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PREFACE

The authors would like to take this opportunity to express
their appreciation to the many organizations and individuals
who contributad to the overall success of the project.

The noise measurements needed to evaluate the barries
performance were carried out using the Transportation Systems
Center Mobile Noise Laboratory under the direction of TsC's
fdwerd Rickley. His cfforts made it possible toO collect and
analyze the large amcunt of data in the program, His recommen=
dations and comments with regard to the measurement plan and
with regard to the preparation of this report were greatly
appreciated.

Engineering specifications for the noise barrier were
prepared by CE Maguire, Inc., &0 First Avenue, waltham, Massa-
chusette. In particular, we wish to thank Edward Chisholm of
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needed to obtain & construction permit from the Massachusetts
DPFW.

The noise barrier was constructed by Coronis Construction
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struction which made it casier to scal small gaps in the
barrier without increasing its coats.
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t. INTRODUCTION

in a recent study, it was estimated that over 70-million
people living near highways in the United States are subjected
to objectionable noise ievels from traffic {1]. Many approaches
have been suggested for alleviating this situatioa. They
involve {a} reducing the noise at the source by quieting the
individual vehicles, (b) blocking the sound-transmission path
by use of roadside barriers or berms, (c) increasing the dis-
tance between the roadway and noise-sensitive areas, and (d}
increasing the noise-attenuation characteristics of the
dwellings in noise-impacted areas. This report focuses on
4ust one of these approaches -- (b} use of roadside barriers.

&

Roadside-noise barriers have been installed in many parts
of the United States (2}, in Canada [3]1, and in other parts
of the world [4,5]. However, in spite of these many installa-
tions, the performance of a barrier in reducing noise under
sctual field conditions is not well understocd. Many existing
design charts, which are based on scale-model laboratory
measurements or analytical expressions, tend to be inaccurate
in predicting the performance of a barrier. It is believed
that this inaccuracy is due to neglect of the effects of the
ground surface and atmospheric comditions on the sound propa-
gation. A few recently develeped prediction piocedures have
tried with some success to account for these offects (6,71,
On the whole, however, accurate prediction of roadside-barrier
performance remains to be realized.

The purpose of this project was to obtain baseline statis-
tical data which could be used to assess the performance of
roadside barriers under actual field conditions. Involved in
the project were the design and construction of a temporary



variable-height noise barrier; collecting data behind the
barrier and at an adjacent open site; and analysis of the data
to assess barrier performance.

Past measurements of roadside-barrier performance have
been limited. In most cases, the noise levels behind an
existing barrier have been measured and compared with levels
at a point above or in front of the barrier [8,%]. Unfortu-
nately, in these cases, the performance of the barrier in
reducing noise cannot be determined directly since noise
levels in the community behind the barrier, without the barrier
in place, are not known. The usual practice is to assume that
the noise levels measured above or in front of the barrier are
unaffected by its presence. These levels are chen used to
predict the levels in the cormunity without the barrier in
place. It follows that errors in prediction of the community-
noise levels will transmit directly to errors in the assesament
of barrier performance.

In one study of roadside-barrier performance, noise
measurements were taken before and after installation of the
barrier [3}. This offers a more accurate method for measuring
barrier performance, but guestions arise as to the similarivy
of traffic conditions in the two Ccases.

A few parametric studies have been carried out to deter-
mine the effects of barrier height, length, and surface covering
on performance [10]. However, these studjes have alsoc been
limited, in that the supporting nua:urumlztj were taken using
a laboratory-sound source, such as a inudipelku:. rather than
actual traffic.



2. SUMMARY

The study described in this report was planned to ovarcome
the shortcomings of past measurement studies. Two adiacent
test sites were selected, so that simultancous measurements
could be taken in the open site and behind the barrier. An
initial series of measurements, before the barrier was con-
structed, showed the two sites to be acousticuilly similar. The
barrier was designed so that its height and surface treatment
could be changes relatively easily. Measurements were taken
for barrier heights of 4, B, 12, and 16 feer (1.2, 2.4, 3.7,
and 4.9 meters, respectively) both with a reflecting surface
and a 2-inch (5.1 centimeter) thick absorbing surface. The
base of the barrier was 1.2 ft (0.4 m) below the level of the
roadway. so that the barrier heights above the level of the
roadway were 2.8, 9.8, 10.8, and .8 ft (0.9, 2.1, 3.3, and
4.5 m, respectively). Mea.,urement positions were selected at
distances of 55, 100, and 200 ft (l16.8, 30.5, and 61.0 m, res-
pectively) behind the barrier. At each position microphones were
placed on a mast at heights of 3, B, 13, 18, and 23 ft (0.9,
2.4, 4.0, 5.5, and 7.0 m, respectively) above the road level.

To determine the influence of traffic conditions on barrier
performance, measurements were taken at various times of dav
over a three-day pericd. Vehicular fiow ranged irom 2100 to
5400 wvehicles per hour with from 90 to 170 heavy trucks and
buses per bour, accounting for 4 to 19 percent of the total.

Eight series of measurements, each extending over a two- or
three-day period, were needed to study all four barrier heights
in combination with the two different barrier surface treatments.
During the zany measurement seguences, a varisty >f atmospheric
and ground conditions was encountered. Although parameters
describing these conditions could not be varied systematically, a



study of the data allowed us to draw certain general conclusions.

Table 1 summarizes the results of the measurement program.
In this Table, average values for the reduction of L,, noise
jevels* by the barrier are listed. For each value, the average
iz taken over five or six ten-minute measurement runs encom-
passing various traffic and atmospheric conaitions. For each
run the Lln noise reduction or "Insertion Loss™ was found by
taking the Llﬂ noise level at a measurement position in the open
site and subtracting the L,, level at the same position behind
the barrier.

Each barrier configuration that was tested had a beneficial
effect in reducing noise levels 55, 100, and 200 fr (16.8, 30.5,
and 61.0 m, respectively) behind the barrier. In each case, the
performance of the barrier increased with barrier height.

Barriers with a sound-absorbing surface were found to be
slightly more effective in reducing noise than barriers with a
reflecting surface. The average increase in insertion loss for the
absorbing barriers was iess than & dB with the largest increase
being approximately 2 dB for the 1lé-ft {(4.88 m) high barrier.

Traffic flow and atmospheric conditions did not have a large
effect on the measured valuves of insertion loss. However, we
must point out that the flow of heavy trucks changes only a small
amount from measurement run to measurement run, and the prevailing
wind was from the barrier toward the road. No measurements were
cbtained with the wind blowing from the roadway toward the barrier.

*L,, noise level is the sound pressure level (referenced to

28 micro Pascals) that is exceeded 10 percent of the time by a
temporally varying noise. In this report all L,, noise levels
are A-weighted sound pressure levels.



TABLE 1.

NOISE REDUCTION BY A 1000-FT LONG BARRIER

AT POINTS %5, 100, and 200 FT FROM THE BARRIER

£5 ¥T FROM BARRIER

MEASUREMENT HEIGHT* (ft)

TO RECEIVER 3 8 13 18 23
2.8 4.7 3.3 1.3 0.8 0.8 dB%*

Gasacs 6.8 7.3 7.4 5.4 3.4 1.6 4B

HEIGHT (ft) 10.6 || 16.4  10.5 9.1 6.8 &.1 dB
1.8 i 11,8 123 11,7  10.8 8.4 &B

100 PT PRON BARRIER | MEASUREMENT HEIGHT (£%)

TO RECEIVER 3 8 13 18 23
2.8 2.5 2.6 1.9 1.5 1.1 4B

W— 6.8 3.3 5.8 5.8 5.0 3.8 48

HEIGHT (ft) 10.8 6.3 9.4 9.2 8.4 6.8 4B
14.8 8.0  10.3 9.8 10.1 9.5 dB

MEASUREMENT

200 PT FROM BARRIER HEIGHT (ft)

TO RECEIVER 3 8 13 18 23
2.8 2.2 2.6 2.6 2.1 1.7 4B

T 6.8 2.1 3.5 4.0 4.5 4.8 4B

HEIGHT (ft) 10.8 3.7 5.4 6.7 7.4 7.4 4B
14.8 5.3 6.2 7.2 §.4 8.9 4B

* All heights are relative to the level of the roadway

*s pifference between A-weighted Llu noise levels at open site
and behind barrier

Barrier located 30 ft from near edge of rnnﬁi-y

/

; /

!
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3. DESIGN EXPERIMENT

3.1 APPROACH

The primary objective of the program was to design and
conduct an experiment in which barrier performance could be
measured directly without resorting to any prediction procedure.
Thus, experiments in which messured noise levels behind a
barrier could be compared with predicted levels at the same
site without the barrier in place were ruled ocut. Experiments
in which measurements could be taken before and after barrier
construction were also ruled out because a direct comparison
of the measured levels would require prediction of the effects
of atmospheric conditions, ground cover, and traffic conditions
on the observed noise levels. It was assumed that all of these
conditions could not possibly be the same during the "before”
and "after” measurements.

The experimental approach used in this study was to
select two adjacent sites that were accustically similar. After
the sites were chosen, measurements were taken to verify their
similarity. The results of these measurements are described in
Section 4.4.

After design and construction of the barrier, measured
noise levels at positions OR the open site could be compared
with measured noise levels at corresponding positions behind the
barrier to provide a direct measurse of barrier insertion loss,
which is defined as the difference in ncise level at that same
position with the barrier in place.

According to current barrier design charts [%], two geo-
motric parameters are of primary importance in determining
insertion loss: path-iength difference and included horizontal



angle. For a given position behind the barrier, these para-
metors relate directly to barrier height and length. It was
considered important to design the experiments so that the
effects of these two parameters could be evaluated indepen-
dently. Thus, in each measurement run, microphoncs were
placed at various heights above ground on two 25-ft (7.62-m}
high masts. One mast was placed on the open site, and the
second was placed at the corresponding position behind the
barrier. Comparison of the data for a given mast position
aliows a determination of insertion loss as a function of path-
length difference for a constant value of included angle. 1In
subsequent runs, the masts were moved to determine the depen-
dence of insertion loss on path-length difference for other
included angles. A complete discussion of the measurement
procedure is given 1in Section 5.

3.2 SITE SELECTION AND DESCRIPTION
%

A measurement site was selected on the west side of
Interstate 53 in Andover, Massachusetts. Site selection was
based on the following criteria: (a) proximity to a major
roadway that is representative of modern design, (b} flatness
and absence of nearby reflecting surfaces, (c) ease and con-
venience of access to the site, (d] openncss of the site, and
{e) lack of dense vegetation that might influence the measure-
ments.

After the site had been selected, a detailed evaluation
was carried cut. A description of the site and of the evaluation
ia presencted in Section 4.



3.3 BARRIER DESIGN AND MATERIAL SELECTION

The barrier was to be a temporary structure that would
aliow for easy removal after the acoustic test series were
compieted. As the expected life of the barrier was approxi-
mately two years, the materials used for the barrier were not
treated with preservatives needed for a long service life.

The barrier was located along the southbound side of
fnterstate 93 in Andover, Massachusetts. The face of the
barrier was placed 30 ft {9.14 m) from the edge of the nearest
travel lane to adhere to the American Association of State
Highway Transportation Officials (AASHTO) requirements for a
safety setback to obijects that would constitute & danger to
out-of-control vehicles. The grade of the existing ground
along the centerline of the barrier was approximately 0.7 per-
cent or a difference of 7 ft {2.13 m] in elevation between the
beginning and end of the 1000-ft (304.8-m) long barrier.

For financial reasons, the length of the barrier was
timited to 1000 ft (30&.8 m). This caused some degradation of
barrier performance due to noise from traffic boeyond the ends
of the barrier. The degradation due to finite-barrier length
is expected to increase with distance between the barrier and
the measurement point. Based on existing design charts for
finite-length barriers, the 1000-ft (304.8-m) long barrier will
give insertion loss values of 4 dB less than an infinite barrier
for ¢ point 50 ft (15.25 m) behind the barrier, 5 dE less for a
point 100 ft (30.5 m} behind the barrier, and 7 4B less for a
point 200 ft {61 m} behind the barrier. Further discussion of
the expected degradation is given in Section 7. The height of
the barrier was made to be adiustable, so that the effects of
barrier height could be investigated. Heights ol 4, 8, 12, and
16 fr {1.22, 2.4&, 3.66, and 4.88 m, respectively) above ground



level were chosen. Since the ground level alcng the base of
the barrier was approximately 1.2 ft (36.% cm) below road
jevel, the effective barrier heights to be studied were 1.8,
6.8, 10.8, and 14.8 ft (0.85, 2.07, 3.29, and 4.51 m, respec-
tively).

Barrier material and construction technigues were designed
to minimize noise transmission through the barrier and with-
stand wind loads up to 90 mph (150 ka/hi. The magnitude and
application of the wind loading was as specified in the AASHTO
“specificaticns for the Design and Construction of Structural
Supports for Highway Signs.”

Engineering-design spe:ificatioas for the barrier were
prepared by CE Maguire, Irc. A description of their design is
included in reference 1l.

The supporting elenents for the barrier were untreated
round timber posts spaced at 8.0 ft (2.44 m} on center. A
single unpainted wood beam 16.0-ft {4.88-m} long, 2 in. X 6 in.
(5.1 cm X 15.2 cm) was attached to the face of each post %O
produce a compatible interface for the vertical wall panels.
The timber posts supported the main portion of the barrier which
was constructed using 4 ft X 8 ft X 5/8 in. (1.22 m X 2. 44 m X
1.6 cm} plywood panels (unpainted grade C-D plugged with
exterior glue). The plywood panels were mounted with the 8-It
(2.44-m) long edge placed horizontally and the 4-ft (1l.22-m)
long edge placed vertically. To obtain the required 16-ft
{(4.88-m) high barrier, four rows of plywood were required. The
plywocd panels were butted at the center of the 2 in. X & in.
(5.1 cm X 15.2 cm) interface supports,and were fastened through
the post with six 3/8 in. X 6 in. {0.95 cm X 15.2 cmi zinc-
plated lag screws with washers (3 screwvs and washers at each
end of the panels), The top of cach plywood panel was placed



horizontally. The tops of adjacent panels wers placed with

a slight differential in elevation between them. The intro-
duction to the barrier of a slight sawtoothed top edge was
necessary since the timber posts were placed vertically. The
sum of the difference in elevations betweer. adjacent panels
equaled the approximate 7-ft {2.13-m} 3ifference in elevation
between ends of the barrier, or an average of 0.7 inches
between adjacent panels.

The center 200 ft {(60.96 m) of the barrier consiasted of
double thickness of plywood with the top of the rear piece of
plywood 3 in. (7.6 cmj higher than the front piece. The back-
to-back plywood panels were fastened by nails.

The remaining E0C £t (243.8 m} of the barrier consisted
of a single thickness of plywood with a 2 in. X 6 in. (5.1 o=
X 15.2 cm) stiffener placed horizontally and centered along
the top edge of each panel. The stiffener was attached to the
vertical 2 in. X € in. at each post, and the plywood panels
wore nailed to the horizontal 2 in. X 6 in. stiffener. To
provide an acoustically absorbing face for the barrier, a 4 ft
X B fr {1.22 m X 2.44 m) pieco of glass-fiber insculation bnard
was attached to the front face of each panel using twelve #9 X
3 in. (7.6 om) zinc-coated wood screws with 2-in. (5.1 cm}
diameter X 1/16-in. (0.16 cm) thick polyethylene washers.

Excavated soil was used to fill any openings under the
bottom row of panels.

The allowable stresses for the timber elements were deter-
mined per the requirements of the American Institute of Timber
Construction. The embedment length of the timber posts was
determined by the method developed by Rutledge as described in
“How to Design Pole-Type Buildings,” published by the American
Wood Preservers Institute [12].

10



As the prevalent roil at the site wis & very sandy soil,
it was easy to auger the holes for the timber posts. The posts
were set in the holes and held in place by false-work bracing.
The holes were then filled with 3000-psi cement concrote to the
level of the existing ground surface.

To verify that sound transmission through the barrier
would not significantly influence its performance, transmission-
loss (TL) measurements were taken in a two-reverberant-room TL
test facility. These measurements showed the TL of the single
and double layers of k-in. (1.3 cm) thick plywood to be:

Octave Band Single Laver Double Layer
Center FPrequency TL in 4B TL in dB
125 17.6 18.1
250 18.9 21.8
560 23.1 22.0
1000 25.6 25.6
2000 22.1 27.0
4000 23.5 29.6.

The TL of the double layer of plywood exceeded that of a single
layer at most frequencies. This increased TL was expected due to
the increased surface density of the double layer. An exception
occurred in the 500- and 1000-Hz octave bands where the TL of the
double layer was slightly below or equal to the TL of the single
layer. This result was due to a reduction in the coincidence
frequency® for the double layer. It was shown that the TL of a
large flat panel exhibited a sharp dip at this frequency [11].

*The coincidence frequency is the frequency at which the acoustic
wavelength in air equals the wavelength of vibrational bending
waves in a flat panel.

11



in the final barrier design, the panel thickness was
increased to 5/8 in, {1.6 cm} to withstand wind loads. The T
of the 5/8-in. (1.6~cm} thick panels used in the harrier was
assumed to be equal to, or greater than, values listed above,
since the surface density is higher, and the change in coin-
cidence fregquency is not targe.

The barrier was designed s0 that an absorptive treatment
could be added to cover the entire surface facing the roadway .
A 2-in. {5.1=cm) thick semi-vigid giass-{iberboard was selected
for the treatment. The absorption coefficients for the board

welrel
octave Bamd
Center Froquency Absorption
LS Coefficient
12% 0.32
250 0.74
500 0.97
1030 0.98
2000 0.87
4000 0.85,

the glass-fiberboard could be expocted to show some effects
of deterioration after prolonged exposure to the outdoor envi=
ronment. It was selected because it gave high sound-absorption
coefficients., Deterioration was avoided by storing the glass-
¢iberboards out of the weather belweon Beasurement runs.

3.4 BARRIER CONSTRUCTION

After the preliminary barrier design had been completed,
an application for permit to build the barvier was prepared.
Copies of the application were sent to the Department of Public

12



works for the Commonwealth of Massachusetts and to abutting
property owners for their approval on 6 June 1575. A meeting
among representatives of the DOT Transportation Systems Center;
the Massachusetts DPW; the Federal Highway Administration; the
prime contractor, cambridge Collaborative, Inc.; and the sub~
contractor, CE Maguire, Inc., was held on 18 June 1575 to
discuss the proposed project. After receiving approval from
the abutting property owners, a final application for permit
was filed with the DPW on 30 June 1975. The Application was
approved and a Permit was issued on & August 1975.

while the Application for Permit was being processed, the
final design drawings were prepared, and an advertisement for
bids was placed in the Dodge Bulletin on 18 June 197%5. Bids
were cpened on 4 August 1975. Twelve firms responded to the
advertisement, and nine bids were received ranging from $44,900
to $94,257.60. The bid of 544,900 by Coronis Construction Co.,
Inc., was accepted, and a ccontract for construction was signed
en 3 September 19%75.

The following construction sejuence was developed and used:

a. Erect timber posts and first 4-ft {1.22-m} stage of
piywood paneling;

b. Add glass-fiber to 4-ft {1.22-m} plywood barrier:

c. Add 4-ft (1.22-m) plywood and 4-ft (1.22-m) glass~-
fiber panels to raise barrier height to 8 ft (2.44 mi;

4. Remove all glass-fiber, leaving 8-ft (2.44~-m) height
of plywood in place;

e. Add 4-ft (1.22-m) plywood panel toc raise barrier height
to 12 ft (3.66 m);

£. Add 12-ft (3.66-m) of glass-fiber panels to barrier;

13



g. Adé 4-ft (1.22-m) plywood and 4-ft (1.22-m] glass-

fiber panels to raise barrier height to 16 ft (4.88 m};
and,

h. Remove and store all glass-{iber.

After completion of Step a, each following step required

approximately one week for construction and one week for the
acoustic testing.

The project was advertised and bid as a lump-sum contract.
The total in-place project cost was $45,214.60 or 52.80 per
square foot of barrier vertical face area. Construction of
the barrier proceeded smoothly without any costly change orders
necessitated by construction problems. The completion date
indicated in the contract specifications was extended because

the time required to perform each set of acoustic tests was
longer than anticipated.

The barrier was constructed without adversely affecting
either the environment or the traffic flow on adjacent Route
1-93. A discussion of the effects of the barrier itself on
highway operations is contained in Section 7.

i



4. SITE EVALUATION

4.1 DESCRIPTION OF SITE

The site selected for the study was a 2000-ft (60%.6-m}
stretch of property, adjacent to the southbound lanes of
interstate 93, between highway markers 305 and 325. The
location for the barrier was between markers 305 and 315.
{See Figures 1 through 4.)

The site is a large, flat field bounded on the north and
south by tall trees and underbrush. Sixty-five ft {19.81 m)
from the nearest traveled lane of the road, and running parallel
to it, is a 20-ft (6.10-n) wide line of widely spaced, young,
white pines. ¥North along this line, the cancpy becomes
increasingly mixed with deciduous shrubs and trees. At approxi=-
mately 90 ft {27.43 m) from the road, there is a chain-link
sence, and the ground drops rapidly about 3 ft (0.91 =). Beyond
this distance, the terrain is fairly flat with a few saplings
scattered about. Ground cover between the highway and treeline
is field grass. Beyond the treeline, there is varied ground
cover over a fine, sandy scil.

4.2 NODISE SURVEY

Before the barrier was installed, a grid of I3 measurement
positions was laid out as shown in Pigures 5 and 6 to determine
the similarity of the measurenent positions. Seven of the micro-
phone positions were along two lines 1000 ft {(304.8 m} apart
running back from the road at markers 310 and 320 with positions
30, 85, 130, and 230 ft (9.14, 25.9%1, 39.62, and 70.10 m,
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respectively) from the edge cf the nearest traveled lane and

§.5 ft (1.37 m} above ground level. additional microphones

were positioned to form two lines of four microphones parallel

to the roadway at distances of §5 and 230 ft (25.91 m and 70.10 m,
respectively) from the nearest traveled lane and 4.5 ft {1.37 m}
above ground level. Two microphones were placed 30 ft (9.14 =}
from the nearest traveled lane and 20 ft (6.10 m) above the
ground at markers 310 and 320. The remaining microphone was
located 85 ft (25.91 m) from the roadway at marker 310 at a
height of 18 ft (5.49 mj above the ground.

Messurements were taken over a period of two 10-hour days
on September 3 and 4, 1975, by personnel of the TSC Noise
Measurement and Assessment Laboratory using the TsC computer=
equipped Mobile Noise Measurement and Analysis Laboratory.

The measurement procedure was to record simultanecus digital
time histories of the A-weighted noise jevel for all fourteen
microphones in l0-minute periods. The time histories were
processed by computer to obtain statistical noise levels for
sach l10-minute data segment.

Thirteen dats runs were taken over the two-day period.
for each run, meteorclogical and traffic conditions were recorded.
All microphones were calibrated before and after each run.
Typical L., noise levels measured during one of the site-evalu-
ation test runs are displayed in Figure & along with corresponding
traffic and metecrological conditions recorded during the run.
A data summary of all 13 tast runs, referenced to microphone
position i, 1S presented in Table 2.

The L, jevels for each run were statistically analyzed
by computing the average tevels at distances of 85, 130, and
336 £t (25.%1, 39.62, and 70.10 m, respeccively} from the

22
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nearest traveled lane

L o(3.85) = o ¥;5 {i,4,85) (1}
] - L w ke ¥
» Ngs 4wy 10

where L T3,85] signifies an average L,, at 85 ft for run j,
"35 is the number of microphone positions at 85 ft, and

Lig 14.3.85]) is the L,, level B85 ft {25.91 m) from the nearest
traveled lane at microphono-position i for run j.

The average LHF levels for each run were then analyzed
to compute the mean of the differences between L,, levels at
a particular distance and the average Lo level for that dis-
tance. The mean of the differences is defined as

% r : Y
1 Tuns i /
runs j=1 L 1
where Erun: is the number of ten-minute runs, and 4L1ﬂ!i.§51

is the mean difference for position i at 85 ft.

Equations similar to Equations (1) and {2) can be written
for positions 130 and 230 ft from the nearest traveled lane.

After three runs, the height of the microphones located
130 and 230 ft (39.62 and 70.10 m, respectively) from the road
was increased from 4.5 to & ft (1.37 to 1.83 m, respectively)
to improve the similarity of the measured noise levels at the
different microphone positions. In this configuration, the
largest mean difference was ~1.6 dB for the measurement
position at marker 315 at a distance of 230 ft from the roadway.
It was found that the terrain level at this position is 31 ft
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(0.92 m} lower than the other 210-ft {70.10-m) positions. BY

raising the microphone height to compensate for this variation,
abstantially reduced. The mean

microphone positions were less than
study, the two sites

tically similar.

the mean difference was ®
differences for all other
+0.5 an, For the purposes of our barrier

centored on markers 310 and 320 were acous

25



5. MEASUREMENT PROCEDURES

Noise measurements were taken for the following sequence
of barrier configurations:

Barrier Height
Test No. ft m Barrier Surface

1 Mo Barrier

2 4 1.22 Re
3 & 1.22 &
4 B 2.44 A
5 8 2.44 R
6 12 3.686 R
7 12 3.66 n
8 16 4.88 A
g 16 4.88 I

For =ach configuration, measurement runs were carried out
over 2- or i-day periocds to establish the dependence of observed
noise levels and barrier insertion loss on

a. traffic density,

b. Wind speed and direction, and

c. ground condition
For each run, the following information was collected:

a. traffic counts--separate for cars and trucks and for
north- and southbound directions,

+. mean vehicle speed in southbound direction (traffic
flow nearest the barrier]},

+g, reflecting:; A, absorbing.
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c. wind speed and direction,

d. history of rain or snowfall during past 3 days,
e. time of day and date,

¢, description of ground conditions,

g. description of weather and cloud cover,

h. temperature and relative humidity, and

i. location of microphones.

The measurements reported here were carried out by TSC
personnel using their Mobile Noise Measurement and Analysis
Laboratory over a period of October through December, 1975.

The acoustic data were collected using two 25-ft {7.62-m}
high masts with microphones located at heighis of 3, B, 13, i8,
and 23 ft {0.91, 2.44, 3196, 5.49, and 7.01 m, respectively)
above the level of the roadway. With the barriers in place, the
masts, one behind the barrier and the other in the open site,
were positioned at equal distances from the road as shown in
Figqure 7. FPour reference microphones to moniter traffic-noise
similarities between the open site and barrier site were mounted
at points on masts 18 ft (5.49 m) above the road level and at
points 6 in. (15.24 cm) above the barrier height. The reference
microphone masts were 30 ft (9.14 =} from the road as shown in
Figure 8.

The microphone masts were 3/4-in. (1.91-cm) diameter poles
supported by thin guywires at 10-ft (3,05-m} intervals. Micro-
phones were clamped to the mast at right angles to a line
between the mast and the roadway. The distance from the mast
to the center of the microphone was & in. (20.32 cm). with
this configuration, the sound-pressure levels due to the sound

ray
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scattered from the cylindrical mast are more than 20 4B below
measured levels at all frequencies below 4 khz.

The use of microphone masts allowed separation of the
effects of path-length difference and included angle on barrier
insertion loss. Since the jr=luded angle does nct chinge with
the height of the nicrocphone, comparison of noise levels for
similar positions on the t*o masts =ives » direct measure of
insertion loss as a function of path-length dlfference

For each test run, the positions of the two Z=-rt (7.f2-m}
multiple microphone masts were varied (see Positions B-B', C-C',
A=A'}. The reference microphone masts remained in position to
monitor traffic-noise similarity at the two sites, Usually,
six l10-minute measurements wWere conducted for each barrier-mast
configurati ... For a péscicular barrier-mast con®. usetion, the
measurement runs were spread out over a three-day testing period
to maximize the variety of trafiic, meteorological, and ground
conditions encountered.

wind direction and speed were measured using & wind vane
and cup anemometer at a point situated between the two adjacent
sites, set back approximately 300 ft {91.4 =) from the barrier
to avoid any influence this structure might have exerted on
local wind patterns. During the barrier tests, the wind
direction varied from northeast to south with the "prevailing
winds® coming primarily from the northwest. Average wind-velocity
vectors perpendicular to the roadway ranged from approximately
-1 to +14 mph (positive-sign indicating wind blowing from the
microphones toward the road).

Ground conditions at the adjacent Sites were essentially
jdentical. Because of this fact and the difficulty in
obtaining meaningful ground-impedance measurements, the soil
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conditions were analyzed by simpie inspection. Although
ground conditions were predominantly dry and dusty during the
October and November tests, December saw a variety inclioding
dry, wet, frozen, and snow-covered surfaces.

Traffic counts were recorded manually during each test
run for both directions of traffic flow, and vehicle speeds
in the southbound lanes were¢ sampled using radar techniques.
Average traffic speeds passing the barrier ranged fro= 54 to
5¢ mph with a standard deviation of approximately 6 mph.
Traffic volumes during the 10-zinute test samples varied from
150 vehicles during off-peak runs to 900 vehicles during rush-
hour traffic. Heavy trucks and buses accounted for 4 to 19
percent of this population. This large variation in percentage
of truck and bus population is misleading, however, since the
jevel of truck and bus activity was fairly constant throughout
the day while the passenger-car population fluctuated signifi-
cantly. Typically, 15 to 15 heavy vehicles passed the barrier
every 10 minutes.
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6. DATA EVALUATION AND RESULTS

6.1 Lyp LEVELS MEASURED AT OPEN SITE

To assess the acoustic performance of the barriers studied,
simultaneous measurements wers taken behind the barrier and at
the adjacent open site. Average Lig jevels measured at the
open site are displayed in Figure g, The average is taken over
more than sixty l0-minute measurement CUNS ENCOmMpassing various
eraffic and atmospheric conditions. It is of interest to note
that the noise levels at the lower microphone position decline
more rapidly as one mOves away from thoe roadway than do the
ljevels at the higher microphone positions, while at 100 and
200 ft {30.05 and &1.0 =, respectively) pehind this line,
approximately 6 4B separate these positions. This difference
in attenuating rates with distance is primarily due to ground
effects.

stated simply, ground elfect is the reduction or increase
in noise levels {as compared to free-space propagation levels)
resulting from the interference of sound waves reflected off
the ground. AS shall be seen in subsequent sections, this
ground-effect phenomenon has a pronounced effect on barrier
performance.

6.2 h10 LEYELS MEASURED BEMIND BARRIER
Average Lin levels for the different parrier heights are
displayed in Figure 10. An interesting feature of these data

is that the noise jevels at the lower microphone positions
decrease relatively slowly as one mOVeS away from the roadway.
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This trend is due to a compensating interaction of reduced
attenuation by the barrier as the distance increases and
increased attenuation with distance from the nuise source.
However, in all cases the noise levels behind the barrier
decrease as the barrier height is reduced.

6.3 BARRIER Y10 INSERTION LOSS

An important observation can be made when one compares
corresponding noise levels at the open site and behind the
barrier. The noise reductions caused by the “"insertion™ of
the barrier, cobserved at the mast position 100 ft and 200 ft
(30.48 and 60.9f =, respectively) behind the barrier are
smaller at the low microphone positions than at the higher ones
{see Figure ll). This effect is contrary to the barrier
insertion-loss prediction techniques in common use, which state
that the barrier's insertion loss will increase with increasing
path-length difference of Fresnel number (decreasing receiver
height).

Figures 12, 13, and 14 show the measured values for
insertion loss as a function of path-length difference for points
55, 100, and 200 ft (16.8, 30.1, and €1.0 m, respectively)
behind the barrier. The path-length difference, which is used
in the NCHRP Report 144 design chart [9], is the path-length
difference between straight-line propagation from the effective
traffic-noise-source location to the measurement point and
propagatioa from the effective scurce location along straight
iines to the top of the barrier and to the measurement point
as shown in Figure 15. The included angle, which is a second
parameter used in the NCHRP 144 design chart to determine barrier
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PATH LENGTH DIFFERENCE = 0+b-C

~ ROADWAY

BARRIER /

’,,,-'

i,

ﬂﬁCEWER

INCLUDED ANGLE = &*

FIG IS DETERMINATION OF PATH LENGTH DIFFERENCE AND
INCLUDED ANGLE
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performance, is given in the figures. Note that we have pre-
sented our dats in such a way that the included anagle is
constant for the data within a given plot.

6.4 Lo INSERTION LOSS OF BARRIER WITH ABSORPTION TREATMENT

Average insertion-loss values observed behind a barrier
treated with acoustically absorptive materials are compared
to average insertion-loss values behind the reflective barrier
in Figures 16 through 18. It can be seen that the insertion-
loss characteristics are similar for both barrier configurations.
The difference in measured insertion-loss between the two
conditions is usually less than 1 3B for barrier heights 10.8 ft
{3.3 m} and below. The difference for the li.8~ft (4.5-m)
barrier is approximately 1 to 2 4B,

6.5 COMPARISON OF Lyae Lgg ARD qu BARRIER [INSERTION LOSS

Figure 1% shows a comparison among average L., tiq' and
Leo insertion-loss measurements at 50, 100, and 200 £t (16.8,
30.5, and 61.0 =, respectively } behind the 14.8 ft (4.5 m)
barrier. The qu insertion-loss values lie approximately
0.5 dB lower than the Llﬂ values, while the L., insertion-loss
data lie approximately 1 to 2 dB below Liﬁ valves. The reduc-
tion of insertion loss at the lower microphone positions is

characteristic of Ltﬂ' Leq' and LSE insertion-loss measuresents
alike.
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6.6 COMPRRISON OF DATA WITH DESIGN-GUIDE PREDICTIONS

The procedure most commonly used to predict noise-barrier
effectiveness is set ocut in the highway design-guide reports,
NCHRP 144 [9]. Following this procedure, the insertion
loss for the barrier is expressed in terms of two parameters:
the path-length difference and the included angle. The calcu-
lation of these parameters is indicated in Figure 15.

Figures 20, 21, and 22 show comparisons of the measured
vilues of insertion loss with predicted values. In each figqure,
we present predictions for an infinitely long barrier and for
the 1000-ft (304.8-m) barrier studied in the present program.
Following the design-guide procedure, we preésent a prediction
of insertion loss for both cars and trucks: the prediction for
trucks being 3 dB below that for cars.

In general, the measured values of inserticn leoss 200 ft
{61.0 mj behind the barrier for measurement points near the
ground fall between the values predicted for cars and trucks
for the finite-length barrier. At measurement positions well
above the ground, however, the measured values of insertion
loss are in better agreement with the prediction for an infi-
nitely long barrier. This same trend is also noted for points
100 £t (30.5 m) and 55 ft {16.8 m) behind the barrier, except
that the measured values of insertion loas are higher than would
be predicted.
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7. CONKCLUSIONS

7.1 BARRIER PERFORMANCE

The 1000-ft (3L3-m} long barrier was found to be effective
in reducsn? noise froe traffic. The noise reduction measured
at various poaitisus behind the barrier is summarized in Table 1.
In no case did the barrier cause 3an jncrease in measured
traffic-noise levels.

As a rule the noise reduction provided by the barrier was
found to increase with parrier height. Even a jow 2.8-ft {0.85 m)
barrier provided some reduction in noise.

The noise reduction provided by the barrier was found to
decrease as the distance between the barrier and the measurement
point increased. For example, the 14.6-Tt {4.5-m) high barrier
reduced noise levels approximately 11 dB at a distance of 55 ft
{16.3 m} behind the barrier, approximately 3 dB at a distance
of 100 ft (30.5 m), and approximately 7 dB at a distance of
200 ft (€1.0 m) behind the barrier.

Inadequacies of Current Design-Guide pPrediction

The results presented in Section € show that the procedure
presented in the NCHRP 144 Design Guide [9] tends to under=
estimate the performance of highway parriers in reducing noise.

At high-microphone positions, the effectiveness of the
1000-ft (305-m) long barrier was found to be as great as that
predicted for an infinitely long barrier. This indicates that
the correction for rinite-barrier length used in the design
guide significantly underestimates the performance of finite-
length barriers.
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At low-microphone positions, the effectiveness of the
1000-ft (305-m)} long harriq:xuiif?ﬁund to be in better agree-
mont with predictions from the design-guide procedure.

However, this agreement is considered to be the result of
counteracting errors in the design-guide prediction. Of the
factors not included in the design-gquide prediction procedure,
ground effect appears most likely to account for the discrepancy
between measured and predicted insertion loss. Traffic and

wind conditions varied considerably during the tests, accounting
possibly for the spread of data, but not for the systematic
difference between measured and predicted values of insertion
ioss.

Ground effect is the effect of the interference between
sound waves coming directly from the noise source{s) and those
reflected off the ground. PFor traffic noise, the overall
influence of the ground effect is to cause an excess attenuation,
such that A-weighted noise levels decrease with increasing dis-
tance from the roadway at a rate greater than 3 dB per distance
doubling. Although the amount of excess attenuation varies
with the type of ground and with the noise source and receiver
heights, an overall propagation loss of 4.5 dB per distance
doubling is generally used for flat terrain near highways.

The influence of ground effect on barrier performance is
twofold., First, the excess attenuation due to ground effect
decreases the level of noise from traffic that is beyond the
ends of a finite-length barrier. Thus, the correction for
finite-barrier length that is used in the design-guide prediction
procedure is too great, and results in predictions that under-
estimate the performance of & finite-length barrier. Second,
the excess attenuatiocn due to ground effect can be expected to
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be iess behind the barrier than in an open site due to the
increased height of the effective noise source along the top
edge of the barrier. This results in what appears to be
reduced barrier performance at lower microphone elevations.

At high-microphone heights for the 1000-ft (305-m) long
barrier, the first effect discussed above is dominant, so that
che design-guide procedure significantly underestimates the
parrier performance. At low heights, the two effects tend to
be equal and to canceli, SO that the design-guide prediction
is in reasonable agreement with the data. However, this agree-
ment is only for the particular length of barrier under study.
A longer barrier would not be significantly more effective in
reducing noise up to 200 ft {61.0 m) behind the barrier.

7.2 EFFECTS ON HIGHWAY OPERATIONS

In analyzing the effects of the barrier on highway
operations, thought must be given to those effects which
pertain only to this experimental barrier and those which
apply to barriers in general.

visusl: The raw plywood surfaces used on the temporary barrier
studied in this project are not aesthetic. The large plain
surface was distracting to passing motorists. Many found
occasion to stop to ask its purpose, However, the height of
the barrier was not overwhelming: the top of the highest barrier
had an elevation of only 15 degrees to the automotive driver
and less to the truck driver. Graffiti was a major problem.
Slogans and siurs appeared reqularly. However, permanent
barriers could have a less suitable surface; earth berms and
irreqular concrete structures and special "non-stick®™ coatings
make spray cans less effective.
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Audible: The barrier was sufficiently far from the roadway
that there were no noticeable increases in vehicle-interior
noise when passing the barrier,

Traffic Flow: Though the barrier was visually distracting,
radar measurements indicated that traffic did not decrease
speed in passing the barrier.

Safety: The barrier was set back from the road at a distance
recommended by AASHTO standards, giving 30 ft of space for
the stopping of errant vehicles.

The barrier did provide a wind break, Motorists pﬂ!llnd
the barrier ends during high cross winds may receive deflecting
gusts. It was noticed that lightweight vehicles traveling
southbound had a tendency to be moved toward the modian on very
windy days with the wind coming from the northwest.

The deposition of anow in the lee of the barrier was a
problem, Since the snowfall was so light during the winter of
1976-76, problems could hardly have been expected. There was
always ample "off road™ space for piling the snow plowed from
the shouider.

The lack of service stations on 1-91 has given motorists
the noed for improvised facilities. The privacy offered by
the barrier was an attraction. As a result, vehicles left the
shoulder and re-entered the highway near the barrier more
frequently than at other points along the road.

53



7.3 ECOXOMICS OF BARRIER CONSTRUCTION

Permanent noise-attenuation barriers should be designed
considering the following three items: (1} adequate noise
reduction; (2} aesthetically pleasing; and (3} economical.
The barrier selection process should involve all three of the
above selection criteria on an equally weighted basis.

Various barrier configurations were developed using five
common construction materials for the structural elements.
The five were carth, aluminum, concrete, wood, and steel.
Each material would provide sufficient sound transmission
loss so that noise levels behind the barrier would be a func-
tion of barrier height and not barrier material. Estimated
construction costs have been computed for each of 15 different
barrier types (see Table 3 and Figures 23, 24, and 25). The
unit prices used in computing these costs are applicable to
eastern Massachusetts only. ¥For comparison purposes, the
approximate costs of barrier types 3 through 15 are based on
a l6~ft-high barrier.

parrier types 1 and 2 show the chanmae in cost per linear
ft per ft of barrier height that would occur if the barrier
height was reduced to § or 12 fe.

The approximate costs shown in Table 3 do not include
engineering or utility relocation costs.

2. Earth Bers

1} Major advantages --= low maintenance costs; low con-
struction costs: long service life: could be made very
attractive with proper landscaping.
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2} Major disadvantages -- for cach ft of barrier height,
the earth berm requires & ft of width., (For a lé6-ft-
high barrier, 64 ft is the minimum width at the base.)
in urban arcas, the cost of the additional right of
wWay necessary to construct the barrier could be pro-
hibitive.

Aluminus

1} Major advantages -- low maintenance costs; long service
life.

2} Major disadvantage =-- very high construction Cost.

Concrete (Precast)

1} Major advantages -- low maintenance costs combined with
moderate construction costs; ability to be formed to
take any texture and shape. Colorina may be added to
enhance beauty: long service life.

2} Major disadvantage -- aesthetics.

¥ood

1) Major advantages -- low COnsSgruction Costs; easy
replacement of damaged portions of barrier.

2} Major disadvantages -- high maintenance costs: short
service life.

Steel

i} Major advantages -- none.

2) Major disadvantages -- high maintenance costs combined
with moderately high construction costs.
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TABLE 3.

COMPARATIVE COSTS OF BARRIER TYPES
s e

1 TYPE

m N

10

11

i

13

15

i5

‘* fnitial Construction Costs only.

BARRIER

DESCRIPTION HEIGHT

{fe)
Earth Ferm f
Earth Berm 52
Earth Bermm 16
Alosinum Wall i6
Precast 14
Concrete Wall
Wood Wall i6
Steel Wall it
&' Earth Berm with 1€
10* Aluminum Wall
&% Earth Bor= with i6
10" Precast
Concrete Wall
&* Earth Berm with i6
10* wWood wWall
§' Earth Berm with 1&
10' Steel Wall
10" Earth Derm with 16
&' Aluminum Wall
16" Earth Berm with 16
&' Precast Concrete
wWall
10" Earth Berm with 16
6* wWood Wall
10' Earth Berm with i6

&' Steel Wall

SUPPORT

Aluminum wide
flange shape
1E ft on conter

Self-supporting
g-fr-long panels
Timber posts

g fr on center

Steel H pliles
ig8 ft on center

See Type &

See Type 5

Sce Type &

See Type 7

See Type 4

cee Type 5

See Type €

See Type 7

APPROX. COST*
PER LINEAR FT

PER FT OF
BARRIER HEIGHT
{dollars}

2.46
2.78
3.12
15.72

7.00

3.00
6.80
i1.01

$.92

3.04
5.42
7.51

3.89

3.14

4.57




*4 =B — TYPE |- BASE WIDTH = 37"
W = 12— TYPE 2— BASE WIDTH = 53"
H = 16'= TYPE 3~ BASE WIDTH = 69"

EDGE OF TRAVEL LANE = 4

W s HEIGHT 5 e 30" MIN CLEARANCE
MIN i (SAFETY SETBACK)
]
EARTH FILL ;

L BASE WIDTH= 4H+ &' J ‘SHGULBEH

FiG 23 TYPICAL CROSS-SECTION, HIGHWAY-NOISE BARRIERS TYPE | THRU 3

57



NOTE:

CHAIN LUNK FENCE WILL DISCOURAGE VANDALS FROM ATTACKING THE BARRIER
FROM THE HIGHWAY SEE FIGURE 25 FOR ALTERNATE SECTION.

® ALUMINUM
PRECAST CONCRETE

w000
STEEL

EDGE OF TRAVEL LANE
30 MIN CLEARANCE r
l' {SAFETY SETBACK)

*SARRIER %—mnm LINK FENCE
]

IEHDULD"ER

FiG 24 PREFERRED TYPICAL CROSS-SECTION, HIGHWAY-NOISE BARRIERS
TYPE 4 THRU 7
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NOTE:

THIS BARRIER CONFIGURATION SHOULD BE USED ONLY WHERE THERE WiLL 8E
LITTLE DANGER OF VANDALISM ORIGINATING FROM THE HIGHWAY SEE FIGURE 24
FOR PREFERRED SECTION.

® ALUMINUM
PRECAST CONCRETE
WOOD
STEEL

EDGE OF TRAVEL LANE ?

30" MIN. CLEARANCE ﬁ‘ll
(SAFETY SETBACK)

% BARRIER

SHOULDER

FIG 25 ALTERNATE TYPICAL CROSS-SECTION, HIGHWAY-NOISE BARRIERS TYPE
4 THRU 7
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First-cost economics would indicate that most permanent
noise-attenuation barriers should be of wood construction.
However, because of its relatively short anticipated service
1ife, the wood barrier should be eliminated for permanent-
barrier construction. Consideration of first costs plus
maintenance costs over the entire service life would definitely
favor the selection of precast concrete for a permanent-barrier
installation.

Combining earth berms with the cother four structural
materials makes aluminum and steel more competitive with pre-
cast concrete although these metal barriers will still be more
expensive.

7.4 RECOMMENDATIONS FOR FURTHER RESEARCH

The work presented in this report brings out the importance
of the ground surface in determining the effectiveness of
highway=-noise barriers.

A classification system involving various terrain confi-
gurations should be developed to allow better prediction of
noise levels in areas adjacent to roadways. Acoustic impedances
of various terrain surfaces for both grazing and normal noise
propagation should be catalogued. This will regquire further
research into the nature of ground-structure interaction with
acoustic propagation and new technigues of ground-impedance
measurement. A better knowledge of how sound propagates away
from a road over various terrains may lead to more creative and
less expensive solutions to highway-noise control than currently
feasible.
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APPENDIX

REPORT OF INVENTIONS

This report presents test results for a highway noise
barrier that was designed a.d built in Andover, Massachusotts,
After a diligent review of the work performed under this
contract, it was found that no new inventions, discoveries,
or improvements of inventions were made.
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