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FOREWORD

This research was conducted for the Directorate of Military Construction, Office of
the Chief of Engineers (OCE), under Project 4A162121A896, “Environmental Quality
for Army Construction”; Task 06, “Noise Pollution Control”; Work Unit 001, “Predic-
tion and Reduction of the Noise Impact Within and Adjacent to Army Facilities.” The
applicable QCR is 1.03.011. Mr. Frank Beck served as the OCE Technical Monitor.

This work was performed by the Acoustics Team (Dr. P. D. Schomer, Chief) of the
Environmental Division (Dr. R. K. Jam , Chief), U. S. Army Construction Engineering
Research Laboratory (CERL).

The Federal Aviation Administration, the Army Environmental Hygiene Agency, and
D Company of the 5th EngineerIng Battalion, Fort Leonard Wood, MO, are acknowl-
edged for their assistance in gathering pertinent data.

COL J. E. Hays is Commander and Director of CERL, and Dr. L. R. Shaffer is Deputy
Director. -
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$ THE STATISTICS OF AMPLITUDE AND The original blast noise prediction model contained
SPECTRUM OF BLASTS PROPAGATED a number of data deficiencies; the two most significant
IN THE ATMOSPHERE were the statistics of blast propagation in the atmo-

sphere and the relationship of human response to
blast stimuli. Two studies were initiated to provide

1 INTRODUCTION these data. One study, being conducted at Stanford
Research Institute , is designed to quantify human me-

Background sponse to blast stimuli. The second study was initiated
In a continuing study , the U.S. Army Construction to quantify blast propagation statistics by taking de-

Engineering Research Laboratory (CERL) is developing tailed blast noise measurements at a number of sites.
a methodology for predicting and assessing the noise This report covers measurements made at one of the
impact of a military facility’s operations. A number of sites--Fort Leonard Wood, MO.
noise sources have been identified, including blasts,
rotary-wing and fixed-wing aircraft , and vehicular and Purpose
fixed sources. On the basis of priority of importance, The purposes of this report are (I) to develop the
blast noise and rotary-wing aircraft were selected as the blast propagation statistics of th~ measured data, (2)
Army’s major noise problems. to relate these results to specific meteorological and

terrain conditions at Fort Leonard Wood, and (3) to
In order to resolve the problem of blast noise pre - develop frequency- weig hted one-third octave spectra of

diction, a variety of research projects has been under- blast amplitudes for use in predicting human response
taken. In CERL Report E-17 ,’ an initial blast noise to blast stimuli.
prediction model was developed using data existing
in 1971. This report consisted of two parts: (1) a Approach
method for calculating blast amplitudes on the basis Quantifying blast propagation statistics requires a
of distance, source characteristics, and meteorological two-step approach. The first step is the development of
conditions; and (2) a method for using these ampli- these statistics In relation to a specific set of meteoro-
tu des to predict the probable community respon se. log ical and terrain conditions. The second is the trans-

lation of these results to other geographic areas.
As a continuation of this research , a computer pro-

gram implementing the model was written. Using data Step I can be accomplished with the data obtained
sheets3 on which military facilities supplied such infor- from Fort Leonard Wood, MO, the first In a planned
mation as location of firing points and impact areas, series of sites. Being centrally located in the midwest ,
number of firings per day, size of charges, time of its climate Is typical of a large portion of the country.
day, and types of weapons, the program calculated From statistical analysis, any existing relationships can
Noise Exposure Forecast (NEF) contours over a grid be determined between measured amplitudes and other
of points on and surrounding the military facillty. various parameters. Step 2, however , is more difficult.
These contours were then used to evaluate the corn- The detection of terrain effects is not always possible
munity response so that corrective steps could be because prevailing winds and other weather effects may
taken An problem areas. dominate. Moreover, while the translation of statistics

from one part of the country to another (based upon
readily , - ailable site-specific meteorological and terrain
attr ibutes) can be inferred from one set of data, in

1 P. D. Schomer , Predicting Community Resp onse to Blast reality it requires measurements at a number of loca-
Noise. Technical Report E-17/AD773690 (U. S. .4.rmy Con- tions to verify relationships. Consequently, this step
stzuctlon Engineering Research Laboratory [CERLJ , 1973). will be carried out In subsequent studies through the

2~~ Homan;, 3. Mcliryan, and P. Schomer, User Manual fo r translation of the Fort Leonard Wood statisti cs to
the AcquWJk,n and Evahiselon of Operetlonai 8h z: NoIse other geographic areas of the United States. Nonethe-
Liar., Technical Report E42/AD782911 (CERL, 1974). less, these two steps both formed a basis for defining

NEF Contours were initially used to estimate community the experimental plan of this initial report.
response to aircraft noise and to establish zone. of relative ac-
ceptability. The rating considers the amplitude and frequency
characteristics in a manner that closely matches human J~4 Over 700 5-lb (2 kg) charges of C4 explos ives were
menu of the event’, noisiness. Dujstlon and time of oc rance detonated over a relatively flat and open area. By
are also considered, keeping the source constant , the statistics of the me-
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ceived signal could be developed as a function of dis- Organization of Rsport

~~ tance, terrain, and meteoro logical conditions. Simul- . Chapter 2 describes the procedures and measure-
taneous wide-band analog recordings were made of ments used in gathering the acoustical and meteoro-
these blasts at 16 stations located at distances of 2, 5, logical data; Chapter 3 contaIns the reduction and
10, and 15 mi (3, 8, 16, and 25 km) and in four analysis of these data.
directions (north, east, south, and west) . In addition ,
peak values of the blast amplitudes were measured Chapters 4 throug h 7 establish relationships
to insure that the analog recordings would not be between the acoustic signal and such parameters as dis-
overloaded and to provide results that could be me- tance , terrain , and meteorological conditions. Analysis
Iated to earlier stu lles.55 is performed on both an individual blast basis and a

statistical basis.
From these wide-band analog recording s, various

weighted and unweighted frequency spectra were Chapter 8 summarizes the results, and the appendices
developed for use in predicting community response. provide detailed data. App endices A (raw sound velocity
Also determined was a frequency-weighted integral profile data) and B (details of amplitude distribution)
of the time history of the pressure squared , a quantity are in this volume. App endices C (one-third octave
termed Sound Exposure Level or SEL In addition, spectra), D (absolute, relative, and difference energy-
these recordings formed a general data base from averag e octave sp ectra), and E (difference distributions)
which the propagation statistics and resulting noise are bound separately as Volume II.
impact could be described.

To obtain a base of meteorological data , measure- 2 COLLECTION OF DATAments of wind speed, wind direction, temperature,
humidity, and turbulence were required at different
altitudes. Ideally, these conditions should be defined at An array of measurement stations was set up to ob-
all points In space of the area of interest at the time of tam the data necessar ’ for the development of blast
propagation; however, military facilities have limited propagation statistics (Figure 1). When a blast was det-
meteorological data available, and obtaining such cx- oriated in the target area, simultaneous analog record-
tens ive informat ion would be impractical. A weather ings were made in four directions at distances of 2, 5,
plane or balloon making measurements takes substan- 10, and 15 ml (3, 8, 16, and 24 km). Concurrent with
tia l time to climb from ground level to upper altitudes. these measurements, an FAA plane flew ascending and
Moreover , the data obtained will be a function of alti- descending patterns ove r the test area to record wind
tude only at one area, while in reality inversion heights, speed , wind direction, temperature, humidity, and

wind, and other functions change as a function of 
~~~~~ 

turbulence. This chapter details these acoustic and
tion over the ground. Nonetheless, it was decided to meteorological measurements.
gather as much site-specific meteorological data as pos- 

~~~~~sib~e for use in developing relations with the blast Fort Leonard Wood is located In the Missouri
amplitudes. Since this weather data is still more de-
tailed than that usually available, it can be used to con- 

Ozarks. Although the land Is generally hilly and dense-

firm relationships that have previously only been im. 
‘1Y forested, most measurement stations were placed on

plied. These measurements were obtained with the 
relatively high ground in open areas. The measurements

of FAA equipment , manpower, and aircraft, were taken in late spring 1973. On a typical sunny day,
the nighttime ground level inversions began to rise and
dissipate approxImately 2 to 3 hours after sunrise.

‘Measurements were also made at distances of 1000,2000, Later, as the temperature rose, the temperature
and 5000 ft (301. 602, and 1506 m) in these four directions, gradient became more negative .
These analyses will be the suWect of. subsequent report.

“Since the peak value is not directly relaeed to human sen- To include as many varied weather conditions as
sidvity, it is not used to predict community response to blast possible, measurements began at dawn (0500 hours)
noise. For example, although a child’s cap pistol fired near a and continued untIl 1100 hours; after 1100 hours, the
building and an artillery round detonated several miles away
produce the eame peak amplitude at the wall of the bidldb~ , weather remained constant throughout the day. Be-
the artillery round, which contains more energr and ~~ 

cause the FAA plane could not make ground passes at
longer, wlll shake the building and cause complaints, wish. night, measurements could not occur ear lier than 0500
the cap pistol wUl not. hours.
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The measurement stations , manned by specially microphone to a B&K 2209 sound level mete r which ,
trained engineer troops from D Company of the 5th cou pled to a Nagra DJ tape recorder , acted as a pre-
Engineer Battalion, were dividing into five groups amplifier. The sound level meter was set on its linear
(Table I). weighted peak hold response for visual analysis. The

tape recorders were adjusted so that signals 7 dB above
Table 1 full scale (plus 10 dB) on the sound level meter would

read 0 dB on the recorder VU-meter. Record ings were
Measujemsut Station Groups made at 1.5 In./sec (3.8 cm/sec) while subsequent

analyses were made at 15 in./sec (38,1 cm/sec).
Group t~ ecdou Dle~~ca From Target With this procedure , the effective low frequency of

North 5, 10, and 15 mi (8, 16, and 24 km) the tape recorders was 2 Hz, which could allow wind
2 South 5, 10, and IS ml (8, 16, and 24 km) noise to interfere with the blast signal. To eliminate
3 East 5, 10, and 15 ml (8, 16, and 24 kin) this problem , the 10-Hz cutoff on the sound level4 West 5, I0,andl5mi (8,16,and 24 km) meter was usually employed. Since the microp honeS All 2m 1 (3 km)

and recorder could operate down to 2 Hz, and the in-
ternal electronics of the sound level meter were capable

The station s in each group were coordinated by a of detecting 0.1 Hz, the simple pole at 10 Hz defined
CERL technical supe rvisor who periodically monitored the low-frequency characteristics of the measurement
the equipment at each location. Use of these troops system.
enabled researcher s to use four-wheel drive vehicles for
reaching measuremen t locations and VHF radios for At the 2-m I (3 kin) stations (Group 5), 8&K 2204
communications. sound level meters we re used in conjunction with

Nagra SJ recorders instead of the B&K 2209 sound
The basic equipment at these stations included: (1) level meter and Nagra DJ recorder combination. Since

a B&K 4145 mIcrophone; (2) a B&K 2209 or 2204 Im- high frequencies were most likely to occur close to the
pulse sound level meter; (3) a Nagra Di or Si tape re- source, the Nagra SI recorder with its upper frequency
corde r ; (4) a Nagra QC.JA attenuator for connecting limit of 3.5 kHz was more accurate than the Di recor-
sound level meter AC output to tape recorder input ; der with Its 2.0 kIIz limit. Because the B&K 2204
(5) a voice microphone for commentary cbta~ (6~ a sound level meter could not be monitored during re-
wind screen, tripod, and 33-ft (10 m) microph one ex - cord ing, the equipment operators monitored the VU-
tension cable; (7) batteries for tape recorder and a meter of the Nagra SI recorder , which was equipped
power cable for 24-V vehicle batte ry ; (8) clipboards, with a quasi-p eak-response position.
pens, and data logs; (9) spare batteries; (10) a PRC-77 ,
VRC-46, or 47 VHF radio; and (11) compertmnented The CERL technical supervisor at each station
cases for holding and storing the field station equip. performed normal plstonphone calibration of the
ment Figure 2 Is a block diagram of a typical equip. sound level meters at the beginning and end of each
mont setup.* day and two or three addItional times throughout the

day. The calibration signal was also recorded by the
For stations in Groups I through 4, a MX 4145 Naps tape recorder. This RMS calibration signal,1-In. (25 mm) microp hone was placed cam a tripod ap- which created a plus 4-dB deflection on the sound level

proxImately 4 1/2 ft (1.4 m) above the ground and meter , registered about mInus 3 on the tape recorder
covered with a poi ’urethane foam windscreen. A VU-meter with the pin on the sound level meter
MX A0~O028 33-ft (10 m) cable connected the lowered by 10dB.

‘In a separate test, CERL personnel compared the tSlUltl WIde-band frequency response tests were made on
from these manned stations to those obtained from an FM all equipment before the field measurements (by themicrophone feeding into an FM recorder. The mesnared peak
Isveis were the semi for both systems as well as time ipsctrai manufacturers) and after its return to CERL (by
content in the rsn~e of 10 lIz to 2 kllz or 3.5 kIts with the CERL personnel).
Nagra Si Recorder (the signal contained no ensigy above 2
kHz). Th. manned stations lost Iow4requency phase informa-
tion below 10 Ha, but the.sdata are not dgnfficantinpredict- Once the equipment was set up and calibrated, the
jag commwiity noise Impact. following sequence was used to record the blast noise:

ii
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- When the fuse for the 5-lb (2 kg) C-4 charge was M.tsoroiogicai Msasur.m.nts
lit , the Communication Officer informed the equip- During the testing between 0500 and 1100 hours,

I ment operators by radio , “Test number 57 (hypothetl- an FAA plane made repeated ascents over the entire
cal number) coming .” test area to gather weathe r data . Wind speed and di-

rection were measured at 1000, 2000, and 3000 ft
2. ApproxImately 45 sec after the first radio call , (204, 610, and 914 m) above ground level (AGL),

the equipment operators were told “Test number 57 , while temp eratures were obtained for altitudes be-
turn on recorders, test number 57.” tween 0 and 3000 ft (914 m) AGL. Weather-sens ing

probes mounted on the body of the plane fed infor-
3 . The operators turned on their recorders , said matlon to recorders inside the cabin . A technicIan

“Test number 57” into the voice microphones , and left inside the plane also manually recorded altitude and
the recorders running. temperature . Wind speed and direction were mea-

sured only during level flight , which was maintained
4. When the blast occurred, the command “mark” with navigational aid from the nearby airport. Hourly ,

was given ove r the radio; the equipment operators re- ground conditions were taken from the airport
sponded by saying “mark” into the voice microphone meteorological units.
and turning its gain control fully down.

After the required acoustical and meteorological
5. The recorders were operated somewhat longer data were collected using this methodology, they were

than the travel time of sound from the blast site to put in a format applicable to the analytical procedures
the recording location . Depending on the distance from in Chapter 3.
the blast si te—2 , 5, 10, or 15 ml (3, 8, 16, or 24 km)
the operators turned off the recorder after 20, 35, 65,
or 105 eec, respectively . The blast amplitudes were
also recorded on the peak hold position of the sound DATA ANALYSIS
level meter.

Two sets of data were obta ined using the procedures
6. The equipment operators then read the sound in Chapter 2. The meteorolog ical data included wind

level meter and recorded the reading, the blast number , speed, wind direction, and temperature according to
and meter attenuator setting in the data log. ~~~~~ altitude, while the blast data consisted of tape record-
of this very simple procedure—the only control moved lags of detonations at various distances. Each set re-
by the equipment operators was the outer l0-dB at- quired separate analysis before the sets could be corn-
tenua tor switch on the sound level meters—virtually no bined to establish a statistical relationship.
difficult ies were experienced with operation of the
equipment. Analysis of Meteorolog ical Data

To analyze the meteorological data, a computer
7. The procedure was repeated for each blast . program first separated the wind velocity into north,

east, south , and west comp onents . It then plotted
As expected, not all stations were able to operate sound velocity profiles or gradients as a function of

all of the time. Early morning fog, communicat ion or altitude , using Eq 1 :~
mechanical breakdowns, and moisture on micro-
phones occasionally prevented operation at certain C = 331.6 ~ l + 1/273 + Vw (Eq 11
locations. Also, measurements were not usually per-
formed in the rain, where C velocity of sound in rn/sec

Vw - wind velocity in mlsec

‘Throughout the entiss measurem ent procue.. commual- I air temp erature in °C.
cations were a primary logistic rsquksmnent. Fit’. channels were
employed to establish contact between the control sits and the
actual blast site (to oversee the lighting of fu ses), the buss
switchboard, the manned stations in Groups I to 5. the FAA 2 R. S. Thompson. Computb,g Sound Ray hS*s hi the
plane (to coordinate the detonation with the aircraft flight), ~ esrwe of IVM4,Rsport SC-RR47-S3 (Sandia Laboratories,
and the clo.s4n wmntsnned stations. 1967). p 7.
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Figure 3 presents raw sound veloci ty profile data obtained from the procedure outlined in FIgure 6.
produced by the computer from information obtained The recorded blasts were played through a B&K 7502

4 by the FAA plane. Breakpoints and slopes were chosen transient recorder into a sound level meter via a one-
from this raw data to create the sound velocity profile third octave filter. An “impulse spectrum” was ob-
in FIgure 4. tam ed by playing the transient signal through each fil-

ter once and reading the results in the Impulse hold
Each profile contained at least three slopes repr e- position of the sound level meter. A “steady-state

senting cither positive or negative gradients. Thus, spectrum” was obtained by repeatedly playing the
the profiles could be characterized as negatIve-posItIve- signal throug h each filter to establish a steady-st ate
negative , positIve-posItIve-posItive, etc. A separate pro - condition , and then reading the results using slow
file was computed for each direction for each weather meter respon se of the sound level meter.
run. Appendix A presents the profile data.

Comparisons of the one-third octave spectra from
Analysis of Blast Oats the 400 line analyzer with the Impulse sp ectra and

The blast data analysis cons isted of determining the steady -state spectra are shown In Figures 7 and 8,
the peak value and frequency spectra of each blast and respectively. Although the figures indicate near-perfect
required reduction of the acoustica l sig natures on the agreement, one-third octaves produced by the 400 line
magnetic tape. By relating these signatures to the at- analyzer (with Its sharp filter sldrts) have deeper dips
tenu ator setting of the sound level mete r and the re- than those produced by the one-third octave filter
corded calibration signals, sound pressure levels were (with shallower filter skirts), as expected.
established for all blast trans ients. The peak levels were
later rechecked with the visual observations made in While this comparison verified relative spectrum
the field . Individual frequency spectra were obtained shapes, it did not determ ine absolute levels. This cal-
from a narrow -band analys is performed by a Federal culation required use of the recorded calibration tone ,
Scientific IJA-l4A 400 Une Analyzer.’ which could not be used directly with the 400 line ana-

lyzer because of a discrep ancy between cont inuous
FIgure 5 illustrates the analysis procedure. The signals which completely fill its memory and transient

recorded blast signals were played into the transient blast signals which only fill Its memory to 70 to 80
mode of the 400 lIne analyzer. Two minitor ~~Øft. percent capacity . Consequently, another approach was
scopes were then employed; one to display the con- used for each blast. Since the enti re acoustic signature
tents of the analyzer memory to Insure that the re- was essentially stored in the memory (I-sec duration)
corded blast transient was a clean signal uncorrupted of the 400 lIne analyzer, the analysis time period in-
by noise or otherwise distorted, and the second to cluded all of the significant signal. Consequently, the
display the narrow-band spectrum. The analyzer it- spectral output was a true Fourier analysis of the
self was directly interfaced to a computer which time-varying signal.
summed the spectral lines to form one-third octaves.
Along wIth normalizing and pin-correcting Informa- It is a basic theorem of Fourier theo ry that the in-
tion, these data were then stored on magnetic discs for tegral of the squared spectrum over frequen.y is equal
subsequent analysis, which included calculation of to the integral of the squared thne-varylng original sig-
frequency-weighted measures and statistics for the nal (in this case, pressure, p) over all time , T. Thus , by
stored data . determ ining the value for the integral of the time-vary-

ing signal squared—fp2(t)dt —the absolute value of these
To test the validity of obtain ing one-third octaves spectra could be obtained using the fo llowing relation -

from a narrow -band analysis, the spectra were corn- ship from Fourier analysis:
pared to two separate sets of one-third octave spectra

2 f 0 2 — 2 t 1 2 0d = 1~ L 1/l O
-ea Po )oConcsplual y, analysing a trsnsiust requires that the

signal be played repeatedly through a set of filters. A loop
of taps ma fa thitats asslyis and she s~ninat. iii. need to where p0 - .0002 mlcrobar
read nmsxlsnwn ina*aataasous valises. The UA-14A Line Ails. 

t — i seclyast sutomadrely forms a icop from the data and measures
earrow-~en~ spectra us real tins. as ~ it were a purahsi narrow- • 1/3 octave band level (dB) for the j th band
bs~si doo.uls.eat ivier set. as determ ined by narrow-band analysis.
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Two methods were used to calculate this pressure- From Figure 9 and the impulsive and peak ampli-
squared integral. In one method, the recorded blast tude readings, a good approximation of the pressure-
signatures and calibration tones for approximately 20 squared integral was obtained for the remaIning 80 per-
percent of the data were digit ized using a 4-kHz sam- cent of the blast data without usln~ the lengthy pro-
pling rate on a B&K 7502 transient dig ital event re- cess of digitizing. These numbe rs were then used as
corder. The resulting information was squared and the absolute values for the one-third spectra obtained
summed on a Wang 600 computing calculator to get a with the 400 line analyzer.
true absolute value . In the second method, the same
tapes were played into two sound level meters By using this pressure -squared integral, the blast
simultaneously. One meter was set on imp ulse hold , data were also put into a format which could be used
while the second was set on peak hold . Figure 9 corn - to calculate the SEL, which has been shown to be an
pare s these impulse and peak values to the pressu re- accurate predictor of community responses~
squared integrals from the digital event recorder and
shows the definite relationsh ip that was estab lished. SEL = 10 log 10 f

od
JoL(t)/ l0 dt [Eq 3J

Impulse level — fp2(t) dt = Function of peak whe re 1(t) = the instantaneous weighted sound pressureamplitude. leve l In reference to .0002 mic robar .

Different frequency weightings of the L(t) signal
‘Blasts were recorded at I~5 in.isec (3.8 cm/sic) In the fIeld yielded various weighted SEL values , which are dis-and analyzed at 15 In /sec (38.1 Cm/eec). Using the imixilse cussed In Chapter 7.’hold response , the 35-msec time constant of the sound level

meter appears as 350 msec bemuse of the tenfold increase In
the speed of the signal. The resulting level approximates the
integral of the equated time-varying signal divided by the
constant .035:

4 STATISTICS OF BLAST PROPAGATION
(Jp 2(t)dt)/. 035.

This chapter establishes the statistics of blast propa-
gation in the atmosphere for the acoustic measure-

Thus. in theory. fo~ a transient whose duration is 350 meac or 
men ts obtained In Chapter 3 The probab ility of ob-less, the impish, sound level meter reading should be 4 .5 dB

above the true Integration value for integrations performed taming given amplitudes at various distances Is the key
with a reference time of I eac. statistic. Such probabilitIes are also required for noise

Impact prediction . Because these statistics are derived
Difference - 10 IogiO 1.0/0.35 4.5 dB. independently of any meteorological or terrain con-

siderations , they form an empirical basis for predic-
In reality, however, the meter characteristIcs did not strict- t ion without explain ing why the various levels were

ly foflo w this theory. Analysis with tone bursts of Y117111g recorded.
durations Indicated that the sound level meters produce this
4.S-4B difference for transients with durations of 170 msec or
less. As the duration increased, the tim, constant .~~~ in~~~ d Before beginning the analysis, the blast data were
so that for a 350 msec pulse, the constant was 900 misc and divided into five catego ries: (1) good clean blast sig-
the difference between the impulsive reading and true integra- natures , (2) data with slight noise present , (3) data con -
don was 0.5 dB: tam ing sig nificant noise but for which there is an ac-

Difference - lOIOgj~ 1.0/0.9 — 03 dB. 
____________

Thsss results explain the shape of the curve in ~~~~ 9 
4lnforrnanon on Levels of Enrlronmenial Noise Requisite

Fat the isigiisr smpiitusie peeks occurring at use close-in ~~ to Protect Pub lic Health and Welfare MM an Adequete Marg in
dons, the duration of the acoustic signal was less ~~~ 170 of Safety, EPA 550/9-74-004 (EnvIronmental Protection

Thus the difference between the Impulse value and Agency, March 1974), p A-6.
di was 4.5 dl. Thu lower amplitude peaks occurring at ‘By playing the signal through a sound level meter set on

the distant stations. had durations up to and exceeding 350 C-weIghted slow, a C-weighted SEL was obtained and computedmisc. Thus the difference approached 0 dl and even became with the Wang calculator. The slow meter characteristics ap-
neptive for greater durations. proximate an integrator with a 1-sec reference.
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curate measure of the peak value , (4) data for which Table 2
the peak value could only be estimated , and (5) data Statistics of Blast Propapdon for themissed because of equipment failures or calibration Eight Am~~itude DIstributions’during an event. For statistical analysis of peak values,
the first four typ es of data were both usable and re- i~iatance Range
quired. Because the lower amplitude events are less Time ml (kin) I 2 3 4
likely to be recorded well in the presence of wind

0500 to 2 (3.2) 93.0 48 105.1 dB 114.6 dB 121.9 48and inte rnal equipment noise, exclud ing category 4 0700 hours 25.4 % 29.5 % 39.0 % 6.1 %
would systematically bias the statistics toward the
higher levels. 5 (8.0) 74.8 dB 89.3 48 101.0 dB 110.0 48

18.4 %  24.8 % 49.2 % 7.6 %
Using the fIrst three categor ies of blast data , ampli-

10(16.1) 72.8 dB 83.8 dB 95.1 dB 105 8  4Btu de 4Ist ributions were created based on the four dis- 47.9 % 25.0 % 20.0 % 71 %
tances (2, 5, I0 , and 15mi (3 , 8, 16,and 24 kmj )and
two time periods (0500 to 0700 hours and 0700 tO 15 (24.1) 71.6 dB 80.5 dli 92.7 dB 105.3 48
1100 hours). Appendix B lists the resulting eight 45.2 % 33.7 % 16.7 % 4.4%
amplitude distributions.

O700 to 2(3 .2) 95.7 dB 105.9 dB 114 .3 48 123 0 dB
1100 hours 37.5 % 39.6 % 20.6 % 2.3 %

As Figures 10 and 11 show, each individual distri-
bution could be subdivided into four ranges using thre e s (8.0) 75 .9 48 90.0 dB 102.0 dB 112.2 dB
natura l breaks. After minor variations In these Initial 37.5 % 39.6 % 206 % 2.3 %
breakpoInts (1 to 2 dB) were made to create more uni-

10 (16.1) 71.1 dli 83.1 dli 95.0 dB 105.3 dBform distribution curves, the energy averages of the 25.9 % 32.6 % 31.8 % 9.7 %
measured blasts within each range were calculated .
These levels were plotted as a function of distance to 15 (24.1) 69.1 dB 79.9 dB 91.6 dli 102.3 dli
produce the amplitude distance curves in Figure 12. 34.8 % 32.1 % 30.0 % 3.1%

The low amplitude blast data In category 4 were * CategorIes 1 through 4 were used to determine percen-
then added to the appropriate distributions so that the tages; categories I through 3 were used to determine
percentage of blasts lying in each range could be deter- energy averages.
mined for each distribution. These calculations are
summarized in Table 2 and detailed in Appendix B.
While Table 2 relates percentage of amplitudes to
distance, it does not explain the high or low levels.
Before an explanation could be develop ed, the sta-
tistics had to be related to weather and terrain , as de-
tailed In Chapter 5. 5 COMPARISON OF BLAST PROPAGATION

STATISTICS WITH THEORETICAL
AMPLITUDE/DISTANCE PREDICTION
CURVES

In this chapter , the blast propagation statistics de-
‘Noise Impact at night (defined u 2200 to 0700 hours by veloped in Chapter 4—spec ifica lly , the amplitude versus

the Environmental Protection Agency) was represented by the distance plot—are compared to the theoretical predic-
0500 to 0700 houri measurements. The lmpsct during the day tion curves In CERL Technical Report E-17. 5 Because‘0700 to 2200 hours) was represented by the 0700 to 1100 these curves were based on meteorological conditions,hours measurements. The 0700 to 0900 hours time period was
considered to be a transition from night to day, when the this comparison can indicate a weather dependence.
nighttime temperature Inversion wou ld normally rise and
dissipate . Th~ 0900 to 1100 hours period represented the rest
of the day. Since the normal firbsg at the base was from 0700
to 1500 hours, each measurement taken between 0900 to 1100
hours was used three times to compensere for the tact that this 5P. D. Schomer, dIeting Community Response to Blast
period was also representative of the 1100 to 1300 hours and Noise, Technical Report E-17/AD77360 (CERL, 1973) pp 13,
1300 to iSOO bours tin’.. perIods. 17.
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Figure 12. Measured amplitude versus distance curves.

The curves in CERL Technical Report E-17 are In Case 1, the sound Is refracted upward, producing
based on theory for sound propagation In the atmo . noise levels on the ground lower than those produced
sphere. This theory Is discussed in many references ,’ under uniform velocity or zero gradient condltlbns.
which show that speed of sound Is a function of both For Case 2, sound rays are refracted down, and the
wind and temperature, and as these conditions change sound Intensity on the ground is somewhat greater
with altitude, sound waves are refracted or focused. than that under uniform velocity gradient conditions.
FIgures 13 through 16 Illustrate four simple cases of With comb inations of these gradients , the sound rays
this phenomenon: (1) a negative sound velocity gre. can travel over different paths and still arrive at an ob-
dlent, (2) a positive sound velocity gradient, (3) a servation point simultaneously to produce a focus. in
positive sound velocity gradient which changes to a Case 3, separate groups of sound rays are created by
more sharply positive velocity gradient, and (4)a nap- two positive gradients—the upper gradient stronger
live gradient followed by a positive gradient at a than the lower. A weak focus, labeled f, is created at
higher altitude. the points where both groups meet at the surface. In

Case 4, sound Is refracted upward in the lower nags-
~B. Perkins, Jr., P. H. Loerain, and W. H. Townsend, Foet- the gradient and downward In the upper positive gra-

lions be the Low~ Atmosphere, Report No, IllS (Sathstlcs
Research Laboratories, 1960), 3. W. Reed, Acos~stk hare ~~~~ ~~~~ focus In the region labeled F and a reduction of
feels ~~~ect: AI~.bla ~~d$ctlo., ~~~~~ p~~~ g~~~ noise levels In the silent zone between F and the blast
69-332 (Sandia Laboratories, 1969); sad $~ o.s,. silL

casting the Fosus of AS Blast Due in Netece’ok~lceJ Co.sdl~ dient. The result is an Increase of noise levels at the
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Figure 13. NegatIve sound velocity gradient and corresponding ray paths.

SOUND DISTANCE —~~~
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Figure 14. Positive sound velocity gradient and corresponding ray paths.

hVLXffY-*’ DISTAtCE -
~~~~

Fipre IS. Two.sspiensed positive sound velocity gradient and corresponding ray paths (weak focus is located at I).
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Figure 16. Negative-posItive sound velocity gradient (inversion) and corresponding ray paths (strong focus is located
at F).

Using this information , CERL Technical Report The data from range 4 generally plotted above the
E-l 7 created a set of predictIon curves to estimate the probable focus curve due to the conse rvat ive original
peak blast amplitude on the basis of distance and estimates in CERL Technica l Report E.l 7. The range
meteorological conditions; Figure 17 shows these pre - 3 data dropped a few decibels beneath the base or IBM
diction curves. ’ The curve labeled “base ” is the IBM curve; this drop probably resulted from the relatively
M.curve for Ideal atmospheric or zero gradient condi- low blast amplitudes employed in the test In contrast
tions compiled in Sandia Laboratories Report SLM-69- to the large amplitudes obtained in previous tests , such
332.’ Blast amplitudes recorded during positive gradi- as those resulting from nuclear devices. Data from
ants should be a little higher than th is curve , while range 2 agreed quite closely with the negative curve,
blasts recorded In negative gradients estimated by the while range 1, which fell below all the prediction
negative gradient curve , should be lower. The probable curves , was put into an “excess negative ” designation .
focus and maximum overpressure curves estimate the This close agreement between plots implies a relation-
probab le and maximum peak ampl itudes , respecti vely, ship between the energy amplitudes in ranges 2 through
under focus conditions . 4 and specific weather conditions (Table 3).

To compare the blast propagation statistics and The data In range 4 indicate that a new focus curve
these curves , the amplitude distance plots from Chap- can be plotted and used to predict amplitudes under
tar 4 were directly transposed onto Figu re 17 (Figures focus conditions. Similarly, new base and negative
18 and 19). curves can possibly be plott ed from the data In ranges_________ — 3 and 2 , respectIvely, and used to predict amplitudes

‘The curves In FIgure 17 were derived for I 4b (0.5 kg) under those specific weather condi tions. The data in
chasges exploded just above ground level. Energy loss due to range I created the unique excess negat ive curve which
absorption was avoided, but sound was reflected. At Fort fell below all the curves in CERL Technical ReportLaonard Wood, the charges weighed 5 lb (2.3 kg) and u’~re E.17
exploded at pound level with both absorption and reflection
occurring. Therefore, the foUowlng two correction factors T5.bIS 3
were applied to the prediction curves: 3.6 dB was added to ad-
just for the ext ra weight and 5.5 dH was subtracted to adjust R.ii io.siuap Between Energy Amplitudes and(Of the difference between above-ground and pound-level w..~~ Conditionsbleats. The 5.5 dB subtraction Is based on the fact that the
blast site was soft, dry, pulverIzed pound which was expected Rel~~ ~~~~ Condition
to absorb a great amount of energy. The two correction factors
almost cancelled each oth~ out. 1 Excess Negative -7J. V. Reed, Acoustic h~re Effects Flu/eet. A b’bian fre- 2 NegatIve Shadow and Gradient
diction Tec*niques, Report SC-M.69-332 (Sandia Laboratories, 3 Hale Zero and Positive Gradient
1969). 4 Focus Focus
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Figure 17. Theoretical amplitude versus distance prediction curves from CERL Technical Report E-17.
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P’lguirs IS, Comparison of m.auired peak amplitudes (diy) to prediction curves.
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FIgure 19. ComparIson of measured peak amplitudes (night) to prediction curves.
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FIgure 20. Predicted and measured maximum probable focus.

29

— 
- —*— —-----S 

,
~ - -a.-- ~~~ .~~~~ -? — -_

S S S



L Finally , Figure 20 compares the actual maximum directly befor e or after a wind run, and (2) information
reading obtained at each distance to the maximum from temp erature runs made both before and after
probably focus curve . Since these data were based on other tempe rature runs (Table 4).
approxImately 11,000 samples, they offered good veri-
fication of the curve , which can be used to protect
against structural damage and other extreme effects . TIbia 4

Sample Log ot Temperature and Wind Runs

Start FinIsh6 THE EFFECT OF TERRAIN Day Time Time Run Category
AND METEOROLOGICAL CONDITIONS 06/13 0837 0842 Temp 2
ON BLAST PROPAGATION 0850 0855 Temp 2

0906 0910 Temp 2
The analysis In Chapte r 5 implied a possible relation- ~~I8 0922 Temp I

ship between blast amplitudes and meteorological con - Temp 1ditions for the Fort Leonard Wood data. This chapter 0954 0957 Temp 2
confirms the relationship by analyzing individual blasts 1000 1005 Temp 1
with the amplitude versus distance curves developed in 1005 1010 Wind -

Chapter 4. The effects of terrain are also discussed. 1017 1022 Temp I

Elf set of Melsorolo gical Conditions
Although an ideal study of individual blast propaga- The temperature runs In category 1 were combined

tion would require knowledge of meteorological condi. with the closest (In tIme) wind run to produce sound
tions at all points within the space of interest at the velocity profiles in the north, east , south, and west di-
time of propagation , obtaining such extensive Informs- rections based on the procedures In Chapte r 3. Next ,
tion was impractical. Because the FAA plane takes sub- using the methods In Ballistic Research Laboratories
stantial time to climb from ground level to the upper (BRL) report 1118 ,’ conditions favorable to the dif-
altitude , the data obtained was a function of altitude ferent focus ing or refract ing modes of sound waves
only at one area. Thus it was assumed that this gradient were established . FIgure 12 was used to predict the
does not change laterally with distance. Since Inversion amplitudes for each condition : the focus curve was
heights, winds, and other factors change as a function used for focus conditions, the base curve for positive
of posItIon over the ground, this assumption could grad ient conditions, and the negative curve for nega-
yield misleading results and was thus used cautiously . lIve gradient conditions and shadow zones. Finally,
In addition , the analysis of individual blasts had to be the measured amplitudes for blasts occur ring when
based on a much smaller number of gradients than this weather Information was taken were compared to
desired. these predicted levels.

A total of 735 blasts were measured at Fort As an examp le, In Table 4 the temperature run from
Leonard Wood. Ten to twelve blasts occurred each 0918 to 0922 was comb ined with the wind run from
hour , S to 6 mInutes apart . The FAA plane gathered 0923 to 0930 to produce sound velocity gradients ,
temp erature data three or four times each hour, while which were used to predict the amplitudes for blasts
upper altitude wind Information was gathered a maxIrn occurring between 0918 and 0930. The temperature
mum of three times per day . The tIme available for run from 0936 to 094 1 was then comb ined with the
data .gatherlng was limited by pre- and postfhght call- wind run from 0923 to 0930, and the process was re-
brations as well as the tIme required to reach the outer peated . Blast amplitudes falling outside these critical
1 5 ml (24 km) stat ions and prepare for the run.

Based on these considerations, the measured blast 
_ _ _ _ _ _ _ _

data and the meteorological conditions were correlated B. Perkins, h., P. H. Lorrabt. and V. H. Townarad Fo.v-as follows. Temperature Information, recorded three or 
~~~~ ~. ,~~. of 45’ Blest Due to Mst.o,oJegkal Condl-

four times each hour, was placed Into two categories: - 5, ~~~ L~~~ ~~~~~~~~~~~~~~ Rspost 111$ (Ballistics
(1) informatIon from temperature runs made sIllier i~~~~ Laboratories, 1960).
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time periods were not used n this anal y sis , because the Table 5
weather data would not be current enoug h to give relia-
ble results. Summssy of Initial Cosnpselson Analysis

NumberApproximately 66.0 percent of the 1841 usable p,,. *pee- DUs~esmentblast measu rements fell within 7 dB of the predicted diction mint ES MS EN HN EP HP HF 0? Total
values; Figure 21 shows three examples of this agree-
ment. The data which disagreed could be divided into Shadow 407 80 76 156

the following categories: N~~the 241 167 45 212
PosItive 437 119 28 147
Focus 129 111 1 112

I. Excess Shadow (ES) — lower than predicted
levels measured during shadow zone conditions Total 1214 627

2. Excess Negative (EN) — lower than predicted
levels measured during negative gradie nt conditions

Table 6
3. Excess Positive (EP) — lower than predicted

levels measured during positive gradient conditions ~~ WSSth~T Conditions Present Durbig
Dls.peement Meassirements

4. Missed Focus (MF) — lower than predicted TypeofDlaa sem t WentherConditlons
levels measured during focus conditions

Excess Shadow Upwind or crosswind station , strong
Excess Negative negative gradIent (<-.030 rn/sec/rn)5. Missed Shadow (MS) — higher than predicted 
__________________________________________

levels measured during shadow conditions Excess Positive Upwind station, weak positive
gradIent (<.005 rn/sec/rn)

6. High Negative (HN) — higher than predicted
levels measured during negative gradient conditions DoWflwifld station, sharp positive

gradient (>075 rn/s.c/rn)

7. High Positive (HP) — higher than predicted Misae~ Focus Not weather-related; caused by
levels measured during pos itive gradient conditions Missed Shadow inability to exactly predict focus/

shadow position
8. High Focus (HF) — higher than predicted

111gb NegatIve Wind reversal or wind shearlevels measured during focus condition
High Positive Weak focus conditions

Table 5 summarizes the initial comparison analysis. —

High Focus —

Of the disag reement data , the number of measure-
ments falling below the predicted levels far exceeded
the number falling above. In an attempt to correlate TIbia 7
these data, the meteorological listings In Appendix A
were re-examined to summarize the general weather Sumsasey of Dbe1peame.t Data
conditions experienced when these measurements were
taken. Table 6 shows the results , which were used to T~~e of Total Condition

D~ gasesinst Number 1 2 Un.xpl edresummarlze the disagreement data (Table 7).
ExceisSliadow 80 35 - 45

Excess NegatIve 167 117 — 50

9n addition to this temporal constra int , only taps-recorded Excess PositIve 119 23 77 17
data from the foRowbig three categories of blest signatures Mlsssd Focus 111 111 - -

were used In this analysis: (I) good, clean blast signatures; (2) ~~ sd Shadow 76 76 -
data with slight noise present; and (3) data containing signifl- High NegatIve 45 20 - 25

cant noise but for which there was an accurate rnessere of the High Positive 28 23 — 3
peak value. Out of the 11,760 total measurements (735 blasts High Focus I
a 16 sItes), 154 1 measurements occurring In the altlcul time
psstods met theae attrrls. Total 627 409 77 141
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SOUND VELOCITY —

~~~ DISTANCE — I
5,000 FEET (1,524 N)

Positive gradient prediction at 2-mi station
Predicted peak sound pressure level 115 48
Measured peak sound pressure level 118 dB

2900 750

SOUND VELOCITY OlS1~NCE— —

5,000 FEET (1.524 N)

Negative gradient prediction at 2-mi station
Predicted peak sound pressure level 106 48
Measured peak sound pressure level 108 dB

~ 2900 - 750 —

- ~~~ I
/013 / ~~~~ 500

900 -

SOUND vELoCrr Y ‘ DISTANCE 
~ I

50,000 FEET(I5,240 N)
Focus prediction at 10-mi station
Predicted peak sound pressure level 105 48
Measured peak sound pressure level 103 48

F1.,s 21. pps4j~ j~~ of peak amplitudes durIng focus, positive gradient, and negative gradient conditions.
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the first cul umn of Table 7 Its ts the typ e of dis- the existing weather data. In other words , the focus
agreement . while the second lists the total number of was near but not at the specific location at the time in
disagreement measurements. The next two columns list question; it appeared either shortly before or after
the number of disagreement measurements obtained the predicted time. Table 8 is an example of this situa-
under the conditions hated in Table 6. The following tlon. Although a 5-mi (8 km) focus was predicted at
paragraphs present a more detailed analys is: 0824 hou rs , the recorded levels Indicated that focuses

occurred at 0836 and 0842 hours instead. Since focuses
I. Excess Shadow. Eighty measurements taken dur- are rather “ sharp ,” the rest of the readings were mess-

ing shadow conditions were lower than the predicted ured in a shadow zone. All of the Il I Missed Focus
levels. Of these, 35 were taken at stations located up- readings could be related to this inability to predi ct
wind, under a strong negative gradient (less than —.030 the exact focus position .
tn /sec/ in. t— .030 rn/sec/mi). While these condit ions
do not physically explain the low result , they do con e- Similarly , all of the 76 missed shadow readings
late them with a particular set of cond itions . The re- could be attributed to the same problem occurring
maining 45 measurements cou ld not be physically cx- when focus obse rvations were made in a predicted
plained or correlated with any set of cond itions. shadow zone. Since focuses are sharp and shadow

zones broad, It was expected that the number of missed
2. Excess Negative. A total of 167 measurements focuses would greatly exceed the number of missed

taken during negative gradient conditions were lower shadows, These conditions represent physica l explana-
than the predicted levels. Of these , 117 were taken at tions for all the disagreement measurements in these
stat ions located upwind, under a strong negative gra- categories.
dient (less than -030 th./sec/th. f.030 rn/sec/mi).
While these conditions do not physically explain the re- 5. HIgh Negative. A total of 56 measurements tak-salts, they do correlate them with a particular set of en under negative gradient conditions were higher thanconditions. The remaining 50 measurements could not the predicted levels. Of these, 20 readIngs were madebe physically explained or correlated with any set of under wind shear conditions, where there was a windconditions. teversal of at least 90 degrees at a higher altitude . These

measurements were made at both upwind and down-3. Excess Positive . A tot al of 119 measurements wind stations. While the wind shear condition does nottaken during positive gradient conditions were lower phys ically expla in the high results , it does correlatethan the predicted levels. Of these, 25 were taken at them with a set of conditio ns. The remaining 25 read-stations located upwind, under a weak positive gr~~- Ings could not be phys ically expla ined or correlate dent (less than 005 In/sec/In. (.005 rn/sec/mi). Under with any set of conditions.these condit ions, it is possible that wind gusts could
shift the weak positive gradient to a negat ive one, thus
account ing for the low amplitudes. This condition Table Srepresents a possible physical explanation of the dli -
agreement measurement. Time Dependence ot a Focus

Of the remaining excess positive data , 77 readings Peak Sound Preemie
Blast Number Time Level (dl)were taken at stations located downw ind, under a

stro ng positive gradient (greater than .075 In.fsec/ln. 709 osoo 1061.075 rn/s.c/mi). This observation is merely a com e- 710 0812 106
latlon with a particular set of conditions. The remain - 711 0816 106
ing 17 measurements could not be physically explained 712 0820 105

713 0824 110.or correlated with any set of cond itIons. 714 0830 111
715 0836 114

4. Missed Focus/Missed Shadow. A total of 111 7)6 0842 113~~measurements taken during focus conditions were 717 0848 104
lower than predicted, whIle 76 measurements taken 718 0854 99
during shadow conditions were higher than predicted. • ofThe missed focuses occurred because the exact time 

~~~~~~~~~~ ~~and location of a focus could not be pInpointed with Station: East S ml. (8.0 km)



6. HIgh Positive . A total of 28 measurements 3. Data which could not be explained or correlated
taken during positive gradient conditions were higher with any set of conditions.
than the predicted levels. Of these, 25 were made under
the weak focus condition described in Chapter 5, Both the physical explanati ons and comrelationsindi-
which represents a possible physical explanation of the cated conditions which produce d measured amplitudes
disag reement measurements. The remaining three high either higher or lowe r than the predic ted levels. For
positive readings could not be phys ically explained or example , wind shears tended to produce higher -than -
correlated with any set of conditions , predicted negative amplitudes , while a strong negative

gradient tended to produce lower-than -predicted nega-
7. HIgh Focus. Because only one measurement was tive amplitudes. However , it should be noted that these

higher than predicted during focus conditions , no at - conditions represen ted trends rathe r than absolute
tempt was made to correlate the amplitudes with rules ; In many cases , measu rements made in wind
meteorological data. One hypothesis, however , is that shears were lower than the prediction s , whi le those
this result was caused by a very sharp focus. made in strong grad ients were higher. Table 9 summa-

rIzes the measurements made unde r each of the
In the previous paragraphs , the disag reement data weathe r condit ions listed In Table 6.

were placed into the following three grouping s:
Table 9 is div ided Into three major columns . The

1. Data which could be physically explained first summarizes measurements made under conditions
correlated with higher-than-predicted amplitudes.

2. Data which could be correlated with a specific While some measurements were lower than predicted
set of meteorological conditions and others in agreement, a vast majority followed the

Table 9

Sumiumy of Physical Explanations/Coireladoni

Column I Column 2 Column 3

Meamarsinsuta Made Under Measurements Made Under Ms.mrementa Made Under
Conditions Consisted With None ci die Conditions Conditions Consisted With
Hi~ ie,-Th -PrsdIctsd Levels Listed in Table 6 Lower-Than-PredIcted Levels

Number Number Number Number Number Number Number Number Number
H~~ur Agreeing Lower HI isr Agreeing Lower Higher Agrselng Lower
Than With Than Than With Than Than With Than

hs~ Condi- Pr.- Pee- Pr.- Pee- Pee- Pee- Coadi- Pee- Pee Pre-
diction do. dlclsd diction dlclsd dicted diction dicted dition dicted dktlout dicted

Shadow MS 76 — — — — — — 327 45 ES ii 80 35

Focus HF — —  — —  1 129 — —  MF — —  —— 111

Negative HN 20 21 3 25 223 50 EN 9 36 117

Positive HP 23 17 8 3 335 17 EP~ 6 155 92

Totaif — —  121 35 II 29 1014 112 —— 26 271 355

‘It should be noted that there were signIficantly more agreement measurements in this section than low readinp However , the
percentage of low resdlngs (35 out of 126) Ii still significantly higher than the percentage of low readings (45 out of 327) in
the second column.
It should be noted that then. were ~~~lflcantIy more agreement nesdings in this section than low readings. However, the per-
centar, ci low rsadisga (92 out of 253) is still algulficandy higher then the percentage of low readings (17 out of 355) in the
second column.

t Total number In tith table wW exceed the actual 1541 measured blasts because of overlapping conditions. For example, condi-
tions produ~~~ HN and EN reading. occurred timsitaneousty on certain occasions, as did conditions producing EP and HP results .
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t rend toward higher -than-predicted levels. For example, Table II
44 measurements were made during a negative gradient
and a wind shear; of these, 20 were higher than pre- BatTler Effects

dicted , 2! were in agreement , and three were lower Number (Percentage)than predicted. A similar analysis is shown for ampli-
tudes obta ined in conditions correlated with missed Category Al Data Partial Data
shadows and high positives. The third column summa-
rizes measurements made in conditions correlated with Agre ineflt 1214 (66.0) 934 (70.5)
lower-than-predicted amplitudes. While’ some were Physically ExplaIned 289 (15.7) 257 (19.4)

Correlated 197 (10.7) 62 (04.7)
higher than predicted and others In agreement, a slgni- Unex~~ined 141 (07.6) 71 (05.4)
ficant majority followed the trend toward lower-than -
predicted levels. The middle column summar izes the Total 1841 (100.0) 1324 (100.0)
measu rements made under conditions which are not
correlated to disagreement data in Table 6. As expect-
ed, a significant majority of the measurements agree As expected , the percentage of agreement data and

with the predicted results. These results show that the physically explained data increased , while the per -
phys ical explan ations and correlations listed In Table 6 centage of unexplained data decreased , indicating that
did not produce reliable trends for the disagreement the barriers did have a significant effect on these areas.
data. However , the decreas ing percentage of correlated data

was an unexpected result.
Table 10 summa rizes the entire prediction analysis. Nonetheless , the high degree of correlation between

measured amplitudes (with or without the barrierTable 10 effect) and predicted levels provides further evidence
Sumunty of FInal ~~~~~~ AJ IIYNI of a weather dependence, and more significantly, mdi-

~~ 
Type Number Number of gave reliable results.

cates that the prediction curves defined in Figure 12

No.oI ci Dis Physical- Disagree-
Pee- Agree- agree- Iy Ex- menteCor- Unex-
dict ion menu mast Total pialneti ~~~~ piign~ Effect of Distance, WInd Direction, and Time of Day

FIgure 22 illustrates an additional relationship be-
Shadow 407 ES 80 tween surface wind direction, time of day , and dli-MS 76 76
Negative 241 EN 167 117 50 tance. In this figure , the data are divided into 144

HN 45 20 cells based on the following categories:
PositIve 437 EP 119 77 25 17

HP 28 25 3 1. Four basic sound veloc ity pro file categories (dou-
Focus 129 MF Ill Ill 0

HF 1 ble negative , double positive , pos itive -negative , and
negative-positive gradient)

Total 1214 627 289 197 141
(66.0%) (34.0%) (15.7%) (10.7%) (7.6%) 2. Three time periods (0500 to 0700 hours , 0700 to

0900 hours, and 0900 to 1100 hours)
Effect of Terrain

Mthough the percentages In Table 10 indicate that 3. Four distances (2, 5, 10, and 15 ml (3, 8, 16,
blast amplitudes have a high degree of dependence on and 24 kinj)
weather conditions, It appears that these results would
improve significantly If barrier effects were considered. 4 Three wind directions (downwind , crosswind ,
At the 2- and 5-mI (3 and 8 km) stations in both the and upwind).
south and west directions, terrain effects prevented a
direct line of Ngiit to the blast area. Since these bant 

-

__________

ers would produce lower levels than predicted, they ‘Blast data from categorIes 1 through 4. as explained on
mlgiit account for the piev’nusiy p~ ned (1is5gr~~ 

pegs 20, were considered for this analysis. However, since only
meat data. To verify this hypothesis, the amplitude ~‘~~ °‘~ wIthin ±30 degrees of crosswind, downwind, or up-

wind won uaed to increase the chance of find ing a significantdata were usilyad without the measurements made at 
~~~~~~~~~~~ t~ ~~~~~ number of measurements was Umtted

these font static 1abk II). to 6739.
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The number of blast measurements and the energy where n = number of blast measurements in a given
average leve l were entere d in each cell; the cells were category
than aggregated into 16 larger groups based on the four
sound velocity profiles and the four distances. With in L1 = one-third octave band level of the 1th
each group, the three time periods were examin ed; if measurement
one was significantly large r than the others , it was
marked with a square for downwind locations and a The results were labeled equivalent absolute spectra.
circle for upwind locat ions. (No crossw ind locations
were found to have the hig hest level.) To compute the normalized energy average

one-third spectra , each individual blast spectrum was
This analysis reve aled that at the shorter distance s first norma lize d by summing its bands on an energy

and at later hours in the day the downwind statio ns re- basis and adjusting the levels so that the sum would
corded the hig hest amplitude levels. At g reater equal 100 dB; this reduced the amplitude effects of
distances and at earlier hours of the day , the upwind indiv idual blasts. For each of the 75 categories , these
stations recorded the highest amplitude levels , This normalized blast data were then turned into a nor-
was a rathe r unexpected result , since it is contrary to malized energy average one-third octave spectrum for
results given in the literature ; however , earlier studies each frequency band , using Eq 5.
did not measure noise in the early morni ng hours. The
fact that downwind stations do not always expe rience
the highest noise levels is quite significant in predicting Y = 10 log 10 

— ~ l01
~~1hI0 [Eq 5J

both noise levels and community respon se . ~ 1

7 SPECTRAL CONTENT OF BLAST NOISE where n = number of blast measurem ents in a given
category

Appendix C (Volume 11) lists the one-third octave
spectra calculated for most blast record ings in Chapter LN1 = normalized one-th ird octave band level of
3~ From those data , energy ave rage and normalized the 1th measurement
energy averag e one-third octave spectra were derived
for various groupings (time , meteorological condition , Finally, the levels of the result ing spectra , labeled id a-
distance , direction , etc ,). In addition , such physic al tive spectra , were adjusted so that the maximum read -
descriptors as the flat -, C-, and A.we ighted SEL were ing in any frequency band would be 0 ilB.
obtained for these groupings and for individual blast s ,
This chapter details these calculations and determines Following these com putation s, the differences be-
meteoro logical effects on spectra. tween the spectra could be analyzed. The absolute

spectra should be dominated by high amplitudes ofFirst , the blast data were divided into 75 catego ries individual blasts, where as the relative spectra shouldbased on five weather conditions (excess negative , be more reflective of the ent ire range of blasts.negative , base , focus, and all), five distances (2, 5 , 10 ,
and 15 ml (3.2 , 8, 16 , and 24 kmj and all), and three To obta in these difference s , the relative spectra hadtime periods (0500 to 0700 hours , 0700 to 1100 hours ,
and all). For each category , the energy average one- to be adjusted to the absolut e sp ectra. l’his was ac-
third octave spectru m (X) was computed for each com plished by equating the relative spectra ’s equiva-
frequency band using Eq 4 lent frequen cy band readings to the maximum

one-third octave band in the absolute spectra. In the
example shown in Figure 23, the 31-Hz band in the

I “ absolute spectrum had a valu e of 90 dB and theX J O log
~ 

- ~ 10 1.1/10 [Eq4J equivalent 31’Hz band in the relative spectrum had a
value of 0 dB. Adding 90 dB to each banJ in the rela-
tive spectru m and comparing it to the absolute spec-‘Spectral analyli is possible for only two ty pes of recorded trum produced the differ ence spec t rum. It should bedata—good, clean blast signatures and data with slight noise

present. These are the higher amplitude data necessary for noted that a 1-dR round ing error occurred because
community noise predictions ather than the less signincant, of the increments used. Appendix D (Volume II)
low-level data. contains similar figures for all 75 catego ries.
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The spect ral peaks were genera lly in the range of out of time phase with each other were added to pro-
~~~~_ 25 to 30 Hz. Since the theoretical signature near a duce a totally dissimilar wave . The resulting wave clear-

54b (2 kg) blast has an overall time duration of 30 ly shows a shift In frequency content from high to low
misc , these observed frequencies correlated well with values . In reality , this condition would occur If the
the original duration. Nevertheless, in many cases, large sound had to t raV~1 ove r multiple distinct paths some-
amounts of energy appeared around 10 to 15 Hz. A what different in length or in a continuum of different
detailed examination of Figures 24 through 26 ye- path lengths, thus arriving at an observation station at
vealed that this effect was weathe r-dependent. These slightly different times.
fIgures show the respectIve spectra for blast measure-
ments lying in the focus, base , negative gradient, and These multi -paths did exist , especially In shadow
excess negative gradient ranges. The data in each zones and during negative gradient conditions where no
figure, aggregated over all distances and all stations direct sound path from source to receiver existed.
for both day- and nighttime measurements , revealed Sound rays were refracted up during negative gradient
the relationship between range and location of peak conditions and over certain shadow zones during focus
shown in Table 12. conditions. The measurements , which resulted from

diffusion , can be visualized if a wave mode is employed
Table 12 for the sound propagation . All along the wave front

one can think of different Huygens sources radiating or
Rsladn~dslg letwesm Rasge Wd Locetlon ci -

~~~~ diffus ing into the quie t zone .9 Alternatively , from the
sm, Reuiil$ , ray viewpoint, the edges of the direct sound zones can

represent caustics which continually radiate rays into
Focus Sharp peak at 25 to 30 Hz the quiet zones according to geometric theo ries of
Base Broad peak at 2.5 to 30 Hz diffraction.
Negative gradient Broad, almost flat peak at

IS to 25 Hz
Excess negative gradient’ Peak at 10 to 15 Hz or less An Important use for the spectral data was the appli-

cation of various weightings which could be cor related
‘As discussed in Qiapter 2, a 10-Hz pole was used to reduce to a community response .’ Appendix E (Volume II)
the effects of wind on the data. The spectral peak at 10 to contains five sets of data which relate various physical15 Hz Indicates that It could have attenuated some of 

~~~ - descriptors used for this purpose. These data sets In-levels In this excess negative range by up to 5 dB. However. d ude distributions of:this amount does not itself account for this Individual category .

1. Peak wide-band sound pressure level minusSince the difference spectra for these four figures A-weighted sound exposure level (Figure 28)revealed little change between the absolute and relative
spectra , these relations were universal and not domi- 2. Peak wide-band sound pressure level minusnated by the high amplitude data. Further examination C-weighted sound exposure level (Figure 29)of the data in Appendix D revealed this same trend for
each Individual distance. 3. Flat-weIghted sound exposure level minus

A-weighted sound exposure level (Figure 30)Since each of the 2, 5, 10, and 15 inl (3, 8, 16, and
24 km) stations conta ined a signIficant number of data 4. Flat-weIghted sound exposure level minuspoints, these results were not biased by one or two C-weighted sound exposure level (FIgure 31)measurements.’ Thus these data Indicate a clear rela-
tionship between the resultant measured spectra and 5. Peak wide-band sound pressu re level minusweather conditions Independent of blast amplitude or flat-weighted sound exposure level (Figure 32).distance.

blast signal m~~t change . Here, three identic al N-w~~s 1. Kay, ‘~~ e D~~racdon of an Arbitrary Pelse by a
Figure 27 illustrates how the apparent spectrum of a

__________ Wedge,” Cons.,,, 0., Pure and Applied Mathenimtlcs, Vol 6
‘it should be noted that the IS-mI (24 km) stations con- (1953). pp 419.434.

tam ed fewer data points than than the close-In station. How- Applylng the A-weighting curves to the one-third octave
ever, the number is itlU large enough so that the results were spectra produced the A-weighted SEL. Similar applications
not blased by one or two measurements, produced C-weighted and flat-weighted sound exposure levels.
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Examination of Appendix E shows that the values of the spectra could be obtained by calculating
distributions were generally Gaussian In shape with the Integral of the tlmevaryingsignal squared,f~p

2(t)dt.
a relatively m all standard deviation. The exception This pressure-squared integral could be derived by using
occurred In Set 4—the flat-weighted sound exposure time-consuming digital analysis. However, from a sample
level minus the C-weighted sound exposure level, of the data , a curve was established relating this value to
This result was expected, however, since tlus differ- peak and impulsive levels. The pressure-squared integrals
ence can never be very large. for the remaining data could be derived from this curve.

Set 2 Is useful as Input data In the current interim 
~ Bhe~ ~~~~~~~ in the Atmosphere

procedure for predicting community responses to Im- 
~~~~~~~~~ ~~pulse noise in the normal EPA L .q/Ldfl system , while 4. Amplitude distributions of blast data based

Set S can be used to study the physics of sound propa- on time and distance were divided Into four rangesgallon in the atmosphere. Sets 3 and 4 show the differ- by natural breaks . The statistics of blast propagationetices between var ious means of predicting community were developed by determining the percentage of blastresponse to Impulse noise, amplitudes within each range. Amplitude versus dis-
tance curves could be graphed from the energy average

8 CONCLUSIONS amplitudes in each range.

Compari son of th. Blast Propagation Statistics toThe three main objectives of this study were a- Theoretical Amplitude Dlst.ncs Prediction Curveschieved through (I) the developm ent of blast propaga- 
~~~~~~~ 5) -tion statistics of the measured data, (2) the establish- 5. The amplitude versus distance curves comparedmont of a relationship between the specific meteoro- quite closely with the theoretical prediction curves inlogical and terrain conditions at Fort Leonard Wood CERL Technical Report E-l 7,

10 SInce these predictionand the measured blast amplitudes, and (3) the estab- curves were based on meteorological conditions , a wea-lishment of frequency-weighted one-third octave spec- thor dependence was implied for the Fort Leonardtn for use In predicting community response to blast Wood data.noise. The weather and terrain dependence implies that
these data can be used to predict blast amplitudes 6. The maximum probable focus curve, establishedunder conditions similar to those at Fort Leonard In CERL Technical Report E-l7 to protect againstWood and to sugg est plausible relationships between structural damage and other extremes , was verified.general weather conditions and blast stat istics. Future
stud ies will confirm these relationships for areas differ- 

~~ Eff.~ of ~~~~~ .ed ~~~~~~~~~ent from the Fort Leonard Wood area, on Blast Noise Prsdlct lon (Chapter 6)
7. For subsequent studies , weathe r data at moreIn addft~on, because of the scope of the Fort frequent time and distance intervals are desirable .Leonard Wood study, many other conclusions were

derived ; they are presented according to the chapter In 
~ Approx imately 66.0 percent of the individualwhich they were developed, blast amplitudes fell withIn 7 dB of predictions based

on the amplitude versus distance curves developed InColisslion of Date (Chspter ~ Chapter 4 and on the available meteoro log ical data. Of1. Th. procedure for recording blast data was the remaining disagreement data, 15.7 percent couldsimple enough so that nontechnical personnel could be physically explained while 10.7 percent could beoperate the equipment. correlated to a specific set of meteorological condi-
tions. Only 74 percent were unexp lained . Most of theData AaaIyuk (C~ 3) dIsagreement data fell below the predicted results.2. The one-third octave IPICtII Obtained wl;h The physical explanation and correlations listed Innarrow-band analysis were, within lb. lImits of measure, Table 6 give reliable trends for the disagreement data .Identical to spectra obtained with a one-third octav e

filter.

3. Although the calibration signal could not be 15p, D. Schoner . ?redkto*g Reipome to Blest NoIse, Tech.
played through the narrow-band analyzer, absolute aled *eport F-l7/AD773690 (CErn, 1973).
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9. For some stations, the terrain prevented a Blast Noise Data. Technical Report E-42/AD78291 1
direct line of sight to the blast site. If the measure- (U. S. Army Construction Engineering Research
ments affected by barriers are eliminated from the Laboratory (CERL J , 1974).
analysis, the agreement percentage increases to 703,
while the unexplained percentage drops to 5.4 per- , Infomerilon on Levels of Environmental Noise Requl-
cent. These figures verify the weather dependence site to Protect Pubic N&th and Welfare With an
Implied In Chapter S. Adequate Margin of Safety, EPA 550/9-74.004

(Environmental Protection Agency, March 1974).
10. At shorter distances and toward the end of

the day, the largest amplitudes were measured Kay, I, “The Diffraction of an Arbitrary Pulse by a
downwind. At further distances and early In the day, Wedge,” Comet on Fare and Applied Mathemat-
the largest amplitudes occurred upwind. ics, Vol 6(1953).

Spumai Consesse of Blast Noise (Chapter 7) Perkins, B., Jr., P. H. Lorrain, and W. H. Townsend,
Ii - Use of normalized spectra negates the effects Forec usting the Focus of Air Blast Due to Meteor-

of Individual large amplitude blasts on the data. ological Conditions in the LowerAmsosphere, Re-
port No. 1118 (BallIstics Research Laboratories,

12. The spectral peak of blasts usually occurred 1960).
between 25 and 30 Hz, although weather conditions
sometimes shifted this peak to 15 Hz. - Reed, 3. W.,Acoustlc Wave Effects Pro/ed : AlrblastPre-

diction Techniques, Report SC-M.69-337 (Sandia
13. By applying different frequency weightings to Laboratories, 1969).

these spectra to form various weighted sound exposure
levels, the blast data can be used to compute some Schomer, P. D., Predicting Community Response to
community response measures. Blast Noise, Technical Report E-17/AD773690

(CERL, 1973).
REFERENCES Thompson, R. S., Computing Sound Ray Paths in the
Homans, 8., 3. McBryan, and P. Schomer, User Manual Presence of Wind, Report SC-RR-67-53 (Sandia

for the Acquisition and Evabsatlon of Operational - Laboratories, 1967).
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APPENDIX A: with 0 representIng wind coming from the north , 90
METEOROLOGICAL DATA from the eut , 180 from the south , and 270 from the

west . Column 8 lists the blasts which are temp orally
Table Al lists the meteoro logical measuremen ts for related to these meteoro logical conditions.

the Fort Leonard Wood study and the slopes of the
corresponding sound velocity gradients. Columns I From this Informat ion , sound velocity gradient pro .
and 2 list the dates and times of the wind flights by the files were created in the north , south, east , and west
FAA instru ment plane. Column 3 gives turbulence , dIrections from the source (Column 9). These pro-
rated between 0 and 10 under the Universal Indicated flies were linear ized with the slopes of their straight
Turbulence System (UITS). The values In columns 4 segment approximations listed In Columns 10 throug h
throu gh 7 are wind speed and direction which were ob- 15. The units of the slopes are ft/sec/ft (rn/sec/rn)
tained at ground level from the Fort Leonard Wood and the column headIngs 1st , 2nd , 3rd , etc ., refer
weather station and at upper altitudes (1000, 2000, to the strai ght-line segment In the profile beginning
and 3000 ft [305,610, and 914 mJ AGL) from appro- with the segment closest to the ground . More slope
prlate sensors In the FAA Instrument package. The values are given If more segments were required to
speed Is given in knots and the directions In degrees, approxim ate the curve .

Table Al

Meteorological Data

Wled (knotsdImcdon) Total Gradient (ft/eec/ft c, rn/usc/rn)
Tiuss ol
Wled
R Tu,b Grad 1000 2000 3000 Ilsut # Dl, hi 2nd 3rd 4th 5th 6th

6-I l 0540 4.0 2-190 32-258 18-215 23-215 36-40 N .059 000 -.047 .010
E .075 -.037 .005
S -.027 .023 -.019
W -.019 -.070 .023 -.010

6-11 0540 4.0 2-190 32-258 18-215 23-215 414$ N .075 -.005 .007
E .075 -.039
S -.059 .010 -.016
W -.039 -.075 .033 -.010

6-11 0629 3.6 3-195 33-265 17-210 38-266 46.49 N .155 .023 -.047 .016 -.033
E .075 -.023
S -.033 .047 -.023 .016
W -.027 -.059

6-li 0629 3.6 3-195 33-265 17-210 38-266 50-54 N .047 .007 -.037 .033
F .047 .155 -.047 .039
S -.027 .027 -.039 -.007 .016
W -.033 -.075 .033

6-i l 0716 4.0 3-200 18-24 7 27-261 27-259 55-58 N .039 .010 -.010 .000
£ .039 .013 -.010
S -.005 .000 .005 -.007
W -.005 -.039

6-11 0716 4.0 3-200 18-24 7 27-26 1 27-259 59-6 1 N .027 -.010 -.003
£ .023 .039 .010 -.005
S -.010 .010 -.005
W -.016 -.033
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TaM. Al (cent. )

— Data

Wled (~~ois’~~sclen ) Total Gradient (ft/s.c/ft or rn/sec/rn)
TI.. oI
w~~

Dais len T~~ Quad 1000 2000 3000 IIsM # Die 1.1 2nd 3,4 4th , 5th 6th

6-li 0915 4.S 6-240 15-23 1 11-224 • 89-95 N .010 .027 -.010
F -.016 .007 -.013
S -.033 .000
W - .023 - 010

6-12 0629 4.4 4-210 42-273 30-262 26-275 109-112 N .115 .016 -.059 .007
F .075 -.023
S -.027 .059 -.010
W -.027 -.102

6-12 0629 4.4 4-210 42-273 30.262 26-275 113-118 N .019 -.023 .010
E ,059 .075 -.033
S -.019 .039 -.005
W -.073 .010

6-12 0045 5.6 8.290 29-279 14-259 23-268 127-137 N -.016 -.023 .059 .007
£ .033 .047 .027 -.027 .016
$ -.033 .005 .013 -.016
W -.075 -.047 .023 -.023

6-12 0045 5.6 0-290 29-279 14-259 25-268 138-148 N -.010 .019 .007
£ .023 .047 -.020 .016
S -.005 -.013
W -.059 .033 -.033

6-12 0946 6.0 6-300 7-297 27-279 23-280 150-154 N -.010 .000 -.013 .005
E -.010 .033 -,007
S -.016 -.010 .010
W -.016 -.007 -.047 .007

6-13 0344 3.0 4-004 16-027 21-306 • 155-156 N .059 -.059 -.010 .016
£ -.010 .050 .019
S -.047 .060 .016 -.017
W ,033 .005 -.047

6-13 0706 3.0 3007 15-006 21-292 11-287 169-170 N -.030 .060 -.075 .016
E .043 -.075 .060 -.023
S .047 -.059 .060 -.016
W -.047 .075 -.059 .010

6-13 0923 4.0 3-ISO 00*1 5-210 29-203 196-198 N -.027 .027 -.033 .019
E .027 -.047 .027 .039 .
S -.016 .047 -.033
W -.047 .033 -.047 -.010

6-13 0923 4.0 3-ISO 5-001 5-210 29-2*3 199-201 N -.016 .023 -.033
F .016 -.027 .033 -.005
S -.019 .013 -.027
W -.039 .023 -.039

6-14 0500 3.6 5-230 16-212 10.19$ 20-114 242-244 N .016 .073 .010 -.007
8 -.016 .039 -.010
3 -.039 -.016 .002

• No d~ a cbI~~sd ~ thie c.ia,s.y. W ~.0O7 -.039 .005
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Table Al (coat.)

Meiscrolo~cil Data

Wled (knota-die.cdcn) Total Gradient (ft/usc/ft or rn/sec/rn)
Tlrn.o(
Wled

Date len T b  Grad 1000 2000 3000 Sleet # Dir lit 2nd 3rd 4th 5th 6th

6-14 0808 3.6 5-1 30 10-198 28-114 28-114 245-248 N .033 .059 -.010
£ .005 -.019 .047 -.019
S -.039 -.005 ,002
W -.019 .005 .047

6-14 1012 5.2 4-160 9-210 6-210 12-174 265-270 N .000 •.016 .033 -.005
F .002 -.016 .033 -.005
S -.013 .033 .000 -.016
W -.019 .033 .000 .010

6-14 1012 5.2 4-160 9-210 6-210 12-174 271-280 N -.016 .007 -.007
F -.033 .013 -.015 -.013
S -.059 -.013 .000 -.016
W .019 .000 .005

6-15 0835 6.0 11-220 28-262 33-214 44-270 281-282 N -.016 .047 -.047
£ .047 -.016 .047
S -.010 .013 -.039
W -.047 .016 -.047

6-19 0728 4.4 6-140 16-208 35-219 40-230 309-315 N .016 .023 -.010
£ .000 .039 .023 .033 .013
S -.033 -.023 .016 -.023
W -.016 -.039 -.016

6-19 0945 5.2 6-140 43-022 37-035 36-046 336-345 N -.059 -.102 .013
E -.075 .019 -.010
S .039 .102 -.023
W .059 -.023 .005

6-19 0945 5.2 6-140 43-022 37-035 36-046 316-349 N -.102 .013 .010
£ -.027 -.016 .010 -.013
S .075 -.023 -.010
W .016 .010

6-20 0622 4.0 CALM 8-266 20-332 20-342 366-372 N .016 .033 -.005 -.003
F .039 .005 -.002
S .040 .010 .023 -.005
W .033 -.023 -.016

6-20 0622 4.0 CALM 8-286 20-332 20-342 373-384 N .047 -.016 -.033
£ .033 .007 -.007
S .023 .005 .023 -.002
W .023 -.019 .002

6.20 0505 6.0 4-240 22.226 23-247 22-246 390-392 N .039 .019 -.016
£ .047 .016 -.016
S -.016 -.030 .005
W -.033 -.007

6-20 0805 6.0 4-240 22-226 23-247 22-246 393-395 N .039 .019 -.016
F .047 .016 -.016
S -.016 -.030 .005
W - 003 -.007
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Table Al (cost.)

M.iuc ,olc cal Data

Wled (~~o*u.dlrsction) . Total G~ndient (ft/usc/ft or rn/s.c/rn)
1~~.ol
wied

Date Ian T b  Quad 1000 2000 3900 Blast # Die lit 2nd 3rd 4* 5* 6*

6-20 0957 6.2 3-250 16-266 29-246 24-274 398-405 N .000 -.013 -.013 -.027
E .023 .016 -.007
S -.010 .005 -.023
W -.033 -.027 -.005

6-20 0957 6.2 3-250 16-266 29-246 24-274 406-410 N -.007 .013 -.027
F .075 .023 .030 . .016 -.010
S -.023 .016 -.023 .019
W •.033 -.027

6-20 0957 6.2 3-250 16-266 29-246 24-274 411416 N -.007 .013 -.027
F .075 .023 .030 .016 -.010
5 -.023 .016 -.023 .019
W -.033 -.023

6-21 0158 5.8 5-230 12-310 15-305 20-312 473-479 N -.023 -.027 -.002
F .016 .000 -.002
S .000 .020 -.002 .016
W -.033 .013

6-21 0*50 5.8 5.230 12-310 15-305 20-312 480-482 N -.023 -.019 -.027
F .000 .016 .000 -.013
S -.016 .027 -.016
W -.039 -.016 -.023

6.22 0552 IA CALM 11-322 15-314 507-511 N .023 -.005 -.023
E .033 .016 .002 ‘-.010
S .013 -.005
W -.016 -.013

6-22 0552 1A CALM • 11-322 15-314 512-5 20 N .023 -.005 -.023
F .033 .016 .002 -.010
S .013 -.005
W -.016 -.013

6-22 0935 5.2 7-310 12-308 14-323 17-337 555-562 N -.033 -.016
F -.010 .010 -.005
S -.002 .010
W -.033 .007

6-25 • 3.0 4-175 9-197 12-243 15-273 • N * 5 5 5 5
F • 5 * *
S • • S C C C

w • • C S * C

6-26 • 7A 7-240 18-24 1 22-25 1 22-264 ‘ N * S C

F * • • C

S • S S C S S

w S S C S S

6-26 • 5.S 10-2401$-25 2 25-26425-2$2 • N • 5 5 • 5
~ F S • • • •

S C S C C S S

No dsta oblsisid ln*lecs*,osy. W S • 5 5 C

_ _ _ _ _ _ _ _ _ _  - - -~~~~ 

~~~~~~~~~~~~~~~~~ 51~~



TaM. Al (cost.)

Msisor.’o~~~ Data

Wid (fact ~~~&~) ToW (~~~~~t (ft/sec/ft or a/s.c/rn)
TIms of

Dais Ran Tseb Guad $000 2000 3000 1$W # Die lit 2nd 3,4 4* 5* 6*

6-27 • 5.0 4 270 10-242 15-254 19-261 * N ‘ 5 C S *
F ~ 5 S S S

S • * * S * C
V S 5 * S S S

• No data obtained In thie cais oty
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APPENDIX B: Using the first three categories, peak sound pressure
j  AMPLITUDE DISTRIBUTIONS level distributions were created based on the four

distances (2, 5, 10, and 15 ml (3, 8, 16, and 24 kmJ)
and two time perIods (0500 to O700 hours and 0700
to 1100 hours). FIgures 81 through 88 illustrate these

The blast data In Q~apter 3 were divided Into five eight distributions As these fIgures show, each dlstrlbu-
categorIes: (1) good, clean blast signatures, (2) data tion could be subdivided Into four ranges using three
with Might noise present, (3) data containing signifi- natural breaks. Table BI lists the Initial and adjusted
cant noise, but for which there Is an accurate measure final breakpoint values, which are Indicated In the
of the peak value, (4) data for which the peak value figures by arrows and dashed vertical lines, respectively.
could only be estimated, and (5) data missed because Table B2 shows the extension of values for each of the
of equipment failures or calibration during an event, resulting ranges.
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TaM. II

I,sakpoluta in the Peak Sound Fi... ~~ Lu st Dinsibudous
dl

InIIml oW Final lruskpointa litwess
Tfa. Ditaacu Rag.sI &2 ls.ge12*3 Rsagus3&4
Period ml (ha) lat~ FfaI Ial~~I P~5I laidal Flail

NIght 2 (3) 98 90 109 110 120 120
S (8) 80 81 88 94 107 107

10 (16) 80 77 89 89 100 101
15 (24 ) 77 74 85 84 102 98

Day 2 (3) 100 101 110 110 116 120
5 (8) 80 81 92 96 110 107

10(16) 74 74 87 88 100 101
15(24 ) 75 71 83 84 97 98

Taflu 12

Exitsiks ot Rsa s In E.~h Fisk Sound
h.un , Level Dienibuilos

Tins Dieteac.. Exisaitos of Values, dl
Period rnl (ka) Risp i Rasp 2 Raap 3 Ra.p 4

NIght 2 (3) 50-97 98-109 110-119 120-135
5 (8) 50-80 81.93 94-106 107-135

10(16) 50-76 77-88 89-100 101-135
15( 24) 50-73 74-83 84-97 98-135

Day 2 (3) 50.100 101-109 110-119 120-135
5 (8) 50-80 81-95 96-106 107-135

10 (16) 50-73 7447 88-100 101-135
15 (24) 50-70 71-83 84-97 98-135
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