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1.0 ZINTRODUCTION

This research program was designed to compare the exterior blast
nolse and vibration epvironment during a stone quarry blagt with

the blast noisa and vibration environment produced insaide typlecal
nearby dwellings. It was found that in all cases the ground-borne
vibration f£rom a blast produced more nolse and vibration inside than
outside a dwelling. The typlical air blast that follows shortly
after the ground wave may produce even more nolse and vibhration
inside than the excitation from the ground wave. A large choice

of transfer functions was detecrmined to compare the outdoor blast

noise and ground vibration to the indoor noise and vibration for

typical dwellings during a quarry blast.

1.1 current Information Availahle on Quarry Blast Noise and

Vibration

_ At the time this research program was initiated, the hlaat nolsa

and ground vibration described hy peak-over-pressure and peak
ground velocity measurements werae alresdy well understond. The
Bureaun of Mines had published several reports containing data
that described the relatlonshlp hetween these peak lavals and

the distuncn from the blaat and the maximum charge per delay of
the blasn.l'2 These data also showed that peak values correlated
well with structural damage and window breakage. Time hiatoxy
and frequency apectra measurements have been made of hlast nolae
and vibration insidea and outside of dwellings by the Buraau of

Mine33 and Kamperman Assoclates Inc.4 These data show that there
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arc two separate waven outside (a ground-borne wave and an airborne

wavae) and cach wave causes both sound and vibration signals within

dwellings.

Tha effacts of weather conditions on the airborne bhlast wave have
also been reacarched praviously.3“5 At distances of geveral kilomi-
aters from the blast, tha temperature gradient, wind apeed and
direction, and wind gradient greatly control the peak-over-
pressure. At leasser distancas of a few kilometers the wind speed
and direction are the most significant parameters in the propaga-~
tion of the air bhlaat beyond the quarcy or open plt mine

propercty.

8tudliea on the paychological effecta of impulse aignals auch as
quarry and open pit mine blasting hava alac been done pravicualy,
The most recent reporta on impulae noisea suggesat that a C-welghted
l-sacond integration of the sound wave may bhe uaed to describa

8,10

the human reaction. Human annoyance to vibration correlates

wall with peak valocitles abhove 2 to 8 Hz (depending upon the

dirmction) and peak accaleration helow theae frequencies. A
fraquency-weighted peak accaleration measuremant has been proposed
by 150 as an approximation to this.?

Only limited information haa been published on reducing the nolse
and vibration from quarry and open pit mine blasting. Howaver,
thia information doms suggest that improved blasting techniques

6

produce lower~level sound and ground velocity signals.

-

7-10
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1.2 Purpose of This Roacarch Study

The purposc of this study was to determine the transfer function

of the outdoor ground wave and air wave produced by a gquarry blast
to the indoor vibration and sound found in typical dwellings. The
indoor vibration and sound were to be compared to accepted criteria
descriptors of human annoyance produced by impulsive sound and
vibration. The outdoor signals were to be compared to past measure-
ment descriptors of quarry blasts. Schemes predicting the magnitude
of the blast, given the distance from the blast and the maximum
charge per delay, were also studied to botter understand the

overall blast noise and vibration phenomena,

The objective of thia study was to research a vexry small segment
of the overall problem of anncyance to residents inside typical
dwallings arising from bhlasting activities at nearby stone quarries.
Subjective responses of human annoyance to blasting were not con-
sidered in this study. Health and welfare considerationa were
explicitly excluded. The study concentrated only on detexmining
simple, objective measures to monitor ground-borne vibration and
alzrborne hlant nolae gutaslde and predict the noiase and vibration
inaide a typical dwelling. The indoor and outdoor blast rolse
and vibration dascriptors ware selected to he compatible with the
physical deacriptors currently being used by other organizations
concerned with various aspacta of blast nolse and vibration
phenomena. The organizatlions of principal concezcn wern} EPA,
150, BuMines, CERL, DRepartment of the Army, AMRL/BRBA at WPAFR and
HUD. The results of the'1975 quarry blast noise study for Illinoils
IEQ are included with the results of thia study for EPA,

e P
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2.0

2.1

pPetermining the transfer function for typical dwellinga by measuring

the outdoor blast noise and vibration and compnrihg it with the

SUMMARY

Blast Noige and Vibration Descriptors

indoor blast noise and vibration can be accomplished in a variety

of waya,
that directly related to measurement mathodologies already commonly

in use, simple descriptors that would best deacribe the response

The main concern of this study was to select descriptora

of the dwelling to the blasat nolse and vibration, and deacriptora

that could measure the human annoyance caused by bhlast nolae and

vibration inside dwellings.

Tables 2.1~1 and 2,1-2,

Table 2,1-1, Blaat Noise Descriptoxs

1.
2.

Peak acund pressure levsl.

Sound pressura time history.

Sound frequency spectTum apalysia.

C~wailghted sound exposure level (CSEL).
C-waighted sound~lavel alow meter response.
A-weighted sound exposure level ({SEL} indoors,
A-weighted frequency spectra indoors,

4 to 200 Hz sound expoaure lavel (SEL).

4 to 200 Hz slow meatar response,

Note: SEI =« gound exposurae level, VEL = vihration exposure

leval, hoth normalized to one second,

The descriptora used are outlined in

ot S vt S Gt S
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Tablg 2.1-2, Vibration Descriptors

1. Peak velocity vibration level, lateral (radial), transverse,

vartical.
2, Velocity vibration time history.

3. Vector sum of lateral, transverse, and vertical veloclty exposure

level (VEL).

4, Lateral, transversa, and vertical velocity vibration frequency

spectrum analysis.

5. Lateral, transverse, and vertical independent velocity vibration

expogure level (VEL).

6. ILateral, transvexse, and vertical independent veloclty vibration

leval slow meter responsaa,

7. lateral, transverae, and vertical independent velocity vibration
lavel C-walghted s)low mater response,

8. Peak accalaration level, 5.6 Hz low-pasn.

9. 5.6 Hz low-pasa acceleration VEL indoors,.

10. Accelaration vibration frequency apectrum apalyals (indoors).

Twenty-~six blast events were recorded for thids current atudy, which
also cavers an additional 15 blaat events recorded by the Illinols
IEQ study of 1975. The total 4l recorded blast events consist of
the 18 blaat evants racorded by Kamperman Assoclates Inc. and

Mr. Greg Zak of Illinocila EPA, plus an additional 8 by Illinpoia

EPA for this study, and 15 hlast events recoxded in 1975 4in the

ks e ————— .
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Illinois IEQ study by a combination of Burcau of Minesa,

Kamperman Associatesa Inc. and Illinodis EPA,
All the dascriptors in Tables 2.1-1 apnd 2.1-2 wera used to
avaluate the blast noise and vibration signala from 10 to 15 of

the blast events recorded in this study.

2.2 DBlast Nolse and Vibration Measurement Mathodologias

Three different measuremaent systems were utllized te record the
information sumarized in this report. The principal measurement
system wan a semi-portable (mobile) tape-recording system that
pemitted simultaneoua recording of eight channels of information
over a frequancy range of 0 to 2500 Iz, plua a aecondary caasatfite
racorder used to obtain the A-waighted sound level inside a dwelling
over a frequency range of 25 to 10 K Hz, Threa identical velocity-~
sensitive tranaducers ware used to monltor the ground vibration
outside a dwelling. The veloclty pickups were orlented in the

thraé mutually perpendicular axaes to meaasura lateral, tranasversa,
and vertical ground velocity. Two microphone carrxier systemsa,

one locatad cutslde tha dwalling and one inside, were used to
maagurae the ailr hlast noisa from 0.1 to 2.5 K Hz. Similarly, the
indooxr floor vibration was monitorad with three mutually perpendicular
mounted valocity tranaducers identical to the units used outaida

the dwelling. Velacity was recorded from thesa units over a

frequency range of 4 to 1,000 Hz, Occaslonally one of the indcor
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tranasducers would be roplaced by an accelerometer with an extended

frequency range of 0.5 to 2,500 fiz.

The sccond measurement system was a portable air blast tape-
recording system handled by Greg Zak of Illinois EPA., This
system was designed to record the total alr bhlast signal ranging
from 0.6 H: to 2,000 Hz. The portable blast noise recording
system was used to record the blast noise on the quarry property
on a line hetween the blast event and the instrumented dwelling.
In addition, Mr. Zak was able to record blasts from an opan pit

coal mine, two silica sand quarries, and an additional 1limestone

quarry.

Tha air blast study conducted in 1975 for Illinods IEQ utilized
two principal measuring asyatems to record the alr blast signal on
magnetic tape. The two aystems had the same capability as the
portable aystem used by Illinols EPA and described in the previoua
paragraph. Mr, Greg Zak o% Illinois EPA supplemented tha blast
neise measurements made by Kamperman Associates Inc. in the same

manner for both the 1975 and tha 1976 blast noise atudies.

The third type of measurement system was operated by the Bureau of
Mines. The Bureau of Mines provided a mobile van with personnel
under tha direction of David Siskind from the Twin Citles Research
Center to augment the 1975 Illinois IEQ study. The Bureau of

Mines had the capability of recording up to 12 channela of ground-~

I o g e Y b T . BT AT R Y, L PR
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borne and airborne blast data simultancously. The Burcau of Mines
made two separate visits to the Chicago area to measure blast noilse
andd vibration inside and outside residential structures during the
1975 study. The reasults of their data have becn published3 and

are incorporated into the findinga of this study.

All the blast noise and vibration measurements made during the
1975 Illinois IEQ study and the 1976 EPA study were obtained at
limestone quarrles in the Chicago area, with the aexception of the
elght additional air blast recordings made by Greg 2ak of Illinocis

EPA.

2,3 Data Raduction Mathcodolegles

The mobile recording aystem assembled by Kamperman Asgociates Inc,
for this atudy was designed to derive all of tha descriptors liated
in Tablea 2,1-1 and 2.1-~2 for the 18 blasta recorded in typical
dwellinga Ainastrumented both inaide and cutaide. The maethodologles
vaed to obtain the comprehensive information from thesea recordings

are contained in Appendix A of thia repart.

2.4 Selection of Descriptora of Human Annoyance

The apnoyance to the ranidents Lnaidg dwallinga rasulting from
blasting activities 13, indeed, a very complex problem. Over the
yvears, the Bureau of Mines has been principally concerned with
eatablishing safe limita for alr blaat and ground vibration to

avold structural damage to nearby buildinga during a blast. With
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the race?tly incereasing population density in the vicindty of
quarries and open pit mines, annoyance to residents ingide
dwellings during blasting activities is receiving much more
attention and study. There are no recognized annoyance standards
applicable to blasting at this time. Whether the peak noise or
vibration is more or less significant than the total energy in

the blast event i3 subject to dehate. It i3 for this reason

that both peak~ and energy-type blast noise and vibration descriptors

vere utilized in this study (Tables 2.1«1 and 2,1-2}.

2,5 Determining the Tranafer Function for Blast Noiase and

vibration from Qutside to Inside Typical Dwellings

Because of the uncertainties aasociated with human reaponase to
blasting events discussed in the previous section, it was believed
important to consider many descriptors (see Tables 2.1-1 and 2.1-~2)
to arxrive at a variety of transfer functions. This wida variety
permita the user of thiam study to select the blast noisze and
vibration descriptora which beat meet his needs, and then to
salect the tranafer function from the outdoor blast noise and
vibration environment and relate it to the indoor blast nolse

and vibration environment for the dwellings studied.

2.6 Relating the Magnitude of Blast Noise and vibration to

Quarry Blasting Techniquas

The blast nolsa level (using different descriptora} was correlated

with the maximum explomive charge weight per delay. A similar

—9m
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cerreolation was made for the ground vibration. DBoth the air blast

and the ground-bkorne vibration were then correlatad with distance

from the blaat,

3.0 CONCLUSIONS AND RESULTS OF STUDY

3.1 PFrequency Range of Interest

More than 200 detailed blast nolse and vibration frequency spectra
were studied in detail to determine the frequency range of interest
with reapect to typical dwellings. Different criteria were estab-

lished to measure the air blast and grcocund-borne vibration from a

quarxy hlast.

The ground vibration velecity leval spectra measurad- outaide (in
each of tha three mutually perpendicular planea) were compared
with aimilar floor vibration velocity levels measured lnside a
specific dwalling. Every dwelling measured contained some
resonances that produced higher vibrations, at certain frequencles,
inside the dwelling than cutside in the ground. The frequency
bandwidth containing these reaonant frequenciea (vibration
amplification) was noted for each dwelling. A composite of

all of the data showed that A measuremant handwidth of approximately
5 to 200 Hz would encompass all of the dwelling reaonances due

to ground-borne vibratlon. The majority of tha resonances ware

hatwean 10 and 100 Hz.

A slightly different approach was taken in measuring the interior

vibration caused hy the air bklast signal. The major blast anargy
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produced by stone gquarry blasting appears at 1 Hz (+ 0,5 Hz).

At this frequency of maximum preassure, the magnitude of the

1 iz component is casentially the pame inaide and outside the
dwelling. However, typical single=-family dwellings do not
respond to this 1 Hz component. Tharefore, the high amplitude

1 Hz component was considered relatively unimportant to the
rasidents within dwellings, since they could not hear or feel it,
The next atep was to look at all the floor vibration (velocity)
level spectra generated by the air blast alone. It was decided
that the vibration frequency range of interest would be the measured
velocity level bandwidth that was exactly 20 dB helow the peak
velocity within the bandwidth. After summarizing all the results,
it was found that the bandwidth meeting this criteria was again

approximataly 5 to 200 Hz, with the majority of the measurements

falling between 10 and 100 Hz,

The concluaion is that typical dwellings contain numergua rasonant

frequencieas throughout the frequency range from 5 to 200 Hz.

These resonances can be readily excited during a blast by aeltherx

the ground-borne wave or the alr wave. ' ’

3.2 Amplituda Measures of Blast Noise and Vibration

Two basic signal amplitude measurement mathodologles were used
in thia study: the peak level of the blast noise or vibration
and a l-second equivalent integration of the blast nolse or

vibration axposure level (SEL or VEL). The standard (type 1)

~12-
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sound-level meter set for slow meter responsc was also utilized

to approximate tho true l-sccond integration of SEL or VEL. Sound-

level meters with a l=second time conatant are a standardized

instrument in common use. oOne=-second SEL or VEL inastrumonts have

been built, but are not in common use at this tima.

3.3 Human Annoyancea Descriptoxs Applied Inside a Dwelling

There are four signals of major interest inside a dwelling for
egach blaat avant: the nolse and vibration produced by the
ground wave, which arrives first, and the noiase and vibration

produced by tha air blast, which follows shortly after.

Two noise measuresd appear appropriate, since they can bheat be
related to pravicus annoyance studies. These are the C-~walghted
SEL (CSEL} and the A-waighted SEL. The C-~welghted SEL can he
corralated in a stralghtforward manner with the magnitude of the
atructural vihration of the dwelling resulting from the bhlast,
Tha A-walghted SEL can he used to measure non-linear effecta auch
as rattling of windows, dishes, or bric-a~brac, and effecta on

the actual atructura of the dwalling,

The non~linear rattling eaffecta are known to occur eapecially in
capes whare tha blaat noisa and vibration are relatively intense,
Tha prima cbjective of thia study was to determine the transfer
function of oﬁtdoor noise and vibration to the indoor noiase and

vibration. To accompliah this, moat measurements were made at
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a distance of approximately 1000 meters from the blast to cnable
one to separate the arrival of the ground wave from the later
arrival of the air blast. In a few situations there were homes
located 1/10 of this distance from the blast event; when this
occurred, an instrumented home 1000 meters from the blast event
did not usually receive sufficient cxcitation from either the
ground wave or the air blast to cause significant rattling~type
nolse inslde the dwelling because the blasting levels were limited

by the nearest residence.

A third descriptor for measuring the indoor blast noise might
logically be the peak pressure level. It was polnted out earlier
that the peak prassure level is essentially the same inaside and

outside a typical dwelling.

Considermble study has been done on the response of humans to
low-frequaency vibration. In the principal fraquency range af
interest to this program (5 to 100 Hz)}, there appears to be a
general consensus that humana are velocity-senailtive. It is not
underatood whather peak veloclty level or the vibration exposure
lavel (VEL) is the important descriptor. It has been pointed out
on npumerous occasions that the peak velocity level from alamming
a door in a dwelling may be equal to that produced by a quarry
blast, This w&s taated and found to be true, Howevear, the
slamming door avent had a duration of only 0.01 aaconda; whilae

the typical blast events reported in this study had an average
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duration of approximatcely 5 seconds (including the air blast) or

500 times longor.

3.4 The Rank Ordering of Outdoor Blast Noilse and Vibration

Dencriptors That Correlate Rest with the Indcor Human

Annoyance Deacriptors

our categories must be conaldered:

{1} the outdoor ground vibra-

tion as it relates to the indoor floor vibration;

ground vibration as it relates to the indoor noise caused hy the
vibration; (3) the outdoor air blast as it relates to the indoor
noise; (4) the outdeor air blast as it relates to the indoor floor
vibration. A large number of descriptors were analyzed and the
rasults ara presented in this section.

in the standard deviation ia probably not significant due to the

22

|

{2). the outdcor -

A variation of leas than 2:1

limited data base, which ranged between 10 and 30 data paira

{typdcally 15). The followlng is an abbreviated summary starting

with the first category (3aee Table 3.4-1).

Good corralation

(Atem 3 in the table} was found by determining the VEL of the

valocity vector sum of the lateral, transverse, and vertical

components outsilde and relating it to the aimilar VEL of the

three components on the floor of the dwelling inside (atandard
deviation 2.6 4B). A much simﬁlar measuxemant (itema 5 and §) :}
can be made by aimply ucilizing one velocity pickup (with a uni- -
form responaa down te 4 to 6 Hz) apd copnecting it to the input E]

of a atandard acund-lavel mater set for flat frequency responaa

{down to at least 5 Hz) and alow meter responaa,

m14dm=

The velocity
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Table J.4-1. Rank ordering (by standard deviation) of outdoor
measuremant of ground velocity minus indoor maasurcment

of floor velocity

Indoor Floor Valocity

Outdeoor Ground Velocity Pua to Ground Wave Haan Standazxd
. (dB ra 1 meter puor second) (dB re 1 matexr per necond) Differance Daviation i
D . Vactor Sum 4-200 Hz vEL Vertical 41-200 Hz VEL +2,3 2.1
: 2, Maximum Peak of 3 Directions Maximum Punk of 3 Directiona ~2.2 2.5
E Vactor Sum 4-200 Hz vEL Vector Sum 4-200 Uz VEL ~1.3 2.6
: + Vertical 4-200 !z vEL Vartical 4-200 Hz VEL 1.7 2.8 i
r + Vertical 4-200 lz Slow Vartical 4-200 H=z VEL ~7.0 2.0 1
L Rasponaea !
;--- 6. Lateral 4-200 Hz Slow Vertical 4-200 Hz VEL -3.9 2,9 l
I\l Responac ‘
! 7. Maximum 4-200 Mz VEIL Maximum 4-200 Hz VEL +1.0 2.9 ‘
E‘ 8. Lateral 4-200 Hz VEL Vartical 4-200 Hz VEL -1.4 3.1 !
! 9. Lateral Faak Vortical Peak ~2.2 3.2 i
D 10, Iateral 4-200 Hz VEL Lateral 4~200 Hz VEL +0.8 3.4 !
. 1l1. Tranaverss 4-200 Mz VEL Tranaversa 4~200 Hz VEL +0.6 3.4 ‘
- 12, lateral 4200 Hz VEL Vector 5Sum 4-200 Hz VEL 4.8 3.4 <‘
L 13. Maximum Peak Vertical 4-200 Kz VEL +9,3 3.4 i
i4. Latazal Feak Iateral Peak ~0.3 3.4 I
B 15, Vartical 4~200) Hz Slow Maximum 4-200 Hx VEL +7.6 a7 '
16. Vertical A-200 Hz Slow Vector Sum 4~200 Hz VEL -20.8 2,9 |
’.: 17. Iateral 4-200 Hz Siow Maximum 4-200 Hz VEL 4.1 1,9
- 18, Vartical Peak Vartical Pank -4.1 4.0
! 19. Tranaverpa Feak Txanavarsna Peak +0.1 4.0
] 20. Fateral 4-200 Hx Slow Vactor Sum 4-200 Hz VEL =7.1 4.2
21. Vertical C-¥Wt, Slow Vartical 4-200 Hz VEL =-10.% 5.3
D 22. Lateral C-Wt., Slow Vextical A4-200 Hz VEL ~B8,3 5.6
o 23. Lateral C-Wt. Slow Vostor Sum 4-200 Nz VEL ~11.8 7.3
i |
y
t
[}
. ~15~
£
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Pickup should measurce horizontal ground vibration in the lateral
(radial) or vertical direction. The maximum reading on the sound-
level meter would correlate well with the VEL of the vertical
velogity of the floor inside the dwelling (standard deviation of
2.9 dn}. If one is interested in the peak veloclty level in any
of the three directions on the floor inaide the dwelling, one
should measure in all three directions on the ground outside (2),
The maximum peak level on the ground outaide correlates with the
maximum peak level on the floor inside (standard deviation 2.5 4B).
The peak vector sum level of the three mutually perpendicular axes
measuring the ground outside would alaso be expected to correlata
with ﬁhe peak vactor sum level on the flcor inside {(atandarxd devia-~
tion between 2 and 3 dB), although this was not expaximentally
provan bhecausa of the difficulties of computing the vector sum
alectrically from tape-racorded signals. The simplaest mathod for
determining the prak level of the vertical velocity inaide ia to
measure tha peak lavel of the lateral (radial) ground veloclty (9)

outside the dwelling (standard deviation 3.2 dB).

The aecond category ralataa the ground veloclity vibration level
outside to the noise genearated inside a typical dwalling (see

Table 3.3-2). A mesasurement of the lateral (radial) ground valoclty
vibration level (item 1) with & flat responac sound-level mater

(5 Hz and above) and chserving tha peak reading on slow meter gave
good corrvelation to the lndoor C-weighted SEL (USEL) (atandarxd

deviation 2.1 d4dB). The VEL of the vector sum (3) measured on the

~16~
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Table 3,4-2.

laval.

Rank ordering (by atandard deviation) of measurements of
cutdoor ground voloecity level minuog indeor sound prapsure

Indoor Sound Preasure

Cutdoor Ground Velocity Level Level Dua to Ground Wava Maan Standard

{dB ra 1 mater per sacond) (AR ra 20 | pascaln) Diffagance Daviation
1. Lateral 4-200 Hz Slow C-Wt. SEL -149.9 2.}

2. Lateral 4-200 Hz VEL C~¥Wt. S5EL =147.5% 2.6

3. Vector Sumn 4A~200 Uz VIL C=Wt. S5EL =143,8 3.2
4., IAteral 4-200 Hz VEL 4~200 Nz 3EL ~153,2 3.2

8, Vector Sum 4-200 Nz VEL 4200 Nz gEL -150.3 3.3

6. Tranaverse 4~2Q00 Hz VEL 4~200 H= gEI, ~154.6 3.5

7. Vertical 4-200 Hz Slow C-Wt. SEL =153,2 3.6

0. Lataral Penk C-Wt. SEL ~137.2 3.6

9. Vartical 4-200 Hz VEL C=Wt. SEL -150.9 3.8
10. Lateral Q-Wt. Blow C-Wt. SEL ~154.5 3.9
1l. Vartical 4-200 Hz VEL 4~200 Hz SEL ~156.7 4.2
12. Vvartical A4~200 Hz Slaw A~200 Hz SEL -159,8 4.5
13. Tranaveras 4~200 Hr VEL C-Wt. S°L -142.0 5.0
14. Latezal Psak Poak ~-156.0 5.4
15. Tranaveraa Faak Ponk ~157.2 5.7
6. Vorticel C-Wt, Slow C-Wt. S5FEL ~163.2 8.7
17, Vertical Peak Paak ~158,1 6.6

Example: (1) A latexal ground vibration, maximmm reading and nlow xesponas on

a sound~level matax, of ~50 dB ra ona m/m (0.12

an indoor noise laval of 100 dB CSFL.

~17-

in/8) would producae
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ground outside was correlated with the CSEL inside (atandard
deviation of 3.2 dn). To determine the peak nolse level inaide
{14), one can measure the peak lateral (radial) velocity vibration

leval in the ground outside (standard deviation 5.4 dB).

The third category deals with the blast nolse outaide as it ralates
to the noise generated inside (see Table 3.3-3). Good correlation
was obtalned by inserting a 4 to 200 iz filter into the external
filter connections on a typea 1 sound-~level meter (2) and observing
the maximum responae with the slow meter response., Thia related

to the CSEL inside (atandard deviation 2.5 dB). Another choice

18 to uae a satandard type 1 precision socund-level meter set on C-
walght alow metar responaa (3} and read thae maximum outnide laval
+0 approximate CSEL inside (atandard deviatien 2.7 dB). An alternate
cholca in to measure CSEL outaide (4) re CSEL inaide (atandard.
daviation 2.7 dB). The SEL measured over the frequency range of

4 to 200 Hz outalde correlated (5) with the CSEL inaide (atandard
daviation 3.5 d4B). No measuremant outaide correlated very well
with the A~welahted noiase lavel inside, The standard acund~lavel
meter on C~waight slow rasponae max reading (9) correlated with the

indoor A-waeigqhted SEL {atandard deviation 6.5 dB).
The fourth catagory deals with the relationship hetween the outdoor

air blast and the indoor flooxr vibration (ses Table 31.3-4}. 1In

this aituation, an extexnal 4 to 200 Hz 4-pole (24 dB/ogtave)

band-pass filter on a standard type 1 precision sound-leval meter

18~
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:T Table 3.4-3, Rank ordering (by standard daviation) of measuramenta of
- outdoor sound preasure levnl minua indoor aound praspure
lavel.
=
[4 Outdoor Indoor Sound Prasaure
Sound Prassure Level Level Due to tha AMir Vave Moan Standard
7 {dB ra 20 i pancals) {dB re 20 u pascals) Difference Poviation
‘_‘ 1. Penk Poak -0.9 1.6
|L,' 2. 4200 Hz Slow c~Ht, SEL 11.3 2.5
™ 1. Cc-Wt. Slow C-Wt. SEL 2.0 2.7
1
l" 4. C-Ht. SEL C-Wt. SEL 4.3 2.7
' 5. 4-200 Hz SEL c-Wt, SEL 16.4 3.5
. 6. 4=-200 Hz SEL 4=200 HE SFI. -~0.5 2.6
L. 7. Pank c~Wt, SEL 32.9 4.8
] 8, A4-=200 H=z SEI, A-HE. SEL A6.3 5.4
9- C-Ht. Slow A-HL, SEL 32-9 6-5
H' 10, C-Ht., Slow A-WE, SEL 34.9 6.5
ad
- 1l. C-Wt. SEL A-WL. S5EL 3.3 6.7
!
¥
Ll
.
?
4
pd
7
11
- ~19~
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Table 3,4-4.

Rank ordering (by atandard deoviation)} of measutemsnta of
ocutdoor sound prossure level minus indoor floor velocity

B3 3 BB

Pk 3 IGY UTNY L2230

leval.
Qutdoor Indoor Fleor Valocicy

Sound Presnura Lavel Laval Due to Alr Have Mean Standard
(dB re 20 M pascala) (dB re 1 mecter per accond) piffernnco Daviation

. 4=200 lx Slow Vector Sum 4-200 iz VEL 166.0 2.9
2. CoHt., SEL Vactor Sum 4-200 lz VEL 160.1 3.6

<« C-Ht, SEL Maximum 4-200 Hz VEL 161,7 3.6

4. C-Wt. Slow Vector Sum 4=200 Hz VEL 157,46 1.8
5. (©=Yt., SEL Vertical 4-200 Hz VEL 163.3 4.6
G. 4-200 Hz Slow Vertical 4-200 Hz Slow 176.2 4.7
7. 4-200 Hz Slow Maximum 4-200 Hlz VEL 168.9 5.0
B. 4-200 10z S¥L Maximum A=-200 HHz VEL 173.6 5.2
9. A-200 {lz SEL Maximum Pnak 162.4 5.2
10, Peak Maximum Paalk 178.2 5.2
11. PReak Vector Sum 4-200 Hi VEL 106,48 5.3
12, 4-200 Hr Slow Maximum Peak 157.8 5.8
13. 4-200 Hz SEL Transverae 4-200 Hz VEL 104.2 6.0
14. 4-200 Hz Slow Vartical 4-200 Hz VEL 163.0 6.2
15. cC-Ht, Slow Maximum Paak 149.1 6.2
16, Peak Tranavarase Poak 168,92 6.1
17. Q-Wt, SEL Maximmn Paak 152.3 6.4
18. cC-Wt. Peak Maximum Paak 163.6 6.6
19, 4-200 Hz SEL Vector Sum 4«200 [z VEL 173,5 7.3
20. A4-200 Hz 3EL Vertleal 4-200 Hz VEL 176.1 7.8
2l. C-Wt. Slow Vertical 4-200 Hz VEL 151.6 7.8
22, TFoak Vartical 4-200 Hr VEL 190.1 8.1
23. Poak Yertical Pask 180,7 8.1
24. Peak Lateral Peak 185,7 8.5
25. 4~200 Hz SEL Lateral 4~200 Mz VEL 160.4 2.1
Example: (2} An outdeor blaat of 100 4B CSEL would shaka a dwalling fleorx at

=60 AR VEL ra onha m/n.

Exempla: (15) An gutdoor blaat of 100 4B C-walghted maximum alow materx zasponge

would shake a dwalling floor at -4% dB rn ona m/a (aqual to 0.14 in/a),

~20-

y F .
P57y




- on slow response read outside, correlated well (1) with the vector

| 3

gum of the velocity VEL of the floor velocity inside (standard

? deviation 2.9 dB). Another cholice was CSEL outside {2} rolative
;J to the veactor sum 4 to 200 Hz vaelocity VEL inside {standard devia-
-: tion 3.6 dB), The saimplest measuremant was to use the standard

;7 C-weight slow response precision sound-level moter outside (4)

i to relate to the vector volocity VEL of the floor vibration inside

{(standard deviation 3.8 dB). It was interesting to find that the

v SEL of the outdoor air blast measured in the bandwidth of 4 to 200 Hz

4

(18) compared with the vector sum VEL over the sama frequency range

f..

for the floor velocity gave a rather wide atandard deviation of

7.3 An.

The peak sound pressure lavel outalde compared (9) to the maximum
peak velocity level in any direction on the floor inside gave a

standaxrd deviatlon of 5.2 dB. The penk sound presaure level outside

[V B ST B 57 B G

correlated (A0) with the indoor floor velocity vector sum VEL for

- & standard deviation of 5.3 da.
L.,
J 3,5 Comparison of Outdoor Air Blaat Descriptors
» It has been common practice to describe hlast nolse in texpa of
! the peak-over-pressurae in the air. Table 3.5~) ahows how different
? ocutdoor blemat neise measuremant descriptors relate to each other,
- All air blasts racorded for thae EPA atudy are included Ain this

§ ﬂ tabla,
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Tabla 3.5-1, Camparison of outdeor air blast duscriptors (descriptor A

minus degcriptor D). Sound levels in db re 20 U pancals.

Maan Standard ?]
Pescriptor A Descriptor D Difference Daviation [
Poak Sound Lavel C-Waeightad S5EL 25.6 5.0 EJ
Peak Sound Ilavel C-Hodghtad Slow tlotar 27.3 5.7 .
s:}
Peak Sound Laval 4~200 Hz SEL 16.3 3.0 [H
Paak Sound Leval 4~200 Hz Slow Mater 19.9 4.6 A
IRy
4=200 Hz SEI, C~Welyatad SEL 8.6 4.2 =
4-200 Hz SEL C~Waelghted Slow Mater 10.4 4.2 Eg

C-Welghtad SEL C~Weighted Slow Matax 1.7 2,1
4-200 Bn SEL 4~200 H=z Slow Mater 3.6 2.2 E]
3
Eﬂ
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3.6 The Importance of the One Hertz Ailr Blagt Peak

Four blast events were recorded with an accelerometer mounted
directly on top of a velocity tranaducer. DBoth transducers were
criented to measure vartical fleoor motion. The purpose of this
oxperiment was to confirm that the air blast with its very strong

1 Hz (+ 0.5 Hz) frequency component had little influence on the
responase of typical dwellings, Table 3.6-~1 contains the results

of the 1501 draft recommendation (5.6 Iz low-pass filter) accelera-
tion measurement experiment, VEL was used instead of peak accelara-
tion as recommended by 150. For the purpose of this discussion
either peak or VEL is satiafactory. The large number of floor
valocity freguency spectra measured and analyzed showed that a
typical dwelling did not respond to an air blast below approximately
5 Hz. The "typical dwelling" refexrred to thxoughout this report

is a single~family one~ or two-atory atructure with a basement.
Table 3.6-~1 shows that increasing the measuremant bandwidth to
frequencies below 4 Hz (to 0.5 Hz} had little effect on the measured
floor vibration {excapt for blast no. 14) even though the air blaat
is most intense at 1 Hz., Thus, for typical dwelllngs, the IS0
frequency~walghted acceleration measurement is equivalent to a
velocity measurement where one metar per second squared (f£requency

walghted) equals 1.1 inches per second valocity.

The data in Table 3.6-1 includae only the air blast portion of the

blast event, The ground wave does not contain blrat anergy balow

5 Hz.
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Tablo 3.6~1 Intagrated energy of vaertical floor acceleration according
to 150 racommendations with furthor frequency filtering.

Yy I9 28

120

Fn

Rlaat to,
Filter law 15 16 17
Pandwidth dl re 1 g VEL
0.5 Hz - 1000 Hz ~66.0 - - -
0.5 Hz - 50 Mz -66.0 =56.5 ~65.4 -69.0
1 Hz - 50 Hz ~66.8 -56.7 ‘=65.4 -69.0
2 He - 50 H& ~68.4 ~57.4 ~65.4 -69.0
4 Hz - 50 Hax ~72.6 -57.5 =65.4 ~69.0
5 Ha ~ 50 Nz -73.0 -57.5 -65.4 ~69.0
5 Hz ~ 100 Az ~73.0 - -65.4 «~69,0

o

-

_—

L

BE M 3

ANote that blast po. 14 waa maasured in a large, atiff concrete stxuctura
more typical of a dormitory, office, or concrata apartment building than

i of a aingle-fumily dwelling.
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Blast no. 14 wan recorded on the second floor of a two-story
conerete office building with exterjior plan dimensions of nearly
100 meters. HNono of the bhlast 14 test results were included in
the transfer function comparisons in Tables 3.3-1 through 3.3-4.
The test results obtained from the concrete office bulldings wera
very different from the results obtained from the single-~family
dwellings, as Table 3.6-=1 shows, It i3 clear that an air blast

would have greater impact on larga, stiff (concrete or block)

structures such as domitories, hotela and hospitala,

3.7 Predicting the Amplitude of Quarry Rlast Nolise and Vibration

The peak valoclty level of the ground wave correlates to the distance

and maximum explosive charge by the relationship
D
20 log v = 20 leg H + 20 (B) log (—T7§J
H

whara H and A are conatants determined by the orientatlion of the
face and the rock formation and aoil compoaition surrounding the
quarry. Many of the blast velocity leval measurements made during

this atudy and the 1975 study were taken at quarrles close enough

. to each othexr to have almilar decay rates. By examining the decay

rates of encd|quarry it was found that the quarries could be com-
bined into thfae groups. These data are plotted in Fig. J.7-1.
In Bulletin 656, the Bureau of Mines shows that ground velocity
data taken at dAifferent quarrias (in different parxts of tha

country) cannot be combined to form a ground propagation law.

In the six limeatone quarries cooperating with Kamperman Assoclates Inc,
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for blast measurements, it was found that guarries very necar to

)

onec another (within a few kilometers) did have the same propagation
rate but those separated by several killometers had quite different

propagation rates. The data in Fig, 3.7-1 were, therefore,

T3 M

gseparated into three groups of quarries. 0Only peak ground

velocity level was measured in group 1. Doth peak and 4 to 200 Hz

u. .
1 4

vector summed VEL ground velocities were measured in groups 2 and

3, but only one shot was measured in group 3. The ground velocity

!

level data from group 2 show that the line describing the 4 to

1

200 Iz ground veleocity vector sum VEL i3 parallel to the line

Iﬁi_: |
I
5

describing the peak ground velocities from the same group, but

lies approximately B8 dB lowexr. The error barxr shown for the vector

aum VEL data 1s amaller than the arror bar (standard deviation)

shown for the peak ground velocity level data.

The peak sound pressura level (P} can be correlated with the ratio
of the distance from the blaat (D) divided by the cube recot of the

maximum explosive charge per delay (W). This correlation can bhe

expreased asg

D
20 log P = 20 log K + 20 (8) log ('173’
W

where K and f are conatants depending on the orientation of the

faco and the particular weather conditions.

The peak sound prassure levals plotted againat the distance divided

by tha cube root of the maximum charge weight are shown in Fig, 3.7-2.
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Thege measurcments (41 blasts) were made at seven limestone
quarrics, two silica sand quarries, and one open plt coal mine,

To forn a close-fitting straight line (linear reqgression) the

peak levels were divided into three groups. The highest group
consigts of data taken downwind and in front of the faca. Theose
data show a decay with distance of alightly leas than inverse
square spreading (20 db per doecade of distance). The lowesat group
conaists of data measured under ne-wind or crosswind conditions
behind the face of the blast. These data show alightly more than
inverse square spreading due to access attenuation from the wind.
The data falling in the middle measurcments were made downwind

and hehind the face or a few points in front of the face and cross~
wind (or no-~wind). These data are nearly exactly 20 dB decay per
decade increase in distance. The 4 Hz to 200 Hz SEL measurements
are alsc plotted in Fig. 3.7-2 for the same three groups and give
the same decay rates with distance as the corresponding peak

data, Four data points remain (two peak levels and two SEL measure-
ments) that are excessively high. These measurements were mada of
blaasts that had gas leaks and were initiated by primacord. The
straight lines describing the three groups of SEL data have nearly
the same slopes as the straight lines describing the correaponding
peak lavels, but they fall between 14 and 16 &B lower than the peak

lavels. The error bars drawn for the SEL values are smaller than

those drawn for the peak values.

The C~weighted slow meter responses from all outdoor measuremeants

made during this study and the 1975 IEQ study have also heen

20
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correlated to the charge welght and distance by the samo relation-
ship used to corrclate the peak and 4 to 200 Hz SEL. These results
arae shown in Fig, 3.7-3. These data give a more gradual decay with
distance than do the peak and 4 to 200 Hz SEL., In fact, these data
show leas attenuation with distance than simple inverse square
spreading would predict. This problem 1s probably due to the

error in the salow mater response system in accurately detacting

this type of impulse slgnal.

Similar correlationa have bean drawn for the 4 to 200 Hz alow meter
response and the C-welghted SEL. These data are presented in Fig.
3.7-4. The slow meter response for a 4 to 200 Hz filter also

ashows a decay rate with distance more gradual than would be pre-
dicted by inverse aquare apreading. The C-waighted SEL data

displays exactly 20 d8 perx decade change in distance.

A number of conclusions can be drawn from the reaults of this
study with respect to the magnituda of the air blast and ground
vibration from a blast avent:

(1} Neaighbors downwind from tha blaat will experdence lavela
beatween 10 dB and 15 dB highar than neilghbors crosawind
from the blast (or those under no~-wind conditionsn),

(2) Nelghbors in front of the face of the blast will experciencae
lavalas between 5 dB and 10 dB higher than those behind the
face of the blaat (or in the case of a 1ift ahot),

{3) The blasting methadology is very important in controlling

~30-~
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3.3

the blast noise and vibration emitted to the nelghbora.

The 4 to 200 Hz SEL or CSEL can be predicted from the distance,
explosive charge weight per delay, wind direction, and
orientation to the face at least aa well as from the peak-
over-pressure measurc.

Although data from every quarry confirm the generxal principle
that log velocity level (ground vibration) is inversely
proportional to log distance per square root of charge, each
quarry may have a different slope and intercept to tha line
degscribing this propagation rata.

fuarries within a few kilometers of each other may have
exactly the same propagation rate for the ground wave.

The 4 to 200 Hz VEIL of the vectoxr sum of the ground valocity

" level can be predicted at least as wall as the peak ground

valocity level from the distance and the explosive charge

welght per delay, as wall aa from previous knowledge of the

quarry.

Genaral Observations

3ll pmak ground velocity data measured outside during this atudy

and the 1975 study ware well below the damage ¢riterion of -~26 4B

re L m/sec (2 inches/second). All but one peak air blast over

presasure level measured during these twe studies were alsc below

the lowest damage critexion of 140 4B rxe 20 u paacals {0.028 pai).2

The one blast over pessure that waa in exceans of 140 AR was measured

~37m
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on the property of an open pit coal mine. Therofore, all blasts "
maeasured may be considered to be in the annoyance range (or lower) -

but not a damage risk to dwallings. All basts were both heard

P
L

and felt by monitoering personnel, but some low-level blasts passed

by unnoticed by tho residents, who wore unaware of the exact time 5

e

of the blasat.

i

4.0 RECOMMENDATIONS =
¥

Section 3.4 discusses a wide variety of noise and vibration descriptora *

blast from measurements performed outside a typlceal dwalling to the

blast nolse and vibration expected inaide the dwelling. After com- ¢

plation of the field measurements, a further study was made of

descriptors that would correlate best with the blaat noise and E]'

vikration produced by a quarry blast, Until thia time, it has
been common practice to measure the peak ground valocdty in the
threae mutually perpendicular axes (or peak vector sum of the three

axas) and the peak~ovexr-preasure of the air blast during a quarry

blast event. The Bursau of Minesl has related the peank alr blast
aver pressure and the peak ground velocity to the maximum charge Q
walght per delay in the blaat. The data obtainsd on the currant
EPA atudy fit the Bureau of Mines scaling medela very well., It

that may be utllized to dotermine the tranafer functlon of a quarry EJ
wag also discovered that the veloclty vector sum 4 to 200 Hz VEL ‘

)

fitted the Burxeau of Mines acaling methedolegy for ground vibration

SEL f£it the Bureau of Mines scaling modsl hetter than did the

bettax than did the peak ground valocity, The CSEL ox 4 to 200 Hz j
“ TG~ ]

i
7 el T S e T T e R e iz A i b en




WY o IWT BTILY Adeiadiy

D e S
2 -

Lod 7

]

i.

—

. EA— e s b — o meen o mmmm m o L

peak~over-pregaure of the air blast. Other descriptors such as
C«weight slow meter responoc, and 4 to 200 Hz slow meter responsoe
were also compared to the Dureau of Mines scaling model and found
to be somawhat less accurate for both the ground vibration and
the air blast. Thus, in sclecting deseriptors for determining
the transfer function of a typical dwelling, cone should also be

avare of some of the limitations of relating the measured descriptors

to the blast event itaself.

4.1 Suggestions for Monitoring Blasting Events with Respact to

Annovance of Residents in Typical Dwellings

It is not at all clear whethexr the peak or the total energy density
(SEL or VEL) contained in the blast noise and dwelling vibration

is the more annoying to the residents within the dwelling. Thds
subject was not addressed in the current wtudy. Wherever possible,
one measurement descriptor was suggesated in Section 3.4 to permit
ona to predict the pesak vibration, or noise reaponse of the
atructure, and another descriptor to predict the energy density
{VEL or SEL) within the atructure., For air blast measurements,
CSEL or, as a aecond choice, C-welght type 1 slow responze is
recommended. For ground-borne vibration measurementsa, 4 to 200 Hz
vector sum VEL or, as a aecond choice, vertical or lataral 4 to

200 Hz type 1 alow responae ls recommandad.

i
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4.2 Future Research Needed to Formulate a4 Blast Noise and Vihration

Ragulation

It can be seen from the resulty of this very limited study that
muach more is now known than previously about the reaponse qf
typical dwellings to the blast noise and vibration aagcciated with
atone quarry blasting activities. However, this i3 only a vory
small part of tha overall blast noise and vibration problems that

affect residonts e;poacd to large blaat events.

4.2.1 Paychological Studies for Long Duration Impulses

Probably the least understood area in the blast nolae and vibration
phenomenon is the response of residents in dwellinga subjected to
the blasting activities of a nearby quarry or open pit coal mine
during hlasting avents. It has been stated correctly that the

peak vibration in a dwelling caused by the hard slamming of a door
may equal or exceed the paak velocity (measured in the floor of

a dwelling) rasulting from blasting activity at a nearby quarry

or open pit mine. A door alamming mvant ia ovar within approximately

0.01 saconda, A typlcal quarry blast accompanled by a strong air

blast continuoualy shakess a dwelling for a perliod of § seconds or

more, But aince the blast event causeas the dwelling to shake

.500 times lengex than the alamming of a deor, a measurement of

peak flooxr valocity alone would probably prove insufficlent in

attempting to correlate these two eventa with human annoyance.

Tha current atudy alao indlcated that a hlant containing a hroad

frequency rangea hoth in the ground-horne and alrborna waveas can

result in atrong sinusoldal motion of the floor inaside a dwelling.
G
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The question must be raised as to whether the annoyance is the

seme for sinusoidal motion versus bhroadband excitation having the

same poak value or SEL or VEL value.

Another area of interest is the importance of tho structure-borne
vibration sensed by a resident versus the inside airborne noisc
genarated by the shaking of the structure. What are the ralative

effects of thesc various blast-generated ntimull in startling and

annoying rasidents?

As a tentative criterion, CIHABA Working Group 69 has proposedg a
frequency-weighted peak acceleration (5.6 liz single-pole low-pass
filter) measurement of ground vibration im the three planes. Above
10 Hz, the CHABA methodology givea a constant convexsion factor

of one rn/a2 m 1.1 in/8 velocity. Below 10 Hz, the CHARA mathod

is leaa senmitive than velocity.

4.2.2 ELffects on Variousa Blasting Configurations

Thea Buresau of Mines, quarry associations, and independent quarrcy
operators have experimanted ovar the years with a variety of
blasting techniques o minimize air' bhlast and ground-borne
vibration. Moat of this work was aimed at minimizing structural
damage to dwellinﬁa and other neaxby buildings during blasting.
Peak ground velocity and peak-over-prassure were found to bhe good
descriptors of structural damage. However, the blast noine and
vibration levels which constitute an annoyance problem arxa probahly
of ona order of magnitude below the levels which cause structural

-37-
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damage, Therefore, relating peak-over-pressure and peak ground
vaelocity to the maximum charge weight per delay may not provide

the best measure of annpoyance to residents,

The rock and soil conditions surrounding a quarry opoeration deter-
mina the rate at which the ground vibration decays with distance.
After this dacay rate haa been datermined for a apecific quarry,
the scaling rules suggested by tlhie Bureau of Mines can he applied.
Sound propagation of the blast wave 15 not dependent upon the
ground conatruc¢tion but is highly dependent upon the weather con=-
ditiona immediately above and around the blasting operation. The
blaat propagation ia moast intense in front of the face (assuming
it 18 a wall controlled blast and no excesa gas aescapes either
through the face or through "xifling", which is blowing the
atemming out of the blaat hole). Moxe work needs to be done to
datermina the role of direction as a function of frequency of the
sound propagation from the face baing blasted. The results of
the current atudy auggeat that wind directiona play a more
aignificant role in the sound prepagation of hlast Aoise from

the quarry than any other weathar factor., This i3 a tentative

conclusion that needa much further exploratlon.

A1l blasta monitorad in homes during thia study were well controlled

to enaura that no "rifling" or "blaowouts" occurred. Quarxies in
matropolitan areas are forced to carefully control their blasts

to minimiza complainta and avold law suits. Howaver, one quarrcy
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- and a few open pit coal mine blasts that wore monitored were far
from any residents and therefore not subject to controlled blasting
technigues. Hole blowouts were noticed for two such measurements,

but were monitored only on the quarry or mine property since no

home exioted nearby.

Bl TR T B4

lH'L"

The importance of controlled
blasting is shown in Figs.
4.2.2-1 through 4.2.2-4,
Figure 4.2.2-1 15 the time
history of the first part of

a stone quarry blast with its

-

J corresponding froquency spectrum
Fig., 4.2.2-1, Time history of blast ("F" is 0 to 1000 Hz, “dB" is

‘] Prior to blowout (.2 sec time alapaed).

- 60 to 120 dB re 20 u pascals)}

shown in Fig. 4.2.2-2, The
rest of the time history of
this same blaat is shown in

Fig. 4.2,2-3. 'The sharp rise

5]
&
[v]
A
¥
o]
T
<

time in this time history is

f - N :h“"“V‘T;”’ a caused by a hole blowout. The
!

increased high-£requency cnargy

causced by this blowout is shown

: Fig. 4.2,2-2, Froquency spectrum of in the corresponding frequency
- blast priocr to hole blaowout, Tull
P scale 120 dB, frequency range 0 to gpectrum (from 0 to 1000 Hz)
' 1000 nz.

in Fig. 4.2.2-4. Comparison

-39=
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Fig. 4,2.2=-3.

Time hiatory of bhlast,

including hole blowout (0.2 seconds

total timo alapsed),

\.

i
:

I
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Fig. 4,2.2~1.

blasat, including hole blowout.

Fratquency spectrum of

Full

scale 120 dB, frequency rxange 0 to

1000 Hz.

-0

of the two frequoncy gpectra
before and after the hole
blowout suggests that the
low=frequency (1 ll2) component,
which is inaudible and has no
cffect on dwellings, is not
affected by the blowout, but
the higher frequcencies (up to
1000 Hz)}, which shake dwellings
and are audible, have lnereased
from 5 db to 10 dB. The
inastantancous peak of this

shot as determined by the time
histories was not noticeably
increased by the blowout. This

suggests that the instantaneous

peak value is not a good descrip-

tor either for human annoyance
or response of dwellinga,
aspecially for poorly confined

hlasts.
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4.2.3 Economic Impact Versus Blast Noise and Vibration Control

Some atone quarries actively blasting in the vicinity of denaely
populated areas have demonstrated that it is cconomically feasible
to utilize a blacting procedure that results in minimum complaints
from nearby residents. Other quarries consistently produce com-
plaints from their blasting activities. For this reason the

entire problem aren of cost-benefit for different quarry operation

needs to be satisfied.

4.2.4 Determine the Transfer Function for a Broader Range of

Living Quartera

The present study considered only typical single-~family dwellings,
with the exceptdion of one instrumented structure, which was a much
larger two-zatoxy office building, This concrete structure was

found to he more responsive to blast nolse and ground~horne

vibration (see Section 3.6). Of particular concern are hospitals, -

dormitories, hotels, atc.

-1~




ALRAJ A THY BTNV 1338

REFERENCES
Nicholls, H. R., Jchnsen, C. F., and Duvall, W. I., "Blasting
Vibrationa and Their Effects on Structures," U. S. Department

of the Interior, Bureau of Mines Bulletin 656, 1971.

Siskind, D. E. apnd Summers, ¢. R., "Blast Nolse Standards

and Instrumentation,” Bureau of Mines Technical Progresa

Report TPR78, May 1974.

Siskind, D. E., Stachura, V. J., and Radecliffe, K. 5., "Nolse
and Vibration in Residential Structures from Quarry Production
Blaating: Measuremcnts at Six Sites in Illinods," U. S.
Department of the Interior, Bureau of Mines, Report of

Invastigationa 8168, 1976,

Rampaxman Associates Inc., "Quarry Blast Noise Study,"

Inatitute of Environmental Quality, December 1975.

Reed, J. H., "Alrblaat Prediction Instructions Tooele Army

Depat Munitions Dispoaal," Sandia Laboratoriea, June 1975.

Andrewsa, A. B., "Air Blast and Ground Vibration in Open Pit

Mining," ER. I. duPont de Nemours and Company.

Draft Propoaal - "Vibration and Shock Limits for Occupants

in Buiidingﬁ," August 1975, DRocument ISO-TC~108/5C4/Secratariat

14/25,

U. 5. Environmental Protection Agency, Office of Noise Abata-

mant and Control, "Information on lLevels of Environmental

~l2m

£ L3y aaa

2

L3 123 s

=3 /=)

ET3

'

| 3]

R R 5|

|
i
f
|

B e oot S SRS . SAL IS A 516 ot




SR T B

Noise Requinita to Protect Public Health and Welfare with

an Adequate Margin of Safety," 550/9-74-004, March 1974.

i 9. December 1976 Draft of CHABA Working Group 69, "Guidelines

Dt

- for Preparing Epvironmontal Impact Statements on Noilse." ‘
) J
] 10. Young, J. R., "Measurement of the Psycholegical Annoyance i
5 of Simulated Explosion Seqguences (Second Year)," Stanford |
P !
- Research Institute, February 1976.

L.

_ 11. Siskind, D. E. and Stachura, V. J., "Recording System for

ﬂ; Blast Noise Mcasurement," Sound and Vibration, Maxch 1977,

IJ

[V R W R e |

boad  baat Lt

ba . d

g

~4 3=

Ll s v v et . AT I




i = 1AV GRILY L2250

L.

APPENDIX A
DETAILS OF QUARRY BLAST NOISE STUDY

A.l Measurement Objectives

The overall objective of this resoarch program was to determine
the tranefer function of a typical home or dwelling for the

airborne noise and ground-borne vibration observed outside and .
inside a typical dwelling during a quarry blast event. This |
current research program was a follow-on of the study conducted
by Kamperman Associates Inc. in 1975 for the Illinois Institute

of Environmental Quality on quarry blast noise.

At the outset of the current renearch program, a one-day meeting

was held at Twin Cities Mining Research Center, Bureaw of Minpes, i
St. Paul, Minneeota on July 15, 1976. Representatives (18) from i
many organlizations interested in the blast nolse problem were

present at this meeting., The one interested person who could not

attend was Mr. David Siskind of the Bureau of Mipea office at

Twin Cities Mining Research Center.

The Burean of Mines field group under David Slakind worked actively

with Kamperman Assoclates Inc. on the blast noime atudy of 1975 j
for Illinois IEQ. A similar close relationship had been planned |
for the current rasearch study. However, the tight schedule of

the current study and the prior commitments by the Bureau of

Mines for use of thair fleld measurlng instruments effactively
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ruled out any aasistance f£rom the Bureau. Throughout the 1975

study for Illinois IEQ, the Bureau of Mines under pavid Siskind

mada all the vibration measurcments and a high percentage of the

airborne blast measurcments. Kamperman Asgsociates Inc. and

Illinois EPA made supplementary airborne blast measurementa to

obtain a better underatanding of the blaast noise phenomenon.

Since the Bureau of Mines was unable to assist in the current EPA
blaat npolae research program, Kamperman Associatesa Inc. presented
an alternative maasurement system approach that would supply the

basic data needed to fulfill the objectives of the study.

A.l.l Blast Nolae and Vibration Parameters to Be Measured and

Studied
A conmensua agreement was raached at the July 15, 1976 meeting
an the different measuremants to he tape-raecorded for the EPA
quarry hlast nolae study. Ground vibration measurements would be
made lmmediately outsida a dwelling of interest. The ground
vibration would he measured with veloclty-sensitive transducera
attached to a concrate aslab (not connected with the dwelling) to
measure vibration in the three mutually perpendicular axes:
lateral (oftaen raferred to as radlal}, tranaversa, and vertical.
Tha hlast noise would be measured both outdeor and inside the

dwelling of intexeat. Inside the dwelling, velocity measurementa
supplemented by aome acceleration measurements wonld he made of

the floor motion (plus some conalderatien for wall vibration).
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Typically this would be a measurement in the middle of a roam

on either the first or second lovel (where the latter was possible).
In addition, 1t was reguested that the A-walghted sound level inslde
the dwelling be mcasured during a blast. All data was recorded

on magnetic tape for analysis in the laboratory after each

recorded cvent.

A.l,2 FPrequency Range of Interest

At the Bureau of Mines planning meeting of July 15, 1976, it was
concluded that the frequency range of interest for measuring ground-
korne vibration from quarry blasts could be adequately covered

with a system responding from 5 to approximately 200 Hz, This
frequency range would adequately cover the ground exeitation

from a quarry blast and include the structural resonances of

intereat in a typical dwalling.

The resulta of the study done for IEQ in 1975 ravealed that the
acoustic signal from the air blast had its peak enerxgy at approxi-
mately 1 Hz, The outcome of the planning meeting at the Burean
of Mines suggested that the strong 1 Hz acouatic component should
be tape-recoxded even though the information of primary interest
would probably he the higher frequencies that colncided with the
structural resconances in the dwelling. The IS0 document7 on
human response to vibration suggests that the primary frequency

range of interest is from 1 to 80 Hz. Tha sound~level spectrum

of principal importance inside a dwalling during a blast was the

A=~3
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C-weighted sound level supplemented by A-weighted socund-level

Bld @A

recordings also obtained inaide the dwelling. Various outdoor

blast nolse descriptors were to be explored to determine the

B

best transfer function from the outdoor blast noise to the

& 57}

indoor blast noise and resultant vibration.

—n

A.1.3 Dynamlic Signal Range of Intarast
The hlast measurements for the 1975 IEQ study showed that the

maximum ground velocity inside or ocutside a dwelli.g was approxi-

=

mataly .025 metera per second or 1 inch per second (0 to peak).

For the currant EPA study, it was assumaed that the ground vibration

e

levals would be somevhat lesa than the vibration levals observed

during the IEQ study due to the increased distance hetwaen the

K

quarzy blast and the monitoring location. A dynamic range for

123

the valocity measurement was selected to encompams 0.00003 to

0.03 meters per second. The indoor acceleraticon dynamic range

1=

was set for 0.001 to 1 g. The indoor and outdoor sound preasuras

maasuremants ware set to cover the range frem 70 to 130 4B re

e

20 y pascals. The A-welghted ipndeor aound-level meter was asat

to racord the A-~weighted sound level from 50 to 90 dB.

A.l.4 Selection of Maasuring Transducers

Veloclity~sensitive transducears were chosan to measure the vibration

assoclated with each racorded quarry blast. Velocity~sensitive
transducers have no particular advantage over acceleration-sensitive E

transducera. Veloclty pickupa have a high senadtivity and a low
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output. impedancce and thus relatively long signal cables can be
utilized betwaen the vibration transducer and the tape recorder
without the need of a speclal preamplifier at the transducer.
Velocity transducers utilize a moving coil operating above its
resonant frequency. The plaezoelectric accelerometer utilizes a

ceramic and internally attached mass that produces an output signal

£t} 03 /3 @

proportional to acceleration below the resonant fregquency of the
acceleromater. Velocity transducers are relatively bulky and can

only be utilized for measuring motion in one plane {without ra-

B0 R s R G R

adjuating the coil suspension system). ©On the other hand, accelerom-
aters are relatively small and lightweight and can he mounted to

measura acceleration in any plane perpendicular to tha base of the

g accelerometer,
4
n The velocity transducers utilized for the current EPA project had
b
- a natural resonant frequency of 4.5 Hz. They were Geo Space model
J HS~1. A 470 ohm reslstor was applied Airectly acroas the output
‘ tarminals of the velogity transducer to critically damp the resonance
E fraquancy at 4.5 Hz. This provided an effective output impedance
d of approximately 150 ohmas for each of the velocity transducers.
Saven of these valocity transducers were used on the project. All

T4l
= the velecity transducers had the same senailtivity of 23 amB (+ 0,25
B dB) re L volt at ) mater per second,
)
" It has bean demonstrated that quarry blasts produce ground

E vihration in the frequency range above 5 Hz. Experience has

. 1
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shown that structural resonances in typical dwellings are also
in the frequency range above 5 Hz. However, the air blast pro-
duced by a quarry can have a very atrong component arcund 1 lz
and thus it was determined that some measurements of floor vibra-
tion in typical dwellings should be made to observe the influence
of the 1 Hz~dominated air blaat on the response of the dwelling.
A GenRad type 1560-P54 accelerometer was utilized to record the
motion of the flaor vibration down to 0.5 Hz., The output of the
accelarometer was fed directly into a GenRad type 1932 microphone

preamplifler that had been modified to parmit the extended low

frequency response,

To falthfully record the peak value of the 1 liz component associated
with the blast nolse, it was important teo have a microphcone aystem

with a frequency response extending approximately one decade helow

the lowest frequency of interest. The Bruel & Kjaar type 2631

microphone carxier aystem equipped with a type 4145 condensar

microphona waa utllized to measure the blaat noise immediately

cutside and inside the particular dwelling of intermst, The two

low~frequancy carrler fAystems wera lcaned te Kamperman Asscciates Inc,
One unit was aupplied

for the EPA blast noiae measurement progroam,
by Dx. Paul Schomer (USA-CERL-EV, Champaign, I[llinocia), and the
other unit hy LTC. Ranial Johanson (AMRL/BBA-WPAFR, Dayton, Ohlo),

GenRad typa 1971 ceramic microphones ware also utilized to asuppla-

ment tha Bruel & Kjaer carxiaer microphone syatem. The ceramic

microphaones were aelected to have a goad low-~frequency response

3
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of not more than 3 dB down at 0.5 Iiz when connected to the GenRad

type 1933 microphone preamplifier.

The photograph in Fig. A.l.4-1 illustrates most of the noise and
vibration transducers utilized in thia study. The right half of
tha photegraph contains the sound-measuring instrumentation plus
calibrators and windscreens. The left half of the photograph
illustrates the vibratiop-mecasuring transducers and a laboratory
vibration calibrator in the background. The small box located
in the lower left cornar of the photograph containa the battery
power supply for the GenRad 1933 preamplifier shown between the
battery box and the accelerometer. A similar power supply and

preamp was used with the apecial low-frequency ceramic microphones.

Six velocity transducers are shown in Fig. A.l.4=1. The velocity

Fig. A.)l.4~1 Blast noiaa and vibration-measuremoent transducers.

A=7
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transducera arc mounted in two scismic cages. They are mounted

to measure lataral (radial), tranaverse, and vertical fleoor motion.
The gseiomic cage configuration was always utilized for the outdoor
ground velocity measurements. This configurutibn wao also utilized
for indoor floor measuremants plus supplemental measurements with
valocity pickups on the accelercmeter. In a fow rare instances

the floors inside a monitored dwelling contained wall-to=-wall
carpeting, which made sccure attachment of the vibration pickup

to the floor virtually impossible. In these instancea, individual
transducers were placed on the carpet and a heavy masg, such aa the
25~pound bhag of lead shot shown in the upper left corner of Fig.
A.l.4~), wag placed on top of the transducer to insure that each
transducer followed the motion of the flecor and was not isolated

by the resiliency of the carpet under the transducer.

The two sound-level meters in the background of Fig, A.l.4~1 were
used to record each blast event in this program. The sound-laval
maeter on tha left ia a GanRad typea 1981 moedified to record the
maximum C~weighted aound laval on ita built-~in digital display.
This instrument was used to record the blast nolae outside the
dwelling,. This measurement was made in addition to tha microphone
signal recorded on tapa., The sound-leval meter on the right ia

a modlfied GenRad type 15658 equipped with an elactret condenser
microphons, Thia instrument was selacted to measure and racorxd

on tape the A-weighted hlast nolae inaide the dwelling. It was

anticipated that the 1 Hz blast component would be 40 to 60 dn

A~
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above the A=-weighted sound level. For this rcason it was essential
to select an inatrument that performed the A-weighting function
bafore any amplification, to avoid potential overload of the A=~

weighted recording due to excessive low-frequency energy,

A.l.5 Selection of Data~-Recording Instruments

To meat the measurement objectives of the EPA quarry blast study,
it would have been ideal to use a tape recorder with a minimum

of nine data channels covering a frequency range from 0.1 HZ to
10,000 Hz and poaaénﬂing a very wide dynamic range., The racording
problem was solved by leasing a new Hewlett Packard type 196BA
eight-channel FM tape recorxrder. All of the sound and vibration
maasurementa could be accommodated with a recorder having a band-
width of 0.1 to 1,000 Hz, except the A-wolghted sound level measured
inalde the dwelling. To solve this latter probklem, the cutput
aignal from the A-weighted sound-level metexr was fed dirsctly
into a portable cassette data recorder (Sony TC-152). The
inatruments used in the fileld {(and in the laboratory) are shown
in the photograph in Fig. A.l.5~1., The actual electrical hookup
or connection hetween the various sound- and vibration-measuring
transducers and the recording instruments is illuatrated in block
diagram form in Pig. A.1.5-2., The cacilloscope, a multimater
(DVM), and a 1 volt square wave generator are shown on the laft
side of Fig. A.l.5~1. These instruments were part of the fleld
calibration and trpuble~shooting equipmant that vere relied on

heavlily to avoid obtaining erxoneous or useless racorded infoxmation.
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Fig. A.l.5-1 Blaat noiae and vibration~racording instrumenta,

Tha two magnatic tape recorders are shown in the background of
Flg. A.l.5-1, The two small preamplifiar units and the three
transceivers in the foreground of the photograph are diacussed

in Section A.2.

A.l.6 Qalibration of Instrumentation

Tha alectrical calibration of all inastrumentation was tested very
extenalvaly in the laboratory prior to the first quarry blast
moagurements to detexmine all the important featuras required to

succassfully record and analyze the noise and vibration phenomena.
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The tests included frequency response, phase reigponsc, dynamic
range aa a function of frequency, gain stability, and de drift.
The transducers illustrated in Fig. A.l.4-1 were calibrataed
periodically in the lahoratory. The sound-meazuring instruments
wvara calibrated in the field with the appropriate acoustiec calibra-
tora shown in the photograph. Dynamic calibration of the veloclty
transducers proved to he the most difficult. A medium-force
electromagnetic shaker oystem would have been dasirable, but waa
not available. A satiafactory aubstitute calibrator was made by
modifying a heavy~duty magnetic solenoid, shown between the two
salsmic cages in Fig. A.l.4-~1. The solenoid was supported by

a large bench vise to provide either vertical or horizontal metlon
as required by the individual veloeity pickupa. A amall accelerom~
ater (with calibration traceable to NBS) was attached to the and
of tha vealocity pickup. Tha voltage to the solenoid was carefully
adjusted to provide 1 g excitation of the velocity pickup. The

60 Hz power line was used to drive the solenold (alectromagaetic
shaker) and a narrow-hand spectrum analyzer was uaed to accurately
maeasure the output volthge of each pickup at 120 Hz. The pickup
was excited at 1 g, at 120 fz. Tha veleclty pilckupa were found
to be extremaly atable in their sensitivity and all produced the

same ocutput algnal within + 0.25 4b.

A.l.7 BSignal Cahlaes and Connectors

Experience has shown that defective cables or connectors axe the

most common problems encountered in fleld measurements that require

A-~12
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quality recordingas of sound and vibration phenomena. To minimize
auch troublesome problems, all signal cables consisted of coaxial
cable (RG-58C/U) meeting millitary specifications and BNC connectorsa
and BNC hardwarc and adaptors. To check the signal cables in the
ficld, a l-volt square wave signal, first at 10 i1z and then at

100 f1z, was injected at the transducer end of the cable and
monitored (at the other end of the cable) at the tape recorder
with an oscilloscope to agsure that the cable was performing as
expected. The M tape roecorder electronics was also included in
this electrical square wave test loop. This made it poasible to
quickly assessa the frequency response and gain and proper func-
tioning of the entire system short of the tranaducer. A aquare
wave test signal was chosen to quickly chieck both the low and high

frequency gain characteristics simultaneoualy for each tranaducer

channel.

A.2 Blaat Noise and Vibration Recording Systems

This section will discusa how the equipment described in the
previous saction was utilized on a typical field trip to measure
a quarry blast. Mr. Grag Zak of Illinois EPA (IEFA) abtained
blast noise recordings simultaneously wilth the recordings of
Kamperman Assoclates Inc. Tha IEPA recordings were made much
cloaar to the blast avent (on the guarry property) in an attempt
to gain additional data for acaling the blast nolae as a function
of distance and weather conditiona. A brief discusaioa follows

of the various inatrumentation systems used in the 1975 Illinois

A-~13
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IEQ blast nolse atudy. This saction concludes with a description

:

.

of the alterations made this year to the mobile system to improve

the signal-to~noise ratio of the recorded signals.

e

A.2,1 The Maobile Recording System

The sound~ and vibration-measuring transducers and recerding
inatrumentation are ahown in Figs. A.l.4-1 and A.l.5-1. The

inturconnection of thaso components 18 outlined in the block

IEQR R S0

diagram of A.1.5-2, A small temporary bench placed upon the raar

seat of a sedan supported the inatrumentation shown in Fig. A.l.5-1.

= -
-

Time to respend to the annocuncement of a quarry blast was naces-

i

sarily vexy short. From Auguat 23 to tha middle of October, 1978,

personnel from Ramperman Associates Inc. were in daily contact

58

with two oxr more of the five participating quarries in the

Chicago area. The wind direction and the blasting schedule of

a partlcular quaxxry, and the quarry's ability to locate a home

| S

to he inatrxumented downwind of the blast, determined whather or

not one would be ahle to ohtaln an air hlast measurement., It was

"(-'._“-

agreed at the outsaet of the program that the quarry operators

would be respeonasible for locating typical dwelling next to their
f

53

quarry whera measurementa could be taken, To avold any complica-

BN

tions with nelghbors, quarrxy oparatora agreed to restrict our

measurements to the homes of quarry employees or cloae friends.

A further requirement was that a membear of the household must he

at homa at the time of the blast measuremant. This combination

of requiremants made the measurement opticna very limited.

A-14

e et e EATH LT R

e s T R A




ShALS 31DV HINTY L334

. = [ vt ) v |

[ Tyt

E md Lma e d

¥ i

After receiving a go-ahead signal from a quarry that was preparing
a blast and had located a home downwind of the blast, the team
required approximately 10 minutes to connect up tho instrumentation
in an aute, an additional half-hour to arrive at thae selected home,
and 20 minutes more to set up racording instruments inside and
outaide the home. Somatimes the wind would change direction
during the one-hour period before the blast, and the recorded

blast would he crosswind rather than downwind of the blast.

The vibration transducers were attached to a concrete driveway
or asidewalk outside the dwelling. Medelling clay was found
adequata to securely attach the three component veloclty gauges
to the concrete. Several years ago, personnel from Kamperman
Associates Inc. carrled ocut carefully controlled experiments to
detarmine the "best" method for measuring ground vibration. The
besat method is ohtained by placing the vibratlon pickup securely
on top of a l-foot diamater previously poured concrate column
that extenda vertically 5 to 10 feet into the grcund. The
aecond-best choice is to bury the vibration pickups in the
ground and fizmly compact the soil after burial. However, this
procedura has many drawbacka. It can prove very difficult to
maintain propexr arientation of the pickups while compacting the
soil. Ground water and molature are often a serious hazard.
Digging a hole in the ground to hury vibration pickupa can alao
be quite s chore, especially 1f the ground is frozen, For these

reasons, the simpleat cholce is teo place and secure the plckups

A~15
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onto & hard exposed lovel surface. This can and does produce

almost as good results as could be obtained by placing the pickup

on the specially pourad and buried conerete column. The surface-

mounted monitoring procedure is by far the caslest, and if one
avaoida utilizing concrete slabs that do not make firm contact

with compacted earth, the measured results arc usually within 1 or

2 dn or those made on the buried concrete column. A typical

concrate roadway will show a slight resopance of around 60 Hz.

Inaide the dwelling, the velocity pickups or accelaromater were

generally mounted in the center of the floor, unless there was a

major supporting heam immediately under the center. The floor

surfaces conslated of a variety of constructions, including poured
concrrte alab on grade, poured concrate slab with a basement under-
neath, and, on the second floor of a large concrete block huilding,

pracast and prastressed concrete planksa finished with poured

concreta on top of them., One blast maasurement was made on each

of theae constructions. Al other measurements were made on a

variaty of wood frame constructions en the fixat or sacond floox

of homes containing basementd. The majoxlty of the floor con~

structions conaiated of atandard cak flooring nailed to a wood

subflooring, Soma of the newer homes had plywood subflooring and

a finishad surfaca of hardwogod, cemented vinyl tile, or cemented
ceramic tile. After the tranaducars were sacured to the floor

aurface, they ware pulled on to asaure that thera was good contact

hetwean the transducer and the floor suxface, and that the floor

A-~16
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surface was securely attached to the subflooring. Occasionally
wall-to-wall carpeting was encountered and required a differont
transducer-mounting procedure. The seismic cage contalning the
threo velocity transducers was not used when carpeting was en-
countered. TFor the carpet situation, the transducers were removed
from tha seismic cage, placed diractly on the carpet, and held in

pesition with heavy weightsa, such as the 25-pound hag of lead shot

shown in Flg. A.l.4-1,

The measuremant of wall vibration as well as floor vibration during
a blast event was considered early in the project. 1t was con-
cluded that, with the limited resources availahle, the study

should concentrate on the floor vibration. Although walle do
vibrate from the ground wave and air blast, which may also rattlae
windowa, dislocate bric-a-brac sitting on wall shelves, and
transmit vibratory encrxgy intoc the floor, it i3 the floor that
ultimately shakea the occupants of the dwelling, and for this
reason the vibratlon of the floor was considerad the principal

subject of intereat for this study.

Tha outdoor sound-recording microphone waa supported approximately
1-1/2 metars ahove the ground with a tripod, and located approxi-
mately 10 meters from the side of the dwelling. The microphone
was positioned to receive the klast wave in much the same way

that the dwelling would recelve it, and at the same time to avoid

blast noise reflection fxom the dwalling back to the microphona,

A~17
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The indoor microphones were positicned on tripeda and located

in the rooma contalning the floor vibration pickupsa. All micro-

phones were covered with Bruel & Kjaer windacreens. The wind-

screens on tha indoor microphonea served only as physical protectors

ffor the microphones.

Several redundant electrical field calibrations were performed
The sound-measuring systems

Field

hefore and after cach blaat cvent,
wore checked with the appropriate acousatic calibrators.
calibration of the vibration tranaducers could not conveniently be
done, The cperation of the vibration pickups was monitored on an
ogclilloscope hefore and after each blast by noting the signal
from each pickup as a person walked acroass the floor inaide the
dwalling or on the concrate alab containing the outdoor vibration

plckups outaide the dwalling. Stable electrical callbration

signala avallable from the data tape recorder plus the extarnal
portable aquare wave gepnerator paermitted accurate gain adjustment

aver a 26 AB range of 0.5 volta to 10 volta full-scale input

voltage to the tape recorder.

Changing weather conditiona hava no known influence on the ground-

borne vibratieon from a quarzy blaamt.. However, lacal weather con-

ditions, and parcticularly the wind, strongly influenced the
magnitude of the air blast received at the dwellinga atudied.
The wind direction was noted at the time of the blast apd the

wind valocity was measured with the small hand-held gauge shown

A=18
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in Fig. A.l.4-1 located just to the left of the acoustic calibra-
tors in the foreground of the photograph. The cloud cover and
air temperature were also recorded. The wind velocity at the
edge of the gquarry whore the portable blast nolase recorder was
located always produced higher values because of the lack of
obstructions such as existed in the resldential area. The wind

veloelty measured at the edge of the quarry is reported with

each bhlast event.

Reliable radioc communication betwecen the quarry blaating crew,

the portable blast-nolse-~recording operater, and the operator

of the mobile recording system at the instrumented dwelling
proved to be essential. CB transceivers were inditlally used for
this purpose in the 1975 Illinois IEQ blast noism study. However,
it was soon dlscovered that all available frequency bands were so
heavlly utilized that it was sometimes difficult to crordinate
the recording with the blast event. To ¢lrcumvent the problem

in the 1975 atudy, three transceivera oparating at licensed
commarcial frequenclies of around 150 magahertz were utilized,

Thesa hapd~held transceivers are shown in the bottem right corner

Of Fig. Aul. 5"1-

hA.2.2 Portable Blast NHoise Recorder
Mr. Greg Zak of the Illinols EPA assisted Kamperman Associatea Inc,

throughout the program, It was his objective to record the air

blast aimultaneously with the recordings heing made by Kamperman

A-19
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Aasociates Inc. (located at a more distant dwelling). The portable

racorder waa sct up 100 to 500 meters from the actual blast, The

portable recorder was always located within the proparty of the

qUAKTY.

A block diagram of the portable recording system ls shown in Fig.
A.2.2-1. A GenRad type 1971 ceramic microphone was connected to
a Genlad type 1933 preamplifier, The output signal from the pre-
amplifier was fed directly into the FM channel of a lagra type SJ
tape recorder. No gain controls orx preamplifiers (except the
microphone preamplifier) were used for the portable system. Thae
low~frequency response of the microphone and preamp aystem was
datermined hy verxy carafully inserting the microphone into a
Bruel & Rjaer type 4%20 platonphone acoustic calibrator and
ohsarving the frequeﬁcy spactrum that was produced when the cali-~
brator was turned off and the pistonphone was allowed to coast to
a halt, The same axpariment was repeated utilizing the Bruel &
Klaar carriex microphone syatem with a known cutoff frequency of
0.1 Hz. By comparing tha spectra captured on a real-time analyzer
of the Bruel & Kjaer carrier system with the ceramic microphone
and preamp syatem, the 3 4B down polnt could be datermined forx

tha ceramic microphone and preamp comblnatlion.
The measurement procadure utilized in the field was asimple. The

microphone and its assoclated praamplifier were supported approxi-

mately 1.5 meters above the ground with a triped. An acoustic
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Fig. A.2.2-1. Portable Air plast Recording Syatem Uaed by Illinoin EPA
Personnel for the 1975 IEQ and 1976 EPA Quarry Blast Noisa

Study
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calibration tono of 114 dB was applied to the microphone with
a GenRad type 1562 calibrator. The calibration gignal was

rocorded on the magnetic tape recorder prior 4o ecach blast,

In additlion to recording the quarry blasts in the Chicago area
tegether with Kamperman Associates Inc., Mr. Zak was able to
supplement this data with blast measurements at two silica sand
quarries and a down-atate limestone gquarry, and three blast
measuremgnts at an openh pit coal mine. All the measurements

racoxded by Mr. Zak have heen analyzed, and the results incor-~

porated Into this report.

A.2.3 Recording Systems Used in Illinois 1975 IEQ Hlast Noise Study

The meoat significant aupport for the IEQ blaat nolse study was
provided by the Buraau of Minesa at Twin Citles Mining Research
Center under the direction of David Siskind. The Bureau of Mines
provided the IEQ blast noise atudy with a van containing noiaze-
and vibration-measuring and recording inatrumentation plus staff
to operate the equipment., A description of their inatrumentation
1

will be publishad in the spring of 1977.%% Greg zak of the

T1linoia EPA office in Springfield provided support to this EPA
blast noise atudy almllar to that he gave in 1975 to the Illinoia
IEQ study. The inatrumentation sysatem used by Greg 7ak for hoth
programa is shown in Fig. A.2,2-1, Kamperman Associates Inc.
utilized a blast~poise-measuring syatem aimilar to that uaed by

IEPA in 1975. A aimplified block diagram of the racording system
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is shown in Fig. A.2.3-1. In addition to the tape~recorded

information obtained by the three groups, cach group used a GenRad
1933 sound-level meter set for C-weighting and slow metor response

to obtain direct readings during a blast. Kamperman Associntes Inc.

also used a modificd GenRad 1981 to read the C~welghted slow
rasponse of the air blast events for both studies. The modified
GenRad 1981 had the advantage of reading out in digital form the
maximum level rcached (C-~welight, slow response) in each blast,
vwhich was preferable to depending on the obacrver's ability to

read a fast moving meter at the time the blast wave pagsed.,

Al)l blast recordings made by IEPA and Ramperman Associates Inc.
on the 1975 IEQ atudy were analyzed with the syatem shown in
Fig. A.2.3-). The 900-~line real-~time frequency analyzer and
the X-Y plotter were loaned to Kemperman Associates Ine. by the
Bureauw of Mines. The analyzer was a Nicolet Scldentific Coxp,
modal 500A. This 1s a time-~compression-type analyzer with a
Hanning window. The test results obtained from the analysis of
the IEQ blast noise study have been reanalyzed with the 1976
data analysls system, designed for the EPA study, and are
incorporatad into the results of this report. The test results

obtained by the Bureau of Mines durlng the IEQ blast nolse study

was recently published by the pureau.” Data from their report ia

alac incorporated into the summaries contained in thia report.

A.2.4 Alteratiocna to the 1976 Mobhlile Recording System

For the IEQ hlast nolse study of 1975, the Bureau of Mines made

A-~23
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Fig, A.4,3-1. Blaat Hoiae Recording and Analysis Syatem Uped by
Kamperman Associates Inc, for 1975 IEQ Study
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all the vibration measurcments. The results of their measurements
are summarized in Ref. 3., These data show less of a decrease in
ground vibration level with distance than was found on the quarrica
measured in the EPA nstudy. The Burecau of Mines results from the
IEQ study were the basis for establishing the vibration-~measuring
sansitivity vequirements for the EPA study. It came ag a4 surprise
last fall to find that the quarrics in the Chicago area produced
less ground vibration. The ground vibration levels were lower

tnan expected for a number of reasona. The charge welght per delay
was, on the average, less last fall than that measured in 1975.
Furthermore, the distance between the blast event and the instru-
mented dwelling was increased far more than had been anticlpated
(1000 meters} in ordsr to separate the arrival time of the ground
wave from the arrival of the airborne blast wave at the inatrumented
dvelling. To overcome these lower aignal levels, 30 4B preaampli-
filera were quickly constructed and inserted in the aignal leads
from each velocity transducer. An additlonal preamplifiar was
constxucted for the accelaration measurements that permitted a

galn increase up to 40 dB in 10 dB asteps.

Tha added preamplifiers are illustrated in Fiqg. A.2.4~1 4in block

diagram fdrm and arxe shown in the foreground of the center of the

photograph in Fig. A.1.5-1. In the early phase of tha measurement

program during the currant study, twe rooms were instrumented
simultaneously in a dwelling., The sound level and the vertical

velocity of the floor in the two rooms were recorded during the

A-25
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blaat, It was bhelicved that the vertical component in the floor
would ba the most significant motion during a blast. Ilowever, ™
to prove this, it waa doclded that the three mutually perpendicular . E
planes {(lateral, transverse, and vertical) should be measurcd -
gimultanaously. The limited number of avallable data~recording Ly

channels permitted the racording of gound and vibration in aone

reom only during a blast event.

No additional technica. problems ware encountered during the fleld
measuremant phase of this program. The total number of recordad

bhlasat events was strictly dlctated by the number of homea (LB)

F 55203 B vt B gl

leocated downwind of a gquarry blaat that were available for measure-

ment..

mis 4

=]

A.3 Analyais of Recorded Blast Nolse and Vibration

Immediataly after tha racording of each blast, tha instrumentation
was returned to tha lahoratory for analysis of the recorded signals.

The aterage oscilloscope was uzed in tha f£ield to check the cop~

dition of the recorded signala lmmediately after a blast if a

o

asecond hlast was to follow within an hour or two.

A.3,1l Data Analysis Syatemsa

A wide variety of signal analyaes was performed by the instrumenta-

L

tion shown in Fig. A.3.1-l. The data analysia mathodology is

described in the fallowing aubaections,
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Fig. A.3.1~1 Data analyais instrumantation.

A.3.2 Time History of Blast Event

The sound and vibration data recerded on the Hewlett Packard type
3968A edight-channel tape recorder was firat reproduced into an
eight~channel oscillegraph chart recorder {Honeywell Vislcorder
Model 1858) ., The setun for the time hiastory analysis is shown

in Pig. A.3.2~1. The FFT analyzer (Nicalet Sclentific Corp. Model
4407} was utidlized in the time domain to locate the blaat event
on the magnetic tape. The photosensitive satrip charge is 0.2
meters wide (8 inches) and was normally operated at a chart speed
of 0.1 meters per sacond. The blast aevent axtended over a parioed
of 5 to 8 segondas and thus some of the chart records are approxi-
mately 1 matar long: In order to present this information in this

report, additional records were made with a more compressed time
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scale. The photo-sensitive record was then photographed and

.4 B3

reduced 20% and placed in Appendix B. A dotaliled discusaion

of a typical record of blast noise and vibration amplitude is

| 2

covered in Saction A.i.

[355

A.3.3 Spectrum Analysia and Prequency Welghting

A detailed spectrum analysis was made of a recorded noisa and
vibration signal associated with a particular blast event, The "
transducers located outside a dwelling recorded only ona signal

of intereat; either the air blast or the ground vibration. The

e |

tranaducers inaide the dwelling recorded two signals, The first

%E

signal was the noise and vibration in the house caused by the

ground-horne vibration from the blaat, and the second signal was

24

the noise and vibration in the house caused hy the air blaat. a

meparate analyals was made of each of theze signals.

S0 R . |

Tha faat Fouriler transform (FFT) spectrum analyzer provided a

datalled apectrum of each signal. The apectrum was then plotted

T3

on graph paper with the aid of a Hewlett Packard type T045A X-¥

;“.}

recorder as shown in Fig. A.3.2-1.

| S

The spectrum analyais of an Ilmpulse or shock, such as that asasoclated

with blaat pnoime, is beat accomplished with a true FFT analyzer.

It is also important that the impulae signal be stored unweiqghted

in the time domain. A ractangular "window" should bhe used for

analyzing impulsea, This program is illustrated in Figa. A.3.3-2,
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Fig. A.3.3~2 Amplitude—time history
of ap air blant.

Fig. A.3.3=3 ALr hlast frequency
gpectrum with ractangular "window,"

A=32

A.3.3-3, and A.3.3-4. A d-
gecond~long air blast signal

is shown in the photograph in
Fig. A.3.3-2, This photograéh
wagd taken of the FFT display in
the time domain for a typical
blast, The same signal is then
shown in the frequency domain in
Figs. A,3.3-3 and A.3.3-4. Tha
only diffaerence between the
gsettings on the FFT analyzer

for Flgs. A.3.3-3 and A.3.3-4

ia the position of the weighting
or "windowing" switch. The
gpectrum shown in Iig. A.3.3=-3
wag obtained with a rectangular
window (no weighting) and the
spectrum in A.3.3-4 was obtained
with a Hanning weighting of

the data displayed in Fig.
A.3.3-2. 7The frequency range

in Figa, A.3.3-3 and A.3.3~4

43 0 to-100 Hz full=-scale with
10 iz intervals marked along

the top and bottom of the fre-
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gcale (DB) on the left is

60 dB full-ocaleand 10 dD per
divigion. The difference in
the spectra shown in FPigs,
A.3.3~3 and A,.3.3-4 illustrates
the magnitunde of the error
encountered in Fig, A,3.3-4

by utilizing the Hanning or

Fig. A.3.3~4 Air blaast frequency cosine squared weighting on

apectrum with Hanning “window."
the blast signal shown in Fig.

A.3.3-2. There is a penk in
the spectrum at 18 HZz in Fig. A.3.3-3, which is suppressed ahout
15 dB in Fig. A.3.3~4., Many real-time spectrum analyzeras which
were an the market prior to the introduction of the FIFT analyzer
contain Hanning weighting only and thus are subject to the errors
dlacuased hera. This error with a Hanning window can be reduced
to one dB or less if the entire signal of interest is peositioned

in the center half of the time storage (or windaw).

éhe detni}ad spectrum analysis of each quarry blast noise and

vibration signal recorded was automatically plotted on a large

sheat of graph paper.

ihanever the signal-to~noize ratioc of the recorded signal was

particularly poor, an additional spectrum analyais of tha back~
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ground noise just prior to the blast ovent was aloo analyzed and
plotted to permit one to separate out the "wow" and "flutter”
components of the tape recorder from the true noise and vibration
signal of interest. Faithfully recording the entire frequency
apactra of quarry blast events requires a data-recording and
reproduction system with outastanding dynamic ranga. The oeight-
channe)l FM tape recorder had a 50 dB dynamic range over the total
bandwidth from 0 to 2500 Hz when recording and reproducing at a
tape speed of 19 cm/second (7.5 ipa). In the primary frequency
range of interat (0 to 200 Hz) the dynamic range of the tape recorder
was 60 dB. This dynamic range was aet by the fundamental frequency
of the wow and flutter component (near 6 Hz). All harmonica of

the wow and flutter component were more than 70 4B down., The tape
recordex had a harmonic diastortion lavel of lasza thap 0.3% at full
record level. The portable casaette data recorder shown in Fig,
A.3.3-) was utilized to record the A-weighted sound lavel inaide

a dwalling during a blaat. The broadband dynamlc range of thils

recordar was approximately 45 db with a maximum harmonic distortion

leval of 1%.

Many different analysea woerxe attempted utilizing the standarxd
typa 1 (precision) sound-level meter with different welghting
nrtworks or external filtar petworka. The adjustable high-paass,
low-pasa filter was a Kron~Hite model 23322. The roll-off
characterinstics outside the band pass for this filter ia 24 4B

per octave. The gound-laevel meter shown in the block diagram in
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Fig. A.3.3~]1 was a GenRad type 1933. This instrument was some-

times replaced by a GenRad type 1981 that had been modified for

C-waighting. The modified instrument had the advantage of beipg

able to capture the maximum asignal level and display it continuously

in digital Form. The frequency spectra of all data for this study

is availablce at EPA/ONAC. Comparisons of various dascriptors

are summarlized in geveral tables contained in Section 3.4

A.3.4 Determination of the Noisg and Vibration Enerqgy (VEL) from

A Dlast Event

The system assembled for determining the energy density (VEL and
SEL} using various filtering devices ia shown in Fig, A,3.4-1,

The oscilloncopa and the FFT analyzer served primarily to locate
the portion of the blast event that waa to be analyzed (separating
the indoor noise and vibration from the ground wave and the air
wave produced by A guarry blast). The oscilloscope was used
primarily to assure that the DC offset in the signal entering

the squaring device was at or near 0 volts DC immediately prior

to the arcival of the blast signal. The squaring and integratox

was a DC pass aystem and thus it was most important to avoid any
undesirahle DC offset into the detector system, aince this would

laad to arxrora in the final answer, The squaring device was made
up of analeg computing modules. The integrator was a classical
Miller integrator with a selectable time constant of 1 second or

10 seconds. The output of the integrator was fed directly to a

A=35
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conventianal DC digital voltmeter. Initially a log converter
was placed hetween the integrator and the digital voltmeter so
that the digital voltmeter would read directly in decibelsn.
However, the small but important DC drift in the output of the
logging device created unacceptable errors in the digital volt-
mater readout. With the removal of the log unit, the voltmater
raading was converted back into decibels by simply computing the

log of the signal with a hand calculator.

To calibrate the SEL/VEL meter, & reference tone from the tape
recorder was played through the system and the signal was intograted
for exactly 10 seconds with the integrator awitch in the l0-second
position. The output anawer then hecame the raference for the
l-second paosition on the integrator. In this way all impulse
algnals, irrespective of their duration, were automatically

normallzed to l-second integration time.

Detarmining the SEL/VEL of the various algnals placed the moat
stringent requirements on the dynamic range and DC drift of the

tape recorder, Inltially it appeared dealrable to compute the
vector sum of the vibration signals from the three mutually pex~
pendicular velaecity plckups. The idea was fine, but it proved
almost impossible to exacute accurately. To enhance the usable
dynamic range of the tape recordex by 10 4B, three identical 4-

pole (24 4B per octave) low-pass filtars sat at ROU'Hz wera inaerted

in the three signal linea from the tape recorder to the vector-
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gumming device. The low-pass filters helped the situation, but
there wore two remaining problems that finally discouraged the

use of the vector-aumming device. It has been pointed out how
important it ims to maintain a near zero offsct voltage (immadiately
prior to the blast signal} when entering the squaring device and
intagrator. This problem exdisats for a signal entering the vector-
summing devica, except now one must maintain zero offget far three
signals inatead of just one. This proved to be a problem for
signals with a fair to poor signal-to-noise ratie. The second
problem had to do with the primary wow and flutter component f£rom
the tape raecorder. The vector-summing daevica saw this frequency
component arrive in phase from all three channels aimultaneously
and thus it sguared the undesirable wow aignal and summed all
three aignals in phase. It was finally concluded that the most
accurate value for the vector sum would be arrived at by mathe~
matically aumming the output signal from the digital voltmataer for
tha three individual componentsa analyzed zeparately. In situationa
where the signal-to-noilse ratio was particularly poor, the SEL/VEL
would he datermined for the particular blaat event; a sechion of
the tape immediately hefore the blast would be analyzed for pre-
cisely the same amount of time, and the resultant answaer on the
digital voltmeter asubtracted from the results obtained during the
blast. Whenever the output voltage from tha Llntegrator was not

at least twice the value of the background noisa, the reanlts were

nat reported, Forxrtunately, this 3 dB signal-to-noiase ratio

situation was meldom encountered.
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The regults of the SEL/VEL analysis of all recorded signals
utilizing a variety of input filters and welghting networks is
contained in Table A.4.3-2. Comparison of the SEL/VEL results

with other desceriptors is summarized in Section 3.4.

The peak values for the lateral, transversce, and vertical vector
sums were difficult to obtain accurately from the tape-recorded
signals for the recasons just discussed. This loss of information
is not considered significant since the peak vector sum 1s normally

equal to tha maximum peak of any one of the three components.

The C-~walghted SEL air blast data wans difficult to obtain outdoora
because the measuring microphone was also required to measure the
1 Hz air hlast peak, which was found to be typically more than

25 dB abovae the C-waighted SEL.

A.4 Data Prementation and Interpraetation

A.4.1 Time History Records

The time history of the blast shows the separation of the ground-~
horne wave outside to the airborne wava gutside and tha affact

sach one has on the inside of the dwelling. FPigure A.4,1-1 ia

a sample oscillosacope racording of blast 15 diaplaying the lateral,
transverse, and vertical velocity measurements outside (channels 1,
2, and 3, raspectivaly); the alrborne wave outaide (channel 4);

tha vertical floor acceleration inside (channsl 5); and tha lataral,

tranaverse, and vartical flecor velocity inside (channels 6, 7, and 8,

A-39
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reapectively. All eilght traces werc made simultaneously, with

tha vertical lines representing one-sccond time intervala. No
absolute amplitude scale was intended for these osclllograph
records, only the time history. However, the three outdoor velocity
traces (1, 2 and 3} have twice the signal amplification of the in-
door velocity traces {6, 7 and 8). This time history shows the
arrival of the ground-borne wave outside and the resultant vibra-
tion inside the house, This signal decays until the airborne wave
arrives and initiates a accond vibration inside the house. Figqure
A.4.1-2 48 an oscillograph recording of blast 7 displaying the
lateral velocity outside {(channal 1), the outdoor airborne wave
(channel 4), and the indcor sound pressure (channel 5). This time
history shows the axrrival of the ground-horna wave outalde and the
resultant noise inside due to the vibration of the house and poa-
sibly the rattling of bric-a~brac, The alrborne wave axrives
latar and paases into the house nearly unchanged. The walls of
tha home filter out the high-~frequency content of the sound wave
but are transparent to the low-~frequency {approximataely 1 H=z)
component, Therefore, the overall shape of the time trace of the
indoor sound prassure ia identical to that of the cutdoor sound
pragsure, but the jaggedness due to the higher frequencies present
in the outdoor trace 1a absant £rom the ipdoor trace, Oscillo-

graph records of blaat 1 throuwgh 18 are included in Appendix B,

The moat important information given by the oscilillograph records

is the time history, which permits correlation between the outdoor

A=4l
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asignal and the regultant indoor signals. By examining the
ascillograph records, a sharp line could be drawn in most cases
batween the indcor sound and vibration caused by the ground wave
and the indoor acund and vibration caused by the air wave. It

was surprising to find that the ground vibration measurad outside
the dwelling caused tho dwelling walla and floors to vibrate for

a 1ongér period than the signal duration in the ground outsida.

The same phenomenon happens with the blast wave, but it i3 not as
obviocus from the oscillograph records. It has been pointed out
elsevhere in this report that it is necessary to separate the

blast site from the dwelling to be monitored by a distance of

about 1000 meters in order to have a clear separaticon of the algnals
pxoduced by the ground wave and the ailr blast. At these great dia-
tances the signala were very low, and sometimes interference #£rom
footfalles and other activity in the dwelling caused unwanted aignals
cleae to the bhlast events of interest. The ocacillograph records
were of great aasistance in detemmining the exact time for aignal
analysis, and theraby eliminating unwantad sound and vikration
signals during the blaat, A few oscillograph records showed ground
waves arriving at different times due to different paths in the
earth (see hblasts 7, 15, and 18). Monitoring the indoor vibration
in a typical dwelling within 300 meters of a blaat avent made it
impossible to separate the contributiona of ground-borne enerqgy

and the airborne blast wave, Whan the distnnce betwean tha blast
avent and the instrumented dwelling was increased, the oscillograph
records made the relative importance of the ground and air waves

mora apparent.
A~-43
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A.4.2 Frequency Spectra

Frequency dgpectra of selected gignals from blast 15 are shown in

Figs. A.4.2-1 through A.4.2-9,

There is no absolute full scale

for thase apectra although they are accurately marked in 10 48

e e LR L2881 L EAUL HLNe UL G § e

B
[}

Fig. A.4.2=1 OQutdoor lataral ground
valocity for blast no. 15.

Fig. A.4.2~2 (Qutdoor vertical ground
yalocity for blaast no. 15.

("DB" on left side of figures)
increments with a total range
of 60 dB. The absolute magni-
tude of these spectra was
detormined by auteomatically
plotting the detailled spectra
on large graph paper. The fre-
quency range noted by "B

along the bottom of the apoctra
ia linear from 0 to 200 W=

for all. The frequency spectra
of the outdeoor lateral and
vertical ground veclocities

ara displayed in Figs. A.4.2-1

and A.4.2-2, respectivaly.

Fig. A.4.2-3 i3 a frequency
spectrum of the outdoor uound
preasure, These three gpectra
demonstrate that the ground
wave contains the major portion

of its energy between 5 and 100

i 3
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Hz. The frequency spectra of the indoor lateral floor velocity

due to the ground-borne wave and airborne wave are shown in Figs.
A.4.2-4 and A.4.2-5, rospectively. These two spectra demonstrate

that the frequency content of the outdoor ground~borne and airborne
waves 15 transferred into the
dwelling vibration. Doth

spectra show a prominent
frequency component at 8 Hz,

even though this fregquency com-
ponent is not of major importance

in the outdoor ground velocity

1

or gound pressurc. This fre-

m
G
[1]
)
0
o
T
<

quency component in probably

L.t

the resonant frequency of the

Fig. A.4.2-3 Outdooxr sound prossure.
floor in this horizontal

[

direction. FPigures A.4.2~6

Z . LE 64U HLN..ZUL.G-'IB
- R I and A.4.2-7 are frequency

R _.....-.‘....,.......__-....... i
gpectra of the vertical floor
velocity due to the ground-
borne wave and the airborne

wave, respectively. These

~ spectra also show higher fre-
quency content due to the
ground-borne wave than to the
-
.j Fig. A.1.2~-4 Indoor lateoral fioor airborne wave, To cnsure that
: valocity due to the ground wava.
@ .7 there are no frequency com-
m L
a - ponents of the ground-borne
E A=45
g
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wave or airborne wave below the 4 Hz cutoff of the velocity trans-

ducers,

the acceleration frequency spectra of the vertical floor

vibration due to the ground-borne and airborne waves were analyzed.

These spectra are shown in Figs. A.4.2-8 and A.4.2-9.

Fig.

L2005 L 64U HLNULE e o

L e At L T T v Pt
vee ay f B

-

A.4.2=-5 Indeor lateral floor

volocity due to tha air wave.

o
@

".
i
!
¥
!
L
R
T
L
f

g, A.4.2-6 Indoor vertical floor
valocity due to ths ground wava,

A-46

The ground-
borne wave contains no
significant enerqgy below 5 Iz
in the acceleration apectrum.
The acceleration of the floor
due to the airborne wave does
show a frequency componént at

1 Hz, but this component is

of little significance ccmﬁfred
to the energy between 10 and

5¢ H=z.

Some spectra show a relatively
high level component near 0 Hz.
This very low frequency informa-
tion is caused by low~frequency
(DC) drifting in the total
record~-reproduce system and
should be ignored whan viewing

the spectra.

The frequency apectrum obtained
with the I'FT narrowband analyzer

was examined in detajl for each



signal from all recorded blast ecvents. A carcful study of all
of the outdoor gound velocity spectra showed that the bandwidth
of ground vibration was encompassed between 5 and 200 Hz. The

spectra from the air wave had a very prominent component at 1 Hz

(+ 0.5 Hz) and a very sharp

-64UL$I'N TN 511-0ff above and below this

1B 2001

frequency. Examination of

the indoor blast noisde and
vibration spectra showed
cnergy at the same frequencies
found outside. A vibration
criterion was established for

a typical dwelling by deter-

m
&
[}
A
0
o
]
<

mining the frequency bandwidth

Fig. A,4.2-~7 Ipdoor vortical floor
velocity due to the air wava,

b

at which the indoor fleooxr

P ) TS g vcelocity signal levels were
S L 640 HLN WLG=tw

e Ve et e e e teams e

higher than the ground velocity

measured outaide the same

dwelling. A composite of all

of the data suggests that the

.

principal range of interest is

[P

from 5 to 50 Hz, with secondary

resonances up to 200 Hz. This

U B |

vihration eriterion formulated

the basis for determining the

Fig, A.4.2=0 Ipndoor vertical fleor
accaleration due to the ground wave,

transfer function utilizing

Tl TR
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various deacriptors with
different welghting or fre-
quency characteristics. The
air wave had to be treated in
a somewhat different fashion
because of the very prominent
1l Hz component. It wasa deter-
mined that the 1 Hz component

inside the dwelling was typi-

cally on the same level as the

Fig. A.4.2-9 Indoor vertical floor
acceleration dua to the air wava,

1 Hz component outaide the

dwelling. It was also found

that the 1 Hz componcnt did not excite a typical dwelling at 1 Hz.

Tharafore, a different criterion for evaluating the indoor vibration

caused by the cutdoor alr wave was established. This criterion

waa spacified as followa: Determine the peak level in the indoor

velocity measurement above 4 Hz and then determine the frequency
bandwidth at the 20 &B down points at either side of this peak
component, By comparing the varicus velocity spectra measured an
the floar of the dwalling, 1t waa found that a frequency bhandwidth
extending from 4 to 50 Hz would adequately describe the spectrum
required to coxrelate with the outdoor air wava. Inasmuch as this
data wasz obtalned at a conaiderxable distance (typically 1000 metaera)
from the hlast, it was conaiderad important to axtend the upper
frequency range to 200 Hz to encompass the higher frequency enargies

that one would expect to find in a dwelling very close to a blast.

A-48
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Thus far the transfer function from the ground-borne wave to the
indoor floor vibration and the airborne wave to the indoor floor
vibration have been discussed. There are two additional transfer
functions that are of significance: the outdoor air wave versus
the indoor air wave or noisc and the outdoor ground vibration that
causes noise inside the dwelling. The outdoor air wave entering

a typlcal dwelling is not attenuated at the poak frequency in the
vicinity of 1 Hz. This 1 Hz component is inaudible to humans.

The frequency range of principal interest would be the A-waighted

narrowhand spectra. It was interesting to learn that the A-weighted

narrowband spectrum was nearly flat over the frequency range ex-
tendding from 1 to 2000 Hz. 1In most instances the maximum energy
after the spectrum had been A-weighted coincided with the resonant
fraquenciaes of the dwellings in the 10 to 200 Hz range. The A-
weighted recordings were made inside the dwellings during each
blast event to record the rattiing effects from windows, bric-a-
brac on shalvea, dishas in cupbeoards, and the dwelling in general.
These are all non-linear effects that are not readily acalad and
thus it 4is difficult to predict what the A-weighted sound level
will do with higher or lower air blast impingement upon the
dwelling,

To an observaxr standing outslde a dwelling the passing of the
ground wave from a blast event appears very insignificant. The
messuremant of the sound outalde the dwelling confiixma thia. On

the othar hand, tha microphone aignal inalde the dwellling showed

A=~49
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a substantial noise generated by the dwelling being shaken by the
ground wave, The prominent fregquenciles in the airborne spectrum
inside the dwelling were identical to the fleoor vibration fre-
quencics found in the dwelling, Part of the experiment was to

make limited measurcments of the veloclty of the walls during the
arrival of both the ground and air wavesa., TFrom these measurements,
it was concluded that the fleor velocity and the wall velocity were
very aimilar in magnitude and frequency. Both surfaces contributed
to the scund in the room and gave similar characteristica to the

gound spectra in the room during the pasaing of the ground wave.

A.4.3 Single-Number Descriptors

Saction A.3 diacussed in detall the data analysla procedures used

to determine a wide variety of single-number deacriptora for each

of the blast measurements. The results of thiz analysis utilizing -

the various deacriptors ara presented in Tables A.4.23~1 through:
A.4.3~6. The maximum inatantaneous peaks of each blaat nolse and
vibration signal shown in Table A.4.3-1 were determined from the
original calibrated oscillograph records that utilized an expanded
time mcale to produce recorxds approximately 1 meter in length,
Thesa long and bulky records were easy to read but difficult to
reproduce in the report. Tha osclillograph recoxrds shown in
Appendix B are the aame data premented in a compressed format.

All recorded data on blaat nolae and vibration wera also passed

through a 4 to 200 Hz filtar. The sigpnal from the filter waa

A-50
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L. 2

;?2?3-1. Maximum instantancous peaks of blast oventn (except acceleration welighted through a 5.6 Wz
low-pans filter from .5 Hz to 200 He). Data in dD re 1 w/nec for velocity, re 1 g for
acceleratlon and re 20 y paucaln For vound prensure lovol.

Gutdoor Ground vercical Ploor

Valaclty Gutdoor Indoor Gound Lateral =~ ‘Pranuverpo Vartical Accoloration
Lat, Trann, Vert. fHound ground alr ground atr ground alr ground alr ground alr

flapt 4B o dD ro dD ro  JB re dih re abre db re db re dB re A roa db re dbh ro db ra A4 re
Ho. M gee m/fsec mfmec 20 ) pa 20 W pa 20 ) pa mfsec m/ooc m/sec m/nec mfsec m/pec 1 g lg

1 - - - - 87.0 106.5 - - - - -59.5 - -52.2 -

2 =48.5 -49.% -%2,9 120.0 99.0 121.0 - - - - -19.1 - -32,8 -51.1

3 ~47.2 ~46.3 ~52,9 117.6 110.6 116.1 - - - - ~15.0 ~59.0 -46.1 -

4 ~55.0 «52,5 =-55,3 )12.0 103.0 113.5 - - - - =~51.0 =65.0 =~41.4 -

5 ~H0.5 -61.3 -~58.5 104.5 94.0 106.2 -5G.9 - -54.23 - ~56.7 - - -

6 =57.4 =57.0 =558 114.) y7.5 115.2  -50,1 - -63.1 - =-55.4 - - -

7 ~q3.0 =42.7 ~40,2 122,1 115.2 124.0 -40.1 -57.8 -46.9 -63.3 -40.0 -6GO0.8 - -
-69.,1 =~73.3 ~73,3 112,2 - 113.0 =710.9 =~77.0 =77.4 =77.4 =14.0 -64.9 - -
6.5 -69,8 ~71.4 114.0 - 112.7 -G8.0 «75.4 -68.5 -75.8 -~63.7 ~59.3 - -

10 «70.2 ~70.88 -~69,7 111.9 06.6 115.5 ~73.5 -68.0 -724.5 -17.7 ~712.1 =~063.7 - -
1 -69.8 -~72.3 ~-60,2 113.6 n4a.7 114.4 -71.3 ~10.3 -14.4 -79,4 ~70,2 =~T4.4 - -
12 ~57.1 -63,1 -63.8 - 107.3 121.7 -02.8 ~73.4 - - ~52.4 - - -
1} -68.9 =~63,3 ~70,3 99.4 - 100.0 -62,9 =~70.9 -57.6 -~Y3.1 -61.7 =-6O.0 - -
14 -75.4 ~73.4 ~74.,9 123.8 - - -69.8 =76.9% ~70.5 =72.1 <~70,1 =76.9 ~57.1 ~56.0
15 ~66,4 ~65,A ~67.4 119.3 - - -63.8 -~-60.8 -65.3 ~-68,2 ~60.5 -~59.9 ~49.4 -47.6
16 ~-64.5 -67.3 -67.7 115.9 - - -66.5 =01.3 =70.0 =~79.8 ~64.9 -60,0 ~49,8 -51,7
17 =765 ~73,7 -~74.8 101.7 - - -74.6 ~76.9 =~71,6 -82.9 -74.6 +~72,1 -61.1 -50.9
18 ~72.0 -73.0 ~76.9 1il6.0 - - ~75.0 =70.3 ~71.4 =TL.7T =70.9 «70.6 - -
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Tabla
A4, 3=-2. The SEL and VEL rooultsof blast wventu over a 4 He to 200 Hz filtor (uxcept accleoratlon waighted

through a 5.6 Nz low pags filter from .5 Uz to 200 Mz). Data in dB re 1 m/wec for veloclty,
ra 1 g for acceloration and ru 20 ppascaln for wound pressure loval.

Qutdoor Ground Indoor Floor Velocity Vartlcal floorx
Voloclty Outdaor Indoor Sound Intoral Pranuverga Vartical Accaolaoration
Lat, Trans. Voert., Scund ground alr ground  alr ground alr ground alr grounmd  alr
Blast db re dB re 4D ro  db ry di)y ra dfi ro db re db ro dB re db ra db re dB re  db re db ro
Ho. m/pce mfouc  mAsec 20 popa 20 1 pa 20 jopa mfgee m/oec mfuece mfoce mfuec m/uac 14 1q
1 - - - - 79.0 gg.0 - - - =12.% ~15.0 -66.0 -
2 -61.3 ~6l.0 ~64.3 103.0 ag.5 99.0 - - - -62,1 =76.0 ~4a.2 =59,0
3 -62.4 -6l.0 -70.% 96.4 95.0 u8.6 - - - -06}.6 =-07.0 -57.3 -
4 -67.4 -65.0 ~69.5 927.1 90,5 93.0 - - - -6l =-72.0 -~50.2 -
5 =70.4 ~71.0 =~69,0 90.2 a2.4 90.5 -67.7 - -65.2 ~67.3 - - -
[ 6.4 -61,2 ~67,0 97.0 90,0 100.6 ~-67.6 - -71.1 =-65,.2 - - -
7 =55.0 «50.1 ~65,0 95.8 90.0 90.0 ~50.6 - ~60,7 ~06.6 - - -
5: a ~79.7 ~65.9 ~04.0 95.6 7.5 96,3 -04.0 =-87.0 -07.0 -p7.0 -00.0 =77.0 - -
i 9 <75 =~748.0 ~(0.0 97.8 76.2 96,9 ~79.2 «84.0 -00.7 -70.5 -73.0 -74.0 - -
1 -73.3 =75.0 =77.2 101.0 77.5 105.3 ~77.2 «60.2 =79.6 .p1.8 -~M.4 ~6i.0 - -
i} -78.0 =-04.1 ~a1,5 97.9 72.0 101.0 +00.4 ~76.4 -07.4 -ng.0 -82.2 =03.4 - -
12 ~70.1 =75.7 ~74.} - 05,4 9.5 -74.1 -80.2 - - -66.4 -85.6 - -
13 ~75.6 ~73.12 ~78.,0 9.4 75.0 91.0 -71.5 - =63, 7 - -70.7 -~78.2 - -
14 ~82,2 -82,2 ' ~-84.0 106.9 ~70.5 =07.8 -718.% -p.7 ~70.2 -87.0 ~-f6.0 -66.0
15 ~77.0 ~77.2 ~718.0 102.4 -~75,0 -G7.2 =~76.5 ~95,0 =7R.7 -69.9 -60.6 -56,%
16 ~75.5 =~78.5 =i0.4 102.2 ~79,5 ~91.0 ~B2,1 -~gp.4 =70.2 -75.1 66,0 -6G5,4
17 ~85,0 -84.2 ~0(b6.6 92,0 -06.2 «~87.0 =-~083.5 -92.5 =-B3,2 -00.6 ~70.0 ~6%9,0
18 -81,6 -85,2 -09.7 99,6 ~85,5 ~B80,0 ~83.8 -02,7 ~-03.0 =81.7 - -
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Table A.4.3-1.

SEL of blast evaenta through a C-walghting natwork or an
A-woighting network. All in dB ra 20 } pascals.

Gutdoor Indoor Indoor

Dlast C{oighted SEL C=Woighted SEL A-Haighted SEL
lio, Alr Wave Ground Wave MMr Have Air Have

1 - 75.2 66.0 -

2 - 84,2 85.2 -

k] - 03.3 5.8 -

4 - 01.6 83.2 -

5 77.6 16.5 71.7 54.7

6 ~ 19.7 80,0 52.5

7 8l1.6 90.0 03.0 55.9

8 - 71.2 2.2 49.5

9 83.9 1.7 81.5 54.0
10 922.1 72.5 6.4 51.7
11 a85.2 69.5 8.1 48,7
12 - 82.5 1.2 -
13 - 68.2 71.2 -
14 01.2 - - 61.7
5 22.5 - - 49.9
16 a8,1 - - 44.7
17 B3.6 - - 47.3
18 az7.9 - - 54.2

A~53
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Table A.4.3-4, Slow metar rasponae of blant eventa through a 4 Hz to 200 Hz
filter. Sound pressure data in dB re 20 y pascals and velocity

data in dB re 1 mater per second.

Qutdeor Valocity

Outdoor Sound
Prassure in

planat in matera/sac
Ho. L v dp ro 20 U pa
1 - - -
2 ~63.2 ~66.0 28.0
k] ~64.5 ~73.0 0.0
L -69,2 ~70.2 91.0
5 =74.3 =-71.0 82.5
6 ~71.6 ~70.0 8%.0
7 =60.0 -67.2 94.3
1] -80.5 -86.0 21.0
g ~80.2 -~83,5 94.0
X0 ~75.0 =79.8 99,2
A1 ~79.3 ~81.0 93.0
12 1=71.0 ~76.0 -
13 ~72.0 ~81.0 a3.2
4 ~85.2 ~87.0 103.0
15 ~78.9 -80.0 98,0
16 ~77.0 -62.0 99.0
17 ~06G.8 -08.4 aa.0
18 -83.2 ~32.0 95.0Q
A-54
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Table A.4,3~5., Slow moter responne of blast gvaents through a C-wolghting
natwork. Sound pregsure data in 4B re 20 i pascala, and
velocity data in 4B re 1 meter per gecond.

Outdoor Velocity Outdeoor Sound
Dlaat in matersa/acc Pressure in
Na. L v dR re 20 4 pa
1 - - . '
2 -66.9 -69.6 19.8 ¥
1 -74.8 ~70.7 62.5 S
4 ~72.9 -73.8 61.9 % %
5 ~78.4 ~13.1 73.7 ; |
6 ~76.8 -73.2 80,7 ]
7 -72.4 ~74,7 82.6 ‘
B ~76.5 -88,3 85.2
g ~85,1 ~86.6 83.0
10 ~78,4 ~81.5 89,8
11 ~82.2 ~B5.3 84.6
12 ~73.8 ~77.5 -
13 ~85.4 ~84.9 76.0 :
14 ~91.8 ~99.0 93,0 ;
15 ~-al.8 ~81.9 91.0
26 ~80.7 ~84.4 a7.0
11 ~91.4 ~90.8 az.0
14 -89.1 -95.4 87.0 ‘
«
5
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Tabla A.4.3-6. Outdoor sound pressura measuremanta of blast avents made hy

I1linoln Environmental Protaction Agancy in 1976 on quarry
or coal mina property.

ALl in 4D re 20 1 pancala

Max Chargo :
Blast Diatance UDor Dalay Ponk Zound SEL Slow Response Slow Reaponse
No. (metors) (X grama) Prasosure Laval 4-200 H=x 4=-200 Hz C~wolghtod
i 130 j0.0 117 103.4 100 98
2 229 0.8 122 105.5 100 97
a 196 30.8 132 110.7 110 109
9 254 61.2 127 113.5 112 105
10 315 10.8 131 108.4 105 102.5
11 72 30.8 133 107.4 104 100
12 196 30.4 115 100.2 96 95.5
19 512 95.2 123 108.6 106.5 99
20 512 95,2 121 100,5 103.2 95,3
21 512 136.1 131 106.5 106.0 103.6
22 376 381.0 136 120.5 118.2 110.7
23 326 340.2 127 117.1 114 106.0
24 152 385.6 133 116.0 113.5 111.5
25 412 476.3 140 125.0 122,21 114.8
26 412 476.2 145 130.3 128.5 120.7
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squared and integrated with a true intogrator having a l-sccond

time constant to obtain SEL or VEL. This data is presented in

Table A.4,3-2,

The sound pressure level measurcments rcecorded both inside and
outside ware sent through a standard C-weighted network and
analysaed to obtain CSEL. Tho A-welghted sound level recorded

inside the dwelling was analyzed in the same manner. This reduced

data is presented in Table A,.4,.3-3.

All outdoor sound data and many outdoor velocity measurements were
passed through a conventional sound-level meter containing an
external band-pasa filter from 4 to 200 Hz. The maximum metexr

reading on slow rasponse was recorded and the results are presented

in Table A.4.3-4.

A similar experiment was conducted utilizing the conventional
C-waighting network on the sound-level meter. Again, the maximum

reading obtained with a slow meter xessponse is shown in Table

A-403"5¢

Thesa various deacriptors were also used to analyze the outdoor
air blast sound recordings made by Illinois EPA. The results of

the analysim are shown in Table A.4.3-6.
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In addition to the hklast nolse and vibration measurements taken
ingide and outaide the seleccted dwellings, data was obtained to
dascriba the physical characteristica of the dwalling, weather
conditions, the distance batween the blast and the inatrumented
dwelling, and the blast configuration. Thaese data are presonted
in Appendix B together with the sound and vibration results for

aach blaat, The information 1s alac summarized in Table A.4,.3-7.
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Table
N.4.3-7. pPhysalcoal data on quarcy blantn messurcd hy Komperman Asusocintes Inc. during Augunt, Septembor

and Octobor, 1976

blotanca Mazimum Wind
from charge/ Total Tatal Orientation opecd Orlentation Construction
Blast Dlaost dalny charge tima trom (km/ . of wind f of Banement,
Ho.  {m} (kq) {kq) (muee)  blowt faco poc)  from blant floors Frams Outer wall concrete
}  1loo 3o.n 604 302 160° o o° 1 wood  brick vencer bhall poured,
half grade slab
2 A57 310.6 695 92 45 10 0° 1 wood brick veneor pourud
31200 ) R 3975 - 45° 10 an* 2 wood  brick veneer poured
A 549 59.0 824 168 115° - - 2 woud  Dbrick vencor pouked
5 579 30.4 531 266 180° 16 90° 1 woodd  brick veneer pourad
6 654 59.0 1190 266 no° 16 9g° 1 wood  brick vancer poured
7 1120 Jx7.5 3954 - 180° 20 a5° 1 wood wood block
e B 1067 30.0 762 178 a5 24 o® 1 wood  wood black
oooog 1606 61.2 1165 230 15° 24 0° 1 wood  wood block
10 646 30.0 911 A62 90° 16 o 1 wood  brick vanoer pouted
1l 701 30,8 530 266 45° 24 0° 1 wood  hrlck veneer poured
12 701 30.4 3039 1372 - 16 45° Tri- wood  brick vencer poured
luval
113 610 30.4 802 400 a0 24 0° 2 brick brick block
14 1600 226.0 2555 210 0 20 0 2 #teel concrata nlah
hlock
15 762 31.8 740 3710 45° a a5 Trh~ wood  wood pauced
i levol
16 716 jL.e 529 210 A5°% {] 45° Tri= wood  wood pouted
lavel
17 1067 30.68 579 350 45 16 0 1 wiil brick vencer block
1 1128 in.a 419 266 135° 24 o 1 wood brick venver hlock

Dovnwind is 0%, upwind 1s 1007,
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APPENDIX B
DETAILED TIME HISTORY OF 18 RECORDED STONE QUARRY BLAST EVENTS

BY KAMPERMAN ASSOCIATES INC.

The ailgnals and time {(l-second markings) are disaplayed on a
linear scale. The signal levels are not calibrated in obaolute
values. However, for any particular blast, the three outdoor
valoclty pickups have the same gain, the outdoor and indoor
microphones {(on traces 4 and 5) have the same galn, and the
threa indoor velocity pickups have the same gain (although it
may be different from the outdoor pichups). The oscillograph
records were displayed for easy viewing of the events vs time,
The absolute peak values for each trace are summarized in

Table A.4.3~1.
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Quarry Blast No. 1

Distance from heme to BLlast:
Diroction of home from blaat:
Homa construction:

Wind dizection cut of the:
Wind spaed:

Temperatures

Temparatuxe profile:

Cloud covar:

Repth of blast below grade lavel:

Tatal charge of bhlast:
Maximum charge per delay:
Numbexr of holesa: '
pepth of holas:

Number of delaya:

Tima batwaan delays:
Total time of blast:
Blast face oxilentaticn:

1100 meters
Weat
1 floor with half basement:, wood

frame, brick veneer
East~Northeast

9 K metera/hour
26°C

Neutral

Hazy

45 meters

604 K grams

31 K grams/delay
14

f maetera

28

12 mseconda

3192 maeconds
Eaat
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Quarry Dlast No. 2

Distanca from home to blast:
Direction of home from bhlast:
Home conatruction:

wind direction out of the:
Wind speed:

Temparature:

Temperature profile:
Cloud cover:

Dopth of blaat below grade leavel:
Total charge of blast:

Maximum charge per dalay:

Number of holen;

Pepth of holas:

Numbaesx ‘of delays:

Time batween delays:

Total time of blast:

Blaat face orientation:

457 meters

Northwesnt
1 floor with basement, weood frame,

brick veneor
East-Northeast
10 K metexs/hour
28°c

Lapsae

Clear

45 meters

695 K grams

31 K grama/delay
14

6 matars

28

12 maeconds

392 maeconda
Noxth

21

S I A

I

b i3

T

rn Elﬂ | a2 R o

Ly L3




Www‘aﬁﬁtrwm TUILMNTEATS T et mae o 'l"?'-"-'ﬂ‘"if o — ‘
-‘ PR ) . & . . ‘ . i AN i K l. .b“‘tlh“.':::‘ ". ....
Outdoor , B
Lateral 7 A A ; . ” y ; : . .

Yelacity ’

Outdoor
Transverse  vaomvenbinh
Velocity H

Gutdoor
Vertical
Velocity

Outdoor
Sound
Prassure

Indoor
Sound
Pressure

Vertical !
fFlooy ) y
Acceleration '

Indoor
Sound
Pressure

Vertical
Floor
Yelocity

= g b e R ER S B

— . -
fi vt . R . o e B il |

l + 1 s¢¢ » ’

° Fig. p-2. Oscillograph fecord of Glast No, 2

s i e R hilea]

et e T

\

ACRA 3 RSV HTAV L3 3H




I s F W HRAAT LAl

[P,

Quarry Blast No. 3

Distance from homo o blagt:
Direction of home from blast:
Homa conatruction:

Wwind direction out of tha:
Wind speed:

Toemparaturat

Temperatura profilae:

Cloud cover:

Depth of hlast below grada lavel:
Total charge of hlast:

Maximum charge per dalay!

Number of heolea;

Pepth of holes:

Numbar of dalaya:

Time between dalaya:

Total time of hlast:

Blast face orientatlon:

1280 meters
Wesat

2 floors with basemant, wood frame,

brick veneer

Norxrtheast

10 K meters/hour
33°

Lapae

Clear

43 maters

3975 K grams

318 K grams/delay

6

43 meters

24

40, 100, 120 and 150 mseconds

Southeast
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Fig. B-3,  0scillograph Record of Blast No, 3




Quarry Blast No. 4

Distance from home to blast: 549 metors

Direction of homa frem hlast: Weat
2 floorsa with basement, wood frame,

Home conatruction:
brick venhear

Wind direction out of the: None

Wind apeed: 0 K metors/hour
Temperaturea; 27°C
Temperature profila: Neutral

Cloud cover: Hazy

Depth of blast helow grada laval: 70 maters

Tatal chaxga of blast: 824 K grams
Maximum charge pexr delay: 50 K grama/delay
Numhex of holesn: : 13

Depth of holaes: 10 metera

Numbar of delaya; 13

Time bhatwaen daelays: 14 mseconds
Total time of blast: 168 maecondsa
Blast face oriantation: Southoasat
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Fig. B-4, Oscillograph Record of Alast Ho. 4
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Quarry Blast No. 5

Distance from home to blast:
Direction of home from blaat:
Home construction:

Wind direg¢tion out of tho:
Wind spead:

Temperatura:

Temperature profile:

Cloud cover:

Depth of blast helow grade lavel:
Total charge of blast:

Maximum charge per delay:

Numbexr off holea;

Depth of holesa:

Number of delayn;

Tima batween delays;

Total time of hlasat:

Blaat. face oxdientation:

579 meters
West

1 floor with basement, wood frame,

brick veneer

South

16 K meters/hour
24°c

Neutral

0% and hazy

70 meters

531 K grama

3¢ K grama/delay
10

10 meters

20

14 mseconds

266 mseconds
Ensat
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Transverse
Wall
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Fig. B-5. Oscillograph Record of Blast fo. 5
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Quarry Blast No. 6

Distance from home to blasgt:
Direction of home from blaat:
Homa construction:

Wind direction out of the:
Wind sapced:

Temparature:

Temparature profile:

Cloud covex:

Depth of blast below grada lavel:
Total chaxga of hlaat:

Maximum charge par delay:

Number of holes:

Dopth of holes:

Number of delaya:

Tima betwesen delaya:

Total time of blasti

Blaat face orientation:

e e e — e - - [

655 maters

Heat

1 floor with basemont, wood firame,
brick venecer

South

16 K meters/hour

27°%

Lapae

Clear

70 maters

1190 K grams

59 K grama/delay
10

1¢ metera

20

14 mseconda

266 maeconds
Eaat
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Quarry Blast No. 7

Distance from homu to blast:
Direction of home from blaast:
lHome construction:

Wind direction out of the:
Wind spead:

Temparature:

Temperature profile:
Cloud cover:

Pepth of blast helow grade levsl:
Tatal chaxga of blaat:

Maximum charge per delay:

Number of holes:

Depth of holes:

Number of delayss

Tima between dalaya:

Total time of blasat:

Blast face orxientation:

et g s =t

1128 meters

Weat

1 floor, woed frame bungalow,
full basement

South

20 K meters/hour

3L°c

Lapie

Hazy = no clouds

43 meters

3954 K grama

317.5 K grams/delay

6

41 meters

24

40, 100, 120 or 150 mseconds

North-~Northaeaat

B-14
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Gutdoor
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Flg, B-7, Oscillograph Record of Blast No. 7
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Quarry Blast No. 8

Distance from home to blast:
Direction of home from blast:
Home c¢onastruction:

Wind directilon out of tha:
Wind speed:

Temperatura:

Temparatura profile:

Cloud cover:

Depth of blast halow grade leval:
Total charge of blast:

Maximum charge pex dalay:

Number of holes:

Depth of holes:

Number of dalays:

Tima batween delays:

Total time of blast:

Blaat face orientation:

1067 metars
Northeast
1 floor with bagsement, wood frame

South=Southwast
24 K meters/hour

26°C
Lapae
504

45 meters
762 K grams

3l K gramsa/dalay

14

10 maeters

28

14 maeconds
378 maeconda

Eaat
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Flg. B-8, Osciliograph Record of Blast No.
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Quarry Blast No. 9

Distance from home to blaat:
Direction of home firom blant:
Home construction:

Wind direction out of the:
Wind spced:

Tamparature:

Temparature prxofile:

Cloud coveaxr:

Depth of blaat below grada level:
Teotal charge of blast:

Maximum chaxge per delay:

Numbexr of holeai

Dapth of holea:

Number of delaya:

Tima hatwean delays:

Total time of blast:

Blast faca corlentation:

1006 meters
Northeasat
1 floor with basemant, woed frame

South-Southwast
24 K meters/hour
27°¢C

Lapse

100%

45 maetera

1165 K grams

6) K grams/delay
17

10 maters

17

14 mseconda

238 maeconda
Eaat
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Fig. B-9, pscillograph Recovd of Blast No. 9
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Quarry Dlast No. 10

Distance from homa to blast:
Diraction of home firom blast:
Homa censtruction:

Wind direction out of tha:
Wind apead:

Temparature:

Temparature profile:
Cloud cover:

Depth of blaat below grade lavel:
Total charge of blaat:

Maximum charge per delay:

Number of holes:

Depth of holes:

Rumber of dalays:

Tima batween delays:

Total time of blast:

Blaat, face orientation:

G4G matars
North

1l fleoor with basement, wood frame

brick veneer

South

16 K meters/hour
22°¢C

Neutral

Clear

70 meters

211 K grams

3) K grams/daelay
17

10 maters

34

14 maeconda

462 mseconds
Eant
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Lateral
Floor
Yelocity

Transyerse
Floor
Velocity

Yertical
Floor
Velocity

o7

CO 0% R T v IOV T A

ka2
T T T
T T T T =

T r § T v 'y =

W

Figc n"lo-

Osci11ograph Record of Blast No. 10
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Quarry Blast No. 1)

Diatance from home to blast:
Diraction of home from hlast:
Home conatruction:

Wind direction out of the:
Wind speed:

Temparaturea:

Temparature profila:

Qloud covar;

Depth of blaat below grade laeval:
Total charga of blast;

Maximum charga per delay:

Number of holes:

‘Depth of holea:

Numbear of dalays:

Time between delays:
Total time of blast:
Blaat face orientation:

701 metersa
North

1 floor with basement, wood frame,
brick venear

South

24 K meters/hour

24°C

Lapse

Clearx

70 metexa

530 K gxrams

3l K grama/delay
10

10 meters

19

14 mseconds

266 maeconds
Noxtheast
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Quarrzy Dlast No, 12

Diastance from home to blast: 701 meters

Diraction of home from hlast: North

HHomae constructileon: Tri~leval, wood frama, brick venear

Wind direction out of tha: Southweat

Wind apeed: 16 K meters/hour
Temparature: 26°¢
Temperature profila: Lapaa

Cloud covaer: 20%

Depth of blast halow grade leval: 81 matera

. Total chaxga of bhlaat: 3039 K grams
{ Maximum chaxge per delay: 30 K grams/delay
i Number of holes; 99
f Depth of holesa: 30 metexrs
{ Number of delays: 929
Time between delays: 14 m=seconds
Total time of blaat; 1372 mseconda

|

’ Blaast face oxientation: up
i
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Quarry Blast No. 13

Digtanco from home to blast:
Diraction of home from blast:
floma conatruction:

Wind direction out of tha:
Wind apaed:

Temparature:

Temparature profile:

Cloud covar:

Depth of blaat bhelow grade level:
Total c¢harge of hlast:

Maximum charge par delay:

Number of holeai

Dapth of holes:

Number of delays;

Time beatwean dalays:

Total time of blast:

Blast faca oxlentation:

r:a

3

610 metors
Northeast
2-atory brick, wood floors, bnﬂement:j

b

3 Gm

Southwest

24 K metera/hour
23°

Neutral

Clear

31 meters

882 K grams

3l K grams/delay
11

15,5 metars

33

25 mseconds

408 maeconds
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Fig. B-13, Oscillograph Record of Blast Ko. 13
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Quarry Blast No., 14

Distance from home to blast:
Direction of home from hlast:

lfome conatruction:

Wind direction out of tha:
Wind apeed:

Temperature:

Temparatura profile:

Cloud covar:

Pepth of blast helow grade
Total charge of blast:
Maximum charge per delay:
Number of holea;

Depth of holea:

Numbar of delays:

?imq batween delays;

Total time of blast;

Blast face orientation:

leval:

Feis:

1600 maoters

B2l &I on

North

2 floors, concrata block walla, pra= -
atressed concrete slaba, 3d-inch u
concrete floor covering

South

20 K meters/hour a
18°¢

Lapae ﬂ
Clear -
30 meters

4555 K grama

227 K grama/delay
4

30 metera

16

14 mseconds

210 mseconds
North~Northeadt
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Oscillograph Record of Blast No. 14
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Quarry Blast Ne. 15

pistance from home to hlast:
Direction of homa f£xrom blast:
iloma conatruction:

Wind direction out of the:
Wind speed:

Temperatura:

Temparature profile:
Cloud cavar:

Depth of blaat below grade level:
Total charxge of blast:

Maximum charge per delay:

Number of holea: :

Dapth of holes:

Number of delaya:

Time between delays:

Total time of blast:

Blant face oxientation:

762 meters

Morth
Tri-lovel, wood frame, brick veneer

Southeast

B K maters/hour
11°c

Inversion
Clecar

45 meters

740 R grams

32 K grama/dalay
14

10 matern

28

14 maeconda

378 maeconda
Northeast
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Osci1lograph Record of Blast Ho. 15
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Quarry Blast MNo. 16

T

Distance from homo to blast: 716 maters

Direction of homo from blast: North
Tri~laevel, wood frame, brick veneer

Mg |

Home construction: o
o

Wind direction out of the: Southaast

Wind spead: 8 X meters/hour Q

Temperature: 16°C

Temperatura profila: Lapsa t

Cloud cover: Clear i

Depth of blaat below grade level: 45 matars E

Total charga of blast: 529 K grams

Maximum charxga per delay: 32 K grams/delay g

Number of holea: ‘ 8

Depth of holes: 10 meters B

Number of delays; 16

14 maaconds
210 masconds

Tima between delaya;
Total time of blast:
Blaat faca orlentaticn: Northaeast
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Oscillograph Record of Blast No. 16
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Quarry Blast No, 17

Distance from home to bhlaat:
Direction of homa from bhlaat:
Home construction:

Wind direction out of tha:
Wind speed:

Temparature:

Temperature prafilas
Cloud covexr:

Depth of hlast below grada level:
Total charge of blast:

Maximum charga per delay:

Number of holaa; :

Depth of holea:

Number of delayna:

Tima batween dalaya:

Total time of blast:

Blaat faca orientation:

1067 metors
Narth

1 floor, wood frame, wilth bhasemant

South

16 K meters/hour
16°¢C

Neutral

Clear

15 meters

579 K grama

31l K grams/dalay
13

10 metera

26

14 maeconds

350 maeconds
Southeast
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Quarry Dlast Me. 18

Distance from home to blaot:
Direction of home from blast:
Homa construction:

Wind direction out of tha:
Wind apaed:

Temparaturea:

Tempexaturxe profile:
Cloud gover;

Repth of blaat balow grade level:
Total charge of blast:

Maximum charge per dalay:

Numbex of holea;

Depth of holes;

Number of delays:

Time hetween delays:

Total time of blaat:

Hlast faca orientation:

1128 meters
North
1 floor, wood frame, with basemant

South

24 K meters/hour
21°¢

Lapae

Clear

45 meters

419 X grama

31 K grama/dalay
10

10 meters

20

14 maeconds

266 maeconda
Fasat
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Fig. B-17. Osci1Tograph Record of Blast No. 17 + 1 sec -+
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Fig, B-18, Oscillograph Record af Blast No, 10
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