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FOREWORD

Noi se is an inmportant environnental consideration to highway planners
and designers. It can annoy and cause psychol ogi cal or physi ol ogi cal
harm dependi ng on frequency characteristics and | oudness. The U S.
Department of Transportation and state transportation agencies are
charged with the responsibility of optimzing conpatibility of highway



operations with environnental concerns. H ghway noi se probl ens have
been addressed by numerous investigations including eval uations of the
foll ow ng:

1. H ghway noi se sources and hi ghway noi se reference nean
em ssion | evel s.
2. Noise inpacts at receptor |ocations.
3. The effects of site geonmetry, neteorol ogy, ground surface
conditions and barriers on hi ghway noi se propagati on.
4, Aternative nethods of mtigating highway noi se inpacts.

The use of noise barriers along hi ghways is one of the principal neans
of mitigating highway noise. As a result, the Federal H ghway

Adm nistration has initiated a study to exam ne the effectiveness of

hi ghway noi se barriers, "Evaluation of Performance of Experinental

H ghway Noi se Barriers." This study was initially directed at the
eval uation of parallel barriers under controlled traffic conditions at
an experinental test site located at Dulles International Airport near
Washington, D.C. The nmain results of this study have been reported in
FHWA- RD- 90- 105, "Parallel Barrier Effectiveness, Dulles Noise Barrier
Project"”.

This publication reports on the effectiveness of a parallel barrier

| ocated along Interstate 495 in Montgomery County, Maryland. It will
be of interest to engineers and others involved in the nitigation of
hi ghway noise. Al data pertaining to experinental conditions and
nmeasur enents have been archived at the Vol pe National Transportation
Systens Center.

Thonmas J. Ptak

Director, Ofice of Engineering
and

H ghway QOperations Research and

Devel oprent
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The U.S. Departnent of Transportation, Research and Special Prograns

Adm ni stration, Vol pe National Transportation Systens Center, in support of the
Federal H ghway Adninistration and seventeen sponsoring state transportation
agencies is conducting a National Pool ed-Fund Study (NPFS), HP&R 0002- 136,

"Eval uation of Performance of Experinmental H ghway Noise Barriers." The first
publication supporting the NPFS, FHWA-RD-90-105, "Parallel Barrier Effectiveness,
Dul | es Noise Barrier Project", presented neasured results and eval uations of
parallel barriers subject to controlled traffic conditions. This document is the
second publication supporting the NPFS. It presents the results of a neasurenent
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degradation in acoustic performance of a highway noise barrier due to the close
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paral l el reflective noise barriers followed by a single noise barrier. Five-

m nut e, energy-averaged, A-weighted noise | evels were conputed from data nmeasured
simul taneously at identical heights and of fset positions behind the single and
parall el barrier arrangements. Measured results show barrier insertion |oss
degradations of .6 to 2.8 dBA, dependent on m crophone hei ght and of fset distance
behind the barrier. |In addition, three parallel-barrier prediction prograns were
used to nodel the study site (BARRIER BARRIER- X, and | MAGE-3). A conparison of
the measured and predicted results is presented.
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PREFACE

Thi s docunent presents the results of a highway noi se nmeasur enent
study conducted by the U S. Departnment of Transportation, Research



and Speci al Prograns Adm nistration, Vol pe National Transportation
Systens Center (U.S.DOT/ RSPA/ VNTSC) in support of the Federal H ghway
Adm ni stration (FHWA), O fice of Engineering and H ghway Operations
Research and Devel opnment, and the National Pool ed-Fund Study (NPFS),
HP&R 0002- 136, "Evaluati on of Performance of Experinmental H ghway

Noi se Barriers."” Field neasurenents were conducted at a hi ghway

noi se barrier site located in Montgonmery County, Maryland, on the
west bound side of Interstate Route 495. Field data were obtained,
processed, and anal yzed by the Vol pe Center's Noi se Measurenent and
Assessnment Facility (NVAF).

Maj or contributions of NMAF staff nmenbers are as follows: Anmanda S.
Kel |l er provi ded neasurenent support in the field, as well as data
reducti on and processing support. Cynthia S.Y. Lee assisted in
reduci ng and preparing the data for presentation. Field support was
al so provided by: Howard A. Jongedyk and Dennis G Sixbey, FHWA-
McLean, VA; Robert E. Armstrong and Steven A. Ronni ng, FHWA-

Washi ngton; and Kenneth D. Pol cak, Maryland State Hi ghway

Adm ni stration (MSHA).

The seventeen state transportati on agencies participating in the NPFS
were very helpful in identifying potential neasurenment sites for this

study. In particular, special thanks for taking tinme out of their
busy schedul es to gui de NMAF personnel on a tour of potential sites
within their respective states go to: WIlliam MColl, New York State

DOT, Janes Byers and Robert Keller, Pennsylvania DOT, Steven Frasier
and Bruce Purdue, Virginia DOT, and Kenneth D. Pol cak, MSHA. Speci al
t hanks al so goes to the Virginia H ghway and Transportati on Research
Counci| who were responsible for the printing of this docunment.

i
Section 4.4 of this docunent describes how three hi ghway noi se
nodel i ng programs were used to predict barrier insertion |oss
degradation for the site tested in this study. The authors express

their sincere appreciation to the devel opers of these prograns, Dr.
Si non Sl utsky, fornmerly of Brooklyn Polytechnic Institute, and Dr.



WIIliam Bow by, of Bow by & Associates, Inc., and of Vanderbilt
University, for their assistance in the predictive analysis. Dr.

Sl ut sky provi ded extensive guidance and comentary during the NVAF' s
runni ng of his prograns, while Bow by & Associ ates, Inc., under
contract to the Vol pe Center, performed an independent predictive
eval uation of barrier insertion |oss degradation.
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1. 0 | NTRODUCTI ON

Thi s docunent presents the results of a highway noi se neasurenent
study conducted in Mntgonmery County, Maryland, during the period

Cct ober 7 through 11, 1991, by the U.S. Departnent of Transportation,
Research and Speci al Prograns Adm nistration, Vol pe National
Transportation Systens Center (U.S.DOT/RSPA/ VNTSC) in support of the
Federal Hi ghway Adm nistration (FHWA), Office of Engineering and

Hi ghway Operations Research and Devel opnent, and the National Pool ed-
Fund Study (NPFS), HP&R 0002-136, "Evaluation of Performance of

Experi nmental Hi ghway Noi se Barriers.” The NPFS consists of a panel
of representatives from seventeen states: Arizona, California,
Connecticut, Florida, Georgia, Hawaii, |owa, Maryland, Massachusetts,

M chi gan, New Jersey, New York, Ohio, Pennsylvania, Virginia,
Washi ngton, and W sconsin. This neasurenent study exam ned the
degrading effects of nultiple reflections on the performance of
paral |l el hi ghway noi se barriers.

1.1 BACKGROUND

The nost common nmet hod of reduci ng hi ghway noi se inpact on a

community is the construction of traffic noise barriers. |In cases
where noi se inpacted comrunities exist on both sides of a roadway,
parallel barriers are often the only nmethod of reducing the inpact on
both communities. The degrading effects on the performance, i.e.,
barrier insertion |oss, of a noise barrier due to the presence of a
parallel reflective noise barrier on the opposite side of a roadway
have been studied extensively since the early 1970's. Al though
experts agree the degrading effects are caused by nultiple
reflections between the two barriers, there are conflicting opinions
on the magnitude of the problem In fact, several state
transportati on agenci es have precluded the construction of parall el
noi se barriers until their degrading effects can be quantified. A
pl ethora of literature currently exists on parallel barriers and
their degradi ng effects; 2 however, with the exception of a highly
restrictive FHWA nonograph,? there is no nationally accepted nethod
of predicting parallel-barrier insertion |oss degradation or
nationally accepted guideline to help decide when a probl em nay



exi st .

In the early part of 1987, the FHWA, with funding support fromten
state transportation agencies, initiated a study to exam ne, anpbng
ot her things, the degrading effects of parallel highway noise
barriers. As part of the FHWA/ NPFS, the Vol pe Center's Noise

Measur ement and Assessnent Facility (NMAF) conducted measurenents on
an experimental highway noise barrier at Dulles International Airport
in Chantilly, Virginia, during the period May to August, 1989. Anong
the results of the Dulles study,® parallel-barrier insertion |oss
degradations of 2 to 6 dBA were neasured. These degradati ons were
dependent upon both source characteristics, e.g. frequency spectra,
and receiver position. Based on the results of the Dulles study,
many of the Pool ed- Fund participants indicated interest in expanding
the study programto representative parallel noise barrier
installations, i.e., installations |ocated on typical United States
roadways and exposed to free-flowing traffic conditions.
Subsequently, in Decenber, 1990, the NMAF distributed a Test Pl an3®
to the FHWA and the sponsoring state transportati on agencies, which
outlined work to be performed in 1991. Acconpanying the Test Pl an
was a request for candi date neasurenent sites within each state. In
April and May, 1991, candidate sites within the states of

Pennsyl vani a, New York, Virginia, and Maryland were inspected. Of
the nore than thirty sites visited, only one cane close to satisfying
all NMAF neasurenent criteria.

1.2 NMEASUREMENT SITE

The site selected for nmeasurenments was |ocated in Montgonmery County,
Maryl and, on the westbound side of Interstate Route 495 (Washi ngton
Bel tway), approximately % mle west of U S. Route 29. For

measur enent purposes, the site was divided into two sub-sites
separated by approximtely 900 ft, a parallel-barrier test site, Site
1, and a single barrier test site, Site 2 (see Figure 1). Site 1
contained two 19 ft high (average height, relative to roadway

el evation), concrete, post and panel type noise barriers, constructed
in parallel to one another on opposite sides of the eight-Iane



roadway (see Figure 2). Site 2 was essentially equivalent to Site 1,
but without a reflective barrier on the opposite side of the roadway
(see Figure 3). The terrain behind the barriers in both sites was
essentially flat, covered with | owcut grass, and contained no
reflective structures. Five-m nute energy-averaged, A-weighted noise
levels (Leg (5 mn)) were conputed from data neasured sinultaneously
at identical heights and offset positions in Sites 1 and 2. The
arithmetic difference between the L, (5 mn) values conputed for

i dentical mcrophone positions in each site provided a nmeasure of the
barrier insertion |oss degradation (),).

There were two differences between Sites 1 and 2 which are worthy of
not e:

1. The barrier in Site 2 was 1 ft lower, relative to roadway
el evation, than the barrier in Site 1. The effects of this
hei ght difference are discussed in Section 4.4.4.

2. Site 1 was located in a |local playground bordered on the North
by Forest G en Road, a |low volume roadway which passes
approxi mately 150 vehicles per hour during peak travel periods.
The traffic on this roadway was carefully nonitored for |ater
correlation with the neasured acoustic data (see Section 4.1).

The two 19 ft high reflective barriers in Site 1 were separated by a
di stance of approximately 164 ft. This translates into a separation-
di stance to barrier-height ratio (WH) of slightly less than 9:1. A
1978 study'” concl uded that when the ratio of separation-distance to
barrier-hei ght exceeds 20:1, nultiple reflections are uninportant.
However, the author's criteria for characterizing the nultiple
reflections as uninportant are unclear. A nore recent study!
conducted by the California Departnment of Transportation (Caltrans)
recommends: "to avoid a risk of perceptible reduction in performance
of each of two parallel reflective noise barriers, the wi dth-to-
aver age-height (WH) ratio should be at least 10:1." The author of
the Caltrans study defines a perceptible reduction in performance as



3 dBA or greater. On the basis of the Caltrans study, it was
anticipated that an insertion | oss degradation as |arge as 3 dBA
woul d be neasured at the chosen test site. A 3 dBA degradation may
be perceptible by the human ear, according to a 1974 Anmerican
Associ ation of State Hi ghway and Transportation O ficials (ASHTO)
publication, 3 which states that the smallest change in noise |evel
percepti ble by the human ear is approximately 3 dBA.

1.3 OBJECTIVES

The objective of this study was to neasure the reduction in acoustic
performance of a hi ghway noise barrier due to the close proximty of
a parallel barrier on the opposite side of the roadway. The neasured

results will be used to:

1 Establish a guideline for identifying parallel noise
barrier sites that are potentially subject to performance
degradati ons of 3 dBA or nore.

1  Evaluate exi sting hi ghway- noi se- predi cti on conput er
prograns which are capable of accounting for the degrading
effects of nultiple reflections between parallel highway
noi se barriers.



figure 1



figure 2



figure 3









2. 0 EXPERI MENTAL APPROACH

2.1 M CROPHONE CONFI GURATI ON

Ei ght m crophones were depl oyed on four masts, four mcrophones in
the parallel-barrier site, Site 1, and four in the single barrier
site, Site 2. Two stationary reference nmasts were fitted with one
m crophone each, placed at a height corresponding to 5 ft above the
barrier edge in each site, while two portable masts were fitted with
three m crophones each, placed at heights of -8 ft (low), +2.5 ft
(mddle), and +13 ft (high), relative to the height of the barrier.
When referring to m crophone heights, the high, mddle, and | ow
convention will be used for the remai nder of this docunent. The two
portable masts were sinultaneously placed at one of three offset

positions in each test site (16, 65.5, or 131 ft), and noved as a
pair at designated times during the neasurenment day, per Table 1.
Note: since ground elevation varied independently in the two
measur enent sites, mcrophone height was held constant relative to
the height of the top edge of the barrier, rather than relative to
t he ground pl ane.

2.2 NO SE MEASUREMENT | NSTRUMENTATI ON
Each noi se neasurenent system consi sted of a General Radi o Model
1962-9610 random i nci dence el ectret m crophone, connected to a Larson

Davi s Model 827-0V preanplifier. The m crophone/preanplifier system
was nounted in an insulated nylon hol der and connected via cable to a
Larson Davis Moddel 820 Type 1 Precision Integrating Sound Level

Met er / Envi ronnment al Noi se Anal yzer (LD 820). The m crophone/
preanplifier conmbination was positioned one foot away fromthe mast
and placed in its shadow as viewed fromthe roadway. This
positioning insured mnimumerrors due to reflections fromthe mast
structure.3 Bruel and Kjaer Mdel UA0237 wi ndscreens were placed

at op each m crophone to reduce the effects of w nd-generated noise on
t he m crophone di aphragm

Pre-processi ng and storage of the neasured noise |evel data were
accompl i shed by the LD 820. Each unit was programred to conti nuously

10



measure, energy average and store A-weighted noise |levels with fast
sound- | evel -nmeter response characteristics at a rate of two data
records each second (Y2 second averages). Programed thus, each unit
was capabl e of continuous operation for a period of just over 12
hours.

2.3 METEOROLOG CAL MEASUREMENT | NSTRUMENTATI ON

A Climatroni cs Model EWS weat her station was deployed in Site 2 at
the m dway point between the 65.5 and 131 ft offset positions to
measure and continuously record tenperature, humdity, w nd speed and
wi nd direction (see Figure 1). Wnd speed and direction were
measured at a height of 27 ft above the ground (height equivalent to

t he hei ght of the highest noi se neasurenment position); tenperature
and hum dity were neasured at a height of 5 ft above the ground. The
operator assigned to the weather station was responsible for tine
mar ki ng the strip chart periodically and maki ng note of cloud cover
as well as significant changes in weather conditions.

2.4 TRAFFI C MEASUREMENT | NSTRUMENTATI ON
Traffic speed was obtained with a CM doppl er radar set up 20 ft off

t he edge of the rightnost westbound travel |ane, approximtely 300 ft
west of the m crophone centerline in the parallel-barrier measurenent

site (see Figure 1). The doppler radar was directed at the departing
west bound traffic, thus mnimzing the possibility of individual
vehicles sl owing down after detecting the radar signal. Readings

were observed visually fromthe radar's digital display and recorded
continuously during each test run at a rate of approximtely one
readi ng every 10 seconds.

A Panasoni ¢ Model AGL70 video canera was set up on the U S. Route 29
overpass to record pass-by traffic on the eight-lane interstate
during each test run. 1In addition to visual traffic nmonitoring, each
test run was annotated with pertinent event information. The video
canera was tine-synchronized with the LD 820's, so that the noise
data could be correlated with the traffic data.

11



2.5 MEASURENMENT PROCEDURES

Noi se neasurenent system preparation, including calibration,

uni versal tinme synchronization, and a neasurenent of each systenis

el ectronic noise floor was performed at the start of each neasurenent
day. For consistency, a single acoustic calibrator with an out put
sound pressure |evel of 114 dB re 20 :-Pa was used on all eight

systens. Followi ng system preparation, the four masts were raised
into place at the reference position and at the designated
measurenent offset in each site, per Table 1. Wth the four nasts
stabilized and in position, the eight LD 820's were programred to
begi n continuous data collection at a rate of two sanples per second.

A communi cation |ink was set up between personnel at Sites 1 and 2,
the radar station and the video camera station by nmeans of four
Mot or ol a Model HT-220 wal ki e-tal kies. During each test run,
personnel assigned to Sites 1 and 2 were responsi ble for announcing
t he begi nning and end of each test run, docunmenting vehicle pass-bys
on Forest G en Road, and making note of additional sources of
potential contam nation, e.g., aircraft flyovers, energency vehicle
sirens, etc. Upon receiving notification of the start of each run,
personnel at the radar station began recording vehicle speeds for a
period of five mnutes. Notification of the start was given 30
seconds early to all ow personnel at the video camera station to
record pass-by traffic on the eight-lane interstate for a period of
six mnutes, i.e., 30 seconds before and after each test run.

After collecting data for ten consecutive five-m nute test runs
(five-m nute spaci ng between each run), the four measurenent nasts
were | owered to the ground and approxi mately 30 seconds of
calibration data were neasured and stored. The two portable three-

nm crophone nmasts were then noved to the next offset position, and the
four masts (two reference and two portable) were raised into position
for ten additional five-mnute test runs. Again, the masts were

| owered and 30 seconds of calibration data were neasured and stored.
The two portable masts were then noved to the third measurenent

12



of fset, and the four masts were raised into position for an
additional ten runs. After a total of thirty five-mnute test runs
(10 each with the portable masts at the three offset positions in
each site), the four masts were |lowered to the ground and fi nal
calibration data were nmeasured and stored. Table 1 depicts the
schedul e for the three measurenent days.

At the culm nation of each neasurenent day, the Y second noi se data
stored in each LD 820 were downl oaded to an AST Prem um Exec Mbde
386SX/ 20 not ebook conmputer and stored on floppy disk for later off-
i ne processing.

A listing of the instrumentation used in this study, including
calibration information, is provided in Appendi x E.
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TABLE 1: MEASUREMENT STUDY TEST SCHEDULE
MARYLAND | 495 BARRI ER TEST SITE - 1991

Cct ober 8, 1991 Cctober 9, 1991 Cct ober 10, 1991
Test Start Mast Start Mast Start Mast
Run # Ti ne O fset (ft) Ti ne Ofset (ft) Tine Ofset (ft)
1 10: 40 16 9: 45 131 9: 45 131
2 10: 50 16 9:55 131 9:55 131
3 11: 05 16 10: 05 131 10: 05 131
4 11: 15 16 10: 15 131 10: 15 131
5 11: 25 16 10: 25 131 10: 25 131
6 11: 35 16 - - 10: 35 131
7 11: 45 16 10: 45 131 10: 45 131
8 11: 55 16 10: 55 131 10: 55 131
9 12: 05 16 11: 05 131 - -
10 12: 15 16 11: 15 131 - -
**x%%x  QYSTEM CALI BRATI ON - THREE M CROPHONE NMAST MOVED *****
11 13: 05 131 11: 45 65.5 11: 45 16
12 - - 11: 55 65.5 11: 55 16
13 13: 25 131 12: 05 65.5 12: 05 16
14 13: 35 131 12: 15 65.5 12: 15 16
15 13: 45 131 12: 25 65.5 12: 25 16
16 13: 55 131 12: 35 65.5 12: 35 16
17 14: 05 131 12: 45 65.5 12: 45 16
18 14: 15 131 12: 55 65.5 12: 55 16
19 14: 25 131 13: 05 65.5 - -
20 14: 35 131 13: 15 65.5 13: 15 16
**x%%%x  QYSTEM CALI BRATI ON - THREE M CROPHONE NMAST MOVED *****
21 15: 15 65.5 - - 13: 45 65.5
22 15: 25 65.5 14: 05 16 13: 55 65.5
23 15: 35 65.5 14: 15 16 14: 05 65.5
24 15: 45 65.5 14: 25 16 14: 15 65.5
25 15: 55 65.5 - - 14: 25 65.5
26 16: 05 65.5 - - 14: 35 65.5
27 16: 15 65.5 - - 14: 45 65.5
28 16: 25 65.5 15: 05 16 14: 55 65.5
29 16: 35 65.5 15: 15 16 15: 05 65.5
30 - - 15: 25 16 15: 15 65.5
31 - - 15: 35 16 - -

(-) Denotes test run was renmoved fromthe popul ation of events to be analyzed (see Section 3.1 for an explanation).






3.0 DATA REDUCTI ON

3.1 NO SE DATA

Processing of the daily noise data files stored on floppy di sk was
acconplished off-line, using the LD 820 support software in tandem
with the NMVAF-devel oped conputer program RFILE. The LD 820 software
was used to obtain a graphical history plot (noise |level versus tinme)
for the test runs identified in the field as potentially

contam nated. These plots were exam ned and all questionable test
runs were renoved fromthe popul ation of events to be processed.

The RFILE program using the %% second data stored in each file, was
used to conpute the equival ent A-wei ghted sound | evels for each five-
mnute test run (Leg (5 mn)). The Ly (5 mn) values were adjusted
using the neasured calibration data per ANSI S12.8-1987,3 and the
results are displayed in Tables Al-A3, Appendix A. Note: no
reference m crophone adjustnment was applied to the neasured noi se

| evel data (see Section 6.3).

To account for the tinme-lag in west-bound traffic associated with the
900 ft separation distance between the two test sites, the Ly (5

m n) values for all mcrophones in Site 1 were conputed using %
second data beginning 10 seconds earlier than the event start tinmes
shown in Table 1. Select events re-run wi thout the 10 second tine

| ag produced differences of .1 dBA or less, indicating the tine-Ilag
was not a factor for such a small separation distance.

To obtain a nmeasure of the insertion | oss degradation due to the
opposite reflective noise barrier (),), the Ly (5 min) values
conputed for identical measurenent positions in each site were
arithmetically subtracted (see Appendix A, Tables A4-A6). The
resultant ), values nmeasured for the sanme receiver heights and

of fsets were then averaged together and are displayed in Figure 4,
along with their respective standard deviations (F). Note: the ),
val ues di splayed for the | ow and m ddl e m crophone, 131 ft offset,
are based on L., val ues neasured over a period shorter than five
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m nutes (see Section 4.1 for an explanation).

3.2 METEOROLOG CAL DATA

The Climatronics Model EWS Weat her Station was used to neasure and
record wind speed and direction, tenperature, and humdity on a
continuous strip-chart recorder with a paper speed of four inches per
hour. Using the time marks recorded on the strip chart in the field
as reference, a tine scale was transposed on each chart and the five-
m nut e neasurenment period for each test run was identified.

The average wind speed (mles per hour) and average wind direction re
magnetic north (degrees) were conmputed for each five-m nute test run.
The five-m nute averaged wi nd speed (W5) and direction (WD) were then
used to conpute the vector conponent of wi nd speed in the x-y plane
fromthe source to the receiver (VW5) for each test run according to
the foll ow ng:

VWS = COS (WD) + W8

where a negative WA indicates the wind is blow ng fromreceiver

to source

Tenperature, humdity, average w nd speed and direction, and VW5 are
presented in Tables B1-B3, Appendix B. Note: cloud cover class 2,
as defined in ANSI S12.8-1987, was observed for the duration of the
t hree neasurenent days.

3.2.1 VECTOR W ND SPEED (VW5)

The barrier insertion |oss degradation data (),) neasured for
each m crophone position were sorted according to VW and
grouped in 2-nph VWS categories (-6.9 to -5, -4.9 to -3,
-2.9to -1, -0.9to +0.9, +1 to +2.9, +3 to +4.9, and +5 to
+6.9). The grouped ), values neasured at each m crophone
position were averaged together and are presented as a function
of VA in Figures B1l-B3, Appendix B. The choice of 2-nph VWS
categories is based on a proposed revision to ANSI S12.8-1987,
which states: "If it is desired to keep the acoustical error




within £ 0.5 dB (for distances less than 70 m, reduce the
[imt to 1.0 m's."

3.3 TRAFFI C DATA

The traffic data recorded on video cassette were used to obtain
vehicle counts for each five-mnute test run. Vehicles were counted
and classified in three categories, autonobiles (A), mediumtrucks
(MT), and heavy trucks (HT), per FHWA specifications.3 Vehicles
were further grouped by direction (eastbound and westbound). The
vehi cl e speed data were averaged over each test run and are presented
in Tables Cl1-C3, Appendix C, along with the categorized vehicle
count s.

3.3.1 TOTAL NUMBER OF VEHI CLES

The barrier insertion |oss degradation data (),) neasured for
each m crophone position were sorted according to the total
nunber of vehicles to pass through the neasurenent site during
a five-mnute test run and grouped in 100-vehicl e categories
(600-699, 700-799, 800-899, etc.). The grouped ), values
measured at each m crophone position were averaged together and
are presented as a function of the total nunmber of vehicles in
Fi gures Cl1-C3, Appendix C.

3.3.2 PERCENTAGE OF TRUCKS
The barrier insertion |oss degradation data (),) neasured for

each m crophone position were sorted according to the
percent age of trucks to pass through the neasurenent site
during a five-mnute test run and grouped in 1% categories (4-
4.9% 5-5.9% 6-6.9% etc.). The grouped ), values neasured at
each m crophone position were averaged together and are
presented as a function of the percentage of trucks in Figures
C4- C6, Appendix C.
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4.0 DI SCUSSI ON OF RESULTS

4.1 BARRIER I NSERTION LOSS DEGRADATI ON (),.)

The mean ), val ues neasured at each of the ten receiver |ocations
are presented in Figure 4 along with respective standard devi ati ons
(F). In general, the ), values increase with m crophone hei ght and
of fset distance behind the barrier. The ),  values range froma | ow
of .6 dBA (high m crophone, 16 ft offset) to a high of 2.8 dBA (high
m crophone, 131 ft offset). It is inportant to note that, at the
reference position, the ), value is extrenely consistent (run to
run), as evidenced by the small standard deviation (F=.17 dBA).
Normal |y, a reference m crophone is used to account for differences
in the source-noise-em ssion levels fromone test site to another,

and any neasured difference, assumng the criteria for terrain,
ground and at nospheric equival ence are nmet, is due solely to changes
in source characteristics. However, the consistency in the nmeasured
). values at the reference position indicates that the 1.2 dBA
difference can not be attributed to variations in source-noise-

em ssion |l evels between Sites 1 and 2, but rather to multiple
reflections between the two parallel barriers.

As mentioned previously, the traffic on Forest G en Road was
carefully nmonitored for later correlation with the nmeasured acoustic
data. An exam nation of the neasured % second noi se data reveal ed
that the L, (5 mn) values conputed for the |ow and m ddle

nm crophone positions (131 ft offset, Site 1) were contam nated by

i ndi vi dual vehicle pass-bys on Forest G en Road. To elininate the
effects of the contam nation, the L, values at these two m crophones
wer e reconputed, excluding noise data easily identified as enmanating
from vehicl e pass-bys on Forest @ en Road. The adjusted ), values
are presented in Figure 4. After adjustnent, it is noted that the
). values nmeasured at the 131 ft offset followa trend sinmlar to
that noted in the Dulles study at the 88 ft offset, i.e., the ),
value is largest for the high m crophone and decreases slightly with
m cr ophone hei ght.
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4.2 ), VERSUS VECTOR W ND SPEED (VW5)
The data displayed in Figures Bl-B3, Appendix B, present the ),

values as a function of VWS, To sinplify the presentation, test runs
wer e conbi ned according to 2-nph VWS categories, e.g., the ), values
for all runs with a VWS of -4.9 to -3 nph were arithnmetical- |y
averaged to obtain the nmean ), value for a VWS of -4 nph.

As can be seen, the ), value is independent of VWS at all m crophone
hei ghts and mast offsets. |In fact, at the reference and the 16 ft

of fset positions, the ), /VWS relationship is essentially a straight
line with zero sl ope.

4.3 ), ._AS A FUNCTI ON OF TRAFFI C DATA

The traffic count data presented in Tables Cl1-C3, Appendix C, are
di spl ayed in various graphical formats to establish dependence with
the ),  val ue.

4.3.1 ), _VERSUS TOTAL NUMBER OF VEHI CLES

Fi gures Cl1-C3, Appendix C, present the ), value as a function
of the total number of vehicles to pass through the neasurenent
site during a five-m nute test run (autos, nmediumtrucks, and
heavy trucks conmbined). To sinplify the presentation, test
runs were conbined according to 100-vehicle categories, e.g.,
the ), values for all runs with a total number of vehicles

bet ween 700 and 799 were arithnmetically averaged to obtain the

mean ), value for 750 total vehicles.

As can be seen, the nmean ), value is independent of the total
nunber of vehicles. It is inportant to note that the w de
range of traffic volumes observed, 650 to 1400 vehicl es per
five-mnute test period (7800 to 16800 vehicles per hour),
corresponds to a Level-of-Service (LOS) B through E, as defined
in the "Hi ghway Capacity Manual, Special Report 209."3

4.3.2 ), _VERSUS PERCENTAGE OF TRUCKS

Fi gures C4-C6, Appendix C, present the ), value as a function
of the percentage of trucks to pass through the nmeasurenent
site during a five-mnute test run (nedium and heavy trucks
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conbined). To sinplify the presentation, test runs were
conbi ned according to the percentage of trucks, e.g., the ),
values for all runs with a truck percentage of between 4 and
4.9 were arithmetically averaged to obtain the nean ), value
for a percentage of trucks of 4.5.

As can be seen, the nean ), value is independent of the
percent age of trucks to pass through the neasurenent site
during a five-mnute test run. This may be due to the snal
range of percentages represented (4-14). However, it is
important to note that a January, 1978, NMVAF neasurenent study36
whi ch sel ected hi ghway sites on the basis of being
representative of traffic flow throughout the United States,
observed truck percentages which were generally in the 4-14%
range.

4.4 COMPUTER MODELI NG  COVPARI SON OF MEASURED AND PREDI CTED
| NSERTI ON LOSS DEGRADATI ON

The hi ghway noi se prediction progranms, BARRIER - Version 2.1,

BARRI ER- X - Version 2.1,2>2 and | MAGE-3 - Version 3.11,3% all of which
have the uni que capability of accounting for the effects of multiple
reflections between parallel highway noise barriers, were used to
predict the insertion |oss degradations (),) at the m crophone

hei ghts and nast offsets tested in this study. 1In running these
prograns, the foll owi ng assunpti ons were made:

I Roadside barrier facades were nodeled with Sabine absorption
coefficients ("gp) of 0.05 (5% of sound incident on the barrier
facade is absorbed, i.e., 95%reflective barrier). The "o

val ues would normally vary slightly with frequency, however exact
val ues were not available. The 0.05 value chosen is considered
typical for a reflective concrete barrier.? Note: the
normal i zed barrier inpedance value in the Barrier-X input file (Z
= 79.5+04) is essentially equivalent to an "'g, of 0.05.%

In order to account for the slope of the terrain leading to the

base of the barrier (see Figures 2 and 3), the | ower portion of
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the near wall (wall behind which neasurenments were nmade) was
assigned an "'g, of 1.0 (100% of sound incident on the barrier
facade is absorbed, i.e., 0% reflective barrier).

I The FHWA-approved equivalent source heights3* were assumed
(autos: O ft, mediumtrucks: 2.3 ft, heavy trucks: 8 ft).

I The FHWA- approved octave band A-wei ghted frequency |evels for
aut os, nmedi um and heavy trucks at operating speeds of 57 nph38
wer e assuned (BARRI ER and BARRI ER- X) .

I The FHWA-approved overall A-weighted sound levels for autos,
medi um and heavy trucks at operating speeds of 57 nph3 were
assumed (I MAGE- 3).

An example input file for each prediction programis presented in
Appendi x D. M crophone offset distances and traffic counts were
adj usted, as appropriate.

4.4.1 REFERENCE M CROPHONE PQOSI TI ON
A conparison of the nmeasured and predicted ), values at the
reference m crophone position is presented in Table 2a.

TABLE 2a: COWVPARI SON OF MEASURED AND PREDI CTED ),,
REFERENCE M CROPHONE POSI T1 ON

+))))))))0))))))))))))0)))))))))))))O))))))))))) )))))))))))))))))))))))) )))))))
MEASURE| DI CTED dBA) *

DATA ~ * M CROPHONE * MEASURED ), /))))))))))))))0))))))))))))))0))))))))))))))1
SET** * PCSITION * dBA)

- - /))))))0)))))))3))))))0)))))))3))))))0)))))))1
/))))))))3))))))))))))3)))))))))))))3))))))3)))))))3))))))3)))))))3))))))3)))))))1

25 * +0
/))))))))3))))))))))))3)))))))))))))3)))))%31)11)%)31)%)%%32)11)%)32)1)))32))))))l
/))))))))3))))))))))))3)))))))))))))3))))))3)))))))3))))))3)))))))3))))))3)))))))l

*0.256 *+1.0 *0.25*+1.0 *0.9 * +0.3 *
))))))))2))))))))))))2)))))))))))))2))))))2)))))))2))))))2)))))))2))))))2)))))))—
*  Measured - Predicted ). (dBA)
** Data sets 1, 2, and 3 correspond to neasurements nade with the portable three-m crophone masts at the 16,

65.5 and 131 ft offsets, respectively. The position of the reference m crophone
remai ned constant throughout the study.

* ok % %

As can be seen, t he | MAGE- 3 progr amunder predi cted ), by bet ween
.2 and .3 dBA, while the BARRI ER and BARRI ER- X prograns
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under predi cted ), by between .9 and 1.0 dBA. Note: the term
under predi ction i ndi cates t he measured i nsertion | oss degradati on
()/) was greater than that predicted by the nodels.

4.4.2 H GH MDDLE, AND LON M CROPHONE POSI TI ONS

A conpari son of the neasured and predi cted ), val ues at the high,
m ddl e and | owm crophone positions is presentedin Table 2b. In
general, fairly good agreenent was obt ai ned bet ween t he neasur ed
and predicted ), values at the 16 ft mast of fset (measured m nus
predicted # .6 dBA).

TABLE 2b: COWPARI SON OF MEASURED AND PREDI CTED ),,
H GH, M DDLE, AND LOW M CROPHONE POSI TI ON

+))))))))0))))))))))))0)))))))))))))0))))))))))) )))))R/%gg))))))))))))))) ))))))))

OFFSET
(FT)

65.5

131

ook R b RN R X X ENOF X F F RN R F F X

DI CTED

* M CROPHONE ™ 'VEASURED )m /))))))))))))))0))))))))))))))0))))))))))))))1
* POSITION *  (dBA

* /))))))0)))))))3))))))0)))))))3))))))0)))))))1

))))))))3))))))))))))3)))))))))))))3))))))3)))))))3))))))3)))))))3))))))3)))))))l

/))))))))))))3)))))))))))))3))))))))))))))3))))))))))))))3))))))))))))))1
/))))))))))))3)))))))))))))3))))))))))))))3))))))))))))))3))))))))))))))1

))))))))3))))))))))))3)))))))))))))3))))))))))))))3))))))))))))))3))))))))))))))1
* H gh * 2.2 * 0.35 +1.9 * 0.91 +1.3 * 2.7 -0.5 *

9
/))))))))))))3)))))))))))))3))))))))))))))3))))))))))))))3))))))))))))))l
/))))))))))))3)))))))))))))3))))))))))))))3))))))))))))))f))))))))))))))1

Low *

))))))))3))))))))))))3)))))))))))))3))))))))))))))3))))))))))))))3))))))))))))))1

H gh -1.7 *5.07 -2.3 * 2.9 *
/))))))))))))3)))))))))))))3))))))))))))))3))))))))))))))3))))))))))))))1

/))))))))))))3)))))))))))))3))))))))))))))3))))))))))))))3))))))))))))))l
* Low * 2.4 ** * 3.78 -1.4 *3.64 -1.2 *3.8 -1.4 *

-223333332)333333333332333333331313132)33333333333332)33111333333332)333))))))))))-
*  Measured - Predicted ). (dBA)
** Adjusted (see Section 4.1)

Inaddition, theoverall trendsinthe 16 ft data, measured versus
predicted, were sinmlar, i.e., thelargest and snal | est ), val ues
wer e obt ai ned at the m ddl e and hi gh m crophones, respectively.
It isinterestingto notethat the), values predicted by both
BARRI ER and BARRI ER- X, hi gh m cr ophone, were consi derably snal | er
than those nmeasured. A simlar result was observed at the
reference position (as discussed previously). Note: the
reference m crophone and t he hi gh m crophone (16 ft of fset) are
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intheillum nated zone behi nd the near barrier, unlike the other
ei ght m crophones, which are in the shadow zone behi nd the
barri er.

At the 65.5 and 131 ft of fsets the correl ati on bet ween neasur ed
and predicted ), deteriorates. The predicted), val ues obt ai ned
usi ng | MAGE- 3, BARRI ER, and BARRI ER- X wer e bet ween . 1 and 2. 0 dBA
hi gh, 1.9 dBAlowand 2. 4 dBA hi gh, and 1. 3 dBA Il ow and 2. 6 dBA
hi gh, respectively, when conpared wi th t he neasured),, val ues.
W thtwo exceptions (high mcrophone, 65.5ft offset, BARRI ER and
BARRI ER- X), the ), values at the 65.5 and 131 ft of fsets were
over predi cted by the nodels.

4.4.3 AN ANALYSI S OF THE OVERPREDI CTI ON AT THE 65. 5 AND 131
FT MAST OFFSETS

An analysis was perforned to help explain the consistent
overprediction at the 65.5 and 131 ft nmast offsets. As part of
thiseffort, thefollowngdifferences were identified between
the actual test site andthe site the prediction progranms were
capabl e of nodeling:

' The npdels are not capable of accounting for the slight

curve in the roadway.

BARRI ER and BARRI ER- X are not capabl e of accounting for

t he

difference in road elevation from the eastbound to the

west bound travel |anes (approximately 1.5 ft).

I IMAGE-3 in not capable of accounting for the effects of

noi se "flanking" around the ends of the barrier.

The first two factors identified above were considered
insignificant. Regarding factor three, whereas the noise | evel
contributions dueto flanking may intuitively helpto explainthe
overpredi ction at the 65.5 and 131 ft of fset di stances, these
contributions were consideredinsignificant at thistest sitefor
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the foll owi ng reasons (see Figure 1): 1.) The near barrier
(barrier behind which neasurenents were made) extended
approxi mately 2000 ft to the east and 1200 ft to t he west of the
nmeasur ement m crophones in Site 1 (parallel-barrier site); 2.) The
near barrier extended al nost 3000 ft to the east and 250 ft to the
west of the measurenent m crophonesinSite 2 (singlebarrier
site). Normally, anoiselevel contributionwould be expected at
the 65.5 and 131 ft offsets (dueto flanking) withonly a 250 ft
barri er extension. However, the conbination of the roadway
curving away fromthe barrier, and t he roadway sl opi ng downwar d
(2ft of el evation per 100 ft of roadway) resultsina10-12 ft
earth berm(effective height relative to roadway el evati on)
ext endi ng past the end of the 250 ft stretch of barrier.

One possi bl e expl anation for the consi stent overprediction at the
65.5 and 131 ft of fset di stances i s the met hod by whi ch | MAGE- 3,
BARRI ER, and BARRI ER- X represent nultiple reflections. As
di scussed in Ref. 3, the I MAGE-3 program nodels nultiple
reflections using the theory of geonetrical acoustics (ray
acoustics or image theory). Image theory is usedtotracethe
acoustic paths (assum ng pl ane wave propagati on) between t he
recei ver and both the actual and effective (i mge) acoustic
sources (see Refs. 3 and 25 for a detail ed description of the
t heory). The BARRI ER and BARRI ER- X prograns extend the ray t heory
approach to i nclude the effects of sound scatter at: 1.) the
barrier top edge; 2.) the pavenent-waysi de edge; and 3.) the
i npedance di scontinuities at three discrete barrier heights
(BARRI ER- X only). Neverthel ess, each predi cti on programnegl ects
several potentially inportant factors, e.g., sound energy scatter
when the acoustic ray strikes the barrier facade, vehicle
shielding of the multiple reflected sound paths between t he
barriers, andthe shielding effects duetothe 3ft Jersey barrier
inthe center of the roadway. Neglecting these factors may result
inan overpredictionof theinsertionloss degradation(),) at
the recei ver positions nost sensitivetonultiplereflections
(65.5 and 131 ft receivers).
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4.4.4 BARRIER HEIGHT DI FFERENCE (SITE 1 VERSUS SITE 2)

As menti oned previously, the near barrier inSite2was 1ft | ower
(relative toroadway el evation) than the near barrier inSite 1.
The 1 ft difference was expected to have m nimal effects onthe
val ue of ),,, based on pre-neasurenent esti nates usi ng STAM NA 2.0
(the current FHWA hi ghway noi se predi cti on program. BARRI ER,
BARRI ER- X and | MAGE- 3 confirmed t his expectation. By using all
three nodeling progranms, the insertion |oss degradation,
associated with the 1 ft difference in barrier height, was
estimated to be between 0 and . 2 dBAlowat the 16 ft of fset, and
0O and .4 dBA |low at the 65.5 and 131 ft offsets.

figure 4
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5.0 CONCLUSI ONS

Concl usi ons based on t he fi ndi ngs of this study can be sunmari zed as
foll ows:

The mean barrier insertionloss degradation (),) dueto
mul tiplereflections betweenthetw vertical reflective
noi se barriers ranged from.6 to 2. 8 dBA, dependi ng on
m crophone hei ght and of fset distance behind the barrier.

The mean ), val ue at each of the ten m crophone | ocati ons
woul d not be perceived by the human ear, using the 3 dBA
perception criterion discussed in Section 1.2.

The ), val ues showed no dependency on vector wi nd speed
(VWB) .

! The ), val ues showed no dependency on traffic vol unme for the
range of vol unmes representedinthis study (7800 to 16800
vehi cl es per hour).

I The ), val ues showed no dependency on the percentage of
trucks on the roadway for the range of percentages
represented in this study (4 to 14).

I The consistency (runto run) of the), val ues derived from
nmeasurenment s at t he reference m crophone position indicates
t hat t hey can be attri buted solely toreflections fromthe
opposite barrier, and not to randomvari ati ons i n source-
noi se-em ssion | evel s between Sites 1 and 2. As aresult,
t he r ef erence m crophone adj ust ment procedure i n ANSI S12. 8-
1987 i s not appropriate for parallel-barrier nmeasurenents
and, as di scussedin Section 3.1, was not appliedinthis
study. A simlar conclusion was reached in the Dulles
st udy.
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The three prediction prograns used to nodel the test
site (BARRI ER, BARRI ER- X and | MAGE- 3) under predicted t he
value of ), at the reference position.

The predicted), values arein fairly good agreement with
the neasured results at the 16 ft of fset position for all
t hree prediction prograns (high, m ddle and | owmni crophone
posi tions).

Wth two exceptions, the three prediction prograns over-

predicted the value of ), at the 65.5 and 131 ft of fset
positions (high, mddle and | ow m crophones).
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6.0 RECOVMENDATI ONS

6.1 SEPARATI ON- DI STANCE TO BARRI ER- HEI GHT RATI O (W H)

The separation-di stance to barrier-height ratio (WH) is defined as the
rati o of total di stance between parallel noise barriers, including
roadway, medi an, shoul der and terrainw dth, tothe average hei ght of
the two barriers, relativetoroadway el evation. Thisratio appearsto
be t he best avail abl e met hod of characteri zing barrier insertion]|oss
degradation (),). Table 3 shows the WHratio and correspondi ng
maxi mum ), val ues derived from neasurnments at sinilar receiver
| ocations in this study, the Dull es study, and the Cal trans study
referred to in Section 1.2 of this docunment.

TABLE 3: COWMPARI SON OF W H RATI OS AND MAXI MUM ),
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M crophone height in feet, relative to the top of the barrier, and microphone offset in feet behind the barrier.

Based ontheresults presentedinTable 3, amninumWHratioof 10:1
i s recommended to avoi d a percepti bl e degradationin barrier insertion
| oss. This recomendationis based onthe 3 dBA perceptioncriterion
di scussed in Section 1.2 and | eaves sufficient | eeway to account for
nost site specific variations. AmnimumWHratio of 10: 1 was anong
t he recommendations in the aforenentioned Cal trans study.

One caveat to the 10:1 guidelineis that thetwo parallel barriers
shoul d be simlar inheight. For exanple, if two parallel barriers,
one 20 ft high and the other 10 ft hi gh (average height relativeto
roadway el evation equi valent to 15ft) are separated by a di stance of
150 ft (WH ratio equivalent to 10:1), barrier insertion |oss
degradati ons on t he si de of the roadway opposite the 20 ft high barrier
may be consi derably | arger than 3 dBA; degradations on the side of the
roadway opposite the 10 ft high barrier would |likely be very closeto
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If a ), value greater than 3 dBA can be tol erated, a mininumWHratio
shoul d be chosen appropri ately. However, cautionis advi sed when WH
rati os are |l ess than 8: 1, because the (WH)/), rel ati onshi p does not
appear to be linear, i.e., ), increases rapidlywith decreasing WH,
as evi denced by theresults of the Dull es study. Conversely, for a WH
ratio of 20:1 or greater, it is unlikely that an insertion |oss
degradati on woul d be neasurable at all.

6.2 HOWTO M N MZE THE | NSERTI ON LOSS DEGRADATI ON (),.)

Anong the thirty paral | el hi ghway noi se barrier sites visited by NVAF
personnel in April and May, 1991, there were a fewwhi ch, uponinitial

i nspection, didnot appear to neet the 10:1 WHrequirenent. If a
designer is faced with asituati on where the 10: 1 requi renent cannot be
met and a ), val ue greater than 3 dBA cannot be tol erated, several
met hods of minimzing the performance degradati on are suggest ed:

1. Constructing earth berms instead of installing commercially available highway
noisebarriers(seeRef.19)- Because of the sl oped shape of berns,
they tendtoredirect the sound skyward, alatilting (see
Met hod 3). Note: The construction of earth berns shoul d be
the first method consi dered by a desi gner since berns tend
t o be consi derably | ess expensi ve t han t he nore conventi onal
noi se wal I ; however right-of-way requi renments can severely
restrict their applicability.

2. Applyingcommercially available acoustically absorptive treatment to the
roadside face ofeither one or both ofthe parallel noise barriers (see Refs.
3,5,8,13,15,19,20,24-26)-Not e: application of treatnent to just
one of the two barriers will elimnate the multiple
reflections; however noise barrier insertion | oss can
(theoretically) still be degraded by as much as 3 dBAonthe
si de of the roadway opposite thereflective barrier (dueto
asinglereflection); typicallyasinglereflectionresults
inlittleif any degradation.®® Application of absorptive
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treatnment is the only feasible method of m nim zing the
mul tiplereflections, oncethe barriers have been install ed.

3. Tilting one of the two barriers outward, away from the road, thus
redirectingthesoundskyward(seeRefs.8,17-19,24-27)- Not e: care nust
be t aken when usi ng t his nethod i n a hi ghl y congest ed ur ban
setting where upper-story residents (residents oppositethe
tilted barrier) may suffer increased noi selevels duetothe
redirected sound.

4. Increasingbarrier height(seeRef.24)- Al t hough barrier insertion |oss

degradation increases withincreased barrier height, barrier
insertion |l oss increases at a greater rate. The cited
Ref erence states that if the degradationis 3 dBor |ess,
i ncreasing barrier height may be the nopst practical
approach. Based on this recomendati on, i ncreasing barrier
hei ght i s probabl y not econom cally feasible for WHrati os
of less than 10: 1.

5. Enclosing the roadway in a tunnel-like structure (see Refs. 6, 21-23) -
Al t hough this nmethod i s probably the nost effective nmeans of
elimnatingthenultiplereflections, it is probably theleast
desirable, duetothe significant increasein construction costs.

Each of these nmethods has |imtations and i n nost cases invol ves
i ncreased cost, when conpared with the nore conventi onal parall el
reflective highway noise barriers. |If the 10:1 ratio cannot be
mai nt ai ned, a cost/benefit anal ysis is recomended to determ ne whi ch
of the above nethods is nost appropriate.

6.3 REFERENCE M CROPHONE ADJUSTMENT

I n May, 1991, the Acoustical Society of Arerica' s S12-6 Wrki ng G oup
(WG net at Vanderbilt University in Nashville, TN, with the objective
of performng a final eval uati on of ANSI S12.8-1987, "Methods for
Det erm nati on of I nsertion Loss of Qutdoor Noise Barriers," based on
the results of the NVAF Dul | es study and t he Cal t rans Rout e 99 st udy.
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Anmong t he concl usi ons of the WG, the current reference m crophone
adj ust ment procedure, per ANSI S12.8-1987, isincorrect, especiallyin
the case of a parallel-barrier configuration.

I na menorandumsubm tted to the Acoustical Soci ety of Arerica, the W5
proposed applying areflection/edge diffraction correctionto noise
| evel s neasured at the reference m crophoneinthe "AFTER' site, i.e.,
the site of interest where a noise barrier is in place, prior to
perform ng t he nornal reference mcrophone adj ustment. The menor andum
i ncludes the follow ng paragraph:

"It i s possiblethat theintroductionof the barrier will
i ncrease sound pressure | evel s at the reference m crophone
due to i nduced nul tiplereflections between source and t he
barrier and/ or edge diffraction at the top of the barrier.
A 0.5 dBincreaseinsoundlevel at thereference m crophone
| ocat ed above the barrier may be consi dered typi cal and
shoul d be i ncl uded as a correction factor to the reference
m cr ophone data, unl ess further anal ysis of the propagati on
characteristics of source/barrier/ mcrophone configuration
justifies other values. Larger corrections for nmultiple
reflections nmay be considered in the case of parallel
barriers or enclosures.”

The present study, along with two previ ous NVAF st udi es, 8 39(seeAppendixF)
have shown that a 1 dBAcorrectionis typical inthe case of parall el
barriers. However, this correctionis al so dependent onthe WHrati o,
and smal |l er corrections can be expected as the WH ratio increases.

Note: no corrections for multiplereflections were appliedtothe data
measured inthis study. The objective of this study was to quantify
barrier insertion | oss degradation, not barrier insertionloss. Wen
barrier insertion | oss nmeasurenents are perforned, the proposed
correction procedure and subsequent reference m crophone adj ust nent are
recommended.
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6.4 COVPUTER MODELI NG

Uptothis point inthe docunent, barrier insertionloss degradation
()/) has beenreferredtointernms of human perceptibility, i.e., if
t he degradationis | ess than 3 dBA, it woul d not be perceived by t he
human ear, and a barrier designer need not address nethods of
mnimzing it. However, when it conmes to accurate noise |evel
prediction, nultiple reflections and the resultant ), cannot be

negl ected. In nost parallel-barrier arrangenents, nultiplereflections
nmust be consi dered and an accurate, user-friendly nethod for predicting
t he degrading effects is required.

The three paral l el -barrier prediction prograns usedinthe present
study to nodel the test site were: BARRI ER, BARRIER- X, and | MAGE-3. In
general, reasonableresults were obtained at the 16 ft offset with all
t hree prograns; however, at the 65.5 and 131 ft offsets, each program
t ended to overpredict the), value (by as much as 2. 6 dBA). Although
t hese prograns have under gone sone pri or eval uati on t hrough fi el d dat a,
e.g., |MAGE-3 on Interstate 440 in Nashville, TN, 4° and BARRI ER and
BARRI ER- X i n the Dul | es study, additional evaluationis required.
Speci fically, additional eval uati on may hel p t o expl ai n, and possi bly
correct thefollowing: 1.) thereason for the underpredictionof the
). val ue at the reference position and the hi gh mi crophone position,
16 ft offset (BARRIER and BARRIER-X); and 2.) the general
overprediction at the 65.5 and 131 ft offsets by all three prograns.

Al t hough these prograns were originally intended to be used as
suppl ements to STAMNA 2.0, their nultiplereflection algorithns, when
t hor oughl y val i dat ed, nmay provi de a good foundati on for the parall el -
barrier-anal ysis portion of the next generati on of FHWA-approved
hi ghway- noi se- predi cti on software.

6.5 FUTURE WORK

Al t hough t he present study has reconmended a gui del i ne for identifying
paral l el -barrier sites which are potentially subject to a perceptible
degradation, it would be beneficial to perform neasurenents at
additional sites with a variety of WHratios to expand upon the
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exi sting dat abase and foster conti nued predi cti on nodel eval uati on.
However, the biggest problem is identifying sites that are
"measur abl e". Past studies have citedthe |l ack of a good test site as
t he maj or obstacle to quantifying barrier insertion|oss degradations
t hrough fi el d neasurenents. 2 As nmentioned earlier inthis docunent,
of the nore than thirty potential sites visited prior to this
measur enent study, only the one tested was acceptabl e. Additional
suggestions for potential nmeasurenment sites woul d be appreciated.
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Appendi x A

CALI BRATI ON CORRECTED L., (5 M N) AND
BARRI ER | NSERTI ON LOSS DEE-?RADATI ONS, ).

This Appendi x presents the calibration corrected Ly, (5 m n) data
(Tables A1 - A3), andthe barrier insertion | oss degradati ons (Tabl es
A4 - A6), as discussedin Section3.1. Includedinthese Tablesis
pertinent event i nformati on such as test date, test run nunber, event



start tinme, mast offset and m crophone position.
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e Tabl e Al
Felpimura CALI BRATI ON CORRECTED L., (5 M N) DATA
OCTOBER 8,

Test Start Mast SITE #1 (Parallel) SITE #2 (Single)

Run # Ti ne Ofset (ft) REF H GH M D LOW REF H GH M D LOW
1 10: 40 81. 80 80. 15 75. 00 67.20 80. 65 79. 30 72.50 65. 65
2 10: 50 81. 40 79. 85 74.70 66. 70 80. 15 78. 90 71.60 64. 95
3 11: 05 81. 00 79.55 73.50 66. 00 80. 05 78. 80 71. 40 64. 75
4 11: 15 81. 60 80. 05 74.70 66. 80 80. 55 79. 30 71.80 65. 15
5 11: 25 16 81. 40 79.75 74. 40 66. 50 80. 25 79.10 71.50 64. 85
6 11: 35 81. 30 79.75 73. 80 66. 30 80. 15 79. 00 71.20 64. 75
7 11: 45 81. 20 79. 45 74.00 66. 40 80. 05 78. 80 71. 40 64. 65
8 11:55 81. 60 79. 95 74. 30 66. 80 80. 55 79.10 72.10 65. 25
9 12: 05 81.10 79. 35 74.00 66. 20 80. 15 78. 80 71.10 64. 45
10 12: 15 81. 60 79.75 74. 30 66. 70 80. 55 79. 20 71.50 64. 85
11 13: 05 82.30 69. 55 66. 80 65. 15 81. 05 66. 65 64. 15 61. 60
12 -

13 13: 25 82.10 69. 45 66. 90 64. 95 81.15 66. 45 63. 65 61.10
14 13: 35 82.00 69. 15 66. 40 64. 35 80. 95 66. 25 63. 55 60. 90
15 13: 45 131 82. 00 69. 65 66. 90 65. 25 80. 85 66. 65 64. 05 61. 30
16 13:55 82.00 69. 45 66. 60 64. 75 80. 95 66. 65 63. 95 61. 20
17 14: 05 82. 00 69. 55 66. 80 64. 85 80. 85 66. 75 63. 95 61. 40
18 14: 15 82.10 69. 75 66. 80 65. 05 80. 85 66. 75 64. 15 61. 60
19 14: 25 82. 60 69. 95 67.20 65. 55 81.55 67. 05 64. 45 61. 80
20 14: 35 82. 60 69. 95 67. 30 65. 65 81.55 67. 35 64. 65 61. 90
21 15: 15 82. 60 74. 40 69. 50 66. 35 81.55 72.20 67.55 64. 30
22 15: 25 82.10 74. 00 69. 00 65. 85 81.15 71.80 66. 75 63. 70
23 15: 35 82.50 74.10 69. 30 66. 25 81. 45 72.00 67.25 64. 20
24 15: 45 82. 60 74.00 69. 10 66. 05 81.75 72.30 67. 15 64. 20
25 15: 55 65.5 82. 40 74. 00 69. 10 65. 95 81. 35 72.00 66. 85 63. 80
26 16: 05 82.30 74.10 69. 20 66. 05 81. 15 72.10 67. 15 64. 10
27 16: 15 82. 20 73.70 69. 00 65. 95 81.15 71.90 67. 05 64. 00
28 16: 25 82. 40 73.90 69. 10 66. 05 81.35 72.00 66. 95 63. 90
29 16: 35 82.40 73.90 69. 20 66. 25 80. 95 72.10 67.35 64. 20
30 -

(-)

Denotes test run was rermoved fromthe popul ation of events to be analyzed (see Section 3.1 for an explanation).
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— Tabl e A2

o et

iy CALI BRATI ON CORRECTED L., (5 M N) DATA

. OCTOBER 9,

Test Start Mast SITE #1 (Parallel) SITE #2 (Single)

Run # Ti me Ofset (ft) REF H GH M D LOW REF H GH M D LOW
1 9: 45 82.50 70. 20 67. 40 65. 65 81. 60 67.90 65. 25 62. 80
2 9: 55 82.10 70. 00 67.10 65. 25 81.10 67.10 64. 65 62. 30
3 10: 05 82.10 69. 90 67. 10 65. 45 81. 00 67. 00 64. 55 62. 10
4 10: 15 82. 50 70. 20 67. 40 65. 65 81. 20 68. 20 65. 45 62. 90
5 10: 25 131 82.20 69. 80 67. 30 65. 55 81. 00 67. 80 65. 35 62. 80
6 - - - - - - - -
7 10: 45 82. 20 70. 20 67. 30 65. 45 81. 00 66. 80 64. 35 61. 90
8 10: 55 82.20 70. 60 67.70 65. 95 80. 90 67. 60 64. 85 62. 20
9 11: 05 82.10 70. 00 67. 10 65. 25 80. 80 66. 90 64. 35 61. 90
10 11: 15 82. 30 70. 10 67. 40 65. 65 81.10 67. 00 64. 55 62. 00
11 11: 45 81. 85 74. 20 69. 55 65. 95 80. 65 71.55 67.10 64. 05
12 11: 55 83.05 74. 70 70. 05 66. 55 81. 25 72.15 67.90 64. 75
13 12: 05 81.75 73. 90 69. 05 65. 65 80. 45 71. 35 66. 80 63. 95
14 12: 15 82. 35 74. 30 69. 65 66. 25 81. 25 72.05 67. 40 64. 35
15 12: 25 65.5 82.15 73. 80 69. 25 65. 95 80. 95 71. 35 66. 90 63. 95
16 12: 35 82.15 73. 50 68. 95 65. 55 80. 95 71. 25 66. 50 63. 65
17 12: 45 82. 55 74. 10 69. 55 66. 15 81. 15 71. 95 67.50 64. 35
18 12: 55 82. 25 74. 00 69. 55 66. 15 80. 95 71. 95 67. 60 64. 45
19 13: 05 81. 95 73.70 69. 15 65. 65 80. 85 71. 45 67. 30 64. 05
20 13: 15 82. 25 74. 30 69. 65 66. 15 81. 25 72.25 67.90 64. 65
21 - - - - - - - -
22 14: 05 82.20 80. 25 75. 00 67. 40 81. 20 80. 00 72.85 66. 15
23 14: 15 82.10 80. 45 75. 10 67. 40 81. 30 80. 00 72.75 65. 95
24 14: 25 82.70 81. 05 76. 00 68. 20 81. 50 80. 30 73. 35 66. 65
25 - - - - - - - -
26 - 16 - - - - - - -
27 - - - - - - - -
28 15: 05 81.50 79. 85 74. 40 66. 90 80. 80 79.50 72.35 65. 75
29 15: 15 82. 60 80. 95 75. 60 68. 00 81. 80 80. 50 73.15 66. 75
30 15: 25 82. 40 80. 85 75. 60 67.70 81. 20 80. 10 72.85 66. 15
31 15: 35 82. 40 80. 75 75.50 67. 90 81. 40 80. 30 73.15 66. 45

(.

)

Denotes test run was renoved fromthe popul ation of events to be anal yzed (see Section 3.1 for an explanation).
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CALI BRATI ON CORRECTED L,
OCTOBER 10, 19

Tabl e A3

(5 M N) DATA

Test Start Mast SITE #1 (Parallel) SITE #2 (Single)

Run # Ti ne Ofset (ft) REF H CGH M D LOW REF H CH M D LOW
1 9:45 83.20 71.05 68. 75 66. 90 81.90 68. 15 65. 80 63. 70
2 9: 55 82.10 69. 85 67. 45 65. 50 80. 90 66. 95 64. 70 62. 50
3 10: 05 82.50 70. 25 67. 65 65. 70 81. 20 67. 65 65. 40 63. 00
4 10: 15 82.40 69. 95 67. 35 65. 50 80. 80 67.25 65. 00 62. 50
5 10: 25 131 82.70 70. 15 67. 65 66. 00 81.50 67. 65 65. 50 62. 90
6 10: 35 82. 40 70. 35 67. 95 66. 40 81.10 67.55 65. 20 62. 80
7 10: 45 82.50 70. 15 67. 85 65. 90 81.20 67.35 65. 20 62. 80
8 10: 55 81.70 69. 65 67. 25 65. 60 80. 40 67. 05 64. 80 62. 70
9 - -

10 - -

11 11: 45 82.35 80. 50 75. 45 67.55 81.15 79. 95 73.25
12 11:55 82. 85 80. 90 76. 25 81.55 80. 25 74. 35
13 12: 05 82.05 80. 30 74. 85 67. 05 80. 95 79. 45 72.35
14 12: 15 82. 05 80. 20 74.75 67. 05 80. 75 79.35 72.05
15 12: 25 16 82. 05 80. 20 74. 85 66. 75 80. 95 79. 65 72.75
16 12: 35 82.05 79.90 74. 65 66. 85 80. 75 79. 45 72.45
17 12: 45 82. 05 80. 10 74.55 66. 75 80. 95 79.55 72.45
18 12: 55 81. 45 79. 40 74. 25 66. 25 80. 25 79. 15 72.15
19 - -

20 13: 15 82. 35 80. 40 75. 05 67. 05 81. 25 80. 05 72.95
21 13: 45 82. 65 74.55 69. 90 66. 45 81. 30 72.15 67. 65
22 13: 55 81.75 73. 45 68. 70 65. 35 80. 70 71.55 66. 85
23 14: 05 81.85 73.75 69. 10 65. 65 80. 80 71.35 66. 55
24 14: 15 82.15 73.75 69. 20 65. 95 81. 00 71.85 67.55
25 14: 25 65.5 82. 05 73. 95 69. 00 65. 75 80. 90 71.55 66. 85
26 14: 35 82. 45 74.15 69. 60 66. 15 81.50 72.15 67. 45
27 14: 45 82.55 74.25 69. 50 66. 35 81. 30 72.05 67. 65
28 14: 55 82.55 74. 25 69. 60 66. 35 81.50 71.95 67. 45
29 15: 05 82.75 74.35 69. 90 66. 75 81.50 72.05 67. 45
30 15: 15 82. 45 74. 05 69. 40 66. 05 81.10 71.85 66. 95

(-)

Denotes test run was renoved from the popul ation of events to be analyzed (see Section 3.1 for an explanation).
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Tabl e A4
BARRI ER | NSERTI ON LOSS DEGRADATI ONS, )H_(dBA)
16 FT MAST OFFSET
Test Test
Runi# Dat e REF H GH M D LOW
1 1.15 0. 85 2.50 1.55
2 1.25 0.95 3.10 1.75
3 0.95 0.75 2.10 1.25
4 1.05 0.75 2.90 1. 65
5 10/ 08/ 91 1.15 0. 65 2.90 1. 65
6 1.15 0.75 2.60 1.55
7 1.15 0. 65 2.60 1.75
8 1. 05 0.85 2.20 1.55
9 0.95 0.55 2.90 1.75
10 1. 05 0.55 2.80 1.85
22 1. 00 0.25 2.15 1.25
23 0. 80 0. 45 2.35 1.45
24 1. 20 0.75 2.65 1.55
25 - - - -
26 10/ 09/ 91 - - - -
27 - - - -
28 0.70 0.35 2.05 1.15
29 0. 80 0. 45 2. 45 1.25
30 1. 20 0.75 2.75 1.55
31 1. 00 0. 45 2.35 1.45
11 1. 20 0.55 2.20 -
12 1.30 0. 65 1.90 -
13 1.10 0. 85 2.50 -
14 1.30 0.85 2.70 -
15 10/ 10/ 91 1.10 0.55 2.10 -
16 1. 30 0. 45 2.20 -
17 1.10 0.55 2.10 -
18 1. 20 0.25 2.10 -
19 - - - -
20 1.10 0.35 2.10 -
Mean ). 1. 09 0.61 2.43 1.53
F 0. 16 0.20 0.33 0.20
Error” - 0.34 0.53 0.37

(-) Denotes test run was renmoved fromthe popul ation of events to be analyzed (see Section 3.1 for an explanation).
* Error conputed per ANSI S12.8-1987 (see sanple error conputation at the end of this appendix).
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BARRI ER | NSERTI ON LOSS DEGRADATI ONS, )H_(dBA)
65.5 FT MAST OFFSET
Test Test
Runi# Dat e REF H & M D LON
21 1. 05 2.20 1. 95 2.05
22 0.95 2.20 2.25 2.15
23 1. 05 2.10 2.05 2.05
24 0.85 1.70 1. 95 1.85
25 10/ 08/ 91 1. 05 2.00 2.25 2.15
26 1.15 2.00 2.05 1.95
27 1. 05 1.80 1. 95 1.95
28 1. 05 1.90 2.15 2.15
29 1.45 1.80 1.85 2.05
30 - - - -
11 1.20 2.65 2.45 1. 90
12 1. 80 2.55 2.15 1.80
13 1.30 2.55 2.25 1.70
14 1.10 2.25 2.25 1. 90
15 10/ 09/ 91 1.20 2.45 2.35 2.00
16 1.20 2.25 2.45 1. 90
17 1. 40 2.15 2.05 1.80
18 1.30 2.05 1.95 1.70
19 1.10 2.25 1.85 1. 60
20 1. 00 2.05 1.75 1.50
21 - - - -
21 1.35 2. 40 2.25 -
22 1. 05 1. 90 1.85 -
23 1. 05 2. 40 2.55 -
24 1.15 1. 90 1.65 -
25 10/ 10/ 91 1.15 2. 40 2.15 -
26 0.95 2.00 2.15 -
27 1.25 2.20 1.85 -
28 1. 05 2.30 2.15 -
29 1.25 2.30 2. 45 -
30 1.35 2.20 2.45 -
Mean ). 1.17 2. 17 2.12 1.90
F 0.19 0.24 0.23 0.19
Error” - 0. 37 0.54 0.59

(-) Denotes test run was renpved fromthe popul ation of events to be analyzed (see Section 3.1 for an explanation).
* Error conputed per ANSI S12.8-1987 (see sanple error conputation at the end of this appendix).
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Tabl e A6
BARRI ER | NSERTI ON LOSS DEGRADATI ONS, )H_(dBA)
131 FT MAST OFFSET
Test Test
Runi# Dat e REF H GH M D LOW
11 1.25 2.90 2.65 3.55
12 - - - -
13 0.95 3.00 3.25 3.85
14 1.05 2.90 2.85 3.45
15 10/ 08/ 91 1.15 3.00 2.85 3.95
16 1.05 2. 80 2.65 3.55
17 1.15 2. 80 2.85 3.45
18 1.25 3.00 2.65 3.45
19 1.05 2.90 2.75 3.75
20 1. 05 2. 60 2.65 3.75
1 0. 90 2.30 2.15 2.85
2 1. 00 2.90 2.45 2.95
3 1.10 2.90 2.55 3.35
4 1. 30 2.00 1.95 2.75
5 10/ 09/ 91 1.20 2.00 1.95 2.75
6 - - - -
7 1.20 3.40 2.95 3.55
8 1. 30 3.00 2.85 3.75
9 1. 30 3.10 2.75 3.35
10 1.20 3.10 2.85 3.65
1 1. 30 2.90 2.95 3.20
2 1.20 2.90 2.75 3.00
3 1. 30 2. 60 2.25 2.70
4 1. 60 2.70 2.35 3.00
5 10/ 10/ 91 1. 20 2.50 2.15 3.10
6 1. 30 2. 80 2.75 3.60
7 1.30 2.80 2.65 3.10
8 1. 30 2. 60 2. 45 2.90
g - - - -
10 - - - -
Mean ). 1.19 2.78 2.61
F 0. 15 0.32 0.32
Error” - 0. 56 0. 67

(-) Denotes test run was renmoved fromthe popul ation of events to be analyzed (see Section 3.1 for an explanation).

* Error conputed per ANSI S12.8-1987 (see sanple error conputation at the end of this appendix).
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A SAMPLE ERRCR COMPUTATI ON
2o mocL H GH M CROPHONE POSI TION - 16 ft MAST OFFSET

Conput e Variance' for:

Site 1 (Parallel Barrier Site):

Background (Not conputed if neasured noise | evel exceeds the background |evel by 10 dB):
Ref erence M crophone Position
H gh M crophone Position

Difference (Calibration corrected source |levels at reference m crophone position
mnus calibration corrected source levels at the high nicrophone position)

Site 2 (Single Barrier Site):

Background (Not conputed if neasured noise | evel exceeds the background |evel by 10 dB):
Ref erence M crophone Position
H gh M crophone Position

Difference (Calibration corrected source |levels at reference m crophone position
mnus calibration corrected source levels at the high mcrophone position)

Bi as:
Type Amount _(dB Amount / 2 Amount / 2) 2
Cal i brator 0.25 0. 125 . 016
Cal i bration 0. 40 0. 200 . 040

Drift (Site 1)
Calibration 0.23 0. 115 . 013

Drift (Site 2)
Sum  of Variances (Sum of above itens)

Standard FError (Square root of Sum of Variances)

* Note: Variance = (F)2 =[n®"( X ) - ("X )21/[n(n-1)] ; where n is nunber of levels and X is value of ith |level.

March 1,

1992

0.016

0. 040

0.013






Appendi x B
METEOROLOGI CAL DATA

Thi s Appendi x presents the five-m nut e aver age net eor ol ogi cal data,
i ncl udi ng wi nd speed (nph), wi nd directionre magnetic north (degrees),
tenperature (°F), relative humdity (%, and vect or wi nd speed ( nph)
(Tabl es B1 - B3), as discussed in Section 3.2. Also presented, in
Fi gures B1-B3, arethe plots of insertion|oss degradation (),) versus
vector wi nd speed (VW5) for the 16, 65.5 and 131 ft nast of fsets,
respectively.
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Tabl e Bl
METEOROLOG CAL DATA
FI VE- M NUTE AVERAGE VALUES
OCTOBER 8, 1991
Test Start W nd W nd* Rel
Run# Ti ne Speed (nph) Dr (X Tenp (<F) Hum (% W\B (_nph)
1 10: 40 6.5 65 56 46 2.7
2 10: 50 7.0 80 57 45 1.2
3 11: 05 4.0 130 58 44 -2.6
4 11: 15 7.5 100 58 43 -1.3
5 11: 25 5.5 105 58 43 -1.4
6 11: 35 5.8 150 58 42 -5.0
7 11: 45 7.5 115 59 41 -3.2
8 11: 55 9.0 65 60 40 3.8
9 12: 05 2.5 195 61 40 -2.4
10 12: 15 8.0 155 61 40 -7.3
11 13: 05 4.5 195 66 38 -4.3
12 - - - - - -
13 13: 25 4.8 15 67 34 4.6
14 13: 35 6.2 35 66 33 5.1
15 13: 45 5.5 325 67 32 4.5
16 13: 55 8.3 10 67 32 8.2
17 14: 05 4.8 350 67 32 4.7
18 14: 15 3.3 45 66 32 2.3
19 14: 25 6.8 70 64 32 2.3
20 14: 35 4.5 330 64 32 3.9
21 15: 15 6.8 345 67 32 6.6
22 15: 25 4.3 20 66 32 4.0
23 15: 35 5.1 50 67 32 3.3
24 15: 45 4,2 35 67 30 3.4
25 15: 55 6.8 340 68 30 6.4
26 16: 05 3.8 15 69 30 3.7
27 16: 15 5.5 30 68 30 4.8
28 16: 25 3.9 30 68 30 3.4
29 16: 35 6.5 40 67 29 5.0
30 - - - - - -

* Wnd Direction re Magnetic North
(-) Denotes test run was renoved fromthe popul ation of events to be analyzed (see Section 3.1 for an explanation).
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Tabl e B2
METEOROLOG CAL DATA
FI VE- M NUTE AVERAGE VALUES
OCTOBER 9, 1991

Test Start W nd W nd* Re

Run# Ti e Speed (nph) Dr (X Tenp (<F) Hum (%9 WAS (nph)
1 9: 45 4,3 90 55 62 0.0
2 9: 55 3.0 105 56 61 -0.8
3 10: 05 4.8 125 58 60 -2.8
4 10: 15 6.3 80 57 58 1.1
5 10: 25 8.0 115 58 57 -3.4
6 - - - - - -
7 10: 45 3.8 40 60 56 2.9
8 10: 55 6.8 65 60 55 2.9
9 11: 05 4.8 50 61 54 3.1
10 11: 15 4.5 55 61 53 2.6
11 11: 45 55 70 63 51 1.9
12 11: 55 50 85 63 50 0.5
13 12: 05 9.5 145 63 48 -7.8
14 12: 15 8.3 130 66 47 -5.3
15 12: 25 5.5 120 68 45 -2.8
16 12: 35 4.8 120 69 44 -2.4
17 12: 45 7.5 100 70 42 -1.3
18 12: 55 9.8 100 68 41 -1.7
19 13: 05 8.3 95 69 39 -0.7
20 13: 15 9.5 100 68 38 -1.6
21 - - - - - -
22 14: 05 7.8 100 72 37 -1.4
23 14: 15 10.0 90 71 37 0.0
24 14: 25 5.8 100 70 37 -1.0
25 - - - - - -
26 - - - - - -
27 - - - - - -
28 15: 05 6.3 105 67 38 -1.6
29 15: 15 7.0 130 67 38 -4.5
30 15: 25 5.5 145 68 38 -4.5
31 15: 35 4.5 105 70 37 -1.2

* Wnd Direction re Magnetic North
(-) Denotes test run was renpved fromthe popul ation of events to be analyzed (see Section 3.1 for an explanation).
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Tabl e B3
METEOROLOG CAL DATA
FI VE- M NUTE AVERAGE VALUES
OCTOBER 10, 1991
Test Start W nd W nd* Re
Run# Ti ne Speed (nph) Dr (X Tenp (<F) Hum (% W\B (_nph)
1 9: 45 2.5 30 56 75 2.2
2 9: 55 4.3 55 57 75 2.4
3 10: 05 5.0 70 59 73 1.7
4 10: 15 5.8 85 59 71 0.5
5 10: 25 4,8 75 59 68 1.2
6 10: 35 4.5 80 60 67 0.8
7 10: 45 6.3 70 61 65 2.2
8 10: 55 6.0 80 61 64 1.0
9 - - - - - -
10 - - - - - -
11 11: 45 3.8 25 66 59 3.4
12 11: 55 4.0 55 67 57 2.3
13 12: 05 3.5 120 69 56 -1.8
14 12: 15 3.3 90 70 54 0.0
15 12: 25 4.0 100 71 53 -0.7
16 12: 35 6.3 30 71 52 5.4
17 12: 45 3.5 90 72 50 0.0
18 12: 55 5.0 310 73 49 3.2
19 - - - - - -
20 13: 15 5.3 210 73 48 -4.6
21 13: 45 6.8 220 73 44 -5.2
22 13: 55 7.0 15 73 44 6.8
23 14: 05 6.3 0 73 43 6.3
24 14: 15 7.0 80 73 43 1.2
25 14: 25 6.0 15 72 42 5.8
26 14: 35 4,3 10 71 43 4,2
27 14: 45 4.0 350 72 43 3.9
28 14: 55 5.8 65 71 44 2.4
29 15: 05 4.0 335 73 44 3.6
30 15: 15 4,8 40 74 43 3.7

* Wnd Direction re Magnetic North
(-) Denotes test run was renpved fromthe popul ation of events to be analyzed (see Section 3.1 for an explanation).
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Appendi x C
TRAFFI C DATA



Thi s Appendi x presents the traffic sunmary data for each five-m nute
test run, categorized according to vehicle type, i.e., autos (A,
medi umt rucks (MI) and heavy trucks (HT), and direction of traffic fl ow
(Tabl es C1-C3). The aver age vehi cl e speed and correspondi ng st andar d
devi ation for each test run are alsoincluded in these Tables. In
addi tion, theinsertionloss degradation (), ) versus total nunber of
vehi cl es, and ), versus percentage of trucks are presented in Fi gures
Cl- C3 and C4-C6, respectively.
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e Table C1

Fepimaia- FI VE-M NUTE VEH CLE COUNT AND AVERAGE SPEED DATA
OCTOBER 8, 1991

Test Start West Bound East Bound Avg Std
Run # Ti e A MT HT A ML HT Speed (\nph) Devi ati on
(k)
1 10: 40 407 7 31 322 9 38 60. 1 3.4
2 10: 50 351 8 36 348 12 26 60.5 3.4
3 11: 05 319 8 20 340 10 29 59.9 3.7
4 11: 15 317 16 25 338 10 37 60. 1 3.2
5 11: 25 335 14 25 342 12 39 58.9 3.1
6 11: 35 363 8 32 335 6 38 58.2 3.3
7 11: 45 332 8 20 375 8 35 58. 4 3.8
8 11: 55 340 11 22 320 11 33 58.3 3.9
9 12: 05 291 10 23 354 7 28 60. 1 3.5
10 12: 15 374 10 25 404 12 40 59.0 3.5
11 13: 05 381 17 29 357 7 41 57. 4 2.6
12 - - - - - - - - -
13 13: 25 373 15 37 370 5 31 57.1 3.8
14 13: 35 353 7 32 365 6 39 60. 2 4.3
15 13: 45 397 7 30 384 5 34 59.2 51
16 13:55 353 10 35 380 8 39 57.2 3.6
17 14: 05 409 12 22 360 5 47 60. 3 3.6
18 14: 15 402 10 18 463 6 38 58.2 3.9
19 14: 25 411 12 51 476 9 40 57.7 3.7
20 14: 35 408 10 41 459 19 27 58.5 4.0
21 15: 15 505 11 24 594 8 36 58. 6 4.1
22 15: 25 457 5 23 618 11 42 59.3 2.9
23 15: 35 572 4 24 690 10 35 57.0 3.5
24 15: 45 576 8 30 750 5 33 57.5 2.6
25 15: 55 523 5 22 688 9 27 59.2 3.9
26 16: 05 547 5 22 811 8 46 58. 6 3.4
27 16: 15 494 5 27 862 5 31 60. 1 2.8
28 16: 25 505 7 28 737 3 29 58.9 2.4
29 16: 35 513 5 16 848 8 28 59.4 3.2
30 - - - - - - - - -

(-) Denotes test run was renoved fromthe popul ation of events to be analyzed (see Section 3.1 for an explanation).
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Tabl e C2

FI VE-M NUTE VEH CLE COUNT AND AVERAGE SPEED DATA
OCTOBER 9, 1991

Test Start West Bound East Bound Avg Std
Run # Ti e A MT HT A ML HT Speed (\nph) Devi ati on
(k)
1 9: 45 418 4 42 392 0 38 56.1 4.1
2 9:55 437 4 39 385 6 30 57.6 3.8
3 10: 05 411 9 49 321 7 30 57.8 3.0
4 10: 15 346 8 49 344 16 31 57.5 3.8
5 10: 25 381 5 48 323 5 45 57.8 4.0
6 - - - - - - - - -
7 10: 45 371 3 42 366 8 35 57.7 2.5
8 10: 55 360 4 46 353 5 45 58.1 3.2
9 11: 05 338 6 41 328 8 36 58.1 3.0
10 11: 15 362 4 47 307 7 35 57.6 4,2
11 11: 45 371 6 37 351 6 39 56. 7 3.2
12 11: 55 328 5 55 364 8 43 58.2 4.0
13 12: 05 322 4 32 366 5 40 59.0 4.7
14 12: 15 358 2 50 367 5 56 56. 4 4.3
15 12: 25 389 3 39 367 7 35 57.0 3.9
16 12: 35 419 6 38 365 6 30 57.2 4.5
17 12: 45 377 6 31 360 3 38 57.5 3.4
18 12: 55 394 5 28 338 4 30 59.0 3.9
19 13: 05 394 3 40 398 8 29 57.8 4.7
20 13: 15 419 5 31 391 8 36 57.5 4.5
21 - - - - - - - - -
22 14: 05 385 8 49 427 11 33 58.2 3
23 14: 15 391 4 40 459 5 42 58.6 3.6
24 14: 25 409 1 39 463 14 30 58.7 3.1
25 - - - - - - - - -
26 - - - - - - - - -
27 - - - - - - - - -
28 15: 05 426 3 33 499 10 33 57.3 4.1
29 15: 15 500 3 39 699 5 51 56. 3 4.5
30 15: 25 507 3 17 678 7 32 59.0 4.0
31 15: 35 476 7 32 704 9 39 57.6 2.3

(-) Denotes test run was renoved fromthe popul ation of events to be analyzed (see Section 3.1 for an explanation).
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Tabl e C3

FI VE-M NUTE VEH CLE COUNT AND AVERAGE SPEED DATA
OCTOBER 10, 1991

Test Start West Bound East Bound Avg Std
Run # Ti e A MT HT A ML HT Speed (\nph) Devi ati on
(k)
1 9: 45 458 3 53 454 1 44 56. 2 4.2
2 9:55 420 9 36 389 3 19 56. 4 3.9
3 10: 05 387 8 41 391 3 44 56. 6 5.4
4 10: 15 403 5 46 403 4 48 55.7 4.9
5 10: 25 350 3 64 433 3 36 56.6 5.1
6 10: 35 396 3 53 373 8 53 56.8 4.2
7 10: 45 348 3 54 351 10 39 57.8 4.5
8 10: 55 319 4 52 321 6 32 57.2 4.6
9 - - - - - - - - -
10 - - - - - - - - -
11 11: 45 370 3 41 428 7 55 56. 4 4.3
12 11: 55 364 3 47 422 11 42 56. 9 57
13 12: 05 352 4 48 375 4 41 58.3 5.0
14 12: 15 397 2 38 426 4 39 56.0 4.1
15 12: 25 416 4 39 384 6 47 56. 4 4.6
16 12: 35 397 3 34 411 5 49 58.9 3.6
17 12: 45 424 3 49 377 6 44 57.5 3.3
18 12: 55 408 2 28 364 2 39 56. 8 2.7
19 - - - - - - - - -
20 13: 15 346 3 37 342 8 30 58.2 5.0
21 13: 45 404 4 43 423 4 52 59.9 5.1
22 13:55 378 2 33 392 1 44 57.9 5.8
23 14: 05 422 4 30 392 9 44 56.5 5.3
24 14: 15 399 2 36 392 2 41 58.7 4.6
25 14: 25 413 2 40 444 1 49 58. 3 4.3
26 14: 35 407 2 44 448 5 45 57.1 3.7
27 14: 45 484 1 39 584 8 48 56. 3 4,2
28 14: 55 464 0 40 563 13 44 58.1 4.1
29 15: 05 492 2 39 620 5 48 58. 2 3.5
30 15: 15 532 5 36 712 8 40 58.2 4.5

(-) Denotes test run was renoved fromthe popul ation of events to be analyzed (see Section 3.1 for an explanation).






Appendi x D
COVPUTER MODELI NG

Thi s Appendi x presents exanpl e input files for BARRIER- Version 2. 1,
BARRI ER- X - Version 2.1, and | MAGE-3 - Version 3.11, as di scussed in
Section 4.4. M crophone of fset di stances and traffic counts were
adj usted, as appropriate. Readers are directedto references 3, 25 and
26 for additional information on these prediction prograns.
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SAMPLE | NPUT FI LE FOR BARRIER - VERSION 2.1
65.5 FT MAST OFFSET - PARALLEL BARRI ER SI TE

"1495 PARALLEL BARRIER SITE - SITE 1, PARALLEL- 65.5 FT'

" FHFWA STANDARD SPECTRA FROM STAM NA 1.0 USERS QU DE

" VEH CLE SOURCE HEI GHTS PER FHWA/ FL/ DOT/ MO- 89- 382"

' PARAMETER LIM TS USED | N PROGRAM | NPUT ARRAYS MAY EXCEED THESE

" NNR NNLAN  NNST NNV NNZ SHFLAG
4 8 1 3 6 1
" H GHWMAY LANE DI MENSI ONS'
"LANW  MEDW SHWL SHWR TSW TSWR YL1 YL2='

12.0 12.0 32.0 24.0 0.0 0.0 2000 -200

" A-VEEI GHT CORRECTIONS IN dB'
" AWI( CCT) =' -26.2 -16.1 -86 -3.2 0.0 1.2 1.0 -1.1

"H G-WAY LANE SURFACE FLOW RESI STANCE'
"SI GT SIGS SI GV Sl GP='
1.5E+5 1. E+6 3. BE+7 3. BE+7

' BARRI ER X- LOCATI ONS ; NOTE XP1=XP2, XP3=XP4'

"XP1 = XP2 ; XP3 = XP4=
0.0 0.0 164. 164.

' BARRI ER Y- LOCATI ONS'

' YP1 YP2 YP3 YP4='

2000. -200. 2000. - 200.

' BARR ER ANGLE (QUTWARD), | N DECGREES
"PH LD PH RD=
0. 0.

' LEFT BARRI ER PANEL W DTH ; JFLAG=PANEL NUVBER FROM BOTTOM
"WPL(JFLAQ = 5.5  10.0 4.83

' RIGHT BARRI ER PANEL W DTH
WPR(JFLAG=' 1.5  10.0 5.5

' LEFT BARR ER REFLECTI ON CCEFFI O ENTS
" BRFLL( JOCT, JFLAG) =

" JCOCT= 2 3 4 5 6 7 8'
" JFLAG=1"' . OO .00 .00 .00 .00 .00 .00 .00
" JFLAG=2' .95 .95 .95 .95 .95 .95 .95 .95

" JFLAG=3' .95 .95 .95 .95 .95 .95 .95 .95

' R GHT BARRI ER REFLECTI ON CCEFFI Cl ENTS
' BRFLR( JOCT, JFLAG) =

" JOCT= 2 3 4 5 6 7 8'
" JFLAG=1' . 95 .95 .95 .95 .95 .95 .95 .95
" JFLAG=2" .95 .95 .95 .95 .95 .95 .95 .95

" JFLAG=3' .95 .95 .95 .95 .95 .95 .95 .95

" VEHI CLES/ HOUR | N LANE NLAN AND FOR VEH CLE TYPE NV. NOTE A, ENTER VALUES- -
'--LIMTS OF I NDI CES (NNLAN, N\V) '

' VOL( NLAN, NV) ='

" NLANE 1 2 3 4 5 6 7 8 9 10

' Nv=1' 1329. 1329. 1329. 1329. 1575. 1575. 1575. 1575. 0. 0.

' Nv=2' 12.  12. 12. 12. 18. 18. 18.  18. 0. 0.

' Nv=3' 102. 102. 102. 102. 117. 117. 117. 117. 0. 0.

' Nv=4' 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0.

" NV=5' 0. 0. 0. 0. 0. 0. 0. 0.
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BARRI ER -

VERSI ON 2.1 ( CONTI NUED)

" ATMOSPHERI C ABSCRPTI O\, dB PER THOUSAND FEET

' JOCT= 1 2 3 4 5 6 7 8'
"ATMOS(JCCT)='" .051 .165 .395 .643 1.00 2.18 6.75 24.50
IR R E R SRR SRS EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEESEEEEEEEEEEEEEEEEEEEEEEEESEE]
TABLE OF ATMOSPHERI C ABSORPTI ON, dB/ 1000 ft.
(pl aced here for easy transfer to data bl ock above)
JOCT= 1 4 5 6 7 8
REL. HUM , % |
|
10 [ .107  .193 .369 1.01 3.45 11.70 31.00 55.30
20 [ . 092 . 202 . 331 . 597 1.56 5.31 19.00 58.75
30 [ .074 . 197 . 365 . 563 1.14 3.33 11.90 42.25
40 [ . 061 . 183 . 388 . 597 1.02 2.54 8.52
50 | .061 .165 .395 .643 1.00 2.18 6.75
60 [ .043 .150 .391 .686 1.03 2.00 5.71
80 [ . 033 . 123 . 365 . 746 1.13 1. 89 4.63
D4
SAMPLE | NPUT FI LE FOR BARRIER-X - VERSION 2.1

31. 26
24.50
20.91
15. 44



65.5 FT MAST OFFSET - PARALLEL BARRI ER SI TE

"1495 PARALLEL BARRIER SITE - SITE 1, PARALLEL- 65.5 FT'

' FHFWA STANDARD SPECTRA FROM STAM NA 1.0 USERS QU DE

" VEH CLE SOURCE HEI GHTS PER FHWA/ FL/ DOT/ MO- 89- 382"

' PARAMETER LIM TS USED | N PROGRAM | NPUT ARRAYS MAY EXCEED THESE

" NNR NNLAN  NNST NNV NNZ SHFLAG
4 8 1 3 6 1
" H GHWMAY LANE DI MENSI ONS'
"LANW  MEDW SHWL SHWR TSW TSWR YL1 YL2='

12.0 12.0 32.0 24.0 0.0 0.0 2000. - 200.

" A-VEEI GHT CORRECTIONS IN dB'
" AWI( CCT) =' -26.2 -16.1 -86 -3.2 0.0 1.2 1.0 -1.1

"H G-MAY LANE SURFACE FLOW RESI STANCE'
"SIGT SIGS SI GV S| GP='

1.5E+5 1.0E+6 3. 0E+7 3. 0E+7
' BARRI ER X- LOCATI ONS ; NOTE XP1=XP2, XP3=XP4'
"XP1 = XP2 ; XP3 = XP4='
0.0 0.0 164. 164.
' BARRI ER Y- LOCATI ONS'
'"YP1 YP2 YP3 YP4='

2000. -200. 2000. - 200.

' BARR ER ANGLE (QUTWARD), | N DECGREES
"PH LD PH RD=

0. 0.
' HEI GHT OF LEFT BARRI ER | MPED. DI SCONT. ; JFLAG=PANEL NUMBER FROM BOTTOM
'HBDL(JFLAQ =' 5.5 15.5  20.33
' HEI GHT OF LEFT BARRI ER | MPED. DI SCONT."
'HBDR(JFLAG =' 1.5 11.5  17.0
" LEFT BARRI ER | MPEDANCE ( NORVALI ZED)'
* JOCT= 1 2 3 4 5 6 7 8
' JFLAG=1"
' REAL | MPED 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
"I MAG | MPED 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
' JFLAG=2'

REAL | MPED 79.5 79.5 79.5 79.5 79.5 79.5 79.5 79.5
"1 MAG | MPED 0. 00 0. 00 0. 00 0. 00 0.00 0.00 0. 00 0. 00
' JFLAG=3'

' REAL | MPED 79.5 79.5 79.5 79.5 79.5 79.5 79.5 79.5
"1 MAG | MPED 0. 00 0. 00 0. 00 0. 00 0.00 0.00 0. 00 0. 00

"R GHT BARR ER | MPEDANCE ( NCRVALI ZED) '

" JCOCT= 1 2 3 4 5 6 7 8'

" JFLAG=1'

' REAL | MPED 79.5 79.5 79.5 79.5 79.5 79.5 79.5 79.5
"1 MAG | MPED 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
JFLAG=2'

' REAL | MPED 79.5 79.5 79.5 79.5 79.5 79.5 79.5 79.5
"1 MAG | MPED 0. 00 0. 00 0. 00 0. 00 0.00 0.00 0.00 0.00
" JFLAG=3'

' REAL | MPED 79.5 79.5 79.5 79.5 79.5 79.5 79.5 79.5
"1 MAG | MPED 0. 00 0. 00 0. 00 0. 00 0.00 0.00 0.00 0.00
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VEHI CLES/ HOUR | N LANE NLAN AND FCR VEH CLE TYPE NV. NOTE A; ENTER VALUES- -

--LIM TS OF I NDI CES ( NNLAN, N\V)

VOL( NLAN, NV)
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coo
coco

coo
coco

coo
0o o

Mmoo
oo

coo
coco

I N FREE SPACE--'
VEH CLE TYPE NV. SEE NOTE A

I'N dB ( UNCORRECTED FOR A-WI) AT 50 FT.

--W TH DEPENDENCE ON SCQURCE TYPE NST,

SOURCE STRENGTH,
LS( JOCT, NV, NST)

NOO®
. [ejejojojojojojojojfooNo]
. N

PONOOOOO0OO0OO0O0O0O0O0OO

Mmmo
[ejejojojojojojojojfooNo]

© 0o

NNDNOOOOOOOOO0OOOOOO

(QU{e}e))
[ejejojojojojojojojfooNo]

< o<

OCONNMNOOOOOOOOO0OOO

0 O ™~
. [ejejojojojojojojojfoNoNo]
SaeRel

NONNOOOOOOOOOOOO

AN 0 O
[ejejojojojojojojojfoNoNo]

<t © o

SN k=X=X=R=k=X=k=J=R=K=R=K=]

N~ O~
[efefoNoNololoNoNoRoRoNo)

Yoo

NMONNOOOO0OO0O0O0O0O0O0OO

o N WO
. [ejejojojojojojojojfoNoNo]
~Noal

NODHNOOOOOOOOOOOO

MmN
[ejejojojojojojojojfoNoNo]

oo

ek K k=k=k=R=k=X=k=J=R=K=R=K=]

TERNTTANNNARRRRR
e

m mmmmmmmmmmmmm
23

RECElI VER PARAMETERS.

cooocoooo
Oocoococooo

3. OE+7
1. 5E+5
1. 5E+5

0
L
n
1

OWWBWINOOOOOOOO
COCOOoOO0OCCO00O0Oo

I EvEY)
NMNOMOOO0OO0OO0O0OO
LNNMNOOOOOOOO
NN

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

-0.2

[To]
%5500000000
' ejeojojojojojlola}

-6

AXR(NR) AYR(NR) AZR(NR) AZRG(NR) AS| G NR)

VERSI ON 2.1 ( CONTI NUED)

BARRI ER- X -



COLLOLO
O0oo0O0O0OO0O0O0

5 6 7 8

1

00 2.18 6.75

Rk R R Rk R R Rk ke S S Sk ki R R R R o R R R R S kR R R R Rk ok kR R Rk

"NR=13" 0.0 0.0 0.0 0.0
"NR=14" 0.0 0.0 0.0 0.0
"NR=15" 0.0 0.0 0.0 0.0
"NR=16" 0.0 0.0 0.0 0.0
"NR=17" 0.0 0.0 0.0 0.0
"NR=18" 0.0 0.0 0.0 0.0
"NR=19" 0.0 0.0 0.0 0.0
"NR=20" 0.0 0.0 0.0 0.0
" ATMOSPHERI C ABSORPTI O\, dB PER THOUSAND FEET
" JOCT= 1 2 3 4
"ATMOS(JCCT)="  .051 .165 .395 .643
TABLE OF ATMOSPHERI C ABSORPTI ON, dB/ 1000 ft.
(pl aced here for easy transfer to data bl ock above)

JOCT= 1 2 3

REL. HUM , % |

I

10 | .107 .193 .369

20 [ .092  .202 .331

30 [ .074 .197 .365

40 [ .061 .183 .388

50 [ .051 .165 .395

60 | .043 .150 .391

80 [ .033 .123 .365

4 5 6 7 8
1.01 3.45 11.70 31.00 55.30
.597 1.56 5.31 19.00 58.75
.563 1.14 3.33 11.90 42.25
.597 1.02 2.54 8.52
.643 1.00 2.18 6.75
.686 1.03 2.00 5.71
.746 1.13 1.89 4.63
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SAVPLE | NPUT FILE FOR | MAGE-3 - VERSION 3. 11
65.5 FT MAST OFFSET -

PARALLEL BARRI ER SI TE

24.50

31. 26
24.50
20.91
15. 44
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Thi s Appendi x docunents the instrunentation used in this study.

| ncl uded are manufacturers' nanes, nodel nunmbers, VNTSC control
nunbers, and serial nunbers (S/N). In the case of the sound | evel
meters (SLM, nmeasurenent | ocationis also specified, e.g., Site 1:
Hi gh.
ltem # Description (Mdel/Type) VNTSC # SIN
la Larson Davis Mdel 820 Type 1 SLM (Site 1: Ref) NONE 0104
1b Larson Davis Mdel 827-0V Preanplifier NONE 0104
1lc General Radi o Mbdel 1962-9610 M crophone NONE 10550
2a Larson Davis Mdel 820 Type 1 SLM (Site 1: Hi gh) NONE 0106
2b Larson Davis Mdel 827-0V Preanplifier NONE 0102
2c CGeneral Radi o Mbdel 1962-9610 M crophone NONE 12774
3a Larson Davis Mdel 820 Type 1 SLM(Site 1: Md) 31642 0113
3b Larson Davis Mdel 827-0V Preanplifier NONE 0113
3c General Radi o Mbdel 1962-9610 M crophone NONE 14334
4a Larson Davis Mdel 820 Type 1 SLM (Site 1: Low) 31639 0117
4b Larson Davis Mdel 827-0V Preanplifier NONE 0117
4c General Radi o Mbdel 1962-9610 M crophone NONE 12643
5a Larson Davis Mdel 820 Type 1 SLM (Site 2: Ref) 31640 0100
5b Larson Davis Mdel 827-0V Preanplifier NONE 0100
5¢c General Radi o Mbdel 1962-9610 M crophone NONE 14421
6a Larson Davis Mdel 820 Type 1 SLM (Site 2: Hi gh) 31638 0110
6b Larson Davis Mdel 827-0V Preanplifier NONE 0110
6¢ General Radi o Mbdel 1962-9610 M crophone NONE 14503
7a Larson Davis Mdel 820 Type 1 SLM (Site 2: Md) 31637 0118
b Larson Davis Mdel 827-0V Preanplifier NONE 0118
7c General Radi o Mbdel 1962-9610 M crophone NONE 10489
8a Larson Davis Mdel 820 Type 1 SLM (Site 2: Low) NONE 0107
8b Larson Davis Mdel 827-0V Preanplifier NONE 0107
8c General Radi o Mbdel 1962-9610 M crophone NONE 11707
9a Larson Davis Mdel 820 Type 1 SLM ( Spare) NONE 0170
(Used at Site 2, low position on 10/10/91)
10 General Radi o Mbdel 1987 M nical Sound Level NONE 21128
Calibrator (CQutput Sound Pressure Level
114 or 94 dB re 20 IZPA +0.25 dB)
11 CM Model JF100 Doppl er Radar Gun 13822 1303
12 dimatronics Mdel EWS Weat her Station NONE 871

(Chart Speed: four inches per hour)

El



ltem# Description (Mdel/Type) VNTSC # SIN

13 Panasoni ¢ Mbdel AG 170 Video Canera * NONE  K8HD03002
14 AST Prem um Exec Model 386SX/ 20 Not ebook 31784 USN1042658
Conput er 500795- 201

15 Conpaq LTE Model 286 Not ebook Conputer (Spare) 31317 6102HAF
-40377

The sound | evel meters and preanplifiers are calibrated at Larson Davi s
Laboratories, Inc., on a yearly basis and routinely checked for
linearity and functionality at the Noi se Measur enent and Assessnent
Facility (NMAF). The m crophones and calibrators are calibrated
annual ly and checked prior to field nmeasurenments at the NMAF.
Cal i brat or and m crophone calibrationis traceabletothe National
| nstitute of Standards and Technol ogy (fornerly the National Bureau of
St andar ds) .

The doppl er radar gun was periodically checkedinthe fieldwth a
calibrated tuning fork. Meteorological instrunentation was cali brated
prior to field measurenents per manufacturer's specifications.

Courtesy of Kenneth D. Polcak and the Maryland State H ghway Adninistration.
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DULLES NO SE BARRI ER PROJECT

Thi s Appendi x cont ai ns arevi sed version of a previously unpublished
docunment, DTS-75-HWM27-LR3A, Rev. 1 - April, 1992, "Reference
M crophone Pl acenent, Dulles Noise Barrier Project".
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1.0 Background

Barrier insertionlossis by definitionthe differencein noiselevel
at a m crophone before and after installation of abarrier, under the
assunption that the noi se source, terrain, ground, and at nospheric
condi ti ons are unchanged or equi val ent. To nonitor changes inthe
noi se source, areference mcrophone is placed at anidentical position
in both the BEFORE case (no barrier) and the AFTER case (barrier



present) [ANSI, 87-1]. Proper placenent of the reference mcrophoneis
the main topic of this docunment.

The ANSI St andard, "Met hods for Determ nati on of I nsertion Loss of
Out door Noi se Barriers", S12.8-1987, recommends positioning the
ref erence m crophone 1.5 neters (approximately 5ft) directly above the
t op edge of the barrier. However, arecent study has shown that this
pl acement may result in errors in reported insertion |oss of
approximately 1 dBA[Flem ng, Rickley, 90-2]. Asaresult, thel.5
met er positioning of the reference m crophone, as recomrended by t he
St andar d, may not be appropriateinall circunstances, especially when
an opposite reflective barrier is present.

1.2 |Introduction

The U. S. Departnent of Transportati on, Research and Speci al Prograns
Adm nistration, Volpe National Transportation Systens Center
(U. S. DOT/ RSPA/ VNTSC), i n support of the Ofice of Engi neeri ng and
Hi ghway Operations Research and Devel opnment, Federal Hi ghway
Adm ni stration (FHWA), and a Nati onal Pool ed- Fund Panel (representing
17 States: Arizona, California, Connecticut, Florida, CGeorgia, Hawaii,
| owa, Maryl and, Massachusetts, M chi gan, New Jersey, New York, Chio,
Pennsyl vani a, Virgi nia, Washi ngton and Wsconsi n), conducted afield
study to det erm ne proper placenent of the reference m crophone for
noni tori ng source stability. Measurenents were conduct ed on August 28-
29, 1990, at the FHWA's experinental barrier test site at Dulles
I nternational Airport in Chantilly, Virginia.

The instal l ati on, | ocated on a two-| ane asphalt service road at Dul | es
Ai rport, was conprised of a barrier test site and a physically
equi val ent test site (sinmulatingthe before barrier case). The barrier
site was conprised of two 14-ft high vertical noise barriers
constructed in parallel on opposite sides of theroad (500 ft and 250
ft long, respectively). The roadside faces of the two barriers
consi sted of hard reflective plywod. The equivalent site, directly
adj acent tothe barrier sitewas a 250 ft wide flat grassy openfield
with the same physical characteristics as the barrier site.

F3
1.3 bjective

The obj ective of this study was to: 1.) verify previ ous measur enment
results; and 2.) providerecomendations for proper placenent of the
reference m crophone.
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2.0 Experinmental Approach

2.1 Mcrophone Configuration

Ei ght reference m crophones (five at the barrier site andthree at the
equi val ent site) were depl oyed ontwo masts in direct |ine of sight
wi th the roadway. The five m crophones at the barrier site were set at
hei ghts of 19, 20, 21, 22 and 23 ft above the ground plane,
corresponding to heights of 5, 6, 7, 8, and 9 ft directly above the



edge of the barrier (Figure 1). The three reference m crophones at the
equi val ent site were pl aced on a mast at hei ghts of 19, 21, and 23 ft
above the ground. This nast was pl aced at an i dentical of fset position
fromthe roadway to that at the barrier site.

Figure F1:. Barrier Site M crophone Pl acenent

Two tests were performed, a parallel barrier test and a single barrier
test. For the parallel barrier test, the nast at the barrier site was
placed inthe center of the 500 ft barrier directly opposite the 250 ft
barrier (Position A, Figure?2). For the single barrier test, the nast
was nmoved to Position Z, 62.5ft infromthe north edge of the 500 ft
barrier. This positioning insured noreflections fromthe 250 ft
barrier on the opposite side of the roadway. The nast at the
equi val ent site was |ocated at position A during both tests.

F5
2.2 Test Site

The roadsi de terrai n between t he source and ref erence m crophones was
essentially the same at both the equi val ent and barrier sites. Both
Ssites were surveyed to obtai n exact ground contours and t he di f ferences
inthe two sites can be summari zed as follows: 1.) the roadside
drai nage ditchis approxi mately one ft deeper (relative to roadway
el evation) at the equivalent site conparedwiththe barrier site; and
2.) the ground pl ane bel ow the equivalent site reference nmast is
approximately 1.2 ft | ower thanthat at the barrier site (relativeto



roadway el evation) [ Flem ng, Rickley, 90-2]. The effects of these
terrain differences are considered negligiblesince: 1.) the ground-
refl ected sound path, fromthe source to the m crophone for each source
position onthe roadway i s unaffected by the drai nage ditch and 2.) the
difference in propagation distance associated with the 1.2 ft
difference in ground el evati on woul d account for |l ess than 0.1 dBA
difference in neasured | evels at the equivalent and barrier sit

The surroundi ng ground at the equi val ent and barrier sites was hard-
packed cl ay covered with | ow cut grass. For these neasurenents, the
two reference nasts were placed at their respective sites | ess than 400
ft apart and t he ground t hr oughout appear ed honmogeneous. |n addition,
t he Barri er- X hi ghway noi se nodel i ng programshowed that, evenif there
wer e smal | changes i n ground characteristics, these changes woul d have
had a negli gi bl e effect on neasured | evel s at m crophones 19to 23 ft
above the ground plane [SlIutsky, 87-3].

2.3 Measurenent System

The Federal H ghway Adm ni stration's nobil e noi se neasur enent van was
used for all on-line data collection and processing. 500 ft of cable
pr ovi ded power to t he m crophone pre-anplifiers and fed acoustic data
fromthe m crophones back t o t he ei ght-channel noi se neasur enent and
anal ysi s systemi nsi de t he van. The acousti c data were processed by
ei ght Cetec | vi e Model | E-30A 1/ 3-oct ave spectrumanal yzers, digitized
vi a t he on-board | BMPC/ AT conput er, and st ored away on fl oppy di sk.

A Cli mat roni cs Model EWS weat her st ati on was depl oyed at a m dway poi nt
bet ween t he t wo measurenent sites to continually record tenperature,
hum dity, wi nd speed and direction. ACM doppl er radar was set up 400
ft tothe north of the 500 ft barrier to neasure the speed of the two
test trucks as t hey passed t hrough t he neasurenent area. Any test run
where speeds deviated by nore than 2 nph or which was judged
contam nated by | ocal anbient was repeated.

For nore detail ed i nformation on the neasurenent and anal ysi s system
see Ref. 2.
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2.4 System Checkout

At t he begi nni ng of each measurenent day, a conpl et e syst emcheckout
was performed on all eight nmeasurenment systens. To mnimnmze
i nteraction between systens and to establish the el ectroni c noi se fl oor
of each system a passi ve m crophone si mul at or was substituted for each
nm crophone. Inaddition, the frequency response of each syst emwas
tested by recording a 20-second sanple of pink noise. System
calibration at two |levels was perforned before and after each
measur enent day, using four two-|level GR1987 m nical acoustic
calibrators. To mnimze systematic error, each calibrator was
nunber ed and used on t he sanme syst emt hr oughout t he neasurenents. Four
systens were cal i brated si mul taneously, and 10 seconds of data were

es.



stored in conmputer menory.

2.5 Noi se Sources

Two t est trucks were used as noi se sources. Truck A (see Figure 3) was
al arge di esel -powered dunp truck with a vertical exhaust stack about
tenft high; truck C(see Figure 4) was a snal l er-scale dunptruck with
a horizontal exhaust stack which was about 2 ft off the ground.

The driver of each truck was i nstructed to obtai na nmaxi rumachi evabl e
rate of speed prior toentering the test area and hold it constant
(wi th no gear changes), as the vehicle was driven through the test
site. The speed of each vehi cl e was continual |y recorded at t he radar
station. To further insure source stability, test runs where speed
devi ati ons were greater than 2 nph were repeated.

2.6 Data Collection

For both parall el and single barrier tests, the data during each pass-
by wer e si mul t aneousl y col | ected fromt he ei ght nmeasur enent channel s
and stored on fl oppy disk in contiguous ¥ second data records for
subsequent off-line processing.

2.6.1 Parallel Barrier Test

W th systemcheckout conpl eted and t he two masts set up at positions A
and A", traffic at both ends of the service road was st opped and t he
two test trucks were drivenindividually downthe serviceroadina
north to south direction (Figure 2). For neasurenents nade on August
28, 1990, a total of six good test runs were made with each test
vehicle (three each for the near and far | anes). On August 29, 1990,
atotal of nine goodtest runs were made wi th each test vehicle (three
each for the near and far | anes and three runs with each truck driven
down t he center of the roadway) to increase statistical accuracy of the

F8
data and to i nsure source stability as the trucks passed t hrough t he
equi val ent and barrier sites.

2.6.2 Single Barrier Test

Wthtesting conpleted for the parallel barrier scenario, the mast at
the barrier site was noved fromposition Ato positionZ (62.5ft from
t he north edge of the 500 ft barrier). Six additional test runs were
perfornmed on August 28, 1990, and nine additional test runs were
perfornmed on August 29, 1990.
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FIGURE F3: TRUCK A - SPECTRUM AND SUMVARY SPEC!I FI CATI ONS
YEAR 1987 MAKE/ MODEL:  GMC GENERAL
ENG NE: 6 CYL D ESEL EXHAUST STACK: 10" VERT

AVG SPEED (nph): 35.8 SIDDEV: 0.7 GEAR @RPM 6th @ 2000
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FIGURE F4: TRUCK C - SPECTRUM AND SUMVARY SPEC!I FI CATI ONS
YEAR 1979 MAKE/ MODEL: FORD
ENG NE: 8 CYL GAS/ 360 cu EXHAUST STACK: 2' HORZ

AVG SPEED (nph): 29.6 STD DEV: 1.7 GEAR @RPM  4th @NA
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3.0 Data Reduction

3.1 Sound Exposure Level (SEL)

Processi ng of the col | ect ed dat a was acconpl i shed of f-1i ne usingthe
VNTSC pr ocessi ng program HWO SE [ VNTSC, 89-4], to obtain a graphi cal

presentati on of the A-weighted | evel versus tinme (time history) of each
truck pass-by. Each tine history was exam ned f or possi bl e ext ernal

interference and any questionable files were di scarded. For the
remai ning data files, the stored ¥ second record cont ai ni ng t he maxi num
| evel recorded was identifiedand a period correspondingto two records
bef ore and two records after maxi rumwas mar ked f or dat a processi ng.

Si nce one quarter second averagi ng was used i n data col |l ection, the
dat a processi ng period selected was 1.25 seconds in duration and
corresponds to a finite roadway segnent of approximately 70 ft.



The Sound Exposure Level over this 1.25 second peri od was cal cul at ed
for the ei ght m crophones at the equi val ent and barrier sites. No
anmbi ent adjustnent was required for this data.

3.2 Source Adjustnent

The Sound Exposure Level neasured at each m crophone hei ght at the
barrier site was subtracted fromthat nmeasured at the identical hei ght
at the equivalent site to obtain the measured source adjustnent.

Because no neasurenents were made at the 20 and 22 ft hei ghts at the
equi val ent site, the SEL data at these two positions were interpol at ed
fromthe data neasured at the 19, 21, and 23 ft equivalent site
m crophones. Thus, the resul tant source adjustnents cal cul ated for the
19, 21, and 23 ft hei ghts were neasured directly, while the source
adj ustnent s cal cul ated for the 20 and 22 ft hei ghts were i nterpol at ed.

3.3 Two-Day Average

The source adjustnents cal cul ated at sim |l ar heights for the two
measur enent days were then averaged together to obtain the final
aver aged sour ce adj ust nent at each of five neasurenent hei ghts (19, 20,
21, 22, and 23 ft). The final averaged source adjustnments are
presentedin Figures 5and 6 for the single barrier scenario, trucks A
and C, respectively, andinFigures 7 and 8 for the parallel barrier
scenario, trucks A and C, respectively.
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4.0 Results

The measur enent of barrier insertionloss (difference in neasured noi se
| evel s at a nmi crophone before and after installation of a barrier)
depends upon t he equi val ence of the noi se source, terrain, ground, and
at nospheric conditions for before and after measurenments. The
ref erence m crophone i s used to account for differencesinthe emtted
| evel s fromthe source inthe before and after case (equi val ent and
barrier sites, respectively). Any differenceintheentted]|evels
nmeasured, fromthe beforetothe after case, assumngthecriteriafor
terrain, ground and at nospheri c equi val ence are net, i s terned source
adj ust nment .

As di scussed in Section 2.2, terrain and ground equi val ence have
essentially been established at the Dulles site. Since all noise
measur enents were perfornmed sinultaneously at the equival ent and
barrier sites under low wind and relatively stable atnospheric
condi ti ons and si nce extensive care was takenwith the truck sources to



i nsure constant noi se em ssions as the trucks passed t hrough t he
equi val ent and barrier sites (see Section 2.5), a source adj ust nment of
zero was expected. However, as seen in Figures 5 through 8, a
di fference as high as 1. 8 dBA was neasured and varied with the type of
source, the barrier configuration, the source position onthe roadway,
and the height of the reference m crophone above the barrier.

4.1 "Source Adjustnment"” - Single Barrier Case

As shown in Figure 5, the "source adj ustnents"” obtained for truck A
(high vertical exhaust stack), in the near and far |anes, are
essentially identical and vary between-.1and -.7 dBAwith reference
m crophone hei ght above the barrier. The "source adj ustnent” with
truck Ain the center of the roadway is essentially 0 dBA.

For truck C(lowhorizontal exhaust), the "source adj ustnents” inthe
near and far | anes were agai ni n good agreenent and vari ed bet ween 0
and -.8 dBAw th reference m crophone hei ght above the barrier (Figure
6). However, the "source adjustrment” withtruck Cinthe center of the
two | ane roadway i s about -1.0 dBA. Inaddition, it is about 1.0 dBA
nor e negative than that measured with truck Ain the center of the
roadway.

4.2 "Source Adjustnent” - Parallel Barrier Case

Fi gure 7 shows t he "source adj ust ment" obtai ned for truck A Al t hough
thereis no specificlane-to-lanetrend as was the caseinthe single
barrier scenario, the "source adjustnent” is on average .5 dBA | arger
(in the negative direction) than that obtained for
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the single barrier case. This increase in the negative direction
appears to be associated wth the nultiplereflections betweenthe two
parallel reflective barriers.

For truck C, Figure 8, the "source adjustnment” i s on average . 75 dBA
nor e negati ve than t hat obtai ned for the single-barrier case. This
i ncrement agai n appears to be dueto nultiplereflections betweenthe
two parall el barriers. Ingeneral, the "source adjustnment” with truck
Cinthe center of the roadway was consi derably nore negative t han t hat
obt ai ned for both the near and far | anes. This agrees well withthe
singl e barri er data and appears to af fi rmt he dependance of the "source
adj ust ment” on both equi val ent source hei ght and source position
bet ween the two barriers.

4.3 Reference M crophone Hei ght
The 19-ft reference height used in this study corresponds to a

reference positionof 5ft directly above the edge of the barrier, as
reconmmended i n t he ANSI standard. Thi s was the reference hei ght used in



the 1989 Dul | es tests. As can be seenin Figures 5through 8, "the
source adj ustnment" at the 19 ft reference receiver, although in good
agreenent with the 1989 tests, had a consi stently | arger devi ati on from
zero as conpared with the data nmeasured at t he ot her four reference
m crophone hei ghts. Based on the data presented i n Figures 5 through
8, it appears that positioningthereference m crophone six ft above
the edge of the barrier is a better conprom se than the 5 ft
posi tioni ng.

Since the data obtained duringthis study werelimtedtoonetest site
and two controlledtruck sources there nmay be sone site/source bias in
the "source adjustnent” data. As aresult, additional test data at
both single and parall el barrier sites with varied geonetries and a m x
of traffic conditions arerequiredto determ ne a site and/or source
specific correctionfor the "source adjustnent” to account for source
hei ght, source position, and/or nmultiplereflections. The eventua
goal will be to devel op a neans of predictingthe appropriate "source
adj ustment” correction for a given test scenario.
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5.0 Concl usions and Recommendati ons

Concl usi ons based on t he findi ngs of this study can be sunmari zed as
fol | ows:

1 Good agreenent was obt ai ned bet ween this data and t he 1989
Dul | es barrier data.

I The "source adjustnment"” is af fected by equi val ent source
hei ght, source position relative to the barrier(s), and the
presence of an opposite reflective barrier.

I Asite specific correction my be required for the "source
adjustnment” to account for source hei ght, source position,
and/or multiple reflections.*

* I'n May, 1991, the Acoustical Society of Anerica's S12-6 Wor ki ng



G oup (W5 net at Vanderbilt University in Nashville, TN, with t he
obj ective of performng afinal eval uati on of ANSI S12. 8-1987, "Mt hods
for Determ nation of I nsertion Loss of Qutdoor Noi se Barriers," based
onthe results of the NMAF Dul | es study and t he Cal trans Rout e 99 st udy
[ Hendri ks, 91-5]. Anmong the conclusions of the WG, the current
reference m crophone adj ust nent procedure, per ANSI S12.8-1987, is
incorrect, especiallyinthe case of aparallel-barrier configuration.

I n a menorandumsubm tted to t he Acoustical Society of Anerica, the W5
proposed applying arefl ection/edge diffraction correctionto noise
| evel s neasured at the reference m crophoneinthe "AFTER' site, i.e.,
the site of interest where a noise barrier is in place, prior to
perform ng the nornal reference m crophone adj ust nent. The nenorandum
i ncludes the follow ng paragraph:

"It is possiblethat theintroduction of the barrier wll
i ncrease sound pressure | evel s at the reference m crophone
due to i nduced nmul tiplereflections between source and t he
barrier and/ or edge diffracti on at thetop of the barrier.
AO0.5dBincreaseinsoundlevel at the reference m crophone
| ocat ed above the barrier may be consi dered typi cal and
shoul d be i ncl uded as a correction factor tothereference
m cr ophone data, unl ess further anal ysis of the propagati on
characteristics of source/barrier/ mcrophone configuration
justifies other values. Larger corrections for nultiple
reflections nmay be considered in the case of parallel
barriers or enclosures.”
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