188 codoeai,odo,, 9,450 175 1,500( 113 268 117 117 4
189 | ..do..]..do., 360 40 156 119 220 121 | 121 94 89 54
190 | .,d0..]esdo.. 720 40 7501 119 220 105 86 87 54
191 | ,.do..]|..do,. 400 40 750] 119 220 118 | 116 93 89 54
192 «edoL. ] ode., 960 40 730! 119 220 106 84 84 54
193 sedocafeedon.] 9,780 60 280 36 71 125 101 35
194 1 vudose] s ede,. 320 40 11,1001 174 322 111 | 108 87 56 .
195 | ,.do..]..do.. 424 401 1,100] 174 322 106 | 105 85 56
196 | ..do..]..do.. 680 40 1 1,100] 174 322 113 111 80 56
2g-1] ..do,. High~ 6,000 500 851 38 107 117 27 90°
wall,
c-2 sedoso],udo,, 7,200 600 796 33 94 123 27 90°
C-3 | ,.do..f..do..] 7,800 650 743 29 86 125 27 90°
C=4 | .ed0oc]..dou, 7,200 1,200 695 20 65 131 127 128 108 | 100 #5353 27 90" 1
C-5 | ..do.,]..do,.| 7,800] 1,300 652 18,1 60 135 | 138 115 112 | 103 109 .58 2,30 27 90° {Blowout
C«6 | ..do..f..doa]| 7,800 650 615 24 71 121 111 27 80¢ -
C=7 | esdouefasdos.y 7,800 650 585 23 68 127 27 90°
C-9 | .idocefaadon 6,600 550 552 22 67 127 27 9g°
C~10 | ,.do.. |..do,. 5,400 450 555 26 72 132 132 129 108 86 113 W20 64 27 90° 1
C-11 | sadose|adoas] 3,600 300 564 33 84 126 27 %0°
1The first 12 shots were for Instrumentation-galibration only, :

E = Alrblast which had been reflected from the highwall accross the pit,
Sadditional shots, not to be confused with the calibration shots previously mentioned.

i
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Young (85) examined human tolerance to impulsive sources designed to simu-
late artillery firing. He used sound exposure levels (Ls¢, Lsp, Ioz, for C, A,
and D; welghtings, respectively)., C-weighted sound exposure levels, also
labeled variously Lcr and CSEL, have been suggested as appropriate discriptors
for assessing structure response from airblast (17, 46, 53, 60). Although it
is recognized that the C-welghting cuts off the low frequencies above the house.
response frequencies, it is the closest of the standardized sound weightings
to the desired frequency range.

One advantage of Ls¢ methods for regulating blast noise is that they are
normalized to 1 second, which penalizes excessively long events (3 dB per
doubling of duration), and allows higher levels for short duration events.
Direct measurement of Lse¢ is complex., Kamperman (17) states that standard
sound level meters on slow response can be used to measure Ls¢ and Ls, for
events up to l-second duration, within 2 dB accuracy,

Schomer (46) and von Gierke (70) have used day-night average sound levels,
L¢n, to characterize the annoyance potential of impulsive sources involving
long-term averages. This requires a minimum of 24<hour Iintegration and both
C-weighting (46, 70) and A-weighting (46). This technique may be applicable
to quasi-static sources (a pile driver), but is probably not meaningful for
infrequent blasting.

Higgins and Carpenter (1l4) analyzed Perceived Levels (PLdB) which are
calculated from factors of sonic boom sharpness, such as rise time and peak

values. The authors also give PLdB values for various levels of acceptability.

Airblast Processing For Structure Response

Airblast time histories were recorded with a system having %3 dB linearity
of at least 0.1 to 380 Hz as described in the section on survey instrumentation.
Early tests with a 0.1~ to 8,000~-Hz sonic boom system (B&K 2631) verified that
little significant airblast energy was present above 100 He at the distance of
concern. Time histories from shot No., 86, with three components of ground
vibrations, three corner motions, two midwalls, and the outside airblast appear
in figure 28. The structure responded to both ground vibration and the air-
blast, As was typical, most corner responses were of lesser particle velocity
amplitude than the incoming ground vibration., This was also true for measure-
ments made in lower, upper, and second floor corners, The mid-height corner
measurement appears to be a combination of corner and midwall responses. Mid-
walls experienced roughly equal amounts of ground vibration and airblast
produced vibration résponse for this particular shot, TIsolating the airblast
effects requires good time separation between the two kinds of vibration, as
well as an airblast of sufficiently high-level and high-frequency energy (for
example, 10 Hz as in shot 86),

Many of the linear airblasts, including all which produced measureable
structure responses, were further processed in order to determine the most




86-2 Ground vibration, E~-W

86-3 Ground vibration,N-S
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FIGURE 28. - Ground vibration, structure vibration, and
airblast time histories from o coal mine

highwall shot (shot 86).
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appropriate structure-response
descriptors (table 3). Play-
back of linear records through
the two commercial sound-level
meters gave ''linear" sound
levels with 2-, 5-, and 6-Hz
low~frequency cutoffs., These
laboratory-derived values
agreed well with direct field
sound level measurements made
with the same meters (typi~-
cally +1 dB)., Much of the
airblast energy is below the
low-frequency cutoffs of the
linear range, and phase
distortion as well as fil-
tering will occur. However,
the RMS value quantifies the
energy in the airblast and

is independent of phase dis-
tortion. Therefore, sound
exposure levels (RMS values)
with both special filtering
and C-weighting were
determined. A 0,1-Hz linear
alrblast time history with
500 msec of RPP and a combina-
tion type 1 and 2 APP
character is shown in fig-
ure 29, The 5-Hz highpass
(low frequency, 3 dB cut~off)
removes the dominant low
frequency (*1 Hz), also
distorting the waveform.
C-welghting further filters
the airblast's low frequen-
cies, and the l-sec averaging
of the C-weighted sound would
be dominated by the RPP in
this case,

Sound exposure levels
were determined by an RMS
detecting and filtering
system described by Stachura
(61) and defined by:
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FIGURE 29. - Filtering of a complex airblast from a highwall production blast (shot 85).
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l 2
L, = 10 1oglo[af§‘% dt},
Q

where to = 1 second, ps = weighted sound pressure, and p, = 20 x 10 "8 N/mo .
Analysis was made of the standard C-weighting sound levels as well as 3.5-10 Hz,
10-24 Hz, and 4-40 Hz band pass, with integration times of 1/8, 1/4, 1/2, and

4 seconds. These values plus peak 0.1-, 2, 5, and 6-Hz linear sound levels were
correlated with peak corner and midwall motions, and also with the structures
velocity exposure levels (VEL) determined with the various filtering and inte~
gration times used for SEL (see "Structure Response''), SEL values are given

in table A-1,

Percieved levels (PLdB) were also calculated and included in table 3 for
those airblasts with observable structure response, using the Higgins and
carpenter (1l4) formula:

PLAB = 55 + 20 logi, 2>
-

where Ap = pressure change, in pounds per square foot, and T = rise time, in
seconds, corresponding to Ap,.

PROPAGATION AND GENERATION OF AIRBLASTS

Much research has been done on airblast generation (72, 75-78) confinement
and depth of burial effects (36, 40, 42, 73 -74), airblast . propagation (24, 34,
36, 39, 42-44, 58, 77, 81), and weather 1nf1uences on airblast levels and
character (2 11 18 36 37, 39, 50). Much of this work applies only
indirectly to alrblast from mining, since the experiments were designed to
study other situations. A comprehensive study was recently completed by Wiss
which examined many of the blast design and envirommental factors influencing
the generation and propagation of surface mine-produced airblast and ground
vibration (83). Bureau of Mines and other research on airblast generation and
propagation are described in Appendix B, Blast Design and Airblast Generation;

Appendix C, Weather Effects on Propagation; and Appendix D, Terrain Effects on
Propagation.

STRUCTURE RESPONSE FROM AIRBLAST

The response of structures, primarily residential, is the most critical
indicator of troublesome or potential damaging airblast. There is little
direct evidence that infrequent short-duration impulsive noises contribute
directly to amnoyance. All studies at occupied houses have found that damage
and fear of damage are of primary concern. Some sonic boom tolerance tests
indicate that booms may have a relatively different effect than airblasts on
humans inside and outside structures, and that for sonic booms, an annoyance
criterion may be more appropriate than a damage criterion. Relevant to the
alrblast problem are the whole-building response {(corner measurements indica-
ting racking effects on the frame) and midwall responses (best correlated with

secondary effects; such as window sashes rattling, dishes and knick-knacks
falling, etc.).

Measured structural response from mine and quarry airblasts are shown in
figures 30 through 37. They are separated into corner and midwall responses
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of one-story, two-story, and all homes, and the best of the 27 sound descriptors studied. (The air-
blast values used in the response plots are given in table 3.) A total of 222 correlations were
made between measured responses and the various airblast descriptors. Those with the highest
correlation coefficlents and lowest standard errors (standard deviations) were plotted in figures
30 through 33; the equations and statistics for the plots are in tables 4 (corner or structural)
and 5 (midwall). .The remaining correlations are given in appendix tables E-1 (peak structural
responses), E-2 (integrated structural responses), E-3 (peak midwall responses), and E-4 (inte-
grated midwall responses). No standard error bars are shown on the response curves to avoid
confusion; however, the values are given in tables 4-5, and E-1 through E-4. Comparisons were
required between the various descriptors, some of which involved operations on the dependent
variable. Therefore, a normalized standard error was calculated by dividing the standard error
by the mean of the dependent variable. Comparisons between the descriptors of peak structure
motions (tables 4-5, E-1 and E-3) and the integrated structure motions (tables E-2 and E-4),

and also between the various integrated methods, require examination of the normalized standard
errors. However, the statistics for peak structure motions can be compared using either the
normalized or conventional standard error values.

TABLE 4., - Equations and statistics for peak corner structure vibration (SV)
responses from airblasts - best results

Corre- Normal-
lation | Stan=- ized Regres-
Equation® coeffi~ | dard | stan- | sion
cient | error | dard line
error
ALL HOMES
Peak SV (corner) versus Peak AB (0.l Hz)....|SV=-0.0274 + 18,8 AB | 0.824 | 0.0760| 0.458 1
Peak AB (2 H2).o.4oo| SV=- 0044 + 20.9 AB 795 .0820 482 4
Peak AB (6 Hz).oo...|SV= 0073 + 26.6 AB .676 .100 .586 7
Maximum C-slow AB...|SV= ,0584 +213 AB .537 114 .671 10
Maximum linear-slow |SV= .0166 +107 AB .535 2112 .699 12
AB (5 Hz).
Maximum linear-fast | SV= ,0271 + 62.9 AB .502 .115 2612 14
AB (5 Hz).
Maximum l/4-sec SV=- ,0247 + 98.4 AB .750 .0838 .513 34

integrated AB
(3.5-10 Hz).
Maximum l-sec Sv= .0353 +118 AB .502 .110 .680 --
integrated AB
(3.5-10 Hz),

ONE~-STORY HOMES

Peak SV (corner) versus Peak AB (0.1 Hz)....|SV=-0.0265 + 19.9 AB | 0.821 0,100 0.491 2
Peak AB (2 Hz)ooosoo| SV=- .0058 + 21.2 AB .784 .109 .535 5
Peak AB (6 Hz)......| SV=- .00040+ 27.6 AB 2642 .135 .660 8
Maximum C-slow AB,..|SV= ,0769 +188 AB 2433 .158 774 --
Maximum linear-slow |SV= .0553 + 98.4 AB 454 .157 .817 --
AB (5 Hz).
Maximum linear-fast |SV= .0550 + 54.8 AB 405 .161 .838 --
AB (5 Hz).
Maximum 1l/4-sec SV=- .0519 +109.5 AB .785 .0989 .518 35

integrated AB
(3.5-10 Hz).
Maximum l-sec Sv= ,0269 +129 AB .515 .137 .720 --
integrated AB
(3.5-10 Hz),

TWO-STORY HOMES

Peak SV (corner) versus Peak AB (0,1 Hz)....|SV= 0,0062 + 13.4 AB | 0.855 0.0360| 0.267 3
Peak AB (5 Hz)......|SV= ,0121 + 18.1 AB 771 .0450 .332 6

Peak AB (6 Hz)oousoo|SV=.0274 + 22,3 AB .736 0480 .353 9

1

3

Maximum C-slow AB...|SV= .0215 +304 AB 2917 .0280 .209 1

Maximum linear-slow |SV= .0135 +131 AB 693 0460 371 1
AB (5 Hz).

Maximum linear-fast |SV=- .0127 + 81.8 AB .738 .0430 2348 15
AB (5 Hz).

Maximum 1/4-sec Sv=,0133 +103 AB 2843 .0360 277 36

integrated AB
(10-24 Hz).
Maximum l-sec Sv= ,00490+196 AB .956 .0202 152 37
integrated AB
(10-24 Hz).
= Structure vibration , in/sec.
= Alrblast overpressure, lb/in.
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TABLE 5. - Equations and statistics for peak midwall structure vibration (SV)

responses from airblasts - best results
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Corre- Normal-
lation | Stan- | ized Regres-
Equation coeffi« | dard stan- sion
cient error | dard line
erTor
ALL HOMES
Peak SV (midwall) versus Peak AB (0,1 Hz)....[S5V= 00,0662+ 83,0 AB 0.669 0.439 0,538 16
Peak AB (2 Hz).seoaoSV= .193 4+ 97.8 AB 700 422 .509 19
Peak AR (6 H2)..oo..|SV= 177 + 139 AB L.713 415 . 500 22
Maximum C-slow AB...|SV= .368 + 987 AB .618 J465 . 560 25
Maximum linear-slow {SV= .180 + 540 AB .613 465 2579 28
AB (5 Hz).
Maximum linear-fast |[SV= .234 + 309 AB .569 W73 .589 31
AB (5 Hz).
Maximum 1/4-sec 3y= ,186 + 501 AB .728 .392 L490 38
integrated AB
(10-24 Hz). :
Maximum l-sec SV= 224 + 802 AB ,686 AR 519 41
integrated AB
(10-24 Hz).
ONE-STORY HOMES
Peak SV (midwall) versus Peak AB (0.1 Hz)....|SV=0.342 + 61.3 A3 | 0.623 | 0.48L ] 0.510 17
Peak AB (2 Hz)evesss|SV= ,327 + 78,3 AB | ,733 418 ,433 20
Peak AB (6 HZ)vooe.o|SV= ,262 + 115 AB 2722 425 451 23
Maximum C~slow AB,.,|SV= ,650 +1090 AB L660 462 489 26
Maximum linear-slow [SV= ,270 + 503 AB .626 476 512 29
AR (5 Hz).
Maximum linear-fast [SV= ,298 + 308 AB 619 479 .515 32
AB (5 Hz).
Maximum 1l/4-sec 5V=.187 + 455 AB 757 384 L4248 39
integrated AB
(10-24 Hz).
Maximum l-sec SV= .237 + 743 AB 716 412 453 42
integrated AB
(10-24 Hz).
TWO-STORY HOMES
Peak SV (midwall) versus Peak AB (0.1 Hz)....|SV=-0,38l + 129 AR | 0.779 |0.369 | 0.497 18
‘ Peak AB (2 HzZ)oweves |SV== ,256 + 181 AB L764 .384 .517 21
Peak AB (6 Hz).oeu.. |SV=~ 139 + 234 AB .782 .370 .500 24
Maximum C-slow AB...|SV= .384 4 889 AB 570 489 ,660 27
Maximum linear-slow |[SV= ,129 + 560 AB .581 467 647 30
AB (5 Hz).
Maximum linear-fast [SV= .21l + 597 AB .557 476 .660 33
AB (5 Hz).
Maximum 1/4-sec SV= 0617+ 693 AR .738 .388 »528 40
integrated AB
(10-24 Hz).
Maximum l-sec S¥= .168 + 1037 AR 675 424 +577 43

integrated AB
(10-24 Hz),
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Both peak and integrated structure motions were compared to the various
airblast descriptors, also expressed as peak and various integrations. The
integrated values are variously filtered "velocity exposure levels' (VEL)
analogous to sound exposure levels (SEL) for sound. They are an indication of
energy represented by the structure vibration, as opposed to the simple quanti-
ties of peak velocity, acceleration, and displacement., A prior assumption was
not made that peak particle velocity would most appropriately indicate damage
and annoyance potential. Consequently, it was considered appropriate to
analyze VEL of the structures, However, the computed VEL levels did not corre-
late well with the SEL or various peak linear overpressures. Additionally, all
studies of structure damage and response had quantified the structure responses
in terms of peak motions and/or strains. No VEL damage data exists. The VEL
response equations and statistics are presented in tables E-2 for structures,
and E-4 for midwalls, but do not presently appear useful,

Measured Corner Responses

The corner responses from linear-peak airblasts are shown in figure 30,
The 0.1-Hz (high-pass, or low-frequency -3-dB point) peak-linear measurement
required a pressure transduce or a sonic boom system (such as the B&K 2631),
The 2-Hz values were obtained with a standard type 1 commercial sound level
meter (B&K 2209) set to peak-linear-hold, and the 6-Hz measurements were
obtained with standard sound level meters (such as B&K 2209 and GenRad 1933)
or other systems as described by Stachura (6l), A complete analysis was also
made of the 5-Hz peak-linear measurement, but it was essentially identical to
the 6-Hz; therefore, the responses given for 6 Hz are assumed to apply to 5 Hz
as well,

Responses from integrated methods of sound measurement (sound exposure
levels) are shown in figure 31, The linear-slow, linear-fast, and C-weighted-
slow were measured with type 1 meters, and the l-second integrations
approximated by the "slow" setting.

Speclal filter ranges were studied, in the hope of finding an ideal sound
descriptor for structure response. Three frequency ranges were examined--4 to
40 Hz for overall response, 3.5 to 10 Hz for corner response, and 10 to 24 Hz
for midwall response. Because of phase distortion, the filtered peak values
did not appear meaningful; therefore, sound exposure values were measured from
the airblast recordings, using the three filter ranges plus C-weighted, with
integration times of 1/8, 1/4, 1, 2, and 4 seconds. Stachura (61) describes
the system used for this analysis. Standard sound level meters can measure SEL
values for C-welghting and also with external filters for special frequency
ranges. The slow and fast responses approximate l-second and 1/8-second inte-
grations, respectively. Other integration times cannot be measured without a
complex processing system or a modified sound level meter (61).

The statistics for the various sound measurement methods for the different
sets of structures are in table 4. Depending on the criterion of superiority,
different descriptors appear better. In addition to the maximum correlation
coefficient and the minimum standard error, a better prediction is suggested
by a small intercept in the equation, since theory predicts that this term




TABLE 6. - Ranking of best alrblast descriptors for structure response

Homes | Ranking

i

Correlation coefficient

Standard error

i

Zero intercept

PEAK STRUCTURE VIBRATION (CORNERS)

Alloceeee tovenaasess| Peak, 0.1 Hzouvwsouws 0.824 | Peak, 0.1 Hz.vesueuwe 0.076 Peak, 2 HZ.evveveuuass 0.0044
Zevnssssass | Peak, 2 HZiv'unennaoe +795 | Peak, 2 HZuisuosssnse 2082 | Peak, 6 HZ.vrevronous .0073
3ceeesscees | L/tmsec, 3.5-10 Hz... .750 | 1/4-sec, 3.5-10 Hz.. .084 | Linear-slow, 5 Hz.... .01l66
feevoaessve | PEAK, 6 HZuesaoswooase L676 | Peak, 6 HZveweoooses .100 | 1/4-sec, 3.5-10 Hz,.. .0246

1-Story.e | Lucesnseses | Peak, 0.1 HZuvuesensrs .821 | 1/4~sec, 3.5~10 Hz.. 099 | Peak, 6 HZiveveonnoon .00040
2eeennveves | 1/bwsec, 3,510 Hz... .785 | Peak, 0.1 HzZ.vuevsees 100 | Peak, 2 HZevsseeesows 0058
Buieeeeeees | Peak, 2 HZuvevswnenss o784 | Peak, 2 HZueeeeewsns 109 | Peak, 0.1 Hz.euvvsee. 0265
beevsonsane | Peak, 6 HZouviesooasas 2642 | Peak, 6 HZiveasonoao .135 l-gec, 3.5-10 Hz..... .0269

2-8t0fYue | Llivosveeess | L-sec, 10-24 Hz...... .956 | 1-sec, 10-24 Hz..... .0202] l-sec, 10-24 Hz...... .0049
Zasevsceene | C=BloWessensesennnana 917 | C~8loWeeuaransnsasas  .028 Peak, 0.1 Hz,.uv.ouu. .0062
3eesecansss | Peak, 0.1 HZ.vvaouuua .855 | Peak, 0.1 HzZeveransuo 036 | Peak, 2 HZuisuveonoann L0121
feveesaseae | Llbmgec, 10-24 Hz.o...  .843 | 1/4-sec, 10-24 Hz... .036 | Linear~fast, 5 Hz.... L0127

PEAK MIDWALL VIBRATIONS

All.,.ove| Lieeunsneea | 1/b4-sec, 10-24 Hz.... 0,728 | 1/4=-sec, 10-24 Hz... 0.392 | Peak, 0.1 Hz......... 0.0662
Z2eiieesanese | Peak, 6 HZeverernoans 2713 | Peak, 6 HZovereowsoo 415 | Peak, 6 HZevvowsoonre 177
Beeevsvnsae | Peak, 2 HZuvuseneases .700 | L-sec, 10-24 Hz..... 416 | Linear-slow, 5 Hz.... .180
lieesesenens | Imsec, 10-24 HzZuvuosus B85 | Peak, 2 HZveesososas L22 | 1/4-gec, 10-24 Hz.... .186

1-Story..  liiveeseves | 1/b-sec, 10-24 Hz.... .757 | 1/4-sec, 10-24 Hz,.. .384 | 1/4-sec, 10-24 Hz.... .187
2eseaunseea | Peak, 2 HZevrivuoasaos .733 | l-gec, 10-24 Hz..... 412 1 lesec, 10-24 Hz...... .237
Beeessncene | Peak, 6 HZevsernssoson 722 | Peak, 2 HZuevevnonens 418 | Peak, 6 HZevveoseoons 262
feeevovoanse | L=sec, 10=24 HzZuuuasu 716 | Peak, 6 HZueveeseanes .425 | Linear-slow, 5 Hz.... .270

2-8St0rVee | levecanneoa | Peak, 6 HZuvurronoaas .782 | Peak, 0.1 HZevevouus .369 | 1/4-sec, 10-24 Hz..., .062
Z2eeesereces | Peak, 0.1 HZivunuarnn 779 | Peak, 6 HZeseranonon 370 | Linear-slow, 5 Hz.... .129
Bievesensse | Perak, 2 HZouossrornonus 764 | Peak, 2 HZivasuosens 2384 | Peak, 6 HZ.osausnaone .139
bivewrvenes | 1/bmgec, 10-24 Hzouvuo  .738 ] 1/4wsec, 10-24 Hz... .388 | Linear-fast, 5 Hz.... .211

8Y
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Measured Mlidwall Responses

Figures 32 and 33 show midwall responses from various peak and integrated
airblasts, respectively, analogous to the corner responses of figures 30 and
31, Statistics and equations are given in table 5 and , like those for the
corner responses, indicate that neither unanimity nor major differences exist
among the methods. The methods are ranked in table 6. As expected, the 10
o 24 Hz SEL correlated well with midwall motions; however,the 2 Hz and 6 Hz
peak methods were consistently good. For the two-story homes, 0.1 Hz peaks
was also excellent., Because of scatter in all the measurements, small dif-
ferences among values of the correlation coefficients and standard errors
have no meaning, so the ranking of one method over the next is not always
gignificant.

The low-frequency response systems (0.1 and 2 Hz) are generally best for
assessing likely corner responses, and the higher one (6 Hz) and SEL values
(integrated sound levels) correlate better with midwall responses. This
suggests that the damage potential of ailrblasts should be measured with the
low~frequency sound systems, which have a flat response down to at least 2 Hz.
The annoyance potential is strongly influenced by midwall responses and should
be measured with speclal integrated sound levels or wlth systems having a flat
response down to 6 Hz, The statistical differences between many of the
descriptors are small (table 6), which would allow the use of one or more of
several linear and integrated measurement methods for airblasts. The most
practical existing measurement methods are linear-peak with 2- and 6-Hz (or
5-Hz) low-frequency response and C-slow (type 1 precision impulse).

Envelopes of Maximum Alrblast Responses

The most severe cases of residential-type structure response are shown
in figures 34 through 37 as the envelopes of maximum response values., Predic-
tions could also be made by taking some number of standard deviations from the
response plots (figs. 30-33), although the scatter (indicated by the correla-
tion coefficients) introduces much uncertainty about some of the descriptors.

Comparison of Responses From All Sources

The racking and midwall responses from airblasts and other impulsive
nolse sources are summarized in tables 7 and 8, All responses, including those
in the previous investigations (Appendix F), have been converted to vibration
levels in the structures per pound per square inch (1b/in”) overpressure. It
is not possible to assess the rellabllity of many of the responses since some
are based on very few individual measurements, and all involve various instru-
mentation and measurement techniques. Some descriptors were calculated on
the assumptlion of simple harmonic motion (usually good for midwall motions and
fair for racking motions) and measured frequencies, where available. Where
frequencles were not given by the authors, the racking and midwall frequencies
were assumed to 8 and 16 Hz, respectively, Sonic boom and large blast studies
typically use wide-band instrumentation; therefore, the Bureau of Mines
response data in tables 7 and 8 are from the 0.1 Hz low-frequency cut-off plots
of figures 30 and 32.
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TABLE 7. - Racking response of structures from various impulsive noise sources

Author Displacenment, Velocity, Strain, Source of noise
in/psi in/sec/psi | pin/in/psi
Production blasts:
This research...... 17.8 A1l homes.
1 S 18.8 1-story homes.
2o 13.8 2-story homes.
Sonic booms:
Kryter (19)........ | 0.461 123.0 B-58.
Wiggins (80)....... .050-0.096 12.59~ 4,90 | 488-1,125 B-58 and F-104.
Newberry (33)...... .107 15,38 FD-2, roof response.
Clarkson (7)....... | <.486 1244 Shear response at 2d
floor.
Blume {3)ccivrannss L245- ,326 | 112.3 ~16.4 B-58 and F-104,
- roofline.

1¢Calculated.

TABLE 8., - Midwall regponse from various impulsive noise sources

Dis- Acceleration,| Veloclty, Stress, Strain
Author placement, g/psi in/sec/psi|1b/in” /psi |pin/in/psi Source of noise
in/psi
this 10,852 122.3 85.6 Production blasts:
research, All homes.
DOwsvsecoane| 744 119.4 74.8 l-story homes.
DOuarensnees| “1.04 127.3 105 2-story homes,
Kamperman (18) 1,165 16.6 Floor motion.
Kryter (19)...| 1.01 101 Sonic booms: B-58
Ceiling,
DOesvaenaons 1.53 1154 B'SS, midW&llo
Wiggins (80).. .302- 130,2- B-58 and F-104
0.634 63.4 midwall,
Dooonooo.ovc 5-7"'18.? 1197'6‘{#6 864"'3,312 leo'ft Windcw‘
Newberry (33).] 1.15 ‘116 FD-2, walls.
Leigh (22)....| 2.13 40,2 1124223 XB-70, walls.
DOsevaassnce 446-677 Gypsum panels,
Mayes (g_é_)oooo {4‘,?52"’? ,200 Sonic boom,
DOsesensnsss 2,016-2,347 Single charge blast,
Clarkson (7)..| <l.04 7.2-28.8 |<'104 Sonic booms: XB-70,
B~58, F=104,
Exterior walls,
DOssevasecna <n45 <1[{'5 Interior Walls.
DOuwsvonessns| <.875 <*87.5 Window, 5 x 10 ft x
0,25 in,
Blume (3)veves .87 41,0 117 B-58 and ¥-~104 walls,
DOsesvcoooss 4,320 Window.

lgalculated.
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The racking responses (table 7) produced by sonlc booms and blasting
appear comparable on the basis of the Kryter (19), Blume (3), and Clarkson (7)
studies. The Wiggins (80) and Newberry (33) values are comparable to each
other and to about one~third of the others. (Newberry measured roof response,
as opposed to corners or walls.)

Midwall responses also show reasonably good agreement between production
blasts and sonic booms, despite the widely varying frequency character in
gources , geometric factors of orientation, wall surface area, etc.

Kamperman's (18) floor response is about one-fifth of the vertical wall
response, as expected. The Wiggins (80) midwall response is somewhat low,
but within the scatter of the blast responses. Window responses are either
much greater according to Wiggins (80), or comparable as found by Clarkson
and Mayes (7). In summary, the sonic boom produced responses (peak particle
velocities) range from the same as production blasting to about three times
higher; the average was greater by a factor of 1.8.

STRUCTURE RESPONSE FROM GROUND VIBRATION

Structure and widwall responses.from production mine blasting (figs. 38~
39) can be compared with analysis of the airblast responses. In all cases,
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the largest corner and midwall responses from any given blast were plotted
against the largest of three ground vibration components, to give the worst
cases, The horizontal components did not necessarily correspond to the true
radial (or longitudinal) and transverse, the velocity gages were orilented
parallel to the structure walls,

Most interesting is that the racking response (corner or structure
vibration) as shown in figure 38 1s significantly lower than the input ground
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vibration velocity, when measured either on the first or second floor.
difference between the data from quarries and surface coal and metal mines was
. For both kinds of mine blasts, responses were greater for two-

story than one-story structures, probably resulting from significant

significant

1ow-frequency energy in the ground vibratioms.
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The

Midheight corner measurements

could not be used to evaluate the structural motions because of contamination
by the higher amplitude midwall wvibrations.

The midwall responses from the blast vibrations have an amplification
offect as indicated by the slopes exceeding 45° (figure 32).

more scatter than the corner motion plot,

the quarrie

Se

They also show
In contrast to the corner vibra-
tions, both types of mines produced greater structure vibration levels than

ground vibration-structure response plots in figures 38 and 39.

Summarized in table 9 are the equations and statistics for

TABLE 9. - Equations and statistics for peak structure vibration (SV)

responses from ground vibration

Corre=~ Normal-
lation | Stand- ized Regres~-
Sites Homes Equation coeffi~ | ard stand=~ sion
clent | error ard line
error
PEAK STRUCTURE VIBRATION (CORNER) VERSUS PEAK GROUND VIBRATION
Mines..e.eo | ALL homes. | SV=0,101 + 0.491 gv | 0.887 | 0.177 0.394 1
QuarrieS.. | «+d0seeses | SV= ,011 + ,838 GV .934 112 .378 2
All sites, | «4d0usesos | SV= 101 + 497 GV .886 .175 405
Mines,.ee. | L-story... | SV= .097 + ,410 GV .925 .123 .300 3
QuarriesS.. | ++d0eeesos | 8V= 035 + .686 GV .956 .088 324 4
All sites. | +ed0uavs.e | SV= 101 + 415 GV .920 125 .310
MineSe.eeceo | L=-1/2- and | SV= ,100 + .532 GV .893 .183 .396 5
2=-story.
Quarries.. | «.d0Osee... | SV= 008 + .965 GV .950 ,106 .383 6
All sites. | +,d0see.ss | SV= ,098 + ,539 GV .892 .182 407
PEAK STRUCTURE VIBRATION (MIDWALL) VERSUS PEAK GROUND VIBRATION
Mines..... | ALl homes, | SV=0.261 + 1.47 GV | 0.863 | 0.574 0.427 7
Quarries.. | .+d0,.ee.s | SV= 097 + 1.09 GV .832 .229 453 8
All sites. | +adOuuesss | SV= ,202 + 1.50 GV .866 550 449
Mines..... | l=story... | SV= ,267 + 1.07 GV .910 .345 324 9
Quarries.. | «.dos..ees | SV= 112 + 1,17 GV .861 245 422
All sites. | +.d0..eses | SV= ,222 + 1,10 GV .910 324 ,340
MineSee..e | 1=1/2- and | SV= .246 + 1,62 GV .881 .570 401 10
2 story.
Quarries.. | «+d0,40eas | SV= ,107 + .937 GV 787 .208 .505
All sites. | ..d0,.ev0s ! SV= ,193 + 1,64 GV .882 .559 423

A complete analysis of

study is available in a separate report (56).

the Bureau's ground vibration response and damage

It is necessary to note that all the responses discussed in this paper

are applicable to residential-type structures with frame superstructures.

The
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airblast or ground vibration response values may not apply to multi-story steel
frame structures or large structures with masonry load-supporting walls. The
natural frequencies of vibration of a large-span structure such as warehousge
would be considerably lower than the 4 to 24-Hz range for residences and their
midwalls. The larger structures will not only be more responsive to the low
frequency airblast, but the responses will not correlate with the various sound
discriptors in the same way as do the small residential structures.

TOLERABLE LEVELS OF AIRBLAST

Several research areas have developed data that apply to the problem of
safe and tolerable levels of impulsive noise. These studies have used a
variety of sound descriptors that are not readily comparable, and results have
been based on different criteria of acceptability. Much work has been done
on glass breakage, because glass is the element in a typical home most sensi-
tive to airblast damage. Human and structural tolerance to sonic booms was
extensively studied in the event of increased supersonic air traffic. The
Army has long been interested in tolerable exposure to short-term impulse
noise as from artillary firing. Environmental agencies, concerned with pro-
tecting the quality of life and property, are also aware of economic and
social costs in the regulation of such adverse environmental effects as blast
noise. The considerable work done on structural vibration and damage from
ground vibration applies to the airblast problem, as the findings can be
related through structure responses.

Comparisons Between Airblast and Ground Vibration Responses

Ground Vibration Damage

The Bureau has recently completed an extensive study of the response and
damage from blast-produced ground vibrations (56). Ten data sets were analyzed,
including three described in earlier damage analyses done by the Bureau (9, 34),
an additional Canadian study (35), Dvorak's analysis of brick structures (L0),
and new residential damage data from surface coal mines obtained by the Bureau
of Mines (56). The previously recommended 2-in/sec safe blasting criterion
still appears applicable to those blasting situations which produce only high-
frequency ground vibrations at the receiving structures >40 Hz. Suchsituations
include small-scale blasting (excavation and construction) and homes sitting
directly on rock at small distances (< 300 ft). A 5-pct minor damage
probability level for these high-frequency blasts as measured by both Langefors
(21) and recent Bureau work is approximately 2 to 3 in/sec, and no damage has
been observed below 2 in/sec (56).

Significant problems exist for blasting where the ground vibration
frequencies are close to the structure response frequencies (4 to 25 Hz). This
is well demonstrated by the differences in the scatter for the two types of
damage data analyzed in the earlier Bureau of Mines summaries (fig. 3.7 of
reference 34). Both the minor and major damage threshold have a small amount
of scatter for the high-frequency vibrations, indicating that the use of
particle velocity in this frequency range is a good damage descriptor. In
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a response-spectrum analysis, this is the velocity-bound range of particle
velocity frequencies. However, at lower frequencies (2.5 to 40 Hz), the parti-
cle velocity alone results in significant scatter (large standard deviations),
and the statistically determined probability of damage at 2 in/sec for such
data alone can exceed 10 pect. This problem results from both the structural
resonances and large particle displacements occurring at these low frequencies.
The British have noted the need for a displacement-bound criterion at low
frequencies, and use 0.008 and 0.016 inches peak displacement as caution and
maximum levels, respectively, for safe blasting (56). Assuming simple harmonic
motions, these convert to 0.5 in/sec and 1.0 in/sec peak particle velocities

at 10 Hz.

Direct measurement of blast damage and reanalysis of the nine previous
studies have demonstrated that a stricter safe vibration level is required for
low-frequency situations, In addition, the concept of a threshold for the
most superficial types of damage needs to be reintroduced in the light of the
latest data. Nonstructural cracks on interior walls are the most sensitive
indicators of blast damage, and have a threshold level (with a 95-pct confi-
dence of nondamage) of 0.75 in/sec. Inclusion of the Bureau's shaker tests
(66) and the Dvorak blast data (10) lowers this to approximately 0.5 in/sec,
although the shaker tests are somewhat suspect since they produce only 1ocal-
ized vibrations and last longer than blasts. This lower criterion is applicable
to sensitive residential structures (plaster interior walls), superficial
damage (hairline plaster cracks), and low-frequency ground vibrations (structure
on soft ground or thick overburden, and/or at long distances). Wallboard
(gypsum Drywall) is more damage resistant than plaster by a factor of approxi-
mately two, and as previously discussed the high-frequency damage threshold
is considerably higher (2 to 3 in/sec).

Data was collected from many shots for some structures; in one example,
there were 12 nondamaging blasts exceeding 1 to 2 in/sec, However, this study
did not fully address the long-term fatigue problem or the characteristics of
masonry response, Consequently, the conservative 0,5-in/sec criterion is
justified for long-term blasting under the conditions described. Modern con-
struction (Drywall) should be afforded the same degree of protection at peak
particle velocity of approximately 1.0 in/sec. Further work on long-term
blasting and fatigue is continuing.

Alrblast Criterian From Response Analysis of Structures

Airblast criteria have been developed from these ground vibration criteria
and from comparisons between the airblast responses (figs. 30-33) and ground
vibration responses (figs. 38-39), with equivalent damage risks. One method
involves comparing the mean values of the alrblast and ground vibration plots.
Airblast levels equivalent to the 0,5-in/sec peak particle velocity in terms
of whole-structure response are 135 dB (0.1 Hz), 134 dB (2 Hz), 132 dB (6 Hz),
and 112 dB C-slow (table 10).




TABLE 10. - Airblast sound levels for control of structure response based on
ground vibration response and damage levels

Equiva~

Type of Struc- lent Sound levels, lb/ing (dB)

blasting tures vibra- 0.1 Hz 2 Hz 6 Hz C-slow Assumptions

tion,
in/sec

Mine.sssoo | ALL.ou. o | 0,0195(137) | 0.0171(135) | 0.0126(133) | 0.00133(113) | Utilized mean values
l-story. L0164 (135) L0144 (134) .0109(132) of both airblast
2-story. .0272(139) .0198(137) L0154 (135) .00115(112) | response and ground

Quarry....| All..... .0237(138) .0210(137) .0156(135) .0017 (115) vibration response.
l-gstory. .0206(137) .0183(136) L0138 (134)
2-story. >,018(>136) .026(139) 024 (138) L0012(112)

Mine.seses | Alloueua | 20,50 .0093(130) .0073(128) L0045 (124) .00037 (102) | Based on 5-percent
l-gtory. .0080(129) .0063(127) .0039(123) probability of strong
2-5£0ry. .0153(135) L0107 (131L) .0080(129) .00065 (107 response to airblast

Quarry....| All..... 0161 (135) .0136(133) L0094 (130) .00088(110) | and weak response to
l-story. .0131(133) .0110(132) 0076 (128) ground vibration.
2-story, |/ >,017 (>135) L0207 (137) | >.012(>132) L00130(113) This is the least

Minesesaeo | Alliseae | .0225(138) .0193(137) L0139 (134) .00144 (114) | favorable airblast
l-story. L0186 (136) L0160 (135) L0116 (132) case. All other pre-
2=5tory., >,017 (>135) | >.020(137) | >.012(>132) | >.0015(>114) | dictions give higher

" | pl.0 airblast levels,

Quarry....| All..... >,025(>139) | >,020(137) | >.015(>134) | >,0015(114)
l-gtory. >,025(>139) | >.020(137) | >.015(134) | >.0015(>114)
2-5tory. |/ >,017 (>135) | >.020(137) | >.015(134) | >.0015(C114)

Mine.seeeo | All.uooo 0193 (136) L0166 (135) .0109(132) .00077 (109) | Based on maximum air-
l-story. L0151(134) L0127 (133) .0082(129) .00053(105) | blast values
2-story. >,020(>137) | >,020(>137) | >.020(>137) | >.0007 (>108) (envelope of measured

°0.75 data) and mean ground

Quarry.... | All..... ~.029(140) ~,029(140) ~,029 (140) >,0012(>112) vibration responses.
l-story. .0241(138) .0211(137) L0114 (134) L.00105(111)
2-story, |/ >,020(>137) | >.020(>137) | >.020(>137) | >.0007 (>108)

9<
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A more statistically rigorous analysis can be made by taking 0.76 standard
deviation for each of the two responses using the most unfavorable case (with
a probability of occurrence of only 5.0 pct), and projecting the resulting
airblast levels. Statistically, this is equivalent to the simultaneous
occurrence of a strong airblast response and a small ground vibration response,
This resulting 5-pct occurrence probability could be combined with the 5-pct
damage probability level (0.50 in/sec for blasting) for a very conservative
set of airblast criteria with an overall probability of 0.25 pct. The
resulting average airblast levels for mines (all mines) ar