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Noise Control in Sacramento County, California

HARRY SEN AND MAS HATANO

In 1976 the Sacramento County Board of Supervisors recognized the need for
a noise-control program by approving {ocal ordinances and providing funds for
two persons to implement a noise-control program. This team spends most of
their time in enforcement (60 percent) and land use (40 percent) activities.
Details of the ordinances and the noise standards are presented. The major
noise problems in the county involve transportation (highways, airports, trains,
and waterways) and general complaints about loud noises {neighbors, radios,
dogs, fixed mechanical sources, and so forth). Each transportation problem
and the various state and federal laws that are involved are discussed. A case
study is presented along with a solution to a problem of using a football sta-
dium for rock concerts to satisfy the audience, adjacent residents, and pro-
motors.

An overview of the noise-control activities in Sac-
ramento County, California, is presented. These
activities can provide a guide to other local agen-
cies that wish to develop or supplement an ongoing
noise-control program. The need for a noise program
was recognized by the county long before any federal
or state laws were enacted. Complaints about noise
from such sources as barking dogs, loud radios,
transformers, swimming pool pumps, air-conditioning
units, and noisy neighbors were common. Usually the
Sheriff or Health Department responded to the com-
plaints with mixed results. Noise from highway
traffic, aircrafts, trains, and boats generally went
unabated.

In 1970 the Board of Supervisors (BOS) of Sacra-
mento County adopted the first noise ordinance for
fixed mechanical sources, which (a) provided person-
nel to respond to noise problems from mechanical
equipment and (b) authorized the purchase of a
sound-level meter. This work was assigned to the
Health Department.

The California Environmental Quality Act (CEQA)
was passed by the state in 1970. It was comparable
to the federal National Environmental Protection Act
(NEPA) passed in 1969. CEQA required that an envi-
ronmental impact report (EIR) be written for all
®najor construction projects in California that in-
volved private or public funds. Noise was one of
the many issues to be addressed.

CEQA was followed by Section 65302(g) of the
state code, which required each county to adopt a
noise element as part of their general plan. In-
terim studies were performed, which resulted in the
Noise Element for the Sacramento County General Plan
(NESCGP) being approved by the BOS in September
1975. This was followed by Sacramento County Code
(SCC) 254 titled "Noise Control", which was approved
by the BOS in June 1976. A supplement to SCC254
(numbered SCC490) was approved by the BOS in De-
cember 1981. The provisions of these documents pro-
vide the authority for responding to most noise
problems in the county.

GEOGRAPHIC AND DEMOGRAPHIC DATA

Sacramento County is located in northern California
(Figure 1). It covers an area of 930 miles? and
has a population of 809,700, The climate is gener-
élly mild, with a mean annual temperature of 62°F.
However, the summers are hot and dry with tempera-
tures exceeding 100°F on occasion, and the winter
temperatures are cold but usually greater than
32°F., Rainfall averages 18 in. per year. The ter-
rain is generally flat and is about 35 ft above sea
level.

About 35 percent of the work force 1in Sacramento

County are public employees; 22 percent are employed
in trades, 18 percent are employed in services, and
the balance are employed in other categories. The
percentage of public employees is high because the
capitol of California is located in the city of Sac-
ramento, which is the largest city in the county.

CURRENT PROGRAM

The goal of the county noise program, as stated in
the NESCGP, is "to provide the residents of Sacra-
mento County an environment as free as possible from
unnecessary noise and to reduce the level of neces-
sary noise in order to improve the overall quality
of life in the county."

The functions of the NESCGP are to identify noise
problems in the community from transportation facil-
ities and fixed noise sources and make recommenda-
tions for land use. A chart of land use compatibil-
ity for community noise is shown in Figure 2. It is
used as a tool to evaluate the noise impact, but it
is not used as a standard.

In SCC254 (Declaration of Policy) the following
provisions are stated:

It is hereby declared to be the policy and pur-
pose of this chapter of the SCC to assess com-
plaints of noises alleged to exceed the ambient
noise levels. Further, it is declared to be the
policy to contain sound levels in the County of
Sacramento at thelr present levels with the ulti-
mate goal of reducing such levels, when and where
feasible and without causing undue burdens, to
meet the noise standards set forth in this
chapter.

The principal element of SCC254 is the noise
standards given in Table 1. Exceptions are made for
noise sources such as sirens, school activities, and
other events conducted under permit. The standards
for mechanical equipment, pumps, fans, air-condi-
tioning apparatus, stationary pumps, stationary
cooling towers, and stationary compressors are given
in Table 2.

SCC490 (supplement) specifically addresses the
loud playing of radios, tape recorders, record play-
ers, or televisions outdoors on public property. It
does not specifically set a noise-level standard,
but it does provide for fines ranging from $50 to
$250 for people who are cited.

The adoption of the NESCGP resulted in the crea-
tion of a Noise Section as part of the Environmental
Health Branch of the County Health Department. The
section is staffed by an industrial hygienist and a
noise specialist who use four sound-level meters,
three calibrators, one graphic level recorder, and
one octave band analyzer. Enforcement (60 percent)
and land use (40 percent) are the two primary areas
of emphasis.

From the standpoint of enforcement, the section
responds to all noise complaints, which range from
noisy roosters in rural parts of the county to fixed
mechanical sources and noisy aggregate plants. All
problems to date have been resolved without taking
legal action.

Surveys conducted by the Sacramento City Police
and County Sheriff's Department indicate that the
majority of complaints reported by citizens concern
barking dogs or loud parties. These do not generate
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Figure 1. Sacramento County. y -
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Table 1. Exterior and interior noise standards.

Noise Level [dB(A)] Not To Be
Exceeded Between

10:00 p.m. and

Cumulative Duration of the 7:00 a.m. and
Intrusive Sound (min/hr) 10:00 p.m. 7:00 a.m,
Exterior noise standard
30 55 50
15 60 55
S 65 60
1 70 65
0 75 70
Interior noise standard?
S 45
1 50
0 55

3Includes apartment, condominium, town house, duplex, and multiple dwelling
unit.

Table 2. Standards for stationary equipment,

Noise Level

[dB(A)] Criteria

60 One foot inside the property line of the affected residence
and 3 to 5 ft above the ground; this will be lowered to 55
dB(A) for new equipment installed 5 years later

55 Center of neighboring patio 3 to 5 ft above the ground level

55 Three feet outside living area window of closest residence

the most noise, but they appear to generate the most
complaints. B

Land use activities involve assistance given to
subdividers, contractors, acoustical consultants,
Planners, and building officials. Environmental
documents, plans, and other documents related to
noise are reviewed, Sometimes limited studies and
noise monitoring tests are performed.

The land use process in Sacramento County is as
follows. The developer submits plans to the Depart-
ment of Public Works. Then the plans follow one of
two proposals as to the course of action taken:
ministerial or discretionary.

Proposal 1l: Ministerial

If the architectural plans and use conform to ini-
tial zoning, a building permit is issued without any
further approval from the Zoning Administrator, Sub-
division Review Committee, Planning Commission, and
BOS. The noise standard is Title 25 (California
Noise and Insulation Act), which specifies an in-
terior standard of 45 dB community noise equivalent
level (CNEL) for multiple housing.

Proposal 2: Discretionary

If the architectural plans and use do not conform to
the initial zoning, the procedures are as follows.
All projects are reviewed from the CEQA enacted in
1970 as to the type of discretionary proposal to
use: (a) rezone (the EIR section of the Planning
Department screens all noise-impacted projects for
review by the Noise Section), (b) variance, (c) use
permit, (d) development permit, (e) subdivision (all
parcel map split and subdivision proposals are re-
viewed with input by the Noise Section), and (f)
parcel map division of land in more than four lots
[30 percent of the projects reviewed are affected by
transportation noise sources (highway, railway, air-
port, and waterway)].

Recommendations made by the Noise Section have
resulted in denials, extensive modifications of

plans, and mitigative measures imposed on the devel-
oper. These have been generally well received by
the subdivision Review Committee, Planning Commis-
sion, City Council, and BOS. The final approval on
noise-impacted projects is provided by the Noise
Section.

Unresolved noise problems between the county and
any violator are first referred to a nine-person
Hearing Board. Four members are appointed by the
mayor of the city of Sacramento, subject to city
council approval. Four members are appointed by the
BOS, and the ninth member is appointed by the BOS
and the mayor, subject to city council approval.
The members are further broken down to represent the
legal (1), medical (1), acoustical (1), engineering
(1), contractor (2), public (2), and business (1)
sectors.

If the problem cannot be resolved by the Hearing
Board, it is then referred to the BOS, and finally
to the courts if necessary. To date only one case
has gone as far as the Hearing Board. The accom-
plishments of the professionals in the Noise Section
testify to their ability to solve noise problems by
appealing to people's sense of responsibility
through persuasion and helpful advice.

HIGHWAYS

Five major freeways cross Sacramento County (Figure
1): 1I1-5, I-80, I-880, US-50, and SR-99. In addi-
tion, there are a number of expressways, major ar=-
terials, and local streets. Traffic noise from
these highways affects more people on a continuous
basis than any other noise source.

The county has no direct control over the noise
from vehicles, which are under the jurisdiction of
the federal and state governments. Law enforcement
officers can cite drivers of vehicles that exceed
state vehicle noise laws, but this is seldom done.

Section 65302(g) of the Government Code requires
the California Department of Transportation (Cal-
trans) to provide noise contour maps next to all
state highways in the county. The county uses these
maps to control land uses next to highways under
state jurisdiction.

The state has a community noise program to retro-
fit noise barriers along existing freeways when
traffic noise exceeds an of 67 dB(A). How=-
ever, because of a shortage of funds, many areas
that exceed the standards will not receive barriers
for some time. Barriers are required on new or
major highway construction projects that are feder-
ally funded.

Section 215.5 of the Streets and Highways Code
allows any city or county to construct noise barri-
ers on state rights-of-way to state standards. It
also provides for reimbursement of the costs of the
barriers when the project reaches the priority level
for state funds. The county has not participated in
this program because of a lack of funds.

Developers have constructed noise barriers in
many cases to meet the state standard of 65 4B CNEL
(exterior). In other cases techniques such as
orientation of the houses, thicker glass, and double
pane windows are other alternatives considered.

AIRPORTS

Sacramento Executive Airport

Executive Airport was built in 1930 and is located
in and owned by the city of Sacramento (Figure 1).
It serves as a general aviation airport for the
residents of the area. Sacramento County leases and
operates the airport. At one time it served inter-
state commercial airlines, but those aircraft now
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use Metro Airport (constructed in 1967), which is
located in the northwest part of the county.

Urban growth (primarily residential) has sur-
rounded the airport and created environmental, oper-
ational, development, and safety problems. Esti-
mates indicate that existing facilities will be
adequate to handle operational demand (275,000
annual takeoffs and landings) until 1985 and based
aircraft demand (575) until the early 1990s. The
various alternatives for the airport included no
growth, controlled growth, or relocation.

The county adopted the controlled-growth master
plan and land use plan for Executive Airport in
april 1979. It involved items such as improved air-
port runways, buildings, acquisition of property,
and land use.

Airport operational and noise-abatement proce-
dures were part of the plan:

1. Operation of aircraft shall not exceed 80 dB
[the effective perceived noise level (EPN)];

2, Restrict touch-and-go operations and practice
instrument approaches on weekends and between 6:00
p.m. and 7:00 a.m. on weekdays; helicopter touch-
and-go operations are prohibited;

3. FKeep traffic pattern altitude at 1,000 ft,
and at 1,500 £t for turbine-powered or large air-
craft;

4., All departing aircraft shall climb on runway
heading to an altitude of 600 ft before turning; and

5. Formation 1landings and departures are pro-
hibited.

Sacramento Executive Airport regularly monitors
noise levels to determine changes in noise contours,
trends, and compliance with regulations. Executive
Airport essentially complies with the California
Division of Aeronautics noise standards, which are
currently 70 dB CNEL, and which will drop to 65 dB
CNEL in 1995,

Sacramento Metro Airport

Metro Airport was constructed in 1967 and is located
in the northwest part of Sacramento County (Fiqure
1). It is the largest commercial airport in north-
ern California (not including the San Francisco Bay
Area) that serves major interstate airlines for pas-
sengers (3.7 million annual passengers in 1982),
freight, and pilot training. A number cf intrastate
commuter airlines also use the airport.

The alrport 1s generally surrounded by agricul-
tural land. About 86 percent of the 7,800 acres
owned by the airport is leased for farming. There
are also gas-producing wells located on airport
property that provide revenue for airport operations.

Projected growth of air travel will result in
noncompliance with the California Division of Aero-
nautic noise standard of 70 4B CNEL, which will be
reduced to 65 CNEL in 1995. Nevertheless, the noilse
impact will be small because of the small population
involved in farming and the nearby land owned by the
airport.

McClellan and Mather Air Force Bases

McClellan Air Force Base was constructed in 1938 and
is located in the northern part of Sacramento County
(Figure 1). It was a rural area in 1938, but by
1985 it will be completely surrounded by develop-
ment. The base covers 2,593 acres and employs about
18,000 people (civilian and military).

Its mission is to provide worldwide logistic man=-
agement for weapon and support systems, equipment,
and commodity items. It also performs an in-
dustrial-type mission in providing maintenance,
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supply, and procurement-type services essential to
U.S. Air Force logistics.

Mather Air Force Base was constructed in 1918 and
is located in the eastern part of Sacramento
County. Most of the area is undeveloped or farm—
land, but urban growth is beginning to approach the
bagse. It covers 5,800 acres and employs about 7,000
people. The base mission is to train navigators,
and it is part of the Strategic Air Command (SAC).

The Air Force recognized the critical nature of
urban growth near airports and developed an air in-
stallation compatible use zone (AICUZ). This was
the refinement of the green belt concept (1971),
which specified an area of 2.5 miles from the runway
ends and 1 mile on each side. The AICUZ consists of
accident potential zones (APZ) and nolse zones (N2),
and uses a 24-hr noise descriptor (ILgp). The APZ
and NZ are overlalid to create compatible use dis-
tricts (CUDs), which are the basic planning units of
the AICUZ program.

Noise contours are drawn around the base to pro-
vide a planning and control process to restrict ad-
jacent land to agriculture, industrial, or residen-
tial use. The role of the Air Force is to minimize
the impact of its operation by planning flights to
reduce noise, acquire properties adjacent to the
base, and work cooperatively with the county by ex-
change of information. The role of the local com-
munities is to ensure that proper land use planning
is practiced.

RAILROADS

The Southern Pacific, Western Pacific, and Central
Pacific railroads and the National Railroad Pas-
senger Corporation (Amtrak) provide rail service to
Sacramento. Railroad tracks cross all parts of the
county (Figure 1), and trains use some tracks day
and night. Most of these tracks have been in place
longer than any of the freeways or airports in Sac-
ramenta County.

Railroad maintenance shops and switching yards
are located within the city limits of Sacramento.
The Southern Pacific (SP) shops and yard are located
near the confluence of the Sacramento and American
rivers. SP train noise is not a problem because of
the small number of residences and businesses lo-
cated nearby. In contrast, the Western Pacific shop
and yards have a number of residences on both sides
of the facility.

Urban growth has resulted in many developments
along the railroad right-of-way and subsequent com-
plaints about the noisy trains. The U.S. Environ-
mental Protection Agency (EPA) has made some effort
to require quieting of locomotives manufactured in
future years and is looking at noise standards for
yard operations.

Section 65302, which was previously mentioned for
highways, requires the railroads to provide noise
contour maps to the county for land use planning
purposes. There have been several developers who
have constructed or plan to construct noise barriers
in order to develop their property. The railroads
have made some efforts to control noise by sched-
uling train and work activities in their yards.

WATERWAYS

The western boundary of the county is the Sacramento
River. It is a navigable river that flows to San
Francisco Bay and 1s used by commercial and pleasure
boats. The BAmerican River bisects the county and
flows east to west and joins the Sacramento River.
This is used by small private boats and by rafters.
There are other rivers that are generally used by
fishermen or for other recreation.
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Figure 3. Plan of study site.
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Noise from boats is a problem. Noise requlations
of the California Department of Boating and Water-
ways are used by the County Sheriff's Department to
control noise. They have four sound-level meters to
assist them in their work.

State regulations require mufflers on all com-
bustion engines, and noise levels from engines can-
not exceed 86, 84, and 82 4dB(A) before 1976, before
1978, and after 1978. Testing is performed by using
SAE test J34, which requires measurements at 50 ft
with the boats traveling at full throttle.

CASE HISTORY

Hughes Stadium, which has a seating capacity of more
than 20,000, is located next to the campus of the
Sacramento City College and is owned by the Los Rios
Community College District (Figure 3). The stadium
is located within the city of Sacramento in a noise-
sensitized residential area, and problems have
arisen because of various athletic events, rock con-
certs, and other activities held at Hughes Stadium.
Contributing to the noise problem is the proximity
of the Western Pacific railroad yards and Executive
Airport.

A rock band played at Hughes Stadium on Labor Day
in 1976. Noise 1levels at this concert were moni-
tored at the request of the City Police Department
because of previous complaints. Loudspeakers were
located at the south (open) end of the stadium, and
a strong prevailing wind from the south carried
noise into the residential areas north of the
stadium.

Noise measurements were taken at locations about
900, 1,500, and 2,600 ft from the stadium (Figure
3). Measurement periods varied from 20 min to 2 hr
during the 5-hr concert. A summary of the data and
the corresponding noise standards are given in the
following table:

Measured Noise Levels

Time Standard [dB(A}] at
{min/hr) [dB(A)) 900 ft 1,500 ft
30 <55 63-71 62-65
15 <60 68-76 67-69
5 <65 79-82 69-71
1 <70 <83 <72

Additional measurements taken at 2,600 ft indi-
cated ambient levels of 45 dB(A), after each per-
formance (applause and cheers) levels of 60 dB(Ad),
and amplified sound and music levels of 75 dB(A).

The noise data indicated that the levels may po-
tentially be intrusive within 0.75 mile north of the
stadium. Such factors as shielding, wind, ambient
levels, distances, and proximity to the railroad
yvard or arterial streets affected the noise levels.
However, the noise levels measured clearly revealed
that the standards were exceeded and were a legiti-
mate community concern. Many complaints were re-
ceived by the police, stadium officials, and the
Health Department. These complaints were primarily
from residents north of the stadium.

There was a dilemma because stadium officials
needed the revenue, rock band enthusiasts wanted
loud music, and the residents wanted quiet. The
county Noise Section performed a study with a local
sound company. Measurements were made at peripheral
sites around the stadium while the speakers were
moved around the inside of the stadium. Noise
levels were set at 102 3dB(A) and were measured at
120 ft in front of the speakers.

The study indicated that the noise standards
could be met if the speakers were placed at the
north (closed) end of the stadium, directly down-
ward, and faced the southwest. Arterial traffic
noise at the south end of the stadium tended to mask
some of the band noise, and the overcrossing helped
to block the noise. The first row of buildings
across the arterial street were businesses, which
also helped minimize the noise impact.

A permit issued for the next concert stipulated
that one person from the county Noise Section be
stationed at the amplifier and have full control of
the volume. He received instructions from a second
person who had a sound-level meter and was placed
near a sensitive residence. Communications between
the two was by walkie-talkie.

This proved to be a workable solution for all
parties, and no complaints were registered. The
sound level of 102 dB(A) at 120 ft with loudspeakers
placed at the north end of the stadium and facing
south was a satisfactory criterion.

SUMMARY

Sacramento County has implemented a successful on-
going noise-control program that can serve as a
model for city or county government. Transportation
noise affects the most people and is controlled by
land use planning. Noise complaints from such
sources as barking dogs, loud radios, and noisy
neighbors are the most common. These complaints
have always been resolved by helpful advice rather
than by issuing citations.
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Noise Impact Analysis for a Proposed Bus Operating Base

An evaluation was ducted of the potential noise impact for a proposed bus
operating base in northern Seattle. In the analysis the impact of two alterna-
tive sites for the proposed base was examined. Both sites are located in resi-
dential areas. Thus, there was concern about the noise impact from bus traf-
fic arriving and departing the base as well as daily operations at the base. Be-
cause of the need for buses to depart the base during early morning hours to
travol to thoir assigned routes, of great concern was the potential impact of
bus traffic on sleep disruption in neighborhoods near the base. A field noise-
measurement program was undertaken to document the existing noise environ-
ment and to define typical bus passby noise levels. Based on these measurements,
projections of the noise impact of buses relative to other noise sources were
made. On the base noise-generating operations of particular interest include
maintenance and repair activities and bus start-up and pull-out. Estimates of
community noise levels for each operation were compared with noise-level
limits in local ordinances to determine the extent of the potential impact of
noise. For both off-base- and on-base-generated noise, mitigation measures
were recommended, and estimates were made of the resulting noise-level
reductions.

At the request of the municipality of Metropolitan
Seattle, Bolt Beranek and Newman Inc. (BBN) con-
ducted an evaluation of the potential impact of
noise resulting from two alternative sites for a
proposed bus operating base, called the North Oper-
ating Base. This evaluation was based on a review
of the preliminary analysis contained in the draft
environmental impact statement (EIS) for the North
Operating Base (l) and its backup noise and vibra-
tion report (2).

The evaluation focused on the potential impact of
buses leaving the base for their assigned routes and
returning to the base, and the potential impact of
maintenance and repair operaticns conducted at the
base.

To better understand the effect of base-generated
traffic on communities along the departure and ar-
rival routes, a field noise-measurement program was
under taken. The impact assessment was then con-
ducted based on the results of these measurements.

The paper is organized as follows. First, the
measurements, impact analyses, and recommended miti-
gation measures are described. Second, the impact
of base operations on surrounding communities, as
reported in the draft EIS, is reviewed, and greater
details about the mitigation measures are given.
Finally, the major conclusions of the analyses are
summarized.

IMPACT EVALUATION OF BASE-GENERATED TRAFFIC

Description of Proposed Operations

The draft EIS for the North Operating Base (1) indi-
cated that there would be 616 bus trips leaving and
returning to the base each day. The analysis pre-
sented in this paper is based on revised figqures in-
volving 583 bus trips in and out of the base. (Data
from a June 15, 1982, memorandum from Linda Hender
of Seattle Metro.)

For proposed site 1 [Aurora drive-in site (see
Figure 1)), the major bus routes would be Aurora
Avenue, North 145th Street, and North 130th Street.
For proposed site 2 [Holyrood site (see Figure 2)1,
the major bus route would be North 205th Street.

Buses are scheduled to leave the base during
early morning and early afternoon hours. Buses re-
turn to the base in the late morning and during the
evening and night hours.

Note that the operating base is also expected to
generate automobile traffic, amounting to approxi-
mately 50 percent more automobile trips per day than
bus trips. However, because of the lower noise
levels of automobiles compared with buses (even at
the somewhat higher speeds of automobile travel),
the analysis indicates that exposure to bus noise
would exceed the exposure to automobile noise on all
streets where the potential for noise impact might
occur. Also, the base-generated automobile wolume
is a small fraction of existing traffic (see Figures
1 and 2). Accordingly, the analysis described in
this paper focuses on the noise of bus traffic only.

Field Measurement Program

Traditionally, an analysis of the impact of traffic
on a roadway is based on either the noise occurring
during the peak traffic hour or during a complete
24-hr period. The proposed base-generated bus traf-
fic will represent only a small percentage of the
total daily volume of vehicles on the roadways near
the proposed base sites. Further, the peak traffic
hour for these roads usually occurs from either 7:00
to 8:00 a.m. or from 4:00 to 5:00 p.m., when pro-
posed base-generated bus traffic is not expected to
be high. Thus a conventional analysis would indi-
cate that base-generated traffic will result in 1lit-
tle or no impact on noise-sensitive land uses (resi-
dences) along the bus routes.

Nevertheless, because of the unusual distribution
of base-generated traffic, and in particular the
high number of buses expected to depart during early
morning hours when other traffic is at a minimum,
the potential for noise impact occurring during this
period was a subject of concern. Although the pro-
jected number of bus operations during early morning
hours is known, traffic volumes during this time of
day are generally unavailable, which makes estimates
of traffic noise levels inaccurate. Accordingly, a
field noise-measurement program was undertaken to
gather sufficient data to permit an assessment of
the potential noise impact during early morning
hours, as well as other times of the day.

The two major purposes of the field measurement
program were to measure noise levels at selected lo-
cations to document existing conditions throughout
the day and to measure noise levels of individual
bus passbys because only limited data concerning bus
noise levels were available.

The field noise-measurement program, as well as
the subsequent analysis reported in this paper, con-
centrated on the noise environment along North 130th
Street east of Aurora Avenue, south of proposed site
1. This street was chosen from among all the pos-
sible bus routes with residential dwellings because
it had the lowest current traffic flow (which would
indicate the lowest existing noise 1levels) and the
highest ratio of proposed bus to existing traffic
volumes (which would indicate the greatest potential
for noise impact). Thus the analysis for this
street should indicate worst-case conditions for the
potential impact of bus noise on the residences
along proposed bus routes for either site 1 or 2.

The first noise measurement was of the existing
24-hr noise environment. Two locations were se-
lected for monitoring, as shown in Figure 3. At
both locations the noise environment was measured
with automatic noise-monitoring instrumentation for
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Figure 1. Proposed site 1 showing 1980 average daily traffic
volumes on the local street system.

Figure 2. Proposed site 2 showing 1980 average daily traffic
volumes on the local street system.
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Figure 3. Noise measurement locations.
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Bus Test Measurement Location 2
Location

Table 1. Field measurement instrumentation.

Manufacturer Model Description

Noise Monitoring at Locations 1 and 2

DAIL 607P Environmental noise analyzer
GR 9610 0.5-in. electret microphone
GR 9600 Preamplifier

B&K UA0254 Windscreen

GR 1562A Calibrator

Bus Measurement Recording

Kudelskl Nagra Il Recorder

B&K 2203 Scund level meter

B&K UA0254 Windscreen

B&K 4220 Pistonphone calibrator

B&K 4131 1-in. condenser microphone with random

incidence adaptor

Bus Measurement Processing

Kudelski Nagra III Recorder

DAI 607P Environmental noise analyzer
B&K 2203 Sound level meter

B&K 2305 Graphic level recorder

a l-day period from May 4 to May 5, 1982 (23 hr of
data were acquired at each location). The two se-
lected locations were thought to be representative
of the nnise environment along North 130th Street,
although it is recognized that noise levels may vary
from location to location, depending on proximity to
other major roadways, presence of traffic signals,
roadway gradients, and so forth. The locations se-
lected were not intended to reflect the maximum or
minimum exposure to noise along North 130th Street,
but rather to generally be representative of condi-
tions along the roadway.

Noise levels were monitored continuously at the
selected locations with a DAI Model 607 noise moni-
tor. (The instruments used to collect and process
field data are given in Table 1.) These units sam-
ple the noise environment 8 times per second, store
the measured noise levels internally, and generate a
paper tape that lists hourly average sound levels as
well as the statistics of the distribution of noise
levels during the preceding hour. The monitors were
also set up to measure and print out the noise
levels of individual single events where the noise
levels were greater than 75 dB(A). The units were

Location 1

calibrated at the beginning and conclusion of the
measurement program.

Figure 4 shows the hourly average sound level
measured at each location, as well as the day and
night average sound level (Lgp), which is a mea-
sure of the 24-hr noise environment. The data in
Figure 4 show that the pattern of hourly average
sound levels is similar between the two locations,
with the noise levels at location 1 typically 1 to 2
dB greater than those at location 2. The noise
levels at both locations are fairly constant during
daylight hours (8:00 a.m. to 8:00 p.m.), which indi-
cates fairly constant traffic flow on Worith 130th
Street during these hours. (Note that bus noise
tests, to be described later, influenced the mea-
sured noise levels from 5:00 to 6:00 a.m. at both
locations. Shown in Figure 4 are the measured noise
levels, which include the bus passbys as well as the
estimated noise levels with these bus passbys re—
moved.)

The second set of measurements consisted of a
series of planned bus passbys on North 130th Street
between 5:00 and 6:00 a.m. on the morning of May 5,
1982. Noise levels were recorded at a measurement
location on Ashworth Avenue, approximately 18 £t
south of North 130th Street (see Figure 3). Eigh-
teen different coaches of various types were used in
the test, which involved each coach driving west
past the measurement microphone, turning around, and
driving back east past the measurement microphone.
Nominal speed of travel was 25 to 30 mph. Because
several coaches made 2 trips, a total of 25 passbys
in each direction occurred during the test. The
coaches selected for the test were representative of
the typical mix of coaches expected to operate from
the proposed operating base.

The measured bus passby noise levels were re-
corded on magnetic tape for later processing. The
recorded noise 1levels were played back onto a
graphic level recorder, from which the maximum noise
level of each bus passby was determined. By corre-
lating these measured noise levels with the observa-
tion log maintained in the field and the schedule of
bus operations during the test, the maximum
A-weighted noise level occurring during most of the
passbys was determined. During the test there were
occasional occurrences of multiple bus passbys;
i.e., a bus heading east would pass by the measure-
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Figure 4. Measured existing levels. 90
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Table 2. Measured noise levels from bus passbys. rections, the noise levels measured from eastbound

Maximum Passby A-Weighted Noise Level? (dB)

Bus Westbound Eastbound Easthound
Series Bus No. (distance = 44 ft)  (distance =23 ft)  (normalized”)
1100 1103 79 - -
1200 1261 = 86 80
1268 76 75 69
1209 78 80 74
Avg TS 80 74
1300 1314 84 = -
1400 1488 75 83 77
1483 78 = =
1485 79 o =
1412 = 73 67
1479 80 82 76
1448 87 - S
1424 76 79 73
1488 76 83 77
1461 75 79 73
1483 77 81 75
1448 75 83 77
1424 74 82 76
Avg 77 81 75
1600 1666 79 82 76
1668 75 81 75
1690 - 77 71
1668 73 78 72
Avg 76 80 74
1700 1716 79 = .
1704 77 79 73
1716 72 76 70
1704 92 77 71
75 77 71
Avg of all T 80 74
buses

AMeasured with slow meter response.

bNormalized to 44-ft distance.

ment microphone simultaneously with a bus heading
west. When this occurred, it was not possible to
determine the maximum noise level of each individual
vehicle.

The measured passby noise levels are given in
Table 2. Note that westbound buses were approxi-
mately 44 ft from the measurement microphone,
whereas eastbound buses were approximately 23 ft
from the measurement microphone. In order to com-—
pare noise levels from buses traveling in both di-

buses were adjusted to reflect the noise level that
would occur if these buses were traveling along the
same lane at the same distance as the westbound

buses, that is, at 44 ft (see the 1last column in
Table 2). The data in Table 2 indicate that, on
average, the westbound buses had noise levels that

were 3 dB higher than the eastbound buses, which in-
dicates that the driver's side is the noisier side
of the bus.

The data in Table 2 also indicate that, although
there may be considerable variability in the passby
noise level for a given series of buses (the west-
bound passby levels for the series 1400 buses range
from 74 to 87 dB), on average, no great variability
exists among the various bus series. This may be
due in part to the limited amount of data collected
for some of the buses. BAlso note that at higher
speeds greater differences between bus series may
become apparent. For these tests, drivers were in-
structed to maintain a speed of 25 mph as they
passed by the measurement location.

Note that during the passby test a variety of
other vehicles traveling on North 130th Street
passed by the measurement microphone. For example,
during the tests a truck passed by with a maximum
A-weighted sound level of 85 4B, which provided one
of the highest readings during the measurement
period.

The recorded bus noise levels were also played
back into a DAI 607 noise-monitor unit, which pro-
vided the sound exposure 1level of individual
events. This sound exposure level (SEL) is a useful
measure of the total noise energy within each event;
the summation of SELs occurring during a given time
period may be used to derive the average sound level
occurring during that time period. Unfortunately,
because of the occurrence of simultaneous passbys
(either of buses traveling in opposite directions or
of several buses passing the measurement microphone
in rapid sequence), it was not possible to determine
the SEL of each bus passby. Nevertheless, the SEL
determined by the monitor unit for a series of
passbys (e.g., four buses passing by the microphone
in a sequence) does have meaning and can be used as
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a measure of the total energy in the four passbys.
The measured SEL values for all of the bus events
are given in Table 3. As indicated by the data in
the table, some of the SEL values refer to individ-
ual passbys, whereas some are for multiple events.
Also, when nonbus events occurred simultaneously
with bus events (such as a car and bus driving by
simultaneously), the SEL measured by the monitor
unit had not been included.

Because SEL is a measure of total energy within
each signal, the individual and multiple events can
be combined together to derive an energy average for
all events. As indicated by the data in Table 3,
the energy-averaged SEL for all the events is 82.8
dB. This averaged SEL may then be used to predict
the impact of a selected number of bus passbys.

Because of the multiple occurrences of bus
passbys in both directions, it was not possible  to
segregate the eastbound and westbound SEL values.
Nevertheless, the energy—-averaged SEL value may be
associated with an equivalent distance appropriate
to all of the passbys; for estimation of average
sound levels, this equivalent distance is 30 ft.
For situations of greatest concern (early morning
traffic when buses are traveling in the near lane),
this approach may overestimate noise levels, because
included in the average are the higher noise levels

Table 3. Measured SELs from bus passbys.

Passby A-Weighted No. of Buses Passby A-Weighted No. of Buses
SEL at 30 ft (dB) Measured SEL at 30 ft (dB) Measured
79.7 1 84.3 1

86.4 2 81.8 1

84.9 1 78.0 1

85.3 3 84.5 1

91.4 6 85.6 2

91.9 8 80.8 1

91.5 5 84.7 4

76.4 1 89.7 4

30.8 1

Note: The energy-average SEL of 43 bus passbys is 82.8 dB.

Figure 5. Comparison of measured existing levels and projected bus levels.
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of buses traveling in the opposite direction when
the driver's side faces the residence.

With the value of 82.8 dB for the average sound
exposure level (giﬁb of a typical bus passby at 30
ft, the lower cnrve in Figure 5 has heen developed
by using the following relationship:

Hourly average sound level = SEL + 10 log (number of
buses per hour) - 35.6 dB.

This lower curve represents the estimated hourly
average sound level along North 130th Street from
projected bus trips. The average sound levels shown
in Figure 5 have been adjusted to an approximate
distance of 41 ft, which corresponds to the approxi-
mate location of measurement microphones at loca-
tions 1 and 2 where 24-hr data were acquired. Shown
beneath the curve of the estimated bus level is the
number of bus trips expected by hour of day. The
upper curve is presented for comparison purposes;
this curve is the lower bound of the measured hourly
average sound levels shown in Figure 4 at either
locations 1 or 2.

Analysis of Impact

Applicable regulations and criteria for judging the
noise impact are described in detail in the draft
EIS. For base-generated traffic, the assessment
would involve comparison of projected bus levels
with existing traffic levels, in light of federal
compatibility guidelines related to absolute levels
and U.S. Environmental Protection Agency (EPA) Re-
gion 10 guidelines about noise increases. The fed-
eral gquidelines indicate that day and night levels
in excess of 65 dB are unacceptable for residential
land use. EPA Region 10 guidelines indicate that
noise~level increases of up to 5 4B are considered
slight, up to 10 dB are considered significant, and
greater than 10 dB are considered serious.

On a daily basis the day and night socund level
for locations along North 130th Street already
places the location in an unacceptable noise envi-
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ronment category. The projected Lgp, Vvalue for
proposed bus traffic is sufficiently low so as not
to contribute to the total day and night level. On
a 24-hr basis, therefore, the proposed bus opera-
tions would not affect residences along North 130th
Street.

On an hourly basis, Figure 5 shows that between
the hours of 4:00 and 6:00 a.m., projected hourly
average sound levels of buses will be comparable to
existing measured hourly average sound levels. Thus
during these hours the total exposure to noise would
be approximately 3 4B higher than at present. This
would be categorized by the EPA guidelines as a
slight impact.

Note however that there will be variations in
both projected and existing noise levels from buses
with locations along North 130th Street, and there
may be some locations where future noise levels from
buses may exceed existing levels by perhaps 2 to 3
dB. Under such conditions the increase in total
noise level would likely still be less than 5 dB,
and therefore would still be considered a slight
impact.

One further consideration must be discussed, how-
ever. Even for those locations where future noise
levels from buses will be less than existing levels,
noise 1levels will 1likely be noticeable within the
homes of residents. For some residents, the re-
peated passbys of buses may interfere with sleep.
Unfortunately, the area of sleep disturbance from
noise intrusions is not well understood, and there
is little scientific data that provide clear guide-
lines concerning the impact of such noise sources,
particularly when the average level is comparable to
background levels. Thus even though EPA guidelines
would indicate that only a slight impact might oc-
cur, and even though no specific criteria are avail-
able that can be cited as a basis on which to judge
the potential for sleep disturbance, it should be
recognized that during the hours of 4:00 to 6:00
a.m. such an impact on sleep might occur.

A final comparison might shed some light on this
subject of sleep disturbance. The maximum sound
levels ‘and SELs measured at locations 1 and 2 during
the hours of 10:00 p.m. to 7:00 a.m. are given in
Table 4. The data in the table indicate those noise
levels that may have been due to bus passbys as a
result of the special bus noise tests conducted dur-
ing that time period. Note that other sources of
noise, such as other traffic vehicles normally
traveling on North 130th Street, are already creat-

11

ing maximum levels and SELs that are comparable to
and higher than noise levels that may be generated
by bus passbys. Thus if these noise events are not
now affecting sleep patterns, it is reasonable to
expect that the projected bus passbys will not have
an impact on sleep.

The impact of future bus traffic on streets other
than North 130th Street will be lower than that in-
dicated for North 130th Street. For example, pro-
jected bus operations on North 145th Street are
about a third of those projected for North 130th
Street, yet the traffic on North 145th Street is
higher than on North 130th Street. This would tend
to shift the curves shown on Figure 5 approximately
5 dB farther apart. With regard to the impact
analysis for the proposed site 2, projected bus op-
erations on North 205th Street are approximately
twice that on North 130th Street; however, existing
traffic flow on North 205th Street is more than
twice that on North 130th Street. For North 205th
Street, the two curves shown on Figure 5 would be
shifted apart by approximately 1 4B. ;

Mitigation Measures

On the basis of the discussion in the preceding sec-
tion, the only time period during which mitigation
measures might be considered is the period from 4:00
to 6:00 a.m. A simple and effective way to reduce
noise levels during this period would be to divert a
portion of the traffic scheduled for North 130th
Street to other east-west streets capable of han-
dling the bus traffic, such as North 110th Street
and North 85th Street. For example, removing half
of the expected buses between 4:00 and 5:00 a.m. and
between 5:00 and 6:00 a.m. would reduce hourly av-
erage sound levels by 3 dB on North 130th Street,
and reducing expected buses by three-quarters would
reduce hourly average sound levels by 6 dB. These
changes in the pattern of hourly average sound
levels are shown in Figure 6. Reducing noise levels
on North 130th Street by 3 to 6 dB could well ensure
that sleep disturbance is minimized.

Note that the addition of bus traffic on North
110th Street or North 85th Street will likely have
little effect on nearby residents because of the low
level of bus traffic diverted to these streets.
Also, these streets have higher traffic volumes than
North 130th Street, and therefore presumably higher
noise levels during the hours of 4:00 to 6:00 a.m.

Table 4. Measured night noise levels Maxi M
: aximum aximum
ot locatang ] and 2 Hour SEL (dB)  A-Level (dB) | Hour SEL(dB)  A-Level (dB)
Location 1 Location 2 (continued)
10:00-11:00 p.m. 83.9 81.2 1:00-2:00 a.m. 83.4 80.1
83.8 80.3 2:00-3:00 a.m. 87.4 83.4
85.3 81.4 3:00-4:00 a.m. 84.5 79.7
11:00 p.m,~12:00 midnight 84.4 80.0 4:00-5:00 a.m. 81.3 TTS
12:00-1:00 a.m. 89.7 86.2 90.8 85.1
3:00-4:00 a.m. 86.3 80.7 84.3 79.8
82.8 78.7 5:00-6:00 a.m.2 89.6 84.8
4:00-5:00 a.m. 88.0 84.0 83.5 80.1
5:00-6:00 a.m.? 83.4 78.4 81.9 119
82.3 77:2 85.9 78.2
84.0 79.5 85.2 82.0
81.6 712 83.4 79.5
6:00-7:00 a.m. 83.8 81.2 833 78.8
Location 2 83.7 80.2
10:00-11:00 p.m. 82.4 78.8 947 86.3
11:00 p.m.~12:00 midnight 84.8 81.5 6:00-7:00 a.m. 82.1 78.7
82.0 78.7 85.2 81.1
83.1 79.4 87.0 82.5
12:00~1:00 a.m. 86.2 83.0 81.2 772

Note: Only noise signals with levels greater than 75 dB are listed.

aPeriod of bus passby test.
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Figure 6. Change in projected bus 90
levels for traffic diversion from 4:00
to 6:00 a.m.
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One mitigation measure suggested early in the
study was the modification of homes along North

130th Street. As discussed previously, reduci the

noise level by 3 dB can be achieved by diverting
approximately half of the traffic to alternate
routes. Reducing the noise level by 6 dB can be
accomplished by diverting three-quarters of the
traffic. For the same type of reduction to be
achieved by building modification, fairly signifi-
cant chanages to the building structure would be re-
quired. A study (3) of the costs of building modi~
fications for noise abatement indicated that (in
1973 dollars) modifications to a single-family
dwelling would cost approximately $6,000 to achieve
a 5-dB reduction in noise. 1In 1982 dollars, this
would be more than $10,000, which is clearly not a
cost-effective measure in the light of the reduction
in noise obtainable by simply diverting traffic. Of
course, the reduction achievable through building
modification does apply throughout the entire day,
vhereas the route-diversion mitigation measure only

applies to those hours in which it is implemented.

Reduction of the noise levels of buses through
source control would include replacing noisy buses
with quieter models or retrofiting buses to produce
lower noise levels., Consideration of this mitiga-
tion measure was beyond the scope of this study.

IMPACT EVALUATION OF BASE OPERATIONS

Proposed Operations and Their Potential Impact

The draft EIS (1) and the noise and vibration tech-
nical backup report (2) describe future base activi-
ties and provide noise-level estimates for these
activities, These documents categorize activities
in terms- of maintenance operations, fuel and wash
operations, and bus start-up operations. Although
all of the assumptions and input information used to
develop the noise-exposure estimates were not com-
pletely available, the projected noise-exposure
levels from these various operations appear quite
reasonable based on a review and analysis of the
data presented in the report by Michael R. Yantis
Associates (2).
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The impact analysis indicates that for both pro-
posed site 1 and proposed site 2 the nolse of main-
tenance operations will provide the greatest impact
in terms of the amount by which the Seattle and King
County noise ordinance will be exceeded. For se-
lected residential locations, the noise-level esti-
mates are projected to exceed ordinance limits by as
much as 27 to 29 dB. Bus start-up noise is the sec-
ond greatest cause of concern, providing future
noise levels that will exceed the ordinance bv as
much as 12 to 14 dB at selected locations. Fuel and
wash operations will have the least potential impact
at most residential locations.

Mitigation Measures

For purposes of describing measures to reduce or
eliminate the potential noise impact, it is useful
to categorize sources of the potential noise impact
as follows: maintenance operations that occur in-
doors, maintenance operations that occur outside,
and bus start-up operations. Indoor maintenance
operations would include stalled coach tests, fast
idle tests, and the use of pneumatic tools. Main-
tenance operations that occur outside would include
the use of eductor trucks, cyclone cleancrs, yard
sweepers, and fuel and wash operations.

Such a breakdown is useful because the most cost-
effective measure of noise control for indoor activ-
ities is clearly the closing of maintenance building
doors during the times when these operations occur.
Note that several of these operations occur rather
infrequently, such as stalled coach tests, which are
expected to occur approximately 3 times per day at
less than 5 min per time. Closing doors during
these intervals should not create any adverse impact
on maintenance personnel inside the building.

For outside maintenance operations, including
fuel and wash operations, care should be taken to
schedule such activities during daytime hours. For
example, one report (2) indicates that the yard
sweepers will typically operate between 6:30 and
7:30 a.m. If this activity can be shifted to
slightly later in the morning, the noise impact
would not be as severe.
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One of the major sources of noise is the eductor
truck, which is used to pump out selected storage
sumps on the base. This activity will occur fairly
infrequently; however, when the activity does occur,
the resulting noise 1levels will be high enough to
exceed noise ordinance limits. A recommended miti-
gation measure will be the use of noise barrier
walls to provide shielding to nearby residents. Be-
cause the exact locations of the eductor trucks have
not yet been determined, it 1is difficult to assess
the precise benefits of such walls relative to the
noise produced by these trucks. It is likely, how-
ever, that the noise reduction provided by the walls
for the eductor truck noise will not be sufficient
to eliminate the potential noise impact. A supple-
mentary measure would be the use of portable noise
barriers, such as those used in construction work,
located in the immediate vicinity of the truck to
provide an extra measure of noise control. Because
of the infrequency of eductor truck operations, use
of such portable barriers should not have a major
impact on base operations.

Even if the noise of malntenance operations were
entirely controlled by c¢losing the maintenance
doors, scheduling of operations to occur during day-
time periods, and using portable noise barriers, the
noise of bus start-up and pull-out operations would
result in noise levels in excess of ordinance lim-
its, and at selected locations the noise of fuel and
wash operations would also exceed ordinance limits.
Because bus start-up operations occur throughout the
base, and because these activities will occur
throughout the entire 24-hr period, the use of noise
barrier walls along the perimeter of the base will
be an effective mitigation measure. The barriers
may be contructed of wood or masonry block at an
approximate height of 13 ft aboveground.

Recommended locations for such walls are shown in
Figures 7 and 8. These locations have been selected
primarily to minimize the impact of base activity on
residential areas that surround the base. The
length of wall indicated for each site in Figures 7

Figure 7. R

ded noise barriers, north base, site 1. L
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and 8 is greater than indicated in the draft EIS;
the additional length was deemed necessary to avoid
the potential for sound paths to the community
around the sides of the walls.

After the operating base site is selected, and
grading plans and the layout of the base are com-

pleted (for building placement, bus parking, en-
trance and exit locations, and so on), it would be
desirable to develop more detailed and specific

plans for such walls. It is quite possible that the

height of the walls can be reduced, at least in
selected locations, from the estimated 13 ft. The
13-ft height has been chosen as a height that, for

all prediction locations used in the draft EIS, will
eliminate the impact of bus start-up noise.

With implementation of the mitigation measures
just described, placement of buildings on the site
will not have a significant effect on the reduction
of community noise levels.

CONCLUSIONS

The major conclusions resulting from the analysis
described in this paper are as follows.

1. Base-generated bus traffic along North 130th
Street will not affect nearby residences throughout
most of the day. From 4:00 to 6:00 a.m., base-
generated bus traffic will have a slight impact.
During this time period the noise of bus passbys may
cause sleep disturbance for some residents, although
the area is already exposed to noise of comparable
levels from other vehicles on North 130th Street.

2. The potential noise impact of base-generated
traffic on other streets in the vicinity of proposed
sites 1 or 2 will be lower than that described for
North 130th Street.

3. The potential noise impact of base-generated
traffic from 4:00 to 6:00 a.m. may be mitigated by
diverting a portion of the bus trips to other east-
west streets. For those streets selected, there
should be no noise impact.
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Figure 8. Recommended noise barriers, north base, site 2. J |

Transportation Research Record 937

N.E. 205TH ST,

' I |OPERA~
- TIONS®
BLDG

A ical

1 U L e

4. Modification of residences along roads on
which buses are scheduled to operate is not a cost-
effective method of noise control.

5. The major source of noise impact resulting
from on-base operations is maintenance activity, and
in particular the use of eductor trucks. Bus
start-up and pull-out noise is also a significant
contributor to the noise impact in community areas
surrounding the proposed base.

6. The potential noilse impact of maintenance
activities that occur inside the maintenance build-
ing can be completely mitigated by closing the
building doors when these operations are under way.

7. Whenever possible, outside maintenance ac-
tivities should be scheduled ®to occur during daytime
hours.

8. When eductor trucks are used, portable noise
barriers should be used to reduce the potential
noise impact.

9. As an overall mitigation measure for on-base
sources, and particularly for bus start-up and pull-
out noise, construction of noise barrier walls along

the perimeter of the operating base is recommended.
A masonry block or wooden wall 13 ft high will elim-
inate the impact of bus start-up and puli-out noise.

10. After detailed plans for the operating base
are prepared, a detailed design of the recommended
noise barrier walls should be undertaken. This de-
sign would specify exact dimensions and locations to
provide maximum noise reduction at the greatest
cost-effectiveness.
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Stop and Go Urban Intersection Noise

SIMON SLUTSKY, WILLIAM R. McSHANE, JOSE M. ULERIO, SEUNG HWAN LEE, AND PHILIP J. GREALY

A summary of a procedure to predict stop and go urban intersection noise is
presented. A computer program that takes into account the effects of urban
building structures on multiple reflection and diffuse scattering; vehicle types,
mixes, and traffic signalization on microscopic traffic flow behavior; and ve-
hicle acceleration as well as speed and type of vehicle source strength is de-
scribed. The concepts used in the acoustic model are summarized, and the
principal simplifying assumptions in the numerical treatment are noted. The
targe number of options of street geometry caused by the presence or absence
of building walls on any of the eight possible wall locations resulted in con-
siderable program complexity, which was resolved by careful program struc-
ture and logic. A typical computer input-output is presented, and some pre-
liminary results for a single vehicle passby are presented.

Past research studies and development efforts re-
lated to noise from vehicular traffic streams have
primarily focused on models to predict noise impacts
from high constant-speed highways, in which the site
geometry is either natural terrain or terrain modi-
fied by acoustic barrier structures. Few studies
have examined the generation and propagation of
traffic noise in urban environments or dealt with
the impact of noise from stop-and-go traffic. The
objective of this study is to develop a prediction
model for traffic noise generated by stop-and-go
traffic in an urban environment.

PREVIOUS WORK

The literature pertaining to the numerical treatment
of acoustic propagation of sound in the presence of
tall buildings 1lining acoustic corridors is rela-
tively sparse, considering its environmental impor-
tance. The 1literature is sparse because of the
mathematical intransigence of the acoustic wave
equation when any realism of boundary conditions is
attempted. Nevertheless, some important studies
have been performed, and the following conclusions
have been reached:

1. Use of geometric acoustics (ray theory) is
justified, provided absorption and diffuse scatter-
ing effects are included (1-5);

2. Trapping of energy in the vicinity of the
source can be significant for large wall scattering
(5); and

3. Large noise reductions are encountered when
sound propagates around a corner, and smaller reduc-
tions occur on crossing a street.

The most useful vehicular noise emissions data
(for purposes of this study) were reported by Hill-
quist and Scott (6) and by Jones and Hothersall
(7). The former revealed that full-throttle exhaust
noise at low speeds is 15 to 20 4B more than that of
the steady (cruise) condition. Also, the low-speed,
full-throttle speed-noise level has a slope corre-
sponding to 10 logV rather than 30 logV. Other in-
vestigators model the low speed-noise level as con-
stant up to a lower limit for cruise behavior.

Jones and Hothersall established regression sur-
faces of sound pressure level (SPL) versus speed and
acceleration for two vehicle classes (light and
heavy). This work 1is ideal for purposes of this
study, except that it does not distinguish suffi-
ciently between vehicle types, and the confidence
bands of the data are rather wide. Use of simula-
tion techniques for steady-flow traffic noise model-
ing dates back to NCHRP Report 78 (8).

Favre (9) presents a simulation model for un-

steady-flow traffic in which the traffic is for a
one-way single lane of vehicles, no overtaking, no
obstacles (pedestrians, parked vehicles), and the
only traffic restraint is that due to consecutive
vehicle interaction in response to a traffic
light(s). The acoustic medium is assumed free
space. The vehicle is defined by its position and
the velocity of the vehicle in front. The noise
emitted by a vehicle (assumed omnidirectional) de-
pends on its <class, velocity, and acceleration.
There are two classes of vehicles: heavy and
light. For heavy vehicles, the noise-emission cor-
relations reflect only velocity, not acceleration.

Favre finds excellent agreement in the character
of the measured data at an intersection and the cor-
responding simulated results. This agreement ex-
tends to the appearance of the acoustic amplitude
pulsations that develop and to the noise statistics
(L, Lygr Dgge Leq' and speed).

Favre notes the lack of a data base on heavy ve-
hicles and buses and the :limitations that this
Places on his traffic simulation model.

Related studies by Diggory and Oakes (10) de-
scribe departures from free-flow traffic in the
neighborhood of traffic circles. Noise is speed de-
pendent; arrival times are defined by a random dis-
tribution function; and velocity is dependent only
on position along the traffic circle. No queue for-
mation is considered. Results of experiments were
in satisfactory agreement with predictions.

Jones and Hothersall (11) use their sound level
versus velocity and acceleration regressions (7) to
develop a simulation for flow at traffic circles.
Differences between measured and predicted values
were noted and explained in terms of (a) queuing not
considered, (b) ground absorption not considered,
and (c) need for greater number of vehicle classes.

NETSIM (network simulation) 1is a microscopic
traffic simulation model that was initially devel-
oped in connection with the FHWA urban traffic con-
trol system (UTCS) demonstration project. In the
present context, NETSIM has the following distinct
advantages:

l. It is a microscopic traffic model that is
supported and promulgated by FHWA;

2. Of all traffic models, it has gained the most
acceptance in the traffic engineering community and
has been used by a wide variety of interested
parties;

3. It 1is available in both full-network and
single-intersection versions, with lower core re-
quirements in the latter case;

4., It currently has data bases that allow esti-
mates of air pollutant emissions and energy consump-
tion as routine outputs; as such, the addition of
noise-level estimates is a logical extension, which
further supports this FHWA tool;

5. It has been well validated in its previous
applications, and it has an associated credibility;
and

6. It provides vehicle position and other char-
acteristics that are consistent with the framework
of the noise-emissions data base as defined in the
contract. -

The single-intersection version of NETSIM was re-
worked as part of this current effort, and its out-
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put files were made compatible with the needs of the
noise computations program.

ACOUSTIC AND ANALYTIC PREMISES

In order to cope reasonably with complex geometry
and acoustics, the following approach was taken and
approximations made:

1. Geometric acoustics were assumed valid for
the description and quantification of all direct and
specularly reflected paths;

?. Nn scattering of ray paths around corners was
considered; and

3. Diffuse scattering was approximated by a pair
of diffuse energy-flow equations expressing a bal-
ance between upstreet and downstreet flow, absorp-
tion, and partial reemission at the walls; loss up
the top of the street; and with source energy sup-
plied by the sidewall acoustic illumination in-
tensity.

REFLECTION FIELD

For parallel walled streets, the assumption of geo-
metric acoustics makes possible the use of the
method of images. Thus the various path ms pressure
contributions for the seurce (of strength W) and re-
ceiver of Figure 1 can be expressed by

<p?>/pcW = (1/27) _0203 (RIn1/L2) ®

where Lp is the length of the nth virtual ray path
and R is the wall reflection coefficient. (Source
doubling because of reflective pavement is assumed.)
For source and receiver in the middle of the
street of width D and longitudinal separation Z,

W =(1/2772) + (1 /m)
oW = FRERRYLS

[RM/(72 + n?D2)]
4

~
%)
St

VRS

This series is unsatisfactorily convergent, but
for values of Z/D that are not too small, the series
can be represented by an integral:

(<p®>/peW)'= (1/nzZD) §~ exp [-(yZ/D)n] [dn/(1+n*)l;y=-faR  (3)
o

This equation describes field behavior quite well.

Nevertheless, source and receiver separations are
unsatisfactory in an urban environment; thus the
procedure is to model the direct and first reflec-
tion paths exactly, approximate the higher-order re-
flections by an integral, and base that integral on
source and receiver positions in the middle of the
street (Figure 2).

The result is a technique whereby the integrals
can be stored in the program as tables (computed
only once), and the three discrete paths are repre-

nd

Figure 1. Ray path between 5" Rogr. SOURCE

receiver and virtual sources.

2" Rege. soURCE

st
1" Regl. SOURCE

Transportation Research Record 937

Figure 2. Treatment of
higher-order reflection by
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<pd>lpc= Win [(1/L3) +(RILI) + (R/LY)]

L + integral

Figure 3. Treatment of contributions crossing an intersection.

A Amiting Stope

<p? >fpc=W/am [(1/LE) + (RH, /L}) + (RH,
+13)] + integral

sented by three simple inverse square subroutine
terms. An analysis of the errors encountered in the
various simplifications was made, and the errors
were found to be quite negligible (a few percent).

It is unfortunate that the conceptual simplicity
ends at this point and complications begin to pro-
liferate., The first complication arises when the
source and sink are on opposite sides of a cross
street (Figure 3). Thus certain paths cannot cross
the street, but are reflected into the side
streets. Both discrete paths and integral must be
modified by using blocking factors that characterize
the zones of silence., The blocking factor is iden-
tically zero (no transmission) if the ray slope ex-
ceeds a limit equal to the diagonal slope across the
intersection. For the integral, this slope is re-
flected in the limits of the integral and eliminates
the infinite limit.

The situation is complicated further when the
source and recelver are on adjacent cross streets.
The graphical representation of ray paths between
source and receiver requires the use of both virtual
sources and images (Figure 4). Thus path 2-1 be-
tween virtual source 2 and virtual receiver 1 is
possible as is path 1-2, but path 1-1 is marginal
and path 1-0 is blocked. It is seen that each vir-
tual receiver has a finite aperture from within
which real or virtual sources may make contribu-
tions. The computational procedure in the program
was to treat exactly the direct path and first re-
flection paths and then approximate the higher-order
reflections by using the aperture restrictions in
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Figure 4. Treatment of contributions going around a corner.
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each case. The computed behavior exhibited for var-
ious source and receiver positions is extremely com-
plex, as discussed in the following paragraphs.

The propagation characteristics of sources lo-
cated in the intersection are similar to those of
the (longitudinal) street crossing configuration.
The principal difference, however, is that vehicle
positions are not confined to a few traffic lanes,
but may occupy any point of the area.

Thus the analyst is faced with a difficulty that,
from a computer’ programming point of view, is per-
haps more troublesome than any of the difficulties
oreviously noted. That is, the streets need not
each have two sidewalls, but rather, each street of
any urban intersection may have two, one, or zero
walls, and the one wall can be on either side.
Thus, in specifying the propagation across the
street or longitudinally, a choice must be made from
among 16 acoustic configurations, with 16 corre-
sponding computational programming variants. For
propagation from the intersection, four variants are
required, as is the case for sources on the same
street. Theoretically, (3 x 16) + (2 x 4) = 56 sub-
programs need to be created to satisfy all configu-
ration requirements. Fortunately, a number of sub-
programs are appropriate for more than one wall
combination., Furthermore, the higher-order reflec-
tion tables are relevant only for the case 1 streets
(walls on both sides), and here again some of the
tables can be relevant in two configurations.
Nevertheless, the analyst is still 1left with a
fairly complex logic problem; i.e., to choose and
generate all of the tables relevant for the inter-
section, and to choose the appropriate subprograms.
These problems were solved by paying special atten-
tion to program control structure.

DIFFUSION FIELD

On double-walled streets the treatment of diffusion
begins by using the approach taken by Davies (5).
The diffusion field is assumed to consist of two
power fluxes (Pt and p ) directed downstreet and
upstreet, respectively, and each is thought of as
the resultant of omnidirectional intensity fields
(integrated over the respective half spheres). An
energy balance equation is established over the sur-
faces bounded by two parallel planes cutting the
street at adjacent longitudinal position coordinates

17

Figure 5. View looking into a walled street.

Z and 2 + DZ, and by the planes defined by the side-
walls, the pavement, and the roof (Figure 5). The
pavement is assumed to reflect perfectly, and the
roof is assumed to absorb perfectly. The sidewalls
are assumed to reflect specularly, to scatter dif-
fusely (and omnidirectionally), and to absorb the
remainder of the incident intensity. All geometric
and reflective parameters are assumed constant on a
street. An important feature of the Davies formula-
tion is the reemission of part of the diffuse energy
incident on the walls (that is, the part that is not
absorbed) as components of both upstreet and down-
street power fluxes (P~ and PT). Thus the ef-
fect is that 'diffuse power is first scattered away
from the source region (i.e., a section of acousti-
cally illuminated wall), but it is then partly re-
scattered back toward the original source section.

The results can be expressed in the following
forms:

dP*/dz = —aP* + bP~ + ghl @)
dP~/dz = aP™ - bP* - Bhl (5)
where

a = (1/p) + (1/2H) - [(1 ~ a)/2D);

b = (R + 8)/2D;

g = diffuse reflection coefficient;

D = width of street;

H = mean height of buildings (both sides);

R = reflection coefficient; and

a =1~R - g8 = absorption coefficient.

The pair of coupled equations can be treated to give
uncoupled equations for p* and P:

d?P*/dZ? = (a® — b¥)P* — [HB(a + b) 1] + [hB(dI/dZ)] )

d?P~/dZ? = (a? — b?)P™ - [HB (a + b)1] — [hg (dI/dZ)] 16

These equations must be solved with boundary condi-
tions P" and P~ both approaching zero as 2 ap-
proaches infinity, and PY(0) is an externally de-
termined input at Z = 0 (the mouth of the street).
Green's functions appropriate to the boundary condi-
tions were then obtained.

There was interest in finding the combined flux
PY + P~ in the street because of sources in the
street and in the intersection, and in the flux
PT(0) issuing into the intersection as a result of
the sources in the street. Therefore,

P(Z)=P'(2) + P7(Z) ®)

P(2) =[(a+b+8)/a+b)] Q*e®Z + [(a+b)n/o] ~ Klz,H)I(E)ds ©
0
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where
K(z,£) = exp [-01z — £]] — [b/(a +0)] exp [-6(z + )] (10)

The power radiated out of the mouth of the street
(Q7) into.the intersection is found to be

Q =P (0)=ph[(a+b+0)/(at+b)] S~ 1§k dt an
0

This analysis was carried out on the tacit as-
sumption that there was only one semi-infinite
street opening on a reservoir region. It 1is neces-
sary to generalize to n streets. For cxample, oon-
sider four streets (n=1, . . . , 4) emptying into
an intersection. The cross-sectional area of each
street will be denoted by A} to Ay, and the area
out the top (the plan view) will be denoted by Ag.
The quantity QI is then apportioned by assuming that
03, 03, and Q7 are each shared proportionately to
areas (Ay,A3,B4,A5), (By,Ry,By,R5), and (A;,A;,Rq,
Ag), respectively; then

Qf = A; {[Qa/(A = Ag)} + [Q3/(A = A3)] + [Qa/(A - AQ)]} (12)

where A is the sum of all the areas bounding the in-
tersection (see Equation 14). Q{ is therefore
the sum of that portion of each of the power flows
from streets 2, 3, and 4 that flow into street 1.
Therefore,

4

Qi=A, 2 [Qu/(A-Ap)lsn=1,4 (13)
m#n

A=A +A; +Ay+As+ A (14)

To check the results, the following requirement
must be satisfied:

Q=

1 m

I P
nMa

Qm (15)

n 1

NONREVERBERANT STREETS

Note that in a street that doés not have walls on
both sides, it is not possible to create a reverber-
ant field. Thus a street with one wall may have a
single reflection of a given ray. In such a street
there is no need to compute wall intensities for use
as the source function of the diffuse flux-generat-
ing mechanism. Thus, in the case of a type 1 street
(walls on both sides), which radiates into a street
that is not type 1 (e.g., type 2, 3, or 4), the con-
tributions of all orders of reflection on the recep-
tor field must be evaluated, but not those on the
diffusion field (i.e., type 2, 3, or 4 are uncoupled
for diffusion). Similarly, it is assumed that cou-
pling is negligible in the reverse direction (i.e.,
that sources located in the open spaces of type 2,
3, or 4 streets can have a negligible contribution
to the diffuse field in a type 1 street). Hence the
wall intensities in a type 1 street because of
sources in streets of type 2, 3, or 4 are not con-
sidered. An exception is made for the intersec-
tion. In this case sources can be quite close to
the target walls, and incident rays can enter at
angles close to the wall normal; thus the contribu-
tion may be significant.

COMPUTER PROGRAM

The procedure followed in carrying out the numerical
computations that correspond to the previous discus-
sion is most easily described by using the program
flow diagram shown in Figure 6.

The first step in the process is to prepare traf-
fic data for SMALL NETSIM (traffic lane geometry,
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Figure 6. System logic for INTERSECTION NOISE program.

TRAFFIC NOISE

Traffic Acoustic -

& Options
SMALL TPL11
TPERPL TPL13
orror)check TPL21
ERROR 1 TPL31
pring| inputs

TL11
TLONG TL12

TL14

Hoise/Mode
Input Data

TPRI11
TPR12
TPR13

-ﬁl TPERPR ’—‘ TPR21

TPR31

OUTPRE

final output

OUTFIN

for each receiver find

>

noise contributions

from all sources

CINDEX

L~| SPLF |—={ 51 to 54 J——={ Fse. Fsu |
{@M—{ PL1L to PL&4[——s PL FUNCTION LIB.|
LONG L11 to La4 J—s] L Funcrion L1n. |
A —a.I PERPRH PRIL to PR44|——e| PR FUNCTION L18. |

INTER IN1 to INh__}—————o{__FPIN. FWIN ]

ENFLUX

DIFPWR

SSPL

il

OQUTSTR

volume, vehicle mix., light signal times, bus lane
assignment, turn ratios, and run). The tape output
is called file 1; it consists of extracted informa-
tion of vehicle position, speed, and acceleration.
Combined with the acceleration and velocity noise
data base as input, the NETSIM program generated
file 2, which contains position and sound power data
for all vehicles in a form suitable for the INTER-
SECTION NOISE program. Inputs for this next step
include building geometry and reflective character-
istics (specular and diffuse reflection coeffi-
cients) as well as selecting output options. Note
that the same file 2 can be used with variations on
building geometry and reflection, and the same file
1 can be used to test the effect of different vehi-
cle emission characteristics (by creating a new file
2) &

The sequence of the INTERSECTION NOISE program is
first to check discrepancies in input data (ERROR 1)
and then to print out the input data (OUTIN). Then
the output options are listed (receiver positions
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and number; source tabular increment; choice of
Lygr Leq# histograms at N; stations and time
histories at N, stations; printout interval if
greater than 1 sec); i.e., see Figures 7 and 8.

The next subroutine is CTABLE, which first de-
cides from each street type (1, 2, 3, or 4, depend-
ing on wall configuration) and street type pair
(e.g., if both streets of a pair are type 1 and are
on opposite sides of the intersection) what the ap-
propriate table-generating subroutine should be.
The table entries are the higher-order contributions
at each receiver station because of the unit source
strength at each (tabulated) source station. The
general sequence is as follows:

1. Let the first receiver street be designated
NR=1;

2. Let the first source street be designated
NS=1;

3. Because this is a self-noise configuration,
go to the subroutine TSELF;

4. Based on whether or not street NR=l is of
type 1, go to table-generating routine TS1 (and ex-
ecute) or return to CTABLE;

5. Let the second source street be NS=2;

6. Because the street pair is now perpendicular
and the sound makes a left turn in moving from
source to receiver, go to subroutine TPERPL; and

7. Based on the source street type (1 to 4) and
receiver street type (1 to 4), go to the appropriate
table-generating subroutine; but because tables are
needed only if one or both streets are double walled
(type 1), the number of different cases is sharply
reduced; finally the appropriate table is computed,
and control is returned to CTABLE.

The source index NS is taken through all these
steps until all source streets (including the inter-
section area) are tested for choice of table type
and the tables are computed.

Figure 7. Typical street configuration printout.
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Next the receiver street index is stepped to
NR=2, the source index to NS=1, and the cycle of
tests is repeated. Thus 20 tables each of <p2>
and wall intensity would be created if all streets
had double walls, and no tables would be created if
walls did not exist.

When the tabulation of the higher-order reflec-
tion terms is complete, the control is transferred
to subroutine WORK. 1In this program the previously
developed tables and the precise position and
strength of each source are used to find the higher-
order reflection contribution to <p?> and wall
intensity at each receiver by interpolation. Then
the exact direct and first reflection terms at each
receiver due to each source are added.

The choice of computational formulas in a given
street intersection depends on the type of wall
geometry, and the sequence of choices is similar to
that in constructing the tables.

In general, the WORK sequence is as follows.

1l. CLEAN starts all working variables and steps
to the next time increment.

2. CINDEX accesses file F2 for the vehicle posi-
tions and strengths for the new time and arranges
them in arrays accessible to the following sub-
routines.

3. In WORR the first receiver street index is
set (NR=1) and the first source street index is set
(NS=1). This sends control to subroutine SELF.

4. SELF tests for the appropriate street type
from among types 1 to 4 and sends control to the
corresponding subroutine from among S1 to S4. Then
the direct, first-order, and higher-order (interpo-
lating from the tables) contributions to <p?>
and wall intensity are computed for each receiver in
NR=1 and for each source in NS=1, and the resulting
array is stored. Control is then restored to WORK.

S. The source street index is stepped to NS=2,
control sent to subroutine PERPL, choice made from
among 16 possible street type pairs, and control
sent then to the appropriate subroutine from among
PL1l to PL44, The contribution to <p?> and wall
intensity are computed for each receiver in NR=1 and
each source in NS=2, and the results are added to
the previously stored array.

The process is repeated in this way by stepping
the source street index through to 5 (thereby call-
ing subroutines LONG, PERPR, and INTER), and then
the process is repeated for receiver streets
NR=2,3,4., Control is then sent to ENFLUX (through
WORK) to calculate the diffuse power flux emptied
into the intersection by all streets, mixed, and
reinjected into each street as QI to of.

DIFPWR next computes the diffuse power P in all
streets. Subroutine SSPL sums the mean square pres-
sure at each station of all streets due to the re-
flection and diffuse power contributions, and then
it calculates the A-weighted sound pressure level.
This array is stored in output storage OUTSTR, and
control is returned to WORK.

At this point the WORK cycle is repeated by tak-
ing the files through the CLEAN cycle, updating the
time and vehicular data, recomputing the sound pres-
sure levels, and storing the results for the time
step. The number of cycles of repetition is set by
the user as an input option. After all cycles are
completed, control is shifted from WORK to OUTPRE,
where the output is arranged in preliminary form,
and then to OUTFIN--the final output.

RESULTS FOR SINGLE-VEHICLE PASSBY

Detailed computations and analysis were carried out
for the cases of a single-vehicle passby at constant
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speed and at constant source strength (corresponding
to 80 dB at 50 ft over hard pavement). These cases
were run first as an aid in debugging the system as
well as for their own intrinsic interest, which is
the reason for presenting them here.

The street confiquration is shown in Figure 7, in
which the main streets are represented by streets 2
and 4 with a width of 120 ft (building 1line to
building line, whether or not there are walls), and
the side streets are represented by 1 and 3, which
have a 100-ft building-to-building width. Receivers
are all located 10 ft from sides A (right side look-
ing into the street from the intersection) at 20-ft
intervals. The vehicle path is along ¥S = 77.5 ft
in street 2, at YS = 62.5 ft in street 4, and midway
between as it crosses the intersection. (The pecu-
liar path was an inadvertent artifact of the choice
of test path and is not ordinarily anticipated.) The
vehicle speed was taken as 40 ft/sec, and the start-
ing location was ZS = 560 ft into street 2.

Figure 9 shows the time history at receiver 5 in
street 1 (80 ft from the boundary of the intersec-
tion) due to the cases of no walls and 30- and
300-ft-high walls lining all streets., The field of
the no-walls case is exactly as anticipated for pure
inverse square law propagation (without ground at-
tenuation).

By contrast, the cases of all walls reveal inter-
esting behavior of quite a different character. The
most striking difference is the sudden transition of
levels (between t = 13 and 17 sec) from values less
than to values greater than the no-wall case, as
well as the jumpy behavior at t = 10, 20, and 29
sec. The jumps take place each time a reflection
path becomes possible or impossible. The lower-
order paths produce jumps because they are always
shorter than the higher-order paths and involve
fewer reflective losses (at 2.2 4B per reflection
for a specular reflection coefficient of 0.6). The
highest levels are reached between t = 13 and 17 sec
because of the direct path contribution. Note that
the vehicle is still 80 ft from the intersection
boundary at time t = 13 sec, but the unsymmetric
configuration of both vehicle and receiver opens up
the direct line-of-sight path.

-

Figure 9. Time history in receiver area 2 caused by source moving from area 2
to area 4.
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The direct path contribution continues to rise as
the vehicle crosses 90 ft through the intersection
and is cut off shortly thereafter by the walls of
streets 1 and 4. Between t = 18 and 28 sec, propa-
gation from street 4 into street 1 is primarily by
paths that reflect once in each street. But at time
t = 29 sec that path is cut, and the higher-order
(more than one in either street) reflective contri-
butions remain. The dropoff rate for that component
depends on the source and receiver positions in a
quite complicated way, and the receiver level can
either rise or drop as the source approaches the in-
tersection,

Study of the numerical computations for the case
of a 30-ft wall indicates that the contribution of
the diffuse reflection mechanism to the final levels
is of little practical significance. Thus at t =1
sec, when the source is at %S = 560 ft, the diffuse
reflection contributes about 7 percent to the final
energy (0.3 dB), and this percentage is generally
less (about 0.2 dB), although values of as much as
15 percent have been noted at some source and re-
ceiver position combinations.

Before considering the high-wall case for the
perpendicular street configuration, it is interest-
ing to examine the case of receiver position 5 lo-
cated in street 2. The results for the no-wall and
30-ft-wall cases are shown in Figure 10.

One interesting result is that the maximum levels
differ by less than 2 dB between walled and no-
walled configurations, but that the difference in-
creases to about 6 dB at a distance of 480 ft on the
same side of the intersection. Crossing the inter-
section results in a roughly 3-dB drop in levels for
the walled configuration. Jumps at t = 21 and 26
sec occur because of discrete changes (gain or loss)
of reflection paths. The change in slope of the
curve at t = 5 sec is caused by the takeover of the
higher-order reflection as the dominant contribution
between t = 1 and 5 sec.

Of considerable significance is the difference in
the levels on street 1 as compared with street 2;
about 6.7 dB, on an energy average. The implication
is that a receiver located 80 ft eastward into this
100-ft-wide sidestreet and exposed to the southbound

Figure 10. Time history in receiver area 1 caused by source moving from area
2 to area 4.
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traffic stream on the 120-ft-wide main street will
be about 6.7 dB quieter on the basis of Leq'

In considering the effect of high walls® (300 ft),
note that the effect of diffuse scattering is rela-
tively small in the neighborhood of the maximum
street levels (about 0.5 dB for the corner propaga-
tion, area 2, receiver 5; and about 1 dB for source
and receiver on the same street). It appears, how-
ever, that it may reach 3.5 to 4 dB in some regions
of the same street propagation, contributing 1.4 4dB
to the overall Lgg for that configuration. Of
great interest is the difference in Le experi-
enced in street 2 versus that in street 1 (?.5 dB) .

RESULTS FOR URBAN INTERSECTION TRAFFIC

Measurements of traffic noise and traffic statistics
(vehicle count by lane, type, turn frequency, bus
stop characteristics, and so forth) were made at
three urban intersections. The three sites, with
specific details on the intersection geometrics and
building configurations, are summarized as follows:

1. Site 1l--Francis Lewis Boulevard and Union
Turnpike, Queens, New York: no buildings or other
vertical surfaces at the intersection; intersection
of 2 two-way streets; and a single defined direction
of travel during peak periods;

2. Site 2--Third Avenue and 23rd Street, New
York, New York: buildings on all four intersection
approaches ranging from three to five stories; in-
tersection of 2 two-way streets; and a single de-
fined direction of travel during peak periods; and

3. Site 3--Madison Avenue and 46th Street, New
York, New York: buildings located on all four in-
tersection approaches with 10 or more stories; in-
tersection of 2 one-way streets; and a single de-
fined direction of travel during peak periods.

Figure 11. Hourly traffic volumes and vehicle classification counts:
validation of site 2.
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Figure 11 shows an example of the type of traffic
data required (as collected for site 2), and Figure
12 shows a layout of intersection geometry and mi-
crophone placement.

Figure 13 shows a time history at site 2 for
three traffic cycles for microphone M2. These data
were taped in the field and reduced by playback to a
microcomputer system. Figure 14 is a time history
of the output from the corresponding INTERSECTION
NOISE program. Note that the lack of detailed cor-
respondence between the measured and predicted his-
tories is no cause for concern, because subsequent
sections or cycles of the actual time history differ
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from each other by as much. Of greater significance
are the histograms of Figures 15 and 16. It is in-
teresting that all of the actual noise-level histo-
grams show sharp lower-level cutoffs, which corre—
spond to a constant ambient background.

Finally, the data in Table 1 summarize the actual
and predicted noise levels for the three evaluation
sites. The actual values of Lgg and Ljg are
generally greater than the predicted values by about
2 dB(A) for microphone positions that involve bus
acceleration (Rl and R2) and by about 0.7 4B(A) for
sites at 200 ft from the position of the bus stop.
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Figure 13. Time history of actual noise levels at receptor location 2.
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Figure 15. Histogram of actual noise levels at receptor location 2.
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Figure 16. Histogram of predicted noise levels at receptor location 2.
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Table 1. Summary of actual and predicted noise levels at evaluation sites.

Noise Level [dB(A)]

Standard
Leq Lio Deviation
Location Actual Predicted Actual Predicted Actual Predicted
Site 1
R1 72.8 68.5 74.4 70.0 32 4.5
R2 71.5 69.4 74.0 71.5 3.6 45
R3 69.6 69.2 72.6 69.0 3.5 4.8
Site 2
R1 76.3 77.1 79.1 80.6 3.9 4.7
R2 78.6 76.0 80.0 78.7 39 39
R3 75.9 5.2 79.0 78.5 4.6 4.1
Site 3
R1 79.4 77.0 81.5 79.3 5.2 6.8
R2 77:1 79.0 78.8 79.0 4.0 59
R3 W2 71.9 80.1 78.8 4.3 6.5
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Statistical Comparison of STAMINA 1.0 and
STAMINA 2.0/0PTIMA for a Typical Barrier

AAVa a2 N4

LOUIS F. COHN, CHARLES F. RIDDLE, AND WILLIAM BOWLBY

The FHW A has produced several computer versions of its highway noise-pre-
diction model, including STAMINA 1.0 and STAMINA 2.0/OPTIMA. These
two versions are nearly identical mathematically, but STAMINA 2.0/0OPTIMA
has several new features designed to enhance accuracy and, more importantly,
to lead to better barrier designs. The results of a simultaneous application of
STAMINA 1.0 and STAMINA 2.0/OPTIMA for the same barrier, which is lo-
cated on 1-65 immediately north of the proposed 1-65/1-440 interchange in
Nashville, are reported. Basic statistics are used to evaluate differences be-
tween program output. Also, the nonoptimized final barrier design for
STAMINA 1.0 is compared with the optimized STAMINA 2.0/OPTIMA bar-
rier design in terms of cost. Although all the results of an in-depth research
endeavor are not reported in this paper, two significant conclusions are
demonstrated for this application, First, STAMINA 1.0 and STAMINA 2.0
produced basically equivalent results, which is to be expected. Second, the
optimization process produced a significant reduction in expected barrier
costs based on cost data contained in OPTIMA.

During the past 2 years researchers have been in-
volved in designing a comprehensive noise barrier
system for the 8-mile I-440 project in suburban
Nashville, For the first section of the project
(approximately 3 miles), the STAMINA 1.0 (1) com-
puter program was used to predict noise levels and
to design barriers. The remaining sections have
been studied by using the STAMINA 2.0/0PTIMA (2)
package. One unique part of the project was analyzed
with both versions of STAMINA. The purpose of this
paper is to discuss the similarities and differences
observed by this dual analysis.

Currently, the literature on highway noise does
not contain a comparative studv of STAMINA 1.0 and
STAMINA 2.0, although a report by Anderson et al.
(3) does examine comparative data from preceding
models. Thus one objective of this paper is to
include a documented study of one location where
both programs were used to confirm several assump-
tions. The first assumption is that the basic pre-
diction aspects of the models give the same results.
This is significant because many highway projects in
the United States have been studied by using both
programs for one reason or another. Although it is

Figure 1. Location of study area in Nashville.

1-40
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Area

expected that the STAMINA 1.0 and 2.0 programs
should give the same results, there are enough dif-
ferences between the two programs that a comparison
is apprapriate, The second assmmption ta bhe con-
firmed is whether the balanced approach to barrier
design (OPTIMA) will produce significant savings
when compared with the traditional STAMINA 1.0 ap-
proach. The savings are determined by using the
cost data contained in OPTIMA, which are based on
actual barrier costs per 1linear foot in various
height zones.

It is not the intent of this paper to report the
results of a 1long-term, intensive research study
aimed at model validation or the determination of
barrier cost. Rather it is meant to illustrate, for
at least one application, that the two programs are
equivalent and that OPTIMA can be a money-saving
tool. It is also not the intent of this paper to
draw any conclusions concerning the effectiveness or
cost parameters used in OPTIMA.

The section analyzed with both methods was lo-
cated on I-65 immediately north of the I-65/I-440
interchange. The limits of the sections were Wedge-
wood Avenue {1 mile north of T-440) and the northern
portion of the interchange (see Figure 1). Thus the
study area was approximately 1 mile long. Barriers
were considered on the west side of I-65 only, or
adjacent to the southbound lanes. Fifty single-
family homes were classified as first- or second-row
receivers, along with one school and a five-unit
apartment building. The existing portion of I-65 is
slightly depressed for the major portion of the
project area, and slightly elevated for the rest.
Construction plans call for the addition of one
travel lane in each direction, as well as ramps at
the I-440 interchange.

DIFFERENCES BETWEEN STAMINA 1.0 AND STAMINA 2.0

Although the basic emission, propagation, and dif-
fraction algorithms remain unchanged between the two

1-24 & 1-440

I-24
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programs, there are several significant improvements
to STAMINA 2.0 when compared with STAMINA 1.0 (2):

1. Time-sharing nature,

2. Input format,

3. Barrier height changes,

4, Barriers on elevated structure,
5. Revised alpha factor operation,
6. Shielding factors,

7. Noise level output format,

8. Acoustics output,

9. A-weight sound level only,
10, No receiver sound level criterion, and
11. Input parameter capabilities.

Each of the improvements is discussed in the
user's manual (2); therefore these discussions will
not be repeated here. Suffice it to say that several
of the improvements will result in slightly differ-
ent equivalent sound level (Lag) values at the
receivers, even before the optgmization process.
These include numbers 4, 5, and 6 from the aforemen-
tioned list.

Of particular significance is improvement 5--re-
vised alpha factor operation--which allows for a
certain degree of excess ground-attenuation effect
in the presence of barriers. Recall that STAMINA
1.0 completely eliminates excess ground attenuation
whenever a barrier penetrates (or nearly penetrates)
the plane between the roadway segment and the re-
ceiver., This changes the propagation rate from 4.5
dB(A) per distance doubling (soft site) to 3.0 d4B(A)

Figure 2. Plan view of analysis area.
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per distance doubling (hard site), on the assumption
that the diffracted source has been elevated to the
top of the barrier and is therefore less susceptible
to excess ground attenuation. This process may
result in higher-than-actual levels, because in low
barrier cases excess ground attenuation is still a
significant factor.

On the other hand, STAMINA 2.0 computes both
barrier attenuation and excess ground attenuation,
and stores only the larger of the two. Thus the
barrier takes effect only when its diffraction at-
tenuation overcomes the excess ground attenuation
(2). Although this does not perfectly simulate the
physical phenomenon, it is clearly an improvement
over the STAMINA 1.0 consideration of ground attenu-
ation. It should be evident that for low barriers,
STAMINA 2.0 will produce slightly lower values than
STAMINA 1.0.

ANALYSIS

Fifteen receiver locations were examined by using
each program, with an additional seven being exam-
ined with STAMINA 2.0 only. Figure 2, which is a
plan view plot generated by the Vanderbilt VUPLOT
(4) interactive computer graphics package, shows the
locations of the receivers in relation to 1I-65.
First-row receivers include R1-R8, R10, R12, R1l4,
R16, and R18-R22.

The analysis process was as follows. STAMINA 1.0
was run without any barriers, and then it was rerun
several times with different barrier configurations,

I-65 N
1-65 N
1-65 §
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until the final STAMINA 1.0 barrier was developed.
This barrier represented the most efficient design
obtainable from STAMINA 1.0 to meet the 67-dB(A)
goal. This final STAMINA 1.0 barrier was then en-
tered into STAMINA 2,0 to obtain a cost value from
OPTIMA and to compare what should be equivalent
scenarlos. Thus the initial STAMINA 2.0 barrier
should provide the same results as the final STAMINA
1.0 barrier. OPTIMA was then used to the fullest
extent possible to produce the most efficient bar-
rier meeting the 67-dB(A) goal.

In summary, the following values were generated
and compared:

STAMINA 1.0
No barrier
Final barrier
Final barrier

STAMINA 2.0/OPTIMA
No barrier

Initial barrier
Optimized barrier

RESULTS

The results for each receiver, including those 15
for which both programs were used, are given in
Table 1. It would be expected that the most likely
candidate for similarity would be a comparison of
the no-barrier cases. This is the situation, as
shown in Fiqure 3. For all 15 receivers, the dif-
ference in the means is 0.3 dB(A). The standard

" deviation around that differnce in means is small--

0.5 dB(A). A paired t-test was performed to confirm
that this difference is not statistically signifi-
cant. The conclusion drawn at this point is that
STAMINA 1.0 and STAMINA 2.0 produced the same re-
sults, at least for one scenario. This should be
reassuring to the analyst who may find it necessary
to switch programs midway through a project.

The differences between what are also two iden-
tical situations--the final STAMINA 1.0 barrier and
the initial STAMINA 2.0 barrier--are shown in Figure
4. The difference in the means for the two programs
is also adequately small in this comparison--1.5
dB(A), with a standard deviation about the mean of
only 0.6 dB(A). 1In every case STAMINA 1.0 is higher

Table 1. Test results.
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than STAMINA 2.0. The paired t-test confirmed this
difference to be statistically significant. That
STAMINA 2.0 consistently predicted slightly lower
results can be explained by the ability of the pro-
gram to consider the larger excess ground attenua-
tion in lieu of diffraction attenuation in those
appropriate situations. As mentioned earlier,
STAMINA 1.0 will completely neglect ground attenua-
tion when a barrier is present.

A conclusion may be drawn at this point: The
differences in the means between these two computer
versions of the FHWA model are quite small when
considering both propagation and barrier attentua-
tion. Even though the difference in the means may
be statistically significant, the slightly 1lower
values obtained from STAMINA 2.0 are explainable by
improvements in that program.

Because the two programs produce similar values,
the next comparison is of the best barrier each
could produce. A representation of such a comparison
is shown in Figure 5, which is the final STAMINA 1.0
barrier versus the optimized STAMINA 2.0 barrier.
The results are virtually identical, with the d4if-
ference in the means being only 0.1 dB(A) with a
standard deviation of 0.7 dB(A). This 1is to be
expected because the goal for each design was the
same--67 dB(A) at the critical receivers.

Figure 6 is included to visually summarize the
differences in predicted values for both versions of
STAMINA for the 15 receivers. Note that satisfactory
agreement is obtained.

The two barriers represented in Figure 5 per-
formed equally well in terms of final noise 1levels
at the receivers. The only difference is that the
STAMINA 1.0 barrier represents the best efforts of
an experienced group of noise analysts in determin-
ing the design. The STAMINA 2.0 barrier, on the
other hand, represents use of the effectiveness and
cost~-balancing approach that is integral to OPTIMA.
Cost data for each of these barriers were obtained
by running OPTIMA for the initial STAMINA 2.0 bar-
rier (equivalent to the final STAMINA 1.0 barrier)
and the optimized STAMINA 2.0 barrier; the material

Noise Levels [dB(A)]

No Barrier
STAMINA STAMINA Final Barrier, Initial Barrier, Optimized Barrier,
Receiver No. 1.0 2.0° STAMINA 1.0° STAMINA 2.0° STAMINA 2.0
1 76 76 66 64 67
2 74 74 67 65 67
3 6Y 68 64 62 63
4 71 71 67 65 67
5 70 69 67 66 67
6 70 69 65 64 65
7 73 73 68 67 67
8 75 75 67 66 66
9 - 69 = 65 65
10 - 74 o 68 67
11 b= 66 # 62 62
12 75 75 68 67 67
13° 66 65 63 62 62
14 75 74 64 63 65
15 - 65 = 63 63
16 80 80 66 64 67
17¢ 71 71 65 64 65
18 - 67 = 64 66
19 74 74 67 66 67
20 - 72 5 65 66
21 a7 77 67 64 67
22 % 69 * 63 66

2See Figure 3.
bSee Figure 4.
Second row receivers, with 4 dB(A) manually subtracted from the STAMINA 1.0 results.
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Figure 3. Comparison of no-barrier cases: STAMINA 1.0 versus STAMINA 2.0/0PTIMA.
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Figure 4. Comparison of final STAMINA 1.0 barrier versus initial STAMINA 2.0/OPTIMA barrier.
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Figure 5. Comparison of final barrier cases: STAMINA 1.0 versus STAMINA 2.0/OPTIMA.
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Figure 6. Differences in noise levels for three cases of STAMINA 1.0 and STAMINA 2.0/0PTIMA.
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used for the barrier was concrete. The results of for concrete barriers. Taken from the OPTIMA code,
this exercise are as follows: these costs are as follows:
Item Cost_($) Barrier Height (ft) Cost ($) per Linear Foot
Best STAMINA 1.0 barrier 389,132 1 9.80
Optimized STAMINA 2.0 barrier 247,379 5 41.50
Savings 141,753 10 81.50
15 139.00

(Note that the STAMINA 2.0 barrier produced a sav- 20 183.70
ings of 36 percent.) 25 228.30

The costs for both barriers were obtained by 30 277.00

using the data contained in OPTIMA (1981 version) 35 311.20
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Figure 7. Comparison of intital STAMINA 2.0/OPTIMA barrier versus optimized STAMINA 2.0/OPTIMA barrier.
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The final barrier heights for each barrier ranged
from 12 to 18 ft, and the STAMINA 1.0 barrier had a
higher proportion in the 15- to 18-ft range. The
STAMINA 2.0 barrier had a slightly less-consistent
top elevation than the STAMINA 1.0 barrier because
of the fine-tuning optimization process. However,
its top-elevation consistency was no worse than the
barrier being constructed on the I-440 main 1line.
The I-440 barriers are given a thorough review con-
cerning top-elevation consistency for esthetic pur-
poses.

The conclusion is that STAMINA 2.0/0PTIMA saved
36 percent of the cost of the concrete barrier with
little sacrifice in performance. Comparing the
results obtained from the initial and optimized
STAMINA 2.0 barriers allows for the quantification
of this sacrifice. Such a comparison is shown in
Figure 7. The difference in the means (i.e., the
average increase at each of the 22 receivers) is 1.1
dB(A), with a standard deviation of 1.2 dB(A). This
increase occurs because the STAMINA 1.0 best effort
(equivalent to the initial STAMINA 2.0) is not bal-
anced in its distribution of effectiveness, and thus
it represents a slight overkill. Note that the
sacrifice in performance is minimal, especially when
compared to a 36 percent savings in cost for this
application.

CONCLUSIONS

As expected, the highway noise-prediction computer
programs STAMINA 1.0 and STAMINA 2.0/0PTIMA produced

13 14 15 16 17 18 19 20 21 22

adequately similar results for the equivalent sce-
narios on this project. More importantly, it has
been demonstrated that when properly used, the
OPTIMA concept will produce significant savings over
the best efforts of an experienced analyst who uses
only STAMINA 1.0. There are savings because the
analyst is able to use an effectiveness and cost-
balancing approach as a guide to the best barrier
design. As always, engineering judgment is recom-
mended in barrier design. The analyst should never
blindly follow numbers without thoroughly validating
their accuracy and reasonableness.
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Most of the efforts to reduce highway noise impacts have focused on protect-
ing the public from present and future traffic noise. People have progres-
sively become aware that highway construction operations can also generate
a great deal of irritating noise, particularly if such operations occur during
hours when people are more sensitive to noise. Most construction noise analy-
ses justify the impacts as temporary inconveniences and try to establish limits
on hours of operation. Such limits were not possible in the administration of
pavement grinding contracts on an urban freeway in Phoenix. The reasons
for the problems encountered in setting and enforcing noise-level limits for
nighttime construction operations are discussed. A noise-abatement incen-
tive was established to encourage potential bidders to silence noisy construe-
tion equipment, specifically the grinding machines. The formula used to
establish monetary awards was developed with the intent of compensating
the contractor for initial muffling efforts, and rewarding him for innovations
to further reduce noise impacts. An account is given of the first contract that
used the noise-abatement incentive, the resulting reductions in noise levels,
and the reactions of the contractor and residents.

Most of the efforts to reduce highway noise impacts
have focused on protecting the public from the ef-
fects of traffic noise. The temporary impacts of
highway construction noise on the public, although
potentially greater than traffic noise, have rou-
tinely been held subordinate to the long-term bene-
fits of the final product. The public, however, is
currently more vocal in objecting to invasions of
privacy. Consequently, many projects are scheduled
for times when conflicts are minimal or contain
provisions for reducing the chances of environmental
impact.

The Interstate system in Phoenix, as in most
cities, 1is paved with portland cement concrete
(PCC) . This pavement is durable, rigid, and re-
sistant to wear from high volumes of traffic. When
it begins to show stress, some form of rehabilita-
tion or reconstruction is necessary.

A technique for rehabilitation was developed,
which evolved from grooving projects in the early
1960s, by which surface irregularities could be
leveled out and the pavement grooved in one opera=-
tion. The term grinding was adopted for the opera-
tion. Grinding is now considered to be an economic
alternative to repaving or reconstruction, and it
can extend the life of a roadway by 10 years or more.

Pavement grinding in Phoenix is subject to some
unique restrictions. Contractors in the Southwest
prefer ton grind in the winter and at night to reduce
the effects of heat on the equipment. Project man-
agers share that opinion because of the reduced
nighttime traffic involved. Contractors thus have
greater flexibility and better quality control for
grinding and related work.

Conversely, residents adjacent to the freeway are
generally more sensitive to occurrences at night.
They are exposed to the combination of freeway traf-
fic changes and the grinding operation from 10:00
p.m. to 6:00 a.m. for periods of 2 days to 2 weeks.
The new noises are much harder to get used to than
customary freeway traffic. Nevertheless, complaints
are uncommon, primarily because most people still
have a tolerant attitude. When one individual com-
plains, a reasonable explanation usually alleviates
his concern. If a group of concerned or affected
residents complain, the agency may have to make an
effort to reduce the noise impacts and still main-
tain the unusual construction schedule. BAbove all,
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complaints have to be responded to in a positive
manner.

HISTORY OF GRINDING IN PHOENIX

In the winter of 1974-1975, the Environmental Plan-
ning Services of the Arizona Department of Transpor-
tation (ADOT) was requested to study the noise
levels emitted by equipment used in the state's
first grinding project on 1I-17, Phoenix's Black
Canyon Freeway south of Thomas Road (Figure 1).
Monitoring of noise levels indicated that an upper
noise-level limit could be specified in future con-
tracts. It was believed that potentially sensitive
areas should not be exposed to unreasonably high
noise levels. Consequently, an upper limit of 86
dB(A) Lpax at a distance of 50 ft was set for all
grinding activity before 11:00 p.m., and 82 dB(A)
Lnax between 11:00 p.m. and 6:00 a.m. The equip-
ment, when properly serviced, was capable of main-
taining these levels. Examination of the specifica-
tions in other states verified that 86 dB(A) or less
generated few complaints. It was not recognized at
the time that there were as many designs of qrinding
and grooving operations and equipment as there were
contractors (Figures 2 and 3). A few companies
designed cutting heads and blades, but generally the
equipment was built and maintained by the contract-
ing companies. The noise emissions of machines
could differ by several decibels.

A project covering the northbound lanes of I-17
was initiated some years later. The same contractor,
with essentially the same set of grinders in a de-
teriorated condition, stated that any additional
shielding of the engines to bring the levels within
specifications would contribute to further deterio-
ration. Consequently, the limit was relaxed to 86
dB(A) Ly,x for each piece of equipment for the
entire nighttime operation. Project managers be-
lieved that noise complaints could be handled with
little difficulty. It was believed that by the time
complaints were fielded, the equipment would have
left a specific area.

The project proceded smoothly during the first 8
months, with a few complaints from residents. But
during the next month residents west of one 0.25-
milec oegment were not patiofied with the upual re-
sponse and complained to ADOT management, the state
Department of Health Services, and ultimately to the
Governor's office. Subsequently, ADOT was asked to
reduce the potential noise impacts of future proj-
ects.

The noise complaint would not have become a prob-
lem if the breakdowns and delays associated with
several unexpected factors had not occurred. The
equipment was in need of repair and modification.
The concrete on the Black Canyon Freeway was com—
posed of extremely hard aggregate, and the design of
the diamond blades was not adequate for this proj-
ect. The rate of grinding was much slower than the
normal 10 to 15 ft per minute. Furthermore, the
pavement deflections were so great in this section
that repeated passes over large areas were required.

ADOT continued to receive inquires from the com-
plainants after project completion, and in response
more stringent noise-level limits were developed.
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Figure 1. Vicinity map.
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In a prebid conference for the following project on
the southbound lanes, several contractors threatened
not to bid if the specifications on noise 1levels
were maintained or tightened. ADOT management sug-—
gested that a provision for monetary incentives for
noise abatement be studied. Following FHWA concur-
rence, manufacturers and contractors were contacted
to try to understand their positions and to inform
them of the proposed efforts. Their input was mixed,
obviously, but overall there was approval of the
incentive concept. Their technical comments were
considered in the development of the incentive.

EVALUATION OF MITIGATION MEASURES

The main concern at ADOT was to significantly reduce
the noise impacts at residential properties, or at
least to be able to inform residents that measures
were taken to reduce noise impacts. Also, ADOT
wanted to offer a monetary value that was an in-
centive for the potential contractors to experiment
with noise-reduction techniques. The Department
started with a baseline Lg,, of 86 dB(A) at 50 ft,
and considered graduating payments for each decibel
reduction from that level.

The first step was to identify the primary noise
sources and the potential for retrofitting si-
lencers. These sources consist of (a) the 250- to
400-hp air- or water-cooled diesel engines used to
power the drive train and the arbors (cutting
heads), (b) the generally smaller air-cooled diesel
engine used to operate the slurry vacuum and blower
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Figure 2. One manufacturer’s model of a pavement grinder.

Main Engine
e

Figure 3. Model of grooving equipment.

system, (c) the wvacuum and blower system, and (d)
the arbors (grinding heads) in contact with the
pavement. The typical locations of these components
are shown in Figures 2 and 3.

In the case of the engines, premanufactured muf-
flers for engine exhausts were found to be readily
available. In addition, modification of the fans
and shrouding of the engines (Figure 4) could pro-
vide additional reduction if needed.

The vacuum and blower noise levels were also
reducible with the addition of mufflers (Figure 5).
Manufacturers claimed significant insertion 1losses
ranging up to 30 dB for the middle frequencies. The
primary noise stems from the intake and the dis-
charge of high volumes of air to the atmosphere.

The noise levels generated from the actual grind-
ing, done with an arbor (Figure 6), cannot be dis-
tinguished from the other sources. Furthermore,
many machines are equipped with shrouds of heavy
fabric to retain the water and slurry within the
limits of the vacuum inlets. These shrouds are
effective shields.

It was estimated that noise levels could be re-
duced to 80 or 81 4B with the full complement of
silencers. This value was not calculated; it was
measured by one equipment manufacturer at its plant.

With silencing of the sources, further reduction
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Figure 4. Front and rear views of a typical noise-insulated diesel engine.
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Figure 6. Grinding arbor—a cutting wheel composed of diamond chips
embedded in steel disks,
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was considered possible by inserting a portable
barrier of some type between the source and any
sensitive receivers. The manufacture of such a
barrier was believed to be possible by using a 20-
to 30-ft-long metal frame fitted with lead-loaded
vinyl curtains suspended from a height of 10 ft or
more. An efficient barrier would provide a 10- to
13-dB insertion loss. However, because of end ef-
fects, it was predicted that a resultant reduction
of 6 to 7 dB would occur at the ends of the barriers
(Figure 7).

THE FORMULA AND ITS APPLICATION

A monetary incentive formula was derived to provide
about-even compensation for the cost of engine muf-
fling and modifications and larger payments for
efforts to further reduce noise levels at the source
or in the transmission path. The formula was de-
signed to be applied for the duration of the proj=-
ect, with payments calculated monthly, taking into
account the number of grinders used and the incre-
mental percentage of work completed. If equipment
deterioration resulted in higher noise levels, this
procedure would lower the monthly payment. If the
86-dB(A) limit was exceeded, the violating equipment
would be shut down until repaired or modified.
The formula used on the project is as follows:

G =HC/D 0]
where

H = F(86 - A)l.sl/lel.s'

A = average decibel reading for all
grinders used for 60 percent or more
of the current month,

C = square yards of completed ground PCC
pavement per month,

D = total square yards of PCC pavement in
bidding schedule,

F = total maximum incentive part in bidding
schedule (see Table 1),

G = total payment for each month,

G (TOT) = sum of all G's, and

H = noise-abatement incentive payment (see

Table 1).

The values of payments for noise levels sustained
over a project are given in Table 1. The exponent
applied was derived empirically, with the assumption
that an average of three machines would be used on a
project. The exponent gave H values, or payments,
that should compensate for the costs of retrofitting
noise sources and would provide greater payments for
further reductions.

The data in Table 2 give an example, not related
to the project, of how the formula is used. Payments
are made monthly and are based on the measured area
of pavement grinding completed for that period, its
relative ratio to the total area in the contract,
and the arithmetic average of the noise 1levels of
all grinders used during that period. The product
of H--the payment amount for the average level and
the fraction of work completed--is the monthly pay-
ment.

MEASUREMENT AND MONITORING OF EQUIPMENT

To control the application of the incentive formula,
measurement and monitoring procedures had to be
specified. The major features of the specification
included the following:

1. Definition of the grinder to include all
related equipment, including water trucks:
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Figure 7. Plan view of Black Canyon Freeway showing the relative position of the points of maximum exposure to the noise levels with and without a portable

barrier.

Table 1. Noise-abatement incentive payment levels.

A A

[dB(A)] HA($) [dB(A)] H*($)
86-% 0 80 23,238
85 Y 1,582 79 £ 29,283
84 4 4,472 78 %4 35,777
83 1% 8,217 77 % 42,690
82 4 12,684 <76 % 50,000
81t 17,678

3F = $50,000.

Table 2. Example of how noise-abatement incentive payments would be made.

Month C(yd?) C/D A H($) 3(8)

1 16,625 0.125 84.8 1,582 198
2 13,300 0.100 76 50,000 5,000
3 19,950 0.15 78 35,777 5,367
4 26,600 0.20 79.7 23,238 4,648
5 16,625 0.125 80 23,238 2,905
6 16,625 0.125 77.1 42,690 5,336
7 11,970 0.09 76.4 50.000 4,500
8 11,305 0.085 75 50,000 4,250
Total 133,000 1.0 32,204

Notes: For definition of column headings, see Equations 1 and 2.
D = 133,000 yd?, and F = $50,000.
$32,204 = G(TOT).

2., Position of the measurement point at 50 ft
from the path of the grinding equipment (this dis-
tance satisfied the goal of monitoring the hard
sites over most of the project);

3. Recording of the maximum level and location
of equipment relative to the microphone position,
with the requirement that the equipment be in the
production mode;

4. Provision for the engineer to monitor noise
levels at any time in the project;

5. Provision for retesting any grinder if moni-
toring indicated that a change in levels had oc-
curred;

6. Physical conditions of the measurement and
monitoring area, i.e., flat terrain with no obstruc-~
tion or reflective surfaces not related to the proj-
ect; and

7. Specifications for the sound-level measuring

.equipment; i.e., the reference to American National
‘Standards Institute (ANSI) standards for type 1 or

type 2 meters.
IMPLEMENTATION OF THE INCENTIVE

The initial use of the incentive came in October
1980. The advertising phase did not elicit prebid
responses to the specification for noise-level
limits or to the incentive amount, which was set at
a maximum of $50,000. ADOT was restricted from
using the specifications to suggest abatement mea-
sures, primarily because of concerns for 1liability
if they were unsuccessful.

The national exposure that the previous contract
received prompted one equipment manufacturer to
conduct research into the design of the diamond
cutting blades for the highly resistant aggregates
used in Phoenix's local concrete. They went to the
expense of having slabs of local concrete shipped to
their plant for extensive testing. 1In addition, the
grinding subcontractor, whose equipment was manu-
factured by the same company, shipped three grinders
to the plant to have them retrofitted with silencing
devices. By project start-up, two machines were in
production, and initial measurements were conducted.

The objective of the ADOT research was to record
the maximum noise level of each grinder as it passed
by 50 ft from the primary microphone. This maximum
level occurred when the noisiest components were
directly in front of the microphone. 1In the operat-
ing mode the average speed of the equipment was 7 to
10 ft per minute, which allowed time for recording.
Freeway traffic was detoured onto a parallel street
0.5 mile from the facility for a l-hr period.

The equipment used for measurement included a B&K
type 2218 precision integrating sound level meter
with an accessory dc strip-chart recorder, and a BBN
model 640 programmable noise analyzer with digital
printout of the statistical distribution of noise
levels, programmed to update data every minute. One
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microphone was mounted 50 ft from the near edge of
the equipment, and another was placed on a tripod in
the frontage road about 75 ft from the equipment. A
third meter, a Pulsar model 40, was supplied to the
proiject engineer for nee in monitoring ncizzc levels
during the project. 1Its accuracy was verified con-
currently with the initial measurements.

Five months later ADOT was asked to measure noise
levels of a third grinder that had been shipped to
the project. This was accomplished with a 10-min
shutdown of frontage road traffic. On the same
night, measurements of the other grinders were con-
ducted by using the B&K meter and strip-chart re-
corder undcr frontage road traffic. The Lesk re-
vealed that a minimum level could be attributed to
the grinder; the frontage road traffic, 20 ft west
of the microphone position, raised the level 6 to 10
dB, Traffic flow was intermittent because of sig-
nalization at a nearby interchange, and the quiet
gaps were long enough to identify grinder noise
levels., This finding was gignificant because it
could reduce the time and personnel needed for the
precision measurements. The specification requiring
measurement at 50 ft restricted the measurement of
noise levels when the equipment was in the inside
lane, where the 50-ft position was on or inside the
right-of-way fence, as shown in Figure 7. Obviously,
if the same distance was maintained for the other
lanes, the conflicts with traffic would become
greater. The only alternative was to recerd levels
from positions in the neighborhood area and adjust
back to 50 ft with a point-source factor, i.e., 6 dB
per double distance.

This alternative was confirmed with a third mea-
surement. A microphone was located adjacent to the
frontage rcad at 20 and 9% ft from each of two
grinders that were operating in different lanes.
When an adjustment was applied to 50 ft, the read-
ings were consistent with previous measurements.

A fourth measurement was done in late May when
the contractor was using only one machine. The
contractor was finishing the last mile of the proj-
ect. An increase in noise level had been reported
by the project supervisor.

RESULTS AND CONCLUSIONS

The initial measurements described in the preceding
section were applied to the incentive formula. The
original two grinders each had an Lp,, of 82 dB(A)
at 50 ft. The incentlve would provide a total pay-
ment of $12,684 if the average was maintained
throughout the project. The third grinder also had
an Lmax of 82 dB(A) when it was first brought onto
the project. Late in the project the contractor
reduced his force to one grinder used on the last
mile. 1Its noise level deteriorated to 84 dB(A).

The contractor finished the grinding phase on
time, and no penalties were applied to the incentive
award. Total payment for noise abatement was ap-
proximately $11,500. The contractor reported that
the cost to retrofit the three grinders was $11,700.
However, at least some measures used were required
to meet the 86 dB(A) specification. The original
equipment, when used in a project in Georgia, was
measured at 95 dB(A) and greater. The net reduction,
with retrofitting, was 13 4B or more.

The reduction measures were reportedly simple to
install and easily changed if necessary. The ex-
haust system was modified, and mufflers were in-
stalled on both engines (Figure 8). The large diesel
engine was fitted with insulated cowling (see Figure
9). The cooling fan was modified by revising rota-
tion direction and changing ite speed. Eilencers
were installed on the vacuum and blower assembly
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(Figure 10), and small shields were installed on the
equipment near the smaller engine.

The deterioration in noise level noted late in
the project was because of a reduction in efficiency
of the vacuum system. A few leaks developed in the
separator (shown in Figure 10), and the speed of the
small diesel had to be raised to compensate for the
loss of pressure. This deterioration began in the

Figure 8. Main engine with modified exhaust mufflers.

Figure 9. Insulated panel for main engine, lined with 1-in.-thick foam rubber.

Figure 10. Vacuum and pumping system with exhaust silencers on right rear;
separator is on left rear.
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last 2 weeks, and its effect on residents was
minimal.

Complaints were minimal throughout the 8 months
of the project. The affected residents discussed
earlier did not have time to complain. The grinding
phase sped through their 0.25-mile segment in three
nights. Other complaints received by project per-
sonnel concerned noise from other equipment used in
peripheral phases of the project, i.e., power con-
crete saws used to clean joints and jackhammers used
in patching damaged slabs. Their noise levels were
less than those of the grinders.

It was believed that the lack of complaints was
due in part to a significant reduction in noise
levels of more irritating frequencies, even though
the capability of verifying this information with
instrumentation did not exist. The accessory equip-
ment (jackhammers) had a noise impact because of
their inherently higher frequencies. Fur thermore,
the diesel engines used on the previous contract
emitted a pronounced whine, whereas the later en-
gines and exhaust systems did not. Apparently the
dampening effects of the retrofitting were signifi-
cant.

The effects of the devices on overall performance
of the equipment were negligible, The contractor
was 5 weeks behind schedule when the first mile was
completed, and delays were attributed to complica-
tions not related to the retrofitted equipment.
Adjustments were made to the grinding process, de-
sign of blades, and a few other mechanical defi-
ciencies. The project was finished on schedule.
Naturally, the speed of production was a benefit to
the residents.

The primary goals of reducing the inherent noise
levels and reducing complaints were achieved. ADOT
hopes to continue offering the same noise-abatement
incentive on future sensitive projects, assuming the
monetary award can be maintained at an attractive
value.

Several factors that cannot be controlled may
affect this decision. Larger-scale projects may
require larger fleets of equipment. Overall noise
levels may be more difficult to maintain at limits
less than 86 dB(A). Retrofitting major components
may be more expensive, and incentive payments may
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not be attractive enough. Larger fleets also mean
more noise sources to monitor.

When compared with earth-moving equipment, the
grinders are actually quite small. Most are designed
to process a path width of 3 ft. However, some
manufacturers are now testing machines with two
arbors designed to grind 6 ft or more in one pass.
The power supplies are much larger than those used
in Arizona. Thus the potential for more intrusive
noise is higher. Problems in attracting this more
productive equipment may be encountered because of
noise-level restrictions.

Obviously, future use of the incentive will have
to be dealt with on a project-by-project basis.
Sensitive areas will require protection, whereas
other areas may not require any 1limits on noise
levels. However, Arizona intends to protect people
from excessive construction noise and will encourage
innovations in noise reduction. In the near future
ADOT hopes to set the primary noise-level specifica-
tion to a more restrictive limit than 86 dB(A).

The need for more data on activities of other
contractors is evident. The ability to sample more
equipment is limited by the type of equipment that
enters the state. ADOT needs input from other agen-
cies that are collecting construction noise data of
any kind. Considering the future of new highway
construction versus rehabilitation and maintenance
in sensitive urban areas, the need for noise abate-
ment on construction projects may become much more
important.

ACKNOWLEDGMENT

The preparation of this paper would not have been
possible without the technical expertise of Larry
Yeager and the assistance of Jack Siegfried, Romulo
Robeniol, and the staff of Environmental Planning
Services of ADOT. Furthermore, the noise-abatement
incentive and subsequent study were made possible by
the financial assistance of FHWA. Appreciation is
expressed to FHWA division engineers who provided a
constructive review of the paper.

Notice: Opinions expressed herein are those of the author and do not reflect
Arizona Department of Transportation policy.

Procedure to Evaluate Transit Noise Abatement and
Cost-Effectiveness: The PEACE Program System

WILLIAM R. McSHANE, JOSE M. ULERIO, AND SIMON SLUTSKY

The procedure to evaluate transit noise abatement and cost-effectiveness
(PEACE) program system was developed as a tool that rail transit operators
and others could use to evaluate the noise performance of their system and
to explore the cost and effecti of didate noise-treatment plans. The
system uses three input data bases: (a) system deseription, (b) noise profile,
and (c) treatments and costs. It is designed so that the latest state of the art
in noise descriptions and in treatment technology can be incorporated, and
that future developments can be added. It is also designed for use on large
properties. The PEACE system is implemented as a set of three computer
progr a prepr , @ main program, and a postprocessor or report
generator. The system can be used to evaluate proposed treatment sets, to
investigate the potential of hypothetical treatments or of new car designs,
and to check a number of what-if questi The develog work was

done with close interaction with a major rail transit property (New York City
Transit Authority}, which plans to use the PEACE system in its work.

The procedure to evaluate transit noise abatement
and cost-effectiveness (PEACE) was developed under
contract to the U.S. Department of Transportation
(DOT) to allow rail transit operators and other
interested parties to

1. Systematically determine and review the noise
levels on the system;
2. Systematically catalog the abatement measures
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Figure 1. Capabilities of the PEACE noise-abatement system.
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that are available, in terms of effectiveness and
cost, so that they are available for inspection,
review, and use;

3. Evaluate the effectiveness and cost of alter-
native treatment plans (total or partial); and

4. Document the results in wave that can be
understood and that will allow people to evaluate
the effect of changing some costs, assumptions, or
values.

The PEACE program system is implemented as a set
of three computer programs that allow the user to

1. Establish and check a data base on the sys-
tem, which consists of three sections: description
of the physical system, noise profile and charac-
teristics, and treatment options and costs (this
program is called PREPEACE) ;

2. Apply treatment sets (actual or candidate) to
the described system to evaluate their effective-
ness; alternatively, the noise characteristics of
system components or treatments can be varied to
gauge the impact of such changes (this program is
called PEACE); and

3. Generate reports on the changes and costs
(this program is called POSTPEACE).

The capabilities of the program system are shown in
Figure 1.

The program system can generate seven major re-
ports:

Report Contents

1 Tabulation of treatments made
2 Cost report

3 Rider environment

Noise levels by route
Summary of all routes
4 Station environment
In order by station number
Sorted by noise metric
5 Community environment: block by block
In order by input order
Sorted by noise metric
6 Community environment: sensitive
receptors
In order by input order
Sorted by noise metric
7 Summary
Treatments
Benefits
Costs
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The station and community reports can be tabulated
in sorted order by any one of three noise indices.
The station report can also be sorted by local ju-
risdiction (i.e., county, borough) and then by noise
index witnin the local jurisdiction.

OVERVIEW

The PEACE program must be viewed as nothing more
than a bookkeeper that allows the user to collect
certain information to evaluate the actual impact of
one or more treatments, applied to one or more sec-
tions of the system. More specifically, the certain
intormation can be categorized into three data bases.

1. The system, which includes types of track and
right-of-way, types of cars, definition of routes,
and so on. The definition of routes includes time
and speed between stations, cars assigned, persons
traveling, and other relevant information.

2. Tne system noise profile, which includes the
noise levels of various cars on different types of
track or right-of-way, the effect of speed, and the
relative contribution of various sources and paths.

3. Abatement, which is the effectiveness of
various candidate treatments and the cost of the
treatments.

It must be recognized that there are three prin-
cipal sections to the rail transit noise environ-
ment: rider (i.e., the levels to which the transit
riders are exposed while traveling in the train),
station (i.e., .the levels to which those in the
stations are exposed), and community (i.e., the
levels to which community residents and others are
exposed). Further, there are four areas in which
treatments can be made: car, right-of-way (ROW),
station, and community. The system noise must thus
be characterized in such a way that the effect of a
treatment in any of these areas can be assessed in
all three environments. The effect can be summarized
as follows:

Area of Affected Environment

Treatment Rider Station Community
Car Yes Yes Yes

ROW Yes Yes Yes
Station - Yes s
Community - - Yes

Not all treatments will affect all environments,
even when a yes is indicated in the preceding table.
For instance, car window and door seals would affect
only the rider environment.

Examples of treatments in each area are as fol-
lows: car--true wheels, air condition; ROW--weld
rail, place barrier; station--acoustic ceiling,
treat wallsy and community--double-glazed windows,
acoustic treatment of ceilings in rooms. Note that
the community treatments are at the sound receptor.
The impact of other treatment areas on the community
environment is a different aspect and one of greater
priority in the present context.

The following should also be noted.

1. Station treatments are those physical treat-
ments to the station or in the station itself, such
as acoustic ceilings, wall treatments, and between-—
track barriers. As such, it is unlikely that the
rider in the car will be noticeably affected. Cer-—
tainly, residents in the community would not be
affected by such treatments in any significant way.

2. Community treatments are those physical
treatments performed at the receptors, such as
double-giazed windows in a building or room acoustic
treatment. Yet these treatments at the receptors
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are often not within the purview of a transit prop-
erty, and they are also considered by many to be
"closing the barn door after the horse has escaped".

There are several distinct measures of effective-
ness (MOEs) that can be considered. Those used in
the PEACE program fall into three categories:

1. MOE X--the basic measure of effectiveness is
the equivalent noise level (Leq);

2., MOE Y--the energy to which a single individ-
ual is exposed, which is essentially Leq * log T,
where T is the appropriate exposure time; and

3. MOE Z--the energy to which all involved peo-
ple are exposed, which is essentially Leq + log T
+ log PPL, where PPL denotes people. ’
In each environment the actual event over which
Leq' T, and PPL are defined is appropriately se-
lected. For instance, for in-train noise, the basic
event is the trip from one station to the next. For
station noise, it is the passage of one train,
either express or local. (The latter would include
an arrival and a departure, the former simply a
passby.)

The user has the opportunity to specify a set of
treatments and the set of reports that should be
generated to document the impact and cost. Figure 2
shows that PEACE is, in effect, a tool to systemati-
cally access and use the key data bases already
cited.

It should be noted that all MOEs are based on
expected or average values.

KEY PEACE COMPUTATION
In each of the noise environments the total noise
level is described as the sum of several sources,

each of which is speed dependent of the form

L; = A, + B; log (SPD) ey

Figure 2. Using the PEACE program system.

* MREmEH =

27

where SPD is the train speed, the subscript i de-
notes the ith source, and the constants A; and
B; are associated with the specific source. The
several sources are then added according to the
usual relation

Leq = Leq(SPD) = log Z10%i/1° ®
1

Typical values for the in-train noise of a particu-
lar car model are shown in Figure 3, By using Equa-
tions 1 and 2, the following computations can be
made:

Leq(30 mph) = 97.3 dB(A).

Leq(40 mph) = 102.1 dB(A).

Leq (50 mph) e= 106.3 dB(A).

Based on detailed measurements in at least one
study (1) and insights gained from other studies
(2,3), it is also possible to estimate the signifi-
cance of different noise paths into the car (or
other environment). At 30 mph, the total contribu-
tion along different paths in the preceding figure
might be as follows:

Path

Noise [dB(A)]
1 90.5
2 94.5
3 84.0
4 83.9
5 88.6
6 78.4
7 79.8

P) 97.3

Thus the contribution of each source along each path
can be estimated, as shown in Figure 4. [Note that

P
R
" Hi SRR B
spom | P e REFERENCE FLES p—
Noise Profjie E DirecwAccass
Treatmaents/Cost A Other
C
E
TN SNiko
3. USER SELECTS ROMPLETION INFD
=)
0]
S
T
REPORTS
"ALERTSIIFANYJ‘ |~ P REVISED
sl E REFEREMCE FILES
A
C
E




38 Transportation Research Record 937

Figure 3. Typical values for in-train noise of a particular DATA BASE CAR NOISE
car model. SYSTEM FORM 06 LEVELS
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the noise levels cited are those measured at the
standard receptor (e.g., in the car), not the abso-
lute level at the source point.]

The essence of the key PEACE computation is that
each treatment typically decreases one or more
sources or decreases the transmission of one or more
paths. Thus either one column or one row (or more
of each) must be decreased entirely, and the sum
must be recomputed.

The advantages of PEACE are that it (a) accesses
the treatment data base for a treatment of interest,
(b) accesses the noise profile data base for the
present condition (such as in Figure 4), (c) com-
putes the effect of applying the treatment, and (d)
accesses the data bases as needed to generate re-
quired reports. 1Its principal advantage is that it
will do the computations that would otherwisg be too
cumbersome and would 1limit the investigations a
person could do in a practical amount of time. 1In
particular, the changes to the source and path dis-
tribution from specified treatments require much
computation. PEACE is intended to allow the user to
focus on options, not computations.

THE PREPROCESSOR: PREPEACE

The PREPEACE program checks for faults in the user's
input data and creates the necessary files for the
other programs in the PEACE program system. The
files that go into the PREPEACE program constitute
three data bases: system, noise profile, and treat-
ment and costs. The eight input files are as fol-

lows:
Data Base and Name Input File
System
Basic numbers and names 1
Station information 2
Route information 3
Community block by block for 4
outdoor link
Car assignments 5
Noise profile
System noise levels 6
Treatment and costs
Treatment information 7
Cost data 8

The input data are checked extensively, and FAULT
messages are printed to alert the user that there is
something wrong or unusual in the input data. These
are not error messages generated by the computer's
operating system, but true data checks generated by
the PREPEACE program.

It is neither feasible nor desirable to attempt
to explain each of the inputs in this paper. This
is better explained in a user's guide (4), which is
accompanied by a volume of programmer's aids ({(5).
However, it may be relevant to provide some high-
lights, in the following subsections.

System Data Base

The system must be defined in the most basic sense.
Starting with a route map, all stations are code-
numbered and all routes are identified, as shown in
Figure 5. The track types are classified, and track-
age is grouped into collections that would be
treated together if any ROW treatments are to be
done. Some of the basic numbers for the case study
on the New York City Transit Authority (NYCTA) are
shown in Figure 6. The sources and paths are those
shown in Figure 4, but here they are for each dis-
tinct environment--rider, station, and community.

By using the basic structure of the system, each
station and route is defined, as is the community

39

(block by block). The typical definition of one
route--the train travels from one station to
another, covering a certain distance in a certain
time, with a certain peak sustained speed--is shown
in Figure 7. The track group (i.e., tunnel, con-
crete roadbed), the ROW group for potential treat-
ment, and the passenger load are also defined.

One key input is the car assignment of which car
models travel on which routes. In the NYCTA applica-
tion, there are at least 24 distinct routes and 21
distinct car models. Noise levels vary according to
car model and track type, and track types vary from
route to route.

Noise Profile Data Base

The concept of the noise profile, which is described
in terms of sources and paths, has been previously
discussed and shown in Fiqures 3 and 4.

The basic noise event is the motion or arrival of
a train. The levels produced are a function of the
car model(s), the speed, and the ROW type or the
station noise group type. The noise generator can
simultaneously affect up to three environments:
rider, station, and community.

The noise profile data base contains the descrip-
tion of each impact as a function of the relevant
parameters, much akin to Figure 3.

The special power of the PEACE program system is
that it can combine the system and noise profile

Figure 5. lllustration of a route map.

=—=TUNNEL

SYSTEM MAP

Figure 6. Organization of first section of input one.

THIS I8 INPUT ONE...BASIC NUMBERE AND NAMES

TYPE ONE NUMBER OF CAR MODELS 21
NUMBER OF ROUTES 24
NUMBER OF TRACK GROUPS i
NUMBER OF STATIONS 471
NUMBER OF STATION GROUPS(NOISE) S
NUMBER OF STATION GROUPS(PHYSICAL) 38

TYPE TWO NUMBER OF BDURCES
RIDER 6
STATIDON 2
COMMUNITY 2

NUMBER OF PATHS
RIDER 7
STATIDN Y4
COMMUNITY z
TYPE THREE TREATMENTS TO

Cak 18
RIGHT-OF-KWAY 12
STATION 2]
COMMUNITY LOCATIONS 8
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Figure 7. Input three (routes) and type two data
{general organization).

ROUTE NUMBER/NAME =

FROM TO DIST

LINK LINK (MI) (MIN)

001 002 0.42
002 003 0.58
003 004 0.51
004 005 0.34
005 006 0.48
006 007 0.33
007 008 0.39
008 009 0.43
008 010 0.51
g oit o0.53

FROM TO DIST

LINK LINK (MI) (MIN)

008 007 0.33
007 008 0.38
008 008 0.43
008 010 0.51
010 011 0.53

Figure 8. Input seven: treatmenteffect. 10t R46 (X)FOLLOWS
R -10 (o] (o]
5 -10 [ 0
c -10 0 0

system data bases to effortlessly produce computa-
tions of expected noise levels--computations that
would otherwise consume many months of effort on a
large system.

For those interested in potential treatments, the
data base can be modified to investigate how useful
a specific treatment would be. This is actually
what the second program in the PEACE program system
does.

Based on the best available state of the art
(1,2), six noise sources and seven paths have been
defined for the rider environment in the NYCTA case
study. In other environments or in other applica-
tions, the user may elect to use fewer of each. The
PEACE program system can handle lesser numbers, but
note that the treatments cannot be more detailed in
their effect than the detail the sources and paths
allow.

Treatment and Cost Data Base

The treatment and cost data base must provide the
following information:

1. Treatments that are available;

2. The impact each has on the noise condition;

3. Prohibitions or restrictions on use (if any),
including prohibitions on joint use; and

4, Dollar costs and benefits associated with
each treatment in unit terms (per car, per track
mile, and so forth).

The treatments must be defined in terms of the A

e N == N
4
VMoo uruu o

5. = o
RNOUTF NIIMRFR/NAMF =
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TYPE TWO...DETAILED ROUTE INFORMATION

A TRAINS= ( 04 OB 08 10 12)

SPD TG 0/0 OTHER GRROW CAR-TRIP PPL/CAR
MPH RNNTFES LT3 arE  pw nee
5.2 02 100 47 100 100 200 040
23.6 02 100 %7 100 100 200 040
30.6 02 100 47 100 100 260 040
20.4 02 100 47 100 100 200 040
14.7 0Z 100 47 00 040
39.6 01 100 AAR __— o0 o0 Q40
45.8 o1 100 61 100 100 200 “~_ N
=8 wts 80 100 100 200 0&b-.,

100 200 040
100 200 040

100 CC 60 100
—=z.0 14 100 CC 60 100

AR TRAINS= ( N4 O0R 0OR 10 12}

SPD TG 0/0 OTHER GRROW CAR-TRIP PPL/CAR
MPH ROUTES PK OFF PK OFF
39.6 01 100 A(B 1 100 100 200 040
Z23.4 01 100 A:B 1 100 100 200 040
25,8 01 100 A,B 1 100 100 200 040
30.6 11 100 A/B 48 100 100 200 040
31.8 11 100 A,8,CC,D 48 100 100 200 040

Notes: TG = Track Group
% = Percent (i.e. %) of that link
which is of the specified
track group
GRROW = Grouped Right-gf Way
it a right-of-way treatment is
applied, it is applied to all
trackage within the specified
group right-of-way(s).
{ )SAME AS
o] (] 0 [b] [s] (o] 0 0
o] 0 0 0 (] Q 0] o] (o]
0 0 0 0 (4] 0 0 o 0

coefficients of the sources or paths in each appro-
priate environment, for as many sources or paths as
appropriate to the specific treatment.

In Figure 8, treatment 101, as applied to the
R46, has the following (hypothetical) effects on the
noise impact of the R46:

1. Source 1 in the rider environment (wheel and
rail noise, from Figure 3) is decreased by 10 dB(A)
in its impact on the rider,

2. Source 1 in the station environment (also
wheel and rail noise) is decreased by 10 dB{A) in
its impact on the station occupant, and

3. Source 1 in the community environment (also
wheel and rail noise) is decreased by 10 dB(A) in
its impact on the community resident or transient.

Note that this example is only illustrative.

The effectiveness of treatments may be similarly
defined for other treatments to cars, ROW, stations,
or community. In the case of treatments to the
community, note that

1. The treatment effectiveness does not depend
on any transit characteristic, because it is a
treatment to the receptor (for instance, it might be
double-glazed windows, with air conditioning, which
affects a certain path to the community receptor,
perhaps a classroom), and

2. Treatments to community sites affect only one
environment, the community; thus there is one defin-
ing environment, not three.
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In addition to defining the treatments, the user may
define that certain treatments may not be applied if
other treatments have already been applied.

The other major part of this data base is the
cost information. This input is designed to be
especially user friendly, going far beyond the head-
ings that are built into the data bases, so that the
user can recall what the information is without
reference to any supporting manuals (see, for in-
stance, the headings in Figures 6 and 7). The cost
data file is organized to meet the needs of a user
with 1little interest in combining cost elements,
computing average or annualized costs, or any other
preliminary work-up. For each treatment, the user
need only

1. Identify the various costs and savings that
result from the application of the treatment; these
may be thought of as subcosts or component pieces;

Figure 9. Input eight: cost information. = TREATMENT 101

s 4800

CAPITAL COST
! INITIAL COST- PER CAR
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2, Identify the initial cost and savings, the
useful life, and the discount rate (interest) for
each such capital cost or savings; the initial cost
or savings is a unit cost per car, per track mile,
or other appropriate unit; and

3. Identify the cost and savings annually on a
unit cost basis for each such maintenance or opera-
tions cost or savings.

The POSTPEACE program uses this information in
computing the cost report, which displays both
annual cost and yearly outlays in several formats.
A representative section of the input the user must
provide as part of the data base is shown in Figure
9. The various cost units used in creating the data
base are given in Table 1.

Two special cases exist: (a) for certain capital
cost and savings items there may be an up-front
outlay that does not easily enter the average unit

RESILIENT WHEELS
" TOTFAL O UNITS

10 YEARS USEFUL LIFE
10 PERCENT DIBCOUNT RATE

TREATMENT 101

CAPITAL SAVINGS
$ 1800 INITIAL COST PER CAR

STANDARD WHEEL
TOTAL O UNITS

6.6 YEARS USEFUL LIFE
10 PERCENT DISCOUNT- RATE

TREATMENT 101 MAINT

SAVINGS

REDUGED. TRACK MAINT

$ 1700 ANNUAL COST " PER TRMI
000 NUMBER OF EVENTS. IF KNOWN

TREATMENT 101 MAINT

SAVINGS

REDUCED WHEEL TRUEING

$ 150 ANNUAL COST PER CAR
000 NUMBER OF ‘EVENTS, IF KNOWN

TREATMENT 102

CAPITAL COST
s 3700 INITIAL COST PER CAR

RING DAMPED WHEEL
TOTAL 0 UNITS

6 YEARS USEFUL LIFE
10 PERCENT DISCOUNT RATE

TREATMENT 103

CAPITAL COST
$ 6000 INITIAL COST PER CAR

TUNED DAMPED WHEELS
TOTAL O UNITS

6.6 YEARS USEFUL LIFE
10 PERCENT DISCOUNT RATE

TREATMENT 104

CAPITAL COST
$ 4800 INITIAL COST PER CAR

CONSTRAINED LAYER DAMPING
TOTAL O UNITE

6.6 YEARS USEFUL LIFE
10 PERCENT DISCOUNT RATE

TREATMENT 105

CAPITAL COST
$ 7200 INITIAL COST PER CAR

DAMPING ALLOY WHEELS
TOTAL O UNITS

03 YEARS USEFUL LIFE
10 PERCENT DISCOUNT RATE

TREATMENT 106

CAPITAL COST
$ 7200 INITIAL COST PER CAR

RESILIENT TREADED WHEELS
TOTAL O UNITS

03 YEARS USEFUL LIFE
10 PERCENT DISCOUNT RATE

Table 1. Permitted unit costs.

Permited Units

Treatment in Dollars per Code Notes
Car Car CARD
Wheel UNDR 8 wheels pe1 car®
ROW Track mile TRMI Indoaor or outside
Side mile SDM] For outside barriers
Wall mile WALL For tunnel walls
Slot mile SLOT For barriers between tracks [N tracks might have (N-1) slots]
Station Track mile TRMI
100 linear ft of wall WALL
Slot mile SLOT For barriers between tracks [N tracks might have (N-1) slots]
1,000 ft2 of ceiling SPOT Note 1,000 ft2¢
Mile of underside UNDR Platform underside
Community Track mile TRMI
Side mile SDM1 For outside barriers
Slot mile SLOT For barriers between tracks [N tracks might have (N-1) slots]
Building or block SPOT Literally, a spot improvement
Special Unit UNIT If per unit is literally specified, then (a) if capital item, the number of special purchase units must be

specified; or (b) if maintenance or operations item, the number of annual events must be specified.

AThis use is discouraged; compute costs on the basis of per car if possible.

bTRMI and SDMI are the only logical units for spot applications of ROW treatments, and are intended to improve community spots.

Cwith proper modification of input two (width of platforms by station group physical, covered to width over tracks), this can be changed to handle 100 ft2 of space over tracks.
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cost, such as the purchase of one welding train, and
(b) for certain maintenance, operating cost, and
savings items the user may wish to specify the
annual number of events and units to which the
treatment 1S perrormed. Some ways of handling an
increased wheel trueing schedule may be best handled
by this latter approach.

THE MAIN PROGRAM (PEACE)

Given the data bases and files established by
PREPEACE, the user may wish to select a set of
treatments, apply them to the system, and determine
the cost and cffcotivencoo of that set.

The PEACE program applies the treatments that the
user selects. It keeps track of the total effect of
all applied treatments in each detailed area (car
model and grounded ROW combinations, stations, and
so forth) in terms of sources and paths. The
POSTPEACE program combines these with the noise
profiles of input six to get a net effect (see sec-
tion on Applications). The relative strengths in
the noise profile are extremely important in deter-
mining the result. Consider the following simple
example, with only two sources:

Noise Profile [dB(A)]
Case Source Level Treatment Net After

1 1 90 ~10 80

2 90 (] 90} A
2 1 53 -10 83

2 75 0 75} B3+6

In both cases the before level is 93 dB(A).
The PEACE program can be used in a number of ways.

1. Apply it to a set of files to produce a be-
fore-and-after condition, and then run POSTPEACE to
evaluate the effect of the candidate set of treat-
ments.

Figure 10. Specifying reports on POSTPEACE.
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2. Apply it to several duplicates of the same
set of files by using different candidate sets of
treatments. In this way different candidate sets of
treatments can be compared.

3. Change one or more source files by selective
use of PREPEACE to change the car assignment, car
fleet, treatment effectiveness, or other data base
elements. Run PEACE on the original set and the
revised set to obtain comparative information.

4. Run PEACE sequentially on the same data set
by using different treatment plans (incremental or
phased). Run POSTPEACE between these runs. In this
way an estimate of the cumulative effect can be
obtained.

In each application the PEACE program generates a
set of FAULT messages, which inform the user if the
specified treatments are (a) invalid treatment num-
bers, (b) prohibited, (c) already used, or (d4)
otherwise undesirable or infeasible.

THE POSTPROCESSOR (POSTPEACE)

The POSTPEACE program is the report generator, which
works off the files created by PREPEACE and modified
by PEACE.

The inputs to POSTPEACE are shown in Figure 10.
The user may select any or all of the seven standard
reports, including any or all options to sort within
reports 4, 5, and 6.

The treatment report 1s a straightforward summary
of all treatments that have been applied by the
user, including mileages treated, total number of
cars, and so forth.

The cost report provides annualized costs by
treatment, treatment areas, and total, as shown in
Figure 11. It also provides yearly costs over a
50-year period, showing the recurring cost and sav-
ings explicitly. Thus a capital item with a 10-year

POSTPEACE PROGRAM

JULY 1882 VERBION

1 1 [ I 1 SORT "BY
1 ! i iBORD i - ———
ICHOOBE | NAME IND BORT ISORT | MOE 1 MOE 2 MDE 3
REPORT 11--(X}~--|TREATMENTS 0 e b % W ; 3
REPORT 2)--(X)---1COSTB L & e 3 .
REPORT 3i--(X)---|ROUTES B B s d . ¢ .
REPORT 41--(X)---18TATIONS LX) (X)X () ¢ )
REPORT S1--(X)---(COMMUNITY (ALL) by 6 oe ) )
REPORT 81--(X)---ICOMMUNITY(SENS.RECEP.)I ( )} | . | () ¥
REPORT 71--(X)——=-16UMMARY I . I & 0 & .
Figure 11. Report 2 (costs): annual cost by
treatment.
REPORT ThCoceooANNUAL CCST BY TREATMENT
TREATMENT ccsT LESS SAVING NET ANNUAL CCST
101 758366, -5035Z5. 294840,
126 £1566. . 81566.
151 172954. -21506. 151446,
176 235€8. -2983. 210C5.
SUMMARY BY TREATMENT AREAS
TREAT CARS 758366. -503525. 294840.
TREAY RoCobio 81566, Q. 815€6.
TREAT STATICNS 1729%4. -215C8. 151446,
TREAT CCMPLNIT 23988. -2983. Z1CCS.
TOTAL 1076872, -~528Clé6. 548256,
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useful life will show up as a cost in years 1, 11,
21, 31, and 41.
The noise level reports (reports 3, 4, 5, and 6)

show the before and after noise levels with differ-
ences, if there is any change; otherwise only the
existing levels are shown. Each report has three
measures of effectiveness by which the user may
evaluate the site. The measures for the station
environment are given in Table 2. The report format
is shown in Figure 12.

The report format for a route is shown in Figure
13. Note that station names are given, and that
noise from station to station is indicated. Route
summary statistics are also provided.

The summary report gathers the route statistics
into one place and provides a summary of how many
routes, stations, and community blocks were improved
by how many decibels, and how many people were bene-
ficially affected. This information was designed
for summaries to upper-level management.
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APPLICATIONS

Based on the interactions with NYCTA and the Trans-
portation Systems Center during the course of devel-
opment of the PEACE program, a number of enhance-
ments were worked into the PEACE program system.

1. Cost reports must be in terms of actual an-
nual expenditures as well as annualized costs, which
are relevant in engineering economics and related
analyses, but are not directly useful in budgeting.

2. ROW sections between stations are not neces-
sarily uniform. Indeed, three or more distinct
track groups might be encountered between two sta-
tions. Further, the existing NYCTA data base does
not allow easy retrieval of such information; there-
fore, reasonable judgments were needed for a first
system definition. However, the format of the forms
had to accommodate the situation, and the program
had to be coded with cognizance of such aspects.

Table 2. MOEs for the station

environment. Formula

Measure

Meaning

MOE 1/8 L,
MOE 2/8

MOE 3/8 Annual turnstile counts

q
Leq + 10 log (expected exposures)

Noise level if express present; otherwise local

Total energy exposure due to express and local activity, based on
annual turnstile counts and expected exposures per person

In thousands

Figure 12. Report four
(stations).
SORTED BY MCE

SITHIN EACH ECRC/CCUNTY

STATIGN NAME

73 205 STREET
GROUPSINCISE, FHYSICALI=I(
AUTHORITY CODES 1+3,4= N224

ROUTES= ]

1,

GROUPS(NCISE, FFYSICAL)=(
AUTHORITY CCCES 143,4= NZ220
ROUTES= CC

1y

76 FORCHAM ROAL

GROUPS(NC LS

Notes:

REPORT FOURINOISE PRCFILE OF STATICAS)

74 BEDFORLC FK. BLVC.
GROUPS(NCISE, PHYSICAL)=( 1,
AUTHCRITY COCES 1.3,4= N2Z2
ROUTES= (C C

75 KINGSBRICCE RCAC

PPL B R MCEL/S MLE2/S  MCE3/S
0 A
BN
[
2426. x 1 BEF 11.8 111.6  2426.0
1) AFT 1.2 109.0  2426.0
z426 D1F -i.6 -2.6 J.€
1€4., » 2 BEF 17.8 11C.0  1€54.0
7
1654

(1) Sample data was used Levels
shown are nol actual levels.
(2) Measures of Effectiveness are

defined in Table 2.
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Fi 3. R t th tes).
igure 1 eport three (routes) TEUTE n

1, 207 STREET
2y DYCKMAN - 20C STREET
3, 190 STREET
by 181 STREET
5 175 STREET
6y 16€ STREET
Te 163 STREET

8y 155 iy

145,

RCUTE LEQ

CNE PERSCN

ALL PERSCNS

WEIGFTED FCR ALL CARS ACTOUALLY CN RCUTE
THERE ARE 344 CARS GA'THIS'RCLTE

AGER IR POEZ % PLEI/R
A C B A C B A 0
F ] E F I 3 F 1
T F F T F F T F
E F 8] E F c E F
R R L] R R
E €

79.
82.

17.

-hAVECREST

78.

90 STREET-HCLLAND

8l.

EACH S8 STREET-PLAYLAND

79.

BEACF 105 STREET-SEASIDE
140

1T

BEACH 116 STREET-RCCKAWAY P

SUMMARY FCF THE ABCVE ROLTE= A FCLLChS...

ENERGY EXPCSURE

ENERGY EXPCSURE

180,
141. 141. 0.0
l4€. l46. 0.0

0
0
78. C.C 9S. 9S. C.0 l43. 143. 0.0
0
0

€El. C.0 10l. 10l. 0.0 145. 145. 0.0
79. 0.0 99. 96. 0.0 143, l43. 0.0
75« Col i0C. i0C. T.U i43. i43. 0.0
ARK

BEFCRE AFTER CIFF
82, €2. -C.
120.6 120.1 -0.5
164.4 163.9 -C.5

Notes:

3. When considering prohibitions, the program
must distinguish between absolute prohibitions and
currently preferred or property-specific prohibi-
tions.

These enhancements are only illustrative of the
smaller but key issues that were identified because
of the periodic interactions. Six major points
stand out as prime and decisive results from the
interaction process.

1. Extensive error checking of the user-provided
data is needed both for out-of-range values and
internal consistency.

2, The program should be a program system, con-
sisting of a preprocessor, main program, and post-
processor. '

3. The input data should be minimized so that
(to the maximum extent possible) summary tables
required should be generated by the preprocessor,
not the user, and that noise profiles that are in-
distinguishable (e.g., car model X appears com-
parable to car model Y) are cross referenced rather
than input twice as two independent pieces of in-
formation.

4. The property {and most users) view the use of
PEACE in the user-specificaticn mode as the proper
approach. That is, the user select§ and specifies a

(1

(2) MOE1/R is L,

) Sample data was used. Levels shown
are not actual levels.

q’

set of candidate treatments, which the program eval-
uates as to costs and benefits, and reports ac-
cordingly.

5. Because many persons must contribute small
individual pieces to the data base, it is best--in-
deed it is imperative--to make reasonable assump-
tions on any missing or difficult portions of the
three data bases. Users can and will react to the
propriety of these assumptions much better than they
will act in assembling the information initially.

6. The format of making data files self-docu-
menting is vital and greatly appreciated.

Each of these points has been incorporated into the
PEACE design.

It must be recognized that the typical user is
under many obligations and works with scarce re-
sources of time and personnel. Thus it is difficult
to create a major, detailed, precise base on track-
age, costs, or some other aspect unless the end
product can be "felt". This is particularly true
for personnel not directly connected with noise
problems. It is much better to expect reaction and
appropriate detail when everyone can better appreci-
ate the sensitivity of the possible answers to spe-
cific data inputs.

By the end of the initial development of the
PEACE program, the following uses of the PEACE re-
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sults were identified by the NYCTA Environmental
Staff Division:

1. Even the basic existing summary of noise
levels by routes and stations will allow the Divi-
sion to readily respond to internal inquiries and to
citizen complaints;

2. The tabulation of the treatment data base
will provide an identification of options and a
synthesis of the state of the art;

3. The actual operation of the PEACE program
will allow evaluation of (a) past program efforts
and (b) alternate future abatement scenarios; and

4. The actual operation of the PEACE program
will allow scenarios proposed by any other party to
be identified and will enable better information to
exist when legislation, mandates, and regulations
are considered.

In addition, the possible educational and training
aspects of using the PEACE program on a specific
property must be considered.

Other applications of the program system include
the following.

1. An agency might use PEACE to explore sensi-
tivities, namely what-if questions: What if a given
benefit is -10 dB(A) and not =15 dB(A)? What if one
action is taken rather than another?

2. An agency might use PEACE to determine
whether a potential treatment would have major bene-
fit to a system if it had its anticipated charac-
teristics (or some lesser ones). Thus it could be
used to assess candidate demonstration treatments.

3, Similarly, an agency can attempt to identify
what characteristics a treatment should have, thus
better directing its identification process.

4, PEACE can be used as a training tool in a
deployment activity in addition to the other appli-
cations cited.
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Certainly, further applications will be identified
as user experience is gained.
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Effects of Parallel Highway Noise Barriers

J.J. HAJEK

The effects of opposing, parallel highway noise barriers have been analytically
quantified by using principles of geometrical acoustics; they also have been
compared with measured data. The evaluation was performed both for resi-
dential areas outside barrier walls and roadway areas between barrier walls.
According to analytical results, the effect of parallel barriers can be substan-
tial in residential areas. Under certain conditions the existing preconstruc-
tion sound levels can actually be increased (rather than reduced) by erecting
vertical, sound-reflecting parallel barriers. However, direct field verification
of the calculated results was difficult. In roadway areas the change of sound
environment between parallel barriers could be verified by direct field mea-
surements, The comparison of the measured and calculated results indicated
that the method of using image sources to account for sound reflections is
applicable for describing highway noise reverberation. It is postulated that
this technique should aiso be applicable for estimating sound levels in resi-
dential areas. Results also suggest that the driver’s perception of other vehi-
cles on the road can be affected by parallel barriers.

The objective of the work reported in this paper was
to obtain a better understanding of the effect of
multiple reflections caused by parallel highway

noise barriers. Opposing barriers, or highway cuts
with retaining walls on both sides, can give rise to
multiple reflections. The resulting reverberation
field within barrier walls can significantly affect
sound levels both within and outside (behind) bar-
rier walls.

The Ontario Ministry of Transportation and Com-
munications (MTC) has been retrofitting existing
freeways with noise barriers since 1977. To date
about 35 km of noise barriers have been built and
about 60 percent of them are parallel to other bar-
riers, thereby rendering the single-barrier situa-
tion atypical.

In spite of their frequency of occurrence, the
treatment of parallel barriers is ambiguous. Al-
though the role of multiple sound reflections be-
tween opposing barriers has been entirely discounted
by some investigators (1), others have considered it
to be highly significant (2). At any rate, the
effect of parallel barriers has not yet become a
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part of common highway noise-prediction methods
(3,4).

Parallel barriers can affect the sound environ-
ment in twn distinet areas: (a) in the residential
area outside barrier walls, and (b) in the roadway
area within barrier walls. Both areas were investi-
gated separately by using analytical methods based
on geometrical acoustics and by direct field mea-
surements.

RESIDENTIAL AREA

Analytical Investigation

A number of theories can be used to describe a re-
verberant field in enclosed or semienclosed spaces:
wave-reflection theory, diffuse-field theory, and
application of geometrical acoustics based on image
theory. The geometrical acoustics method was used
in this studv because of its simplicityv and reported
reliability (5,6). To obtain a numerical solution,
several assumptions were required.

1. Only specular reflection exists with no in-
cident sound power scattering. Loss of sound energy
because of reflections off the wall surfaces is
acounted for by an absorption coefficient.

2, The absorption coefficient does not depend on
angle of incidence (i.e., absorption coefficient is
the same for all reflections) and is constant over
the entire frequency range of highway noise that
contributes significantly after A-weighting is ap-
plied.

3. The walls are high enough relative to source
wavelength and the position of the source and the
receiver aboveqground to enable application of geo-
metrical acoustics.

4. The contributions of real and image sources
are added incoherently.

5. The source exhibits a uniform directivity
pattern.

The frequency of the traffic noise source used in
the analysis was 500 Hz because this frequency often
dominates A-weighted traffic noise spectra. This
choice allows the calculated sound 1levels to be
considered as being in dB(A). The height of the
source was assumed to be 1.5 m above the pavement
surface, which corresponds to a highway traffic flow
that contains about 10 percent trucks.

To include the effect of multiple reflections, a
number of image roadways were constructed and in-
cluded as input to a highway noise-prediction pro-
gram STAMINA 1.0 (7). The program automatically
accounts for dJdistance attenuation {including atmos-
pheric absorption) and barrier diffraction attenua-
tion of sound emitted by the original as well as by
the image roadways, thereby reducing the problem to
a series of single-barrier situations. The method
of constructing image sources (image roadways) is
shown for the first two reflections in Figure 1.

Note that the program STAMINA 1.0 has been up-
dated and reissued as STAMINA 2.0 {8} . Nevertheless,
none of the changes incorporated into STAMINA 2.0
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(namely, the condition that the 1loss of excess
ground attenuation from the erection of a barrier
must not exceed barrier diffraction loss) affects
the raported reesnlte, In-gthor worde, SHWAMIME 3.0
results would be the same as those obtained by
STAMINA 1.0.

The number of reflected waves originating from
image sources that can reach a receiver depends on
the receiver location, the relative heights of the
opposing barriers, and the source height. Although
an infinite number of reflections exist for re-
ceivers located in the region below the barrier top
(hy < hy in Figure 1), provided that the far wall--
the wall farthest from the recelver--is equal to or
higher than the near wall, only the first 15 images
were included in the analysis for practical purposes.

The effect of the number of reflections (image
sources) included in the analysis is shown in Figure
2 for a barrier geometry used subsequently for more
detailed analyeis, The parallel barricr degradation
shown on the ordinate of Figure 2 is the reduction
in the single-barrier insertion loss because of the
presence of the opposite barrier. Ground cover is
considered to be acoustically hard. According to
the data in Fiqgure 2, the degradation asymptotically
increases as more reflections are accounted for and
as the distance from the barrier increases. The
contribution of the omitted reflections (reflections
16 to infinity) to the parallel harrier degradation
was found to be smaller than 10 percent of the con-
tribution provided by the first 15 reflections.
This applied even for highly reflective barrier
surfaces and for large distances behind the barrier.

The number of reflections used in the analysis of
receivers located above the barrier top (hr >
hy) ranged from 0 to 15. To be included in the
calculation, the reflected wave must have reached
the opposite barrier at least 0.6 m below the bar-
rier top, which corresponds roughly to the wave-
length of the 500~Hz source. This is a conservative
assumption to account for the effect of barrier edge
where a part of the sound energy is diffracted and
scattered over the top of the opposite barrier.

The reflected waves are also attenuated by ab-
sorption of barrier surfaces. For the image sources,
the original sound power of the source was reduced
in proportion to the cumulative multiple-reflection
coefficient .am, which is defined as follows:
ag = (1 - a)J, where ¢ is the simple absorption co-
efficient (assumed identical for both barrier sur-
faces), and j is the number of reflections.

Results

The degradation effect of parallel barriers is shown
in Fiqure 3 by using attenuation contours developed
for 4.5-m-high barriers that are 36.5 m apart. The
insert in Figure 2 shows a cross-section sketch of
the barriers. This example may correspond to a
six-lane freeway situated on flat terrain. The
sound-absorption coefficient of barrier surfaces was
assumed to be §.05; i.e., the barriers were reflec—
tive. The contours in Figure 3 were developed for

Figure 1. Construction of image sources. e Recelver
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Figure 2. Parallel barrier degradation versus

number of reflections.
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two ground cover types between the highway and the
receivers:

1. Acoustically soft, absorptive ground=-q¢ = 0.5
[a is defined in the FHWA model (3)], which corre-
sponds to the before~barrier sound-attenuation rate
of approximately 4.5 dB(A) per distance doubling; and

2. Acoustically hard ground-—g 0.0, which
corresponds to the before-barrier attenuation rate
of 3.0 dB(A) per distance doubling; when .the barrier
is in place, the program STAMINA 1.0 assumes an
attenuation rate of 3.0 dB(A) per distance doubling,
regardless of the prebarrier ground type, because of
the apparent shift of the noise source to the top of
the barrier (as discussed previously, the same as-
sumption would be used by STAMINA 2.0 because the
barrier diffraction attenuation exceeded the excess
ground attenuation).

For each ground type,
(a) the single-barrier
(Figures 3a and d)]; (b)
the erection of the opposite barrier

isodecibel contours show
field insertion 1loss [As
its degradation because of
[aAd (Figures

3b and e)]; and (c¢) the net fileld insertion loss for
a parallel barrier situation [As - Ad (Fiqures
3c and f)].

Although the isodecibel lines that show the in-
sertion loss of a single barrier on the hard ground
(Figure 3a) are smooth, the corresponding lines for
a single barrier on soft ground (Figure 3d) exhibit
a distinct discontinuity for receivers 4.5 m above-
ground. This is the result of the recommendation in
the FHWA model (3) that hard ground be used (a
0) whenever the line of sight (a direct line between
the noise source and the receiver) averages more
than 3 m aboveground. Considering the source height
of 1.5 m, the switch from the hard to the soft
ground occurs at the receiver height of 4,5 m.
Consequently, Figures 3a and 4 are identical for all
receivers more than 4.5 m aboveground.

The assumed change in ground attenuation whenever
the average propagation height exceeds 3 m results
in a considerable jump in the insertion loss. For
example, according to the data in Fiqure 3d, a
3-dB(A) insertion-loss contour is changed, at the
height of 4.5 m, into an approximately 11-dB(a)
contour. It has been proposed to replace the abrupt
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change in the excess ground attenuation at the 3-m
height by a more gradual function that incorporates
both the height aboveground and the distance between
the source and the receiver (4,9).

Note that the parallel barrier degradation shown
in Figures 3b and e is independent of the ground
cover behind the barriers. Thus Figures 3b and e
are identical.

The predicted degradation of the single-barrier
attenuation from the erection of the opposite bar-
rier is quite dramatic, particularly when the ground
between the highway and the observer is absorptive.
For example, the data in Figure 3t indicate that no
net insertion loss is produced by the 4.5-m-high
reflective barriers for receivers approximately 50 m
behind the barrier at 1.5 m aboveground. Further-
more, at a distance of approximately 200 m behind
the barrier at 1.5 m aboveground, the net field
insertion loss is negative, which indicates a pre-
dicted increase of about 6 dB(A) over the condition
with no barriers. The net insertion loss of the
reflective parallel barriers situated on hard ground
(Figure 3c) is equally affected by the presence of
the opposite barrier. However, the net insertion
loss is considerably higher than for the barriers on
soft ground because of the higher single-barrier
insertion loss. Nevertheless, Figure 3¢ indicates
no net insertion loss for receivers approximately
300 m behind the barrier at 1.5 m aboveground.

It should be pointed out that the degradation
effect of opposite barriers can be considerably
reduced or eliminated by using barriers with sound-
absorptive surfaces or by inclining barrier surfaces
by 3° to 10° away from the highway (10) .

Field Measurements

Even though the potential degradation effect of
reflective parallel barriers is considerable, it is
still difficult to verify the degradation by direct
field measurements. The degradation effect of paral-
lel barriers increases with distance (Figure 2).
However, at 1larger distances behind the barrier,
where the degradation effect reaches measurable
proportions (i.e., 3 or 4 dB), sound levels are
usually quite low [often in the 55 to 60 dB(A)
range] and can easily be influenced by highly vari-
able community noise sources (such as local traffic
or children playing) and by weather-related factors
{such as wind speed and direction).

In recent studies in which the field acoustical
performance of parallel highway noise barriers was
evaluated (11-13), it was found that the effect of
parallel barriers may not be as significant as the
application of geometrical accustics would suggest.
This has been attributed to various causes, namely,

1. The presence of large reflecting surfaces at
these sites (houses, parapet walls, highway vehi-
cles) before as well as after barrier construction;

2. Relatively 1low barrier height at certain
locations (about 3 m) and large distances between
them; and

3. Difficulties in accurately measuring inser-
tion losses when sound levels are also influenced by
community noise.

Thus more carefully designed and executed field
studies are required.

ROADWAY AREA

The sound field between barrier walls can be as-
sessed more easily than sound levels in residential
areas. ‘The intluence of community noise sources and
reflective surfaces from outside the barrier walls
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is insignificant. Analytical modeling is simplified,
and calculated results can be readily verified by
simultaneous measurements of sound levels at a loca-
tion between walls and at a correspondina location
without walls. The understanding of the sound en-
vironment between barrier walls enables (a) better
understanding of the sound field behind barrier
walls where residences are located, (b) evaluation
of the reverberant sound field between walls as it
affects driver perception of other vehicles on the
roadway, and (c) assessment of design variables such
as sound-absorptive treatment and wall geometry.

Analytical Investigation

Analytical evaluation of the sound environment in
the roadway area (between barrier walls) was based
on the same method and assumptions as those used for
the residential area (i.e., geometrical acoustics,
source frequency of 500 Hz). Also, the effect of
sound scattering and the resulting diffuse field
were not included in the analyses. Their contribu-
tion to the multiple-reflection £field formed by
plain walls, the height of which is considerably
smaller than the distance between them, would be
negligible (14).

As shown in Figure 4, the walled highway was
represented as a channel between two infinite sound-
reflecting planes. 1In the center of the channel is

m mdmaTla mead e s rele d mla amdia gmemd Aoy

a sSangae poinc 50Urce (S), WNiClhi emits Souna eneigy
at a constant rate and frequency spectrum. Sound
waves can reach a receiver (R) both directly and
after one or more reflections off side walls. These
reflections can be represented by two infinite sets
of image sources, each situated on one side of the
channel. The space within the channel is referred
to as the reverberant field. The corresponding
space not bounded by the channel walls is referred
to as the free field.

The objective of the mathematical model was to
obtain a difference between the free-field and
reverberant-field sound levels. For this reason,
several factors that affect only the total sound
energy or its time variation, but do not affect the
difference between sound energy in the reverberation
and free fields, were not included in the model.
These factors are

l. Contributions from pavement (ground plane)
reflections [the omission of pavement reflections is
considered negligible because the pavement reflec-
tions would exist in both fields; a perfectly sound-
absorbing ground was assumed in the subsequent
calculations; therefore the same results (i.e.,
difference betwcen the ¢we £ields) would bz obtained
for a perfectly reflecting ground];

Figure 4. Construction of image sources.
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2. The effect of the source motion on the sound
radiation [an excellent discussion of this topic can
be found in Lansing (15)1; and

3. Effect of retarded time, i.e., time at which
the observed sound was emitted by the source (sounds
traveling on different propagational paths would not
reach the receiver simultaneously; however, the
total sound energy reaching the receiver over a
period of time is not affected).

The total sound intensity at the receiver (Itot)
can be obtained by adding sound intensity reaching
the observer directly (Iff) and sound intensity
reaching the observer after one or more reflections
(Irev). The increase in sound intensity level (AL)
caused by reflections can be expressed as

AL = 10 log (Itot/1ff) (1

where AL 1is the difference between total sound
intensity and free-field sound intensity (dB); and
Itot is the total sound intensity (watts/m?);
i.e., Itot = Iff + Irev, as previously defined.
Equation 1 was expanded and modified to include
an infinite number of reflections that exist for the
configuration of Fiqure 4 and to include sound at-
tenuation due to atmospheric absorption. Assuming
spherical spreading and a perfectly absorbing
ground, the following equation (16) is derived:

AL=10log (1 +2d2 105 EI{(l - a)/[d? + (aw)?] }
n=

FN0" VT s ey )

where

@

d = straight-line path length between the source
and the receiver (m),

E = atmospheric absorption coefficient
(0.001 772 dB/m),

n = number of reflections (n = 0,1,2,3...),

a = sound-absorption coefficient (identical
for both barrier surfaces), and

w = distance between parallel walls.

Mathematical Modeling

It is assumed in Equation 2 that the source and the
receiver are located on the path the source travels.
However, for short distances between the source and
the receiver, Itot depends on the position of source
and receiver in relation to boundaries. For this
reason, Equation 2 was modified to distinguish the
receiver location from the source path (see Figure
5), and the numerical solution was computerized.
Typical single-point source passby curves cal-
culated for the free field and for the reverberation
field are shown in Pigure 6. In the case of the
reverberation field, the distance between the two
barrier walls was 30 and 60 m. Also shown is the

effect of atmospheric absorption, which becomes
noticeable only for greater distances from the
source.

The difference between sound levels in the rever-
beration and free fields is independent of the sound
power of the single-point source (Equation 2).
Moreover, it is also independent of the number of
single-point sources, provided that their number,
intensity, and position relative to the walls are
the same for both fields. Thus, by integrating the
sound energy of the single-point source passby
curves in the reverberant and free fields, and then
calculating the difference between them, the differ-
ence in sound energy between the two fields for the
total traffic flow (aLeq] can be obtained.

The difference betweeén sound energy levels in the
reverberation and free fields (ALeq) was evaluated
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over an integral of distance rather than time (16).
Thus the influence of the width as well as length of
the reverberation field could be directly quantified.

Some of the results are shown in Figure 7, which
relates L,q to the distance between walls and to
the sound-absorption coefficient of the walls. It
is apparent that the sound-absorption coefficient

Figure 5. Parameters for calculating passby curves.
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Figure 6. Single-point source passby curves.
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(e¢) 1is an important parameter that influences
sound energy build-up within walls. For example,
ALeq for partly sound-absorbing walls (¢ = 0.5) at
10 m apart is similar to ALgq for sound-reflective
walls (a = 0.05) at 50 m apart. The sound energy
build-up within walls can also influence sound
levels outside of them, or behind barrier walls or
retaining walls.

Experimental Results

To verify the mathematical model, two types of full-

sized experiments were conducted: (a) measurements’

of passby curves of single vehicles, and (b) mea-
surements of total highway traffic flow.

Comparison of Passby Curves of Single Vehicles

Passby curves of single vehicles were measured along
a relatively flat six-lane freeway (Highway 409) by
using two heavy diesel trucks. The trucks passed by
two adjacent receivers at a constant speed of 80
km/h; the first receiver was located within a rever-
beration field formed by two 6-m-high retaining
walls approximately 1500 m 1long, and the second
receiver was located in a free field with no re-
flecting surfaces, such as houses or parked vehi~
cles, within a 90-m radius. The retaining walls
were of untreated concrete with a coefficient of

abhsorntion {a) agtimated at 0.05 A schematic

uuuuu pticn (o)} estimated 0.05. A natic

diagram of the experimental setup, including a cross
section of the reverberant field, is shown in Figure
8.

Measured time histories for both free and rever-
berant fields are compared with calculated time
histories for a typical passby test in Figure 9.
The measured sound 1levels iIn this figure are dB(Aa)
levels; the calculated sound levels are for a fre-
quency of 500 Hz. The data in Figure 9 indicate
extremely close agreement between the measured and
calculated time histories, disregarding considerable
fluctuations of measured values. The fluctuations
are a result of ground interference, wall scatter-
ing, turbulence, and other factors that were not
included in the model.

In addition to the +time histories, which are
somewhat difficult to evaluate because of instanta-
neous fluctuations, maximum sound levels were also
evaluated. The average measured difference between
maximum sound levels emitted by the test trucks in
the reverberation and free fields was 4.8 dB(Aa).
The corresponding calculated difference was 3.3
dB(A).

Comparison of Total Traffic Flow

Experimental measurements of the total traffic flow
were conducted on the same site along a six-lane
freeway (see Fiqure 8), and on an additional site
along =an eight-lane freeway [Queen Elizabeth Way
(QEW)], by using a procedure similar to that used
for the single-vehicle measurements. The length of
the reverberation field at the QOEW site was approxi-
mately 400 m. Two microphones were used simulta-
neously--one located within a reverberation field
and the second in a free field. Traffic flow volume,
composition, and speed; pavement type; distance
between receiver and traffic lanes; and other fac-
tors were identical at both locations. Consequently,
the difference between the sound levels obtained at
the two locations could be attributed solely to the
effect of parallel reflecting walls.

Results were expressed by the highway traffic
noise descriptors Leqr IDig (sound 1level exceeded
L0 percent of the time), L5U‘ and L90' Results
for the six-lanc freeway are given in Table 1.
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The data in Table 1 indicate that noise descrip-~
tors related mainly to peak sound levels (Ljgp and
L.,) are not as affected by the reverberation
f?gld as noise descriptors related mainly to average
and background sound levels (L50 and Lgg, re-
spectively).

For example, the difference between the rever-
berant and free fields was about 3 dB(A) in terms of
L levels, whereas the corresponding difference
in” terms of Lgg levels was about 8 dB(A). 'This is
not surprising, considering the passby curves shown
in Figures 6 and 9. Por a single-vehicle passby,
the difference between sound levels in the rever-
berant and free fields increases with the distance

Figure 8. Schematic diagram of measurement setup, Highway 409.
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Note: Conditions are as follows: speed of test vehicle =
80 km/h; distance to closest approach, D = 24.7 m;
number of reflections accounted for, n = 15; coefficient
of atmospheric absorption, E = 0.001 772 dB/m; length
of raverberation field = 1500 m, and its width, w =34 m;
sound-absorption coefficient of walls, « = 0.05.

Table 1. Comparison of sound environment measured in reverberation and
free fields, Highway 409.

Sound Descriptor

Item Leg Lo Lso Loo

No. of measurements® 11 11 11 11

Avg difference between reverberation 3.07 4.44 6.74 8.32
field and free field [dB(A)]

Standard deviation of differences between 132 1.23 1.35 1:52

reverberatinn field and free field [dB(A)]

AAll measurements were 20 min in dutation on Highway 409,
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Figure 10. Comparison of d and calculated differences between
reverberant and free fields.
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between the source and the receiver. This tends to
affect background levels more than peak .levels.

The changes in the reverberant sound field cannot
be characterized only by an average increase in
sound levels. The time distribution of sound levels
is also changed because peaks and background levels
are increased at different rates. This is important
when considering a driver's perception of other
vehicles on the road. When the peak sound levels of
individual vehicles are increased, they may be per-
ceived by a driver as being closer than they actu-
ally are. However, the increase in the peak 1level
is masked by an even higher increase in the back-
ground levels. Thus the driver's hearing perception
of the distances between vehicles on the road is
affected. The actual perception of the driver de-
pends also on the sound levels emitted by the
driver's own vehicle, its sound insulation charac-
teristics, the density and composition of traffic
flow, and other variables.

The calculated and measured differences between
sound levels in the reverberant and free fields for
the two freeways are compared in Figure 10. The
comparison is in terms of Ly, levels. The measured
differences are lower than the calculated ones by
about 1 or 2 dB(A). Considering approximations and
assumptions used in the mathematical model, this is
quite a reasonable agreement. Discrepancies could
arise, for example, from a nonuniform directivity
pattern of highway vehicles, shielding by highway
vehicles, the reflection-scattering process, and
experimenal error.

CONCLUS IONS

The case of parallel highway noise barriers may
actually represent a typical case of barrier ar-
rangement because, at least in Ontario, noise-sensi-
tive land uses exist more often on both sides of
expressways rather than on a single side only.
Nevertheless, the effects of parallel barriers are
not as well understood as those of single barriers.
The following conclusions are drawn.

1. According to analytical results, the impact
of parallel barriers on the residential area can be
substantial and can result in higher sound levels
for a parallel barrier installation than for a free-

51

field situation. This is particularly pronounced in
the case of barriers situated on an acoustically
soft ground.

2. Field measurements revealed 1little effect
from parallel barriers. It was hypothesized that
the presence of large reflecting surfaces such as
houses (both before and after barrier construction)
can mask the degradation effect of erecting addi-
tional reflecting surfaces (i.e., barriers). This,
together with the influence of community noise
sources and weather-related factors, makes field
verification of the degradation effect difficult.

3. In the roadway area (within barrier walls), a
close agreement was obtained between predicted and
measured sound levels. Predictions were based on
geometrical acoustics that used image sources to
account for multiple reflections; these predictions
could be verified by field measurements.

4. Because the image-source theory provides
reliable results for the sound field within barrier
walls, it is postulated that it may also provide
reliable results when applied to the sound field
outside the walls in the residential area, where
verification by direct field measurements is dif-
ficult.

5. In the roadway area the background sound
levels are significantly increased because of multi-
ple reflections. This can affect the drivers' per-
ception of distances between vehicles on the road.

6. In view of the potential extent of parallel
barrier installations and their effects, research
should be continued, with emphasis on full-scale
testing.
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IMAGE-3: Computer-Aided Design for
Parallel Highway Noise Barriers

WILLIAM ROWLRY AND LOUIS F. COHN

Although most state transportation agencies in the United States have con-
structed traffic noise barriers on new or existing highways, little attention has
been given to the problem of multiple reflections between parallel barriers.
That is, when barriers are on both sides of a highway, each barrier degrades
the other’s performance, Therefore, the money spent on the noise-abatement
project may not bring the expected benefits that were sought. In other coun-
tries, especially in Japan, use of barriers with sound-absorptive faces to coun-
teract this problem is commonplace. Much of this other multiple-reflections
analysis and absorptive treatment design has been done through acoustic scale
modeling. This technique, when correctly used, is generally beyond the re-
sources of almost all U.S. transportation agencies. There has been no versa-
tile, easy-to-use, parallel barrier analysis and design tool for American de-
signers. The only currently available FHWA procedure, a nomograph, has
many constraints that limit its usefulness. Because of a need to consider
absorptive treatment for 1-440 in Nashville, Vanderbilt University has de-
veloped an algorithm and computer program called IMAGE-3 for the analysis
of parallel barriers. The algorithm combines the emission, propagation, and
diffraction components of the FHWA traffic noise prediction model with
geometrical acoustics for addressing the multiple-reflection phenomenon.
The program overcomes the constraints of the parallel barrier nomograph

and permits quick analysis of many situations, including different sound-
absorption schemes.

Nearly 200 miles of traffic noise barriers had been
constructed by state transportation agencies in the
United States as of the end of 1980 (l). This total
may well represent only a fraction of the total U.S.
barrier program, because in 1979 the FHWA estimated
that there were potentially more than 875 miles of
barrier projects on the Interstate highway system
(2). Much of the existing mileage and most of the
potential future mileage are in urban areas, where
noise barriers are often required on both sides of
the highway. (This will be referred to as a paral-
lel barrier situation.)

Theoretical and scale-modeling studies indicate
that the acoustic performance of each barrier can be
seriously degraded by the presence of the other
wall, to the point where no noise reduction occurs,
or the levels actually increase over the no-barrier
condition (3-7, and paper by Hajek elsewhere in this
Record). Simply put, multiple reflections reduce or
eliminate insertion loss.

If unaddressed this phenomenon can have serious
consequences on an agency's noise-abatement pro-

gram. First, scarce financial resources are being
improperly spent; each noise barrier will not reduce
community noise levels as anticipated. Second, the
agency will not be providing the degree of noise re-
duction promised to a community to meet federal reg-
ulations. [Note that abatement design criteria are
given by the FHWA (8).] As a result, the agency may
lose its credibility with the public. In addition,
agency decision makers may lose faith in noise bar-
riers as legitimate means for making highways com-—
patible with their environs.

The parallel barrier multiple-reflections problem
has received increasing recognition and study during
the past several years. The typically mentioned
method to minimize the multiple-reflection problem
is the treatment of one or both of the barrier sur-
faces facing the highway with sound-absorbing mate-
rial (4,7,9). However, only one American parallel
noise-barrier project has been constructed by using
such materials to .reduce the multiple-reflection
phenomenon (10). Other studies have suggested tilt-
ing barriers back by 10° to redirect reflection
(7,9).

There are several reasons for the general lack of
consideration of the parallel barrier problem na-
tionwide.

1. Most noise-barrier acoustical designs are
performed by using computer programs (l11-14). De-
spite recent FHWA emphasis on parallel barrier
analysis (7,15), none of these programs can cor-
rectly analyze such a situation. The only available
tool is a nomograph (7), which is severely limited
in its applicability to real-world design problems.

2. Most BAmerican noise-barrier designers were
trained through an early FHWA noise-fundamentals
course (16) that concentrated on single-wall analy-
sis and design. Even in an advanced training
course, first taught in late 1982, single-wall
analysis was emphasized (17). [Designers, however,
did receive a brief introduction to the parallel
barrier nomograph during workshops for the FHWA
demonstration project on highway noise analysis
(15) .1
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3. For many reasons, including heavy project
work loads, the designers often do not have the op-
portunity to evaluate the performance of in-place
barriers to observe firsthand the degradation prob-
lem of parallel barriers (l). Lacking this feedback
mechanism, the need to address the problem is often
not identified.

In addition, practice and results in other
countries are often contradictory; thus there is no
clear sense of direction given to U.S. designers.

1. Canadian modeling indicates that multiple re-
flections are significant (4,18), whereas Canadian
field measurements are inconclusive (19,20).

2. British field measurements indicate that mul-
tiple reflections have 1little effect on the noise
problem (21).

3. The Japan Highway Public Corporation devel-
oped a standard absorptive noise-barrier panel that
it has used on several hundred kilometers of paral-
lel Japanese noise barriers (22). But in the past
some Japanese researchers have not considered mul-
tiple reflections to be significant (note that these
data are from private correspondence between S. Hat-
tori of the Japan Highway Public Corporation and
L.F. Cohn, June 7, 1982). Others, however, defi-
nitely believe the phenomenon to be extremely im-
portant (4).

Thus many Amerjican designers have been in a
quandry, particularly noting the relatively Ilow
level of FHWA emphasis. Some are skeptical of the
existence of a problem because of the conflicting
data in the literature. Others, who are convinced
of the need for parallel barrier analysis and ab-
sorptive treatment design, do not have a flexible,
easily used analysis and design tool. Because most
future U.S. noise-barrier construction will be in
urban areas where parallel barriers may be needed
and because a significant amount of work indicates
that multiple reflections degrade performance, there
has been a clear need to develop an analysis and de-
sign tool, along with guidelines for its application.

The development of an algorithm for parallel bar-

rier analysis and absorptive treatment design is
described in this paper. Also discussed in this
paper is the implementation of the algorithm at

Vanderbilt University in a computer program called
IMAGE-3. 1Its use in an example problem is described.

PARALLEL BARRIER THEORY

There is currently only one published method in the
United States for multiple-reflection analysis for

Figure 1. Parallel barrier cross section
showing (a) actual source (S) ray
diffracting over near wall; (b} first
image source (11); and {c) second
image source {l5), which is an image
of image source 5.

53
highways—--the parallel barrier nomograph (7). This
nomograph, however, has several constraints that

limit its applicability as an analysis tool and vir-
tually preclude its use as a design tool:

1. Only one source type is used (heavy trucks),

2. The source is restricted to one position--at
the midpoint of the highway canyon,

3. The barriers are equal in height,

4. The absorption coefficients are assumed to
apply to the entire height of each wall,

5. The same absorption coefficient is assigned
to each wall, and

6. The use of the nomograph is time consuming
(another nomograph must initially be used to deter-
mine an input value, and subsequent graphs may be
required).

Despite these limitations, the theory behind the
parallel barrier nomograph is acoustically and math-
ematically correct. The nomograph was based on the
work of Pejaver and Shadley (6), who used geometri-
cal ray acoustics or image theory to describe the
multiple reflections between parallel walls. Image
theory has been previously used in acoustics to rep-
resent propagation in corridors (23), in rooms (24),
and in walled highways (3,18). Work by Maekawa (3),
Pejaver and Shadley (6), and Hajek (18) compare
scale-model results with image source calculations
in attempts to validate their modeling techniques.
All of the results indicate satisfactory agreement
between measurements and calculations for the lim-
ited cases studied. Nevertheless, it should be
noted that no well-documented field validation stud-
ies can be found in the literature.

The basic concept in geometrical acoustics, as
seen in a cross-sectional view, is shown in Figure
1. The path for the ray from the actual source,
which diffracts over the top of the near wall at a
diffraction angle of 65 to reach the receiver,
is shown in Fiqgure la. There is, however, a reflec-
tion of the sound from the source off the far wall
that travels back across the canyon between the two
walls and also diffracts over the near wall, as
shown in Figure 1lb. This ray has a diffraction
angle of 6;; it behaves as if it originated from
an imaginary source behind the far wall and as if
the far wall did not exist. If the wall is per-
fectly vertical, this imaginary source is located at
the same distance from the far wall (wy) and
height (Hg) above the ground as the real source.

Note, however, that its diffraction angle (el) is
smaller than that for the actual source (90), and
therefore the barrier attenuation for this image
source is lower. This is because the difference in
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Figure 2. Plan view of parallel barriers showing reflection along the canyon
for actual source (S) and first two images.
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the path length is related to the diffraction
angle. Thus the smaller diffraction angle for the
image source results in less diffraction attenuation
for the image when compared with the direct source.
Nevertheless, this smaller diffraction attenuation
is offset because the distance attenuation for the
image source is greater than for the direct source.

The location of the second image, which first
strikes the near wall and then the far wall before
diffracting over the near wall, is shown in Figure
lc. The actual number of images that theoretically
occur will range from zero to infinity, depending
on, among other parameters, source position and wall
heights.

Looking only at a cross secction shows but one
aspect of the multiple-reflections phenomenon.
Traffic noise is generated by a series of point
sources moving along a line, simulated as a line
source. As shown in Figure 2, the reflections from
a point source will travel down the canyon as well
as across it. Thus it is necessary for image
sources to be analyzed as line sources in the same
manner as the actual traffic source.

One further item needs to be considered in the
discussion of theory. Highway noise barriers are
not, typically, perfectly reflective. A percentage
of the energy of the incident ray is absorbed and
the rest is reflected. This characteristic of a
material is described by absorption coefficients
(a) in the different octave bands, or by an aver-
age of the absorption coefficients in four octave
bands, known as the noise reduction coefficient
(NRC). (Note that the octave bands are centered on
250, 500, 1,000, and 2,000 Hz.) The application is
that each time a ray strikes a wall, its intensity
is reduced by the multiplicand (1 - o¢), which is
known as the reflection coefficient.

There are several different types of absorption
coefficients. The type typically reported in ab-
sorptive material product literature is known as the
sabine absorption coefficient (agyn), which is
measured by a reverberation room standard test pro-
cedure (25). It represents an average of the ab-
sorption coefficients for rays striking the surface
at all possible angles. Use of this value assumes
that a is independent of the angle of incidence of
the incoming ray (6). A further assumption in this
work is that the reflections are specular; that is,
sound energy is not scattered on strikina the sur-
face (26).
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PARALLEL BARRIER ALGORITHM

The algorithm discussed in this paper was developed
to overcome the constraints that limit the useful-
..... cf the parallel baiiler womuyrapn as a design
tool; i.e.,

1. Any number of source roadways may be included
in each problem analysis,

2. Each source roadway may be located anywhere
within the canyon,

3. Analysis may be performed for up to three ve-
hicle types,

4. The height of each barrivr 1is independently
variable,

5. Each barrier may be divided into three hori-
zontal zones or sections of differing absorption
coefficients (two sections allow analysis of partly
absorptive walls, whereas three sections permit ap-
proximate analysis of a cross section that consists

6. Different absorption coefficients are allowed
for each section of each wall.

Use of the algorithm directly results in

1. The hourly Lg, with no barriers [note that
throughout this paper the term Loy is used to rep-
resent the hourly equivalent sound level, commonly
noted as L,,(h}],

2., The .Leq with a single wall between the
source and receiver,

3. The Lgy with both barriers, and

4. The increase in L, (i.e., the degradation
of the single-wall insertion loss) caused by the
presence of the far wall.

Constraints on the algorithm in its present form in-
clude the following:

l. The walls and roadway sources must be paral-
lel to each other and to the x-axis,

2. The elevations of the wall tops and the road-
ways must be constant (but not necessarily equal to
each other), and

3. Propagation is based on a 3-4B reduction in

the Leq per doubling of distance (i.e., an acous-
tically hard site).

This latter constraint is consistent with STAMINA
2.0, which also uses a 3-dB rate on acoustically
soft sites when barrier attenuation exceeds the ex-
cess ground attenuation (ll). This condition will
generally apply to most receivers for which barriers
are being designed because they are generally near
the highway, with a low value for excess ground at-
tenuation.

In addition to these constraints, no accomodation
has been made for reflections off the ground within
the canyon. Although Maekawa (3) has included three
ground-reflection images in his calculations,
Pejaver and Shadley (6) and Hajek (18) exclude
ground reflections. Scale-modeling validation stud-
ies by each of these researchers appear to indicate
that ground reflections are not significant; the
question, however, warrants additional investigation.

As stated previously, the algorithm considers
noise contributions to receptors outside the highway
canyon from three types of vehicular noise sources
(automobiles, medium trucks, and heavy trucks)
traveling along a line within the canyon. It incor-
porates the basic emission, propagation, and dif-
fraction algorithms in the FHWA highway traffic
noise prediction model (27), thus permitting use on
Federal-Aid highway project designs (8)}. In addi-
tion, it wuses geometrical acoustics to generate
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image sources and absorption coefficients to reduce
the intensity of each reflection.

The final form of the algorithm represents a re-
statement (for computational ease) of the basic
equation of the FHWA model (27) with a term added
for absorption. Thus the expression for the Lg
contribution at a receiver from the ith image source
[(La )4} for a particular vehicle type on a
roadway is

(Leg)i = 1010g§ 0.4735 [(V-09)/(S+d))] [10T0IE/10]
(2 0=l )

where

V = hourly volume of this vehicle type
(vehicles/hr) ;

A¢ = angle (in radians) at the receiver sub-
tended by the endpoints of the image road-
way; if A¢ is in degrees, the coefficient
0.4735 would be 0.008264;

S = travel speed of the vehicles (mph);

d; = normal distance from the receiver to the
ith image roadway (ft):

(T;)E = reference energy mean emission level for
this vehicle type (dB), as presented in
the FHWA model (27);

= absorption coefficient to be applied to
the jth reflection for the ith image
source; and

Ag = barqier attenuation for the ith image

roadway (dB), again as presented in detail
in the FHWA model (27).

3

m
Note that the product expression [ T (1 - uJ)] in-
j=1
dicates that the intensity of the image source is
reduced by the factor (1 - aq ) for each reflec-
tion that occurs in the propagat1on of the sound of
this image (for j ranging from 1 to m). 1In this ex~-
pression it is not stated that a3 will assume
one of up to six values (two walls times three sec-
tions per wall), depending on where the jth reflec-
tion occurs (which section of which wall).

Also of interest in examining Equation 1 is the
method for determining dj (i.e., for locating the
image source). Referring to Figure 1, the distance
to the image is a function of the actual source-
receiver distance, the width of the canyon, the lo-
cation of the source within the canyon, and the wall
off which the sound first reflects. Basically,

w, ifiis odd (2)

di = dpe +ilw) +wy) + —
wy ifiiseven

where

dy, = distance from the receiver to the near wall;

wy = distance from the source to the near wall;

distance®from the source to the far wall;

and

i = sequential number of this image, where i = 0
is the direct source, i = 1 is the first im-
age, and so on.

Once all of the image contributions have been
computed for a particular vehicle type, the total
Leq is computed as follows:

3
10(Leq)direct /10 | {7' [10(Leq)i/10] ®

i=1

(Leq)!otal =10log
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where (Le )direct is the L, contribution from
the actua source, and (Leqji is the Leq con—
tribution from the ith image.

In a similar manner, vehicle type Lg values
are combined to determine the roadway Lgg contri-
butions, which are, in turn, combined to %etermlne
the total Leq at the receiver.

IMAGE-3

The algorithm has been programmed in FORTRAN for the
Vanderbilt Computer Center DEC system 1099 computer
to permit calculation of the multiple-reflection and
sound-absorption effects. The IMAGE-3 program has
the following features:

1. Use of Cartesian coordinates;

2, Up to six roadways may be specified per run;

3. Up to five receivers (on one or both sides of
the canyon) may be specified per run;

4, The option of . interactive or batch data input
and file creation;

5. Capability to print out formatted input data,
detailed results, and summary results;

6. Capability to print out intermediate calcula—
tions (e.g., contributions to the Leq from each
image); and

7. Easy file editing for reruns of problem data.

Barrier attenuation 1is addressed in the same
manner as presented in the FHWA model (27). That
is, a path length difference (5,) 1is first cal-
culated along the normal between the receiver and
the line source. Then the attenuation for the en-
tire lipe source is found by numerical integration
across the angle at the receiver between line end-
points by using the following approximation:

§=68, cos ¢ “

where 6§ is the path length difference at any angle
off the normal line (¢).

The program currently does not compute sound-
level contributions from beyond the ends of a bar-
rier canyon. If a receiver under study is near the
end of a barrier canyon, this flanking contribution
may be easily calculated by using one of the stan-
dard methods for the FHWA model (11,12,27).

During execution, the program first computes the
no-barrier and single-wall hourly L., values for a
given octave band [or overall dB(A)] ?or a given ve-
hicle type on a given road for a given receiver. It
then locates the first image and determines if it
diffracts over the near wall and if it strikes the
far wall. A case where the ray misses the far wall
is shown in Figure 3. The program next computes the
unabsorbed, or fully reflective, contribution from
this image to the total sound intensity at the re-
ceiver, determines the absorption zone on the far
wall in which the reflection occurs, and reduces the
source intensity accordingly. The program repeats
these steps for the second image, with the addi-
tional step of determining the absorption zone on
the near wall for the first bounce (see Figure lc
for an illustration of this image). This process
continues for additional images until the cumulative
Leq increases by less than 0.1 dB or until the
image does not strike the far wall on one of its
bounces (as shown in Figure 3b).

After completion of the calculations for all ve-
hicle types, roads, and receivers, the program pre-
pares the output reports, which will be described in
the section on Data Output.
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Figure 3. Example of far wall being too short to produce images, where (a)
only the actual source (S) contributes to level at R, and (b) only the actual
source and |4 contribute to level at R.

{a)

Figure 4. Three Z-coordinates are needed for each barrier to indicate the
alevations of the tops of each barrier section.

Z
N

IMAGE-3 DATA INPUT

Data input is fairly straightforward. Preprinted
worksheets permit the needed information to be col-
lected before the computer terminal is used. In ad-
dition, the user can choose to have the program in-
teractively request the data items to help ensure
correct data input. The data items fall into five
categories.

1. File names: If the user is interactively en-
tering data, the program can be asked to create a
file to store this input data. This file must be
given a name, such as INPUT.DAT, for future access.
If the user has already created an input file, the
program will ask for the name of the file so its
data can be read. The program also requests a name
for the output file, which is the file it creates
containing the results of the computer run; an ex-
ample is OUTPUT.DAT. .

2. Problem title: The user may provide a one-
line description of the problem for easy future
reference and identification of the results report.

3. Barrier data: Three types of barrier data
are needed for each of the two barriers in each
problem: a title, geometric data, and absorption
data. The title, again, is a one-line description
of the barrier for clear identification on the re-
sults report. The geometric data includes the x-
and y-coordinates of each barrier endpoint and the
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z-coordinates of the top of each horizontal section
on the barrier. As shown in Figure 4, three
z-coordinates are needed to define the tops of the
lowei, miadie, aind uppei seclLions of the wall. Also
shown in Figure 4 is that the barriers need to be
parallel to the x-axis. The absorption data in-
cludes, at a minimum, the NRC for each wall sec-
tion. If octave band analysis is desired, absorp-
tion coefficients in the 250-, 500-, 1,000-, and
2,000-Hz bands are also needed.

4. Roadway data: Three types of roadway data
are needed--a title, geometric data, and traffic
data. Again the title providec a deooription of the
output. The geometric data consist of the x-, y-.
and z-coordinates of each endpoint of each road.
Roads must be parallel to the x-axis and of constant
(but not necessarily equal) elevation. The traffic
data consist of the average speed for all vehicles
and the hourly volumes of automobiles, medium

v lr e~ and haawer Erivalbe
TIruCHo, and nltavy TrulssS.

o

5. Receiver data: Required for each receiver
are a title; the receiver's x-, y-, and z-coordi-
nates; and an indication as to which barrier it is
closer.

The interactive data input for a simple one-road,
one-receiver problem is shown in Figure 5. User
responses to IMAGE-3 requests are underlined. The
input file subsequently created from these data is

shown in Figure 6.

DATA OUTPUT

At the completion of its calculations, the program
writes the results to an output file that the user
can display on a terminal or have printed at the
computer center.

The output consists of three parts:. (a) for-
matted input data; (b) levels at each receiver for
the no-barrier, single-wall, and multiple-reflec-
tions cases (all assuming a 3-dB drop-off rate); and
(c) incremental contributions from each image to the
total level at a receiver for the multiple-~reflec-
tions case.

The program output for the simple problem illus-
trated in Figures 5 and 6 is shown in Figure 7. The
formatted input data is shown in Figure 7a, and the
levels at the receiver for each case are shown in
Figure 7b. The upper portion of Figure 7b shows the
summary of the totals at each receiver; the column
labeled INCR represents the difference between the
single- and double-wall cases. The lower portion of
the figure gives the contributions at each receiver
from each roadway (the TL line in the VT column) and
each vehicle type on each roadway (the AU, MT, and
HT lines in the VT column).

The image contributions for each roadway are
shown in Fiqure 7c¢; for clarity, only the automobile
contributions are shown. REC and RD are the sequen-
tial receiver and road numbers assigned by the pro-
gram; I is the image number, where zero represents
the direct ray. LEQI is the Leq(h) contribution
from the ith image, and LEQT is the cumulative
Leq(h) for this vehicle type one this road (the
logarithmic sum of the LEQI values). ZRAY is the
elevation of the last bounce off the €far wall for
each image before the ray returns to the near wall
to be diffracted. A value of 0.00 is assigned for
the zero-th image because the direct ray does not
reflect off the far wall. No additional images are
created when, for all vehicle types, LEQT changes by
less than 0.1 dB or ZRAY exceeds the top elevation
of the far wall.

'XAMPT.E PRORT.EM

A problem taken from the absorptive noise-barrier

[N
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Figure 5. Sample interactive data +RUN IMAGE3
input.

IS THE INFUT TO IMAGE FROM A DATA FILE (ENTER [OSK?)
OR FROM THE TERMINAL (ENTER TTY!) 7 TTY:

[0 YOU WANT TO STOKE THE INFUT DATA IN A FILE? (Y=YES:N=NO)
Y

ENTER THE NAME OF THIS FILE#

MAX1MUM OF 10 (6.3) CHARACTERSy DEFAULT = INF,FEI $: INFUT.DAT

ENTER FROEBLEM TITLE:

SAMFLE INTERACTIVE INFUT FOR IMAGE3

ENTER TITLE FOR BARRIER § 1

BARKK1! NEAF WALL

FOR BARRIER & 1

ENTER X(FT 1)y X(FT 2)s» Y» Z(LOWER)» Z(MIDDOLE)» Z(TOF)

-1000 1000 0 15 15 15

ENTER TITLE FOR BARRIER # 2

BARR 2: FAR WALL

FOR BARRIER # 2

ENTER X(FT 1)r X(PT 2)y» Yy Z(LOWER)» Z(MIDDLE),» Z(TOF)

-1000 1000 100 12 12 12

ENTER 1 FOR DEA ANALYSIS ONLY#: S FOR DRA AND 250y S00s 1000 & 2000 HZ
1

ENTER NRC FOR BARRIER & 1» SECTION % 1

(SECTION: 1=ROTTOM, 2=MIDDLE, 3=TOF)

.05

ENTER NRC FOR HARRIER # 1, SECTION # 2

(SECTION! 1=ROTTOM,» 2=MIDDLEs, 3=TOF)

£05

ENTER NRC FOR BARRIER % 1, SECTION # 3

(SECTION?! 1=HOTTOM,» 2=MIDDOLEs 3=TOF)

.08

ENTER NRC FOR EBARRIER % 2, SECTION $ 1

(SECTION! 1=ROTTOM,» 2=MIDLDLE, 3=TOF)
L0%

ENTER NRC FOR BARRIER # 2, SECTION %
(SECTION: 1=HDTTOM, 2=MIDOLE, 3=TOF)
+05

ENTER NRC FOR BARRIER $ 2, SECTION & 3
(SECTION: 1=HOTTOM, 2=MIDDLE, 3=TOF)
65

ENTER NUMEER OF RODADIWAYS (MAX=6é)
1

[

ENTER TITLE FOR ROAD # 1

ROADIl IN CENTER OF CANYON

FOR ROAD # 1

ENTER X(FOINT 1)r X(POINT 2)s Y(ROTH POINTS) AND Z(ROTH POINTS)

—-1000 1000 50 O

ENTER SFEEL ANDl HOURLY VOLUMES OF AUTOS» MED. TRKS. AND HVY. TRKS. FOR
ROADI & 1

S5 1111 222 33

ENTER NUMBER OF RECEIVERS (MAX=5)

1

ENTER TITLE FOR RECEIVER # 1

VANDIY

ENTER XsYsZ FOR RECEIVER & 1

=100 -100 §

WHICH BARRIER IS CLOSEST TO RECEIVER 4 17 (ENTER 1 OR 2)

i
[0 YOU WANT PROGRAM TD USE 0.1 DE CUT-OFF? 1=YES 2=NO
1

ENTER NAME FOR DUTFUT FILES
MAXIMUH OF 10 (6.3) CHARACTERS» DEFAULT = OUT.FBO : OUTPUT.DAT

Figure 6. Sample input data file. +TYFE INFUT,DAT

SAMPLE INTERACTIVE INFUT FOR IMAGE3
BAlK1 L NEAR WAL
-1000,000s 1000,000r 0,0000000r 1%5,00000s 15,00000r 15.00000
BARR 21 FAR WALL
~1000,000y 1000,000, 100.0000s 12.,00000s 12,00000r 12.00000
)
5+ 000000E--02
& YOQK -0

S 0O00000E-02
e 0000UN0E-02

IN CENTER OF CANYORN
100G, 000 10A0Q,000 2.00000y 0,0000000
H9.00000r 1111.000, 222,0000y 33.00000
1
VANLY
-130.0000y -100,0000y $.000000
1
1
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Figure 7. Sample output file.

Figure 8. Plan view and cross
section for example problem.
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(a) IMAGE-3

FROM FARALLEL HIGHWAY NDISE BHARR1ERS
VANDERBILT UNIVERSITYs BEFT. 1982, VERSION NO. 3.08

\Ptoblem Title

BARRIER FOINT X Y Z-BOT Z=HID Z-ToF
1 -1000.0 0.0 15.0 15.0 15.0
2 1000.0 0.0 15.0 15.0 15.0
1 =1000.0 100.0 12.0 12.0 12.0
2 1000.0 100.0 12.0 12.0 12.0

SAMFLE INTERACTIVE INFUT FOR IMAGE3

BARRIERS S
HARR1! NEAR WALL
BARK 2% FAR WALL

PP+

A FORTRAN FROGRAM FOR STUDYING MULTIFLE REFLECTIONS AND ARSORFTION

ARSOKFTION COEFFICIENTS: BARRIER SECTION NRC 250 $S00 1000 2000

1 1 0.05 0,00 0.00 0.00 0.00
1 2 0405 0,00 0.00 0,00 0.00
1 3 0.05 0,00 0,00 0.00 0.00
2 1 0,05 0.00 0,00 0,00 0.00
2 2 0.05 0.00 0,00 0.00 0.00
2 3 0.0% 0.00 0.00 0.00 0.00
ROADS ¢
ROAI' IN CENTER OF CANYON
ROAD  FODINT X ¥ z SPD.  OCARS  OMT oHT
1 1 -1000.0 50,0 0.0 55, 1111, 222, 33,
1 2 1000,0 50,0 0.0 S5. 1111, 222, 33.
RECEIVERS!
VANDY
RECEIVER X Y Z
1 -100. -100. 54
{b) ¥kk FARALLEL PARRIER ANALYSIS RESULTS %%x
SaMPLE IMTERACTIVE INFUT FOR IMAGEX q=}=-\\
TOTALS: Problem Title
REC. LEQ (DBA)
ND BAKR  ONE WALL MUL.REFL.  INCR.
1 70.5 57.4 61.5 4.2
RECEIVER?: 1
KD VT LEQ (DBA) ¢ REFL.
NO BARR ONE WALL MUL.REFL.  INCK.
1T 70.5 57.4 81,5 4.2
1 AU 84.3 49.6 55.2 ]
1 MT 48,0 54.2 59.0 3
1 HT 63.6 52,7 54,9 1
{e} AUTOMOFILES
REC RD I LERI LEQGT  2ZRAY
1 1 0 49.64 49.64 0.00
1 1 1 49.47 52,57 5.00
1 1 2 48.17 53.92 9.00
1 1 3 46.84 54,69 10.7%1
1 1 4 45.58 S55.20 11.67
7
o] [m] a
D ANL ANQ, L AN1.2 AN1.3
. |
Barrier B702
1-440 Westbound
e - ——— . — — -_ - - — — —t—— — —
STA 24 STA 370400
I1-440 Easthound
Barrier B701
O asl O ASl.2
%J AS1.1
At

Plan View of Project Area (Above)

AN1.1 B702 : B701

Crogs-section at A-A'(Below)

ASL.1 Ilo ft.
o

Bl E
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analysis on I-440 in Nashville is used to illustrate
program use. The plan and cross-section views of
the analysis area are shown in Figure 8. In a typi-
cal study the analyst would work with plots created
by the Vanderbilt VUPLOT graphics package, which was
developed to plot STAMINA 2.0 data (28). Note that
at this site houses are on both sides of the high-
way, which is on fill, and that the noise barriers
are just off each outside shoulder. The two bar-
riers being analyzed, labeled B701 and B702, are on
the south and north sides of I-440. This section of
the barriers runs from station 321400 to station
334+00. B701 was designed to be 10 ft high by using
STAMINA 2.0/0PTIMA, and B702 was designed to be 11
ft high. Two receivers--ASl.l and ANl.l--were
chosen for the analysis.

The results of two computer runs -are presented
for this problem. The first run is for the fully
reflective case [using an NRC of 0.05 for both
walls, which is typical of concrete (7)]; the second
run is for an absorptive case that uses an NRC of
0.65 for B701, while leaving the NRC of B702 at
0.05. For the example problem, each direction of
I-440 was modeled as a separate roadway. The re-
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sults of the cases are summarized in Table 1, and
the IMAGE-3 input and output data for each case are
shown in Figures 9-12.

Referring to the data in Table 1, note the col-
umns under OPTIMA. The Le (h) and insertion loss
(IL) values resulted from a smgle—wall optimization
that used the OPTIMA program where the design goal
was to reduce levels below 67 dB(A) while trying to
achieve a S5 dB(A) insertion loss without pushing
costs too high.

The next three columns represent the results of
the fully reflective parallel barrier case. The
multiple reflection increases are 3.9 and 4.7 dB(A)
for each receiver. When added to the OPTIMA Legg
values, they give new Lg, values of 67.1 and 69.4,
and reduce the IL values to 0.4 and 0.0 dB(A).

The last three columns give the results of fully
absorbing B701 with an NRC of 0.65. The multiple-
reflection degradations were reduced to 2.7 and 1.6
dB(A) for each receiver. For receiver ANl.l the
absorption changed the degradation by 3.1 4B(A), but
for receiver ASl.1 the change was only 1.2 dB(A).
This difference makes sense intuitively because the
absorptive wall (B701) is the far wall for receiver
ANl.l, whereas it is the near wall for ASl.l. Ex-

Table 1. Results for example problem.
Noise Level [dB(A)]

IMAGE-3, Barrier B701,

OPTIMA®? IMAGE-3, Reflective Absorptive
Receiver Leg IL INCR Leq 1L INCR Leg IL
AS1.] 63.2 4.3 3.9 67.1 0.4 2.7 65.9 1.6
ANI.1 64.7 4.7 4.7 69.4 0.0 1.6 66.3 3.1

3These values are not part of the IMAGE-3 results. They were obtained from the OPTIMA program by using a
4.5-dB(A) drop-off rate for the no-barrier situation.

Figure 9. Input data for example prob-
lem: both walls reflective.

IMAGE-3

A FORTRAN PROGRAM FOR STUDYING MULTIFLE REFLECTIONS ANL ABSORFFIDN

FROM PARALLEL HIGHWAY NOISE BARRIERS

VANDERBILT UNIVERSITY»

SEFT. 1982y VERSION NO. 3.08

EXAMFLE PROBLEM WITH BOTH BARRIERS FULLY REFLECTIVE (NRC=0.0%)

HARRIERS$
BARRIER B701%

BARRIER FOINT X
1 1 2400.0
1 2 3700.0
2 1 2400.0
2 2 3700.0

ABSORFTION COEFFICIENTS

ROADS ¢
RI-18 EASTEOUND I-440
RD-2¢ WESTBOUND I-440
KOAIl FOINT X
1 1 2400.,0
1 2 3700.0
2 1 2400.0
2 2 3700.0
RECEIVERS!

.
D

HEIGHT FROM STA 32%1 TO 334
BARRIER B702! ON NORTH SIDE# HEIGHT IS 10

b ¢

1

1

B

¥

1
1

IS 11 FT.
FT.
Z-BOT Z-MID Z-TOF
0.0 $11.0 511.0 522.0
0.0 S11.0 S11.0 922.0
60,0 511.0 S5i1.0 521.,0
60,0 S11.0 S11.0 921.0
ARRIER SECTION NRC 250 500 1000 2000
1 1 0,05 0.00 0.00 0.00 0.00
1 2 0,05 0.00 0,00 0.00 0,00
1 3 0,05 0,00 0,00 0.00 0.00
2 1 0,05 0,00 0.00 0,00 0.00
2 2 0.05 0.00 0,00 0,00 0,00
2 3 0,05 0,00 0.00 0,00 0,00
z SFI. #CARS #MT $H1
40,0 510.,0 55, 3332, 186, 186,
40.0 510.0 S5, 3332, 184, 184,
20,0 511.0 S5. 3332, 186, 186,
20.0 S11.0 95. 3332, 186. 186,

AS1.1% ON THE SOUTH SIDE NEAR BARRIER K701

AN1.1! ON THE NORTH SIDE NEAR RARRIER E702
RECEIVER X Y V4

1 2820, -230. 510,

2 2870, 370. 515,
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Figure 10. Output for example problem: both walls reflective.

*&k¥ PARALLEL PARRIER ANALYSIS RESULTS %%¥ AUTOMOBILES
- LEQI LEQT IRAY

50.76 50.76 0.00
$1.07 S53.93 S515.14
50.14 55.44 516.67

2
a
-

EXAMFLE FROBLEM WITH KOTH BARKIERS FULLY REFLECTIVE (NRC=0.03)

EC R 1

1 1 ]

1 1 1

T0TALS: 11 2
REC. LEG (DEA) 1 1 3 47.B7 S6.14 5168.80
NO BARR ONE WALL MUL.REFL. INCR. 1 1 4 47.03 56.65 519.18
1 73.0 43.0 67.0 3.9 1 1 S5 45.14 56.94 519.91
> 7.6 4.6 9.3 4.7 1 1 & 44,42 57.18 520.08
11 7 42.95 57.34 520.45
1 1 B8 42,22 57.47 520.59%
RECEIVER! 1 1 1 9 40.8B6 57.56 520.77
1 2 0 52.49 52.69 0.00
RD VT LEG (DBA) & REFL. 1 2 1 52.04 55.39 513.20
ND BARR ONE WALL MUL.REFL. INCR. 1 2 2 49.61 9S6.41 518.00
1 2 3 48.68 57.08 518.62
1 TL 70.7 59.9 63.9 4.0 1 2 4 46.56 57.45 519.48
1 AU 65.6 50.8 57.6 20 1 2 5 45.78 57.74 519.90
1 MY 637 50,3 56.2 ] 1 2 & 44,04 $57.92 520.37
I HT 67:6 58.8 b61.6 3 1 2 7 43.36 SB.07 520.48
1 2 8 41.89 S8.17 520.74
2 Tl 691 60.1 64.0 3.9 1 2 9 41.29 358.26 520.81

2 AU 64.0 S52.7 S5B8.3 20
2 MY 62,41 51.8 56.8 2 N BN S S )
2 HT &641 SH.4 61,3 2 < 1 v D370 D3 /D V. V0
2 1 1 S53.37 56.57 512.20
2 1 2 51.38 57.72 517.00
RECEIVER: 2 2 1 3 50.55 58.48 517.62
2 1 4 4B.64 58.91 510.68
RII VT LEQ (I'pA) ¢ REFL. 2 1 5 47,90 59.24 518,90
NO BARF ONE WALL MUL.REFL. INCR. 2 1 6 46,28 59.46 519.37
2 1 7 45.44 59.43 519.48
1 TL 68.7 61.0 66.1 S.1 2 1 B 44.24 359.76 S19.74
1 AU 63.4 53.7 5%9.9 20 2 1 ? 43.65 59.86 519.81
1 HT 61.7 52.9 %8.9 20 2 1 10 42.42 59.94 519.98
1 HT 65.6 59.2 63.8 20 2 2 0 352.56 52.56 0.00
2 2 1 $3.09 55.84 515.2%
2 L /0.3 62.0 66.4 4.4 zZ2 z 2 DZ.21 D7.41 D16.26
Z AU 65.2 52.6 59.8 20 2 2 3 30.09 568.i4 5i6.33
2 M1 63.3 52.3 58.4 20 2 2 4 49.29 5B.48 518.6%
2 HY 67.3 61.0 64,4 20 2 2 S5 47.51 59.00 519.26
2 2 6 46.81 $59.25 519.40
2 2 7 45.30 59.42 519.71
-

Note that #REFL currently whows the# of possible reflections, not the ;‘: 5 g :;:g: :;::; ::::;;
number at which the 0.1 dB LEQT increment cut-off causes calculations 2 2 10 42.80 59.76 520.02

to stop.

Figure 11. Input data for example problem: barrier B701 absorptive.

IMAGE-3
A FORTRAN FROGKAM FOR STUDYING MULTIFLE REFLECTIONS AND AHRSORFTION
FROM PARALLEL HIGHWAY NOISE HARRIERS
VANDEREILT UNIVERSITY, SEFT., 1982y VERSION NO., 3.08

FROGLEM WITH BARRIER R701 FULLY ARSORFTIVE (NRC=0.65).

R B701: HE1GHT FROM STA 321 70 334 IS 11 FT,
RARRIER E702: DN NORTH SIDEs HEIGHT IS 10 FT.

BEARKIER FOINT X Y Z-ROT Z-MID
1 h| 2400.0 0.0 511.0 511.0
1 2 3700.0 0.0 511.0 511.0
2 i 24006.0 160,06 S11.0 511.0
2 2 3/00.0 1460.0 S11.0 S11.0

ABGORFTION COEFFICLIENTS: RARRIER  SECTION NRC 250 500 1000 2000

1 1 0.65 0,00 0,00 0.00 0,00
1 2 0.45 0.00 0,00 0.00 0,00
1 3 0.465 0,00 0,00 0,00 0,00
2 1 0.05 0,00 0,00 0,00 0,00
@ 2 0,05 0.00 0,00 0.00 0,00
2 3 0,05 0,00 0,00 0.00 0,00
ROADG ¢
tir-1% EASTEOUND 1-440
RU-20 WESTROUNI I-440
RO@ POINT % Y 2 SFL, #CARS M1 #H1
1 1 2400,0 40,0  510.0 55. 3332, 186, 1B4 .
1 2 3700.,0 40,0  510.,0 55, 3332, 186, 186,
2 1 2400.0 120.0  S11.0 55, 3332, 186, 186,
2 po 3700.0  120.0  511,0 55. 3332, 186, 184,

] THE SOUTH SIDE NEAR BARRIER R701
ANT.1% ON THE NORTH SIDE NEAKR BARRIER E702

RECE LVER X ¥ v
1 2020, =230, H10.
2 2870, 370. G1%,

I E
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Figure 12. Output for example =
problem: barrier B701 %% FARALLEL BARRIER ANALYSIS RESULTS %% AUTOMORILES
absorptive. REC R I L
B EXAHFLE PROELEM WITH BARKIER E701 FULLY ARSORFTIVE (NKC=0.45). 1 1 0 50?3; stfgl gfg;
) 1 1 1 51.07 53.93 S15.14
TOTALS: 1 1 2 45.B0 S4.55 S516.67
REC. LEQ (DPA) 1 1 3 43,53 54,88 518.80
NO BARR  ONE WALL MUL.REFL.  INCR. 1 1 4 38.35 54.98 519.18
1 73.0 63.0 65.7 2.7 1 2 0 52.69 52.69 0,00
2 72.6 64.6 46.2 1.6 1 2 1 52,04 55.39 513,20
1 2 2 45.27 55.79 518.00
1 2 3 44.34 56.09 518.62
RECEIVER: 1 1 2 4 37.B9 56.16 519.68
KD VT LEQ (DEA) & REFL.
NO BARR ONE WALL MUL.REFL. INCR. 2 1 0 53.75 %3.75 0.00
2 1 1 49.03 55.0% 512,20
17 70.7 59.9 82.5 2.6 2 1 2 47.04 S55.45 517.00
1 AU 65.6 50,8 55.0 20 2 1 3 41.87 55.83 517.62
1 MT 63.7 50.3 54,0 20 2 1 4 39.96 S5.94 518.48
1 HT 67.6 58.8 60.9 3 2 1 5 34.89 55.98 518.90
2 2 0 52,5 32.56 0,00
2T 69,1 60.1 2.9 2.8 2 2 1 48.76 54.07 515.29
2 AU 64.0 52.7 S56.2 20 2 2 2 47.87 55.00 516.56
2 MT 62,1 51.8 55.1 20 2 2 3 41.41 55.19 518,33
2 WY 66.1 56.4 60.9 2 2 2 4 40.62 55.34 518.65
2 2 5 34,50 55.37 519.26
RECEIVER: 2
RD VT LER (DEA) @ REFL.
NO BAKR ONE WALL MUL.REFL.  INCR.
1TL 48.7 61.0 62,8 1.8
1 au 63.6 53.7 56.0 20
1 NT 61,7 52,9 54.9 20
1 HT 85.6 59.2 60.9 20
2T 70.3 62.0 43.5 1.4
2 av 45,2 s2.6 55.4 20
2 uY 63.3 52.3 54,6 20
2 HT 67.3 61,0 62.0 20

amination of the image contributions portion of the
output in Figure 12 confirms this intuitive judg-
ment: for REC 1 (AS1.1), the first images (I=1) for
each road are off the reflective far wall; thus they
have high LEQI values. However, for REC 2 (ANl.1l),
the first (and subsequent) images have LEQI values
substantially attenuated compared with LEQI for the
actual source (I=0).

MODEL VALIDATION

IMAGE-3 has been tested against several other pub-
lished methods, and its results have been compared
with other published data with satisfactory re-
sults. The no-barrier and single-wall calculations
agree within 0.1 dB(A) of those from the FHWA
STAMINA 2.0 and SNAP 1.1 prediction programs (11,12).

The multiple-reflections algorithm has been
checked against example problems by using the FHWA
parallel barrier nomograph (7) with excellent agree-
ment. Of course, the nomograph requires the walls
to be of equal height and hence does not permit
checking of several of the geometric features of
IMAGE-3, These were checked by hand calculation.

IMAGE-3 was also compared with Menge's scale-
modeling work on the Baltimore Harbor Tunnel Thruway
(5) with satisfactory results. (Note that IMAGE-3
does not simulate the barriers on the cross streets
passing over depressed roadways that Menge included
in his scale-model study.)

APPLICATIONS

This algorithm and the IMAGE-3 program were specifi-
cally developed as real-world applications tools.
As stated earlier, no flexible method, other than
scale modeling, exists for analyzing situations with
parallel barriers and designing absorptive treat-
ments.

.The direct application of this work will be for
noise-barrier designs on urban highways. At Vander-

bilt University several parallel barrier situations
proposed on I-440 are being studied. The extent of
the multiple-reflections problems are being quanti-
fied, and alternative designs to overcome the prob-
lems are being examined. These alternatives include
increasing the height of one or both walls, treating
sections of one or both walls with absorptive mate-
rial, or both. The cost of each alternative is also
considered. The most cost-effective alternative
will then be incorporated into the abatement design.

Parallel barrier analysis and absorptive treat-
ment design are interactive processes between the
FHWA STAMINA 2.0 and OPTIMA programs (11) and
IMAGE-3. This process 1involves several steps.
First, single-wall heights on each side of the high-
way are determined and optimized by using STAMINA
2.0 and OPTIMA. Then these single-wall geometries
are input to IMAGE-3 to determine multiple-reflec-
tion degradations in single-wall performance.

At this point two directions may . be taken.
First, OPTIMA can be rerun to reoptimize single-wall
heights to account for the degradation and to obtain
revised cost estimates. The new wall heights may
then be input to IMAGE-3 to determine the new effect
on receiver sound levels. This process may be con-
tinued until the original design levels are met at
each receiver. At this point the total cost of this
increased wall height alternative is available from
the OPTIMA runs.

The second direction involves analyzing the ap-
plication of different commercially available sound-
absorption systems to one or both walls. The sound-
absorption coefficient data on these products are
entered into IMAGE-3 to determine the effect of each
system on receiver levels. By varying the extent of
coverage and type of material, several different
paths to achieving the original design goals may be
reached. System costs may be determined and then
compared with each other and with the extra height
alternative. The most cost-efficient solution may
then be chosen.
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SUMMARY

Multiple reflections between parallel highway noise
barriers, an area of previous neglect in the United
States, has been the subject of increased interest
during the past several vyears. However, the only
available tool to U.S. designers--the FHWA parallel
barrier nomograph--is time consuming and limited in
usefulness as a real-world design aid.

To overcome the limitations, and because of a
need to analyze parallel barrier situations on
I-440, Vanderbilt University has developed IMAGE-3.
This computer program combines the basic sound emis-
sion, propagation, and diffraction algorithms of the
FHWA traffic noise prediction model with a multiple~
reflections algorithm based on geometrical acous=
tics. The program permits analysis of a wide
variety of nonsymmetrical parallel barrier cross
sections and allows testing of full and partial

mmirm A abmn i § e b Avwo d Lbhn Jomfmm vemmnma
SOUNG—aosSCIprilii SThemes quriing cae uc;u.\,u PrOCTSSS e

REFERENCES

1. L.F. Cohn. Highway Noise Barriers. NCHRP,
Synthesis of Highway Practice 87, Dec. 1981, 81
pPp.

2. W. Bowlby. Traffic Noise Barriers in the
United States. ©Proc., 1982 International Con-
ference on Noise Control Engineering, Pough-
keepsie, N.Y., 1982, pp. 575-578.

3. 7. Maekawa. Shielding Highway Noise. Noise
Control Engineering, Vol. 9, No. 1, July-Aug.
1977, pp. 38-44.

4. D.,N. May and M.M. Osman. Highway Noise Bar-
riers: New Shapes. Journal of Sound and Vi-
bration, Vol. 71, No. 1, 1980, pp. 73-101.

5. C.W. Menge. Highway Noise: Slope Barriers as
an Alternative to Absorptive Barriers. Noise
Control Engineering, Vol. 14, No. 2, March-
April 1980, pp. 74-78.

6. D.R. Pejaver and J.R. Shadley. A Study of Mul-
tiple Reflections in Walled Highways and Tun-
nels. FHWA, Rept. DOT-FH-11-8287, 1976.

7. M.A. Simpson. Noise Barrier Design Handbook.
FHWA, Rept. FHWA-RD-76~58, 1976.

8. Federal Highway Administration. Procedures for
Abatement of Highway Traffic Noise and Con-
struction Noise (23 CFR rart 772). Federal
Register, Vol. 47, No. 131, July 8, 1982.

9. C.W. Menge and N.A. Powers. Sound-Absorbing
Barriers: Materlals and Applications. Proc.,
Conference on Highway Traffic Noise Mitigation,
FHWA, 1979.

10. H.S. Knauer. Noise Barriers Adjacent to I-95
in Philadelphia. TRB, Transportation Research
Record 740, 1980, pp. 13-21.

11. W. Bowlby, J. Higgins, and J. Reagan, eds.
Noise Barrier Cost Reduction Procedures:
STAMINA 2,.0/0PTIMA User's Manual. FHWA, Rept.
FHWA-DP-58-1, 1982,

12. W. Bowlby. SNAP 1.1--A Revised Program and
User's Manual for the FHWA Level I Highway

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

28.

Transportation Research Record 937

Traffic Noise Prediction Computer Program.
FHWA, Rept. FHWA-DP-45-4, 1980.

F.F. Rudder, Jr., and D.F. Lam. User's Man-
ual: FHWA Highway Traffic Noise Prediction
Model--SNAP 1.0. FHWA, 1979.

F.F. Rudder, Jr., D.F, Lam, and P. Chueng.
User's Manual: FHWA Level II Highway Traffic
Noise Prediction Model--STAMINA 1.0. FHWA,
Rept. FHWA-RD-78-138, 1979.

Demonstration Project No. 45: Highway Noise
Analysis (workshop notebook). FHWA, Rept.
FHWA-DP-45-2, 1978. :

Fundamentals and Abatement of Highway Traffic
Noise. FHWA, Rept. FHWA-HHI-HEV-73-7976-1,
1973.

Advanced Prediction and Abatement of Highway
Traffic Noise (Draft Final Lecture Notes).
FHWA, 1981.

J.J. Hajek. Effects of Parallel Highway Noise
Barriers. Proc., 1980 International Conference
on Noise Control Engineering, Poughkeepsie,
N.Y., 1980.

J.J. Hajek. Noise Barrier Attenuation: High-
way 401 North Side East of Avenue Road, To-
ronto. Ontario Ministry of Transportation and
Communications, Downsview, Ontario, Canada,
Rept. 80-AE-03, 1980.

J.J. Hajek. Performance of Parallel Highway
Noise Barriers: Yonge Street to Bayview Ave-
nue, Toronto. Ontario Ministry of Transporta-
tion and Communications, Downsview, Ontario,
Canada, Rept. 80-AC-01, 1980.

P.M. Nelson, P.G. Abbott, and A.C. Salvidge.
Acoustic Performance of the M-6 Noise Bar-
riers. Transport and Road Research Laboratory,
Crowthorne, Berkshire, England, TRRL Rept. 731,
1976.

M. Koyasu and M. Yamashita. Development and
Application of Sound Barrier for the Control of
Traffic Noise. Proc., 1980 International Con-
ference on Noise Engineering, Poughkeepsie,
N.Y., 1980, pp. 559-564.

H.G. Davies., Noise Propagation in Corridors.
Journal of the Acoustical Society of America,
Vol. 53, No. 5, 1973, pp. 1253-1262.

A.G. Galaitsis and W.N. Anderson. Prediction
of Noise Distribution in Varlous Enclosures
from Free-Field Measurements. Journal of the
Acoustical Society of America, Vol. 60, No. 4,
Oct. 1976, pp. 848-856.

Standard Test Method for Sound Absorption Coef-
ficients by the Reverberation Room Method.
American National Standards Institute and ASTM,
Philadelphia, Rept. 423-77, 1977.

G.S. Anderson. Acoustic Scale Modeling of
Roadway Traffic WNoise: A Literature Review.
FHWA, 1978.

T.M. Barry and J.A. Reagan. FHWA Highway Traf-
fic Noise Prediction Model. FHWA, Rept. FHWA-
RD-77-108, 1978,

L.F. Cohn, L.W. Casson, and W. Bowlby. En-
hancement of Highway Noise Modeling Through
Computer Graphics. TRB, Transportation Re-
search Record 865, 1982, pp. 39-43.



