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PREFACE
This report docunments the results of a highway noi se neasurenment
program conducted by the U S. Department of Transportation, Research
and Speci al Prograns Adm nistration, Transportation Systens Center
(U. S. DOT/ RSPA/ TSC) in support of the O fice of Engineering and
Hi ghway Operations Research and Devel opnent, Federal Hi ghway
Adm ni stration (FHWA), and a National Pool ed- Fund Panel representing
14 St ates. Fi el d neasurenents were conducted on 12 hi ghway noi se
barrier configurations at a test site at Dulles International Airport
in Chantilly, Virginia. Field data were obtained, reduced, and
anal yzed by the Transportation Systens Center (TSC).
Wthin the TSC the foll ow ng individuals made maj or contri butions:
Ri chard Daesen was responsible for the data gathering and processing
prograns devel oped for this project. Vincent Sesto and Gary Levenson
assisted in reducing the data and preparing it for presentation.
Measur ement support in the field was provided by ENSCO, |nc., under
contract to Arthur D. Little, Inc. (ADL), Vanderbilt University, and
Hope Associates, Inc. Barrier preparation, including configuration
changes, were nmade by Hope Associates, Inc., under the direction of
Dr. Howard A. Jongedyk and M. Jim Koca of the Federal Hi ghway
Adm ni stration. Dr. Jongedyk sponsored and was an integral part in
ensuring the success of this program Acentech, Inc. under contract
to ADL, assisted the TSC in the data analysis. David Coate was the
princi pal participant from Acentech, Inc. The Federal H ghway

Adm ni stration's Electronics Laboratory, under the
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direction of Ken Moore, assisted in preparing the neasurenent system

for nobile operation.

During the course of this program mnmenbers of the 14 supporting
states have offered their continued gui dance, support, and direction.
Speci al thanks must go to Ken Pol cak of Maryland DOT for his
assistance in the field, and to the state of Virginia who were
responsi bl e for publishing this document and providing a truck for

field nmeasurenments.
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In an effort to mnimze the cost and maxi m ze the effectiveness of highway r
barriers, the Federal Hi ghway Adm nistration (FHWA) and a National Pooled Ft
Panel (made up of 14 States) funded a field study program on an experinente
hi ghway noi se barrier. A test barrier was constructed in 1984 at a site at Dt
International Airport in Chantilly, Virginia. The study, conducted from M
to August 1989 by the U S. Departnment of Transportation, Research and Speci al
Prograns Admi nistration, Transportation Systens Center (U.S.DOI/RSPA/ TSC), fc
on the use of absorptive treatnent and tilting as a neans of inproving the

i nsertion | oss (specifically, single event noving point source insertion | oss
se) of two parallel highway noise barriers. Measurenments were conducted with
controll ed novi ng point sources (trucks) and an artificial fixed-point source
(speaker system.

Results show : (1) the addition of absorptive treatnment to the roadside face
two vertical, parallel, highway noise barriers elimnated nmultiple reflectior
was found to inprove the insertion loss (2 dBto 6 dB); (2) tilting proved tc
effective alternative to absorptive treatnent in elimnating the nmultiple
reflections and subsequent degradation in performance of two vertical reflect
barriers; (3) additional verification needs to be perforned with an artificie
fixed-point source before it can be recommended as a viable alternative to ac
hi ghway traffic in measuring barrier effectiveness; and (4) although the 'BAF
2.1 conputer program cannot nodel the Dulles test situation exactly, and act
ground i npedance data were not available, the trends in the predicted inserti
| oss data were in good agreenent with the predicted results although lower ir
absolute |evel.



1.0 I NTRODUCTI ON

Hi ghway noi se mtigation procedures have been inplenmented in the
United States for nore than 15 years. To date, over 700 mles of

hi ghway noi se barriers have been constructed along United States
roadways and another 700 mles are slated for construction over the
next ten to fifteen years. |In total, nore than 600 mllion dollars
have been spent on hi ghway noi se barrier construction in the United
St at es.

The U.S. Departnent of Transportation, Research and Special Prograns
Adm ni stration, Transportation Systens Center (U. S.DOI/RSPA/ TSC), in
support of the O fice of Engineering and H ghway Operations Research
and Devel opnent, Federal H ghway Adm nistration (FHWA), and a
Nat i onal Pool ed- Fund Panel (representing 14 States: California,
Connecticut, Florida, Georgia, Hawaii, |owa, Maryland, Massachusetts,
M chi gan, New Jersey, New York, Ohio, Pennsylvania, and Virginia),
conducted field nmeasurenents on an experinental barrier constructed
at a test site at Dulles International Airport in Chantilly,
Virginia. Twelve barrier configurations were tested from May 1989 to
August 1989.

The installation, |ocated on a two-|1ane asphalt service road at the
Airport, was conprised of a barrier test site and a physically

equi val ent test site. The barrier site contained two 14-foot high

experinmental barriers constructed parallel to one another on opposite



sides of the Airport service road. The parallel barriers could be
arranged to have absorptive and/or reflective faces, or be tilted

at angles of 7, 15, and 90 degrees with respect to

1
vertical. A 90 degree tilt angle sinulated effective renoval of

the barrier. The equivalent site, directly adjacent to the barrier
site, was a 250-foot wide flat, grassy, open field with the sane

physi cal characteristics as the barrier site.

1.1 OBJECTI VE

The objective of this study was to evaluate, through field
measurenents, the effectiveness of a variety of highway noise barrier
configurations in mtigating highway noise. The results obtained
fromthe 12 barrier configurations tested will be used to provide

i nproved gui dance in the design and construction of hi ghway noi se
barriers. Specifically the collected data will be used to: 1)
determ ne whether a vertical, reflective, parallel barrier
construction (Test 9, Table 2) results in a degradation in overal
performance, and if it does, how to counteract that degradation; 2)
assist in the refinement of existing highway noise barrier prediction
nodel s; and 3) in as nuch as the tests foll owed the recomendati ons
in the ANSI Standard S12.8-1987, "Methods for Determ nation of

I nsertion Loss of OQutdoor Noise Barriers”, the results will also be

used to evaluate that standard [ ANSI 87-1].

1.2 TEST SITE, BARRI ER DESI GN AND CONSTRUCTI ON

The study site was a large open field with a two-|ane service road

runni ng through its center. The terrain was essentially flat and



made up of hard-packed clay covered with lowcut field grass. The
study site was divided into a 500-foot barrier test site and a 250-
foot equivalent test site. The equivalent test site was physically

2
identical to the barrier test site with no obstructi ons. Both sites

were surveyed to obtain exact ground contours (see Table 1 and
Figures 3 - 5). The barrier site contained a 500-foot |ong, 14-foot
hi gh barrier whose base was at a distance of 37 feet from one side of
the service road, and a 250-foot |ong, 14-foot high barrier whose
base was at a distance of 19 feet fromthe opposite side of the
service road. Measurenents were made sinultaneously behind the 500-
foot barrier, and at the equivalent site which was on the sanme side
of the roadway as the 500-foot barrier

To mnimze noise interference fromairport operations, al
measurenents were conducted between 10 PM and 6 AM when Dul | es
Airport was closed to air traffic; however, the aircraft maintenance
area, which was less than 1/2 mle fromthe barrier test site, was
active all night. As a result, anbient conditions were | ess than

i deal and several barrier configurations were tested two and three
times before satisfactory data were obtai ned.

The barrier, made up of independently adjustable bays, was designed
by Pennsylvania State University and constructed by the Long Fence
Conpany in 1984 under contract to the FHWMA. Each bay was ei ght-feet
wi de and consisted of a tiltable netal frame with 3/4-inch plywod
and tongue-in-groove wooden decking. The bays were pivoted on
vertical angle iron colums in such a manner that adjacent bays were
separated by less than |/2 inch. Al gaps were filled with an
acoustically absorptive weather-strip-like material to mnimze sound

| eakage. A hinged bottom pan assenbly seal ed any gaps beneath the



frame which resulted frombarrier tilt (See Figure 1).

Absorptive material (3-inch thick fiberglass batts, nounted in wood

3
frames) was attached to the front of each bay to change the roadside

barrier characteristics fromreflective to absorptive. The
absorptive panels were constructed in four-foot, two-foot, and one-
foot heights (See Figure 2).

The fiberglass material was tested per the ASTM Nati onal Standard
Recommended Practice 384-88 (Standi ng Wave Tube) by Acentech, Inc.,

at the Bolt Beranek and Newman, Inc., |aboratory facilities in
Canbridge, MA. It was found to have a Noi se Reduction Coefficient
(NRC) of .82 with sound absorption coefficients of .53, .90, .91, and
.92 at octave band center frequencies of 250 hz, 500 hz, 1 khz, and 2
khz, respectively. See Appendix J for testing procedures and a
detailed summary of the results, including the conplex inpedance of

t he absorptive materi al .



Figure 1 : Rear View of the 500-foot Barrier
Dul l es Noise Barrier Project - 1989

Figure 2 : Front View of the 500 foot Absorptive Barrier
Dul |l es Noise Barrier Project - 1989

1. 3 SOURCES

Wth the test barrier built on the airport service road, the
opportunity to evaluate the barrier under free flow ng highway
conditions was lost. Testing was limted to measurenents of
controll ed novi ng point sources (2 trucks with vertical exhaust
stacks, and 2 trucks with horizontal exhaust stacks) and an
artificial fixed-point source broadcasting octave-bands of pink

noi se.

A controll ed noving point source is a unique source and should not be
confused with a stationary point source, whose sound |evel falls off
at a rate of 6 dB/ DD (dB per distance doubling) or with an infinite

| i ne source, whose sound level falls off at 3 dB/ DD (neglecting al



effects except for geonetric spreading). A sound |evel pass-by
envel ope of 5 to 7 seconds was processed for each controlled noving
poi nt source pass-by, which corresponds to

5
measurenments froma finite roadway segnment of approximtely 250 to
350 feet. For receivers up to 80-feet fromthe roadway, the
controll ed novi ng point sources on this finite roadway segnent wi ||
behave as a |ine source, and as such a drop-off rate of approximtely
3 dB/ DD can be expected. Beyond 80-feet, where the angl e subtended
by the finite roadway is |less than 74 degrees (half-angle of 37
degrees relative to the perpendi cular drawn from source to receiver),
the controlled noving point source will behave nore as a point source
with a drop-off rate approaching 6 dB/DD. For the Dulles test site,
measurenents were nmade at receiver offsets of 37 (reference), 50, 75
and 125 feet. The controlled noving point sources over this 250 to
350 foot finite roadway segment behave essentially as a |line source
at all the receiver positions (approximtely 3 dB/ DD), except at the
125-f oot offset where the drop-off rate approached point source
conditions (approxinmately 6 dB/ DD).
I n addition, measurenents were nade with an artificial fixed-point
source. The artificial fixed-point source was not an ommi -
directional system As a result, all the contributions in sound
| evel due to reflections (off the ground and direct reflections off
t he opposite parallel barrier) may not have been accounted for. As a
result, the sinulated insertion |oss data presented do not
effectively represent the reflective parallel barrier configurations

t est ed.



6
2. 0 EXPERI MENTAL APPROACH ( METHODS)

2.1 M CROPHONE CONFI GURATI ON

Ei ght m crophones (four behind the 500-foot barrier and four at the
equi val ent site) were deployed on four masts. A reference m crophone
was placed 5 feet directly above the top of the 14-foot high barrier
at position A A second reference m crophone was set-up at the
equi val ent site, also at the height of 19 feet at the same distance
fromthe edge of the roadway, position A" (Figure 3). Six additional
nm crophones were set up on two portable masts (three m crophones
each) at heights of 6, 19, and 30 feet.

For the controlled noving-point source neasurenents, the portable
masts were placed at positions B and B' (50 foot offset), and noved
as a pair to positions Cand C (75 foot offset), and positions D and
D (125 foot offset) (Figure 3).

For the artificial fixed-point source neasurenents, with the source
on the roadway in front of the 500-foot barrier, the two portable
masts were placed at positions B and C. Wth the source on the
roadway in front of the equivalent site, the masts were pl aced at
positions B' and C (See Figure 15).

Up to 500 feet of cable were used to provide power to the m crophone
pre-anplifiers and to feed the acoustic data fromthe m crophones to

t he storage and anal ysis systeminside the nmeasurenent van.



2.2 | NSTRUMENTATI ON

The Federal Hi ghway Adm nistration assenbled a nobile noise

measur enent | aboratory which was used for on-line data collection and
processing. The fully equi pped ei ght channel noise neasurenent and
anal ysis system was set up approxinmately 250 feet fromthe edge of
the service road, at position F (Figure 3). Two portable generators
provi ded power to the system They were set up behind the van and
acoustically shielded with fiberglass baffles to eliminate the

possibility of acoustic contam nation to the test data.

2.2.1 ON-LI NE DATA COLECTI ON AND STORAGE SYSTEM

Ceneral Radi o (GenRad) Model 1962-9610 random i nci dence ni crophones
attached to Cetec Ivie Mddel |E3P pre-anplifiers were used on al
ei ght measurenent systens. Each m crophone system was positioned one
foot away fromthe nmast and placed in its shadow as viewed fromthe
roadway. This positioning insured mninmumerrors due to reflections
fromthe nmast structure [Rickley 78-2] (See Figure 6). Anal og data
fromthe eight m crophone systens were fed through approximately 500
feet of cable to the nobile | aboratory for processing and storage on
an | BM PC- AT computer. Processing was acconplished by eight portable
Cetec lvie Mddel |E-30A 1/3-octave spectrum anal yzers interfaced with
t he on-board conputer. A special interface allowed a timng signal,
t he detected 1/ 3-octave output (25 Hz-20 kHz), and the A-wei ghted
l evel fromthe eight Ivie analyzers to be nmultiplexed through a Data
Transl ati ons 2821- 16SE anal og-to-digital converter card into conputer
menory. The data were input to the conputer at a rate of one
record per 125

12



mlliseconds and was energy averaged into one-second records and
stored on floppy disk in the formof ASCII text files for off-Iline
pr ocessi ng. In addition to the measured acoustic data, each file
contained a two line file identification header along with anal yzer
switch settings. In this form the data were ready for off-Iline
processi ng using the special processing program'HANO SE' to obtain

sel ected noise |level indices [TSC 90-3].

Figure 6 : Mast Orientation in the Barrier Site
Dul | es Noise Barrier Project - 1989
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At the beginning of each measurenent day, a conplete system checkout

was perforned. To mnimze interaction between systens and to
establish the el ectronic noise floor of each system a passive

m crophone sinul ator (dunmy m crophone) was substituted for each

m crophone. In addition, the frequency response of each system was
obt ai ned by recording a 20-second sanple of pink noise froma Cetec
| vie Model |E-20B random noi se generat or.

System calibration at two |levels was perfornmed at the start and end
of each neasurenent day using four two-level GR Mbddel 1987 m ni cal
acoustic calibrators. These calibrators provide a signal of 1000 Hz
at two levels, 114 dB and 94 dB re 20 m cropascal. To mnim ze
systematic errors, each calibrator was nunbered and used on the sane
system t hroughout the measurenents. The |evels of the four

cal i brators were conpared with each other on a single nmeasurenent
system prior to use, to insure their relative |evels remined stable.
Four systens were calibrated sinultaneously, and ten seconds of
calibration data were stored away in conputer nenory. The
calibration data were used as reference levels to adjust the absolute
range of each channel of the neasurement system

A Climtroni cs Model EWS weat her station was depl oyed at a ni dway
poi nt between the two neasurenent sites, 190 feet fromthe edge of

t he roadway (Position E, Figure 3), to nmeasure and continually re-
cord tenperature, humdity, wi nd speed, and wind direction. Wnd
speed and wind direction were neasured at a height of ten feet while
the tenperature and the hum dity were nmeasured at a hei ght of nine
feet above the ground. The operator assigned to the weath-er station
recorded time of day on the strip charts and made note of any

significant changes in weather conditions (see Figure 7).
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Figure 7 : Climtroni cs EWS Weat her Station
Dul | es Noise Barrier Project - 1989

Figure 8 : CM Doppler Radar Station
Dul l es Noise Barrier Project - 1989
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For the controlled noving source neasurenents, a CM doppl er radar

was set up approximately 300 feet to the north of the 500 feet
barrier (Position G Figure 3) to neasure the speed of the four test
vehi cl es as they passed through the measurenent area (Figure 8).
Readings were taken mnually from the digital display and
recorded continuously (approxi mtely one every two seconds) during

t he pass-by of each test vehicle (See Appendix H, Tables H1l-H12).
Figure 9 depicts a block diagram of the data collection and storage

system used for this program
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2.3 EXPERI MENTAL PROCEDURE

Table 2 contains an ordered summary of the 12 barrier configurations
tested with the four individual controlled nmoving sources (trucks).
In addition, nine of the twelve configurations were tested using a

speaker systemas an artificial fixed-point source.

18



2.3.1 CONTROLLED MOVI NG SOURCE DATA COLLECTI ON

Wth system checkout conpleted and the four masts set up in positions
A& A and B & B (Figure 3), traffic at both ends of the service
road was stopped, and the four test vehicles, truck A, truck B, truck
C, and truck D were driven as individual noving point sources through
the test site in a north to south direction. The driver of each
vehicle was instructed to obtain a maxi mum achi evabl e rate of speed
prior to entering the test area and hold it constant (with no gear
change) as the vehicle was driven through the test site. Because of
the limted amount of roadway for acceleration and decel eration,
speeds were limted to between 35 and 40 nph. Each test vehicle's
speed was continually recorded at the radar station as it was driven
t hrough the test area.

For the initial run, each of the four trucks were driven down the
road through the test area individually. Due to rigid time
constraints, all successive runs were made with trucks A & B and
trucks C & D driven down the service road in tandemw th sufficient
spacing to insure no acoustic interference between the individual
novi ng point source noise data from each vehicle. For consistency,
the same four vehicles were used throughout the 12 measurenents, but
due to personnel availability some changes in truck drivers was
necessary. See Figures 10 through 13 for vehicle photos, summary
specifications, and 1/3 octave band spectra. To increase the
statistical accuracy of the measurenents, an effort was made to
obtain data fromthree "good"” runs (runs with no external
interference) at each nmast offset position.

Wth testing at nmast positions B & B conpleted, the two masts in
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positions B & B were then noved to positions C & C, where data from



t hree additional tandemruns were collected. The two masts were then
noved to positions D & D, where three final data runs were nmade with
each test vehicle.

Data were sinultaneously collected fromthe ei ght nmeasurenent
channel s and stored on floppy disk in contiguous one-second data
records. The start and end points of data collection were such as to
insure that the entire pass-by envel ope was captured at all measuring
systens, along with ten seconds of anbient data at the end of each
test vehicle pass-by. Throughout the tests, neteorol ogical data were
continually measured and recorded on a Climtronics Model EWS strip
chart recorder (See Appendix H, Tables Hl-H12).

A communi cation |ink was set-up between the test director and staff
by means of four Motorola Mddel HT-220 wal ki e-tal kies to evaluate the
acceptability of the data collected for each vehicle pass-by. The
data run was deened "good" if: 1) no acoustic interference from

ai rport operations was observed; 2) a constant vehicle speed with no
gear changes was mmi ntai ned; and 3) in the case of tandem runs,

sufficient spacing between vehicles was nmintai ned.
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2.3.2 ARTIFICI AL _FI XED- PO NT SOURCE DATA COLLECTI ON

Wth the four masts deployed in positions A, A, B, and C, the horn



speaker system (Figure 14) was set up on the service road between the
two barriers at each of the four positions (W X, Y, and Z) as shown
in Figure 15. The speaker system was set up at each position on the
roadway at two equival ent source heights (4-feet and 2. 25-feet),
measured fromthe cone of the speaker to the ground [G egg 89-4].

Ei ght octave bands (125 Hz to 8 kHz) of recorded pink noise was

br oadcast (each approximately 12 seconds in duration), with the
speaker axis oriented toward the center of the m crophone array, from

each of four positions and two source heights on the roadway.

Figure 14 : Artificial Fixed-Point Source Horn
Speaker System
Dul | es Noise Barrier Project - 1989
25

Prior to broadcasting the eight octave bands of pink noise, al

traffic on the service road was stopped. Data neasured by the eight



m crophone systems were stored on floppy disk.
The two portable masts were then noved from positions B & C behind
t he 500-foot barrier, to positions B & C in the equivalent site.
Wth the masts at positions A /A" ,B ,and C, the speaker system was
alternately set up at each of the four positions along the service
road in front of the equivalent site (positions W, X, Y, and Z',
Figure 15). The recorded octave bands of pink noise were broadcast
as above at the two source heights, and data were nmeasured and stored
on fl oppy disk.
In an effort to obtain a neasure of the effect of a double barrier
(Test #2, Table 2) the artificial source was set up on the grass
behind the 250-foot barrier at a source height of 4-feet (Figure 15).
Recorded octave bands of pink noise were broadcast and data was
recorded at nast positions A B, and C behind the 500-foot barrier.
The artificial source was then set up in a correspondi ng position on
the grass in the open field opposite the equivalent site. Again pink
noi se was broadcast and neasurenments were made at nast positions A,
B, and C in the equivalent site.
The octave bands of pink noise were recorded and reproduced on a Sony
Model TCD-5M cassette deck. The signal was anplified with an Ithaco
Model 451 Anplifier in tandemwi th an Altec Lansing Mddel 1593B, 75
watt RMS anplifier, and broadcast with a University Sound horn
speaker Model GH and driver Moddel I1D-60. The gain of the system was
set to produce a level of 117 dB at 1 kHz, 4 feet fromthe cone of

t he speaker. The output, four feet fromthe cone of
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t he speaker, was nonitored, using a Bruel & Kjaer 2230 integrating

sound | evel neter, to obtain a neasure of the stability of the



em ssions and the near field frequency response of the speaker. The
out put of the sound |evel nmeter was continuously recorded on an

Esterline Angus Model MS411BB graphic | evel recorder.
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3.0 DATA REDUCTI ON



Processing of the data files stored on floppy disk for the 12 barrier
configurations was acconplished off-line, using the TSC processing
program ' HANOI SE'. 'HWNO SE' is a user-friendly analysis programfor
processi ng acoustic data collected by the Federal H ghway

Adm ni stration's nobile noise nmeasurenent |aboratory. Wth the nmenu
driven program calibration adjustnments are applied to the raw data
files and the data are processed according to the user's

requi renents. The processed one-second averages of the A-weighted
and 1/ 3-octave sound pressure | evel data can be displayed in tabular
and graphical form as required (See Appendix |, Tables 11-172,
Figures 11-148). Appendix A contains a step-by-step processing
exanpl e using data collected fromthe controlled noving source data

runs.

3.1 CONTROLLED MOVI NG SOURCE DATA

The TSC processing program 'HAWO SE' was first used on all the data
files to obtain a graphical presentation of the A-weighted | evel
versus tinme (tinme history) of each controlled noving source pass-by.
The time histories were exam ned and an uncontam nated tine period
(containing no gear changes) was identified for data processing for
the four m crophones at the equivalent and barrier sites. The period
of data to be processed (5 to 7 seconds in duration) was chosen such
that it contained the 10-dB down points of each truck's sound
pressure |l evel envel ope, as neasured at the reference nicrophone
position in each site. The 5 to 7 second
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period corresponds to a finite roadway segnent of 250 to 350 feet.

The single event Sound Exposure Levels (SEL) were then cal cul ated

over the period selected at the four m crophones at the barrier



site and the four m crophones at the equivalent site (See Appendi x |
Tables 11-136). The calculated SEL | evels at each of the eight

m crophone positions were adjusted to account for contani nation by
background anbient |evels, as appropriate (See Section 11.2.1, ANSI
S12. 8-1987).

Note: The SEL | evel neasured for the controlled noving point sources
is related to the L., neasured for a line source over the sanme finite

roadway segnent.

3.1.1 SEL INSERTION LOSS (lLg )

The ambi ent adjusted single event SEL | evels nmeasured behind the
barrier were subtracted fromthose nmeasured at simlar |ocations at
the equivalent site to obtain a neasure of the barrier's

ef fectiveness for each controll ed noving point source (truck) pass-
by, that is, the Barrier Insertion Loss based on the SEL for a noving
poi nt source (lLgy). The ILg was cal cul ated at each of the three

m crophone heights (6, 19, and 30 feet) at each of the three nast

of fset positions (50, 75, and 125 feet). To increase the statistical
accuracy of the data, the ILgg data fromthree "good" runs at each
measur enent position (where avail able) were averaged to obtain the
final averaged |Lg val ue.

The difference between the source levels neasured at the reference

m crophone in each site was used as a source adjustnent, since it was
t hought to have resulted from changes in the controlled source
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as it passed through the test area. The source-corrected |Lg was

obt ai ned by applying this source adjustnment to the |ILg averages
measured at the high, mddle, and | ow m crophone positions for each

of the three mast offset positions (See Section 11.3.1, ANSI S12.8



1987). The measured source adjustnent for each test series is shown
in Appendi x B, Figures Bl1-B3, and as shown is generally consistent
fromtest to test, with a few exceptions. For the test of barrier
configurations 7, 9, and 11, the operator of Truck A was not the
regular driver. On these three occasions, the driver attained a

hi gher gear prior to entering the neasurenment area, and as a result
the vehicle was still accelerating at the beginning of the test area,
whi ch translated into a higher than normal SEL | evel neasured at the
reference m crophone at the equivalent site.

The | arge source adjustnment seen for truck B, Test configuration 8,
was attributed to this driver's unfamliarity with truck B, since,
after the first few runs, the adjustnent was significantly reduced

and in line with the other driver of that truck.

3.1.2 LAW I NSERTI ON LOSS (L amx)

The maxi num A-wei ght ed sound pressure | evel LA, (See Appendix I,

Tabl es 137-172) measured behind the barrier were subtracted from

t hose nmeasured at simlar |ocations at the equivalent site for each
truck pass-by to obtain the LA, - based Barrier Insertion Loss for a
controll ed nmoving point source (lLam)- The IL aa data were

adj usted for effects of anbient, as required, and for deviations in
source level, as in Section 3.1.1 for the ILsg data, to obtain the

final adjusted |L au fOr each barrier configuration tested at
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each of the m crophone hei ghts and nast offsets. See Appendi x B,

Figures B4-B6 for the source adjustnents applied to the LA, data.
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3.2 ARTI FI Cl AL SOURCE DATA

Several adjustnments were perfornmed on the data collected with the
artificial fixed-point source to put it into a formfor sinulating a

truck pass-by.



First, an eight-second period centered within each 12-seconds of

oct ave band data broadcast was identified at the reference m crophone
at each neasurenent site. The one-third octave band levels (125 Hz
to 6.3 kHz) were extracted fromthe octave-band data broadcast, and
t he average one-third octave | evels were cal cul ated over the sane

ei ght second period (eight second L) for each of the seven

m crophone positions at each neasurenment site. This procedure was
carried out on the collected-data files for neasurenents nade at each
of the four artificial source test points along the roadway (0, 50,
100, and 150 feet downtrack, referenced to the m crophone array) at
both the equivalent site and the barrier site.

Each one-third octave-band spectrum at all m crophones, was then
adjusted in level to conpensate for the irregularities in the
frequency response of the horn speaker, measured at the near field
monitor, four feet fromthe cone of the speaker. This resulted in a
near flat spectrum as neasured at the two reference m crophones at
each site (125 Hz to 6.3 kHZ).

The corrected one-third octave-band L., spectrumwas further adjusted
to simulate the measured frequency spectrum of a truck source (See
Figures 10 - 13). This was acconplished by applying a spectral
source adjustnent to the corrected L., spectrum The source

adj ustment applied to the L, spectrum was derived from
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actual source data neasured at the reference m crophones at the tine

of LA« during testing of the controlled nmoving sources (four
trucks).

A seven-second neasurenent of a truck pass-by, at a speed of
approximately 50 fps (34 nph), was sinulated using the above

corrected artificial source data to represent a 1l-second L



measurenment fromthe pass-by at points 0, 50, 100, and 150 feet
downtrack and at |ike points uptrack on the service road at -50, -
100, and -150 feet. That is, the seven 1-second intervals of the
sinmul ated truck pass-by were made up of adjusted L., data from points
zZ, Y, X, W, X, Y, and Z° on the roadway (Figure 15) at the
equi valent site. Simlarly, a seven-second pass-by at the barrier
site was sinulated using adjusted L, data frompoints Z, Y, X, W X
Y, and Z (Figure 15).

Measurenments of the pass-by of each of the four trucks tested as
controll ed nmovi ng point sources was thus sinmulated at all m crophone
positions at the equivalent and barrier sites. The sinulated single
event SEL | evel of the 7-second pass-by was then cal cul ated at each

m crophone.

3.2.1 SEL INSERTION LOSS (I Lgwge)

The sinmul ated SEL | evel s cal cul ated for receiver |ocations behind the
barrier were subtracted fromthose for simlar |ocations at the

equi valent site to obtain a measure of the barrier's effectiveness,
that is, the barrier insertion |oss (ILgw) based on the single
event SEL of a sinmulated noving point source. The |Lg gy Was
cal cul ated for each of the three m crophone heights (6, 19, and 30

34
feet) at each of the two nast offset positions (50 and 75 feet).

Source | evel adjustnments were applied to the ILg,y data based on

di fferences neasured at the reference m crophone position in each
site. No anbient adjustnents were required for the artificial fixed-
poi nt source data.

Barrier |Lg,s val ues, as above, were calculated for two equival ent

source heights, 4 feet and 2.25 feet, for the 9 barrier



configurations tested.

3.2.2 LA I NSERTI ON LOSS (I Lg mawmx)

The maxi mum A-wei ght ed sound pressure |evels LA, neasured behind the
barrier were subtracted fromthose neasured at simlar |ocations at
the equivalent site for each sinulated pass-by to obtain the LA, -
based Barrier Insertion Loss for a sinulated noving point source

(I Lgmawx) - The ILguamx data were adjusted to conpensate for source

| evel deviations using the differences neasured at the reference

m crophone position, as in Section 3.2.1 for the ILgwy data. No

adj ustment for anbient |evel was required.

Barrier |ILguanx data, as above, were cal cul ated for two equival ent
source heights, 4 feet and 2.25 feet, for the 9 barrier

configurations tested.
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4.0 DI SCUSSI ON OF RESULTS

Results of the SEL insertion loss (lLgy) and the LAwx i Nnsertion | oss
(insertion loss at the time of LAy for the four controlled noving
poi nt sources (trucks) are presented in Appendix C, Figures Cl-Cl2,
and Appendi x D, Figures Dl1-D12, respectively. Data for the four test

trucks are presented in a manner which allows for a direct conparison



of the effectiveness of the 12 barrier configurations tested (see
Table 2 for barrier test configuration key). A direct conparison

bet ween the insertion |oss values neasured using controlled noving
poi nt sources and the sinul ated point sources (using artificial

fi xed-point source data) is presented in Appendix E, Figures El-ES8
for the SEL insertion |oss data and in Appendix F, Figures F1-F8 for
the insertion | oss neasured at the tine of LAw. Also presented is
the predicted barrier insertion | oss data obtained using Barrier 2.1
[ Slutsky 87-5,6] (See Appendix G Figures Gl-Gl2).

Met eor ol ogi cal data and the test vehicle speed data are presented in
Appendi x H, Tables Hl through H12. A prelimnary analysis of the

nmet eor ol ogi cal data for a limted number of data runs suggest that

wi nd may have effected the neasured noise | evels, however the

foll owi ng di scussion does not consider meteorol ogical effects because

an in depth analysis is required.

4.1 CONTROLLED MOVI NG SOURCE DATA - SEL | NSERTI ON LOSS | Lgg

4.1.1 50 FT MAST OFFSET POSI T1 ON

As shown, the ILg neasured at the high m crophone position (30 feet)
at the 50 foot nmast offset, for all four trucks is
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approximately 1 dB and is independent of barrier configuration (see

Table 2 for barrier configuration key). This is an expected result
since the Iline of sight from source to receiver at the high
nm crophone position is not broken by the 500-foot barrier; that is,
it is not within the shadow zone of the barrier.

At the m ddle m crophone position (19 feet), the four test trucks
produce generally simlar ILgy results (approximately 6 dB) for al

12 barrier configurations; however, a slight degradation in the



barrier performance is seen for Test 9 (two vertical reflective
barriers) as conpared to Test 2 (two vertical absorptive barriers).
Here, the resulting nmultiple sound paths due to refl ections between
the parallel barriers are beginning to degrade the performance of the
barrier.

In the case of Test 5 (both barriers at 15 degrees and absorptive),
with the 500-foot barrier tilted to 15 degrees, the m ddle m crophone
was not conpletely within the shadow zone of the barrier, resulting
in a slight degradation in ILgy. This is npost discernable for trucks
A and B due to their high vertical exhaust stacks.

At the | owest m crophone position (6 feet), trucks A B, and C
yielded simlar results for Tests 1 through 6, where both barriers
were absorptive (lLg= 17, 19, and 18 dB respectively). For Test
configurations 7 through 12, where either one or both of the paral-
lel barriers were reflective, a slightly |lower overall |Lg was
measured for trucks A B, and C as conpared to the absorptive tests.
The I Lgy results for truck D at the | ow m crophone position are seen
to be lower than those for the other three trucks (4 to

6 dB lower). This is expected after exam ning the frequency spectra

38
of the four test trucks (see Figures 10-13). The spectrum of truck D

is dom nated by | owfrequency energy (bel ow 100 Hz), as conpared

to trucks A, B, and C, and a fourteen-foot test barrier (twelve-foot
effective height due to ground el evation below the barrier)

is less effective in attenuating these | owfrequency em ssions
because of diffractive bending of the | onger wavel engths. Typi cal
spectral data neasured at the |l ow m crophone position behind the
barrier and in the open field for truck Aillustrate this fact

(Figure 16). Vhile the one-third octave frequencies bel ow 100 Hz are



attenuated fromO to 10 dB, frequencies above 1 kHz are attenuated by

as nmuch as 25 dB

4.1.2 75 FT MAST OFFSET PQOSI T1 ON

At the 75 foot offset position, the highest m crophone (30 feet) is
beginning to enter the shadow zone of the 500-foot barrier, and an
Ly, of 3 to 4 dB was neasured for all four trucks with mninm
influence fromdifferent barrier configurations.

In general, the ILyg nmeasured at the m ddl e m crophone (19 feet) was
consistent for all four test trucks, approx. 10 to 13 dB, with one
obvi ous exception; the ILg associated with Test 9 (two vertical
reflective barriers) as conpared with Test 2 (two vertical absorptive
barriers) is 3 to 5 dB |lower for all four test trucks, because of the
multiple reflected sound pat hs.

At the |low m crophone position (6 feet), an ILyg of 16 to 18 dB was
measured for trucks A B, and C for the absorptive barrier
configurations (Tests 1-6). For the reflective configurations (Tests
7-12), the ILgg of trucks A and C appear to be independent of

barrier configuration; while for truck B, a slightly higher
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overall insertion | oss was obtained for Tests 8 and 12 (15 degree

tilt angle) as conpared to Tests 7,10,and 11 (7 degree tilt angle).
Note the | oss of data for truck B at the | ow m crophone, which
resulted fromthe |ess than ideal anbient noise |level at the Dulles
test site. The |ILg measured for truck D at the | ow m crophone was
between 4 and 6 dB | ower than that measured for the other three

trucks and was essentially independent of barrier configuration.

4.1.3 125 FT MAST OFFSET POSI TI ON




The degradation in the nmeasured ILyg data resulting fromthe
multiple reflected sound paths, with both barriers vertical and
reflective (Test 9), is nost pronounced at the high m crophone (30
feet) at the 125 foot mast offset position (4 to 6 dB).

Al t hough nost of the data at the |low and the m ddl e m crophone
positions were either masked or had a | arge anbient correction
applied to it, the trends in the ILg data obtained for truck A are
simlar to those obtained at the 50 foot and the 75 foot mast

of fsets; however, the ILg data obtained for trucks B, C, and D at
the | ow and m ddl e m crophone position (where available) foll owed no

di scernabl e trends.

4.2 CONTROLLED MOVI NG SOURCE DATA - LA INSERTION LOSS (1L

The | L agznx data obtained for all four test trucks were slightly
greater than the |Lg data. This is an expected result since the
barrier's effective height is less for a source traveling over a 250-
foot line segnent (finite segnment for the SEL nmeasurenents) than for
a source traveling over a 50-foot line segnent (finite

segnent for the LAy Measurenents over a 1-second averagi ng period).
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50 FT MAST OFFSET

/5 FT MAST OFFSET




125 FT MAST OFFSET

FI GURE 16: ONE THI RD OCTAVE SPECTRA MEASURED AT
THE LOW M C AT THE TI ME OF LAp TRUCK A
4.3 SI MULATED MOVI NG SOURCE DATA - SEL INSERTION LOSS (I Lgwee)

The sinul ated single event noving point source insertion |oss

(I Lgwer) data, nmeasured at the 2.25-foot source height, are
presented for direct conparison in Appendi x E, Figures El through ES8,
along with the controlled noving point source insertion loss (ILgy)
data for the absorptive barrier configurations (Tests 1-6). The
insertion |loss data (ILgwz) neasured at the 4-foot source height are

presented in Appendi x E, Tables E1l-E4.



Note: The artificial fixed-point source was not an omni-directional
system As a result, all the contributions in sound |evel due to
reflections (off the ground and direct reflections off the opposite
parall el barrier) may not have been accounted for. As a result, the
| Lgweee data presented do not effectively represent the reflective
paral l el barrier configurations tested and no conpari son should be
made with the controlled nmoving source data for the reflective

paral l el barrier configurations (Tests 7-12).

4.3.1 50 FT MAST OFFSET POSI T1 ON

The | Lg sz data obtained at the high mcrophone position (30 feet for
the 2.25-foot artificial source data) are in good agreenment with the
controll ed nmovi ng source data for all four test trucks and are

i ndependent of barrier configuration for Tests 1-6.

The | Lg\ge results obtained at the m ddle m crophone position (19
feet for the 2.25-foot source) were O to 3 dB | ower than the |Lgy

data nmeasured for trucks A, B, C, and D (Tests 1-6).
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At the |low m crophone position (6 feet), the |ILg\gn results (2.25-

foot source) obtained for trucks A, B, and C were between 0 and 3 dB
| ower than those for the controlled noving source. Conversely, the
| Lgyeee results (2.25-foot source) obtained for truck D at the | ow

m crophone position was about 2 dB higher than those for the
controll ed novi ng source. This inconsistency obtained for truck D
can be attributed to the truck's spectral characteristics and the

| ow-end frequency response limtations of the horn speaker bel ow 125

Hz. A nodified version of 'HWO SE', which cal cul ated Sound Exposure



Level s over a reduced bandwi dth (elim nating one-third octave band
data bel ow 125 Hz), was used to reprocess selected controlled noving
source pass-by data (trucks). The results showed that since the
spectrum of truck D was so dom nated by | ow frequency energy, the
elimnation of that energy resulted in a 2 dB increase in the |Lg
results for truck D. This would bring the ILg and the I Lgygz into
good agreenent. For trucks A B, and C, no significant change in the
| Lez Was observed after reprocessing sel ected pass-by data with the
reduced noi se bandwi dt h.

The trends in the insertion loss data (Il Lgwz) Obtained for both the
2.25-foot and the 4-foot artificial source were in good agreenent
with the insertion | oss data neasured for the controll ed noving

sour ce pass-bys, however the ILg sy data were consistently |ower in
level. Specifically the |ILgw nmeasured at the |l ow and niddle

m crophone heights (50 foot offset position) for the 4-foot

artificial source was 1 to 3 dB lower as conpared with the 2.25-foot
artificial source data, which, in turn, were O to 3 dB |lower than the

controlled moving source |Lg data (trucks).
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Note: The ILg,wy data for configurations 7 through 12 follow the

trends and | evels of the ILg\wy data obtained for configurations 1
t hrough 6, reenphasizing the limtation in the directionality of the

artificial source. See the note in Section 4. 3.

4.3.2 75 FT MAST OFFSET POSI T1 ON

The | Lg gz data obtained for Tests 1-6 at the 75 foot mast offset
(2.25-foot source) under-predicted the controlled noving source |Lgy

data for trucks A, B, and Cby 1 to 4 dB, for all three m crophone



hei ghts (6, 19, and 30 feet). For truck D, the ILgw data, nmeasured
at the high and m ddl e m crophone positions were sinmlar to the
results obtained for trucks A, B, and C. However, the reduced

bandwi dth (no data below 125 Hz) of the artificial source resulted in
a 2.0 dB over-prediction of the insertion |oss data neasured at the

| ow m crophone position for truck D. This was confirmed, as in
Section 4.3.1.

According to FHWA criteria [Bow by 82-7], truck Ais classified as a
heavy truck (HT) and the other three test trucks are medium trucks
(M. Recent studies [G egg 89-4] have shown that the equival ent
source height of vehicles classified as MI is 2.25-feet (.7 nmeters).
A conparison of the 2.25-foot and the 4-foot sinmulated noving source
| Lgwveee data with the controll ed noving source | Ly data shows that
the 2.25-foot source data are in closer agreenent. This conparison
al so suggests that a | ower equival ent source hei ght would have
resulted in an even cl oser agreenment, and that the equival ent source
hei ght for mediumtrucks is |ower than 2.25 feet or the sinple

artificial source used was not effective.
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4.4 S| MULATED MOVI NG SOURCE DATA- LAy | NSERTI ON LOSS (1 Lg v am

The | Lguamx data are slightly greater than the |Lg .y data and are
presented without further comment in Appendix F, Figures F1 - F8 and
Tabl es F1-F4 (See Section 4.2).

The I Lguamx results for the special test of a double-wall noise
barrier (as discussed in Section 2.3.2) are presented in Appendi x F,
Table F5. The data obtained at the 30 foot and the 19 foot

m crophone height are simlar for the three offset positions (9 to

13 dB), while the full effect of the double barrier is seen at the



| ow m crophone (lLgmamx = 20 dB for truck D and 24 to 27 dB for
trucks A, B, and C). The lower insertion |oss |evels obtained for
truck D at the | ow m crophone (6 feet) are expected, and can be

attributed to its | owfrequency-dom nated spectrum
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4.5 MODELI NG COVPARI SON OF MEASURED AND PREDI CTED | NSERTI ON LOSS

The hi ghway noi se nodeling program Barrier 2.1, was used to obtain
insertion |loss values for the 12 barrier configurations tested at
Dulles. The predicted insertion |loss is presented in Appendi x G
Figures Gl-Gl2, along with a sanple input file.

As can be seen, virtually no variation in the predicted insertion

| oss was obtained fromone configuration to the next, with the
exception of Test Configuration 9 (two vertical reflective barriers).

The 1 to 6 dB degradation in barrier performance for Test 9 as



conpared to the performance of Test 2 (two vertical absorptive
barriers), predicted by Barrier 2.1, was in good agreenent with the
measured results (Appendix C, Figures Cl-Cl12). While the trends in
the predicted and the neasured data were simlar, the absolute
insertion | oss values predicted by Barrier 2.1 were 3 to 5 dB | ower

t han those nmeasured. The |argest differences occurred at the m ddle
m crophone (19-feet), 50-foot offset, and at the high m crophone (30-
feet), 75-foot offset. The propagation path froma source at a

hei ght of 2.25-feet (as nodeled in Barrier 2.1) to these receivers is
on the edge between the bright zone and the shadow zone of the Dulles
barrier. |If the source were nodeled slightly below the 2.25-foot
source height, the line of sight (as predicted by Barrier 2.1) would
be broken by the barrier and a larger insertion |oss would be
predicted, resulting in a closer overall correlation at these and at
all other m crophone positions.

The ground i npedance paraneter in Barrier 2.1 nodeled the Dulles
test site as a soft absorptive surface. However, a subsequent
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anal ysis showed a better correl ati on between the predicted and

nmeasured results would be obtained (especially at the | ow m crophone
position), if the ground were nodel ed as a hard reflective surface.
Al t hough the Dulles test site was covered with | ow cut grass
(implying a soft absorptive surface), the soil consisted of hard-
packed clay and perhaps shoul d have been nodel ed nore as a hard

reflective surface.



47/ 48
5.0 CONCLUSI ONS AND RECOMVENDATI ONS

The insertion | oss results presented in Appendix C are representative
of the relative effectiveness of the Dulles barrier in mtigating the
effects of the controlled noving sources tested. Due to the limted
roadway at the Dulles test site, free flowi ng highway conditions
coul d not be sinul at ed.

The noi se em ssions of the noving point sources tested were anal yzed
for a finite roadway segnment of approximately 250 to 350 feet in

| ength, centered on the 500-foot barrier. The SEL data neasured of

this unique source is related to the L, of a line source of the sane



finite length (250 to 350 feet). |Its level is influenced by the
barrier over the finite roadway segnent in exactly the same manner as
the L, of a Iine source is influenced. Hence, the insertion |oss
measured utilizing the SEL data represents the effectiveness of the
barrier in mtigating a finite line source of approximtely 250 to

350 feet.

5.1 EFFECT OF ABSORPTIVE TREATMENT AND BARRIER TILT

A recurring trend found in all the insertion |oss data presented is
the | arge degradation in barrier performnce associated with two
vertical reflective highway noise barriers (Test 9). The addition of
absorptive treatnment to the roadside face of two vertical reflective
barriers inproved barrier insertion loss 2 to 6 dB by elimnating the
multiple reflected sound pat hs.
Tilting proved to be an effective alternative to absorptive treatnent
in elimnating the multiple reflections and the resulting
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degradation in performance of two vertical reflective barriers. For
the Dulles test site geonetry, tilting either one or both of the
barriers to an angle of 15 degrees was slightly nore effective in
i nproving the measured insertion |oss than a 7 degree tilt angle.
However, the effectiveness of a particular barrier tilt angle is a
function of the geonetry of the installation site; that is, as the
di stance between two parallel barriers, or the height of either of
the barriers changes, the insertion loss is likely to change, and a
different tilt angle may be found to be nore effective. Therefore,
it should not be assuned that a specific tilt angle is a sufficient

substitute for absorptive treatnment in all construction applications.



Once verified for accuracy, prediction nodels can be used to
determne the optimumtilt angle for a specific site geonetry.

A cost benefit analysis is required to determ ne whether a 2 to 6 dB
i nprovenent in effectiveness is sufficient to justify the additional

cost associated with absorptive treatment or barrier tilting.

5.2 PREDI CTED MODELI NG

Al t hough the Barrier 2.1 programwas used to nodel a single site
geonetry in the present study, it is capable of analyzing a variety
of geonetries, including various distances between barriers, and
barriers with various tilt angles. A conparison of the neasured
results with those predicted using Barrier 2.1 showed that, while the
trends in both sets of data were simlar, the predicted insertion

| oss values were 3 to 5 dB |lower than those neasured.
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The Barrier 2.1 prediction nmodel is dependent on several input

parameters, including barrier tilt angle, barrier reflection
coefficients, ground inpedance, and source height. The ground

i npedance paranmeter was chosen as to nodel the Dulles test site, with
Barrier 2.1, as a soft absorptive surface. A subsequent analysis
showed a better correlation between the predicted and nmeasured
results would be obtained (especially at the | ow ni crophone
position), if the ground were nodel ed as a hard reflective surface.
Al t hough the ground was covered with | ow-cut grass, the soil

consi sted of hard-packed clay and perhaps should have been nodel ed
nore as a hard reflective surface. |In addition, if the source were
model ed slightly bel ow the 2. 25-foot source hei ght suggested by

Ref erence 4, a closer overall correlation would have been obtai ned at



all mcrophone positions. Thus, a better estimation of the ground

i npedance and the source height paranmeter is needed, as a m ninum
before the nmeasured and predicted results can be conpared with any
degree of confi dence.

The Barrier 2.1 nodeling program has several |imtations which are
currently being corrected: 1.) The programis unable to accept
ground el evati ons below a fixed road grade el evation of zero feet
(receiver paranmeter AZR(NR)). As a result, for the Dulles
prediction, the ground el evati ons under data m crophones were nodel ed
at road grade elevation, instead of approximately two feet bel ow road
grade (See Figures 4 and 5). 2.) Wile the program considers ground
reflections in the equivalent site, it does not take into account
ground reflections at the barrier site, an effect nost inportant
at the barrier site reference m crophone.
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3.) The program does not allow for travel lanes with no traffic

vol une. As a result, the second |lane at the Dulles test site was

nodel ed as an extension of the hard shoul der of the roadway.

5.3 EVALUATI ON OF THE STANDARD (S12.8-1987)

A conparison of the insertion |loss data for the artificial source and
the controlled noving source suggests that a source height | ower than
2.25-feet would have yielded a closer correlation. To conclude that
truck A (ten foot vertical exhaust stack), for exanple, has an

equi val ent source height |ower than 2.25-feet nakes no intuitive
sense, especially since tire noise at speeds of 35 to 40 nph is
mnimal. As a result, we can conclude that the "sinple" artificial
source used in the Dulles barrier tests was unsuccessful at

attenpting to nodel a single noving point source pass-hby.



The University Sound horn speaker system was chosen because of its
uncharacteristically high sound pressure |evel (SPL) output for a
rated i nput as conpared to commercially avail abl e | oudspeakers. Both
| ow-end frequency response (below 125 Hz) and source directionality
were sacrificed in favor of the high output level. As discussed in
section 4.3.1, the effects due to the |imted frequency response were
m ni mal because the data presented in this report are A-weighted.
However, the directionality limtations of the speaker nay be the
mai n source of differences between the actual and sinul ated source
pass- bys.

The University Sound horn speaker produced a flat frequency response
within a 15 degree cone relative to its axis. During
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testing the axis of the speaker was orientated toward the center of

the m crophone array, thus maxim zing the direct propagation path.
As a result, ground reflected sound paths (as froman omi -
directional source) were inadvertently mnimzed. To properly

simul ate the noise radiated froma truck, all the direct and
reflected sound paths nust be artificially created. To do this
requires either a high-powered omi-directional speaker system or an
array of horn-type speakers orientated as required to sinulate al
the direct and reflected sound paths. Additional verification needs
to perfornmed with an artificial fixed-point source before it can be
recommended as a viable alternative to actual highway traffic.
Section 11.3.1 of the ANSI S12.8-1987 standard suggests that the
insertion | oss nmeasured at a receiver position should be adjusted
based on | evel differences obtained at the reference position; that
is, any difference in |evel nmeasured at the reference position is due

solely to a change in the source fromthe BEFORE (equi val ent



site) to the AFTER (barrier site) case, and the insertion |oss |evels
measured at all receiver positions should be adjusted accordingly.
The source adjustnment neasured at the reference m crophone for this
study was approximately -1 dBA, for all four test trucks (See Figures
B1-B3), including the artificial fixed-point source, and the
insertion | oss data were adjusted as recomended by the standard.
However, the consistency of the neasured difference (over 300 data
runs for twelve barrier configurations) indicates that it may not be
attributable solely to a change in the source level, especially
since the -1 dBA

53
adj ustment was al so neasured for the artificial fixed-point source.

Since the same calibrator was used for the two reference nicrophones,
the possibility of a different relative calibration | evel can be
ruled out. Another possibility that was ruled out is that the
parall el barrier construction introduced an additional

reflected sound path which increased the |level at the barrier site
reference m crophone. |If this were the case, the -1 dBA adj ust nment
woul d only be present for the reflective barrier configurations
(Tests 7-12). A third possibility is that the -1 dBA adjustnment may
be related to unknown site differences. However, the site profiles
show that the barrier and equivalent sites are al nost identical
(Figures 4 and 5).

The standard recomrends placing the reference microphone 1.5 neters
above the top edge of the barrier to elimnate the effects of edge
scatter. It is possible that the reference m crophone needs to be
pl aced even higher. Additional field nmeasurenents are required to
determ ne the hei ght above the barrier top edge at which scatter

effects beconme negligible.



54
6. 0 RECOMMENDED FUTURE WORK

The follow ng recommendati ons for future work are based on
suggestions fromthe FHWA, the fourteen supporting state
transportation agencies, and several recognized experts on hi ghway

noi se abat enent:

o] Modify Barrier 2.1 and BarrierX (a nodified version of
Barrier 2.1) as needed. The mjor concern of nobst state
transportation agencies is the |ack of a hi ghway nodeling
program whi ch considers the effects of barrier tilting,
separation distance between barriers, and nultiple
refl ected sound paths. Both Barrier 2.1 and BarrierX take
t hese paraneters into consideration but have not been
t horoughly tested. The large data base resulting fromthe
Dul | es project provides the necessary information for
verification. In addition, a better estimation of the
source height and the ground i npedance paraneters should
be obt ai ned.

0 Exam ne the effects of nmeteorol ogical data on the neas-
ured noise levels. Prelimnary analysis of the
met eor ol ogi cal data suggests that wind nay have effected
t he neasured noise |evels. Recent studies have shown that
noi se | evel s neasured at a receiver position close to a
roadway can be largely influenced by neteorol ogical
effects [ Wayson 89-8].

o] Perform additi onal theoretical verification using predic-
tion nopdels other than Barrier 2.1 and BarrierX, for
exanpl e | MAGE-3 [ Bowl by 83-9].



o] I nvestigate the effects of barrier tilt in urban areas
where nmultiple story apartnent buildings are a
consi derati on.

o] I nvestigate the effects due to shorter Jersey crash
barriers positioned on roadway nmedi um strips between
paral l el noise barriers.

0 Exam ne the inpact on reflected sound paths resulting
froma "zig zag" barrier design.
o] Research the weathering effects of various absorptive
materi al s.
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o] I nvestigate the econonm ¢ considerations of tilted and

absorptive noise barriers with the goal of devel oping
desi gn gui deli nes or standards.
Hi ghway noi se barriers can be aesthetically unappealing to the eye
and, as a result, nmany state transportati on agenci es have recogni zed
a need to explore other avenues of highway noise mtigation. At
| east one state has an on-going study and several states have
indicated an interest in roadway treatnents and different pavenent
conposites as a nmeans of reduci ng hi ghway noi se, specifically tire
noi se [ Pol cak 89-10].
The recent FHWA Environmental Policy Statenent identifies highway
noi se control as an inportant environnmental issue for the 1990's and
beyond [Larson 90-11]. It states that: "It is FHWA policy to ensure
that all reasonable and feasible mtigation measures are incorporated
into projects to nminimze noise inpacts, and enhance the surrounding
noi se environnent to the extent practicable.” Noise barriers are one
means of achieving this goal, and the above recomend work wi ||
provi de additional guidance in their efficient design and

constructi on.



APPEN%?X A
CONTROLLED MOVI NG SOURCE CORRECTI ON PROCEDURE
| NTRODUCT! ON:
Thi s Appendi x outlines the step-by-step procedure followed to obtain
the corrected barrier insertion loss |levels for the controll ed noving
source pass-bys presented in Appendix C, Figures Cl-Cl2. The three
exanpl e data runs are from neasurenents made of actual truck pass-bys

(truck A), obtained on 7/12/89, with the neasurenent nmast at the 50

f oot mast offset.

STEP 1:

From the A-weighted | evel versus tinme (tinme history) plot (selection
O in the plot nenu) obtained from'HWO SE', choose a tinme period for
cal cul ating the SEL,y at m crophones 5 - 8, then choose a tinme period

of equal length for calculating the SELpy at m crophones 1 - 4.



Al
STEP 2:

From the A-weighted tine history plot, select a tine period (equal in
length to that chosen for the event) which is a good representation
of the background noise at the two | owest m crophones (mc 4 and mc
8). The length of the period used to calculate the ambient |evel

must be the sanme as that used to calculate the SELyy. Use the

anbi ent | evels to adjust the neasured SEL,y as needed at each of the

ei ght m crophone positions (See Table 3 in the ANSI S12.8-1987).

+)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))

* BARRI ER MEASU MEASU DI FFERENCE BACKGROUND  ADJUSTED
* SITE SOURCE BACKGROUND ( SOURCE - ADJUSTMENT SEL apy
*50' OFFSET SEL SEL BACKGROUND)
73371333133313331333133313331333131)3313331333)133)1333133333333)))))))))

* REF M C 83.5 49.1 34. 4 0.0 83.5
7333133313331333133)133313331333131)3313331333)133)1333133333133)))))))))

* HGH M C 82.2 49.1 33.1 0.0 82.2
7331313331333133321333133313331333131)3313331333)133)1333133333133))3))))))
*MDMC 78.5 49.1 29. 4 0.0 78.5
7331133313331333133)133313331333131)3313331333)133)133333333333)))))))))

* LOWMC 64. 2 49.1 15.1 0.0 64. 2

-233133313331133131333133313331133313331333133333133313331333)))))))))))Q

+)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))
EQUI V MEASU DI FFERENCE BACKGROUND  ADJUSTEL



* SITE SOURCE BACKGROUND ( SOURCE - ADJUSTMENT SEL ppy
*50" OFFSET SEL SEL BACKGROUND)

733331133333133333113)33131333331133331133333133)3)1)33333)333)3)))))))))
.3 55.5 26. 8 0.0

* REF M C 82 82.3
/313313333)31313333113)33311333333)33)13133333113)3313)33333)))))))))))))Q
* HGH M C 81.1 55.5 25.6 0.0 81.1
3)23123333)333331313332131333331133331133333333331133)3333133333)))))))IQ
*MD MC 81.7 55.5 26. 2 0.0 81.7
7333313333)3113333113)331313333131133331133333133)331)33333)333)3)))))))))
* LOWM C 80. 7 55.5 25.2 0.0 80. 7

-32333311333313133333113333131333313133333131333331333331333333333333)))))))

A2
STEP 3:

Subtract the anbient adjusted SELpy at simlar mcrophones to obtain
the ambi ent adjusted Awt insertion |oss SEL levels (ILg).
ADJSEL( REF) - ADJSEL(REF) = -1.2 dB
ADJSEL( HGH) - ADJSEL(HGH) = -1.1 dB
ADJSEL(M D) - ADJSEL(M D)= 3.2 dB
ADJSEL(LOW - ADJSEL(LOW = 16.5 dB

STEP 4:

Repeat steps 1 - 3 on all simlar data runs (steps 4a-4f).

STEP 4a:

Fromthe A-weighted |evel versus tine (time history) plot obtained
for 'HWNO SE' of the second test run, choose a tine period for
calculating the SELpy at m crophones 5 - 8, then choose an period of

equal length for calculating the SELyy at m crophones 1 - 4.



A3
STEP 4b:
From the A-weighted tine history plot, select a tine period (equal in
length to that chosen for the event) which is a good representation
of the background noise at the two | owest m crophones (mc 4 and mc
8). The length of the period used to calculate the ambient |evel
must be the sanme as that used to calculate the SEL,y. Use the
anbi ent | evels to adjust the neasured SEL,y as needed at each of the

ei ght m crophone positions (See Table 3 in the ANSI S12.8-1987).

+)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))

* BARRI ER MEASU MEASU DI FFERENCE BACKGROUND  ADJUSTED
* SITE SOURCE BACKGROUND ( SOURCE - ADJUSTMENT SEL apy
*50' OFFSET SEL SEL BACKGROUND)
7337133313331333133)13331333133313133313331333)133)133333333333)))))))))

* REF M C 83.6 53. 4 30. 2 0.0 83. 6
7333133313331333133313331333113313133313331333)133)133333333133)))))))))

* HGH M C 82.4 53. 4 29.0 0.0 82. 4
733131333133313332133313331333133313133313331333)133)1333133333333))3))))))
*MDMC 78.5 53. 4 25.1 0.0 78.5
7331133313331333133313331333133313133313331333)133)1333133333133)))))))))

* LOWMC 64. 4 53. 4 11.0 0.0 64. 4

-233133313331333313331333133331313331333133331333133333333333)3)3)1))))))

DI FFERENCE BACKGROUND  ADJUSTED
* SI TE SOURCE BACKGROUND ( SOURCE - ADJUSTMENT SEL apy
*50' OFFSET SEL SEL BACKGROUND)

+)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))
EQUI V MEASU MEASU



7333311333331133)31133331313333131133)3313333313)333)333333)333)3)))))))))
* REF M C 82.5 53.6 28.9 0.0

82.5
7333)13333)31133)3131)333313333131133)33133331313))31)333333)333)3)))))))))
* HGH M C 81.3 53.6 27. 7 0.0 81.3
7333311333331133)31313333313333131133)3313333313))313)333333)333)3)))))))))
*MD MC 81.5 53.6 27.9 0.0 81.5
7333313333)31133)311)333313333131133)3313333313))313)333333)333)3)))))))))
* LOWMC 80. 7 53.6 27.1 0.0 80. 7

-323333113333131333331133331313333131333331313333313333333333333333)3)))))))

Ad
STEP 4c:
Subtract the anbient adjusted SELpy at simlar mcrophones to obtain
the ambi ent adjusted Awt insertion |oss SEL levels (ILg).
ADJSEL( REF) - ADJSEL(REF)= -1.1 dB
ADJSEL( HGH) - ADJSEL(HGH) = -1.1 dB
ADJSEL(M D) - ADJSEL(M D)= 3.0 dB
ADJSEL(LOW - ADJSEL(LOW = 16.3 dB
STEP 4d:
Fromthe Awmt |evel versus tinme (tinme history) plot obtained from
"HANOI SE' of the third test run, choose a tinme period for
calculating the SELpy at m crophones 5 - 8, then choose an period of

equal length for calculating the SELpy at m crophones 1 - 4.



A5
STEP 4e:
From the A-weighted tine history plot, select a tine period (equal in
length to that chosen for the event) which is a good representation
of the background noise at the two | owest m crophones (mc 4 and mc
8). The length of the period used to calculate the ambient |evel
must be the sanme as that used to calculate the SELyy. Use the
anbi ent | evels to adjust the neasured SEL,y as needed at each of the

ei ght m crophone positions (See Table 3 in the ANSI S12.8-1987).

+)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))

* BARRI ER MEASU MEASU DI FFERENCE BACKGROUND  ADJUSTED
* SITE SOURCE BACKGROUND ( SOURCE - ADJUSTMENT SEL apy
*50"' OFFSET SEL SEL BACKGROUND)
73371333133313331133113331333133331)3313331333)133)133333333333)))))))))

* REF M C 83.7 51.9 31.8 0.0 83.7
7333133313331333133313331333133331)3313331333)133)1333133333333))3))))))

* HGH M C 82.4 51.9 30.5 0.0 82.4
73331333133313332133313331333133331)3313331333)133)1333133333333)))))))))
*MDMC 78.5 51.9 26. 6 0.0 78.5
7331133313331333133313331333133331)3313331333)133)1333133333133)))))))))

* LOWMC 64.5 51.9 12. 6 0.0 64.5

-2331333133313333133313331313313133313331333331333133333333333)3)3)1))))))

+)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))
EQUI V MVEASU DI FFERENCE BACKGROUND  ADJUSTED

* SITE SOURCE BACKGROUND ( SOURCE - ADJUSTMENT SEL apy
*50' OFFSET SEL SEL BACKGROUND)
733713331333133313331333133311)3131)3313331333)133)133333333133)))))))))

* REF M C 82.5 53. 6 28.9 0.0 82.5
7333133313)3133313331333133311)3131)3313331333))33)133333333133)))))))))

* HGH M C 81.1 53. 6 27.5 0.0 81.1



7333311333331333)3131)333131333331133)3313333313)333)333333)333)3)))))))))
*MD MC 81.8 53.6 28. 2 0.0
/333313333331133)311)333313333131133)3313333313))313)333333)333)3)))))))))
* LOWMC 81.1 53.6 27.5 0.0
-321333113333131333331133331133333133333131333331333331333333333333)))))))

81.8
81.1

A6
STEP 4f:
Subtract the anbient adjusted SELpy at simlar mcrophones to obtain
t he ambi ent adjusted Awt insertion |oss SEL levels (ILg).
ADJSEL( REF) - ADJSEL(REF) = -1.2 dB
ADJSEL( HGH) - ADJSEL(HGH) = -1.3 dB
ADJSEL(M D) - ADJSEL(M D)= 3.3 dB
ADJSEL(LOW - ADJSEL(LOW = 16.6 dB

STEP 5:
Cbtain the average of the anmbient adjusted A-weighted insertion |oss
levels (lLg) fromall simlar runs along with their corresponding

st andard devi ati ons.

+))))))))))))))))))))))))))))))))))))))))))))))b44444444444444444444U

ENT ADJUSTED 1'NSERTI ON L0SS 5 AVERAGE | Lo
/))))))))))))))))))))))))0)))))0)))))))0)))))))F44444444444444444444U
« EQUI VALENT - "BARRIER ~~ *RUN1* RUN 2 * RUN 3 5 SEL STD DEV.
/))))))))))))))))))))))))2)))))2)))))))2)))))))J))))))))))))))))))))Q
* " SEL o ( REF)-SELay (REF) -1.2  -1. 21,17 0.05
/)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))Q
EL oy (HGH) - SEL oy (HGH) 0.12
/)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))Q
SELn (M D)~ SEL g, (M D) 0.15
/)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))Q
SEL oy (LOW - SEL o, (LOW 0.15

))))))))))))))))))))))))))))))))))))))))))))))Y44444444444444444444U



A7
STEP 6:

Adj ust the average |ILg | evels obtained at the high, mddle and | ow
nm crophones to conpensate for any difference in | evel obtained at the

reference m crophone position as the controlled noving source passed

t hrough the test area (See Section 11.3.1, ANSI S12.8 1987).

SOURCE CORRECTED | NSERTI ON LOSS (I Lgg)
TRUCK A - 50" OFFSET - 7/12/89

| Leu(REF) = 0.00 dB
| Lu(HGH) = 0.00 dB
|Le(MD) = 4.34 dB
| L (LOW = 17.67 dB



A8
APPENDI X B
SOURCE ADJUSTMENTS

Thi s Appendi x cont ai ns the control | ed novi ng poi nt sour ce adj ust nents
that were appliedtothe |l Lg data as was di scussed in Section 3.1.1
(Figures Bl through B3), alongw th the adjustnents that were applied

tothe I L gzua data as di scussed in Section 3.1.2 (Figures B4 through
B6) .



Bl
APPENDI X C

| Lz, VERSUS BARRI ER CONFI GURATI ON

Thi s Appendi x presents the results of the SEL insertionloss (ILyg) for
t he four control |l ed novi ng poi nt sources (trucks), as discussedin
Sections 4.1.1-4.1.3, Figures C1-C12. Includedinthe Figuresisthe

st andard devi ati on pl otted around t he average val ue. Were only one

run was avail able no standard deviation is given.
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APPENDI X D
| Loavax VERSUS BARRI ER CONFI GURATI ON

Thi s Appendi x presents theresults of the LAxinsertion| oss (1L amx
for the four controll ed novi ng poi nt sources (trucks), as di scussedin
Section 4.2, Figures D1-D12. Includedinthe Figuresis the standard

devi ati on plotted around t he average val ue. Where only one run was

avai |l abl e no standard devi ation is given.



D1
APPENDI X E
| Ly wee. VERSUS BARRI ER CONFI GURATI ON

Thi s Appendi x presents t he si mul at ed si ngl e event novi ng poi nt source
insertionloss (ILgw) data (2.25-foot equi val ent source hei ght),
Figures E1 through E8, along with the controlled noving source
insertionloss (|l Lg) data for the absorptive configurations (Tests 1-
6) .

Al so presented, is the sinul ated single event noving poi nt source
insertionloss (ILg ) data nmeasured at t he 4-foot equi val ent source

hei ght, Tabl es El-EA4.
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APPENDI X F
| Ly wanx VERSUS BARRI ER CONFI GURATI ON

Thi s Appendi x presents t he si mul at ed si ngl e event novi ng poi nt source
insertionloss (I Lguamx) data (2.25-foot equival ent source hei ght)
Figures F1 through F8, along with the controlled noving source
| nsertion Loss (I L. amx) datafor the absorptive configurations (Tests
1-6).

Al so presented, is the sinul ated single event noving poi nt source
insertionloss (I Lguamx) data neasured at the 4-foot equival ent source
hei ght, Tabl es F1-F4.

As discussed in Section 4.4, the sinulated noving point source
insertionloss (I Lguanx) results obtainedwththe speaker system set -
up on t he grass behind the 250 f oot barrier are al so presented in Tabl e

F5.
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APPENDI X G
PREDI CTED | NSERTI ON LOSS USI NG ' BARRI ER 2. 1'
Thi s Appendi x presents the insertionlossresults predicted usingthe
" BARRI ER 2. 1' hi ghway noi se barri er nodel i ng program Fi gures GL- Gl2.
An exampl e input fileis also presentedinthis Appendi x. Barrier

configuration paraneters were nodi fi ed as required accordi ngto Tabl e

2.
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APPENDI X H
METEOROLOG CAL DATA AND TEST VEH CLE SPEED DATA

Thi s Appendi x presents weat her data and test vehi cl e speed data for the

12 noi se barrier configurations tested, Tables Hl-H12. Note the

fol | owi ng:

"I CAL X - Y" denotes initial calibrationon neasurenent systens

X through Y.

"TK X - Y" denotes a control | ed novi ng poi nt source datarunwth

a truck, X, and a mast offset of Y (feet).

"ASE X' @™ denotes adatarunwththeartificial fixed-point
source positionedinthe equivalent site at the Y offset position

al ong the road and set to a source height of X (feet).

"ASB X' @™ denotes adatarunwththe artificial fixed-point
source positionedinthe barrier site at the Yoffset position

al ong the road and set to a height of X (feet).

"FCAL X - Y" denotes final calibration on neasurenent systens X

t hr ough Y.

" AMBI ENT" denot es a 30 second sanpl e of anbi ent noi se dat a bei ng

col |l ect ed.
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MEASURED DATA
| NTRODUCTI ON:
Dat a fromt he ei ght m cr ophone syst ens depl oyed were fed through upto
500 f eet of cable to the nobile noiselaboratory for storage and of f -
| i ne processi ng, usingthe ' HWNO SE processi ng program Thi s Appendi x
presents typical one-third octave-band nmeasured spectra at each
m crophone hei ght and nast of f set for the four individual test trucks

along with overall A-wei ghted source | evel s and anbi ent | evel s neasur ed

fromthe eight m crophone systens.

MEASURED ONE- THI RD OCTAVE DATA:

One-third octave spectra nmeasured at the tinme of LAy at the receiver
positions behindthe barrier and the recei ver positions inthe open
fieldare presentedinFigures |1-112 for truck A, Figures |13-124 for
truck B, Figures I125-136 for truck C, and Figures | 37-148 for truck D.
A conpari son of the spectra obtained at sim | ar m crophone positions
shows t he frequency dependent attenuation characteristics of the Dulles

test barrier.

MEASURED SEL,y; AND MAX,; DATA:
Tabl es I 1 t hrough 1 36 cont ai n t he unadj ust ed A-wei ght ed Sound Exposur e
Level s (SEL,y) measured at each of the ei ght mi crophone positions,
whi | e Tabl es | 37 t hrough |1 72 cont ai n t he unadj ust ed maxi muml evel s

( MAX i) -



APPENB}X J
RESULTS OF TESTI NG THE ABSORPTI VE TREATMENT

| NTRODUCT! ON:
The absorptive fiberglass material installedonthe roadside face of
the Dulles barrier was tested per the ASTM National Standard
Recommended Practi ce 384-88 (st andi ng wave tube nmet hod) and 423C 77
(reverberation roommnet hod) by Acentech Inc., at the Bolt, Beranek and
Newman, I nc., | aboratory facilitiesin Canbridge, MA. The quantity
measur ed was t he acousti c absorption coefficient () defined asthe
rati o of the sound power absorbed on a surface di vi ded by t he sound
power incident on the sane surface.
| n order to eval uate any degradati on effects due to weat hering, two
sanpl es of the absorptive material were tested, one having been
exposed to t he weat hering el enents for several years, while the ot her
sanmpl e was protected. Results showed that no significant differencein
t he absorption qualities of the materi al were neasurabl e bel ow2. 5 khz
when conparing t he weat hered sanpl e with the protected sanple. This
Appendi x presents the testing procedures, alongwith a detail ed summary

of the results.

PROCEDURE : STANDI NG WAVE TUBE METHOD

The normal incidence absorption coefficient was neasured for the
weat her ed and t he prot ect ed sanpl es usi ng net hods descri bed i n the ASTM
Nati onal Standard Recommended Practice 384-88. This nmethod requires a
smal | sanpl e of the material under test to be placedinthe end of a
hol l owri gi d t ube (standi ng wave tube) where it acts as the end st op of
t he tube. A speaker, placed at the ot her end of the tube produced pure

t one-di screte sinusoidal frequencies of
J1



sound resul ting in a standi ng wave of sound pressure maxi ma and m ni na.
A noveabl e probe m crophone was inserted into the tube and was
positioned to neasure these pressure nmaxi ma and mnima. Two different-
si zed tubes were enpl oyed to cover as | arge a frequency range as
possi bl e, extending from100 Hz to 6300 Hz one-third octave bands
i nclusive. Wth the neasured pressure nmaxi ma and m ni na docunent ed f or
t he ni neteen 1/ 3 octave band frequencies (100 Hz to 6300 Hz), the
absorption coefficient at those frequenci es were cal cul ated as fol | ows

(See Tables J1 and J2):

SWR=((Pwd Pun) - 1)/ ((Pwod Pun) + 1)

wher e SWR = Standi ng Wave Ratio
Pwx = Maxi mum Sound Pressure at a given frequency

Pun = M ni mum Sound Pressure at a given frequency

The normal incidence absorption coefficient can be cal cul ated by:

= (4SWR)/ (SWR? + 2SWR +1) Note: 0 < < 1

Fromt he absorption coefficient, the reflection coefficient ( ,),

defined as the rati o of sound power refl ected froma surface di vi ded by

t he sound power i npinging on the sane surface can be cal cul at ed as

foll ows:

1
[
1

Note: 0 < |, <1

J2



Al so of interest was the conpl ex i npedance of the material whi ch can be

cal cul ated as foll ows:

Re(Z, c) = 1 - r2
1 +r2 -2rC0SO
Im(z,/ c) = 2r SI NO
1 +r2 -2rC0SO
wher e r = 1 - and
0= _Y_ -1 Y, i s the distance
( 74 bet ween t he sanpl e and
the first sound pressure
m ni mum

EQUI PMENT: STANDI NG WAVE TUBE METHOD
The foll owi ng i nstrunment ati on and accessori es were enpl oyed duringthe

data coll ection procedure using the standi ng wave tube.

Make/ Mbdel Descri ption Serial No.
B&K Type 4002 St andi ng Wave Tube 68692
B&K Type 2231 Preci si on Sound Level Meter 1437321
B&K Type 1625 Full & Third Cctave Filter 1436988
B&K Type BZ7103 Frequency Anal ysis Mdul e N A
B&K Type 4230 Acoustic Calibrator 1472192
B&K Type Z1 9101 Digital Interface (RS-232) N A
B&K Type SLMD. 03 I nterfaci ng Software N A
Toshi ba T1200 Lapt op Conput er 04943413
HP 202C Low Frequency Oscill ator 757
HP 5383A Frequency Counter 2116A04507

J3



PROCEDURE: REVERBERATI ON ROOM METHOD

The randomi nci dence absor pti on coeffici ent was neasur ed usi ng t he
nmet hods descri bed i n the ASTMNati onal Standard Reconmended Practice
423C-77. This nethod requires that a suitabl e reverberati on roombe
used as toinsure adiffuse sound fieldat all frequencies of interest.

I norder to acconplishthis requirenent, alarge-vaned di ffuser was
erected insidethe reverberation chanber. The diffuser was usedto
scatter the sound fields nore effectively and to yi el d nore randomr oom
nodes.

The first step was to neasure the reverberationtine (T60) of the test

room when it did not include the material to be tested. The
reverberationtineis defined asthetime, inseconds, that it takes
for sound to decay 60 dB, or a linear factor of 1/1,000,000 in
accordance wi th t he accept ed Sabi ne definition. The reverberationtine
i s dependent on the size (volune) of thetest facility and t he anount

of sound absorption (i n sabines) withinthe room For agiven sized
room the greater the absorption, the shorter the reverberationtineg,

and vice-versa. The absorption coefficient will also vary with
frequency and t hus nust be nmeasured at all frequencies in question. In
this case, the one-third octave frequency range of 100 Hz t o 6300 Hz
was exam ned for conparison with the results obtained using the
st andi ng wave tube nethod.

The reverberationtines were measured wi th a speci al | y- progr anmed sound
| evel neter/reverberation analyzer. Abandwi dthlimted noiseinpul se
was gener at ed by the sound | evel nmeter and broadcast into the room
t hrough a powered | oud speaker. The sound | evel nmeter i medi ately

began neasuring, and recorded the tinme for the

Ja



sound i nmpul se to acoustical ly decay 60 dB. Thi s procedure was r epeat ed
automatically at all frequency bandw dths of interest, and the
reverberationtinmes were neasured at ei ght different | ocations within
the reverberationroomto spatially average the sound fieldinthe
room Wththereverberationtines for different frequencies defined
for the enpty room the test speci men of absorptive materi al was pl aced
on the floor of the reverberation room The above procedure was
repeat ed and t he reverberation tinmes for the ni neteen one-third octave
bands (100 Hz t o 6300 Hz) were neasured at t he sanme ei ght | ocati ons
within the room

The absorption coefficient at the various frequencies were then
cal cul ated for the test sanple. Sincethe reverberationtines are
dependent on absorptionw thinthe room andthe only change was t he
addi ti on of the absorptive specinen, it foll ows that any change in
nmeasured reverberationtimes was entirely attributabl e tothe specinen.
Consequently, the absorption coefficients at different frequencies
coul d be cal cul ated fromt he general Sabi ne equati on (See Tabl es J3 and

J4):

A = (0.049 X Volune) ((2/Ty) - (1/T,))
wher e A = the change in nmeasured absorption area
T, = reverberation tine with sanple in room

T, = reverberation tine of enpty room

Vol une = room vol unme (cubic feet)
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Knowi ng t he change i n absorption area at each frequency due to the

i ntroduction of the specinmen, the absorption coefficient can be

cal cul ated as foll ows:

where S

= A/ S Not e: 0 < <1

the surface area of the specinmen (sq.

EQUI PMENT:  REVERBERATI ON ROOM METHOD

The followi ng list of instrumentati on and accessories were used duri ng

the reverberati on room neasurenents.

Make/ Model

BBN Reverb Room
B&K Type 2231
B&K Type 1625
B&K Type 4155
B&K Type 4230
B&K Type ZI 9101
B&K Type SLMD. 03
Toshi ba T1200
BBN Noi se Box

Descri ption Serial No.

Lab A at 50 Moulton St., Canbridge, MA

Preci sion Sound Level Meter 1437321
Full & Third Octave Filter 1436988
Condenser M crophone 4179770
Acoustic Calibrator 1472192
Digital Interface (RS-232) N A
I nterfaci ng Software N A
Lapt op Conput er 04943413

Power ed Loud Speaker 15025

ft.

)
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SUMMARY OF RESULTS

No physical differences were observed between the weat hered and
pr ot ect ed sanpl es except t hat t he weat hered sanpl e had | ost nost of its
exterior plastic coating and was to sone degree sun bl eachedonits
exposed si de. Consequently, little change in the absorption
coefficient was anti ci pat ed except at t he hi gh frequenci es (above 2.5
khz) .

The resul ts of the standi ng wave t ube et hod f or det erm ni ng t he nor na

i nci dent absorption coefficient are presentedin Tables J1 and J2 and
Figure J2 and J3. The absorption coefficient was relatively small at
the |l ower frequencies (100 Hz to 400 Hz) and increased steadily,
approachi ng total absorption (unity), 500 Hz up to 2000 Hz. At hi gh
frequenci es (above 2 khz), the absorption coefficient of the weat hered
sanpl e was actual |y greater than that of the protected sanple. This
result is due to the loss of the plastic coating onthe weat hered
sanple, thus permttingthe soundtoinpingedirectly onthe glass
fiber material. This effect is to be expected at the higher
frequenci es where t he wavel engt hs are cl ose to t he t hi ckness of the
pl astic sheeting.

Simlar results were found for the two tested sanpl es using the

reverberati on roomtechni que (see Tabl es J3 and J4, and Fi gures J4 and
J5). Unfortunately, duetothelimtedsize of the sanple materi al
under test, the | ower frequency (100 Hz t o 315 Hz) nmeasurenents were
not as reliabl e as those for the m d and hi gh frequenci es (400 Hz to
6300 Hz). Neverthel ess, the overall trends inthe data obtainedfor

t he standi ng wave tube and reverberation
room nmet hods were simlar. Slightly greater absorption coefficients

J7
wer e obtai ned with the reverberati on roomnethod t han wi th t he standi ng



wave tube met hod, probably due to edge and diffraction effects, a
phenomenon not conpl et el y understood (See Figure J1 ref: ASTMC423-77
& B&K Type 4002 I nstruction Manual ). Rather than adjustingthe data
for the reverberationroomeffects, the measured data and cal cul at ed

results are reported, as suggested in the ASTM St andard.
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