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In this study, the acoustical benefits of improved, blast noise reducing retrofit windows are
determined using the methods of paired-comparison testing with panels of subjects. The results
show that the retrofit windows reduce the received indoor C-weighted SEL by about 7 dB. The
retrofit windows result in about a 14-dB improvement in terms of community response.
Further, a regression line is fit to the indoor measured blast CSEL and their correspondingly
equivalent control noise ASEL. The slope of this line is 2.5, indicating that a 1-dB change in
CSEL corresponds to about 2.5-dB change in control ASEL. This corresponds to the result one
would get if one used loudness to describe both indoor signals instead of describing the control
(indoors) using ASEL and the blast (outdoors) using a variety of descriptors such as peak,

CSEL or FSEL, etc.

PACS numbers: 43.50.Qp, 43.50.Pn, 43.50.Jh, 43.55.Ti

INTRODUCTION

The two major noise sources that cause environmental
problems for the U.S. Army are helicopters and large wea-
pons such as artillery, tanks, and demolition.' These large
weapons produce blast sounds which are particularly trou-
blesome to deal with. The Army has instituted the Installa-
tion Compatible Use Zone Program (ICUZ) as their means
to work closely and cooperatively with communities near to
Army installations. The ICUZ program is patterned after
the Federal Aviation Administration (FAA) Part 150 pro-
gram (commercial airports)? and the Department of De-
fense (DoD) Air Installation Compatible Use Zone Pro-
gram (AICUZ) for military airfields.? In these programs,
one method used to mitigate noise probiems is the retrofit of
existing houses and design of new dwelling units so as to
better shield occupants from the noise. For fixed-wing air-
craft, this takes the form of increased noise reduction capa-
bility from outdoors to indoors. For common community
sources such as fixed-wing aircraft, it is the middle frequen-

cies that are primarily reduced so as to reduce the audibility

of the noise.
Noise reduction stru
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wing aircraft do not work for blast noise because the sound
spectra are different and because blast noises create rattles.
Noise-excited rattles have been shown to be a major problem
when dealing with the blast noise generated by large weapon
fire.“° Also, these blast noises contain primarily low fre-
quencies, having little energy above about 200 Hz.” So, to
shield residents from blast noise, it is necessary to design and
retrofit dwelling units so as to rattle less when excited by
large blast sounds and to better insulate from the very low
frequencies characteristic of these sounds. Researchers at
the U.S. z-umy Consiruction and Engineering Research
Laboratories®™® and other researchers for the German Min-
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istry of Finance'® have been studying methods to better

shleld residents from the effects of blast sounds.!' Also, the
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U.S. Army Construction Engineeering Research Laborato-
ry has systematically studied the role rattles play in human
and community response to noise.'>'* These studies used
the method of paired comparison to systematically test sub-
Jective response to the presence or absence of rattles in other-
wise similar blast sound environments.

The German studies included a large pilot retrofit pro-
gram in which about 100 homes received improved blast
noise attenuating windows. These studies included pre- and
post-window installation surveys. The survey results indi-
cated that the retrofit windows produced a large benefit in
terms of reducing annoyance and dissatisfaction with biast
noise for large guns. However, only the population receiving
retrofit windows, at no cost to them, participated in both
surveys. Thus there could be a bias in these results. So, the
more controlled method of paired comparison tests®!'%!3
was used to test the benefits provided by the retrofit win-
dows. These tests were performed on site in Grafenwohr,
Federal Republic of Germany and used local residents, most
of whom had not received new windows.

The purpose of the tests reported here was to systemati-
cally measure subjective response to blast noise with retrofit
windows as compared to the original windows. As an addi-
tional purpose, using the same controlled, paired compari-
son tests in two countries will, in future studies, facilitate the
cross-cultural comparison of human response to blast noise.

. GENERAL APPROACH AND TEST CONDUCT
A. Approach

This study was performed using paired comparison tests
in a similar fashion to earlier studies.**'>!? Here, juries of
test participants were placed in two similar, occupied houses
on the same street with one intervening house. For the first
part of the study, house 1 had old windows and house 2 had
retrofit windows. For the second part of the study, house 1
received new, retrofit windows, and the windows in house 2
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remained the same retrofit windows used in the first part of
the study. Juries of subjects drawn from the local area occu-
pied the living room of each house. Most of these subjects
had not received new windows. C-4 plastic explosives set off
about 1.2 km from the houses provided the blast sound stim-
uli; loudspeakers in each test house produced the white
noise, control stimuli. As in earlier studies, subjects were
merely asked to choose which of each pair of noises was more
annoying or bothersome and to rate their difficulty in select-
ing one of the sounds from the pair. The Appendix illustrates
the English version of the machine read test form. This form
was translated and printed in German for this study.

The general approach is explained in more detail in
Schomer.**'>" Figure 1 shows the form of typical data ex-
pected from the experiment for a single blast noise level. As
in Refs. 13 and 14, we plotted one curve for each blast level
and each part of the study. There were two nominal blast
charge sizes: 2 and 0.5 kg. Thus there were two outside-the-
house peak, flat-weighted blast sound-pressure levels that
were nominally 112 and 120 dB; the “low,” and “high” lev-
els, respectively. Each blast level was plotted separately in a
figure containing “‘the percent of respondents finding the
blast noise more annoying” versus the ASEL of the control
noise. Thus each figure yields a pair of levels (outdoor peak
flat-weighted blast level and indoor control ASEL) at the
point at which 50% of the subjects perceived the blast noise
to be more annoying than the control white noise, and 50%
perceived the blast noise to be less annoying. These are taken
to be the equivalency points, that is, points at which the blast
noise is equivalent to the control noise in terms of response.
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FIG. I. The expected form of the data. For a fixed blast level (e.g., peak,
flat-weighted, outdoor sound pressure level of 122 dB), the plot shows the
percent of respondents indicating the blast as the more annoying of the test
sound pairs as a function of the comparison white noise ASEL. In this ex-
ample, the curve indicates the equivalency between the 122-dB peak, flat-
weighted outdoor blast and the indoor white-noise ASEL of 62 dB.
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The data yield eight such pairs of points; two houses, by two
parts, by two blast levels.

As a generality, the data in Fig. 1 should assume a sig-
moid shape. At low enough white-noise control levels, 100%
should find the blast noise more annoying; and at high
enough control levels, 100% should find the control noise
moreannoying. But we are trying to fit a straight line to these
curves. As a practical matter, nearly all the data lie between
15% and 85%, which is the linear region of the sigmoid
curve. Also, to the extent that the data are symmetrical, then
the 50% point is properly located even if the linear regres-
sion could be performed in a more exact manner. To test the
concept of transformation to a linear curve, the percent data
were converted to z scores (the equivalent mathematical
process to plotting the data on normal probability paper)
and regression lines were fit to these z scores. With these
transforms, the equivalency point is shifted toz = 0.

B. The test site layout

Figure 2 shows the test site layout. The house between
the two houses was used as the assembly point for the sub-
jects. Here, they received instruction and test forms. The
written instructions were translated by native German re-
searchers and the oral instructions were given by native Ger-
mans. The subjects were located in the living room of each
test house. These living rooms included a large window and
glass door that looked out on the backyard and faced the
blast site at an angle of about 45 deg. Figure 3 shows the old
door and window at house 1. The only difference between
the first part and the second part of the study was the retrofit
of improved windows to house 1.

There were six primary positions within the living room,
and so, typically, five subjects participated in a test session.
The loudspeakers for producing the control white noise were
located as shown in the Fig. 4. Substantially (typically + 1
dB), the same control noise level was produced at each of the
subject positions.

C. Subject selection

Subjects were recruited from the entire Grafenwéhr
area. The residents of the house between the two test houses
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FIG. 2. The test site layout including houses 1 and 2 and the intervening
house where subjects were assembled and given instructions. The blast
came from the direction indicated by the arrow. The subjects were in the
living rooms of the houses. These living rooms fronted the backyards and
faced the incoming blast (arrow). This figure also indicates the position of
the instrument van where the control stimuli were generated and where all
the measurement instrumentation was located.
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FIG. 3. (a) The original window and glass door at house 1; (b) the retrofit
window and glass door at house 2.

were paid to recruit subjects. They did this by word-of-
mouth and through local and newspaper notices. Every ef-
fort was made to develop a diverse subject body that would
include both young and old, male and female, etc. Table I
lists the breakdown of subjects by age and sex.

D. The control stimulus

The control stimulus was a 200- to 1500-Hz band of
white noise. The instrumentation and signals are exactly
those described in Refs. 13 and 14. The amplitude versus
time envelope of the control stimulus was chosen so that it
would be temporally similar to a blast noise, and the overall
level of each control stimulus in a pair of signals was adjusted
under computer control by means of a programmable step
attenuator. Each high level blast had six corresponding
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FIG. 4. A plan diagram of a typical living room (the twa test houses were
more or less mirror images of one another. The locations of the subjects,
microphones, accelerometer, and control noise loudspeakers are indicated.

white noise levels, which differed from one another by about
4 dB; each low level blast had five corresponding white noise
levels, which differed by about 5 dB. These control levels
were selected separately for each house configuration and
blast level. They were chosen in an attempt to have the re-
sults such that the corresponding 50-50 equivalency point
(Fig. 1) would occur in the middle of that control noise
range.

The computer-controlled noise generation equipment
and the measurement equipment were operated from the in-
strument van noted in Fig. 2. All of the equipment and the
van were shipped to Germany, and the operators were the

TABLE I. Demographics of subjects participating in study.

Age group
Test <20 21-30 3140  41-50 51-60 >61

1985 6 22 18 6 x! 0
1986 17 31 13 4 4 3
1987 12 35 29 14 4 2
1988 19 37 8 2 1 1
(without

rattle)
1988 25 20 7 2 0 1

{with

rattle)

Sex Oceupation
Test M T Student Other

1985 27 28 16 39
1986 32 40 35 7
1987 53 43 28 68
1988 42 26 50 16

{without

rattle)
1988 28 27 37 18

(with

rattle)
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same technicians and engineers that operated the equipment
at the earlier studies in the United States.

E. Data measured

The primary blast source measurement was made with a
B&K type 4921 outdoor microphone system located outside
and about S cm from the center of the large window. There
were always two microphones indoors as shown in Fig. 4.
These were placed between subjects at ear height and on
either side of the room. These served to show that the blast
source and the control stimulus were presented at the cor-
rect, test-design levels.

There were also measurements of window acceleration.
All of the acceleration levels were so low as to be not-at-all or
only barely perceptible.

F. Study procedure

There were new test subjects each day. Prior to testing,
they were assembled at the house in-between the two test
houses where they received general instructions about the
study and specific written instruction sheets. A German re-
searcher remained with the subjects throughout the test. The
test period began with several practice comparisons. Sub-
jects had to decide which was more bothersome or annoying,
the first or second noise in a pair. They also indicated on a 5-
point scale how difficult it was to decide which was more
annoying; but, in every case, subjects were required to decide
which of the two sounds was more annoying. After the prac-
tice comparisons the regular test commenced. On days when
test time permitted, each subject completed one full set of
responses in each house.

Each pair of sounds consisted of four distinct segments:
(1) listening to the first sound; (2) a short period of quiet;
(3) listening to the second sound; and (4) a period of quiet
for choosing the more annoying or bothersome sound and
marking the answer sheet. Each signal pair sequence took
about 10's to complete.

G. Experimental design

The study was randomized by (1) blast level, (2) con-
trol level, (3) order of presentation (blast or control first),
and (4) sequence of presentation. There were two blast lev-
els: “high’ and “low.” There were six different control levels
used with the *“high” blast signals, and five control levels
used with the “low” level blasts. Thus there was a total of 11
signal pairs. Each signal pair consisted of a blast signal and a
computer-generated control signal. During a test session,
each subject judged each signal pair four times; twice with
the blast being the first signal in the pair and twice with the
control being first. Thus each subject responded 44 times
during a given test session. The data were gathered in groups
of 11 signal pairs. Each group of 11 contained all of the possi-
ble signal pairs but in an apparently random order. Each of
the four groups of 11 differed from one another, but the
latter two groups (22 signal pairs) were identical to the first
two groups except for the order of presentation. For exam-

ple, if, for signal pair 1, the blast was presented fizsr and was

1 34

“high level”” and the control was 70 dB, then signal pair 23 (1
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TABLE I1. Control ASEL found equivalent in terms of annoyance to the
blast stimulus for each location, blast size, and test period. The approximate
error limits in decibels (in parentheses) come from the 95% confidence

[ FPEORE MR L4
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Control ASEL (dB)

‘Blast size House Before After
Low 1 62.8 (2.5) 49.2 (2.8)
Low 2 36.6 (7.5) 43,5 (2.0)
High 1 76.1 (1.5) 64.0 (4.8)
High 2 50.8 (9.5) 52.8 (1.9)

plus 22) also consisted of a “‘high level’” blast and a control of
70 dB, but the blast was presented second.

Il. DATA REDUCTION AND RESULTS
A. The basic response data

The various sets of data accumulated during this study
included the subjects’ responses, measured CSEL near the
subjects, and the flat-peak SPL, C-peak SPL, FSEL, and
CSEL just outside the test house. A separate plot was made
were eight plots, two for each part of the study and for the
two houses. Table II lists the equivalency points in terms of
the ASEL of the control signal found equivalent to the blast
stimulus. These all come from figures similar to Fig. 5. In
these figures, percents (finding the blast sound more annoy-
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FIG. 5. Typical data curve. The percent finding the blast more annoying
versus the ASEL of the control stimulus. This curve is for house 1 before
retrofit of the new windows and using the high blast level. A regression line
1s fit to the data and the 95% confidence limits are shown. Eight of these
figures were produced, one for each study condition.
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TABLE III. Measured outdoor and indoor acoustical levels and the equivalent indoor contral level for each location, blast size, and test period.

Qutside Inside
Blast Time Flat Flat CSEL Blast Control
size House period Peak SEL CSEL delta CSEL ASEL
Low 1 before 110 97 89.4 13.5 759 62.8
after 114 99 92.7 21.3 714 49.2
Low 2 before 115 102 914 21.8 69.6 36.6
after 117 101 93.7 259 67.8 43.5
High 1 before 118 104 96.9 14.5 82.4 76.1
after 121 106 99.3 21.1 78.2 64.0
High 2 before 122 107 99.0 23.8 75.2 50.8
after 124 108 100.4 26.2 742 52.8

ing) have been plotted versus the ASEL of the control. Lin-
ear regression is used to fit a line to the data. The error limits
in Table II come from the calculated limits as shown in Fig.
5. The dashed lines show the 95 percent confidence intervals
and are used to find the error bounds given in Table II. As
discussed below, the large error bounds for the low blast
levels in house 2 result from the sounds being very quiet and
difficult for the subjects to judge.

In gathering the data, care was taken to see that the
control signal level range was such that the 50% point was
included in the middle of the range and that little data was at
0% or 100%. As indicated in the introduction, the percent
data were transformed to z scores and regression analysis
was also used to fit lines to these transformed data. In this
study, the transformation of the percent data to z scores did
not improve the analysis. On average, the correlation coeffi-
cients for the linear regressions did not improve with the
transformation of the percents to z scores. Five of the eight
correlation coefficients increased hv amaximum of 0.02 and

CULICIAWIVEL LUCIILITIANS AL ICAasY 3+ 9.9 34 4

the other three decreased. So for the sake of brevity, the z-
score analysis has been omitted.

B. Comparison with measured sound levels

Table III shows the measured indoor and outdoor
CSEL in each house during the two halves of the study.
These data are energy averages of the individual events. This
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contral ASEL for each location, blast size, and test period are plotted. A
regression line is fit to the data. The equation for this line is: ASEL = 2.5-
CSEL — 132, s0a 1-dB change in CSEL corresponds to a 2.5-dB change in
the correspondingly equivalent control level.
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table also lists the outdoor peak-flat SPL and flat SEL. There
was a systematic difference in the outdoor levels of a couple
of decibels between house 1 and house 2. Overall, the new
windows provided about a 7-dB improvement in C-weighted
sound insulation, but they do not appear to be quite as good
as the retrofit windows in house 2. However, the 7-dB figure
is in substantial agreement with what was measured as an
overall average for the 100 houses retrofit during the pilot
project.'’

Table I11 also lists the corresponding ASEL control lev-
els found equivalent to the various blast levels. First, one
notes that the shift at house 2 corresponds directly to the
small change in blast levels—sound propagation conditions
changed a little. So, overall, the conditions during the two
halves of the study are very similar. Second, it is clear from
the data from the first part that the wmdows m house 2

mally, comparing the first and second halves for
honse 1 shows qnanhf'zh\mlv that the 5-dR indoor {‘hnnop n

LIV UGS 1 Sakf 11< 2

CSEL (the windows improve by 7 dB but the blast levels are
2 dB higher so the net change is 5 dB) corresponds to a 14-
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dB improvement in judged response.
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Hz) these are parallel curves spaced about 10 phon apart. But in the 30- to
40-Hz range and at the (indoor) sound levels characteristic of this experi-
ment, each decibel change in level corresponds to about a 2-phon change in
loudness level.
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C. Discussion

Figure 6 plots the last two columns from Table III: the
indoor blast CSEL and equiva l ent control noise ASEL. One

DHANL AL aAlldd LURILIO: OIS ASDE UT

can note the somewhat mcreased scatter to the data at low
sound levels where it is very difficult for the subjects to make
judgments. A regression line is fit to these data and the re-
sults indicate that each decibel improvement in C-weighted
sound isolation (to large blasts) is worth about 2.5 dB in
reduced annoyance. Since the blast energy peaks at about 30
to 40 Hz, this is similar to the result one would expect to get
from a loudness calculation. Figure 7 shows classical loud-
ness curves.'® In the middle frequencies (250 to 4000 HZ),
these are parallel curves spaced about 10 phon apart, but, in
the 30- to 40-Hz range at the sound-pressure levels (SPL)
characteristic of this experiment the curves are spaced about
5 phon apart. Specifically, for narrow-band sounds around
32 Hz, a 62 dB SPL corresponds to 20 phon and a 72 dB SPL
correspends to 40 phon; a difference of 10 dB in SPL corre-
sponds to a difference of 20 phon in loudness level. So loud-
ness level may be appropriate to describe public reaction to
large-amplitude, low-frequency blast sounds.

Ill. CONCLUSIONS

The major conclusion from this study is that the retrofit
windows are highly effective in providing enhanced sound
isolation for blast noise. The conduct of the experiment
shows that this result is acoustical in nature since the sub-
jectsin this study had not received free retrofit windows. The
data clearly show that the windows provide about a 14-dB

uupluvclncm. in terms of reduced annoyance.
The results appear to indicate that the major underlymg
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correspond to a 14-dB change in annoyance. This result is
also consistent with similar results found with helicopters.'’

The results are highly significant. The decibel offsets are
large and statistically significant, the number of subjects
overall is close to 50, and each subject makes 44 judgments.

APPENDIX
Figure A1 shows an example of the machine-read data
form in English. Only the top half of th i W

the sake of brevity.
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Tests _APG ® 3 maes 1

s e o AF 0000
Location Rm_t0e posmon 2.

N MONTH _June

Varvaost 2 On b, mmsmvee @
Hreim

TEST SUBJECT
RESPONSE SHEET

« USE #2 PENCIL

® MAKE DARK MARKS

6 EXAMPLE: ca2 <81 =e c0: c€1
& ERASE COMPLETEY TO CHANGE

== NOUDRHD SHL OIS it

FIG. A1. The top half of the machine read data form (in English). Head-
ings on these forms are normally machine printed prior to the test. This
example is from a subsequent study performed at Aberdeen Proving
Grounds, MD. All of the heading information except sequence, day and
position were printed prior to study execution (the subject’s name has been
erased from this example).
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