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COMPARISON OF BARRIERS AND PARTIAL ENCLOSURES FOR
RIFLE RANGE NOISE REDUCTION

1 INTRODUCTION

Background

Small arms (rifles and pistols) are fired extensively at rifle ranges for military and law enforcement
training, and for recreational and competitive shooting. The noise of such firing can disturb the
surrounding community, which can lead to noise complaints and attempts to curtail the firing activity.
The Environmental Acoustics Team of the U.S. Army Construction Engineer 1g Research Laboratories
(USACERL) is developing methods to reduce such noise disturbance.

A number of noise events are associated with gunfire. Minor contributors to far field noise include
propeliant gas escaping at locations other than the muzzle, bullet wake noise, noise from actuating gun
mechanisms, and noise due to a projectile hitting a target. The most important noise events for small arms
are normally the muzzle blast noise and a bow shock (sonic boom) associated with a supersonic projeciile.
The projectile bow shock noise is important only in a portion of the noise field forward of the gun unless
structures are present that reflect the bow shock noise to the rear (Pater 1981). The noise event of primary
interest to this investigation was the muzzle blast noise to the rear of a rifle range.

One way to reduce noise exposure is to use a noise barrier. Figure 1° shows sound propagation
paths from source to receiver with and without a barrier. The amount of sound energy diffracted to a
receiver located in the shadow zone depends on the frequency of the sound, the size of the barrier, and
the juxtaposition of source, receiver, and barrier. At lower frequencies, more sound energy is diffracted
around a barrier of given size, yielding less noise reduction. Noise shielding structures such as partial
enclosures and walls can be useful for small arms because the acoustic energy is concentrated at higher
frequencies, so that barriers of moderate size can provide effective noise shielding.

The quantity used to characterize the amount of noise reduction achieved by a noise barrier is
“insertion” loss, defined as the difference in sound levels before and after the installation of a sound-
reducing structure (American National Standards Institute [ANSI] S12.9-1987). In general, a noise barrier
is not characterized by a single value of insertion loss; rather, the insertion loss due to diffraction effects
will vary with azimuth and with distance. In addition, sound wave propagation and ground interaction
conditions can cause substantial variation in the achieved insertion loss of a given barrier for a given noise
source.

A previous USACERL study investigated the noise from small arms rifle ranges (McBryan 1978),
and a more recent study suggested possible methods to mitigate this noise (Eldred 1990). One technique
that seemed promising for reducing noise in the region to the rear of the range was to partially enclose
the firing line in an open-front shed. A recent study found that a firing shed that partially encloses the
firing line can provide significant noise reduction in the region behind the firing line; but also indicated
that source directivity must also be considered (Pater 1992). Directivity refers to the fact that some
sources do not radiate acoustic power equally in all directions. Figure 2 shows that, at a given distance,
a gun typically exhibits its greatest noise level directly ahead of the gun, and noise levels that decrease

° All figures and tables are inciuded at the end of their associated chapter.
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at increasing angles from the direction of fire, to a minimum level directly behind the gun (Schomer 1979;
Pater 1981).

Preliminary calculations for nondirective sources showed that the partial enclosure should provide
significantly more insertion loss than the wall. However, for source directivity typical of rifles, the
calculations predicted that the shed and a simple rear wall of similar height would yield approximately
equal insertion loss (Pater 1992). In this situation, gun directivity causes the field strength at the barrier
edge to be greater than that of a nondirective source having equal field strength in the direct-to-receiver
direction, resulting in reduced insertion loss. This increase in field strength at the barrier edge is greater
for the partial enclosure than for the rear wall because of the smaller angle between the direction of fire
and the azimuth to the barrier edge (Figures 2 and 3), so that the directivity causes a larger reduction in
insertion loss for the shed than for the wall. This information, combined with the fact that a wall is less
expensive to construct than a firing shed, indicated a need for further investigation of these two noise-
reduction methods.

Objectives

The ultimate motivation for this rifle range noise mitigation effort is to help preserve Army training
capability. The specific objectives of this study were to experimentally test and compare the rifle range
noise reduction performance of a partial enclosure of the firing line (open front firing shed) with that of
a simple wall barrier located behind the firing line.

Approach

Theoretical insertion loss values of the shed and wall were calculated by two analytical techniques:
a method based on the Federal Highway Administration (FHWA) highway barrier design algorithm, and
a classical diffraction analysis in a spherical coordinate system. A direct experimental comparison was
also made of the insertion loss of the two structures. A partial-enclosure firing shed was designed and
constructed. Measurements were made of the insertion loss due to the shed, using the muzzle blasts of
5.56 mm rifles as sound sources. To minimize differences in site characteristics for the shed and the wall,
the shed was also used as a wall barrier by relocating the rifle an appropriate distance forward of the front
of the shed.

The resultant experimental data were analyzed to determine the relative noise reduction successes
of the two structures, and to compare calculated values with experimental measurements of insertion loss.
Sound attenuation as a function of sound path height above the ground was also experimentally studied
at the field site to help evaluate the insertion loss results.

Mode of Technology Transfer

The results of this study will be used in planning and design of rifle ranges. The information will
be furnished to the Army Environmental Hygiene Agency (AEHA) to help Army installations resolve
specific noise mitigation problems. These results will also be disseminated through technical papers and
journal articles, and will be incorporated into a plann2d handbook of noise mitigation techniques for Army
noise sources.

10




SOURCE LOCATION, WALL CASE (S>0) —
<~ SOURCE LOCATION, SHED CASE /

Figure 1. Propagation Paths and Source Locations for Firing Shed Experiments.
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Figure 2. Assumed Model for Gun Muzzie Blast Far Field Directivity.
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SOURCE LOCATION, WALL CASE
(S > 0, ANGLE TO TOP EDGE > 90°)

SOURCE LOCATION, SHED CASE
(S < 0, ANGLE TO TOP EDGE < 90°)

3—» DOF

DOF

Figure 3. Angle From DOF to Barrier Top Edge for Shed and Wall.
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Table 1

Microphone Locations for Insertion Loss Measurements

Microphone Location (Azimuth, Range) Relative to:

“A™ Gun @-1m “B” Gun @-1m “A” Gun @+5m “B” Gun @+5m
Mic. No. 6 ()" R (m) 8(9) R (m) e (% R (m) () R (m)
s)™ ND ND 1 m Fwd of Roofline ND ND 1 m Fwd of Roofline

2 ND ND 89.6 150 ND ND 91.9 150

3 89.6 150 ND ND 91.9 150 ND ND

4 ND ND 180 80 ND ND 180 86

5 180 80 119.6 161 180 86 121.5 164

6 119.6 161 ND ND 1215 164 ND ND

7 ND ND 180 242 ND ND 180 248

8 180 242 1499 2719 180 248 150.5 284

9 1499 279 ND ND 150.5 284 ND ND
10(S) ND ND 90 1.25 (Above) ND ND 90 1.25 (Above)

11(S) 90 1.25 (Above) ND ND 90 1.25 (Above) ND ND

* “A” Gun is the unshielded gun, “B” Gun is the shielded gun.
** Azimuth angle © is measured counterclockwise from south, which is the basic direction of fire.
*** Source mic.
NP “Not a data location.”
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2 DESIGN AND CONSTRUCTION OF NOISE MITIGATION STRUCTURE

The experimental shed had a depth of 6 m, a rear wall height of 3 m, a roof front lip height of 7 m,
and side walls splayed outward to avoid intemal flutter echo (Figures 4 and 5). The gun muzzle was
located 5 m from the rear wall to accommodate the gunners, safety officers, and troop movement behind
the firing line. The gun muzzle was located 1 m behind the front plane of the shed. The height of the
rear wall of the shed (3 m) was chosen to accommodate movement of troops carrying rifles. On an actual
rifle range, a firing shed would have to be very long to house the entire firing line. (Some outdoor rifle
ranges are as wide as 500 m.) For cost consideration, the experimental shed was constructed 20 m long.

The experimental shed was of pole building construction, with walls and roof sheathed with 16 mm
thick tongue-and-groove waterproof chipboard sheets. The surface mass of the sheathing was about 10
kg/m?. To prevent sound leakage, the walls extended about 0.1 m below grade and were backfilled with
earth and sand, and all openings and cracks in the roof and walls were covered and caulked. The interior
of the shed was covered with 0.05 m (2 in.) thick, 48 kg m® (3 Ib per cu ft) density, Owens-Coming Type
703 fiberglass board sound absorption material for these experiments. Lining the shed with sound
absorption material helps minimize sound exposure for the shooters and also minimizes additional sound
energy radiated from the shed due to reflections from the interior surfaces.

-~
¥ REAR V\g\LL

-1 m GUN

\FRONT Y LOCATION

et 20 »}

TOP LIP 7 TOP VIEW
N TOPLP

] — O) —P

- — N —P

SIDE VIEW FRONT VIEW

Figure 4. Firing Shed Dimensions (in Meters).
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Figure 5. The Experimental Shed.
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3  EXPERIMENTAL ARRANGEMENT AND PROCEDURES FOR INSERTION LOSS
MEASUREMENTS

Actual guns were used as the noise sources in this investigation because gunfire exhibits source
directivity, source strength, and a transient waveform that are difficult to simulate. The noise sources were
identical 5.56 mm Ruger Mini-14 rifles, firing recently produced commercial ammunition randomly
selected from a single production lot. These weapons produce the same noise signature as the Army M-16
rifle.

For safety, the bullets were fired into bullet traps during all of the experiments. The bullet traps
were wooden boxes about 0.5 m square by 0.7 m long, filled with fine dry sand, with a steel rear wall
safety stop (which was never impacted) and a thin wood front panel to minimize impact noise. The front
surface of each bullet trap was covered with a double layer of the same noise absorption material used
to line the shed to reduce noise reflected from the face of the bullet traps.

Other safety precautions used during the experiments included provisions for hearing protection,
communications among field personnel and the laboratory base station via portable radios, and a cellular
telephone for emergency communications. Rifle range safety procedures were stringently enforced. The
gunners were experienced riflemen who fired at the test director’s order.

The measured insertion loss was computed as the difference between the received noise level for
shielded and unshielded noise sources. The noise level was measured for shielded and unshielded noise
sources under conditions as nearly identical as practical. The experiments were carried out in a large,
level, open field (Figure 6). The shed and the microphones were located on grass-covered strips about
30 m wide, separated by about 110 m wide strips of cropland. Microphones were arrayed to measure the
noise level at locations of interest. An unshielded noise source identical to the shielded noise source was
located nearby, with a matching array of microphones. Both guns were fired in the same compass
direction to minimize wind effect differences on propagation. Care was taken to attain ground
characteristics and cover as similar as possible for corresponding propagation paths for the two guns. At
the time of the experiments the recently mowed grass was 0.1 to 0.2 m tall and the cropland was covered
by a thick growth of soybean plants of about 0.8 m height. There were no trees or other structures near
enough to the setup to affect the sound propagation.

The experimental arrangement was designed to determine and compare the small arms noise
reduction of the firing shed and a wall of similar size located behind the firing line. The shed was used
as a wall by moving the gun forward to a location 5 m in front of the shed (Figure 3). This procedure
provided a “wall” the same size as the front opening of the shed and also provided for essentially identical
propagation paths and ground characteristics for the “wall” and the shed. It was assumed that the shed
used as a wall would produce substantially the same noise reduction as an actual wall covered with sound
absorption material.

The lateral location of the shielded gun within the shed was halfway between the ends of the shed.
For the shed case, the gun was located 1 m behind the front plane of the shed (the “-1 (minus one) meter”
gun location). For the “wall” case, the gun was located 5 m forward of the front plane of the shed (to
the “+5 meter” gun location). Table 1 lists details of the microphone locations relative to the shielded and
unshielded guns for both gun locations. The azimuth of microphone location is specified relative to the
intended direction of fire, which is perpendicular to the front of the shed (south). The gun muzzles were
located at a height of 0.5 m above the ground surface. The actual position of a gun muzzle was only
known within several centimeters because of gun recoil. A small wooden rod driven into the ground was
used to provide the gunners a reference for locating the gun muzzle for each shot. When the location of
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the shiclded gun was changed, from the -1m to the +5m location, the unshiclded gun was moved an equal
distance to maintain identical microphone locations for the two guns. A bullet trap was located a distance
of 8 to 10 m in front of each gun location for most of the experiments.

As Figure 6 shows, the basic direction of fire was south, perpendicular to the plane of the barrier.
To experimentally demonstrate the effect of a change in source directivity, the guns were also fired to the
west, i.e., parallel to the front plane of the shed. This changes the effect of source directivity on the field
strength pattern at the barrier edges, as is discussed in more detail later in this report. For the shielded
gun firing west, the bullet trap was located only 1 m forward of the muzzle to minimize the bow shock,
since for this case, the bow shock could intersect with and diffract around the edges of the roof and walls
and introduce complicating anomalous noise.

During data acquisition for the design direction of fire (south), the shiclded and unshielded guns
were fired alternately at intervals of about 5 to 10 seconds until a total of 21 rounds (11 unshielded, 10
shielded) had been fired, to obtain sensibly identical average atmospheric propagation conditions. For the
west direction of fire, the 5 to 10-second interval could not safely be maintained because it would have
placed personnel downrange of a loaded gun. Instead, a series of 10 rounds was fired from one gun, and
the other gun was fired as soon as the personnel could move into position (typically a few minutes).

Figures 7 and 8 show the instrumentation arrangement used to measure the noise event at
microphone locations 2 through 9. The 1/2-in. condenser microphones were mounted with axis vertical
with the diaphragm located 1.22 m above the ground surface. The sound level meter shown in Figure 7
was used to measure sound levzl at selected mic locations during the experiment; the values were recorded
by hand for field judgment of data validity and for later comparison with the results of the data reduction.

Each noise event was also measured by piezoresistive microphones used as source mics located
about 1 m above each gun muzzle (mic locations 10 and 11) and also at a location 1 m forward of the
roofline of the shed (mic location 1). Table 1 lists details of these microphone locations. Figure 9 shows
the piezoresistive microphone system used at these locations.

The noise events were recorded on digital audio tape (DAT) for later detailed analysis. A
pistonphone calibration for each microphone was recorded on tape before and after a series of experiments
to provide a reference during later data reduction. A pistonphone was also used to check the system
calibration periodically during the experiments and any time a system was moved or disturbed.
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Figure 6. Experimental Layout Showing Microphone Array for Insertion Loss Experiments.
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Pistonphone calibrator,
B & K 4220, 250 Hz, 124 dB

Microphone, B & K 1/2 inch 4149

Preamplifier, B & K 2639

Microphone power supply,
B & K 2804

Line driver / amplifier

-a— Shielded cable, twisted pair,
up to 250 meters length.

Sound level meter,

B & K2209

Digital Audio Tape Recorder,

Panasonic SV250

Figure 7. Condenser Microphone Instrumentation System.
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Figure 8. Condenser Microphone Arrangement.
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Pistonphone calibrator,
B & K 4220, 250 Hz, 124 dB

Piezoresistive pressure transducer,
Endevco 8550M1

Preamplifier

Power supply / line driver / amplifier

Digital Audio Tape Recorder,

Panasonic SV250

Figure 9. Piezoresistive Microphone Instrumentation System.
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4 EXPERIMENTAL ARRANGEMENT AND PROCEDURES FOR GROUND INTERACTION
INVESTIGATION

It is well known that the amount of attenuation of sound energy depends on the height of the
propagation path above the ground and on the type and condition of soil and ground cover and also on
meteorological conditions (Embleton, 1982). The propagation path for the sound diffracted around the
roofline of the shed is higher above the ground than the direct line-of-sight propagation path for the
unshielded gun (Figure 1). Often the higher path experiences less attenuation than the lower path,
resulting in a reduction in insertion loss compared to what would occur if attenuation due to ground
interaction were small or were not accounted for in calculations.

An experiment was performed to obtain information regarding the effect of sound path height and
ground cover at the experimental site. The arrangement was designed to provide a line of sight from the
gun to the microphone at several different heights above the ground, over both grass and soybeans. Figure
10 shows both layouts. The direction of fire was south for both ground cover cases. Data were thereby
obtained at 90 degrees from the line of fire over beans and over grass.

The soybean plants were mature but still green at the time of the experiment (1 August 1991), with
an average height of about 0.8 m, and were thick and luxuriant. The grass was about 0.1 to 0.2 m high
between the mic pole and the gun, with a patch of clover about 0.25 m high located midway between the
gun and mic pole. The ground surface was generally quite flat and level, except for a rise of several
centimeters midway between the gun and mic pole for the grass ground cover area.

Various sound path heights were obtained by using four microphone heights and two gun heights.
Figure 11 shows the two gun muzzle heights above the ground, 0.5 m and 2.84 m, and Figure 12 shows
a typical wooden pole on which the microphones were mounted. The four different microphone heights
used were: 0.5 m (19 in.), 1.22 m (48 in.), 1.32 m (52 in.) and 3.05 m (120 in.). Table 2 lists the
resulting mean path heights from gun to mic. Condenser microphone systems used to take these
measurements (Figure 7). The 1.22 m and 1.32 m (48 in. and 52 in.) mic heights were selected to
investigate the effect of errors in microphone placement at the nominal height used at the insertion loss
field measurement locations. The piezoresistive mic systems (Figure 9) were used as source mics, and
were typically located approximately 1.2 m above the low gun and below the high gun.

A total of 10 rounds, spaced at intervals of a few seconds, were fired for each combination of gun
height and ground cover. The noise level data for the 10 rounds were averaged during data analysis since
short-term variations in propagation conditions can cause considerable scatter in noise level for the very
short duration impulse noise of rifles. Bullets traps were used at a distance of approximately 15 m for
all configurations.
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Figure 10. Layout for the Ground Interaction Experiments.
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Figure 11. Firing Positions for the Ground Interaction Experiments.
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Figure 12. Microphone Pole Used for the Ground Interaction Experiments.
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Table 2

Mean Propagation Path Heights
for Ground Interaction Experiments
Mic Gun Mean Path
Height (m) Height (m) Height (m)
0.5 0.5 0.5
1.22 0.5 0.86
1.32 0.5 0.91
3.05 05 1.78
0.5 2.84 1.67
1.22 2.84 2,03
1.32 284 2.08
3.05 2.84 295

Note: Distance from gun to mic pole 110 m.
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S DATA REDUCTION

The sound level parameters used were peak flat sound pressure level (PSPL), A-weighted sound
exposure level (ASEL) and flat (unweighted) sound exposure level (FSEL), with 20 microPascals as the
reference for sound pressure level (ANSI $1.4-1983). Sound exposure is defined as the time integral of
the squared pressure, which is taken to represent the total acoustic energy of an impulsive noise waveform.

Figure 13 shows the data reduction system. The digitizing transient waveform analyzer (TWA) was
remotely controlled with a computer program written for the purpose, via an IEEE-488 interface. Sound
pressure level values were measured by playback of the DAT-recorded waveform into the TWA, where
the waveform was captured and digitized. Typical capture parameters included sample intervals of 5
microseconds and 4K samples, for a time window length of about 20 milliseconds, which was longer than
the duration of any of the events recorded. A-weighting was obtained when desired by passing the signal
through an appropriate filter before entry into the TWA. Utilities built into the TWA were used to extract
the peak value and also to calculate sound exposures by squaring and integrating the digitized records (flat
and A-weighted). The resulting values were sent via the 488 bus to the computer where the level was
computed for each event. The recorded standardized pistonphone signal for each microphone was used
as the reference level for calculating sound levels. The computer program also calculated mean levels for
each block of data. All calculation of mean sound levels was done on an energy basis, that is, using the
square root of the average of pressure squared values.

The same data reduction system was used to obtain spectra. An FFT (fast Fourier transform)
algorithm built in to the TWA was used to obtain a narrow band power spectrum for a specific digitized
waveform record. The resulting narrow band spectrum digital file was transmitted via the 488 bus to the
computer, where it was transformed into an approximate 1/3 octave spectrum (ANSI S$1.6-1967) from 31.5
Hz to 16 kHz by appropriately adding the narrow band power values (using a commercial spreadsheet
program). This procedure results in only an approximate 1/3 octave band spectrum since the edges of the
standard 1/3 octave frequency bands do not coincide exactly with the edges of the constant width narrow
bands. Typical parameter values used were a sample interval of 20 microseconds and 16K samples, which
resuited in a time window length of 0.384 seconds, which yielded a narrow band power spectrum with
bandwidth of about 3 Hertz and an upper limit of 25 KHZ. This upper limit is adequate since human
response requires consideration of frequencies only up to about 20 KHz. The narrow band spectrum
bandwidth of about 3 Hz allowed accurai.. approximation of 1/3 octave bandwidths.




Digital Audio Tape Deck,
Panasonic SV3500

"A" weighting filter.

Transient waveform analyzer,
Analogic D6000A with
Model 650 Interface Unit.

Hewlett-Packard
7475A plotter.

Personal Computer

Laser printer.

Figure 13. Data Reduction System.
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6  DISCUSSION OF RESULTS

Analytical Insertion Loss Results

Calculated results done for a previous study (Pater 1992), obtained using an approximate diffraction
algorithm adapted from the Federal Highway Administration (FHWA) barrier design algorithm, indicated
that source directivity can have a significant effect on the insertion loss of barriers and partial enclosures.
The calculated results indicated that, for a nondirectional source, the shed provides about 4 dB more
insertion loss to the rear than does the wall. The indicated effect of rifle directivity was an 8 dB reduction
in shed insertion loss and a 3 dB reduction in wall insertion loss; the net effect is that, for rifles, the wall
yields 1 dB more insertion loss than does the shed.

These previously reported calculated resuits used a source sound exposure level (SEL) spectrum
assumed to be representative of small arms. This spectrum was obtained from experimental data at about
100 m from the gun over sandy soil. The calculations were repeated as part of the current investigation,
using a source spectrum obtained during the current investigation that more accurately represents the
source spectrum as it appears at the barrier edge. Figure 14 shows the two source spectra as relative
spectra, that is, each band sound exposure is normalized by the total broad band sound exposure. The
spectra are presented both with and without “A” frequency weighting.

Appendix A gives the FHWA diffraction algorithm and modifications that were made to the
algorithm to account for source directivity and finite barrier length. Appendix A also presents tables of
calculated results obtained using the new spectrum. Unless otherwise noted, all calculations are for a
structure height of 7 m, source height of 0.5 m, and receiver height of 1.22 m (equal to the values used
in the experiments). A brief description of the algorithm and representative results are presented and
discussed below.

The algorithm models attenuation as a function of nondimensional path length difference, which is
the difference between the direct and diffracted paths from source to receiver (Figure 1). For purposes
of the calculations, it was assumed that the spectral energy distribution, which is the relative source
spectrum given in Figure 14, does not change with azimuth from the direction of fire. That is, directivity
is assumed to consist of change with azimuth of broadband SEL, but the spectral energy distribution is
assumed to be invariant. The validity of this assumption is uncertain due to lack of pertinent information.
Directivity was accounted for simply by modifying the value of received broadband acoustic energy
according to the difference in broadband source strength (expressed in terms of sound exposure level) due
to directivity for the directions of the direct and diffracted paths. Note that this procedure is not rigorously
correct in general and must be used with caution. It can be used with some measure of confidence for
cases that have been corroborated experimentally or by some other rigorous analytical techniques.

The algorithm strictly applies to barriers of infinite length. It is used here to calculate insertion loss
of finite barriers such as the experimental structure by first calculating the insertion loss due to each edge
as if it were of infinite length. A value for the overall insertion loss of the finite structure is then obtained
by summing the spectral band intensities for all three (infinitely long) edges (Appendix A). This
procedure is tantamount to assuming that the most important contribution to the sound intensity arriving
at the receiver around each infinite edge is due to a portion of that edge that is present in the finite
structure. This may be a reasonable assumption when the receiver is far from the barrier and the source
is close to the barrier. The effect of directivity on the distribution of field strength along a barrier edge
is also of potential importance. This procedure is an approximation and could conceivably lead to
inaccurate results if not used judiciously.
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Figure 15 shows calculated effects on the assumed source spectrum due to “A” frequency weighting
and due to diffraction of the sound around the top edge of an infinitely long shed, for 180-degree azimuth.
The attenuation due to diffraction increases with frequency. The effect of “A™ frequency weighting on
calculated insertion loss is of particular interest, since A weighting is generally used to emphasize those
frequencies to which the human auditory system is most sensitive.

The A-weighted insertion loss is the difference in A-weighted noise level with and without the
barrier. Examination of calculated results presented in Appendix A and in the text below, for both an
infinitely long and a 20-m long structure, will show that A-weighted insertion loss to the rear is generally
about 2.2 dB greater than unweighted insertion loss. Figure 15 explains this. The A-weighted source
spectrum of Figure 15 has a total broadband SEL (sound exposure level) that is 0.5 dB lower than that
of the unweighted source spectrum. The diffracted spectrum has a different spectral energy distribution,
with the result that the A-weighted diffracted spectrum broadband SEL is 2.8 dB lower than that of the
unweighted diffracted spectrum. The difference, 2.3 dB, is the amount by which A-weighted insertion loss
exceeds unweighted insertion loss. Bear in mind that spectral energy distribution can also be affected by
other phenomena, such as interaction of sound waves with the ground, and the attenuation, scattering, and
refraction that occur during propagation of sound waves through the atmosphere. These can likewise
cause changes in the acoustic power spectrum that result in differences between A-weighted and
unweighted insertion loss values.

A set of calculations were carried out to determine the effect of location of the source relative to
the barrier. Summary presentations of calculated insertion loss results (unweighted) at 180-degree azimuth
for a wide range of gun locations, for both isotropic and gun directivity sources, taken from Tables A3
and A4 (Appendix A), are shown in Figure 16 for a shed of infinite length, and in Figure 17 for a shed
of finite (20 m) length. The calculations are for a barrier height of 7 m and source height of 0.5 m. In
these figures, the abscissa is the source axial location referenced to the shed front plane, a directed
distance represented by the symbol “S.” A value greater than zero corresponds to a wall located behind
the gun, while a value less than zero represents the gun located within the shed.” The source directivity
causes a reduction in insertion loss compared to that of a nondirective source. The magnitude of the effect
of directivity diminishes as the gun is located further downrange from the barrier, because the angle from
the line of fire to the receiver becomes more nearly equal to the angle from the line of fire to the barrier
edge, i.e., directivity causes very little increase in the field strength at the barrier edge (Figure 2). The
diffraction model may not be valid for large magnitude negative values of S, for which the configuration
begins to resemble a source located ir a duct. Note that the optimum juxtaposition of gun and barrier,
at least for this particular barrier height and assumed source directivity, is in the vicinity of S = 5m, that
is, a wall located S m behind the gun.

The calculated results of immediate interest for comparison with experimental results are for S =
+5m (wall) and -1m (shed), for the experimental barrier and source parameter values. The calculated
results for these two cases (nondirective and gun directivity sources) for the 180-degree azimuth (directly
to the rear), are detailed in Appendix A and summarized in Table 3 for a structure of infinite length, and
in Table 4 for a structure of 20m length. Calculations were carried out for two distances along the 180-
degree azimuth, corresponding to microphone locations of the experiments. The results for the two
distances were virtually identical in all cases. Recall that, in one of the experimental configurations the
gun was fired in a direction parallel to the shed front, to demonstrate experimentally that a change in
source directivity can affect insertion loss. Insertion loss calculations were therefore performed for both
gun-firing directions (perpendicular to and parallel to the barrier).

* To be physically meaningful, of course, the shed depth must be greater than the distance the gun is located behind the shed
front.
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The calculated insertion loss values for a structure of infinite length (Table 3) are generally about
3 to 4 dB higher than for a structure 20m long (Table 4). This result scems reasonable, since the
reduction of insertion loss would be about 5 dB (shielded case insonification increased by a factor of 3)
if the contribution to total intensity at the receiver were equal for each of the three edges. Since the field
strength at the two endwall edges should be somewhat smaller than at the top edge, the actual reduction
in insertion loss should be somewhat smaller.

The calculated effect of directivity on insertion loss for the gun firing perpendicular to the shed are
similar for the infinite length and the 20-m length configurations. These results agree well with the results
of the previous investigation described in the first paragraph of this chapter, which were obtained for a
somewhat different source spectrum. Reiterating, the shed yields about 4 dB more insertion loss for a
nondirective source. For a source with the assumed rifle directivity, the wall yields about 1 dB more than
the shed. The indicated effects of directivity are to reduce the insertion loss of the shed by about 8 dB
and of the wall by about 3 dB.

The results of this algorithm may not be valid when applied to the case of a gun firing parallel to
the barrier since the model was not developed for this case. For the gun firing parallel to the barrier, the
field strength varies along the top edge of the barrier in a nonsymmetrical way relative to the mid-length
point. That is, the point of maximum field strength along the barrier edge does not lie on the shortest path
around the barrier edge from source to receiver. Table 3, the infinite-length shed case, indicates insertion
loss values equal to the nondirective source values. The results of Table 4, for the finite length shed,
indicate that this case yields insertion loss values that lic between those of the other two directivity cases.

The insertion loss is of course of interest at azimuths other than 180 degrees. Figures 18 to 25 show
a variety of calculated results from Table A2 of Appendix A, for the azimuths used in the experiments.
These graphs all show the variation of calculated insertion loss vs. azimuth angle measured from the
intended firing direction, which is the direction perpendicular to the front plane of the shed. Calculated
insertion loss results are presented for each edge of the structure, treated as if it were the edge of an
infinitely long barrier. Approximate values for the overall insertion loss of the finite structure were
obtained by summing the spectral band intensities for all three (infinitely long) edges, as discussed earlier.
Comparing the curves shows the relative influence of each edge on the overall insertion loss at each
azimuth. The finite barrier length must be considered during interpretation of these results. The azimuth
to the vertical edge of the end wall of the structure is 84.3 degrees for the -1m gun location (shed case)
and 116.6 degrees for the +5m location (wall case).

Figure 18 shows unweighted insertion loss results for the -1m gun location (the experimental shed
configuration) with the gun firing perpendicular to the front of the shed, and Figure 19 presents the A-
weighted results for the same case. These predict the insertion loss to be approximately constant from
120 to 180 degrees azimuth, at a value of 16 to 17 dB unweighted and about 19 dB A-weighted. The
insertion loss is lower at 90 degrees because less shielding is provided by the endwall. The unweighted
and A-weighted insertion loss values at 90 degrees are different by only 1 dB because diffraction effects
on the spectrum are smaller.

Figure 20 presents results for the experimental shed configuration for a nondirective source.
Insertion loss values are about 8 dB higher at 180 degrees compared to the gun firing perpendicular to
the shed front, as discussed earlier; the difference is progressively less as the azimuth angle decreases
toward 90 degrees since the effect of gun directivity becomes smaller.

Figure 21 presents results for the +5m gun location (the experimental wall case) for the gun firing

perpendicular to the wall. Here the insertion loss is zero for the 90-degree azimuth since the receiver does
not lie in or near the acoustic shadow of the wall. The insertion loss is small at 120 degrees since this
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azimuth lies near the line of sight to the end of the wall. At 180 degrees, the insertion loss is about 18
dB, or about 1.5 dB higher than for the shed case, as discussed earlier. At 150 degrees, the insertion loss
is approximately the same as for the shed.

More direct comparisons of the wall and shed are made in Figures 22 and 23, for a nondirective
source and gun directivity source respectively. The influence of the end wall can be clearly seen at
azimuths of 90 and 120 degrees. At 150 and 180 degrees, the previous conclusions are evident; that is,
for the nondirective source, the shed yields more insertion loss, but for the gun firing perpendicular, the
wall yields a slightly greater insertion loss.

Figures 24 and 25 show a comparison of the flat and A-weighted calculated insertion loss for the
finite shed and wall, for a nondirective source and for both gun-firing directions. The gun firing parallel
to the shed front always yielded insertion loss values between those for the nondirective source and the
gun firing in the perpendicular direction.

A radically different analytical investigation of the noise reduction of the shed and wall is detailed
in Appendix B to this report. This analysis accounts for finite size of the structure in a considerably more
rigorous way than does the analysis of Appendix A, and also accounts for source directivity in an
approximate but basically rigorous way. The analysis was used to model the cases of a nondirective
source and of source directivity representative of the gun firing perpendicular to the front plane of the
barrier. (The case of the gun firing parallel to the barrier cannot be modeled because the analysis is
restricted to axially symmetric situations.) The analysis is carried out in spherical coordinates and
represents the shed as a hemispherical shell of 14m diameter and 7m height with a semicircular aperture
and with the source located at the center of the sphere, which for a 90-degree aperture angle, places the
source at the front plane (S = Om). The wall is represented as a portion of a spherical surface with a
semicircular outline, located Sm to the rear of the source. The results of this analysis should at least
indicate the results for the actual rectangular structures since diffraction results tend to depend more on
the size of the diffracting structure than on the detailed shape. Summary results of that analysis, in terms
of unweighted insertion loss, are shown as the solid lines in Figures 26 and 27 for the nondirective and
directive sources respectively. The results show sharply reduced insertion loss at 180 degrees. This is
a characteristic diffraction feature (known in optics as Poisson’s bright spot) due to constructive
interference of waves that have diffracted around the edges of a normal circular barrier and that arrive in
phase. For a rectangular barrier, this “bright” spot would be considerably less bright, that is, insertion loss
at a 180-degrees azimuth would not decrease nearly as much. For the nondirective source (Figure 26),
the maximum shed insertion loss is about 21 dB at 145 degrees, while the maximum for the wall is about
17 dB at about 160 degrees. These results indicate that the shed yields about 4 dB more insertion loss
to the rear than the wall for a nondirective source. For source directivity typical of a rifle (Figure 27),
the results show the maximum insertion loss to be about 15 dB for the shed and about 14 dB for the wall,
so that the shed yields 1 dB more insertion loss than the wall.

It is useful to make a direct and detailed comparison of the results of the two algorithms. The
analytical results from Appendix B (Figure 26 and 27) were obtained using the source spectrum used in
the previous investigation (Peter 1992), and shown in Figure 14. It is therefore more appropriate to
compare the results of the Appendix B’s analysis with results of the analysis of Appendix A using the
same source spectrum (Figures 26 and 27). The Appendix B calculated results were obtained for a
semicircular barrier of 7 m radius. Appendix A calculated results are for a rectangular barrier 14 m wide
and 7 m high relative to the source, with the source located at the shed frontplane, S = 0. The two
algorithms yield similar conclusions regarding the relative noise reduction of the shed and the wall. For
the nondirective source (Figure 26) both algorithms agree that the shed provides about 4 dB more
maximum insertion loss in the region generally to the rear than does the wall. For the simulated rifle
source, both algorithms show the shed and wall to yield about the same (within about 1 dB) maximum
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insertion loss, although they disagree as to which yields slightly larger insertion loss. The agreement is
not good directly to the rear (near 180 degrees), where the two algorithms would not be expected to agree
since wave interference effects would be different for the two barrier profile shapes (semicircular vs.
rectangular). Also, the simplified model of Appendix A does not account for some details of wave
interference. It should also be noted that one would not expect perfect agreement between the two
analyses since they model barriers of differing shape, perimeter and area. Another significant difference
is that the field strength along the barrier edge is uniform for the semicircular barrier, even for the
modeled directive source, while the field strength along the edges of the rectangular barrier is not uniform.

In summary, the calculated results of both analytical methods show the shed to offer about 4 dB
more insertion loss than the wall for a nondirective source, but the two structures offer about the same
(within 1 dB) insertion loss for a source with directivity similar to that of a rifle firing perpendicular to
the plane of the barrier. It is worth noting that, although the shed and wall offer about the same maximum
insertion loss for gunfire noise, the shed offers that insertion loss over a significantly greater portion of
the region to the rear. This is the result of the sound path around the ends of the short wall; a longer
wall or a wall with a section at the end that extends forward would offer protection over a greater portion
of the region to the rear.

Experimental Insertion Loss Results

Table 5 lists a typical set of detailed data v.lu.s for one microphone location. This table shows the
measured value of each sound level parameter for each round fired, and also (at the bottom of the table)
gives the mean values and the maximum deviations from the means. The data scatter shown in this table
is typical of most of the experiments. This type of data table was generated during data reduction for each
microphone location of each configuration investigated.

Table 6 lists the insertion loss experiments for which data are presented in this report. These consist
of the gun firing normal to and parallel to the barrier for the two gun locations used to represent the shed
and the wall. No experimental data were obtained for a nondirective source.

Summary data tables (Tables 7 through 10) list mean data values for each of the insertion loss
experiments. The summary tables show the mean measured noise levels and the resulting measured
insertion loss in terms of several noise metrics. The upper portion of each table shows tne averaged data
values for the unshielded gun; the middle portion shows the values for the shielded gun; and the bottom
portion shows the difference between the shielded and unshielded guns, which is the measured insertion
loss of the barrier. The microphone locations are identified in the first three columns of each table by
number, azimuth angle, and distance from the gun muzzle. The data presented in these tables are
discussed in detail below.

Table 7 presents measured noise levels and insertion loss values for each microphone location for
the shed (-1 m gun location) with the rifle firing in the direction perpendicular to the front plane of the
shed (south). Table 8 gives the same data for the wall (+5m gun location) case. These two sets of results
can be compared to determine the relative noise reduction of the shed and the wall, essentially exclusive
of propagation effects since care was taken to keep the propagation conditions identical. This comparison
is shown graphically in Figures 28 and 29 in terms of FSEL (unweighted) and ASEL respectively. Note
that the abscissa identifies receiver (microphone) locations in terms of azimuth and range, and that there
are two 180-degree azimuth receiver locations. The data must be interpreted carefully, taking into account
the effect of finite barrier length. The azimuth to the vertical edge of the end wall of the structure is 84.3
degrees for the -1m gun location (shed case), and 116.6 degrees for the +5m location (wall case). Since
the 90-degree azimuth does not lie in the acoustic shadow of the wall, the wall provides little or no
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insertion loss for this azimuth. The 120-degree azimuth lies just inside the acoustic shadow of the wall,
but well within the acoustic shadow of the shed, so it is not surprising that the shed provides larger
insertion loss. To the rear, at 150 and 180 degree, the experimental data shows that the wall and shed
provide nearly identical insertion loss in terms of FSEL, though ASEL insertion loss values are different
by about 2 dB at one of the 180-degree locations. (Recall that, from Figure 6 and Table 1, there were
two microphone locations at two different distances along the 180-degree azimuth.)

Tables 9 and 10 and Figures 30 and 31 give the data for the experimental configurations in which
the rifles were fired in a direction parallel to the front of the shed, to the west. This configuration
provides a different source directivity pattern relative to the barrier, to demonstrate experimentally the
significant effect that source directivity can have on insertion loss. For a wall or shed of infinite length,
one might argue that this arrangement should yield insertion loss more similar to that which would be
obtained for an isotropic source, since the angle between the direction of fire and the minimum length
propagation path around the barrier is 90 degrees for the top edge of both the shed and the wall and also
for the direct line of sight to the observer for the unshielded case. However, source directivity could still
be expected to have some effect even for barriers of infinite length since the field strength along the top
edge of the barrier would be affected. For the experimental finite length barrier, source directivity also
has considerable effect on the field strength at the edges of the side walls of the structure. The data show
that, for this case, the shed yields greater insertion loss than does the wall in the region to the rear of the
structure, by a margin of about 8 dB. Indeed, the shed is shown to offer superior insertion loss at all
azimuths for which noise levels were measured. Note that, at 90 degrees the wall insertion loss is
negative; that is, the shielded gun was measured to be louder than the unshielded gun.

Figures 32 and 33 give the combined experimental results for the two directions of fire. Table 11
summarizes the measured insertion loss averaged over both 180-degree locations (to obtain improved
statistical significance) for each of the four combinations of shed vs. wall, and the two firing directions.
These data clearly show the experimental answer that the present study was designed to provide. For the
gun firing perpendicular to the barrier (south), the wall and shed provide approximately the same insertion
loss to the rear. This experimental result for relative noise reduction performance of the wall and shed
agrees well with the analytical results of both Appendices A and B.

For the gun firing parallel to the barrier (west), the agreement between calculated and experimental
results for relative noise reduction performance is not good. The experimental data show the shed
providing about 7 dB more insertion loss to the rear than the wall, while the analytical data from
Appendix A show the shed providing only about 2 dB more. This may be an indication that the
calculation algorithm of Appendix A is not adequate to correctly account for the complicated diffraction
around all three edges for this case, perhaps because source directivity can strongly affect the distribution
of field strength along the barrier edges, with consequences that are not accounted for by the model. The
problem may be that the algorithm procedure assumes that the diffraction is characterized by the path
length difference for the shortest path from source to receiver around the barrier edge. The algorithm has
been well substantiated for isotropic sources. For the gun firing normal to the barrier, the location of
greatest field strength along the barrier edge does not change. For the gun firing parallel to the barrier,
this is no longer true.

The above paragraphs compared only the shed and wall insertion loss difference. This was done
specifically to estimate the relative noise reduction performance of the shed and wall exclusive of
propagation and attenuation effects. The magnitude of insertion loss, rather than the difference between
shed and wall, is of primary interest for rifle range noise mitigation. The previous investigation (Pater
1992) concluded that experimental insertion loss agreed fairly well with calculated values in the region
directly to the rear of the shed and at 90 degrees, but not at intermediate angles. This conclusion is
modified here, for reasons shown below.




Figure 34 summarizes the analytical and experimental A-weighted insertion loss results from both
the current and previous investigations for the gun firing normal to the barrier from the -1m gun location
(the shed case). (Unweighted experimental insertion loss was not measured in the previous investigation;
thus the overall comparison can only be made in terms of A-weighted insertion loss.) The calculated
results of Appendix A and of the previous investigation used the same algorithm, the only difference being
the source spectrum, as discussed earlier. The effect on calculated results of changing to the new source
spectrum was an increase in A-weighted insertion loss to the rear of about 2 dB. The solid curve in
Figure 34 represents the calculated results using the algorithm of Appendix B, which used the spectrum
of the previous investigation, a semicircular barrier and a source located at S = 0. (This configuration was
discussed earlier in comparing the calculated results shown in Figures 26 and 27.) The agreement of this
calculated curve with the calculated results of the previous investigation is quite good, there are differences
in the gun location and barrier shape and size, discussed in detail earlier. Figures 26 and 27 show a more
valid comparison of the two algorithms.

Figure 34 shows that the shed insertion loss values measured in the present study were generally
significantly smaller than predicted by the diffraction algorithm calculations. They also do not agree very
well with the experimental resuits of the previous investigation, particularly directly to the rear of the wall.
The experimental data were all obtained at the same site and for the same shed structure; differences were
that during the previous investigation the shed had not been lined with sound absorption material, and that
the measurements were made in the month of November after the crops had been harvested, rather than
during the summer. The lack of agreement between these two experimental data sets is a graphic example
of the potential effect of propagation effects on achieved insertion loss. An algorithm for predicting
atmospheric, meteorological and ground interaction effects would help produce more accurate prediction
of barrier insertion loss.

Experimental Excess Ground Attenuation Results

The term “excess attenuation” refers to attenuation of sound in excess of that which can be attributed
to spherical spreading. One cause of excess attenuation is absorption of sound energy by the atmosphere.
The amount of excess attenuation due to atmospheric absorption for the spectrum shown in Figure 15 at
the distances from which noise measurements were made is small (Appendix C). “Excess ground
attenuation” is the excess attenuation due to the proximity of the ground. These effects include dissipative
and reactive effects of ground impedance, wave interference effects of the direct and ground reflected
waves, and refractive and scattering effects resulting from turbulence and boundary layer profiles of wind
velocity and temperature.

The effect of excess ground attenuation on measured insertion loss can be partially determined by
examining the experimental insertion loss data. The experimental data for the gun firing normal to the
shed and wall (Tables 7 and 8) are re-examined in Tables 12 and 13 respectively. Noise levels were
measured at two distances along the 180-degree azimuth. The spherical spreading attenuation from the
first to the second distance is shown for each case. The difference between spherical spreading attenuation
and measured attenuation is the excess attenuation that occurred from the first to the second distance for
both the shielded and unshielded guns (Tables 12 and 13). The excess attenuation values were used to
correct the data values at the second location for the effect of excess attenuation that occurred between
the two locations (but not for excess attenuation that occurred between the source and the first distance).
The resulting inser:ion loss at the second location, corrected for effects of excess attenuation, is also shown
for each case. Note that the excess attenuation for the shielded gun is larger than for the unshielded gun;
this is probably the result of larger excess ground attenuation for the lower path. The effect of excess
attenuation on insertion loss is due entirely to excess ground attenuation, since the effect of atmospheric
attenuation should be essentially the same for both guns, and thus subtracts out. Note that the correction
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for excess ground attenuation brings the insertion loss values at the two distances into much better
agreement. It is reasonable to expect that the effect of excess ground attenuation from the source to the
first distance would also be substantial, as it would be for the paths from the source to the other
microphone locations. Correction of the measured insertion loss for excess ground attenuation would thus
increase the measured value of insertion loss for all microphone locations. This would no doubt improve
the agreement between theoretical values of insertion loss, which did not take excess ground attenuation
into account, and experimental values.

Table 14 lists the experiments performed specifically to investigate ths possible effects of sound
wave interaction with the ground at the test site. The experiments over grass were done both before and
after the experimenis over beans to reveal any changes in experimental conditions. At the time of the
experiment the beans were about 0.8 m high; thus the lowest, 0.5 m, height microphone was submerged
in the soybean plants. Also, the low gun for the experiments over beans was located immediately beside
the edge of the beans plot and at a height of 0.5 m, i.e., lower than the beans.

The averaged ASEL and FSEL data for all microphones for all ground interaction experiments listed
in Table 14 were compiled intc a summary sheet (Table 15). ASEL is useful to judge human response
to the noise, while FSEL (unweighted) gives a clearer picture of the total sound energy present in the
blast noise that arrives at the microphone iocation. Table 15 is arranged to ease assessment of the effect
of the type of ground cover (grass or soybeans) and the height of the path from source to microphone
(various combinations of gun height and mic height). Selected data are shown in Figures 35 and 36.
These data clearly show that there were substantial attenuation effects due to the proximity of the ground.
Bear in mind that the same noise source was used for all of the experiments. It is clear that a higher line
of sight results in less attenuation. It is also clear that there was a reduction in received sound level
during the test (possibly a result of refraction resulting from solar heating of the ground), evidenced by
the fact that the repeated experiments over grass yielded somewhat lower sound levels. The effect of type
of ground cover, i.e. grass vs beans, is more subtle. The broadband FSEL and ASEL values were
generally somewhat lower (perhaps 0 to 2 dB) for beans than for grass, although there were exceptions.

Detailed sound exposure level spectra of selected data rounds for several ground interaction
experimental configurations were obtained to help interpret noise level data. Figure 37 shows typical
source waveform (for the high gun), and Figure 38 shows source spectra for both gun heights. The source
mic was located about 1.24 m above the low gun and about 1.14 m below the high gun, which may be
responsible for the differences in the spectra for the two gun locations (the same gun was used).
Representative spectra for the microphones mounted o the pole located 110 meters from the source are
presented in various combinations in Figures 39 through 43. A source spectrum is included in each plot,
arbitrarily reduced 30 dB in magnitude, for comparison of shape. Some change in the shape of the source
spectrum with distance is to be expected, due for example to atmospheric absorption and refraction, as
well as to ground interaction, so that care must be used in drawing conclusions from comparison of the
shape of source and 110 m spectra, especially for the high propagation paths. The 110 m spectra for
soybeans exhibit strong local maxima in attenuation of sound energy (minima in the sound exposure
spectra) between 125 and 250 Hz. The spectra for propagation over grass show somewhat less
pronounced local maxima in attenuation over frequencies from below 250 Hz to above 500 Hz. The 110-
m spectra show evidence of considerable attenuation at higher frequencies, with the attenuation
increasingly greater for propagation paths closer to the ground. Generally the beans exhibited more
attenuation of higher frequencies than did grass. Both the beans and the grass seem to show significant
absorption at frequencies as low as the 63 Hz band. Noted that there is a consistent difference of 1 to 2
dB between the sound exposure level for the 1.22 and 1.33-m mic heights, which may be due to a
consistent measurement error between the two mics, or may indicate that measured sound level can be
affected significantly by relatively small (0.1 m) errors in microphone placement.
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Data shown in Table 15 and Figurcs 35 through 43 show note that ASEL and FSEL are not very
much different for high propagation paths (high gun and high mic), but are substantially different for low
propagation paths. For high propagation paths, a large portion of the sound energy occurs at frequencies
in the vicinity of 1 KHz that are not strongly attenuated by the A-weighting filter. For propagation paths
closer to the ground, for which much of the higher frequency portion of the acoustic energy has been
attenuated, the ASEL and FSEL differ by a wider margin since proportionally more of the sound energy
is located at the low frequencies that are strongly attenuated: by A weighting.

Table 16 presents selected data from Table 15 for two of the 110-m long propagation paths. This
table more clearly shows that seemingly modest differences in path height can result in significant
differences in sound attenuation. The difference in attenuation was over 10 dB FSEL and over 20 dB

ASEL.

A close look at the data presented in Table 16 gives some indication of the effect of ground
interaction on measured insertion loss of the firing shed. The data for the low gun noise (mic height of
1.22 m) should be fairly representative of the unshielded gun in the insertion loss experiments. For sound
diffracted around the 7-m high roofline of the shed in the insertion loss experiments, the average height
of the propagation path is 4.11 m, which is somewhat represented by the average propagation height of
2.95 m for the high (2.85-m) gun, and 3.05-m mic height in the ground interaction experiment. For
identical sources, for both grass and beans ground cover, the ground interaction experiments showed at
least 10 dB FSEL and at least 20 dB ASEL more attenuation for the lower sound path compared to the

higher path.

Since insertion loss is defined as the difference between sound level with and without the shielding
structure present, the above situation would seemingly result in a reduction in measured insertion loss of
similar amount due to ground interaction. This estimate cannot however be directly applied to the
insertion loss experimental data for several reasons. One is that the spectrum of the unshielded gun, and
thus the effects of ground interaction, may differ with azimuth. Another is that varying distance and the
presence of both grass and beans for part of the path from source to receiver, as was the case for the
insertion loss measurements, may influence the results. Also, the spectrum of the energy diffracted around
the edges of the shed will be different from the source spectrum since diffraction is a function of
frequency. Specifically, the diffracted (high path) sound spectrum should have proportionally more low
trequency energy than the source spectrum, so that ground interaction would have less effect on the high
path than was shown in the experiment, but A-weighting would have a greater effect. It is possible that,
for some combination of source-barrier-receiver juxtaposition, source directivity, and/or source spectrum,
the received noise level could be higher with the barrier in place than without the barrier.

In summary, these tests show that ground interaction can result in a substantial change in measured
insertion loss when compared to calculated insertion loss values that do not account for ground interaction,
or when compared to experimental data for which there is different attenuation due to ground interaction.
Such a difference might occur if measurements were taken over bare earth or in winter, frozen ground and
again over extensive vegetation cover in the snmmer. An accurate estimate of the effect of ground
interaction on insertion loss is difficult to make without detailed knowledge of the spectrum of the noise
diffracted around the edge of the barrier. A useful experimental procedure would be to locate a
microphone behind and near to the structure at the height of the propagation path of interest, in addition
to the mic located near the edge of the barrier. More information on how the gun spectrum might vary
with azimuth would also be helpful.

Another difficulty arises in determining how to characterize propagation conditions and the ground
to accurately predict propagation effects on insertion loss. The current ground interaction experiment
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clearly demonstrated the possible effect of ground interaction at the test site but could not predict the
effects of ground interaction on insertion loss.

It is instructive to examine spectra from the insertion loss experiments in some detail. Figure 44
shows spectra measured near the gun and also at the shed roofline. Figures 45 through 49 show the
spectra (absolute, rather than relative) for the microphone locations of the insertion loss experiments. The
spectra are generally quite similar for shed and wall for each gun, but the spectra for the unshielded (A)
and shielded (B) guns are notably different in some respects. In the spectra for propagation over grass,
Figures 45 and 46, the dip in the spectral curves in the vicinity of 500 Hz, previously seen in the results
of the ground interaction experiment (Figure 40), is clearly present, especially for the unshielded (A) gun.
Note that the A gun is at the same source height as the low gun in the ground interaction experiments.
Careful comparison of the spectra in Figure 45 for the two guns reveals the diffraction attenuation of
higher frequency energy in the spectrum of the shielded gun. The difference is not as great as predicted
by calculations (Figure 15), probably because there is relatively more higher frequency ground interaction
attenuation for the lower propagation path of the A gun. This trend should continue, causing the higher
frequency portion of the spectra of the two guns to become more similar at greater distances; this can
indeed be seen in Figure 46, by comparing the relative level at, say, 200 and 2000 Hz in Figures 45 and
46. The effect would diminish at still greater distances as the two paths become more nearly equal in
elevation. One would also expect the mid-frequency (around 500 Hz) notch to become less prominent
at greater distances because of higher frequency attenuation, due not only to ground interaction but also
to other effects such as atmospheric absorption, scattering and refraction. The spectra of Figures 47
through 49 show similar general trends, but the details are more complicated because propagation is partly
over grass and partly over soybean plants, with possible diffraction effects at the boundary between the
two.

Effective noise mitigation would be greatly facilitated by the ability to make accurate predictions
of noise levels at both large and small distances for both shielded and unshielded noise sources under a
wide variety of propagation conditions. One aspect of this is an accurate, relatively simple to use,
prediction algorithm that can account for source characteristics and barrier size and shape to predict the
insertion loss of barriers for some useful situations. The analytical techniques used in this investigation
are good candidates for this purpose. The results of the diffraction algorithm must be extended to large
distances for practical propagation scenarios. Site measurements can possibly be used to calibrate
parameter values in available ground interaction models. Available models for atmospheric attenuation
and representative propagation conditions can be used to further refine the accuracy of predictions.

Design Charts

This study measured the relative insertion loss of the shed and wall for one particular value of
barrier height. Figures 50 through 57 show the effects of changing barrier height. These charts were
generated using the algorithm of Appendix A for a variety of source and barrier parameters. In these
charts, the parameter H is the height of the barrier relative to the source; the algorithm takes no account
of the effect of the source height above the ground. Propagation and ground interaction effects are not
accounted for. The general trend is that a higher barrier yields larger insertion loss.

It is also interesting to examine how barrier height influences the degree to which other parameter
changes affect insertion loss. Comparing Figures 50 and 51 shows that, for an isotropic source, a shed
20-m long yields 2 to 5 dB less insertion loss than an infinitely long shed; the change is larger for higher
barriers. For a source with gun directivity, the change ranges from 0.5 to 5 dB (cf. Figures 52 and 53).
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The effect of source directivity on insertion loss of an infinitely long shed (S < 0) may be
determined by comparing the curves of Figures 50 and 52. These show that gun directivity causes an 8
to 14 dB decrease (less noise reduction) in the insertion loss of an infinitely long shed, with the largest
reduction occurring for small values of H, for which the angle between the directions to the shed roofline
and the receiver is large.

A comparison of Figures 52 and 54 shows how the spectral distribution of source acoustic energy
can affect insertion loss for the spectra of the current and previous investigations respectively. Figure 14
shows these spectra. The unweighted insertion loss is 3 to 4 dB larger for a source with the “new”
spectrum, because a larger proportion of the acoustic energy occurs at higher frequencies, which are
attenuated more strongly by diffraction. Examination of calculated results not included here for various
values of H show that the increase in A-weighted insertion loss is about 2 dB, as was noted for the results
shown in Figure 34,

The primary topic of the current investigation is the relative rifle range insertion loss of the shed
and wall. Comparison of Figures 52 and 56 reveals how barrier height affects the relative noise reduction
performance of these two structures. Directly to the rear, at an 180-degree azimuth, the calculated
insertion loss values are no more than about 2 dB different for all barrier height values presented, and are
equal for H = 1.5. For smaller azimuth angles, e.g., in the vicinity of 120 degrees from the direction of
fire, these calculated results indicate somewhat different conclusions. For large barrier heights, the
insertion loss values for the two structures remain quite similar, i.e., they are different by no more than
about 2 dB. However, for smaller structure heights, the shed yields significantly higher insertion loss than
a wall of equal height at azimuths in the general vicinity of 120 degrees.

The effect of “A” frequency weighting may be seen by comparing the curves of Figures 52 and 55
for the shed and of Figures 56 and 57 for the wall. Generally the A-weighted insertion loss values are
about 2 dB larger than the unweighted, as expected from the earlier discussion of Figure 15. The effect
of A weighting is smaller for small barrier heights or for lines of sight near a barrier edge, for which
diffraction has less effect on the spectral energy distribution.
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Table 3

Caiculated Resuits From Appendix A for
Insertion Loss to the Rear for Infinite Length Barrier

Insertion loss
(dB) @ 18¢°

Configuration Fiat Awtd
Shed (-1 m), isotropic source 283 305
Wall (+5 m), isotropic source 24.6 26.8
Shed (-1 m), gun firing perpendicular 20.2 225
Wall (+5 m), gun firing perpendicular 219 24.1
Shed (-1 m), gun firing parallel 283 30.5
Wall (+5 m), gun firing parallel 24.6 26.8
Effect on insertion loss of moving gun
location from -1 m (shed) to +5 m (wall) for:
Isotropic source -3.7 -3.7
Gun firing perpendicular +1.7 +1.6
Gun firing parallel -37 -3.7
Effect of source directivivy on
insertion loss for:
Shed (-1 m), gun firing perpendicular -8.1 -8.0
Wall (+5 m), gun firing perpendicular 27 217
Shed (-1 m), gun firing parallel 0.0 0.0
Wall (+5 m), gun firing parallel 0.0 00
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Table 4

Caiculated Resuits From Appendix A for

Insertion Loss to the Rear for 20 m Long Finite Barrier

Insertion loss
(dB) @ 190*

Configuration Flat A wid
Shed (-1 m), isotropic source 4.5 26.8
Wall (+5 m), isotropic source 215 23.8
Shed (-1 m), gun firing perpendicular 16.7 189
Wall (+5 m), gun firing perpendicular 18.2 204
Shed (-1 m), gun firing parallel 217 4.0
Wall (+5 m), gun firing paraliel 19.4 217
Effect on insertion loss of moving gun
location from -1 m (shed) to +5 m (wall) for:
Isotropic source -30 -3.0
Gun firing perpendicular +1.5 +1.5
Gun firing parallel -23 -23
Effect of source directivity on
insertion loss for:
Shed (-1 m), gun firing perpendicular -78 -79
Wall (+5 m), gun firing perpendicular -33 -34
Shed (-1 m), gun firing paraliel -238 28
Wall (+5 m), gun firing parallel -2.1 -2.1
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Table §
Typical Detailed Sound Level Dats From Insertion Loss Experiment

PSPL ASEL SEL

Round# Gun dB) (dB) (dB)
1 A 108.1 72.6 76.9
2 B 77.1 418 57.3
3 A 109.0 734 T2
4 B 753 425 56.8
5 A 106.5 7.1 76.6
6 B 80.8 41.2 60.0
7 A 1053 70.0 76.1
8 B 80.6 419 59.5
9 A 105.8 70.6 76.4
10 B 76.6 433 573
11 A 105.5 69.9 76.1
12 B 78.6 43.0 56.6
13 A 108.6 73.0 1.1
14 B 71.6 404 55.2
15 A 1109 74.1 71.7
16 B 79.2 45 58.1
17 A 108.2 71.8 76.8
18 B 81.6 428 62.4
19 A 106.2 69.3 76.2
20 B 82.1 418 60.5
21 A 106.1 69.7 76.0
Mean A 107.5 7.7 76.7
+Dev A 34 24 1.0
-Dev A =22 -24 -0.6
Mean B 792 422 58.9
+Dev B 29 1.1 35
-Dev B -39 -18 -3.7
Microphone location: §
Date: 8-7-91
Remarks: Test 3
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Table 6

Insertion Loss Experiments
Direction
Test Gun'  Location  of Fire Time Wind”  Date
3 A&B -Im south 0845 03,60 8.7-91
4 A&B +5Sm south 0858 3-6,60 8-791
5.1 B +5 west 0916 0-6,60 8-7-91
52 A +5 West 0920 0-6,60 8-7-91
53 A -1 West 0925 05,60 8-791
54 B -1 West 0929 0-7,60 8-7-91

* “A" is unshielded gun; “B” is shielded

* MPH, from deg ccw re south
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Measured Shed Insertion Loss for Gun Firing South

Table 7

Mic # Angle (deg) Distance (m) PSPL (dB) ASEL (dB) FSEL (dB)
Unshielded Gun
S 180.0 80 107.5 71.7 76.7
8 180.0 242 90.8 55.7 64.3
9 149.9 279 826 44 58.3
6 119.6 161 920 529 684
3 89.6 150 97.1 574 722
1 90.0 12 165.9 125.7 126.8
(Source) Above
Shielded Gun (B Gun)
4 180.0 80 94.0 62.5 66.8
7 180.0 242 834 49.5 56.1
8 149.9 279 78.1 38.0 55.3
5 119.6 161 79.2 42.2 59.5
2 89.6 150 92.6 53.5 68.7
10 90.0 12 167.7 127.6 128.6
(Source) 740 Above 152.5 112.6 114.5
1 6.8
(Roofline) Above
Insertion Loss
180.0 80 135 92 99
180.0 242 74 6.2 8.2
149.9 279 4.5 64 30
119.6 161 12.8 10.7 89
89.6 150 45 39 35
Mean insertion loss for 180c 10.5 1.7 9.1

Expt:
Date:
Gun@:
Met:

Shed, insulated, 5.56 mm gun, Bondville site.

8-7-9 Test 3
-1 m Firing south.

Wind 60¢ ccw re south @ 0-3 mph. Partly cloudy.
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Table 8

Measured Wall Insertion Loss for Gun Firing South

Mic # Angle (deg)  Distance (m) PSPL (dB) ASEL (dB) FSEL (dB)

Unshielded gun (A Gun)

5 180.0 86 103.7 69.1 75.6
8 180.0 248 90.8 56.0 64.0
9 150.5 284 81.1 448 58.2
6 121.5 164 920 53.8 67.2
3 919 150 96.8 56.8 71.5
11 90.0 1.2 167.2 126.6 1276
(Source) Above
Shielded gun (B Gun)
4 180.0 86 95.9 62.0 66.1
7 180.0 248 85.1 494 55.5
8 150.5 284 79.0 40.5 540
5 121.5 164 86.8 464 62.7
2 919 150 96.1 56.1 722
10 90.0 1.2 166.9 1258 1270
(Source) 121.6 Above 147.3 107.3 108.8
1 7.6
(Roofline) Above
Insertion loss
180.0 86 718 7.1 9.5
180.0 248 57 6.6 8.5
150.5 284 2.1 43 42
121.5 164 52 74 4.5
91.9 150 0.7 0.7 -0.7
Mean insertion loss for 180°: 6.8 6.8 9.0
Expt: Wall, insulated, 5.56 mm gun, Bondville site.
Date: 8-7-91 Test 4
Gun @: +5 m Firing south.
Met: Wind 60° ccw re south @ 3-6 mph. Partly cloudy.
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Table 9
Messured Shed Insertion Loss for Gun Firing West

Mic# Angle (deg) Distance (m) PSPL (Db) ASEL (Db) FSEL (Db)

Unshielded Gun (A Gun) Test 5.3
5 180.0 80 1122 74.7 83.0
8 180.0 242 96.8 594 7no
9 149.9 279 84.2 469 619
6 119.6 161 90.0 512 66.1
3 89.6 150 89.7 50.8 65.1
11 90.0 1.2 166.7 126.8 1279
(Source) Above
Shielded Gun (B Gun) Test 54
4 180.0 80 91.5 61.5 65.7
7 180.0 242 794 45.1 519
8 1499 279 755 359 535
5 119.6 161 80.4 43.1 59.2
2 89.6 150 94.6 51.7 65.5
10 90.0 12 166.9 126.1 12713
(Source) Above
1 74.0 6.8 151.1 1125 1139
(Roofline) Above
Insertion Loss
180.0 80 20.7 13.2 17.3
180.0 242 174 14.3 19.1
149.9 279 8.7 11.0 84
119.6 161 9.6 8.1 6.9
89.6 150 49 0.9 04
Mean insertion loss for 180°; 19.1 13.8 18.2
Expt: Shed, insulated, 5.56 mm gun, Bondville site.
Date: 8-7-91 Tests 5.3 & 5.4.
Gun @: -1 m Firing west.
Met: Wind 60° ccw re south @ 0-5 mph variable.




Table 10
Measured Wall Insertion Loss for Gua Firing West

Mic# Angle (deg) Distance (m) PSPL (dB) ASEL (dB) FSEL (dB)
Unshiclded Gun (A Gun) Test 5.2.

5 180.0 86 1123 74.5 830
8 180.0 248 97.3 60.4 719
9 150.5 284 849 474 624
6 121.5 164 89.6 50.7 66.3
3 91.9 150 90.5 51.3 65.6
11 90.0 1.2 165.8 1258 126.8
(Source) Above
Shielded Gun (B Gun) Test 5.1.
4 1800 86 101.5 68.5 728
7 180.0 248 90.3 55.2 60.9
8 150.5 284 78.7 43.5 580
5 121.5 164 838 46.6 65.1
2 919 150 90.8 564 734
10 90.0 1.2 166.6 125.8 1273
(Source) 121.6 Above 150.3 1117 113.3
1 76
(Roofline) Above
Insertion Loss
180.0 86 10.8 6.0 10.5
180.0 248 70 52 11.0
150.5 284 6.2 39 44
121.5 164 58 4.1 1.2
91.9 150 -0.3 -5.1 -7.8
Mean Insertion Loss for 180° 89 56 10.8

Expt: Wall, insulated, 5.56 mm gun, Bondville site.
Date: 8-7-91; Test 5.1 & 5.2

Gun @: +5 m; Firing west

Met: Wind 60° ccw re south @ 3-6 mph variable
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Figure 28.

Figure 29.
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Table 11
Maean Experimental Insertion Loss to the Rear

Mean Insertion Less (4B)
Configuration ASEL @ 190* SEL @ 130"
Shed, Gun @ -1 m, firing south 11 9.1
Wall, Gun @ +5 m, firing south 6.8 9.0
Shed, Gun @ -1 m, firing west 13.8 18.2
Wall, Gun @ +5 m, firing west 56 10.8
Shed-Wall Difference, gun firing south 09 0.1
Shed-Wall Difference, gun firing west 82 74

Azimuth angle is measured ccw from south
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Table 12

The Effect of Excess Attenuation on Messured Shed
Insertion Loss for Gua Firing South (Deta of Table 7)

PSPL  ASEL FSEL

Experimental Parameters (dB) dB) (4B)
Unshielded Gun (A Gun)
Level @ mic # 5 (180°, 80 meters) 1075 na 76.7
Level @ mic # 8 (180°, 242 meters) 908 55.7 64.3
Difference: 16.7 16.0 124
Spherical spreading: 20 log (242/80) 9.6 9.6 9.6
Excess Attenuation: 7.1 64 28
Mic # 8 corrected level: 979 621 67.1
Shielded Gun (B Gun)
Level @ mic # 4 (180°, 80 meters) 94.0 62.5 66.8
Level @ mic # 7 (180°, 242 meters) 834 495 56.1
Difference: 10.6 13.0 10.7
Spherical spreading: 20 log (250/88) 9.1 9.1 9.1
Excess Attenuation: 15 39 1.6
Mic # 7 corrected level: 849 534 57.7
Insertion Loss
Uncorrected @ 180°, 80 meters: 13.5 92 99
Uncorrected @ 180°, 242 meters: 74 6.2 82
Corrected @ 180°, 242 meters: 13.0 8.7 94
Effect of Excess Attenuation: -5.6 -2.5 -1.2

Expt: Shed, insulated, 5.56 mm gun, Bondville site
Date: 8-7-91, Test 3

Gun @: -1 m, Firing south

Met: Wind 60° ccw re south @ 0-3 mph. Partly cloudy
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Table 13

The Effect of Excess Attemuation on Measured Wall
Insertion Loss for Gun Firiag South (Data of Table 8)

PSPL  ASEL  FSEL

Experimentg) Parameters (dB) dB) (@B)
Unshielded gun (A gun)
Level @ mic # 5 (180°, 86 meters) 103.7 69.1 75.6
Level @ mic # 8 (180°, 248 meters) 90.8 56.0 64.0
Difference: 129 13.1 11.6
Spherical spreading: 20 log (248/86) 9.2 9.2 9.2
Excess attenuation: 7 39 24
Mic # 8 corrected level: 94.5 56.9 66.4
Shielded gun (B gun)
Level @ mic # 4 (180°, 86 meters) 959 62.0 66.1
Level @ mic # 7 (180°, 248 meters) 85.1 494 55.5
Difference: 10.8 12.6 10.6
Spherical spreading: 20 log (251/89) 9.0 9.0 90
Excess Attenuation: 18 36 1.6
Mic # 7 corrected level: 86.9 53.0 57.1
Insertion loss
Uncorrected @ 180°, 80 meters: 78 71 95
Uncorrected @ 180°, 242 meters: 57 6.6 8.5
Corrected @ 180°, 242 meters: 7.6 6.9 93
Effect of excess attenuation: -19 -0.3 0.8

Expt: wall, insulated, 5.56 mm gun, Bondville site.
Date: 8-7-91 Test 4

Gun @: +5 m, firing south.

Met: wind 60° ccw re south @ 3-6 mph; partly cloudy.
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Table 14

Ground Interaction Experiments
Mic Azimuth
Test Time Gun  Ground Cover Wind (MPH, from)  (deg) re DOF’
3 0703  High Grass 1.2, 0° 90
4 0709  Low Grass 1.2, 0° 90
10 0834  High Beans 12,0° 90
11 0839 Low Beans 1.2, 0° 90
14 0912  High Grass 1.2,0° gusts § 90
15 0916 Low Grass 0-2,~60°, gusts 5 90

*Azimuth angles are measured ccw from south, which was the direction of fire
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Figure 36. Experimental ASEL for Various Propagation Paths Over Two Types of Ground
Cover.
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Figure 38. Source Spectra for High Gun and Low Gun, Ground Reflection Excluded, for
Ground Interaction Experiment.
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Figure 39. Spectra for High Gun Over Grass for Various Microphone Heights.
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Figure 41. Spectra for High Gun Over Beans for Various Microphone Heights.
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Figure 42. Spectra for Low Gun Over Beans for Various Microphone Heights.
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Table 15
Overall Summary of Ground Interaction Experimentsl Results

Test/Parameters

Test3 Testd Test10 Test1l Test 14 Test 15

0703 0709 0834 0839 912 M16
Mic Grass Grass Beans Beans Grass Grass
Height High Low High Low High Low
(m) Gun Gun Gun Gun Gun Gun

FSEL (dB)

0.5 743 74.5 734 75.6 729 72.1
1.22 79.8 75.2 749 75.0 76.5 737
1.32 81.6 76.1 76.6 77.1 774 7.
3.05 87.7 81.7 85.1 75.0 874 76
ASEL (dB)

0.5 70.7 64.3 68.0 58.8 65.9 59.2
1.22 78.7 70.3 71.4 62.1 74.6 64.3
1.32 80.6 719 73.5 639 758 63.9
3.05 87.5 809 84.7 69.1 87.5 720

Expt: Ground Interaction Experiments, Bondville Site.
Date: 8-1-91

Mic @: 90 degrees, 110 meters, various heights

Wind:  Near Calm

Gun: 5.56 mm Ruger Mini-14 (M-16)

Height: Low Gun 0.5 m, High Gun 2.88 m
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Table 16

Effect of Path Height on Measured Nojse Level

Coafiguration ASEL (dB) SEL (dB) (Unweighted)
Mean height 2.95 m. Test 3: 87.5 Test 3: 87.7
grass, high gun, Test 14: 875 Test 14: 874
3.05-m Mic. Mean: 87.5 Mean: 87.6
Mean height 0.86 m. Test 4: 703 Test 4: 75.2
grass, low gun, Test 15: 643 Test 15: 73.7
1.22-m mic. Mean: 68.3 Mean: 745
Noise level difference  Test 3-4:  17.2 Test 3-4: 12.5
(grass). Test 14- 23, Test 14-15: 13.7

15: 2 21.2 Mean: 13.1
Mean:
Mean height 2.95 m. 84.7 85.1
3.05 m mic.
(test 10).
Mean height 0.86 m. 62.1 75.0
beans, low gun,
1.22 m mic.
(test 11).
Noise level difference 226 10.1
(beans).
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Figure 45. Spectra at 180 Degrees, 80 m.
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Figure 46. Spectra at 180 degrees, 242 m.
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Figure 47. Spectra at 150 degrees, 279 m.

72




315 63 125 250 500 1000 2000 4000 8000 16000

1/3 OCTAVE BAND CENTER FREQUENCY (HZ)
—a—Bgun,shed _, Bgun,wall _g Agun,shed _,_ A gun,wall

Figure 48. Spectra at 120 degrees, 161 m.
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Figure 50. Calculated Insertion Loss for Various Values of H (Barrier Height Above Source),
for a Shed of Infinite Length With an Isotropic Source Located at § = -1 m.
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Figure 51. Calculated Insertion Loss for Various Values of H, for a Shed Length of 20 m With
an Isotropic Source Located at S = -1 m.
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Figure 52. Calculated Insertion Loss for Various Values of H, for a Shed of Infinite Length
With a Gun Located at S = -1 m Firing Normal to the Shed Front.
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Figure 53. Calculated Insertion Loss for Various Values of H, for a Shed L2ngth of 20 m With
a Gun Located at S = -1 m Firing Normal to the Shed Front.
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Figure S5. Calculated A-Weighted Insertion Loss for Various Values of H, for a Shed of
Infinite Length With a Gun Located at S = -1 m Firing Normal to the Shed Front.

76




(a4 W
w [

89
(4

[y
(=~

FLAT INSERTION LOSS (dB)
w v

(-~

Figure 56.

N w
W <

Lad
(=

o
[~

A-WTD INSERTION LOSS (dB)
n 73

<o

Figure 57.

Se=3, DIR, INFINITE. FLAT, NEW SPECTRUM VARIOUS H

R H
10.0
i 6.5
/ 45
i /’ 25
i 05
90 105 120 135 150 165 B 180
AZIMUTH ANGLE (DEGREES)
Calculated Insertion Loss for Various Values of H, for a Wall of Infinite Length
With a Gun Located at S = +5 m Firing Normal to the Barrier.
S= =5, DIR, INFINITE, A WTD, NEW SPECTRUM,VARIOUS H
H
" 10.0
6.5
45
/ 25
. / 15
g 05

90 105 120 135 150 165
AZIMUTH ANGLE (DEGREES)

180

Calculated A-Weighted Insertion Loss for Various Values of H, for a Wall of
Infinite Length With a Gun Located at S = +5 m Firing Normal to the Barrier.

77




7  CONCLUSIONS

This study has documented an investigation of the relative noise reduction performance of an open-
front firing shed and a simple wall of equal height, both juxtaposed to the firing line in a manner
consistent with the design requirements of a military small arms range. The experimental data
conclusively show that, in a rifle range scenario, the firing shed and a rear wall, both of 7-m (23-ft)
height, are about equally effective in reducing small arms noise in the region to the rear of a rifle range.
This is a consequence of the sound field directivity of gun muzzle blast. This result was confirmed by
calculations using two radically different analytical diffraction algorithms, both of which were adapted to
account for source directivity.

This result contrasts to calculated results for a nondirective source, which show the shed to provide
about 4 dB more insertion loss than a simple wall for the geometry considered in this report. Thus the
added cost of a firing shed over that of a simple rear wall cannot be justified exclusively on the basis of
improved noise reduction to the rear. Calculations indicated that, for the investigated configuration, the
optimum wall location (for maximum insertion loss to the rear) is about 5 m behind the gun.

However, calculated results using the algorithm outlined in Appendix A indicate that, for a barrier
of more modest height, when the azimuth of primary concern is near 120 degrees (rather than directly to
the rear), the shed yields significantly more insertion loss than a wall of equal height, even when both are
very long. The calculated results for this exceptional case still need to be proven valid.

The experimenta! results also conclusively demonstrated that source directivity can have a large
effect on insertion loss. This was demonstrated by firing the gun both normal to and parallel to the front
of the barrier.

The ground effect experiments conducted during this study clearly demonstrate that interaction
between sound waves and the ground can greatly affect achieved insertion loss. It was demonstrated that
attenuation is considerably greater for propagation paths nearer to the ground. This can substantiaily
reduce the measured insertion loss of a high structure such as the shed, because the propagation path for
the sound diffracted over the top of the structure is substantially higher above the ground than is the
propogation path for a comparably unshielded gun. It was also observed that the ground covered by
soybeans absorbed more high frequency sound energy that did the ground covered by grass.

For a given noise source and shielding structure combination in a realistic propagation scenario, the
sound level and the achieved insertion loss can vary substantially during a day, from day to day, and
throughout the year. Such variations occur due to a variety of factors, such as variations in lower
atmospheric microstructure (for example, spacial and temporal variations in temperature, wind speed and
direction, and turbulence, sometimes due to solar heating) and changes in the interaction between sound
waves and the ground (due, for example, to changes in soil conditions and vegetative cover). Successful
noise assessment or mitigation needs to account for these factors.

It is concluded that both diffraction algorithms used in this study can provide valuable design
information. The conceptually simple algorithm of Appendix A, based on the FHWA barrier design
algorithm, was modified to approximately account for source directivity and finite barrier size and shape.
The modified algorithm may scmetimes yield inaccurate results for cases where it does not apply, for
example, in the current study, the case of a gun firing in a direction parallel to the barrier. This algorithm
must therefore be used cautiously. The spherical coordinate system analysis of Appendix B rigorously
accounts for wave diffraction around a barrier of finite size but is limited in the barrier shapes and source
directivity patterns it can model.
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When designing barriers, it is necessary but not sufficient to account for the effects of diffraction
of sound energy around the edges of the barrier. The methods outlined in this study can help account for
the effects of the propagation medium and terrain, and the interactions between sounds waves and the
ground to enable a more reliable estimate of actual insertion loss. For an existing firing range,
measurements to characterize such effects, made before the barrier is designed, can be useful since it is
difficult to estimate ground absorption reliably based on appearance of the ground and ground cover alone.
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APPENDIX A: Calculations of Insertion Loss Using a Simple Approximate Barrier Design
Algorithm

Description of Algorithm

One method often used to calculate barrier insertion loss is an approximate method that has been
adopted by the Federal Highway Administration (FHWA) for design of highway noise barriers (FHWA,
April 1982); this algorithm is based on experimental data due to Maekawa. It was chosen for use here
because of the relative simplicity with which it can be used for design calculations. As described by
Beranek (Beranek 1971, pp 174-180), this barrier insertion loss algorithm “is based on an analytical
approximation of experimental data which is consistent with asymptotic results of optical-diffraction
theory. In the theory of Fresnel diffraction, only that region of an incident wavefield that is close to the
top edge of a barrier contributes appreciably to the wavefield that is diffracted over the barrier. For an
observer in the shadow zone of the barrier at some distance away, the diffracted sound field appears to
be radiated from a line source along the top edge of the barrier. The strength of this virtual line source
is proportional to the strength of the incident wave at the edge of the barrier. The sound pressure in the
incident wave, of course, decreases in direct proportion to the distance of the barrier from a point source
" and “. . . if the point source is much closer to the edge than is the observer, the strongest section of the
virtual line source is very short (as viewed by the observer) . . . .” This indicates that even though the
theory strictly applies for barriers of infinite length, if properly used it can give reasonably good results
for barriers of finite length. The algorithm includes an empirical adjustment to describe the insertion loss
for receivers not shadowed but with a line of sight that passes near a barrier edge.

In this algorithm the amount of insertion loss provided by a barrier depends on the Fresnel
number. The Fresnel number is defined as N = 28/A where 8 is the difference in propagation distance
between the direct path and the diffracted path from source to observer, which can be calculated using
plane geometry, and A is the wavelength of the acoustic radiation. The detailed algorithm for calculating
attenuation as a function of Fresnel number is available in references 4 and 12 of this report.
Experimental data for continuous noise has shown that the practical upper limit for achievable insertion
loss should be taken as 24 dB (Beranek 1971, p 179).

It is important to bear in mind the limitations and assumptions involved in the FHWA algorithm.
The algorithm ignores or approximates certain aspects of diffraction that can result in bright spots and
variations in intensity within and near the edge of the shadow zone. One should bear in mind that the
algorithm was developed for continuous noise but is here being applied to impulse gun blast noise. The
Fresnel theory of diffraction on which the algorithm is based does not include consideration of source
directivity. Source directivity could modify the field strength distribution along the barrier edge in ways
that would degrade the accuracy of the algorithm. It is also not clear whether the algorithm is strictly
applicable to the shed when the gun is inside the shed.

The insertion loss was evaluated at octave band center frequencies from 63 to 8000 Hz. These
spectral insertion loss values were applied to the source relative spectrum and the resulting spectral levels
were summed on an energy basis to obtain the overall insertion loss for the entire spectrum. The
“design” source spectrum used for the calculations in the current study is a relative band sound exposure
level spectrum that was experimentally obtained for a M-16 rifle at a particular distance and azimuth.
Because of a lack of detailed information, it was used for all of the calculations, which ignores the fact
that the actual spectrum might vary with distance from the muzzle or with azimuth relative to the line of
fire.
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The FHWA algorithm does not account for source directivity, that is, variation of field strength
or spectral power density distribution with azimuth at a given distance. This is a potentially important
issue for a gun because the field strength is known to vary strongly with azimuth angle, and could
conceivably have an important effect on insertion loss for some barrier-source orientations. Recalling
Beranek’s phenomenological description quoted above, it seems clear that directivity could have a
significant effect on the strength as viewed by the observer of the virtual line source along the edge of
the barrier, depending on where in the source’s pressure field the barrier edge is located. A first
approximation or estimate, by no means exact, of the effect of directivity on the strength of the virtual
line source was made by adjusting the calculated insertion loss according to the difference in source
strength for the line of sight to the observer and the line of sight along the path of minimum distance
around the barrier to the observer. Gun directivity, expressed as level in decibel units, is modeled
according to

D =7 (1 + cosa) [Eq Al]
where a is the angle from line of fire to the direction of interest and D is the amount of directivity
expressed in decibels. By this model directivity is referenced to the SEL at 180 degrees, as shown in
Figure 2 of the main text, and amounts to 14 dB directly ahead of the gun and lesser amounts in other
directions. It should be noted that this correction for directivity is an overall (rather that spectral) level
correction. It was adopted because detailed spectral directivity information for the gun is not currently
available. It would be desirable to have directivity information at several frequencies throughout the
spectrum when assessing the amount of energy that is diffracted around a barrier edge.

Nomenclature

e; = band sound exposure.

e, = (arbitrary) reference sound exposure.

L, =10 log 5 - band level.

subscript i — frequency band.

subscript j — direction to a barrier edge.

subscript o — direction of direct unshielded line-of-sight path from source to observer.
D, = 10 log d; = source directivity for j direction.

W, = 10 log w, = band attenuation of frequency weighting.

A;; = 10 log a,; = attenuation due to diffraction around barrier edge for band i and direction j.

Algorithm
The insertion loss of a barrier is defined to be

IL =L, - L, = insertion loss
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where L, is the sound exposure level for the diffracted path and L, is the sound exposure level for the
direct path from source to receiver. The direct path sound exposure level is given by:

L, =D, + 10log ¥ 10™ ™0
i [&1 A2]

=D, + Ly°
where L,"° denotes the isotropic source contribution, and D, denotes the contribution due to source

directivity, for the direct path. The sound exposure level for the diffracted path, assuming noncoherence,
is given by:

L, = 10 log fj_: q, 2{: ew,a, /e,
{Eq A3]
=101og ¥ 107/ 7 1ottt Mt A0
Py
Define the diffracted path sound exposure level for an isotropic source to be, for direction j,
+ + 10
L™ =10 log 2;: 1ot * M+ AW [Eq Ad]
The sound exposure level for the diffracted path can then be written as
ND
L, = 10 log 2,: 10 * 10 [Eq AS]
and the insertion loss can be written as
IL--10log ¥ 107 4" - D L0 [Eq A6]
J

For the path direction used to characterize diffraction around one particular edge, the insertion loss is
given by:
ND | ND
IL, =L," -L; + D,-D; (Eq A7]

and the total insertion loss from all edges of a finite structure is calculated from:
IL = -10 log 3" 10™/" [Eq A8]
J

Also note that for an isotropic source D, = D, = O.

Insertion loss calculations were made for a variety of gun locations relative to the shed, both
inside and in front of the shed. For each gun location, three separate insertion loss calculations were
made, one for each of the three edges around the shed opening, i.e. for the front edge of the roof and each
sidewall. The calculations were carried out for each edge extended to infinity, as an estimate of the broad
band insertion loss due to that edge. These calculations were carried out for the line of sight azimuth
angle to each microphone location; these involved calculation of spectral insertion loss values which were
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then used along with the design source spectrum to obtain a broad band insertion loss value for each
azimuth.

An example of the detailed spectral calculations, for the -1 m gun location, is shown in Table
Al, which spans several pages. The calculated isotropic source insertion loss, the directivity adjustment
and the resultant net (adjusted for directivity) insertion loss are also presented in this table; the insertion
loss values are presented as both unweighted and A-weighted values. Each of these quantities is
presented, for several different azimuths, for each edge of the structure as well as the overall value for the
finite structure. The path length difference used to evaluate Fresnel number in each of these calculations
was the shortest path length around the particular barrier edge. Examples of the broad band insertion loss
values that resulted from the spectral calculations are presented in Table A2 for a variety of combinations
of gun location, direction of fire and frequency weightings. Tables A3 and A4 present insertion loss
values at 180-degree azimuth for a wide range of source locations.
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Table A3

Insertion Loss at 180° vs Source Location, for Structure
of Infinite Length, Structure Height 7 m, Source Height 0.5m

SOURCE INSERTION LOSS AT 180°, 242 meters.

LOCATION
S FLAT FLAT AWTD AWTD DIR
DIR ISO DIR ISO EFFECT
(m) (dB) (dB) (dB) (dB) (dB)
-30 23.4 37.2 25.7 39.5 -13.8
-25 27 36.5 25.0 38.7 -13.8
-20 21.9 35.6 24.2 37.8 -13.7
-15 21.0 34.4 23.2 36.6 -134
-10 20.0 32.8 2.2 35.1 -12.9
-9 19.8 325 2.0 34.7 -12.7
-8 19.6 32.1 21.9 34.3 -124
-7 19.5 31.6 21.8 33.9 -121
-6 19.4 31.2 21.7 33.4 -11.7
-5 19.4 30.6 21.6 32.9 -11.3
-4 19.4 30.1 21.7 32.4 -10.7
-3 19.6 29.5 21.8 31.8 -99
-2 19.8 28.9 22.1 31.2 -9.1
-1 20.2 28.3 2.5 30.5 -8.1
o 20.6 276 229 29.9 -7.0
1 21.0 26.9 23.3 29.2 -5.9
2 21.4 26.3 23.6 28.6 -49
3 21.6 25.7 23.9 28.0 -4.1
4 21.8 25.1 24.0 27.4 -3.3
5 219 24.6 24.1 26.8 =27
6 21.8 24.1 24.1 26.4 -23
7 21.8 23.6 24.0 25.9 -1.9
8 21.7 238.2 23.9 25.5 -1.6
9 21.5 28 23.8 25.1 -1.3
10 21.3 2.5 23.6 24.7 -1.1
15 204 21.0 27 23.3 -0.6
20 19.6 20.0 21.8 2.2 -0.3
25 18.9 19.2 21.1 21.4 -0.2
30 18.4 18.5 20.5 20.7 -0.2
35 17.9 18.0 20.0 20.1 -0.1
40 17.5 17.5 19.6 19.7 -0.1
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Table A4

Insertion Loss at 180° vs. Source Location, for Structure
Length of 20 m, Structure Height 0.5 m

SOURCE INSERTION LOSS AT 180°, 242 meters.

LOCATION
S FLAT FLAT AWTD AWTD DIR
DIR ISO DIR ISO EFFECT
(m) (dB) (dB) (dB) (dB) (dB)
-30 18.8 32.5 211 34.8 -13.7
-25 18.2 31.8 20.4 34.0 -13.6
-20 17.5 30.9 19.7 33.1 -13.4
-15 16.7 29.8 19.0 32.0 -13.0
-10 16.1 28.4 18.3 30.6 -123
-9 16.0 28.0 18.2 30.3 -12.1
-8 15.9 27.7 18.1 29.9 -11.8
-7 15.8 27.3 18.1 29.5 -11.5
-6 15.8 26.9 18.1 29.1 -11.1
-5 15.9 265 18.1 28.7 -10.6
-4 16.0 26.0 18.2 28.3 -10.0
-3 16.1 25.5 18.4 27.8 -9.4
-2 16.4 25.0 18.6 27.3 -8.7
-1 16.7 24.5 18.9 26.8 -79
0 17.0 24.0 19.3 26.3 -7.0
1 17.3 23.5 19.6 25.7 -6.1
2 17.6 23.0 19.9 25.2 -5.3
3 17.9 2.4 20.1 24.7 -4.6
4 18.1 2.0 20.3 24.2 -3.9
5 18.2 215 20.4 23.8 -3.3
6 18.2 21.1 20.5 23.3 -29
7 18.2 20.7 20.5 29 -25
8 18.2 20.3 20.4 26 -2.1
9 18.1 19.9 20.4 22 -1.8
10 18.0 19.6 20.3 219 -1.6
15 17.4 18.3 19.6 20.5 -0.9
20 16.7 17.2 189 19.5 -0.5
25 16.1 16.4 18.3 18.7 -0.4
30 15.5 15.8 17.7 18.0 -0.3
35 15.1 15.3 17.3 17.5 -0.2
40 14.7 14.8 16.9 17.0 -0.1
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An Evaluation of Insertion Loss
by a Rigorous Diffraction Algorithm
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University of Illinois at Urbana-Champaign and Environmental Acoustics Team, U.S. Army Construction
Engineering Research Lab, P.O. Box 9005, Champaign IL 61866-9005

INTRODUCTION

Community annoyance due to rifle fire on military bases has long been a subject of concern. It has
been suggested that a shelter erected near the gun could effectively reduce blast noise in specific regions
behind the shelter. A series solution for the field intensities exists for a spherical sheiter with a
semicircular aperture, which is assumed to be a reasonable model for a more practical, rectilinear structure
of the same general dimensions. This solution then allows comparison of shelter effectiveness for various
shelter configurations, while considering source spectral power distribution and directivity. This paper
shows the results of computations for two structures, using a model sound source typical of rifle fire noise.

THEORY

To evaluate the effectiveness of such a structure, several simplyfying assumptions are made. The
model investigated is hemispherical shell with a portion of its surface vibrating, which is representative
of the sound source, and a rigid section representative of the shelter itself (see Figure B1.) Although a
spherical shelter may be impractical for actual construction, investigation of such a structure should yield
results similar to those achieved from a rectilinear structure, as sound diffraction around an object depends
more on the general dimensions of the structure than the actual details of construction. Further, the
ground is assumed to be perfectly reflecting, so that by symmetry this case can be treated as if it were in
unbounded space.

This spherical diffraction problem was solved for special cases more than 100 years ago and has
been described by many authors; this paper presents an extension of that solution. The sound source is
described as an axially symmetric function of radial particle velocities at the surface of the shell; these
velocities are zero everywhere except for a constant velocity u, from zero degrees to the azimuthal angle
of the aperture 0, (the dashed lines in Figure B1):

ELEVATION

Figure B1. Plan and Elevation Diagrams of a Spherical Acoustic Shelter.
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The surface velocity function is expanded into a series of Legendre functions:
U@©)=Y" U,P,(cos0) (Eq B2]
m=0
where the coefficients U, are found from the integral

Up=(m+112) [ U(8) P,(cos0) sin8 dB . [Eq B3]

For the velocity function given by [Eq 2], this integral has the value

The radiated pressure wave is described by the axially symmetric spherical wavefunction. This
wavefunction may be separated into radial and azimuthal components, which are Hankel functions and
Legendre functions, respectively, and expanded as a series of these functions:

P ): A, P, (cos0) h (kr)e ' [Eq BS]
m=0

The expansion coefficients A,, are found from the U, by utilizing the boundary condition of particle
velocity at the surface of the sphere, found from the gradient of the pressure:

-y 4a ~tot [Eq B6)
0w _Z wPan(c080) — h (K1), €
where

d

dr L
Equating the surface velocity [Eq 2] and particle velocity [Eq 6] series term by term yields an expression
for the expansion coefficients A,, in [Eq 5):

h( )--—[mh (kr)-(m+1)h,,, (k)] [Eq B7]

. 2m+1)

A =ipcU ( B8

w Pk, (ka) - (me) . (ka) [Eq B3]
To obtain results for a specific gun, field intensities for each one-third octave band center frequency

component in the spectrum are calculated and superimposed, weighted according to the spectrum. The

spectrum used in the examples in this paper is shown in Figure B2, and is assumed to be representative

of rifle fire.

To simulate source directivity, the velocity function U(8) was modified to correspond to a typical
rifle directivity pattern (shown in Figure B3, expressed in terms of normalized particle velocity.) The
directivity pattern was approximated by 10 constant velocity sections to facilitate the computation of the

U, in [Eq 3].
As the source frequency increases, the pressure wave [Eq 5] must be calculated to higher orders to

maintain a desired level of accuracy. The order of calculation was determined by observing the
approximate order past which the results were stable. Summations involving from 25 to 1000 terms were
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Figure B2. Assumed small arms spectrum.
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Figure B3. Assumed rifle directivity pattern and step approximations.

needed, which necessitated the careful computation of the intrinsic functions involved in the calculations.
The computations were performed on a 80386-based microcomputer with a math coprocessor operating
at 16 MHz; up to 6 hours were required for the broad spectrum, high frequency cases.

The results are plotted in two ways: as directivity patterns obtained by plotting the field intensities
in dB, normalized to the maximum intensity in each case; and as insertion loss for each structure. The
insertion loss may be found by utilizing field intensities calculated for a structure with a 180 degree
aperture, representative of an open source. With the assumptions that the inside of the structure
investigated is perfectly absorbing and that the source is unaffected by the addition of the shelter, insertion
loss is calculated as the ratio of the field intensities for the open source and the source/structure
combination. In the plots, O degrees is directly downrange and 180 degrees is in the rearward direction.

RESULTS

Two types of structures were investigated. The first was a quarter sphere (aperture angle of 90
degrees) with a radius of 7 m, referred to in the figures as the Enclosure. This is roughly representative
of an open shed 7 m high and 14 m wide, which are the dimensions of an existing structure for which
field data is available. For comparison, the second was a structure with an aperture angle of 125.5 degrees
and a radius of 8.6 m, which roughly models a wall 7 m high and 14 m wide, and is referred to as the
Wall.

Figures B4 and B5 show the composite results for an isotropic and a directional source, respectively,
using third octave frequencies between 63 Hz and 8 kHz weighted according to Figure B2. Results from
both the structures are shown together for direct comparison. The results are plotted as a directivity
pattern of intensity radiating from the shed; the values are normalized to the maximum sound intensity
for each case and presented on a dB scale.
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Figure BS. Structural directivity patterns for the composite directional source.

For the isotropic source inside the enclosure, the greatest sound reduction from maximum is about
23 dB around 145 degrees, and for the wall, intensities are down by a maximum of 17 dB at about 160
degrees. For the directional source, the enclosure performs better than the wall by only about 1 dB, with
a greatest reduction of 28 dB at 150 degrees. The directive source/wall combination has a maximum
reduction of 27 dB at 160 degrees.

Plots of structural insertion loss calculated in the manner described above are shown in Figures B6
and B7 for an isotropic source and a directional source, respectively. As was indicated in the structure
directivity plots, the enclosure significantly outperforms the wall in terms of insertion loss for the isotropic
source. The enclosure offers a maximum of 21 dB protection around 145 degrees, while the maximum
reduction for the wall is 17 dB at about 160 degrees. For the directional source, however, the best
performance of the two structures differs by only about 1 dB. The enclosure shows a maximum insertion
loss of 15 dB at 145 degrees, and the wall’s best performance is 14 dB around 160 degrees. It is perhaps
not intuitively obvious that source directivity should greatly alter the relative performance of the two
structures. However, similar results have been found from field measurements,’ which suggests that
source directivity must be considered to effectively model noise mitigation potential.

Although maximum protection for a directional source is approximately the same for both structures,
it should be noted that the enclosure shields a broader range of angles than the wall. For the enclosure,
insertion loss is above 10 dB from 100 degrees to 170 degrees. For the wall, such protection exists only
from 100 degrees to 135 degrees.
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Figure B6. Structural insertion loss for the isotropic source.
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Figure B7. Structural insertion loss for the directional source.

CONCLUSIONS
This mathematical solution is a powerful tool for analysis of the relative noise reduction potential
of various acoustical shelter configurations. Since it allows the consideration of the source power
distribution spectrum and the source directivity, a specific situation can be effectively modeled, which
should prove useful in designing and positioning acoustic shelters.
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APPENDIX C: Effect of Atmospheric Absorption on the Source Spectrum

Absorption of sound energy by the atmosphere affects spectrum shape because the atmosphere more
strongly attenuates higher frequencies. The degree to which a spectrum is modified can be estimated by
means of a standardized algorithm'. The amount of attenuation depends on frequency, distance from the
source, and ambient barometric pressure, air temperature and relative humidity. Table C1 shows the
amount of attenuation for each octave band for conditions similar to those of the experiments described
in this report. The effect on these attenuation values on the source spectrum is shown in Figure Cl1.
Experimental source to microphone distances ranged from 80 to 284 meters. It is seen that the effect of
atmospheric absorption is small for all octave bands below the 8000 Hz band.

' American National Standard: Method for the Calculation of the Absorption of Sound by the Atmosphere, ANSI $1.26-
1978 (American National Standards Institute, 1978).
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Figure C1. Effect of Atmospheric Absorption on Source Spectrum at Several Distances.

Table C1

Attenuation Due to Atmospheric Absorption for Several Propogation
Distances, T= 20 °C, 70% Relative Humidity, Standard Sea Level Pressure.

OCTAVE ATTENUATION (dB) AT
BAND

(H2) 100M  200M 400 M
63 0.0 0.0 0.0
125 0.0 0.0 0.0
250 0.0 0.0 0.0
500 0.0 0.0 0.0
1K 0.0 0.0 0.0
2K 0.0 0.0 0.0
4K 0.0 0.0 0.3
8K 0.3 1.9 7.0
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