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CHAPTER 1
INTRODUCTORY SUMMARY™

1.1 INTRODUCTION

The cbjective of this study is to provide supporting information for use in
formulating motor vehicle and highway noise policies within an overall national pelicy
of community noise abatement. In the course of the research work, o comprehensive
community noise exposure model capable of evaluating and optimizing** noise reduction
countermeasures, especiaily as related to ground transportation noise sources, has been
developed. The model has been evaluated for a defined future time peried (1978),
and refined on an actual experimental ity {Spokane, Washington) which has been
sefected as a typical U.S. city from a noise exposure standpoint. Hence, results
obtained in the analysis conducted for Spokane are applicable to a broad category of

U.S. cities, with certain specific cautions, which are further defined later,

The development of the noise exposure medel involves studies into the diverse
oreas of individual noise source level prediction, technical and economic analyses of
feasible noise reduction countermeasures that could be applied to these sources, analysis
of human reaction to total environmential noise exposure, and the integration of these
components into a comprehensive noise expasure prediction and countermeasure effective~
ness analysis model. A schematic diagram of the function performed by the noise exposure

mode! Is illustrated in Figure 1.1-1. The modeling process may be summarized as follows:

a.  The city or city segment to be analyzed is first divided into noise
exposure zones or cells. Each cell is selected such as to be acoustically
homogeneous, that is, the propagation of noise within o specific cell
is a function of the cell land use and hence, the cell should contain
only one dominont land use. In other words, the city is subdivided

aceording to its "acoustic geography.

All relative and absclute sound levels in dB are A-weighted levels unless otherwise
spacified,

**n this report, the word "optimization" is understood to really mean "maximization
of cost-effectiveness." Similarly, words with the same root "optim..." have
gnalogous meanings.
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The major sources of environmental noise to be treated in the analysis

ore defined relative to the cell distribution defined in (a).

The level of source activity {traffic flow volume, heavy truck per-
centage, number of freight train pessbys) is then quantified for the
time periods of interest; the day and nighttime periods utilized by the
Environmental Protection Agency for defining the day=night equivalent

sound level( Ldn'

The information obtained in (b) and (¢} is combined through o series of
pre-gstablished individual source noise prediction models to yield the
noise levels from each source which are then combined to yield the com-
posite total exposure at each cell for each time period of interest. in the
analysis conducted, this overall exposure is quantified in terms of two

metrics: mean energy equivalent level (Leq) and Noise Pollution Level (LNP).

With the total noise exposure ot each ceil so defined, transfer functions
are applied which correlate the noise exposure defined in (d) to the
average percentoge of persons in thar cell at that Hme who will respond
adversely (or loosely, will be "annoyed") to this expesure os indicated

schematically in Figure 1.1-1, column f,

Given the percentage of people responding adversely in each cell to the
quantified level of noise exposure, the actual population in each cell is

considered next,

The total number of persons "impacted" (i.e., responding adversely) at
each cell location for each time period is obtained by combining (e)
ond {f). A summation of tha total number of persons impacted by time
periud‘ and location (i.e., a spatial and temparal integration) yields

the "Noise Impact Index" which becomes a relative measure of the
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degree of success of the various noise reduction pregrams in terms of
application of various scenarios of naise countermeasures to the
community, [t should be observed that the present state-of-the-art in
prediction of human response ta environmental noise exposure is wrought
with a number of uncertainties such os to preclude placing substantial
significance upon the absclute values of the NII so obtained. However,
as will be shown later, this does not detract from the validity of its use

as a reliable relative indication of countermeasure effectiveness.

In the following sections of this intreductory summary, tha various supporting
segments of the modeling procedure are summarized with the results of the analysis on
optimization of community noise countermeasures for Spokane, Washington, being

presentad in Section 1.8.

The detailed background, analysis methods, and results of the study are then
presented in the subsequent chapters in the some sequence as in this introductory

summary. Additional supporting details are covered in the appendices.
1.2 NOISE METRICS

In Chapter 2, a study of the relative merits of various noise rating scales (ar
"noise metrics") has been conducted, Scales based on the A-weighted level are the
most common at this time., Although A~weighting may not carrelate in the best manner
with human response, it is selected because of its widespread use and because instru-

mentation with A-weighting networks is readily available.

In order to quantify the noise exposure from a single event, from a stream of
single events, or fram a continuous on~going source, the energy mean equivalent level
(Le ) has been selected. 1t is given preference over other noise-metrics because of its
attractive mathematical simplicity and because it can be measured easily, The com«~
bination of equivalent levels from different sources can be performed in a straight-
forward manner. It has also been found that L correlates reasonobly well with human

response. It is therefore used in the greater portion of the present study.
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There is evic.ience that the Noise Pollution Level (LNP) may show a better
corralation with human response than Le becquse it takes into account not only the
total naise energy a listener is exposed to, but also the often so annoying varighility
of noise levels. However, the cemputational process of obtaining LNP is much more
complicated: the complete statistical distribution function of noise levels must be

known. A supplementary study using Lygp & the basic noise metric has been conducted.

1.3 TRANSFER FUNCTIONS

As mentioned in paragraph (e) of Section 1.1, a transfer function gives the
relationship between noise exposure and adverse human response to this noise exposure,
The term "adverse response is used instead of the word "annoyance" because it s
desired to include not only irritation caused due to interference with activities, but alse
the effect of noise on health {in particular the hearing mechanism) of which a person

may not even he aware,
A transfer function consists of three branches;

o At very low noise levels (below the "lower criterion level"), it is
assumed that nobody responds;

e At very high noise levels {above the "upper criterion level"), it is
assumed that everybody responds adversely;

e The branch between the lower and upper Criterion Levels defines the
relationship between the percentage of adversely responding people and

the noise levels which fali batween the Critarion Levels.
The Criterion Lavels are generally obtained by on analysis in four steps:

e Determine the land use and the time of day; deflne people's activities;

e Define upper and lower Criterion Levels associated with each activity
from data published in the literature (activities involving voluntarily
generated noise are grouped into o separate category and are assigned
higher Criterion Levels);

s Analyze the percentage of time spent in each activity;

e Sum the Criterion Levels in each activity on an equal energy basis.

1-5
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The abave procedure results in Criterion Levels applicable indoors. The out~
door Criterion Levels are arrived at by adding the average noise reduction of huildings.

Table 1.3-1 shows the resulting outdoor Criterion Levels utilized for this study.

Table 1.3-1

Qutdoor Criterion Levels
LC 4 = lLower Criterion Level, I.Cu = Upper Criterion Level

LC,, dB LC,- dB
Land Use Day Night Day Night
Residential, Single=Family Dwellings 50 42 B5 77
Residential, Mul riunii' Dwellings 55 42 - 90 77
Commercial and Industrial 55 55 20 90
Schools 50 - 85 -
Hotels and Motels 55 50 20 85
Hospitals and Nursing Homes 53 50 B8 85

For the greater portion of this study, the shape of the tronsfer function between
the Criterion Levels Is taken to be o straight line. There is evidence, however, that a
nonlinear s=shaped transfer function is a better approximation to the way people respond
te noise on o long=~term basis. The effects of nonlinear relationships of this kind on the

final cost-effectiveness analysis are also explored in this study.
1.4 QUANTIFICATION OF COMMUNITY MOISE

The urban outdoor noise environment is generally dominated by tronsportatian
noise. For the specific purposes of the nolse countermeusure effectiveness analysis of
this report, the following sources are considered: automobiles and trucks (each at low

and high speeds), city buses, railroads, and aircraft,
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The noise from motor vehicles is estimated using a Wyle-developed highway
noise simulation program which computes the equivalent level Leq by adding the acoustic

energy from all vehicles and averaging over time,

High-speed roadways are treated as two seporate noise sources in order to
single out the tire noise component for which there exists only very little noise reduction

potential for the foreseable future,

Motor vehicles are generally broken down into only two categories with signi-
ficantly different noise properties: automobiles and trucks, In the central business

district, transit buses are also considered an important separate noise source.

Railrood switching yards and stations are considered parts of industrial areas,
Only on=line operations are considered as separate noise sources. Because of their very
different characteristics, the noises from locomotives and railway cars are treated

separately.

Aircraft noise exposure and countermeasure analysis are conducted through use
of a Wyle/DOT computer model which computes Noise Exposure Forecast values for
nojse exposure near airports, These NEF values are then converted into equivalent
A-weighted noise levels to be compatible with the remainder of the analysis. This madel

takes into account;

»  Tha geography and geometry of the airport and of the approach and
departure paths,

e  The operational characteristics of each aircrafr type together with its

noise output,

In order to complete the quantification of community noise, one needs to know
the sound propagation losses, In an urban area where the sound propagation path is not
flat like over open terrain, the prediction of propagation losses becomes a difficult
problem. A conceptual model has been developed to handle the wide range of situations

which can eccur, i.e., asingle isolated barrier or a cluster of buildings.
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For the supplementary study using the Moise Pollution Level| LNP' a different
approach to quantificarion of community naise has to be used. The general method
consists of obtaining first the distribution of noise levels from each source, then com-

hining these to form the distribution From all sources.

in order to obtain the cumulative distribution function of noise levels from
road traffic, a published mathematical model is used. The following input variables

are required for each class of vehicles (i.e., cutomobiles, trucks, ete. ):

s The number of vehicies per unit distance of roadway,

s A reference noise level measured ot a standard distance.
ln addition, the perpendicular distance of the observer from the roadway must be known.

The distribution of noise levels from railroad operations is obtained from an

abstracted time history of train passbys.

The distribution of noise levels from aircraft operations is obtained by con=-
sidering the noise level time history generated by o moving dipole oriented at 45 degrees
to the direction of travel and moving at the speed of the aircraft, The dipole upproxi=

mates the directivity pattern of the jet noise,

The cumulative distribution functions from single events or from a class of
sources are combined by a published method which utilizes a semi~empirical formula
for combining two noise source distributions at o time. If there are many distributions,
the formula has to be applied repeatedly in succession for each pair of sources or groups

of sources,

Both the energy equivalent level Le and the standard deviation o are ealcu-
lated from the final combined distribution. The Noise Pollution Level then follows

from the formula first proposed by D.W. Robinson:

L.,=L +2.50
eq

NP
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1.5 NOISE COUNTERMEASURES AND THEIR COSTS

The technical feasibility of accomplishing varying degrees of noise reduction

for the time period 1973 to 1978 is analyzed. A distinetion is made between source

countermeasures, and countermeasures associated with the sound path and the receivers.

- The dominant neise sources, which are oriented toward transportation, are:

Heavy trucks (over 10,000 lbs gross weight)
Automobiles and light trucks

City buses in the central business district only
On-=line freight and passenger railroad operations

Commercial aireraft

; The geneml approach to the analysis includes a definition of the major noise

producing subcomponents for each source and the extent to which feasible noise reduc-

tions can be accomplished either through modification of new produets or retrofit of

i existing vehiclas. Different modes of operation are also considerad, and the different

. 8 degrees of noise reduction are predicted for the various operating modes of each type of

e
L
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source, Where appropriate, the methods of noise reduction consider not enly physical
source modifications, but operational modifications as well affecting the individual

and the composite fleet,

In the area of path and receiver treatments, the following subjects are

Rerouting of moving sources
Construction of noise borriers
Improvement of outdoor to indaor sound insulation of buildings

Receiver relocation out of the praximity of a source

The actual sources analyzed in this study and their corresponding noise reduc-

tion countermeasuras, ‘ulong with a list of sources nor included, are summarized in

WYLE LARORATOMIES



T L e e 3t i g A AR £ e o et et et e B2 E BT

Table 1.5-1. In general, this study focuses on surface transportation and commercial
and military aviation noise sources. Thase are the noise sources that have been eon-
sistently identified in most community noise surveys as the dominant sources of distur~
bance with outdoor noise. The noise countermeasures selected for evaluation are
considered the dominant ones for general abatement of community noise levels, Even
here, however, exceptions occur in that operational control of such sources as excessive
horn henking or squealing brakes is not considered. The other major exclusion from

this study might be considered the self-generated noise exposure in and around one's
own home. Thisis not necessarily intrusive on one's own environment, but can, in

some circumstances, contribute to noise intrusion for neighbors.

For all the above countermeasures, information on costs has been gathared
from vehicle manufacturers and operators, and from data available in the literature,
as well as from previous Wyle experience. Information available as of September 1974
has been included. Insufficient data were available on the costs of installing noise
reducing hardware on already existing motor vehicles ("retrofit"}). In generai, it is
assumed that the total retrofit costs (parts + laber) are equal to the incremental retail
costs of manufacturing o new moter vehicle with the same noise reduction medification.
In order to explore the sensitivity of the results to this assumption, a substudy is con-
ducted in which the motor vehicle refrofit costs are tripled and the effect of this on the

final results is investigated (see Section 1.8.8).

1.5.1  Motor Vehicles

Heavy-duty trucks are manufactured in many different configurations, so that
it cannot be said that any one source dominates. Although significant advances have
been made in reducing exhaust noise, it is still @ major source. The incorporation of
adequate mufflers is relatively simple both at the manufacturing level and as a retrofit
in the field, Sometimes there exist problems of installation clearances. Engine
mechanical noise can be reduced by installing partial or complete enclosures, generally
resulting in somewhat less noise reduction than in the case of the exhaust, but costing

more. A great deai of éffort is currently going into noise reduction from the engine
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Table 1,5-1
Summary of Sources and Noise Reduction Countermeasures Considered for This Study. Shaded Areas: "Not Applicable,"
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cooling fan, often emphasizing a complete radesign of the cooling system. Some of

the promising possibilities are:

¢  Careful design of the radiator, the fan and its shroud and the pulleys
behind the fan;

®  Use of a thermatically=controlled demand~type fan clutch; it has been
estimated that the fon is actually required only 10 percent of the engine
runiing time so that the fan could be switched off for a great portion of
the time the truck is operating in a noise=sensitive area. The costs for
changes to the cooling system are somewhere between the ones for

exhaust and engine mechanical noise.

High-speed truck tire noise can be reduced on the order of 5 dB by replacing

crossbar design tires with rib design tires; however, the costs are unattractive.

It is important to realize that noise level raductions us measured by the SAE
standard testing procedures ot wide open throttle do not normally translate directly into
the same amount of level reduction under actual realistic driving conditions. This study
presents analyses aiming ot approximate functional relationships between the SAE level
reduction and level raduction for various driving modes. It is found that for trueks at ‘
low speeds (less than 35 mph), there exists a direct one=to-one relationship. For most
other cases (trucks at high speeds [ greater than 35 mph ], autemobiles at all speeds),
the actual noise level reduction is less than the one demonstrated by the SAE fest.

Only for the acceleration driving mode of automebiles moy the direct one-to-one

relationship be assumed between actual and SAE test levels.

The unreduced noise levels from cruise mode are detarmined from previous
measuraments {publ ished in the literature and from Wyle Laboratories files), For
doceleration, it is assumed that the noise level is equal to that of the cruise mode at
the speed from which deceleration occurs., [t is further assumed that idle mode noise

levels are unaffected by noise reduction measures.
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Auvtomobile exhaust noise reduction can be effected at a relatively small inere-
mental cost at the manufacturing level. Fan noise may be minimized by the use of
improved design flex-hladed fans or by the incorporation of heat-sensing demand~type
fan clutches. It is not anticipated that high-speed automobile tira noise can be

reduced significantly by the year 1978.

Commercial buses are gssumed to be an important separate noise source only
in the central business district. There, it is assumed that half of the time is spent
accelerating and half of the time is spent decelerating. Most of the buses are diesel
buses. They share many common power train elements ond performance features with
heavy trucks, so that most of the noise reduction concepts for heavy trucks are

upplicable,
1.5.2 Railroad Sources

The two pradominant noise sources are: the diesel-electric locomotives and
the passenger or freight cors. Locomotive noise is largely dominated by low~frequency
exhaust noise. Other sources are fans cooling both engine and large resistor banks
(the latter are used during dynamic braking), and the turbocharger producing o whine,
A reduction of locomotive nolse of approximately 6 dB could be obtained by equipping

the existing fleat of locomotives with mufflers and making some changes to the fans.

While locometive noise is largely independent of speed, the noise from rail
cars increases approxinately 6 dB for each doubling of train velocity, The magnitude
of the noise depends heavily on the conditions of the wheels and the track and on the
type of car suspension. Freight cars produce the highest noise levels due ro their high
unsprung rolling stock mass, whereas passenger cars are typically 5to 10 dB quieter.
{t is not anticipated that rail car noise can be reduced significantly by 1978, so that

only locomotive retrofit countermeasures are incorporated in the present effort.
1.5.3 Aircraft Sources
Only the noise from commercial and military jet aircraft is considered
in this study. Only commercial aircraft are considered for noise reduction measures,
Recent work by Wyle, DOT, and EPA have provided an adequate data base for the

1-13
WYLE LABORATORIES

B TP BSOSO PR ST RUPIPNR GRS s S



e e A A TR L

evaluation of cost-eflectiveness of reducing the aireraft noise portion of community
noise using available technology for aireraft noise reduction. The following four noise

countermeasures have been selected for the present analysis:
o  Two~segment approach

e  Aircraft rerouting by means of modified ground flight tracks to avoid -

populated areas
s Quiet nacelle retrofit (SAM) of existing commercial aircraft
o Implementation of o night flight curfew -

Other countermeasures that are o priori estimated not as likely to
be cost-effective for inclusion in this study are: retrofitting aircraft with quieter design
engine fans (REFAN) in combination with the quiet nacelle treatment {SAM), operational
restrictions in the form of eliminating noisy aircraft operations on certain runways or
banning noisy aircraft from the airport, operational modifications such as displaced run=~
way threshold for approach and takeoff where safety considerations are satisfied, power

cutback departures, and higher minimum altitude,

1.5.4  Path-Receiver Countermeasures

For residential dwellings, an opproximate noise reduction improvement of 7 dB
can be obtained by minor dwelling modifications such as adequate weather stripping
around doors, use of snug fitting doors and windows, elimination of louvered windows,
ond treatment of extarior vents. Modearate dwelling modifications can give noise reduc—

tion improvement of the arder of 9 dB which would include the incorporation of double~

glazed or seqled windows (often necessitating air conditioning), increasing the amount

of sound absorption material in the attic space, and, where required, Finishing of

crawl spaces with gypsum board. Approximate sound insulation improvements of 17 dB

can be cbtained by major modifications consisting of all items mentioned previously -
plus structural improvements to walls and roofs as well as double-entry doors. The costs |
of improved noise insulation per square=foot of floor area range from $2,50 for minor

madifications to about $10 for major modifications,

1-14 WYLE LARORATORIES

o



~

3 3

,.________m,,‘..w...,,ﬂ..._.*......_u..‘_.u-m_.w..
¥

For commercial buildings and schools, the sound insulation cest per square

foot shows about the same trends as the one for residential dwellings.

Barriers have been employed mainly to counter the propagation of noise from
traffic arterials and freeways. Experience hos shown that a reduction of 5 to 10 dB is
easily obtained, whereas 15 dB occurs rarely, The most effective barrier design appears
to be an earthen mound topped by a concrete or brick wall with a sound absorbing

surface on the noise exposed side.

When everything else foils, the sound receivers can be moved to quieter areas.
In this study, the following two assumptions are made so that this countermeasure con

be considered;

® The loss of value of the land is limited only to the loss of the value of

the property improvements at the time of acquisition

s The displaced homeowner or renter receives compensation as detemmined

by the national average paid under caurt judgments.
1.6 PRESENT VALUE ANALYSIS OF NOISE REDUCTION COSTS

The functional relationships betwaen the amount of noise reduction due to each
countermeasure and the cost associated with effecting this noise reduction are established.
Due to the large number of variables influencing costs, only a range of costs can be

given, Three cost functions are identified: low, average, and high.

In order to put costs of all countermeasures on an equal footing, present valuve
analysis is employed: all present and future costs are referred to the "present™ (1973).
A discount rate of 10 percent is used. All costs are developed to apply to the City of
Spokane, Washingten, the model city selected for this study (see Section 1.7), For
countermeasures involving noise control of sources which are not unique to Spokane
(i.e., transportation vehicles), costs are allocated to Spokane on the basis of Jocal
usage and population. In all cases, "present value" costs account for initial investment
costs, future recurring cosis on the first unit, as well as future costs of replacement
(so-called cycie costs), where appropriate., The cost data represents the best available

information as of September 1974,
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1.6.1  Automobiles

Four cases of noise countermeasure scenarios involving different degrees of
noise reduction megsures are considered, The increased acquisition costs for new
production units and the costs for retrofitting the existing outomobile fleet are deter-
mined. It tums out that for the medium cost function, overall Le reductions for 1978 at
low speed ranging from 1.5 to 3.5 dB are associated with present value costs ranging
from 4 to 23 million 1973 dollars. At high speeds, an Leq reduction range from 1 to

2 dB is achieved along with the low~speed reduction.

1.6.2  Heavy Trucks

Seven scenarios of truck noise reduction measures to be taken during the time
period 1973 to 1978 ore considered involving different degrees of reduction measures,
Again, the increased acquisition costs for new trucks and the costs for retrofitting the
existing fleet aore determined. The retrofit analysis considers not just the vehicle as a
whole, but also the companents: exhaust, cooling system, engine, and air intake. it
also takes into account the present and anticipated age distribution of the truck fleet,
For both the new production units and the existing units, increased operating costs due
to noise reduction measures are added where oppropriate, For the medium cost function,
the Le reductien for 1978 ranges from 3 to 11 db with an associated present value cost
range of zero to about 3 millien 1973 dollars. High=speed truck tire noise is cansidered
separately. A reduction of about 5 dB due to use of quieter rib design tires costs

between 1,7 to 2.7 million 1973 dollars.

1.6.3 Buses in the Central Business District

Data on noise level reductions and associated costs has been obtgined mainly
from General Morors. Considering again increased acquisition costs and costs of a 5-
year retrofit program for the Spokane bus fleet {45 units in 1973) including increased
operating and maintenance costs results in a cost range from zero ro 375,000 1973

dollars for an Leq noise reduction range of O to 8 dB.
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1.6.4  On-Line Railroods

Only locomotive noise reduction is considered. Since at present, [ocomotives
and rail cars contribute approximately equally to the noise energy emitted from a train,
noise reduction of only one of these two contributors results in an overall reduction of,
at mest, 3dB, Other countermeasures such as wheel and track trueing and grinding,
reducing the unsprung mass of freight cars, and curfewing of nighttime operations have
been considered, in this study, as either technically or economically unfeasible by
1978,

Zero percent growth of the railroad industry is assumed in this study so that
only the present value of costs due to @ 5~year retrofit program of the existing loco~
motive fleet needs to be caleulated which includes also the present value of increased
operating expenses: a 6 dB locomative noise reduction costs between $400,000 and

$630,000. The overall railroad noise reduction would then be about 2 dB.

1.6.5  Aircraft

Each countermeasure identified in Section 1.5.3 is considered separately.
For the implementation of a two=segment approach procedure into Spokane International
Adirport, it Is assumad that:

s Operating costs do not change

e Additional airborne and ground avienic equipment is required with a

useful life of 15 years.

The resultant cost is $367,000. Since this is not a source neise reduction
measure, but rather an operational procedure, no single dB=value of noise reduction
can be given. However, typical reduction in noise levels under the approach path
range from 5to 10 dB.

For the quiet nacelle retrofit of existing aircraft, it Is assumed that the retro-

fit cost occurs only once, since new generation aircraft will replace the retrofitred

1-17
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aircraft upen their retirement. Using an estimate of the total cost to the United States
for the retrofit program and factoring this cost by the percentage of commercial jet
operaticns at Spokane International Airport (0,32 percent) yizslds a cost of 1,85

million 1973 dollars. The approximate noise reductions are:

Takeoff Approach
JT3D Equipped Aircraft 1dB 6 dB
JT8D Equipped Aircraft 6to 9 dB 9.5dB

The costs due to rerouting aircraft to avoid densely populated areas are
assessed in the form of increased operating costs of equipment, crew and additional
fuel, resulting from aircraft having to travel an added distance. Using statistics of
what aircraft use Spokane lnternarion.al Airport at what frequency, and statistics of

direct operating costs for these aircraft, the rerouting costs are estimated to 5.6 miilion

1973 dollars,

A night curfew at Spokane International Airport would eliminate only one out
of 11 daily flights to Seattle. Using statistics on air travel and on income of air pass-

engers, o calculation of lost manhours assigns a cost of $548,000,

1.6.6 Path=Receiver Treatmants

It is assumed that the sound insulation improvement costs for residential and
commerelal structures recur every 30 years (assumed useful lifetime). Based on the
costs per square foot developed obove (Section 1.5.4) the prasent value of the funds
that must be spent to achieve a given noise reduction can be calculated from the total

floor arsa in a given cell of the city,

For barriers, a useful life of 50 years is assumed. For barrier heights between

10 and 20 feet, the costs range between $53 and $120 per foot of barrier length.

When properties are acquired os a last resort noise countermeasure, the loss

of value is limited to the property improvements. This is a cost which is calculated

1-18
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from property value statistics of the City of Spokane. Another cost is the compensation
paid to displaced persons. According to the Uniform Relocation and Real Property
Acquisition Policies Act of 1970, homeewners can receive up to $15,000 and tenants
up to $4,000 over a 4-year period as compensation for relocation. Based on statistics
of actual compensations paid in recent years, the following numbers are used in the

present study: $3,035 for homeowners and §2,282 for renters. These are ona~time

only direct costs,
1.7 SELECTION OF EXPERIMENTAL CITY

In this study, the community noise mode] with its cost-effectiveness analysis
is applied to a real city, If a hypothetical city were chosen, there would always be
doubts as to whether or not the results cpply to any given physicol community, Alse, if
there is additional detail required, it may not be available from the statistics used to

construct o hypothetical city. Detailed data is always avallable frem a real community.
The following criteria were applied during the city selection:
® The city must be a self-contained urban area surrounded by rural land;

#  The population should be between 10 and 200 thousand people with o
density between 1500 and 6000 persons per square mile;

#  There should be an airport with scheduled jet traffic within 10 miles

of the city's center;
* A freeway system should exist and rail lines should pass through town;

&  There should be on average amount of manufacturing and motor fraight
activity;

#  There should be on avarage amount of automobile ownership and usage;

* The mean January and July temperatures should'be near the national

average;

¢ Community planning information should be readily available,

1-19 WYLE LABORATORIES

b o Lt e e s - AL M S 3 F At e Bans B Fem e d s e+ e ks . e it A reshe A



e P ey A A S S e e 1 e e et e e e e Pt -

Based on these criteria, the City of Spokane, Washington, was chosen. [t
has a population of 170,000 people and an average population density of 3360 people
per square mile, Figure 1.7-1 shows a map of the City of Spokane where the stress
is on the distribution of land use and of the noise sources. Further details on the city

salection are covered in Appendix A.

Although Spokane, Washington, is considered "typical" of an average city
in the United States, it is not typical of cities which have more severe noise problems.
Thus, one should net attempt to extend the results of this study, directly, to the

nation or to other cities which differ substantially from Spokane in their community

noise characteristics.

1.8 SUMMARY OF NOISE COUNTERMEASURE COST-EFFECTIVENESS

ANALYSIS FOR SPOKANE, WASHINGTON

The cost=effectiveness analysis is carried out on the City of Spokane, Washingten,
with the use of a computerized model briefly described in Appendix D. The initial
analysis is conducreci on o continuous segment encompassing about one=third the area of
the City (Figure 1.7=1), containing the entire Central Business District (CBD) and
approximately two=thirds of the daytime population, and comprising 808 noise exposure
cells. This segment includes the effects of freeway traffie, roilroad operations through
town, commercial and military aircraft operations, as well as arterial and local road

traffic, Additionally, buses in the CBD are treated as distinet noise sources,

1.8.1 Source Ranking

Applying this computer program to the one-~third area of the City, it is possible
to analyze the noise sources considered in this study in order of severity of noise impact
for the 1973 and 1978 baseline cases (baseline means that no funds are expended on
noise countermeasure's).' This is obtained by computing the relative contribution of each
source to NII. The results are given~In Table 1.8~1, As expected, surface transporta=
tion vehicles {i.e., low-speed automobiles and heavy trucks) con'sﬁ‘rure the two most

significant sources for both 1973 and 1978, followed closely by aircraft noise sources.
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Table 1.8-1
Relative Confribution of Deminant Community Noise Sources .
To Noise Impact Index for Spokane, Washington

For the Baseline 1973 and 1978 Cases

(Based Upon Linear Noise Exposure-

Adverse Response Transfer Functions)

]
Relative
- o
Envirenmental Noise Source Confribution to NII, %

Identification 1973 1978
Automobiles on Arterials 23 25
Trucks on Arterials 24 2]
Local Traffic <« <<
Military Aircraft Operations 15 15
Commercial Aircraft Operations 19 20
Automobile Tires on Freeways 4 4
Truck Tiras on Freeways 4 4
Freight Trains 6 6
Passenger Troins 2 0
Buses in Central Business District 4 4
Total 100 100

1.8.2

Reduced Sample Size

In order to reduce the quantity of data that has to be processed, two variations
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on a 24-cell sample of the City are also evaluated in this study:
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e A 24-cell model with cells selected such as to have approximately the
same distribution of sources, land use and population as the one-third

segment of Spokane.

e A 24-cell representation of the entire City based on adjusting the first

24-cell model to correspond approximately to the entire City,

In general, it is found that the 24~cell modals of the City tend to provide
results very similar to thase for the large B08-cell samples at low values of cost expendi=~
ture but, without careful adjustment, tend to underrate cost-effectiveness of path and/
or receiver modifications, As shown in Table 1.8-2, most of the analyses are done with
the 24-cell ona~third City subset using three levels of total expenditure ($5M, $10M,
and $30M) along with low, medium and high estimates of the noise countermeasure cost

functions.

Table 1,8-2

Cases for Which an Optimum Noise Countermeasure Expenditure Scenario
Has Been Found (Linear Transfer Functions)

$5M S10M $30M
L{m | h L | m]h L | m h |f

Northwest Qne-Third of City | x | x X X X
24-Cell One=Third Subset x | x x | X x | x| x x x
24-Celi Full City Model X X x

£ =low, m = medium, h = high countermeasure cost functions.

1.8.3  Cost=Effectiveness Analysis

Scenarios of money optimally spent on the noise countermeasures discussed in
Section 1,5 for three different amounts of total funds available (5, 10, and 30 miliion

1973 dollars) are arrived at by starting at the "baseline” case, i.e., computing the

4
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NII for no money spent at all. Then, money is spent incrementally such as to always
decrease NII in the most efficient way, i.e., spend additional funds on that counter-
measure which will decrease NIJ the most. Because there is @ limit in most counter-
measures of how much noise reduction is technicolly feasible by the target year 1978,
the amount of funds that can be expended on eny one countermeasure is limited. [n

some cases, this limit is attained very quickly, in others, never.

It should be recognized that there may exist more than one combingtion of
countermeasure expenditures that, for the same level of total cost, will yield a mini=
mum Noise Impact index, However, having gained some working experience with the -
computerized processing of the model, it is possibie to state that the number of minima
is probably small so that the *optimum scenarios" determined in this study are believed
very close to the most cost-effective scenarios of countermeasures.
The most cost-effective expenditure of funds will not necessarily be on the
mast dominant noise sources, but rather in those areas that give the most noise reduction

for the money, One must be aweare of the possibility that the most pervasive source of

noise may also be the most expensive to treat and that such expenditures may yield
limited benefits,

1.8.4 Results — Linear Transfer Functions, Energy Equivalent Level

Table 1.8-3 shows the results of an aptimum noise countermaasure expanditure
scenario obtained with the 24=cel| third=city subset. The same results are illustrated
graphically in Figure 1.8=1. Very nearly the same trends are obtained with the other
sample sets analyzed which are listed earlier in Table 1.8-2. All of these coses are .

tabulated in detail in Chapter 8, The following general trends may be chserved.
At the lowest leve! of total expenditure analyzed, $5 million, ground trans=
portation source noise reduction is most cost=effective. Aircraft noise reduction and

“path or receiver noise abatement treatment are not as cost-effactive initially. The
expenditures for noise reduction of automobiles (both low~speed and high-speed) and

low=speed heavy trucks constitute the majority of effort, with the percentage
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Table 1,8-3

Optimum Noise Countermeasure Expenditure Scenarios
24-Cell Representation of Northwest Qne-Third of Spokane, Linear Transfer Functions
Underlined Numbers: Spending Limit Reached

Cost Allocation per Countermensure in Millions of Dollars
W ]
Level of Total | Counter- - & B ] o '—E G2 EL
Expenditure in measure g g T £ W el | .E28|8¢8 Nolsa Impact
Millians of Cast .ﬁ'a. 3 :.: ETE -‘:—:' T8 N % Y3 & 3 g | Y3 E =% ;:d:'lpﬂc
Dollons Funciions z3 Foobge |zdg st |fgo | <2 [ [ ESE
s'le| =d |8 (el F=|F08¢ i [T 8 1 BHBe|[sT ¢
et ¢ 5 |2gss|%g|f8es | 8588 82E 8T8
Bigl 82 | vZ (585 52 (585 [5C [82 (G2 i&es
BET| 4y (% |ERE| ST EZE Pz |is|EzRliil
35| £2 |82 935 |5%[832 (S5 |84 |Szs|Eas
feseline ]
1978 . 3440
Low 2,12 0 12,3 (0.44 (0,14 © 0 0 0 o . 2967
5 Medium | 3.8 0 |0.,97| O 0.14] 0 0 0.1 0 0 .3130
High 2.4 0 [2.25| © C.14] 0 0 0,35 0 0 .3215
low | 4.95 0 2,3 |0.44 10.25/0.367 | O 1.59 [0.10 0 . 2670
o | meawm [4.37 | O [2.8 |0.56 [0.25/0,367] 0 [l.55(0.10 | 0 . 2801
High 4.9 0 (2.8 0 0.25/0,367 | ¢ (1.8 10.10 0 . 2849
Law 6.85 0 ]2.3 10,44 10.25/0,367 | 0,07]1.85 10,05 |17.82 L2511
% Modium | 685 0 (2.8 [0.56 |0,25/0,367 | 0,041.85 |0.05 (17,21 L2642
High 6.85 0 3.35 |0.68 {0.25|0,3567 | 0,04 (1,85 |0,05 |16.56 2667
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allocations ranging frorﬁ 88 to 95 parcent for the low te high=cost ranges. It is found
cost-effective to treat city buses io somae extent. For the low range of countermeasure
costs, locomotive noise reduction is incorporated to the maximum extent; however, other
irams are more cost-effective in the medium and high~cost ranges. For all levels of
total expenditure and all cost ranges, it never becomes cost-effective to reduce high=
speed heavy truck noise (primarily the tire component) by restricting the use of cross-

bar design tires on the drive axles,

At the second level of total expenditure analyzed, $10 million, one observes
a broader distribution of funds, which now kegin to encompess certain operational modi-
fications for commercial aircraft. Path-receiver treatment is still not cost-effective at
the $10 million level and again, as at the $5 million level, the majerity of effort is
directed toward automobiles, trucks, and buses, with automobiles and low-speed truck
noise reductions aceounting for 72 to 77 percent of the total low to high cost budgets.
City buses are at their maximum possible level of treatment, A sizable amount is
expended on aircraft quiet nacelle retrofit; funds are spent to the limit on implementing

the two~segment approach te Spokane Intematienal Airport.

At the highest level of expenditure analyzed, $30 million, nearly all source
noise reduction countermeasures are incorporated to their maximum degree except for
automobile noise reduction {and high-speed truck noise as oreviously mentioned) which
remains af approximately the same allocation as in the $10 million case. Whereas
before, automobile and truck source medifications accounted for over 70 percent of the
total budget, they have now dropped to 30 to 34 percent of the total. The remainder
of the funds are allocated to path-receiver treatmenis rather than further automebile
noise reduction, In fact, at this level of expenditure, these treatments account for
from 59 to 55 percent of the total budget. It is interesting to note that a further
analysis of which path-receiver modifications are deemed most cost-effective yields
the result that dwelling sound insulation improvement in residential zones only is the
single option deemed effoctive. Freeway or railroad barriers are not as effective for

the Spokane analysis.

1~27
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To summarize, the trends observed for the specific noise sources at increasing

levels of expenditure are as follows:

Automobiles: Most cast-effective to treat at the low and intermediate total
budgets, however, become less cost-effective at the higher levels of noise reduction

attainable once the initial reduction has been obtained.

Heavy Trucks: Low-speed truck noise reduction becomes increasingly cost-
affective at all levels of ex-pendifure up fo reaching the maximum technically feasible
noise reduction limit (for the 1978 time period). High=speed truck noise reduction
achieved through restriction of crossbar tire tread design on the drive axles never

becomes cost-affective.

Fraight Train Locoemotives: Become increasingly cost-effective at higher

levels of expenditure until the maximum [imits of noise reduction are reached.

City Buses in the Central Business District: Cost-effective to silence to the

maximum degree possible at the two higher levels of expenditure,

Commercial Aircraft: Implementation of a two-segment approach procedure

is the mast cost-effactive countermeasure, followed by quiet nacelle ratrofit and
nighr flight curfew. Aircraft flight track remuting to aveid populated areas becomes

only morginally cost-effective at the highest leve! of expenditure.

Path-Receiver Treatments: Only become cost-effective at the highest level

of expenditure once all source reduction alternatives are exhausted (except for auto-

mobiles},

1.8.5 Effects of Variation of Endpoints and Slope of Transfer Functions

To allow for uncertainty in the upper and lower limiting Criterion Levels of
the exposure~response transfer functions and variation in the values of dwelling noise
reduction, which were added to these indoor limits to estabiish the cutdoor lavels, it
is necessary to explore the sensitivity of the results to variations in either one or both

of the limiting criterion valuss of the transfer functions. The ieft-most columns of
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Table 1.8-4 show what cases are considered. All of these cases, which evaluate the
variations in transfer functions, utilize the 24=cell model of the one~third city segment
and include ali three levels of total expenditure and, in most cases, the low, medium,

and high estimates of countermeasure costs.

Teble 1.8-4

Cases Evaluated to Examine Sensitivity of Results te Variations in Slope,
Absolute Level, and Shape of Transfer Function.
Case in Heavy Box Used in Majority of
Optimization Analyses (Section 1.8.3)

Difference in Level

Erom 0% to 100% Lower Limit Upper Limit Shape of Transfer Function

Adverse Response | (0% Response) | (1009% Response) | Linear | S~Shape | U~Shape
20d8 50 dB* 70 da* X
40 75 x
35 50 85 X X X
&0 95 X
50 a6 100 x

*Daytime Leq levels in residential areas,

In general, the cost-effective countermeasure scenarios found for all the cases
analyzed in Table 1.8-4 exhibit very little difference from those using the beseline
50 to 85 dB linear transfer function used for the majority of the cases. This indicates
that tha way funds are distributed over the noise countemeasures is genetally insensitive

to the slope, absolute position or shape of the transfer function.

1.8.6 Retrofit Labor Cast Sensitivity Substudy

This substudy has been conducted in order to investigate the sensitivity of the
final results to the assumption that the costs for retrofitting existing motor vehicles equal

tha incremeantal retail costs of newly manufactured motor vehicles with the same noise
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reducing modifications (as mentioned in Section 1.5). The procedure is to triple the
retrofit costs and‘obrain new naise reduction versus cost functions. A revised cost~
effective set of countermeasure expenditures is then obhtained for the 24-cell sample
of the northwest third of Spokane, using linear noise level versus adverse response

transfer functions, "medium® cost functions, and a total expenditure of $10 million.

The substudy shows that expenditures on trucks are halved. The available
funds are applied to commercial aircraft quiet nacelle retrofit until that neise reduction
potential is exhausted. A small partion of the remaining funds is allecated to rerouting
commercial aircraft, but this is not found very cost~effective, The major portion of the
remaining funds is allocated to further automobile noise reduction despite the fact

that this countermeasure had its retrofit costs tripled as well.

1.8.7  Study of Noise Countermeasures Based on Noise Pollution Level

The final element of this study briefly explores the potential sensitivity of the
selaction of cost-effective countermeasure scenarios to the underlying type of noise
metric. Specifically, an onalysis using the Noise Pellution Level is conducted on

three individual cells chosen from the City of Spokane to represent:

1. A residential area near a major arterial and under the takeoff ond

approoch flight paths of Spekane International Airport;
2.  The Central Business District;

3. A residential area near the freeway and a railroad line.

Due to the substantial increase in dota analysis required to determine the
Noise Pellution Level from the summation of many sources, the analysis is limited to

daytime only for these three cells. In order to explore how the picture changes when
funds are expended on noise countermeasures, the following procedure is used. Using
the medium cost estimating functions, the maximum allowable amounts are spent, in
succession, on trucks, city transit buses, and locomotives; less than the maximum is

spent on automobliles. No money is spent on airplanes ond high-speed truck tire noise
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Table 1,8-5

Resuits of Analysis Using Noise Pollution Level
for the Three Cells of the City of Spokane

Cumulative
ALeq M'NP Expenditure
dB dB M3
Cell 1: Residential Near Arterial
and Under Flight Path
Baseline (no money spent) 0 0 0
Spend $2,825 on Trucks -1.5 -2,2 2,825
Spend Another $10M on Automobiles -3,1 -3.7 12,825
Cell 2: Central Business District
Boseline 0 0 0
Spend 30,135M on City Transit Buses -0.7 -1.0 0.135
Spend Another §2.825M on Trucks ~1.7 ~2.6 2,96
Spend Another $10M on Automobiles -4.3 -5.7 12,96
Cell 3: Residential Area Neor Freeway
and Railroad
Baseline 0 0 0
Spend $2.825M on Trucks -0.5 -0,9 2,825
Spend Another $10M on Automobiles =1.1 =1.1 12,825
Spend Ancther $0,561M on Locomotives -1,1 -1.1 13.384
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since the quieting of these sources has proven not to be cost~effective in the daytime

Leq analysis (see Section 8.3),

The results of this simplified onalysis are summarized in Table 1.8-5, Rela-
tive reductions in both energy equivalent noise levels (A Le } and Noise Poliution
Levels (4 LNP) are shown along with the change in total dollars spent for the succession
of countermeasures applied. In a gross view of the table, it is apparent that relative
changes in level, whether in terms of Leq or LNP' are similar for the same total dollars

expended. Of course, these figures are applicable only to the particular test cell under

consideration. Also, it must be remembered that no attempt is made to relate LN P to

human response.,

The essential difference between the use of Leq and Lo is that any money
spent on any noise countermeasure will decreose Leq' This is nof necessarily so with
LNP' Take, for example, a residential aree close to an industrial complex which

provides a more or less steady background noise. Lowering the latter noise may sub-

_stantially increase the observed fluctuation of noise peaks (for instance from motor

vehicles), which may make |, increase rather than decrease.

NP
However, in the cases examined in Table 1.8-5, money is always spent on the

most cost=effective source first. Both Le and L. decrease every time a counter=-

measure is applied, It would appear from this cr.:ls}::ry look that the scenarios of the
distribution of funds on noise countermeasures would not be substantially different
whether the underlying noise metric is Leq or LNP' However, there may exist situarions
where on LNP analysis would result In a different aliocation of funds from that resulting

froman L analysis.
eq

1.8.8  General Summary

To summarize the major results of this study on community naise counter-

measures for the City of Spokane, Washington;
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Source noise contiol of highway vehicles tends to be the most cost-

effective community noise countermeasure for low budgets of tetal

dollars spent,

Path-receiver noise countermeasures tend to become equally or more

cost-effactive for high budgets of total dollars spent.

The precise form and absolute value of human response transfer functions
evaluated in this study does not appear to influence these trends

substantially.

A new and unique systematic method has been developed for cast-
effectiveness anelysis of community noise countermeasures which takes
inte account a substantial volume of detail on spatial and temporal
characteristics of noise sources and receivers, The analysis model is

extensively supported by noise reduction cost data and community noise

propagation concepts.

While the results of this study are considered representative for cities
similar to Spokane, Washington, they are subject to several limitations
which should be carefully considered before attempting te draw con-

clusions with policy implications for community noise countermeasures.

*  The results cannot be extended directly to the natien, or to other
cities which differ substantially from Spokane, Washington, in their

community noise characteristics.

®  Benefits of the noise reduction countermaasures evaluated are not

considered in this cost-effectiveness study.

The overall envipnmental analysis considers only noise from external
sources beyond those which lie within the bounds and control of

residential dwellers. Noise exposure of an individual inside his own
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dwelling due to applionces, television or any sel f-generated sound
or noise is not considered directly although noise exposure-human
response transfer functions are modified for the time of day and
general type of activity In an attempt to consider the potential
influence of varying levels of self-generated noise on response to

external noise sources,

¢ The sceanrio of countermeasures considered covers the principal ones
dealing with built~in control at the source but does not consider
control by field enforcement ta cover such sources as faulty equip-~

ment or faulty operating procedures.

¢ The costs of the countermeasures considered do nat include the cost

of enforcement of any related regulatary action that might be required.

¢ The study is necessarily dated on the basis of the assumed costs and
schedule for countermeasures and cannot necessarily be interpreted

as representing current economic conditions.

The results of this study are based, essentially, on analytical or empirical pra=
dictions, While it would have been desirable to confirm some of the predicted noise
environments, this was not possible within the scope of this study. Nevertheless, all
of the environmental predictions are traceable to an experimental data base upon

which they were developed,

Finally, it should be mentioned that a study like this can only be as good as
the underlying noise metric. The A-weighted energy equivalent level was chosen for
the greater part of the study because it has shown reasonably good correlation with
human response, it is widely used for environmental studies, it is analytically simple to
handla, and, at this time, a better noise metric does net exist which has comparable
usage and well~documentad supporting data as to its validity. However, as research
advances, we may find that ather metrics are superior, such as the D-weighted level,

and the Noise Pollution iLevel. Nevertheless, until or unless quite different noise
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metrics are developed which might account, for example, for intrusion of outdoor

noises above the ambient indoor noise in one's own home, it is not likely that the

general trends developed in this study for cities like Spokane, Washington, would be
substantially different with the use of only different frequency weighting (D versus A}

or fluctuatien weighting (NPL versus energy levels).
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CHAPTER 2
QUANTIFICATION OF COMMUNITY NOISE*

2,1 INTRODUCTION

A study of the history of rating noises as to their physiological and psycholog-
ical effects on individuals and groups of individuals reveals a multitude of methodolo-
gies that were daveloped over the years., In arder to avoid further confusion, only
schemes found to be most useful in recent practice will be discussed. The term "noise
metric" will be used to denote a physically measurable quantity used for constructing a
numeric noise rating scale. Noise metrics con conveniently be categorized info
momentary, single event, single situation, and composite noisa metrics. The general
term "noise index" will be reserved for describing o subjective measure of noise impact

based on an integrated "noise metric."

2,1.1  Momentary Noise Melrics

A moméntary noise metric objectively describes the noise level experienced
by a listener at a particular point in time. The physical characteristics of a noise
analyzed by the human hearing mechanism are its frequency spectrum {a) and its change

with tima (b).

a. The ear y;'eighs each spectral component differently. The average fre~
quency resporise of o healthy human ear is well approximated by curve D in
Figure 2.1<1. The hump around 4 kHz corresponds to the resonant frequency
of the outer ear. Sound level meters are designed to give o nolse the same
frequency weighting as the human ear, i.e., they should offer u filter with o
shape of curve D, Not all sound level meters offer D-weighting, but A~
weighting (Figure 2, 1-1, curve A) is available on all standard meters, An
A~weighting filter is much easier to build but does not approximate the ear's

response as wall as D=waighting. Several studies have compared A= and

*All relative and absolute sound levels in dB ore A-weighted levels unless

otherwise specified. .
2-1
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D-weighting as to their ability to predict subjective noisiness of different

1, P2
H1, P2, Ki For jat aircraft noises, the D-weighted leve!l is the

~ sounds.
better predictor becquse spectio from jet aircraft contain significent acoustic
; energy in the vicinity of the "hump" mentioned above. However, for motor
vehicle noise, most of the energy occurs at lower frequencies so that D-
weighting was found to be only marginolly better than A=weighting to o
statistically insignificant degree. Because of its simplicity, A-weighting
was, therefore, used and is ossumed throughout this study unless otherwise

specified,

i b. As far as temporal change of a noise is concemed, the immediate psycho-
legical response (i.e., before any rational or emotional reaction) is to take a
- running average of the instantaneous A-weighted sound pressure PA with a

time constant T. This may be mathematically expressed by:

2

¥

. AV AZAK

P LA(P) =10 l_og T_/- 5 dr . (2_])
‘ T ref

T is of the order of 0.1 to 0.5 seconds. LA is the "momentary" nolse level,

t is the real time, T a dummy integration variable. Pref is the reference

pressure of 20 pPascals, *

Most sound level meters offer "fast" and “slow" response for the measure-
ment of the momentary level. The respective integration times T are approxi-

mately 0.2 and 0.5 secands.

An exception must be made for loud impulsive noises such as gunshots,

e A g € B T el Pl 0 2

helicopter blade slap, sonic booms, and occasional bangs from construction

v

sites. Then .Eq. (2-1) does not describe the human response. The suddenness

of the onset of a high sound level often results in o startle’ reaction. Ordinary
S —
1 Paseal = 1 Newton per square meter,
D
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sound level meters with "fast" or "slow" response only do not respond to
impulses in a way comparable to humans, Cne way to account fer this is to
introduce an "impulse correction” by anology to tone and duration correction.
However, such noises are generally rare in the community eavironment. They

are not given further consideration here.

Another commonly used noise assessment method uses the Perceived Noise
Level (PNL) with PNdB as unit.K2 It was developed mainly for the purpose of rating
aircraft noise, To use'PNL as a momentary noise metric requires very elaborate instru-
mentation which is generally employed only for aircraft noise certification tests. As
far as motor vehicle noise is concerned, PNL has not shown a statistically significantly

. . 1, P2, G1
better correlation with annoyance scores than the simple A-Iew.-l.H P2, G

In summary, the present study uses as the momentary noise metric the A-

weighted level at "fast" response.

2.1.2 _Smgle Event Noise Metrics

A single event noise metric objectively describes the noise of a‘single tran-
sient event with o well-defined beginning and ending. Examples are the peak A-level,
the peak PNL, the tone and duration corrected PNL, andthe energy-mean level for the

event. A single event can also be described by its statistical cumulative distribution

function of noise lavels,

In motor vehicle noise testing, the drive=by test uses the peak A-weighted
leval as the single event nofse metrlc. Another reasonable choice would be the equiva-
lent (i.®., snergy mean) A-weighted level. PNL is discarded for reasons discussed in
the previous section. The cumulative distribution function is of practical use in a
limited number of cases, particularly in mathematical models, when it is possible to
approximate the temporal variation of the noise event in dB by o small number of

straight line segments. Then “; is eusy to compute the distribution function.

2-4
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2.1.3 Single Situation Noise Metrics

A single situation noise metric objectively describes the noise heard by an
observer in one particular situation where the noise is generated by an ongoing source
or a continuous stream of single events. Excmples are: a persen slesping in a house
adjacent to o freeway, riding as o passenger in an airplane, and working for 8 hours at a
construction site, The following discusses the single situation metrics which have been

used in recent common practice;

A cumulative statistical distribution function of noise levels is shown in Figure

2,1-2, Lx is the noise leve| that is exceeded x percent of the time. The example in
the figure shows that a level of 37 dB is exceeded 90 percent of the time; therefore:
Log = 37 dB (the level corresponding to the 90th percentile), The periods over which
statistical distributions are obtained range typically frem 1 hour to 1 day. The whole
distribution eon be regarded as o noise metric, Most of the time, however, g single
number describing a single situation is preferred. Thus, different percentile levels are
chosen for different purposes. For example, the Federal Highway Administration uses

L
10
using a single percentile level is that nothing is said about the shape of the distribution

as a measure of environmental quality adjacent to highways. The disadvantage of

function, i.e., there is no information on how much the percentile level is exceeded

or what the background neise is,

The energy equivalent level L, is the level that would result in the same
acoustic energy emission, if applied continuously, as the actual fluctuating level,
The mathematical handling of Leq is convenient, Leq can easily be measured in the
field, and human response correlates reasonably well with Leq although not in the
best manner known to date. Leq was chosen as one of the metrics underlying the
countermeasure effectiveness analysis in this report. More detailed discussion follows

in Section 2.2,

Another advantage of Le is that noises from any source can be compared on

the same scale. However, noises with large level fluctuations are potentially more

WYLE LADORATORIES

o ek g A AT S s e e e



e L R Sy T i e

o e et e

annoying than indicated by the equivalent level. [In an artempt 1o account for this

variability, the Traffic Noise Index {TN]) was che.-Firuact‘:G7
TNI = 4(Lm - L90) + L90 -30 (2-2)

where the first term on the right hand side heavily weighs the amount of noise level
fluetuations, TNI does not correlate with human response nearly as well as the Noise
Pollution Level (LN P) defined by Robinson.Ra He extended the ideas incorporated in
TN! and developed the following expression based on statistical theory assuming a normal

noise level distribution:

LNP =

where 0 is the standard deviation of the distribution function. LNP is adapted as one

L +2.560 (2-3)
eq

of the single situation noise metrics in this report for the purposes of the cammunity

noise countermeqsures effectiveness analysis. Further discussion follows in Seetion 2.3.

Another single situation metric results from using the preferred noise criterion

3 . -

curves (PNC).B While this system adequately rates steady background noises, it is
not well suited to Fluctuating noises. Also, an octave band analysis is required which

is too tedious for the purposes of the countermeasure analysis later in this report.

2.1.4 Composite Noise Metrics

Composite noise metrics objectively describe the time integrated value of
noise exposure over a 24~hour day. We need to discuss here only those metrics derived
from quantities we have accepted earlier in this chapter. This automatically excludes
metrics defined specifically for estimating aircraft noise exposure (NEF, NNI, CNR,
WECPNL) since they are based on PNL which we have rejected in favor of the A~
waighted level.

Single situation metrics can be extended and modified to become composite
metricst For instance, VLeq can be obtained for o whole day. The day~night equj;
lent level Lan Is derived from Leq by applying a 10 dB penalty to nighttime noises,
The Community Noise Equivalent Level (CNEL) is defined similurly with an additienal

2-6
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“avening" period with a 5 dB penulty.C] The Naise Pollution Level Lnp could glso

be computed over a whole day and used as o composite noise metric.

For the purposes of the noise countermeasure analysis of this report, it was
found most useful not to employ composite noise metrics directly, but to use single
situation metrics, relate them to human response, impose weighting by population
density and arrive at @ Noise Impact Index estimating the severity of noise exposure.

Details will be found in Section 2.4.
2.2 THE ENERGY EQUIVALENT NQISE LEVEL

The Energy Equivalent Noise Level L'3 is defined os the constant level that,
if applied continuously over the time period contemplated, would result in the same
acoustic energy emission as the actual fluctuating leve! L{t). L{t)is a momentary noise
metric (see Saction 2,1.1), LMI is either a single event or single situation noise metric

(see Sections 2.1.2and 2.1,3). We can write:

T
- ! L{t)}/10 -
Leq 10 log {be 10 dr] (2-4)

where t is the real time, L(t) the varying noise level in dB, T the integration time
(typically in the range From 1 hour to 1 day for single situation metrics, the duration of
the noise event for single event metries), The relative simplicity of Eq. (2-4) makes
l‘eq aasy to handle In theoretical investigations and on the computer. Leq from several
sources Is easily obtained by replacing the integrand in Eq. (2-4) by a sum of similar

exponentials, one for each source,
Here are some properties of Leq which follow from Eq. (2-4):

e Other things held constant, o doubling of T increases Leq by 3dB, a
halving of T reduces Leq by 3 dB.

o  Other things held constant, Leq is proportional fo L; i.e., a 10db

inerense of L also increases | by 1048,
eq
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¢  Addition of component Leq's to form an overal] Leq is performed using a

very similar formula:

N
L /10
=10 10 €9+ 5 -
Leq log E (2~5)

s=1

{N = number of camponents.) Example: combination of traffic noise,

aircraft noise, and the noise frem the dog next door.

® Dus to the logarithmic nature of level addition (Eq. (2-5)), the higher
|levels dominate LE . For example, if L] is 10 dB below L2, then

Ltk ™ L, with a negligibie error,

17 "2
Although the measurement of Leq of a fluetuating level is not a trivial process,
instrumentation for direct measurement of Leq is readily availeble, Specifications for

one such systarﬁ can be found in Reference CT.

An in-depth discussion of Leq can be found in Appendix A of Reference U6,

The following summarizes important points of that appendix, The concept of the

. equivalent sound level has been occepted in many countries as the standard method of

rating noises. Leq correlates wall with other noise metrics as far as subjective response
is concerned, There is evidence that L'3 accurately describes the onset and progress
of noise=induced hearing loss, and substantial evidence to show that it applies to
anneyance in various circumstances {actual numerical transfer functions between noise

leval and annoyance response are presented in Chapter 3).

La can olso be obtained from a statistical distribution function. If p is the
fraction of tima (er the p':robcl:bilify) that the noise level was betwean L and L + dL,

then:

Lyg = 10 Iog{ fm > IOL/de} . (2-6)

2-8
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If L always was above Ly and below L,, then the limits = @ and = are replaced
by L} and L2, respectively, Equation (2~6) is applied in the formulation of LNP (see

Section 2,3)., The methad of predicting Leq of specific sources is deseribed in Chapter
4,

2.3 THE NQISE POLLUTION LEVEL

The development of the Noise Pollution Level Lup is due to D.W. Rohinson.

A summary of his landmark paper, published in 1971, is given in the following
;:h::rt:n_:;mphs.R4

The use of the energy-mean equivalent level was a significant step toward
reconciling the differences betwsen noise rating scales and human response data from
social surveys. However, the accord could not and today still cannot be considered
sufficient with a reasonable statistical confidence. The reason for this is that the
variability of the noise level is an important factor influencing the amount of adverse
reaction to a noisy environment. The simplest way that both the total amount of sound

and the level fluctuation can be combined into one number is by the equation:

= 27
LNP Leq + Ka (2-7)

where Leq comes from Eq. (2-4), K is @ constant which remains to be determined, and

O is some meusure of noise level dispersion.

Any momentary noise metric (see Section 2.1,1) can be used in Eg. (2-7) to
arrive at Leq and 0. In this report, the A~weighted level is implied. Because the
standard deviation is an efficient statistic for estimating variance for many typically

occurring distributians, it is used as the measure of dispersion @.

The value for K is arrived at by fitting Eq. (2-7) to psychological response
date. To date, a value of K = 2. 56 seems to be the best choice (it is used in this

report) although future research may shaw a need for adjustment of this constant.

WYLE LABORATORIES
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Robinson shows that | _ fits very well sociclogical data related to road

NP

traffic noise as well as to aircraft neise. The need for different indices for different

situations thereby evaporates, Several other workers have found that L is one of

NP

the better noise indices among those which con be computed with reasonable ease:

Anderson 1971:“ LNP predicts psychological response better than Leq
when intermittent nofses are presented at varying repetition rates, The
author thinks that K = 2,56 is an underestimate. K = 4 would fit his

data better,

Waller ?97]:W2 All psychophysical effects are noted by humans with
respect to a mean level and deviations therefrom, i.e., not just noise,
but also for instance, the thermal environment and air quality. Lnp
is much preferred over LlO or TNI.

Fuller and Robinsen 1‘973:F

steady noise, LNP predicts adverse reactions better than Leq.

5 . .
When ncise peaks are superimposed on a

Cannelli and Sontoboni 197’4:(:4 A new metric L, is propesed similar in

D}
principal structure to N, but peagk noise levels are introduced in the
term accounting for variability. The authors admit that LNP is the metric
with better corralation to human response but assert that LDI is easier to

meagsure.

Jenkins 1974:‘“ The noise climate around residences near Los Angeles
freeways was recorded and then analyzed in tems of Lig* ksor L?O’
TNI, and LNP

entiated between spontaneous and elicited response. TNI] fared worst.

. A sociolagical survey was also conducted which diffar-

bnp did best on spontaneous responses, Lsgon elicited responses, with

Lap trailing closely. This study did not consider Leq by itself.

It appears, therefore, that LN p is a good choice as a single situation metric

ey et st e =7

for the prediction of community respanse to noise. A word of caution, however:

2-10
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although LNP seems well supported for analysis of individual sources {noise from road
_ traffic, aircraft), it has not been demonstrated that it works as well when the total
noise environment is considered, Nevertheless, a study considering this total noise
environment has been conducted and is described in Chapter 8, The method of pre-
dicting Lo resulting from the combination of many sources is deseribed in Chapter 5.
There, it is seen that LNP prediction is @ much more complicated process than Le
prediction, This is one of the reasons why Leq is usad in the greater portion of the noise

countermeasure effectiveness analysis of Chapter 8.
‘- 2.4 NOISE IMPACT INDEX

! The Noise Impact Index (N1} is defined for the purpose of creating o toal
with which to rate numerically the desirability or undesirability of a given noise

environment. In its most general form, NII is defined by:

e

NI = [ [ @y, b PO v, sy @t /f [ oy, axay @ 2-8)
T A TA

~ A is the surface area under consideration (a city block, a segment of the eity, the
whole community), dxdy is a surfoce element pointing to o specific location. T is the
integration time {usually 24 hours). P is the number of people in dxdy at time . ¢ is
colled the "transfer function." It relates to a given noise level L the fraction of paople
i responding adversely to that level (Figure 2.4-1). & is assumed to depend only on

‘ the noise level L at dxdy ond t, the land use at dxdy (independent of t), and the time of
day at t. Expressing Eq. (2-8) in words: NII gives the proportion of adversely

the people-welghted annayance transfer function. This NII is used to rate the effec~
tiveness of noise countermeasures (see Chapter 8). Appendix D describes the computer

|
13 responding people over a certain area and over one day; NII is obtained by computing
{
!
| program which evaluates Eq. (2~8). Transfer functions for particular applications are

)

discussed in Chapter 3,

!
i
i
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CHAPTER 3

HUMAN RESPONSE TO COMMUNITY NOISE*

3.1 INTRODUCTION

No creature can close its ears like it can close its eyes. The ears keep o
constant warch. for us, whether we are awake or asleep. The ear ond its associated
processing area in the brain, therefore, never rest completely. 1t is up to us to offer
them periods of minimum activity, i.e., quiet, if we wish to retain our full hearing
faculties for as long as we live. It is also up to us to ensure the enjoyment of our
world by reducing or eliminating noises which mask or interfere with sounds we wish to
hear, Fortunately, humans possess a built-in protective reaction against noise; We
feel an adverse response when we are exposed to unwanted sounds. Such an immediate
protective reaction does not exist against many other environmentally deterioroting
factors, However, very often we are unable to start an action agalnst o neise. You
can ask your son to stop pounding on the empty tin can, but what fast action can you
pursue against the thousands of cars and trueks roaring by your house? The protective
reaction may then be suppressed, the noise receiver may give up, get used to the noise,
and live with it. But there is evidence that parts of the human body never get used to

noise, never adopt to it, although the conscious mind has “shut the noise out.®

Government bodies with regulatory power can help. However, regulations
should be based on solid scientific facts about the effects of noise on people, in
particvlar gbout long term health effects. Unfortunately, little is known on the sub-
ject, certainly not sufficient detail for a camprehensive analysis of possible regulations.
Onty the situations which may lead to permanent hearing damage are reasonably well
documented, There exists also a small amount of usable information on the disturbance

of sleap by noise.

*All relative and absolute sound levels in dB are A-weighted levels unless

otherwise specified,

3-1
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But the purpose of the work described in this report is precisely such an analy-
sis of regulations; we wish to explore the effects of motor vehicle noise counter-
measures.  Considering the effects of noise on pecple, we must therefore include
besides effects on health some other measure of adverse effects of noise. The only other
one which has been documented quite well and is amenable to numerical analysis is the
number of people out of a population exposed to the same noise level who register

noise as an adverse factor in their living environment.

Many sociological surveys have been conducted with the goal of relating a
measurable noise metric to adverse human response. One general statement that may
be made is that the average commdnity response correlates quite well with that metric
if the latter is chosen wisely, but that the response of individuals correlates badly with

that same metric.

An adverse response to noise will occur when an activity is being interfered
with by the noise. The term "activity" must be interpreted broadly, i.e., also
including apparently inactive periods like sleeping. Since individuals are occupied
with a wide variety of activities, we can expect that their respenses to noise will
diverge. In addition, an individual's response depends strongly on his attitude toward
the source of the noise and its operator. It is therefore only possible to treat the
community responding to noise as one entity realizing that individual responses will

stray far from the community average.

The term “annoyance" tends to be used to deseribe adverse response o noise.
Different sociological surveys probe for different degrees of annoyance, and also for
different kinds of annoyance {i.e., annoyance with one noise event, or general
dissatisfaction with the orea due to nolse) by employing different ways of approaching
and questioning people. Although the correlation of sociological response data with
noise ievel may be high for each survey, quite a difference may be found in the actual
functional relationship between the percentage of people annoyed and the noise level.

Also, social surveys are often difficult to compare with each other because they

WYLE LABORATORIES
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choose different metrics as the measure of the noise level. In this report, the term
annoyance means the long term integrated adverse response, where "long term" is any~
where from several weeks to several years. As set out in Chapter 2, the basic noise

metric for this report is the energy-mean A-weighted noise level,
3.2 DEVELOPMENT OF TRANSFER FUNCTIONS

One of the elements in the logical chain leading from the description of the
noise environment (i.e., the quantification of the noise exposure) to the Noise Impact
Index is the relationship between noise level and the percentage of people respending
adversely to that level. This relationship is called the transfer function. An example
was shown in Figure 2.4-1, [t is assumed that nobody responds odversely below a noise
level of LC, , the lower Criterion Level, and that everybody responds above a noise
level of LCU, the upper Criterion Level. The task is now to define LC,. LCU, and

the shape of the transfer function in between,

For each land use category, o separate transfer function is defined since
peoples' sensitivity to noise is different in residentiol areas from that in commercial and
industriol areas. Also, different transfer functions apply for different times of day:
peoples' activities during the day are mostly work, often with the requirement of speech

communication, while during the night, it is mostly sleep,

The procedure for obtaining the Criterion Levels for one land use ond one

fime of day generally consists of four steps:
1. Define the activities pursued.

2, Define the upper and lower Criterion Levels associoted with each

activity {LC.).
3. Analyze the percentage of time spent in sach activity (ri).

4, Sum the LCS'S in analogy and in accord with the definition of Leq [ see
Eq. {(2-4}] to obtain the overall LC:

3-3

WYLE LARORATORIES

R YO R AU SR L



e L LG s £y s
'

LC = 10log 3 .+ 10 ’ (3-1)

Not all LC' are arrived at by the above procedure. The detailed discussion
below will spell out ali deviations and assumptions made. In particular, the upper
Criterion Levels are often chosen according to health eriteria rather than annoyonce
criteria. This then implies that the ordinate scale in Figure 2.4-1 does not always
indicate the percentage of people annoyed, but, to some extent, incorporates the
percent of people risking a loss of hearing ability, even though they may not be
annoyed by high noise levels. This is why the term "responding adversely" is used

rather than "annoyed, "

3.2.1  Analysis of Time Spent in Activities

Based on data in References 513, L2, 56, and L1, an extensive analysis of
activities wos performed. The details are not reported here. The results, which are
applicable to the County of Spokane only (see Appendix A), are given in Tables 3.2-1
and 3.2+2. Activities are grouped into nine categories (eight for "at home") for which
distinctively different Criterion Levels are expected, Daytime is counted from 7:00 a.m.
to 10:00 p.m., nighttime from 10:00 p.m. to 7:00 a.m. This defines the t's in
Eq. (3-1).

3.2.2 Definition of Criterion Levels

Table 3.2-3 shows acceptable A-weighted noise levels for many activities as
obtained from six different references. These are used in the composition of the lower
Criterion Levels LC ;. Strictly speaking, activities should be divided into indoor and
outdoor activities, the time spent in each should be determined, and thereafter Eq.
(3~1) could be used. However, the percentuge of time spent outdoors including
pedestridn activity turns out to be very small so that its contribution is neglected. The
procadure then is to define LC's for indoors only in each land use category. They

are translated into outdoor LC's by adding the amount of building noise reduction

3-4
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Table 3.2-1

Percent of Time Spent in Nine Activity Categories
for Full 24 Hour Period *

Day Night 24 Hours
TV Viewing 6.76 5,36 6.24
Leisure (Conversation) 13.48 6,68 11.05
Laisure (Concentration) 7.76 3.47 6.15
Home and Family (Canversation) 6.52 0.66 4.32
Home and Family (Higher Background Noise 17.01 1.72 11.28
Leve! Allowed)
Traveling 7.19 1.55 5.08
-: Working 25.20 | 2.8 16.83
P Eating B.53 1.12 5,75
| Sleeping 7.35 | 76,58 33,31
Total 100.00 | 100.00 100.00
- Table 3,2-2
Time Spent in Eight Activity Categories
for the Time Spent at Home *
- Day Night Total
Hours | % [Hours % |Hours %
TV Viewing . 1.0 .81 0.5 6,01 1.5 8.9
Letsure {Conversation) 1.3 15,3 0.4 4.8] 1.7 | 10.1
® Leisure (Concentration) | 12,2 | 0,2 2.41 1.3 7.7
Home and Family (Convarsation) 0.8 2.4 0.1 1.2 0.9 5.4
Home and Family. (Higher Background| 2.2 | 25,9 | 0.1 1.2 2.3 | 13.7
. Noise Leval Aliowed) '
“ Working 0.1 1.2] 0 0 0.1 )
Eating 0.9 10.6 | 0.1 1.2 1.0 6.0
Sleaping 1.1 12,9 | 6.9 83.0] 8.0 | 47.6
) Total 8.5 |100.0{ 8.3 [100.0[14.8|100.0
*Based on national data adjusted to conditions in County of Spokane.
' 3-5
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Table 3.2-3

Acceptable A-Weighted Noise Levels for Various Activities
(Values in Parentheses Adapted from Similar Activities)

Reference |Reference | Reference |Reference |Reference |Reference

R2 53 B2 D5 R2 88

Private QOffice 38-42 38-42 38-47 30-38 46
Semi-Private Office| 42-47 42-52 42-52 38-42 R
Typing Pool | 47-52 | 47-56 | 47-56 | 52-66 45-55
Drafting Area 47-52 (47-56) 47-56 47-52

Library 38-42 | 38-47 38-42
Lobbies 47-52 47-56

Restaurants 42-47 42-52 42-52 42-56 50 35-45
Markets (42-47) | (42-52) | 42-52 54
Department Stores (42-47} | 42-52 42-52 54 35
Household Duties ) 47-56 | (52-61})

Sleep 30-38 34-42 34-47 34-42 34-42

Speach {38-42) (38-47)

TV Viawing 38-42 L 38-47

Relaxing Qutdoors | (38-42) {38-47)

Hospitals and Hotels| 30-38 34-42 34-47 34-42 38-42

Churches {34-38) | 34-42 42 34-42 38

Outdeor Recreation 42-56 42-52 56 46

Schools (Inside) 38-42 38-47 | 34 | 38

Industry 52-61 52-71 56-66

3-6

WYLE LABORATORIES

i e et



typical for each land use category. After the following two subsections, Toble 3,2-5

can be found listing all relevant indoer Criterion Levels,

3.2,2.) Residential Areas

The eight activity categories of Table 3.2-2 are further classified info three

- groups with distinctively different noise susceptibilities:

Group 1:  Sleeping, working, leisure with concentration required. These

, activities are the ones most highly disturbed by noise.

~ Group 2: TV viewing, leisure with conversation required, home and family
with conversation required, and eating, These activities are not

os easily disturbed by noise as those in Group 1,

|

L~ Group 3: Home and family with higher background noise level allowed.
|

t

These activities produce noise themselves,

For Group 1, the lower criterion limit, LC£, is selected from the lower range

of published levels (Table 3.2=3) as 30 dB for an acceptable sleeping environment.

" For Group 2, LC!,' of 35 dB is established to orovide an environment compatible with
relaxed conversation. The LC , for Group 3 is fixed 10 dB higher at 45 dB to include
consideration of some self~generated noise exposure.

" The upper criterion limit for Group 1, LCU, is selected as 60 dB, being 30 dB
above the LC , and baing high enough to awaken from sleep or to typically cause o
shift in sleep level (see Reference K2, page 518). For Groups 2 and 3, LCU is

N determined by speech Interference and hearing damage criteria. A level of 75dB is

| chosen: this level requires a "very loud" vaice for adequate speech communication

% over a distance of 6 feet (Reference K2, page 92). 75 dB is also the level that, if

not exceeded, should protect almost the entire population from incurring more than a §

2 dB noise=induced permanent threshold shift in hearing acuity, if exposed 8-hours a day

over 40 years (Reference U6, Figure 3).
2
3-7
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A summary of the above data is given in Table 3,2-4, also displaying the
averall Criterion Levels for day and night which are obtained via Eq. (3=1). For multi=
unit dwellings, the LCIJ is chosen 5 dB higher under the assumption that the majority of

persons will accept higher levels than those in single~family dwellings, LC, remains

the same,
Table 3.2-4
Indoor Lower and Upper Criterion Levels for Residential Areos,
Single-Family Dwellings
LC£, dB LC , dB
u

Group | 30 60
Group 2 35 75
Group 3 45 75
Overall Residential 40 74
Daytime
Ovenall Residential 3z 67
Nighttime

Especially noise-sensitive locations are associated with Criterion Levels of
their own. For hospitals and nursing homes, it is assumed that the principal activity at
night is sleeping. Therefore, the LC's of Group ! apply (LCL = 30d8, LCu = 60 dB).
During the day, it is assumed that half the oceupants are asleep while the other half is
engaged in activities of Group 2, Lc, is calculated according to Eq. (3~1) resulting
in 33 dB. If Eq. (3-1) were opplied to LCU, it would come out to 72 dii. However,
occupants of hospitals and nursing homes are expected to have a lower tolerance for

noise so that the LCU- for daytime is set to 63 dB, 30 dB cbove LC,.

3-8
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Schools are assumed to operate during the daytime only. LC, is chasen as 38
dB, based on the criterion of acceptable speech communication over normal distances in
a classroom. A level of 66 dB is about the upper limit of adequate communication

without undue vocal effort over a distance of about 6 feet (Reference K2, page 92).

3.2.2.2 Non~Residential Areas

For offices and businesses in commercially zoned areas, the same speech
communication criteria as for schools are assumed to apply; therefore: LC, =38 d8,

IC, = 66dB. However, they apply to both day and nighttime.

Industrial octivities are split into light and heavy industry. Recommendations
as to acceptable noise levels vary widely, For light industry, the [owest level in
Teble 3.2~3 is selected for LC ,: 52 dB. For heavy industry, 66 dB is chosen exercising
some subjective judgment. For LCu hearing damage criteria apply which dictate 75 dB
{see previous section for Groups 2 and 3). 75 dB may seem like a very low Criterion
Level in the light of the level standardized by the Occupational Safety and Health
Administration {?0 dB for 8 hours)., The latter level is considered "economically
reasonable" at this time. Efforts are under way to lower OSHA's hearing damage
Criterion Level. 1In this report, the true human response to noise is sought without

concessions o economic reasonableness.

Hetels and motels are considered noise~sensitive locations in nenresidential
areas. The daytime Criterion Levels are assumed to be the same as for single~family
dwellings (LCL =40 d8, LCu =74 dB). Nighttime activity is assumed to be sleap,
but 5 dB are added to the sleep Criterion Levels (see nighttime hospitals and nursing

homes) to account for the transient nature of the occupants: LC = 35 dB, LC = 654d8.

The following Table 3,2-5 displays the selected Criterion Levels for all land
use categories.
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Table 3.2-5
Indoor Criterion Levels e
Lower Criterion Upper Criterion
Level, db Level, dB
Land Use or Building Use Day Night Day Night -~
Residential, Single~ 40 32 74 67
Family Dwellings
. : o
Rasidenticl, Multiunit 40 3z 79 72
Dwellings
Hospitals and Nursing 33 30 63 40
Homes ~
Schools 38 - &b -
Commerciol Areas: 38 38 66 66 -
Offices, Businesses
Hetels and Motels 40 35 74 - &5
g
3.2.2.3 Qutdoor Criterion Levels
It is convenient to work only with outdoor noise levels because they are more :
-
easily predicted than indoor levels, The noise reduction of buildings is added to the
indoor Criterion Levels to arrive at the outdoor levels. Section 6.7 discusses the noise
reduction capability of various categories of buildings. There, Table 6.7~1 can be
found giving values of noise reduction in terms of A~weighted dB, Because buildings,
aven within one category, still show a great deal of variance, only a range of noise
reduction values can be given which lecves considerable freedom for selecting a noise
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reduction. The following additionel conditions may therefore be imposed:

-~ e  For computational convenience and to better be able to follow trends in
the noise countermeasure analysis described in Chapter 8, a constant

difference between LC and LC , is maintained for each pair of values

: (35 dB).
-~ .
i &  An upper practical outdoor limit for LCU Is taken as 20 dB. This allows
i industrial activity to be lumped with commercial activity.
!
Table 3.2=6 shows the selected outdoor Criterion Levels,
Ly
[
i Table 3.2~6
; Outdoor Criterion Levels
‘i
g Land Use Day Night Day Night
{ Residential , Single=Family Dwellings 50 42 85 77
to Residential, Multiunit Dwellings 55 42 90 77
E Commercial and Industrial 55 55 90 20
!
i ‘
i Schools 50 - 85 -
L :
; Hotels and Motels 55 50 %0 85
Hospitals and Nursing Homes 53 50 88 | 85
£
3.2.3 Shape of Transfer Function
Looking again ér Figure 2.4=1, we have so far defined LC£ and LCU of the

- transfer function, The shape in between remains to be discussed.

‘4_)

|

i Figure 3, 2«1 shows the percent of people listing an adverse response versus
| . .

i the day=-night equivalent sound level (see Section 2.1.4 for Ly, It appears from the
i .

PO
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Figure 3.2-1. Percent of People Listing Adverse Responses,
Versus Day~-Night Equivalent Sound Level
{See Section 2.1.4 for Ldn).
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spread and uncertainties in the dota of Group 1 in Figure 3.2-1 that o straight line
approximation for the transfer function shape Is very reasonable, Because of its compu-
tational simplicity, the linear relationship is incorporated in the greater portion of the
final analysis (Chapter 8). However, the data from both Groups 1 and 2 suggest that a
slightly nonlinear S-shaped transfer function is a better approximation. Qllerhead

also presents substantial evidence that human response to noise exposure transfer func-
tions are rather more S-shaped than anything else.o} In Chapter B, the use of differ~
ent nonlinear mathematical representations of the S-function is further explored in

connection with the optimized expenditure of funds on community noise countermeasures.
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CHAPTER 4
- QUANTIFICATION CF TRANSPORTATION NOISE USING Leq*

The outdoor noise environment in a community is generally dominated by
transportation noise. For the specific purposes of the noise countermeasure effective-

- ness analysis of this report, the following noise sources ore considered: automobiles
and trucks {each at low and high speeds), city buses, railroads and circraft. Trans=
portation sources not considered include metropolitan rapid transit lines and motor=
cycles, although the latter may eften be of particuler annoyance on a local street.
However, this problem is more one of enforcement of state muffling regulations and
local noise ordinances than one which can be subjected to the present economic analy=~
sis. Also, the number of motorcycles is small so that it is assumed that their contributien

,., to the total noise energy is negligible.

The noise exposure levels from transportation sources are computed by a series
of computer programs. Their mathematical models are based on data collected over the
years. The modeling aceuracy is well within the statistical voriability of the under-

lying data.
4.1 MOTOR VEHICLES

" 4.1,1  Automobiles and Trucks

For this program, automobile and truck noise is considerad as two separate
sources: (1) engine/exhoust noise, ond {2) tire noise. For vehicles without any noise

reduction treatment, the combined output of these two sources is determined using the

&

Wyle highway noise simulation program. This computes the energy sum of noise from all
individual vehicles t:;avefing on any single highway. ~ Noisa from each vehicle is
f specified as the peak level measured during driveby at o standard distance {usually 50
12 feet). MNoise at other points is computed as a function of distance between vehicle and
| observer. The Equivalent Level Leq for all vehicles (see Section 2) is computed by

adding the frequency weighted acoustic energy from all vehicles and averaging over

*All relative and absolute sound levels in dB are A~weighted levels unless
otherwise spacified.
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time. This process is independent of the spacing between individual vehicles. Only
average traffic density need be known. For multilane roadways, each lane is con-
sidered a separate source: it is an acoustic line source with strength proportional to
the average peak passby level and to the traffic density. Leq for the total highway
traffic is computed by adding the acoustic energy from all lanes taking into account

appropriate factors due to propagation (see Section 4.4),

The noise countermeasure effectiveness analysis of Chapter 8 requires that day
and night be considered separately, 1t is assumed that, on an average, 87 percent of
512, §5 h

the traffic volume oceurs during daytime and 13 percent at night. Also, certain

countermeasuras are to be applied to heavy trucks only so that truck noise is separated

from automobile noise which means that the percentage of heavy truck traffic must be
known. '

Peak passby levels of the untreated vehicles (both engine ond tire noise com~

bined) have been found to obey the foliowing speed-dependent relations for nominal
California traffic conditions:>

_ Vv , . ~
Laul‘o =73+ 30 |ogm m in dB (4-1)

i} Voo . :
eruck =83+ 26 ioglom in dB (4-2) -

A small correction is applied to the model to aceount for differances in motor

vehicle noise reguiations between California and Washington. *

For arterial roodways, the simulation pregram computes Lot 50 feet based
on the above expressions and the average daily traffic, number of lanes, median

width, and percentage of heavy trucks. Based on observations on arterials in California,

automobiles and trucks are assignad different typical speeds on each lane of 2 and 4 -

iane drf&rialS.SIZ The values assigned range from 20 to 30 mph for trucks and 25 to

e .
For Weshingten, 1.5 dB is edded to the Leq for autos and 2 dB for trucks, o

s Y

-2
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30 mph for automobiles, depending on the particular lane and total number of lanes in
- the arterial. At thess speeds, tire noise is not considered dominant so that tire noise

countermeasures ara not considered, The engine/exhaust noise reduction counter-

measures considered for speeds less than 35 mph are then applied as reductions to the

total noise lavels indicated by Eqs. (4=1) and (4-2).

™
i For the freeway through Spokane (U.S. Interstate 90), and several high=
r speed arterials for which the speed limits exceed 35 mph, tire noise is separated out
so that engine/exha st and tire noise sources are defined as follows:
)
! Automobiles

Engine/Exhaust Noise = Lm:l at 35 mph (Eq. (4=1)}) + 4 dB
S Tire Noise = Leq at 35 mph (Eq. (4~1}}+ 6 dB
i Trucks
i
i Engine/Exhaust Noise = LEq at 35 mph (Eq. (4-2))
" Tire Noise = Lyg o 35 mph (Eq. (4-2)) + 5 a8
; In this way, tire nolse countermeasures may be treated separately, Thus,
i a freeway is considered equivalent to a high=speed arterial without tire nolse, plus
i oy
} a high-speed highway with tire noise only. Again, Leq is obtained separately for
’ automobiles, trucks, day and night.
! Noise from local traffic is also considered a separate source. Local traffic
im is definad as traffic on collector and local streats in residential areas, The noise level
: calculation procedure first determines a base level for the entire community based
H
* upon reported unnual mileage driven on these local streets. Based on the hypothesis
10 that local traffic noise increases with population density, the nolse lavel at a parti-

cular location Is determined by weighing the base level by the local population
e
: 4-3
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density-Gs The base level is obtained by computing the average number of daily

passbys anywhere in the community, assuming again an 87-13 percent day-night split

of traffic volume, a home set back 50 feet from the street, and o mean energy average

(Leq) per vehicle passby at 50 feet of 68.5 dB. This results in a base level for day-

time and one for nighttime for local traffic which is applicable only to the traffic B

and population densitv of Spokane, Washington,

4.1,2 Buses

Buses are considered an important separate neise source in the central business
district of the community under consideration. In order to obtain the average single
event equivalent level for a bus passby at 50 feet, it is assumed: that half the time is
spent accelerating, and half the time is spent decelerating; that acceleration produces
a nolise level of BO dB; that deceleration produces a noise level equal to the noise level
of the cruise speed from which deceleration occurs; that the average speed of the
accelerating possby is 20 m,~'.=h.c‘2 This results in an average single event equivalent
laval of 84,2 dB. The number of passbys N past a particular location can be deter- ~

mined from bus séheduleg for daytime and nighttime, Then, at 50 feet:

- Laq > 84,2 + 10 log Nduy - 47.3 in dB (4-3)
i doy (.
L >~ 84,2+10log , ,  -45.1indB 4=4
Thight “night l 4
44 :
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4.2 RAILROADS

- Noise levels generated by railroad on~line operations (other railroad sources
such as switching yards are considered part of industrial areas) are computed using data
compiled in Reference 511, The following Single Event Noise Exposure Levals {SENELs)

) are typical for train speeds around 30 mph: |
! Locomotive  —102 dB at 100 feet
‘ Freight Cars  —98 dB at 100 feet
o Passenger Cars — B7 dB at 100 feet
Based upon typical operations in the Spokane area, an average length for freight
: trains of 3100 feat'is used while 850 feet is typical of possenger trains. Locomotives
i are freated as separate noise sources because of their characteristies which are very
: .
: different from those of railway cars. The number of opemtions N can be obtained from
i schedules, again separated into daytime and nighttime. The equivalent levels ot 100
: feat then obtain from:
i L, = SENEL+10logN - 47,3 (4-5)
qduy
L L, = SENEL + 10 Jog N - 45.1  (4-6)
H Tnight
]
4.3 AIRCRAFT
Aircraft noise exposure and countermeasure analysis is conducted through use
:;; " of a Wyle=developed computer model . BT The analysis of aircraft noise exposure begins
¢ with the specification of the "airport system" parameters:
t -
H
} # The endpoinis of each runway used
i
'} ) e The airport pressure altitude and mean temperature
! e The ground tracks followed by all aircraft, both arriving and departing
‘ ;
% o  Altitude, thrust level, and velocity versus distance profile data for
o sach approach track

4=5
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e Taokeoff altitude restrictions and power cutbacks, if any

s The number of daily flights, divided into night and day operations, for
every significant combination of aircraft type and ground track (note
that the same aireraft with a different weight will be considered g

distinct aircraft type)
In addition, the following aircraft dependent data are required:
& MNoise versus distance for several thrust levels

o  Altitude, thrust, and velocity versus disrance from brake release for

takeoffs

Given all the above data, the noise level ot a point causad by a single flight
can be determined. First, the ground track is examined to determine the point of
closest approach. This defines the distance of the aircraft from touchdown or liftoff
which in turn determines its altitude, thrust, and speed. Using the altitude, the slant
rnnge. is datermined. The noise level in EPNGB is found by interpolating in o table of
EPNdB versus distance. Corrections for ground ottenuation, shielding. and velocity
effacts are applied resulting in the noise level due to this flight, The Wyle program
determines the total NEF at the point under consideration, by repeating the above
pracedure for every flight and summing logarithmically. Separate NEF values for day-
time and nighttime ore obtained. These are converted to Leq using rhe approximate

relations:

L = NEF + 36.7 (4=7)
eqday ‘

L = NEF + 38.7 (4~8)
qnighr

It is apparent from the obove discussion that-it is relatively straightforward to

compute different NEF values for different aircraft noise countermeasures as for example;

® Rerouting of commercial aireraft over modified flight tracks;

s Simulation of guiet nacelle retrofit on existing aircraft;
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e  Segmented tekeoff and approach paths;
e Night curfew.

Section 6.6 discusses the aireraft noise countermeasures which are leasible by
the year 1978. Section 7.8 determines the associated costs. In Chapter 8, the counter-
measures are examined as to their cost-effectiveness in community noise reduction in

the context of the noise emitted from all sources,
4.4 SOUND PROPAGATION
4.4.1  Introduction

The evaluation of cost-effective strategies to reduce community noise involves
the careful application of valid models for propagation of outdoor noise in urban areas,
This section reviews the background on urbon noise propagation and presents the specific

propagation modeis applied to this study.

It is convenient to divide the various sound propagation effects into two cate-
gories: (1) fixed or stable effects which can be accounted for, and (2) variable or
unstable effects which cannot be reliably accounted for. The finer breakdown of these

two groups is as follows:

Stable {Predictable) Effects

Unitorm Spreading Losses
. . 2
- Point sources, loss varies as 1/R
- Line sources, loss varies as 1/R

- Planar (area) sources, loss varies from 0 to I/R2

Nonuniform Spreading Losses
- Reflection by ground, buildings and other obstacles

~ Diffraction by buildings and obstacies

Absorption Losses
~ Absorption by ground and normal ground cover

- Atmospheric absorption (predictable for ordinary still air)
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Unstable (Unpredictable) Effects

Nonuniform Spreading Losses
- Refraction by nonuniform atmosphere, winds, etc.

- Diffraction or scattering by turbulence, dust, or fog

Absorption Losses
- Absarption by an atypical ground cover (snow)

- Atmospheric absorption by dust or fog

The wstable sound propagation effects are considered “unpredictable" from a
practical viewpoint due to their dominant dependence on weather. ignoring these
weather-sensitive propagation effects does not invalidate the study since the weather-
induced variations will tend to be random in nature and, over a long period of time,
average aut to zero. While wegther olso has a sign ificant influence on the "predictable"
atmospheric absorption losses, the variation is not large for the significant sources of
urban noise. That is, “standard day" weather conditions can be assumed to define the
average absorplion loss effects with reasonable accuracy. The following reviews the
"sredictable" propagetion loss effects in more detail, including the most difficult

problem of noise propagation in urban areas,

4.4.2  Uniform Spreading Losses

The apparent loss in acoustic intensity as the sound power radiated by a given
source spreads out over an ever~increasing sound wave front areq is convenientiy called
uniform spreading loss. Uniform, in this case, implies that the atmosphers is stitl and
homogeneous so that the sound intensity decays in the ideal manner Hlustrated in
Figure 4.4«1 for point, line, and area sources correspanding, for example, to o single
vehicle, a stream of traffic on a single highway, and-to a large industrial plont,

respectively.
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4.4.3  Propagation Losses Due to Air and Ground Absorption

o  Air Absorpiian Only

Several fundomental mechanisms cause sound to lose energy at a constant rate,

expressed in terms of dB/unit distance, as it propagates through the c:ir.59 This absorp-

tion loss is a fundamental element in limiting the residual noise generated by all distant
{nonlocal) sources, Based on Shaw ond Olson's model for residual noise level in a
uniform distribution of random sources, the effect of the absorption loss rate on the
relative residual noise level, in the plane of the sdurces, as a function of source

density is shown in Figure 4.4-2.50 vpccess attenuation" means attenuation in excess
of the uniform spreading loss.

For high~density, high-rise apartment areas, propagation of noise in the ver-
tical direction must be considered. An analytical model for this cose, based on the
sound lével above an infinite plane of unifarmly distributed random saurces, was
recently derived by Surherlandslo
otson. !

based on an earlier uban noise mode! by Shaw and
Figure 4.4-~3 shows that this model predicts that, for a reasonable value of
air absorption, the residual noise level above the ground will tend to fall off very

slowly with elevation while the level of o typical "local" source will tend to decrease

nearly as the inverse square taw as elevation above the ground increases. This theoretical
‘o . 510
trend has heen verified experimentally.

v

s Combined Air and Ground Absarption

The calculated effect of air ond ground absorption fosses on propagation aver
open ﬂcf tarrain of maximum passby noi.se levels fram a single automobile or heavy
truck is ;hown in Figure 4,4=4, The frequency spectra used for these caleulations are
based onﬂ average values from Reference O2. Beyond a distance of about 100 feet, the
added loss due to air and ground absorption, over that due to uniform spreading alons,

is apparent. The ground obsorption loss in Figure 4,4-4 is estimated for open Flat
2
terrain accarding to an empirical mefhod.s
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at. 50 Feet Without Shielding Loss (Adopted from
Reference S1) ‘
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Figure 4.4-3. Computed Variation with Elevation of Amhient Noise Level (Solid Lines)
from Unifarmly Distributed Equal Random Sources of Varying Density in
Ground Plane and Variation in Maximum Noise Level {Dashed Line) of
vLocal" Source Located 50 Feet from Base of Vertical Observation Line.
All Levels Relative to Constant Reference Level of Each Source at 50
Feet. Atmospheric Absorption Coefficient Asumed Equal to 0.3 d8/
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4-12
WYLE LABORATORIES

s T gy e T =T



10 100 1000 10,000
Distance, Feet '

~ -~ - - - - -
90 1 L \\\\ | i 1 } I - 1
A m———  Passenger Car
\‘\
R
R
8o~ A ~—= Truck -
R
NN For 592, 704 RH
\Q‘\
\:\
N
\\ \\
% ~ ~a
- N ~ .
-~ ~ Alr to Ground
;": 6°T N N -
;' \\ \ Ground to
~ 2 N Ground
] & N fy roun
“ T sl NS NGt
g . '\\ 7
£ NN
% ~N
s
401 —
Ground to Ground
~
~ ~
30F =Airto Ground
E .
¢
1
; 20 | ] [ |
)
|

Flgure 4.4-4. Typical Maximum Noise Levels with Distance for Highway Vehicles

PR E———————— L R



e e e AL LS T 0 A A T TR

et e A A TP hin s ek + e et

4.4.4  Nonuniform Spreading Loss in Urban Areas

When 1he sound propagation path is no longer flat and open, prediction of the
changein spreading loss becomes much more difficult. A conceptual model has been
developed to handle the wide range of situations which can occur, i.e., asingle
isolated barrier or hill, or o cluster of commercial buildings. The model, illustrated
in Figure 4.4-5, is based on describing the obstruetion normal to the sound propagation
path by a two-dimensional matrix with building height as the vertical axis and building
open spoce ratio (or blockage) as the horizontal dimension, This allows an "ebstacle™
normal to the sound path to take any general configuration from completely apen space
to fully blocked with all practical gradations in between, A third (depth) dimension is
added so that the actual propagation loss can be related to the distance along the
propagation path. This simple three=variable model is nothing more than a useful
organizer of propagation conditions. However, it is just this simple "organization"
which is needed to provide a unified framework for defining propagation conditions in

urban areas.

This approach also provides a quantitative foundation for deseribing unique
land areas or cells by their acoustic geography. Thus, a given urban area can be
broken down into cells according to the type of sound prapagation characteristics
appropriately described by a position on the three—~dimensional propagation matrix,

Appendix C contains more detalls on propagation modeling and cell definition,
4.5 ' FORMULATICON OF Leq FROM ALL SOURCES

In the Wyle noise expesure model, the community is described by a large
number of population cells (see Appendix C, Section C.3.1). Each cell is assumed
accusticﬁlly homogeneous, that is, of constant "acoustic geography." For one particular
time {day or night) Leq is calculated at o central point of each cell taking into account
the noise from all sources and the propagation losses discussed in the pravious section.
The addition of the component Leq's is performed u::co:rding to Eq. (2=5) to yield the

total noise exposure from all sources ot each cell.
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Figure 4.4-5. Simple Three=Variable Model for Excess Attenuation Volues
for Sound Propagation Through Urban Areas. Variables are:
H = Building Height, 5/B = Open Space Ratio, .0 = Depth
or Distance Along Propagation Path,
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Although all of the noise environments utilized for this study were compured,
the prediction methods are based on an extensive experimental data base collected by -
Wyle and others over the past in a large number of environmental programs which
required experimental verification, While such verification effort was desirable for
this program, it was net feasible within the scope of the program resources. The
basic trends devefoped by the predicted levels are still considered valid within the -

assumptions made for the overall study,
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CHAPTER 5

QUANTIFICATION OF- TRANSPORTATION NOISE USING LNP"

In Chapter 2, it is shown that the Noise Pollution Level L. may be a better

NP
predictor of human response to noise than the Energy Equivalent Level Leq. LNP takes
into account not enly the total energy of exposure but also the variability of the noise
level. To determine the LNP from many noise sources requires that the complete

statistical distribution function be known which makes the computation of LNP much

more complex., The general method of LNP prediction at one point in the community
consists of obtaining first the distribution of noise levels from each source, then com=
bining these to form rhe- distribution from all sources, and finally comgufing LNP from

the latter. These steps will now be described in detail,
5.1 SOURCE CUMULATIVE DISTRIBUTION FUNCTIONS
5.1.1 Road Traffic

Kurze has described the statistics of road traffic noise using a theory which is

K7, K5
mathematically very involved and difficult to apply to a practical situation. ' In

a subsequent paper, = Kurze presents approximate methods for obtaining the cumulative
distribution function for points close to the roadway: i.e., the product M = Ad must be
small, where X is the vehicle density (number of vehicles per unit distance), and d is
the perpendicular distance of the observer from the roadway. The cumulative distii=

bution function then is:

AL/10
PAL) = erf (\M 10~ /20 [1 -S4 MI0 D (5-1)

T s 2y

with AL=L = Leq' M= '\eqd'

“All relative and obsolute sound levels in dB are A-weighted levels unless

otherwise specified,
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Furthermore,
. . , th )
A, is the vehicle density of the s class of vehicles;

is a reference noise level from a vehicle in the st class of
vehicles, measured at a distance " from the roadway.

L

raf, s

Then,
L /102 .
L =10 fog[z 10 refes Ty ﬂ] (5-2)
eq P ?- 5
' 2
L /20)
ref, s
Mg (?*s " (5-3)

L /10
fs
g,\s ]0 ret, s

Equation (5-1) is applied twice: ance for the totel traffic mix, and again only
for the noisiest class of vehicles. The two distribution functions are then combined
graphically as.shown in the example in Figure 5.1=1. Kurze does not state up to what

valua of M Eq. {5=1) is valid. Howaver, an upper practical limit seems te be M ~ 0,5,

Above this value the W ~term begins to dominate and the distribution curve starts to
wander off unreasonably to the right (Figure 5.1-2). In the cases considered in the
present study, M is always less than 0,5 (see Chopter 8). However, it is concelvable
that M does not always stay small if ii is desired to take into account all relevant noises
aven from distont madways. Also, the vehicle density X may become large in urban

areas, particularly when multilane highways are lumped into one acoustic source.
5.1.2  Railroads

QOnly noise fom trains on railroad tnes is considered in the Spokane analysis
(i.e., no switching yard noise). A train passby is assumed to be at constant speed.

The distance from the track of the point where L, is to be evaluated gives the peak

WYLE LARORATORIES



-
0 999 T T T
0.989 -
A ‘
| 0-99 -
5 M =0.168 for Traffic Mix
| a 5}- ]
™
; =
2 OT Graphical
[~
u ’ Inter-
: M=0,0318 \\ polation
e oL for Trucks Oaly i
!
’:
| n o= ﬁ
:Q 0 00I -
0000 -ulu a Q- 0
AL, d8
Figure 5.1-1, Example for the Construction of a Cumulative Distribution
@ ‘Funetion for MNeise from Mixed Traffic by Means of
Graphical Interpalation., Considered is a Traffic Mix
with 10 Percent Heavy Trucks, which are Noisier by
15 dB than the 90 Percent Passenger Cars (from Reference
K4}, M= Number of Vehicles Per Unit Distance Times
W Perpendicular Distance from Obsarver to Roadway.
|
D
| .
|
2

Wb R i ke B i e L5 0t e R B8 0 T L e e et Bl

5-3

e e o R s s b £ ot gl

ST S IPUURLE e TR O

WYLE LABORATORIES

RO W LR b A Y



e, et

SR R

29.9% 1 T
99,9
99 —
47\\
/
90 4.
N
“y
B 80 — Y
% %2
3 |
5
[ 1]
E 50 — —
—
]
£ 30 ]
[¥]
g 20 .
10 ]
5 — —
1 - —
0.1 |
0.01 s | ] | | | | I
=8 -6 -4 -2 0 2 4 6 - 8 10

AL, dB
Figure 5.1-2, Cumulative Distribution Funetions of Traffic Noise

as Obtained by Eq. (5~1) with Parameter M
" (Vehicle Density Times Distance) Varying.

5-4

WYLE LADORATORIES



SN

level of the {ocomotive; distance and speed give the level generated by the cars.
-~ Graphically, a train passhy is represented as in Figure 5.1-3. Knowing the charac-
teristics of train traffic for doy and for night, the cumulative distributions of levels can

easily be synthesized,

- 5.1.3 Ailrcraft

The nolse level time history of an aircraft fly-past is approximated by that of
a moving dipole oriented at 45 degrees to the direction of travel (Figure 5.1-4). The

lower lobe of the figure=-8 directivity pottern of the dipole approximates the directivity

ﬁ
: of jet exhaust noise. Given the maximum level, the aircraft velocity ond the distance
to the flight track, the noise level time histary can be computed. The total air traffic
is categorized into aircraft classes (four for the Spokane analysis) with characteristic
L noise levels and Fflight speeds. Together with aircraft mavement statisties, the cumu=
lative statistical distribution function for each class can be computed for the daytime
; aond the nighttime. The distributions of each class are combined using the method
deseribed in Section 5.2,
o
E 5.2 COMBINED CUMULATIVE DISTRIBUTION FUNCTION
Section 5.1 describes how the distribution of levels from each source is
. ohtained. This section presents the method used to cambine the source distributions
into the distribution of noise levels at the point where LNP is to be calculated, Nelson
has described three methods of statistically combining noise from separate time=varying
sources:
e
o The first method is exact in the sense that it obtains the probability of
! the occurrence of a certain level from probability products of the
! component distributicns. To execute this would be too time~consuming
D an operation,
i ® The sscond method is an approximation and uses Eq. (7) on Figure
f 5.2-1. A(L) and B(L) are the probabilities that noise level L is
]
|
|
5-~5
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Figure 5.1-3 Simplified Noise Level Time History of a Train Passby.
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Figure 5.1-4, Simple Madel for Obtaining Noise Level Time History of a
Jet Aireraft Fly=Past Using o Convecting Dipele. D =
Distance (Slant Range), V = Velocity, L = Noise Level
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is exceeded for sources A and B, respectively. The result is the com-
bined cumulative distribution C{L). This method is sufficiently

accurate if enly two distributions are combined.

The third method should be used if there are three or more component
distributions; then, the more exact Eq. (B) an Figure 5.2=1 should be
applied in succession. This is the method used in the present work with
a Wyle~developed computer program which can combine up to six

distributions at one time.

c(/.

C(L) = A(L) = ALY B(L = 3) 4 A(L = 3. B(L ~ 3) = #(L — 3). B(L)

) e QTLACLY + BILY = AU — 3) - B — 3)
+ OdAL = DAL = 3) 4+ O3AL = 3+ ML =] (T

+ BOLY + [A(L = 2) = ACQO3B(L = 5) + 07B(L ~ 4) — B(L — 3]
+ 8L = 2) — BUNOLIL — 5) + 074(L ~ 4) — (4 — 3)]

e AL = )~ AL~ 1)

x [O188(L — 7) + 0428(1, — 6) + O-1B(L. ~ §) — 0.78(L. ~ 4]

+ (Bl - 2) = B(L = )]

x [018A(L —~ 7) + Od2A(L ~ 6) + 1AL = 5} = O-TAL — 4)]

F AL = 3) = AL = DYOUSBL — 5} + 0-3SB(L = 4) — O-SB(L ~ 3)]
4 [B(L ~ 3) ~ B(L - DONSH(L ~ 5 + 035A(L = 3) — OSA(L - 3))]
+{A(L - 1} = ALY

x [0+ O2B(L — 13) + 028(L = 10) + 028(). — 9) + 028(L - 8)
UADAR(E — T DL ~ 6) = O3X(L —~ §) — 0-TB(1. — 4)]

4 [BL = 1) = BUNOY + 024(L = 13) -+ 024(L = 10) + 0:21L — ¥)
4 02A(L -+ B) + O0%A(7 = T) + OOLA{L — 6)

‘ ~ OA(L = 5) ~ 0L ~ %) (8)

Figure 5.2-1. Formulas for Combining Two Noise Level Distribution Functions

{ From Reference N3). The Cumulative Distribution Function
C(L) is Intended to Represent the Summation of all Possible
Simultanecus Cambinations of levels from Sources A and B
which Add Up on an Energy Basis to the Desired Level L. These
Component Llevels are Weighted by Their Respective

Probability of Occurrence. Eq. (7)is Simply o Less Accurate
Approximation of This Process.
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5.4 . COMPUTATION OF L,

". The Energy Equhralent Level Leq and the standard deviotion o of the com-

bined distribution are computed via computer program. Then, from Saction 2.3:

LNP = Leq +2.560 (5-4)
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CHAPTER 6

-

COUNTERMEASURE NOISE REDUCTION ANALYSIS*

6.1 INTRODUCTION

The following sections present individual discussions on the technical feasi-
bility of accomplishing varying degrees of noise reduction for the time period 1973-
1978 for the major sources of environmental noise utilized in the Spokane, Washington

analysis. The dominant noise sources cansidered in the analysis are:

s Heavy trucks {ahove 10,000 |bs)
e Automobiles
e City buses {central business district only)

. e  Railroad operations (on~line freight and passenger movements only)

e Commercial aireraft

; The general treatment of the analysis includes o definition of the major noise
: producing subcomponents for each source and the extent to which feasible noise reduc-
; ? tion can be accomplished, either through new product medifications or existing “fleet"
; retrofit, by 1978, Different modes of operation are considered and different degrees of
noise reduction are predicted for the various medes of individual source operation, The
methods of noise reduction consider, where appropriate, not only physical source
modifications which account for the net noise reduction of oll source components but

operational modifications affecting the individual and the composite fleet or stream

as well.

xBTS T e

SN
&

Modifications or adjustments to the path between source and receiver in the
forms of source rerouting, construction of intervening noise barriers and receiver
relocation out of the proximity of the source are also treated, In additiaﬁ, a dis- ‘
cussion is presented on the topic of improvement of outdoor to indoor sound insulation

in dwellings (both commercial and residential).

AT relafive and absolute sound levels in dB are A-weighted levels unless
otherwise specifiad,

\
1]

WYLE LADORATORIES
LF

et £ AT 12 ¥ At e

. PR I " ;
. . . . -y o v L s e i e e
e P £ S L e, © 0 ot T TP L W e e



et R RS DS AL b e Bt 2 e S 4 ke

Specific countermeasures are not defined or developed for "receiver-controlled"
sources of environmental noise (househeld appliances, home ond commercial power tools,

etc. ) as the primary gool of this program is to assess cost-effective means of reducing

external environmental noise,

In oddition to the environmental noise sources discussed in this section, three
other cotegories of external sources were ¢onsidered in the preliminary research of this

program, although they were not utilized in the Spokane analysis. These sources were;

e  Staticnary noise sources — industrial plants
¢ Building construction operations

e Rapid transit systems

For completeness in this presentation of the wark effort, and to allow future
expansion of the scope of the study, a summary of the technical feasibility of achieving
defined levels of noise reduction for these three sources, along with summary economic
considerations for rapid transit, is presented in Appendix F. The data in this chapter

was obtained from References G4, F1, G3, Fé, Wé, and U9,

&4,1.1  Motor Vehicle Retrofit

When considering the quieting of motor vehicle noise sources, a distinction
must be made betwsen modifications of the manufacturing level of new production units, o~
and modifications in the field of already existing units. The latter is referred to as
“ratrofit," It should be noted that this definition of retrofit does not include the
restoration of o vehicle to OEM {original equipment at manufucture), Consequently,
the requirement that vehicles be laft at or restored to, OEM conditions is not considered ¢

as @ means of noise source reduction In this study,

The sections below develop the technical feasibility of source modifications
for both newly manufactured units and units requiring retrofit, The associated costs are
taken from sources available as of September 1974, Whether or not the technically
feasible modifications are also economically feasible is one of the results of the Final

analysis presented in Chapter 8.

&2
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For automobilas, it's fairly straightforward to develop retrofit source modi-
fications required to achieve a certain noise |evel, Trucks, however, vary much more
in their configurations so that it is difficult to determine across-the~board modifi~
cations. This problem is tregted in Appendix G where the probable necessary retrofit
changes are developed depending on the truck oge and the desired maximum noise
level. It is considered beyond the scope of this study to go inte more detail than
presented in Appendix G. In view of the general nature of the study, which takes
into account many noise countermeqsures other than those pertaining to motor vehicles,

such an in-depth investigation does not appear necessary.

Insufficient data was available on the labor cost of installing the motor vehicle

retrofit hardware in the field, One may expect that it will be more expensive to install
T a retrofit part in the field than on the assembly line. However, this need not always

be the case. Since a retrofit period of 5 years is allowed, installing an improved
‘: muffler, for example, can be delayed until such time when the original component
{ needs replacement anyway. Generally, it is assumed that the retrofit costs equal those
: of the incremental retail costs of manufacturing new motor vehicles. In order to demon-
J: strate the sensitivity of the results of this study to this assumption, o substudy has been

carried out. [t is described in Sections 7.4,2 and 8,3, 4.

& 6.2 HEAVY TRUCK SOURCES

l Almost all heavy trucks {gasoline and diesel) are custom designs, although they
are produced in high volume by large manufacturers, They are assembled of standard
o engine, powertrain, body, and auxiliary equipment components; however, the matrix

! of combinations for even relatively simple or low production models is excessive. The

combination picked for the truck configuration is based upon the customer needs.
Because of this concept, truck noise levels may vary from being exhaust noise~dominate
to engine/mechanical or cooling fan noise~dominate, In order to assess which source

‘ requires reduction first, it is necessary ta perform a noise source identification test;

otherwise, the process of noise reduction becomes a matter of revising all major

O
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components and retesting, This concept presents a two-sided dilemma to the owner of
trucks in the field, since he must choose between the cost of modifying oll major noise
sources or paying for the technical expertise of noise source identification. Thus, it is
not practical to think in terms of a "typical truck or even a series of typical designs.
Rather, one must consider. the range of components that are basic to most designs and
assess noise reduction potential over this broad range. Hence, discussions of truck
noise reduction are, of necessity, somewhat general. The scenarios of truck noise
reduction developed are necessorily dated by assuming initial retrofit action started
in 1974,

Throughout the treatment of noise reduction for trucks and all other highway
vehicles considered, the absolute levels are based on design levels that would pre~
sumably be measured in standard SAE tests. Actual regulatory levels might be slightly
higher to allow for measure.menr errors and manufacturing tolerance. However, as
long as one consistent method is used throughout, the relative change in levels is still

valid.
6,2,1  Exhaust Noise

- While exhaust noise constitutes @ major source, it is felt that this vehicle
noise component, as has been demonstrated by industry, is readily amenable to treat-
ment by the use of turbochargers and improved design mufflers to help in achieving an
86 dB vehicle {measured per SAE J366b). The next level of reduction in the range of
86 to 80 dB for the exhaust invelves much higher expenditures on a dollar per dB redue-~
tion comparison. Muffler manufacturers have placed a heavy emphasis on new muffler
systems for trucks which include larger mufflers, mufflers incorporating double wall
construction to reduce noise emission from the shell, intermediate resonator chambers,
and flow through fibergiass~packed extension stacks. They have published usage tables
which recommend various muffler combinations to achieve approximate noise levels with
specific engines. Upon application the manufacturer or owner must try these configus
rations on the particular model truck that is being revised. The results may or may not

be as anticipated because of space limitations for positioning the muffler, resonator or
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extension stack in the system at the lacation recommended by the muffler manufacturer.
This design location is based upon a frequency analysis and experimental testing of the
exhaust from a particular engine. For the components to function properly, they must
be placed the correct distance from the engine to correspond to the wavelength or
increment of wavelength of the frequency component which they are designed to affect.
If this is not possible, because of space limitations, the exhaust noise may increase

rather than decrease.

The incremental retail cost of reducing exhaust noise of newly manufactured
units to a range of 86 to 80 dB by new double wall mufflers and possible additions of
resonators ranges from $40 to $80, Extension stacks are not production priced so that
this price does not include them. This cost is for components anly and does not reflect
any additional cost which will be incurred os a result of more sophisticated clamps used
with the new muffler system, installation costs, or noise and back prassure testing.

The standard flexible piping on trucks must be replaced with more reliable and leak
proof jeints. As noise levels are reduced, any possible exhaust leaks will have a
prafound effect upon exhaust noise levels. A retrofit installation will cost the owner
between $75 to $150 for parts plus installation and testing costs. Further improvements
may be obtained by incorporation of manifold mufflers which, if optimally cenfigured,
may eliminate the need for additional downstream mufflers on some engines, An estimate
based upon usage on one engine as a development item indicates an additional 6 dB
exhaust noise reduction at a customer cost of approximately $100, For some truck con-
figurations, there is a severe problem of installation clearances, particularly with V8
engines. The existing exhaust Alanges and turbo installations are very close to the
frame and the engine tunnels. The $100 figure is the cost of the manifold only {fleet
price) and does not include matching piping required to adapt fo an existing exhaqust
system on installation and test costs, Noise testing and engine back pressure testing

may be required.
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6.2,2 . Engine Mechanical Naise

Reductions of the order of 5to 8 dB (measured in o test cell at 3 feet, engine
noise only) have been achieved with damped panels partially enclosing the engine.
Panel applications to the final vehicle have resulted in overall reductions of 1o 3 dB
dependent upon the relative predominance of engine noise. Factory costs for these
panels range from $100 to $150. Some panels, such as side panels showing reduction
during engine testing, will not have the same positive effect on an overal]l vehicle

installation because body panels may serve the same purpose,

Reductions of 5 to B dB in engine noise have been achieved with almost com-
plete enclosures. Estimated manufacturing costs (excluding increased maintenance}
have been reported at around $250 per vehicle. When enclesures are incorporated, 1t

is necessary to be very cegnizant of any harmful effects an the cooling system.

6.2,3 Engine Cooling Fan

Troditional approaches to this problem have largely consisted of increased

radiator core sizes and use of larger (improved efficiency) fans tuming at slower speeds.

Fan noise reductions of up 1o 7 dB have been demonstrated with this method. More
recently, emphasis has been on a complete cooling system redesign in addition to fan

analysis.

' Emphasis has been placed on improving cooling system efficiency by evalu-

ating the following parameters:

o Fan design efficiency as o function of blade cross-section, number of

biades, spucingbof blades, area of blades, and blade projected width.
e Blade tip clearance from shroud.

.8 Shroud sealing at radiator and sealing adjacent to radiator to reduce air

recireulation from fan blade tips.
e Positioning of fan in shroud,

e Positioning of fan relative to radiator.

66
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s Proximity of pulleys and ancillary equipment to the fan.

o  Evaluation of radiator configurations relative to fan air flow restriction

and its effect on noise.

e  Evoluation of air flow characteristics of fan in different engine

compartments.

e  Effect of noise shields upon cooling system air flow to determine if

air-to-boil specification of factery is affected.
&  Shroud design,

The concentrated effort by manufacturers in the cooling technology exem-

plifies the magnitude and impact of cooling system noise on heavy duty trucks.

Advanced concepts for truck cooling have been introduced by some suppliers
which are rear mounted hydraulically driven fan cooling packages. The hydraulic
package is therml sensing and operates in a manner similar to the engine mounted
thermatic and viscous fan drives. The more exotic systems are not applicable to the
present day designs if usable space between the bumper to back of cab is to remein the

same,

Other approaches which have developed include raising of the cab and moving
the engine rearward, These more involved improvements may not be adaptable by all

manufacturars,

The present cooling system effort is of concem to manufacturers on two counts:
the upcoming noise levels that they must meet, and the now current marketing of higher
horsepawer engines by Detroit Diesel, Cummins, and Caterpillar which will require

additional cooling.
To satisfy the present duy design, several approaches are being pursuved:

o Incorporate all possible changes on existing cooling system so basic
envelope will not change. This would require o new type fan, new

shroud design and new drive pulleys to slow the fan, At the factary,
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this would cost opproximately $35. On the other hand, on a retrofit
basis, this change might run as high as $250 for parts alene to o flest
operator. Additional costs would be incurred for installation of parts

and tasting of the vehicle,

Increase size of radiator and put larger, slower turning fan on vehicle.
This fix is only applicable on new truecks at the factory and not available
to all manufacturers. The existing cab designs would not allow enough
room for larger radiators on some cab-over-engine trucks and hoods
would need rework on conventional trueks., There would be no retrofit
value of this concept because it might necessitate body changes which
would become very expensive for the owner of trucks already in the field.
The benefits from this concept are that fan noise is greatly reduced, but

a questionable area exists as to whether air-to-boil specifications are
still baing met since ram air is weighted very heavily in the design

concept.

Incorporate a flexible fan or a thermatically controlled "demand type"
fan cluich. These systems have resulted in o fan noise reduction of 2 to
10 dB at factory costs ranging fram $2 to $190 per vehicle. The flex fan
is practical for use on high torque engines where the engine develops
almost maximum BHP at an rpm lower than its maximum rated rpm. They
are not applicable to a normal engine that achieves rated BHP af its
rated rpm because the fon may be flattened out ot thet point and not be
supplying adequate air flow. The thermal sensing clutches in most cases
require @ larger packaging envelope than the factory drive pulleys, so
that they may not be applicable to a retrofit installation on older vehicles,’
On some vehicles, the use of thermal sensing clutch fans could preclude
the we of radiator shutters if the truck was not subjected to severe cold
conditions where temperature control could not be maintained by the

thermostat alone. The elimination of shuiters could save as much as $100

6-8
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cost to the customer. The retrofit installation will not realize any cost
saving since the price of the shuiters would have been included with the
cost of the vehicle. A saving of approximately 10 to 20 horsepower may
be realized when using a thermal sensing clutch which is normally wasted
by turing a fan when not required. It has been estimated that the fan is

o~ actually required only 10 percent of the engine running time.

Rather low cost Figures are sometimes quoted for fan noise reduction because
reductions are achieved by replacing just the fan blade in the field. These prices must

“ be considered on the basis of what they are accomplishing.

The truck manufacturer is required to meet an air-to-boil specification dic-
tated by the engine manufacturer, This must be met in order for the engine manufac~
turer to guarantee his engine. This air-to-boil specification is determined on a worst
case situation in any area where that engine manufacturer sells his engines. In that
manner, he is not caught in a distribution of his product based on an area matrix. This

concept inherently adds e little overkill for some oreas and some modes of operation.

The fleet operator is in a different situation: He knows the type of route and
ambient temperatures to expect and emount of time required ot full hosepower when
maximum cooling is necessary. He may be cble to changé fans and actually lose part

L] of the cooling potential, but not harm his operations.

6.2.4  Air Induetion System

T T N RUPIEET

This source is not presently a problem area in that it is generally 10 dB below

ather major sources on an 86 dB truck. 1f an overall truck noise level of 80 dB is

W- .},_H _H

4 desired, then the intake system will probably have to be revised or the intake compon=
i ents and inlet duct relocated. The use of tuned intake systems can satisfactorily reduce
'.:’ intake levels, For retrofit vehicles in the field, the noise reduction techniques may not
be readily available by repositioning intake piping and air cleaner. The system may
have to be replaced for reducing overall truck noise from 86 dB to 80 dB on some
vehicles. This field replacement would be approximately $50 customer costs in addition

k= to installation and testing for noise and pressure drop,

6-9
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It may be necessary to relax overall length restrietions on trucks and combi-
nations {presently 5 feet in California) to accommedate some of the aforementioned
modificgtions, These restrictions have necessitated short tractors to accommodate an
economical payload. There is presently little uniformity between states for maximum

size and weight limitations.
6.2,5 Truck Tire Noise

Analysis of low= and high~speed truck noise emission datq indicates that at
speeds above 40 mph, the tire component may clearly dominate the noise during passby.
It has been found that reductions in the high~speed tire noise component on the order
of 5 dB are possible by replacing crossbar design tires with rib design rires.Ta Appen-

dix G.3 provides further details including an anelysis of the economics of this option,

To summarize the opproach for defining truck noise reduction in this study,
all of the truck noise sources are finally lumped together and treated as one noise source
with an output which is essentially independent of speed. In the final results, this
source is identified as "low-speed" truck noise (i.e., tire noise is not present). Counter~
maasures to abate this engine-generated noise are then lumped together for both the
cost and effectiveness analysis of this source. For high~speed roadways (speeds from
35 to 55 mph), tire noise is then added to the engine-generated truck noise and reduc-
tion of this (high~spead) tire noise is treated separately from the engine-generated
noise reduction.

6.2.6 . Heavy Truck Noise Reduction Scenarios

Given the assumption of o one-to-one relakionship between noise reduction as
indicated by the SAE J36éb test procedure and actual observed nolse emission character~
istics of heavy trucks at speeds less than 35 mph (see Appendix E), we may now proceed
to define a series of new production and retrofit combinations which yield various overall
1978 fleet low=speed noise reductions for various levels of total cost. A definition of
the analysis cases assumed follows and is illustrated in Figure 6.2-1. The analysis of
costs to achieve these levels is given in Section 7.5,

_ The specific cases analyzed are summarized, as follows: .
_ Case ) - New production at 86 dB (SAE J366b) through 1978, no retrofit
of existing fleet.

6-10
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MNew praduction at B dB through 1978, retrofit existing fleet to 86 d8,

1974 and 1975 production at 86 dB fallowed by production ot

B3 dB through 1978. Retrofit of existing fleet to B4 d8.

MNaw production at B3 dB through 1978, retrofit of existing fleet
to 86 dB.

New production at 83 dB through 1978, retrofit of existing fleet
to 83 dB.

1974 and 1975 production at 83 dB followed by preduction at

80 dB through 1978, Retrofit existing fleer to 83 dB.

1974 and 1975 production ot 83 dB followed by production at

8C dB through I978. Retrofit existing Fleet and 1974 and 1975

madels to 80 dB.

The analysis of resultant fleet noise levels for these cases is given in Table

4.2~1 based vpon the assumed national fieet distribution in terms of SAE J366b noise

levels.

Table 6,2-1

Analysis of Heavy Truck Non-Tire Noise Reduction Scenarios

Through the Year 1978

P"”?Sé'&%lﬁ‘ffl‘??? LF;::: o Enff;ihﬁjm AL, from
(Re: SAE J36cb) dB Level of Fleat | Basaline 1973

Case Number | 24 | 22 | 89 86 83 80 dB dB
Baseline 1973 | 16,4 {121.8(42.3| 19,5 - - 90.7 . 0

1 - | 8.3|33.1] 58,6 - - 88.0 2.7

2 - = - 100 i 86.0 4,7

3 - |- |- {727 27.3}| - 85.4 5.3

4 - - - 56.7 ) 43.31 -~ B84.9 5.8

5 - - - - 100.0| - 83.0 7.7

6 - - - - 72.7 { 27.3 82.4 8.3

7 - - - - - 1100.0 80.0 10.7

T Tt ot s ettt

é=12
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It should be observed that altheugh some limited cost datg do exist for the

production and retrofit of heavy trucks to yield resultant levels of 75 dB (SAE J366b),A5

this level of reduction was not considered technically feasible by (978 nor cost-

effective to incorporate into the analysis,

6.3 AUTOMOBILE SCURCES

Effective countermeasures should ba oriented toward treatment of the
noisiest subsources in turn until the desired or most cost-effective overall noise
levels are achieved for particular modes of operation, As has been pointed out in
the foregoing discussions, different sources typically dominate the noise output at
different speeds and vehicle configurations,

Appendix E examines the correlation of noise reduction levels os measured
by the SAE.|986a maximum noise test procedure with observed highway noise levels.
There, it is concluded that any reduction in noise level demonstrated by SAE J9Béa
will be reflected directly in observed noise emission only during the acceleration
mode, except where tire noise constitutes the lower limit for the speed under consid-
eration. Noise reduction in cruise and deceleration modes is affected to a much
lesser degree. The noise levels in each driving mode are then assessed. In cruise
mode Eq. (4=1) is applicable, For the deceleration mode, it is assumed that the
mean deceleration lovel varies in accord with the mean level generated during
cruise mode ot the speed from which deceleration occurs, In determining overall
community exposure, it is assumed that noise from idling may be neglected.
Appendix £ ends with a table (here reproduced as Table 6. 3+1) displaying 1973 base~
line mean noise levels from automobiles, The subsequent analysis is oriented toward

these levals,

6.3.1 Exhqust Noise
Prasent technology suggests the following modifications to reduce noise from
existing automobile exhaust systems: improve muffler design (i.e., larger volume,

higher insertion loss), switch from single to dual muffling systems or increase the

6-13
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Table &, 3~1

Passenger Car - Community Noise Summary
Typical A-Weighted Noise Levels Produced hy Mode of Operation

Urban Cycle
GM Cycle SAE Cycle >0
% Time |[Energy Mean % Time Energy Mean
Mode in Mode | Level, dB Made in Mode [ Level, db
Idle 14.4 53.5 Idle 13.0 53.5
Accelerotion 18,6 70.8 Acceleration 9.5 70.8
_Deceleration 16.0 62,4 Deceleration 18.5 62.0
Cruise 53.1 67.3 Cruise 59.0 60,2

Composite Energy Mean Level = 67,1

Composite Energy Mean Level = 63,2

Suburban Cycle

GMCycle SAE Cycle
% Time |Energy Mean % Time | Energy Mean
Mode in Mode | Level, d8 Mode in Mode Leve!, dB
Idle 1.1 53.5 ldle 3.1 53.5
Acceleration 4,7 73.8 Acceleration 2.7 73.8
Deceleration | - 5.8 é9.1 Deceleration il.4 71,7
Cruise 88,4 72,5 Cruise 75,8 70,1

Composite Energy Mean Level = 72,4 I‘Composife Energy Mean Level = 70.7

s b s ———
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exhaust pipe diameter. These modifications successively applied to present vehicles
could achieve maximum noise levels (re SAE J98éa) of B0 dB. Further reduction
(to say, 75 dB) may require additional acoustic shielding around the muffier and
pipes to minimize cose radiation. Manufacturing cost data for these modifications is
meager; however, munufacfurers have reported that exhaust pipe diameter increoses
canstitute cost increases of the order of $1 per vehicle. Muffler system improvements
may range from $2 to 512 per vehicle, while the cost of adding o dual exhaust system
to domestic vehicles may run opproximately $25 to $30 per vehicle.
6.3.2  Intake Noise

Industry has demonstrated that this factor may be successfully minimized by
the use of larger air cleaners of improved design. Such devices would then be com=
patible with overall vehicle noise levels of the order of 75 dB. Manufacturers'
cost information on this topic is minimal, with one estimate by an imported car
manufacturer (subcompact) being given as $.30 oer vehicle which represents the
incremental manufacturing cost for enlarging the air cleaner.

6.3.3 Fan Noise

Fon noise may be minimized by improved design flex-bladed fans or
incorporation of heat sensing demand-type fan clutch systems. It is anticipated
that such “quiet fan" systems will be required on lower noise level vehicles of the
future. (It should be observed that the large radiator, larger, slower tuming fan
alternatives used on heavy trucks do not present a rational countermeasure for
automobiles. )

The range of estimated costs to the consumer to achieve various levels
of reduced maximum noise emission (as determined under full throttle test con-
ditions - SAE J986a) is illustrated in Figure 6.3-1. (It should be noted that,
throughout this study, detailed design concepts for noise abatement of highway
vehicles have not been defined specifically. Rather, only estimated cost figures

versus noise reduction data for the major vehicle noise sources is utilized.)
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Figure 6.3-1. Costs of Quieting New Automobiles (from References
F1, F6, G3, W6)
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6.3.4  Automobile Tire Noise

For current passenger aulomehiles operating at freeway speeds, the tire noise
component may be of equal or greater significance than the engine/exhaust. Current
tire technology does not offer a feasible meons for reduction of high~speed automebile
tire noise (at laast for autamehiles equipped with conventianal tires), Thus, for purposes
of this analysis thraugh the year 1978, countermeasures for automobile tire noise redue-

tion are not contemplated,

6.3,5 Scenarios of Automobile Noise Reduction

To determine feasible overall noise level reductions for automaobiles under urban
(low=speed city streets, arterials) and suburban (high-speed highways, freeways} oper-
ating conditions, it is necessary to relate specific reductions of SAE J986a levels ro

reduction of noise emitted in the occeleration, cruise, and deceleration modes.

Acceleration Noise

It is assumed that any reductions in noise level demonstroted by SAE J%86a will
ba diractly reflected in observed noise emission during the occeleration mode {except

where tire noise constitutes the lower limil for that speed).

For the high=speed case (suburban cycle), the acceleration noise level that can
be obtained cannat be lower than the noise lavel at cruise conditions, The "overage
spead from which acceleration occurs” is 40,5 mph (Appendix E.2); the oorresponding
cruise noise level is 68.5 dB (Eq. (4-1)). The acceleration noise level for high=speed
conditions is 73.8 dB (from Table E.2-2). It is therefore assumed that the maximum

possible reduction of the high=-speed acceleration noise level is 73,8 - 68,5 = 5.3 dB.

The corresponding numbers for the low=speed case {urban cycle) are: “average
speed from which acceleration occurs: 22,5 mph; corresponding cruise noise level: 61 dB;
acceleration noise level (Table E,2-2): 70.8 dB; maximum possible reduction: 70,8 - 61
= 10 dB, ‘

Cruise and Deceleration Noise

We next wish to assess the noise reduction potential of the cruise mode, given

the general observation from Figure £.2-2, that the difference between cruise and coast

4-17
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(engine-off) noise levels over a broad range of vehicle speeds is on the order of
3 dB. Thus, we may assume that cruise mode noise levels could conceivably
be reducad by this amount if the engine/exhaust contribution were totally eliminated.
We assume that the tire compenent notse levels versus speed are fixed (through the 1978
time period) as the current stgte-of-the-art of outomotive tire/tire tread design does not
present a feasible way for its reduction. (Note - it is also possible to reduce deceleration
levels by @ maximum of 3 dB given the total elimination of the engine/exhaust component. )
The estimated maximum possible reductions in low-speed automobile noise levels,
based on the preceding concepts, are given in Table 6.3-2, Thus, the maximum oossible
low speed energy-mean noise reduction = 67.1 - 62.6 = 4.5dB, However, we must
consider that, reglistically, the 10 dB reduction in occeleration levels will ﬂalso
reflect o 10 dB reduction in the engine companent under cruise conditions which is
necessary if the full 3 dB reduction in crvise levels {down to just tire noise controlled)
is to result. If we assume that the engine component will be reduced by one~half the
accelemtion component {i.e., 5 dB maximum}, then t‘his will reflect a 2 dB reduction
in overall cruise and deceleration levels, The effect of this more realistic interpretation
of possible noise reduction by mode is oresented in Toble 6,3-3. Thus, we may conclude
that a more feasible maximum low-speed noise reduction potential of 3.5dB (67.1 -
63.4) exists given a 10 dB reduction in maximum noise emission levels as specified by
SAE J986a.
Next, we need to assess the maximum feasible noise reduction potential
under hilgh-speed (suburban) operating conditions. We have stated that the maximum
possible reduction under the crulse and deceleration modes is 3 dB, down to the tire~
controlled lower limit. However, considering realistically that even a 10 dB reduction
in the acceleration noise levels would result in @ maximum reduction of the engine/
exhaust component under cruise conditions of 5 dB, this yields a net feasible reduction
of cruise levels oguir_n on the order of 2 dB {engine/exhaust and tire noise). Thus, we
may compute the net overall attainable mean noise level reduction as summarized in
Table &.3-4,
Thus, we may conclude that for the same treatment to the automobile popula-

tion which yields a 3. 5 dB reduction in overoll low speed mean noise levels (through
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Table 6,3-2
~ Summary of Maximum Obtainable Low Speed Automobile Noise Reduction
By Operationa! Mode for the 1978 Time Period
Maximum
Percent Time Mean Level, Possible Resultant

: in Mode dB Reduction, | Mean Levels,
o Mode (GM Urban Cycle) | (Baseline~1973) dB dB
Idle 14.4 53,5 0 53.5
Acceleration T 16,6 70.8 10 60.8
iy

; Deceleration 16.0 62.4 3 59.4
Cruise 53.1 67.3 3 64.3
. Overall . 67.1 4.5 62.6
o Energy-Mean

Level

i
A
0
: Table 6.3-3
[ .
E Summary of Feasible Low Spaed Automobile Noise Reduction

By Operational Mode for the 1978 Time Period

:‘ * Feasible
g@ Parcent Time Meon Level, Noise Resultant
3 in Made dB Reduction, | Mean Levels,
: Meode {(GM.Urban Cycle) | (Baseline-1973) ds . dp
;@ Idle 14.4 53.5 0 53.5
i
Acceleration 16.6 70.8 10 60.8
‘: Deceleration 16.0 62.4 2 . 60.4
-
Cruise . 53,1 67.3 2 65,3
Overall 67.1 =3.5 63.4
Energy~Mean
& Level
&=19
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Table 6.3-4

Determination of Maximum Feasible High-Speed Automobile
MNoise Reduction for the 1978 Time Period

Feasible
Percent Time Mean Level, Noise Resul tant
in Mode dB Reduction, | Mean Levels,
Mode (GM Suburban Cycle) | (Baseline=1973) d8 . dB

ldle 1.1 53.5 0 53.5
Acceleration 4.7 73.8 5.3* 68,5
Deceleration 5.8 69.1 2.0 67.1
Cruise 88.4 72,5 2.0 70.5
Qverall ‘ 72.4 =20 70.2
Energy~-Mean

Level

" rrsb e s e T et bt

*Cruise level controlled maximum for average speed of 40.5 mph from which
acceleration occurs.

a 10 dB reduction in SAE J986a test levels), that a 2 dB reduction (= 72.4-70,) will

auvtomatically result in the mean high-speed neise emission.
The levels of high~ and low=-speed overall noise reduction have been correlated

in Figure 6.3-2 to SAE J9B6u test performance levels versus consumer cost per vehicle

to achieve these levels,

To arrive at these levels of noise reduction of the sutomobile population in
1978, it is necessary to define o series of new production and existing fleet noise
retiofit scenarios. The four scenarios assumed for automobiles are illustrated in Figure
6,3«3. It is ossumed that new production or retrofit down to SAEJ986a performance levals
of 74 dB (approximately o 10 dB reduction over current production) is the maximum reduc-
tion technically feasible by the 1978 time period. This level of noise emission also

constitutes the upper limit for which reliable cost data have been abtained from the

vehicle manufacturers.
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Vertical Scales: Noise Level in dB According to

SAE J986a.

6-22

WYLE LADORATORIES

r



[w)

B P i i G e

The analysis of the overall autemobile fleet mean noise level reductions
under urban and suburban driving conditions, based upon the fleet constirution as
developed in Section 7.4, and the high~ and low-speed noise reductions developed
earlier in this section, .is presented in Toble 6.3-5. These results are then used to
construct the bee ™ reduction scales in Figure 6.3-2. The upper end of these scales
is given by the available cost data. Some subjective judgment was exercised in
selecting the lower end ot 86 dB. It is also assumed that the scale can be raken as
linear. The analysis of present value costs to achieve these scenarios ond the develop-

ment of the noise reduction~cost function are presented in Section 7.4.

6.4 Commercial Bus Sources

Te determine the feasible range of nolse reduction cotential for commercial
buses, we must first make some basic ossumptions as to their mode of operation and,
hence, the correlation of reductions as indicated by the SAE J366b test procedure to
the overall fleet mean noise levels, weighted for mode of operation. To hegin with,
it is assumed that only within the Central Business District (CBD) are bus operations
sufficiently concentrated to contribute significantly to the overall noise exposure.
Hence, school bus operations and other operations outside of the CBD will not be
considered. Thus, given aperations only within the CBD, we may describe typical
operations as stop=and=-go in moderate to heavy traffic with regulor passenger pickup
stops every block or so, Thus, it would appear that most of the driving time is spent
either accelerating or decelerating up to or from maximum speeds on the order of 20
to 25 mph with very little time spent in the cruise mode for these operations, Because
diesel buses (with which we are orimarily concerned) share many common mower train
elements and performance features with heavy trucks, we may likewise assume {as in
Section 6.2) that an* noise reduction indicated by SAE J366h performance levels will
be reflected on a one-to~one basis when the bus is operated in the accelemtion mede,
As a final simplifying assumption, we shall define the typical driving eycle of buses

in the CBD os 50 percent acceleration to 20 to 25 mph and 50 cercent deceleration
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Table 6.3~5

Summary of 1978 Auromobile Fleet Noise Reductions for Various Scenarios
of Existing Fleet Retrofit and New Production at Reduced Naijse Levels

g s o b

(Re: Figure 6.3-3)
Automobile Noise Low Speed MNoise Reduction [ High Speed Noise Reduction
Reduction Reduction Reduction
Scenario Percent of Fleet | (A Leq) Percent of Fleet | (4 Leq)

Case 1, No retrofit 41.5 0 41.5 = 0
of existing fleet.

" New production ot 58.5 -2.2 58.5 -1.3
80dB (SAE J9B6a}

| through 1978 |
Qverall Reduction 100 -1.5 100 ~0.7
T

Case 2. No retrofit . 41.5 0 41.5 0
of existing fleat.
New production at 58.5 ~3.5 8.5 ~2.0
74 dB  (SAE J?86a)

through 1978, RPN S SRR B
Overall Reduction 100 1.7 100 =11
Case 3. Retrofit 41.5 -2.2 41.5 -1.3
existing fleet to
80dn (SAE J986a).
New pfoducfion at 58.5 ~2.2 58.5 -1.3
80dB (5AE J986a)
through 1978.
Overoll Reduction 100 -2.2 100 -1.3
Case 4. Retrofit 41.5 ~3.5 41,5 -2.0
existing fleet to
74 dB  (SAE J?86a).
New production at 58.5 -3.5 58.5 ~2.0
74 dB  through 1978.
Overall Reduction 100 | -3.5 100 =2.0
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from this speed band. Hence, we may conclude that one-half of any noise reduction
indicated by SAE test performance will be reflected in the overall mean noise emis-
sion levels of the Spokane commercial bus fleet {CBD operations only). Note that
since deceleration noise levels are asumed equal to those of the cruise speed from

which deceleration was initiated, they will not be affected by these noise reductions.

The analysis of costs to achieve reductions in terms of SAE test performance

down to levels of 70 dB is presented in S:ction 7.6.

6.5 RAILROAD SOURCES
6.5.1 Introduction

The noise associated with railroad operations is produced by two major
components: the diesel-electric locomotives, and the nassenger or freight cars. The
diesel-electric locomotive is, by far, the most common propulsion system for trains
{(approximately 99 percent).

The standard locomotive configuration consists of o large 16 to 20 cylinder
diesel engine (producing up to 3600 horsepower) that drives an elect rical generator,
This generator, in turn, provides power to traction motors on each axle of the loco-
motive. The cooling fans for the radiator portion of the diesel's water cooling system
are roof mounted, as are the fans which cool the large resistor banks which are
elements of the dynamic braking system, These diesel locomotives are essentially
used for two tasks: the larger line locomotives which sull hiains, and smaller switcher
locomotives (generally less than 1800 horsepower) which classify freight cars in rail-
road yards and spot small trains of cars to local industries, OF the 27,000 locomotives
in use in 1971, approximately one-half fit into each category,

Line locomotives are operated in orimarily two modes: full power setting
(No. 8 throttle position), which averages 30 percent of the time and, at idle, 4l cer-
cent of their running time. Hence, once clear of the classification yard and congested
areas, locomotives are operated at high power settings (and thus, maximum noise
tevel} while on main line track, The noise output of line diesel-elaciric locomotives

does not vary significantly with train speed and averages 92 dB ot 100 feet, The
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spectrum of noise emitted by these locomotives is dominated by low frequency exhaust
components which are largely de-emphasized by the A-weighting representation.
Under dynamic braking conditions (where the whee! traction motors are switched into
a generator mode and the power so created is dissipated through the roaf mounted
resistor banks which are cooled by large fans), the major locomotive noise source
becomes the resistor cooling fans which produce noise of a higher frequency content
at approximately 5dB less noise. This dynamic braking mode is experienced on the
average of 3 percent of the running time, Under idling conditions, which usually
oecur in the vicinity cf the railroad yord, locometive noise is dominated by the low
frequency exhaust component waich typically averages 71 dB at 100 feet, Thus, the
locomotive noise~contributing subsources may be summarized as follows:

¢ pDiesel exhaust noise

¢  Cooling fans

o Turbocharger whine (of secondary importance, but may become primary
noise source once above two main sources are quieted)

A major source of train-ossociated noise is the horn or whistle which is
required for safety. In surveys of annoyance caused by railroad operations, this has
been one of the major offenders, producing up to 110 dB at 100 feet. It is con-
sidered inappropriate lo consider this factor in the community noise modeling analysis
since the noise is a stringent requirement for safety at all ungated crossings and the
costs associated with gating such crossings would immobilize on already economicatly
crippled industry. Thus, noise reduction countermeasures for this factor are presently
considered elther impractical or undesirable and are hence net  treated in this
effort.

The noise nroduced by the railroad cars results from interaction of the wheels
and rails. [t has been shown to incrense at a rate of approximately 6 dB for each
doubling of train velocity. The magnitude of the noise produced by this wheel/rail
interaction deocends heavily on the conditions of the wheels and track, whether or

not the track is welded'(or, more accurately, "high speed classified") and the type
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of car suspension. Freight cars preduce the highest noise levels due to their high
unsprung relling stock mass. Passenger cors, however, typically exhibit 510 10 dB
less noise due to their hydraulic suspensions and lighter weights. Freight cors addi-
tionally produce more noise due to rattling components and larger vibrating sections.
Track irregularities, such as grade crossings, switching frogs, bridge crossings, and
tight redius curves further accentuate the wheel/rail noise component and may increase
its level by up to 20 dB. It has been estimated that approximately 90 percent of the
main line track is located outside of heavily populated areas and that most inter-city
lines are in commercial or industrial activity areas. This pattem will necessarily
shift to higher population exposure with an increased emphasis on rail passenger move-
ments which, to be of good utility, need to be in the oroximity of densely populated
regions.

Railroad noise countermeasures and their approximate degree of effectiveness

are summarized below under the categories of locomotive and car modifications.

6.5.2  Locomotive Noise Countermeasures

In that the diesel engine exhaust is the major noise compenent, most industry
afforts to date have been oriented toward equipping locomotives with exhaust muffiers
and modified cooling fan designs, The resultant reductions which have been shown
technically feasible have ranged from B.5 dB on 1500 hp switcher engines with muffler
troatment alone to approximately 5to 6 dB on 2000 to 3600 hp road engines through
combined muffler installations and medified fan rreurments.Az Minimal cost data
has been developed on these modifications indicating an expected range of installa-
tion costs of from $5,400 to $10,400 per iccc»mt:niwa.'c\:2 A second, though economical~
ly burdening, concept would be the utilization of electrified motive power in "noise~
sensitive” areas. This would necessitate additional switching to conventional road
power once critical areas are clegred and impose additional time delays as well as

significant capital investments in electric locomotives and eloborate cotenary systems,
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The most feasible countermeasure for implementation by the |978 time neriod would be

the retrofit of the existing fleet using the aferementioned muffler/fan conversion to

gain approximately o 6 dB reduction, As the locomotive component normally accounts

for one-half of the acoustic energy of a train cassby. this would result in on overall

train possby noise reduction of 3 dB.

6.5.3

Raifroad Car Noise Countermeasures

Car noise countermeasures are, of necessity, orimarily directed toward re-

ducing the noise of wheel/rail interaction. The major potential ovenues for correction

of this problem have been largely adapted from the more sophisticated rapid transit

systems. Hence, the more stringent requirements of freight haulage in terms of heavier

duty eqﬁipmeni and durabil ity may reduce the effectivaness of some of these schemes.

The more promising of these measures are outlined below.

Upgrade the track to "high speed" classified track, This may result in

up 10 a 5 dB noise reduction over jointed, low-speed track; however, it has been

observed that noise levels at o given speed are reasonably independent of the track

being welded or jointed as long as it is "high speed" classified.

2.

SN

Redesign switching frogs (currently produce 6 to 10 dB increase in

wheel/rail noise).

3.

Require concrete or heavy design bridge structures - eliminate light

steel trestles In populated areas,
"4,
flat spots or built=up tread),

5.

Reduce occurrence frequency of "bad" wheels on freight cars {i.e.,

Provide shock insulation between rolling stock and freight car bodies

(similar concept os passenger cor treatment). This could result in o 5 dB reduction.,

8.

Incorporate usage of resilient wheel designs (i.e., rubber tired vehicles)

or wheels with damping treatments incorporated in their designs. Such designs are

ysed to some degres in the more advanced European rapid transit systems and have

had mederate success, Generally, these modifications have reduced wheel/ioll

e e e e g P
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noise aver smooth straight track by 2 dB but have greatly improved wheel screech emission

on curves to where it is nearly nonexistent,

Published cost data on these car noise reduction countermeasures is very

timited and the success of the measures in significantly reducing the wheel/rail

component noise levels is uncertain. Thus, for the 1978 time period, only locomotive

retrofit countermeasures are  incorporated insofar os source reductions are con-

cerned,

6.5.4  Trackside Barriers

Trackside barriers have been utifized in some coses to minimize annoyance

from train operations; however, there are two fundamental problems associated with

their usage. First, they must be placed far enough from the track to aliow nomal

repair and maintenance operations. To the extent that they impair these operations,

“ they are an excessive economic burden. Secondly, barrier effectivenass is a function

of the height that the barrier extends obove the source of the noise. Hence, for

wheel/rail noise, a relatively low barrier (4 to & feet) would be reasonably effective

(on the order of B to 10 dB reduction). The diesel exhaust exit, howéver, is typical-

ly located aotop the locomotive some 15 feet above the ground. - This suggests that a

barrier must exceed at least 15 feet in height before it begins to effectively shield

this component. An upper limit of 15 dB noise reduction through the incorporation of

trackside barriers has been assumed, A further onalysis of barrier effectiveness for

various environmental noise sources is presented in Section 6.9,
6,6 AIRCRAFT SOURCES

8,6.1 Introduction

As a genaral rule, serious noise Impact problems near airports are limited to

those airports with jet aircraft operations, For this evaluation of aircraft noise

countermeasures, thersfore, only the jet airports in Spokane are considered. Tokeoffs
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and landings generate high noise levels on the ground level due to development of
takeoff thrust and thrust reversal on landing. These create high noise exposure along
the runway sideline. Takeoff and climbout, as well as approach operations extend

the impact zone further out away from the airport with highest noise exposure occur-
ring directly under the flight paths and diminishing os the sideline distance is increased.
{During cruise conditions, current commercial aircraft generally fly at too high an
altitude to generate a significant neise impact on the ground unless lecal ambients are
extremely low.) Further noise exposure in the oirport vicinity occurs from aircraft
maintenance operations and jet engine ground runup tests {either jet engine test

stands or stationary aircraft tests).

Results from hwvo mojor studies on aircraft/airport noise have provided data
on noise reduction countermeasures. The first of these studies, recently carried out
by EPA in response to the Noise Control Act of 1972, analyzed technical, economic,
legal and saci clogical facets of aircroft/airport noise obatement, including develop-
ment of a new methodology (ti:e average day=night sound level - Ldn) for describing
community neise. Results of this extensive study have been published in a series of

EPA reports and summatized in a report to Congress.U]o

The second study, recently completed by Wyle Research for DOT, involved
analysis of the cost-effectiveness of three specific aircraft noise source counter-
measures: (1) use of a two=segment approach, (2) retrofit of existing aircraft with
quiet nacelles, or (3) retrofit with new turbofan com|r_:one.~r|ts.BT Results of these
studies have provided an adequate data base for evaluation of the cost-effectiveness
of reducing the aircraft-noise portion of community noise using available technology

for aircraft noise reduction,

Source countermeasures for noise abatement of jet aircraft operations may be
categorized as either physical modifications to the aireraft or operational medifications
to reduce noise exposure. The following sections consider a broad variety of such

noise abatement measures, Following these general discussions, the specific counter-
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measures identified for the Spokane analysis are  discussed.

6.6.2  Physical Aircraft Modifications

A. Replace noisier oircraft with quieter wide-body types (747, DC-10,
L-1011) which incomporate the new technology high bypass ratia turbofan engines,

B. Retrofit existing turbofan aircraft to meet or exceed the requirements of
FAR 36. Present studies have considered two basic approaches to retrofit:

(1) Engine housing modifications in the form of "quiat" nacelle treatments

(applied to PAW JT3D and JTBD engines),

(2) Engine modifications in the form of quieter design fans in combination
with quiet nacelle treatments,

6.6.3 Operational Modifications

e Operational Restrictions

A. Eiiminate noisier aircraft operations at specific airports (i.e.,
no-jet rules at General Aviation airports). This is sometimes
accomplished via relocation of aireraft types or imposed by
route swopping agreements.

B. Cutback in overall air activity resuiting from energy‘ shortages;
perhaps maintain controls on aireraft fuel allocations for the
purpose of reducing emissions,

C. Impose operating curfews; restrict hours of operations for certain
aircraft types; restrict use of fiight tracks.

D. Restrict usage of certain runways by aircraft type, takeoff weight,

or direction of operation,

s  Opemtional Procedural Modifications

A, Require two-segment approaches over "noise sensitive areas.

B. Utilize displaced threshold for approach or takeoff where safety
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considerations are satisfied.

C. Require noise sbatement departures, i.e., power cuthack.

D. Alter ground tracks to avoid populated areas {hence, minimizing
noise exposure). Examples include shoraline departure from Runway

28 at San Francisco International Airport and over ocean approaches

at Los Angeles International Alrport (LAX).

E. In some instances, higher minimum altitude restrictions may minimize

noise impact.

6.6.4 Implementation of Airport Noise Reduction Countermeasures

Implementation of these countermeasures to reduce the cumulative impact of
jet aircreft operations may be effected af a number of levels, First, on the Federal
ievel, the FAA could require that all aircraft meet or exceed FAR 36 by a given date
ot not fly. On the State level, in California for example, the Department of Aero-
nautics regulations expressed Title 4, Subchapter 6, "Noise Standards," require that
cumulative noise exposure for given airport operations be steadily reduced through
the year 1985, By this time, airport operating authorities will be required to operate
their airport such that the contour of the criterion value of cumulative noise exposure
{(i.e., CNEL = 65} does not enclose any residential land., '

It is expected that these types of airport nolse regulatioﬁs may be met by the
aviation industry by instituting the type of operational countermeasures outline obove,
by imposing fleet-wide noise limits such as envisioned by FAA and EPA in a Fleet

Noise Rule, or by implementing the type of aircraft source noise reduction counter-
measure defined earlier.

6.6.5 Ground Runup Testing

We ossume’ that aircraft engine test procedures cannot be modified; however,

quieter-engined olrcraft should produce less ground runup noise. The most effective

means of countering ground testing noise are:
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A. Restrict hours of graund testing operations (currently, airport authorities
have different policies on this point; many have curfews on runup testing
while others provide no time restrictions),

8. Install noise barriers around runup test site,

-~ C. Relocate the test sites out of proximity to residential or otherwise

"noise=sensitive” areas or to airports where noise is not a problem.

6.6.6  Sound Travel Path Modifications

-~ The primary means by which aircraft noise impact may be lessened by altering

i the poth the sound travels between source and receiver are outlined below,

A. The source to receiver path distance may be increased by rerouting
aircraft operations or flight paths away from heavily populated or

"noise-sensitive” areas. This may include a shift of hegvier or noisier

traffic to other facilities or revised runway uvtilization procedures,

pemrzo

B. Institute land acquisition or rezoning pragrams in the vicinity of the
- airport, This may be accomptished by restriction of fand use within

noise zones incompatible for normal single family dwelling, residential

T e et

land use to industrial or sound insulated aportment complexes, thus

increasing path distance to residential unirs - also creating an industrial,

TR

commercial or otherwise cumpatible buffer zone, primarily effective for

sideline takeoff or ground runup noise, This would also provide beneficial

Pl raEr

e

noise reduction directly under the glide slope landing approach path and
beneath takeoff tracks.

C. FErect barriers to reduce effect of sideline noise an takeoff and landing

immediately adjacent to airport property; alse may be effective in reduc-
ing noise impact of ground runup operations.
'.:’ Receiver countermeasures in the form of improvement of the sound insulation
of dwellings along with further discussions regarding sound barriers and receiver

relocations are given in Section 6.9.
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6.6.7  Specific Aircraft Countermeasures Incorporated in the Spokane Analysis

Based upen the foregoi ng discussion of aircraft noise reduction countermeas-
ures, the following have been selected for cost-effectiveness analysis at Spokone:
A, Two=-segment approach (4°/3° glide slope) into Spokane International
Airport,
B. Aircraft rerouting by means of modified ground flight tracks to avoid
populated areas. '
C. Quiet nacelle retrofit of existing commercial aireraft,
D. Implementation of a night flight curfew at Spokane intemational
Airport.
The net effect of these countermeasures is difficult to quantify in terms of
a specified number of decibels of noise reduction in that the amount of reduction
obtainable varies with position relative to the flight track and distance from the
airport. In Case B, for example, flight path rerouting, for some receiver cefll loca~
tions, aircraft noise impact may be practically eliminated while other locations
beneath the rerouted path may experience increased aircraft noise exposure, '
Similarly, the aireraft engine retrofit affects different modes of aircraft operation to
differing degrees. Hence, the anolysis of the effectiveness of the countermeasures
in reducing aircraft noise exposure has been accomplished by running the Wyle/DOT
aircraft noise exposure computer programB with the revised aircraft source emissien
and operations data for each case and recomputing the resulrant exposure at each
receiver locotion (see Section 4.3). The present value cost analysis in quantative

terms is conducted in Section 7.8.
6.7 PATH-RECEIVER COUNTERMEASURES

6.7.1  Residential Dwellings

This section summarizes data based on actual experience in the area of

modifying existing dwellings to achieve improved sound insulation. The considerations
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are based upon studies by Wyle and others of actual dwelling improvement in the
vicinity of o major airpor’r.Bw' w? Thus, these modifications are ariented toward
treatment of the total dwelling. For ground transportation noise sources ar directional
stationary sources, it may be possible to achieve desited interior noise levels through
treatment only of facing walls. A summary of typical levels of noise reduction is
presented in Table 6.7-1 for o variety of building types, The soundproofing treatments
and the relative effort invelved in these modifications are summarized below under the

categories of minor, moderate, and major dwelling modifications:

e Minor Dwelling Modifications

Through attention to details such as minimization of "sound leaks"
around doors, windows, and vents and replacement of "acoustically weak" components,
sound insulation improvements of the order of 7 dB are obtainagble. These improve-
ments consist primarily of adequate weatherstripping around doors, assurance of snug
fitting doors and windows, elimination of louvered windows, and treatment of exterior
vents (chimneys and kitchen or bathroom fans in particular). In addition, exterior

hollow core doors need to be replaced with the solid core variety.

& Moderate Dwelling Modifications

Moderate modifications would include all of those listed under "minor"
plus increased attention to the weaker housing components; particularly, windows,
The most effective window traatments consist of double glozed or sealed windows,

In both cases, this usuolly necessitates air conditioning the dwelling, if not already
done. Additlonal attention is given to the attic by acoustical treatment of attic

vents, increased sound absorption material (and hence better heat insulation) in the

" gitic space, and when required, Ffinishing of the crawl space areas with gypsum

board, Such treatments will produce improvements in sound insulation over an unmodi-
fied unit on the order of ? dB.
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Table 6.7-1

Summary of Outdoor to Indoor Noise Reduction
Provided by Various Categories of Buildings

Approximate Outdoor to Indoor
Category of Building Noise Reduction, dB

Single Family Detached
(Ref, 510, App. N} Windows QOpen Windows Closed

= Warm Climate 9=13 (11)** 20-27 (26)**

~ Cold Climate 1321 (1B)*+ 25=30 (28)**

| — s e
Multiunit Apartments 20-30*

Commercial Buildings, 25-35*
Offices

High Rise Offices 25-35*

Standard Construction

Acoustically
Windows Open | Windows Closed Treated

Schools (Reference 15,5%* 24,5~ 40, 5%+
wa)
Hospitals 25-35+%

*Estimates based upon field tests of similar structures.

**Weighted for number of rooms contained in sample,
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&  Major Dwelling Modifications

Major medifications consist of all items under "minor" and "moderate”,
plus some structural improvements of weak walls and roofs, These changes would in-
clude elimination or suitable modification of exposed beam roof/ceiling designs and
a general "beefing up® of exterior walls. Sufficient exterior woll improvement may
normally be attained by installation of an extra layer of gypsum hoard on the interior
surfaces over sheets of sound deadening board or by securing it to resilient channels,
Where possible, double-entry doors or vestibule entrances could be incorporated. In
lieu of these, "acoustic" doors are required. Improvements in sound insulation avail-
able from these changes may be of the order of 17 dB.

A summary of improvements obtained and the relative costs in 1973
dollars derived from the referenced Wyle study is presented in Table 6,7-2, Additional
detail is provided in Table 6,7-3.

Table 4.7-2

Summary of Dwelling Sound Insulation Measures and Relative Costs

Actual construction costs for the modifications (includwg labor, materials,
and contractor's overhead and profit) were as foflows;

Degree of Modification/ Cost per Cost per Square
Level of Noise Reduction House* Foot of Floor Area
Minor;  ~ 20 dB $ 3820 $2.50
Moderate: ~ 30 dB $ 5,740 $3.75
Major:  ~ 40 dB 514,930 $9.75

For soundproofing programs significantly larger than this pilot program,
these costs might be reduced approximately 10 to 20 percent,

*Normalized to the average house size (1530 square feet of floor area),
and applicable to houses without beamed ceilings.
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Table6.7-3

Summary of Average Costs for Noise Reduction Treatment
of 20 Homes in Los Angeles (from Reference W9)

{a) Average Cost for Soundproofing* Stage 1 Houses

House Elements o Labor Material Total
Windows § 244 $ 63 § 307
Doors 120 2i2 402
Ventilation 776 524 1,302
Miscellaneous 1,226 821 2,047
Total $2,436 51,622 $ 4,058
Total Adjusted to Average Fleor $ 3,820
Areq of 1530 Square Feet

) (b} Average Cost for Soundproofing* Stage 2 Houses

House Elements Lebor Material Total
Windows $1,041 $1,473 $ 2,514
Doors 278 340 619
Beamed Ceiling 484 399 883
Ventilation 1,052 1,190 2,242
Miscellaneous 302 127 430
Total $3,157 $3,459 $ 6,688
Total Adjusted to Average Floor $ 5,740
Area of 1530 Square Feet

{c) Average Cost for Scundproofing® Stage 3 Houses

House Elements Labor Material Total
Windows $1,443 $2,737 3 4,180
Doors 269 536 804
Ceiling 472 538 1,010
Floors 794 235 1,029
Wal s 209 678 1,587
Ventilation 1,250 1,261 2,511
Miscelloneous 853 439 1,302
Total- $6,000 36,425 512,423
Total-Adjusted to Average Floor $14,930
Avrea of 1530 Square Feat

*Stage 1 = Minor Modifications (6 Homes)
*Stage 2 = Moderate Modifications (11 Homes)
*Stage 3 = Major Modifications (3 Homes)
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The costs for residential sound fnsulation are summarized in graphical form
in Figure 6.7-1. The cost data presented has been odjusted to represent 1973 dollar

expenditures,

6.7.2  Commercial Buildings

Estimates of achievable noise reduction in existing commercial buildings
have been developed based upon a 1970 study conducted by Wyle Laboratories on
modifications to Scuthem California schools to achieve improved sound insulation,
The results of this study, adjusted to 1973 dollars, are presented in Figure 6.7-2,
In that these constructions are indeed typical of a broad range of commercial and
light industrial structures, the data developed is assumed applicabie to treatment of

all categories of commercial structures for the Spokane analysis,
6.7.3 Barrlers

An altemative selution te either source neise reduction or receiver pro-
tection (either by relocation or improvement in dwelling sound insulation) consists of
the incorperation of acoustic barriers between the noise source and the receiver.
while much literature is availoble on the theoretical effectiveness of noise barriers,
the basic consideration’remains the effective height of the barrier relative to the line
of sight between the source ond receiver, In practice, it has been shawn that barrier
effectiveness generally falls somewhat short of predictions by most models, with o
practicel maximum attenuation of the order of 15 dB rarely actually occurring. The
most effective barrier design, from a cost and performance standpoint, appears to be
the combination of a conerete or brick wall built upon an eerthen mound. A summary
of costs of construction and measured (or expected) effectiveness of a variety of
roadside highway barriers is presented in Table 4.7-4,

Some typlcal barrier neise reductions are given in Table 6.7-5 for receiver
distances of 50 and 300 feet which appear to be representative distances for con-

centration of urban residents in the proximity of roadways and railways (see Appendix

C.3).
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Table &,7-4

Summary of Highway Barrier Costs and

Reported or Expected Effectivenessua

e

-~
Barrler Halght | Coal Per Linecl Foor Noisa Reduction
Typa Location faut s
Earth Berm [=75, Maditon Heights, Mich. 13 Ao 10
Egrth Barm 1-94, US 131 Interchange, 10 12.50 7
Kalomazoo, Mich.
tarth Berm 175, Lake Allatoona, Ga. 15 14,50 -
Earth Berm 1-84, VWeit Hartford, Conn, Mto 15 83,50 10
Earth Barm Ouokdala Road, Georgia 5 27.00 10
Earth Berm Route 157, Boulder, Colomde 7 6 (Com}
0 [Truck}
Earth Berm Montgomery Co., Maryland 81010 Bte 10 -~
Earth Berm (=182, Pasec, Washlnglon 10 32.00 10
Earth Berm S. Madilon Baltling, Wis, 10 21,50 12
Earth Bann Marth Freeway, Nebratky [}
"Earth Barm 5t. Paul, Minnmola {1}
Earth Bem Columbln, 5. Corolina n 17,50 7 :
Timbar wall Lincola Pork, Mich, & [ ~
Timber Wall 1-75, Allea Park, Mich, 4 46,00 10
Timber Wall 127, Nerth Lonaing, Mich. 8 0
Timbar Wall t=205, E, Portland, QOregon 101215 A4, 0O 7010
Timber Wall 1-405, Bollavue, Washington Wia 14 34,50 1o 56,00
Timbat Woll 190, Tanner, Waininglon dto 12 S ld o
Timber Woll Narth Caraling 2] 15,00 O i5
Timber Wall U5 59, Houston, Texas 8 7.00 10 at 50 feer
Concreta 1-205, E. Portland, Oregon 10to 15 73,00 7110
Malan‘ry Lordsburg, Naw Mexics [} 25,00 8
Concrate Sepulveda 3lvd., 8 45,00 -
Lot Angeles, Ca, e
Coancrote Sepulveda Blvd., ? 23.00
Los Angels, Ca,
Concrate Supulvedd Blvd., ? 0,00
Los Angele, Ca,
Concrera 192, Hoyward, California & 21.00
Mara! Phoenix, Arizana 12 320,00 -
Concrele [=94, Minneopolis, Mian, Wi 23 n
{firsl row of
houses)
Farth Berm + Concrate | Nevada ] 4 ta 7 (Trucks)
Earth Bemn (+ Véll} St. Paul, Minnewta 3810124 B
Eorth Barm {+ Viall} Roweville, Minnewta &0,00 S L
Earth Nerm {+ Véall) Minncioto 2108
Earth Barm + Polyestar | Howord Co., Marylond 12 77.00 10
Eorth Berm + Stanl Balttimore, Moryland kL] 10
Earth Barm + Matensy Tempe, Arzono ] 8.00 -]
Farth ferm + Concrara [ Socroenento, Ca. 5t0 19 10115 [
+ Wood
&=42 ) |
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Table 6.7-5

Some Barrier Noise Reductions for Typical Cases (in dB)

Barrier 20 Feet from Centerline of Nearest Lane of Readway

50 Feet 300 Feet
EIGJ;;E: Trucks Trucks
(feet) Cars Low Speed | High Speed | Cars | Low Speed | High Speed
B-10 12.5 10 11 12.5 8 10
15% 15 14 15 15 11.5 14

*15 feet is a practical maximum height for barriers. Taller structures become

increasingly costly due to the structural requirements to withstand wind and
snow loods.

Barrier 50 Feet from Nearest Railway Track,
Observer Distance 300 Feet 51!

Barrier Height

A T L) B

(feat) Locomotive Railwoy Cars
15 5 15
20 10 15
6~43
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6,7.4  Sound Receiver Relocation

In many instances, particularly near modern jet airports, the noise levels
produced by the activities are so intense as to preclude compatible residential and
certain commercial uses of the odjacent land. In some instances, local govemments
have used their authority for rezoning this severely impacted land, disallowing re-
sidential use. In many cases, this has yielded inequitable treatment of residents and
has caused considerable controversy in the courts over the concept of inverse condemna-
tion suits filed by the displaced poperty owners, The concepts utilized in the Spokane
analysis avoid this rather complex legal problem, In all cases involving land acquisi~
tion, two assumptions are made:

{. The loss of value of the land is limited only to the loss of the value of
the property improvements at the time of aequisition,
2. The displaced homeowner or renter receives compensation as determined

by the national average paid under such judgments.

The costing for these countermeasures is presented in Section 7,9, Receiver
relocation is treated as a high cost extension of the path-receiver noise counter-

megsure. This provides one continuous cost function for this countermeasure,
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CHAPTER 7,
PRESENT VALUE ANALYSIS OF NOISE REDUCTION COSTS

7.1 INTRODUCTION

The purpose' of this chapter is ro establish the functional relationship between
the amount of noise reduction due to each countermeasure and the cost associated with
effecting this noise reduction, Due to the large number of variobles influencing costs,
only a range of costs can be given so that for each countermeasure, three noise reduction
cost functions are identified: low, average, and high costs. The estimated costs are

based on the last available information as of September 1974,

In order to put the costs of all countermeasures on an equal footing for use in
our cost~effectiveness evaluation, we have used the fallowing method; (This is to
prevent comparing the retrofit of a jet engine, which solves the noise problem from
that source for 5 years, with the insulation of a house, which solves the noise problem
at this receiver for 30 years.) lLet us call the cost we assign to each countermeasure its
assignable cost. In each case, since costs accrue in different years, we shall calculate
the present value of assignable cost to achieve specified levels of source noise reduction

or receiver protection ond, hence, generate a series of noise reduction cost functions.

We shall speak of first cost, operating cost, and cyele cost, Some definitions

are in order.

First Cost (FC) consists of the investment costs necessary to effect a
countermeasure, €.g., to retrofit an aircraft engine or to modify a truck already in
service. This includes the time the vehicle must be out of service (as a cost to the

operator} as well as any hardware ond installation labor costs involved.

Operating Cost (OC) includes increments in the cost to operate the vehicle or
other capital expenditures due to the noise reduction measure or measures. It may be
the increased operating cost of trucks due to greater weight, or increased backpressure,
or the cost of air-conditioning in a home without, before it wos insulated and had its

windows sealed for noise attenuation.

*
All relative and absalute sound levels in dB are A-weighted levels unless otherwise
specified, .
7-1
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Also included in operating costs are indirect operating costs such as the cost

of reduced payload on a cargo aircraft which is weight-limited.,

Cycle Costs (CC)  are the increased costs in subsequent replacement eycles
of the treated item due to noise reduction measures. In single=firm replacement
economic models, firms choose on optimal economic life to minimize the present value
of firstucycle and subsequent-cycle costs. This calculation takes into account mainten-
ance costs which tend to rise as a vehicle is kept in service a longer period of time.
Then the equipment is sold as 'used' ond is filtered down to another user. In this study,
we are interested in social costs rather than the costs to o single firm. Therefore, we i
carry the vehicle, e.q., a truck, through its full service life, 16 years. The
cost of subsequent cycles may be, for example, the cost of insulotion in a new house when
the insulated one is retired, o new barrier, or a new aircroft engine. Future generation
gircraft engines ore likely to be quieter and more efficient for there is a great deal of
technical change in that industry; hence, future cycle costs attributoble to noise reduc-

tion may be negligible in this specific instance.

In each case, present value analysis is utilized. The present value (PV) of
first cost (FC) is usualiy straightforward, It is just the FC itself if it is all incurred in

the initial year.

The present value PV of operating costs is: o

n
| pviocy= D, oc, A1+ (7-1) N
t=1 '

where
OC, = the incremental operating cost incurred in year t,

n = the remaining service life of the vehicle already in» service, e.g.,

16 years for a truck, 5 years for a jet engine, and 30 years for o house,
r = the discount rate in percent per year which has been set at 10 percent

for this study,

7-2
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The present value of subsequent cycle cost (CC) is:

PV(CC) = E]F (cc) (7-2)

where k is the service or cycle life in years.

A perpetuity would be copitalized by the factor -l-_‘— . This.is o perpetuity
which accrues only in select years, every time a replacement is made, 5o, if k is
the service life of subsequent replacements, we replace one every k years so that this
perpetuity acerues (1/k)th of the years. Cyele costs or the costs of subsequent cycles
include operating costs during the cycle. If we are investigating the costs of noise
reduction meusure.;., it is the increase in cycle costs in which we are interested. This

is composed of increased ocquisition costs and increased operating costs.

In the cases in which we analyze a continually changing fleet of noise sources,
e.g., heavy trucks, automobiles, or buses, etc., it is necessary to consider two aspects
of the analysis separately: the treatment of new production units emitting reduced
noise fevels; and the systematic retrofit of the existing fleet (us required) down to

lower levels of noise emission over a defined compliance period (selected as 5 years

for our analysis).

7.2 Present Value Analysis of New Production Units

Considering first new production units, we also need to account for the rate
of annual growth of the fleet. A relatively straightforward technique has been developed
which allows this analysis to be conducted for sources whose volume of operafions is
increasing at an annual growth rate in the range of 0 to 7 percent. The key to the
method is the determination of a "discounted number of future units" where a unit may

typically represent o truck, car, or bus, ste.

Two types of costs must be considered: the increase in new product cost due
to noise reduction to o specified level; and the increased annual operating costs result-

ing from the unit being quieted to this level,
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The total present value of increased acquisition costs is calculated from:

Acquisition Costs/ - Cost Per Unit Units Assigned to

Growth Factor

(PV of !ncreused) _ (lncreosed Acquisiﬁon) No. of New 1973 ('IO% Discounred) (7-3)

Spokane

_—

-

Discounted Number of Future Units

The discounted growth factor is determined from Figure 7.2-1, Enter the

vertical axis ot the annual growth rate of the particular noise source and read the factor
on the horizontal axis. (Cne may observe that for the O percent growth case, the

discount factor equals 10, which corresponds to the Uniform Series Present Worth

Computation as n —= « af 10 percent.)

To determine the total Present Value of Increased Operating Costs, we first

compyte the PV of increased operating costs for a new unit over its life (N years):

PV Increased Increased Operatin i
Operating | = g AN

Costs/Unit Costs Per Year N = Life

(7-4)

For example, if we assume heavy trucks producing maximum SAE J366b noise

levels of B0 dB cost $75 per year more to operate than 86 dB trucks, and have an

average life of 16 years, then

"

‘ PV Iy

PV ) - - )

(aoaa Truck)“ §75/Year| i =10%  |=75x L.l———%- = §586.80
N = 16 Years -
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~ = —
. 8 | Autos 3.6 Percent* ]
' 3 B Heavy Trucks 4.4 Percent* _
i") a — Buses 5 Percent**
: @ 6 "‘ \ -1
t [+
; I3
! £ - ' -
i T ! .
! 4 !
) o 4} ; E . -]
] -]

| E col Trey e
i 2 = b ! Z (1 + ) i -
i c i i 1 n=1
{ < ! | !
i o2 - ! i ] i=0.1 (10% discount) -
1 - ] l |
L™ | | : : —1
{ 1 ) !
g 0 1 J L) L L
{ 10 15 20 25 30 35
i » Current Production Volume Multiplication Factor
L Figure 7.2-1, Determination of Discounted Number of Future Units Incurring
_ Noise Reduction Costs for Given Annual Growth Rates,
k - *From Reference M3, **From Reference 54.
: .
E
i
i

L

O
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The total present value is then obtained by combining Equations (7-3) and
(7-4): -

Total Present Value
of Increased Operafing) =

Costs
Present Value of No. of New 1973 10%
Inereased Operting Units Assigned Diseounted (7-6)
Costs/Unit to Spokane Growth Factor
From Eq. (7-4) Eq. (7-3): Discounted Number ' -

of Future Units

The logic of the aforementioned method is best illustrated by a detailed
specific example.
Given:  Heavy Truck Annual Growth Rate: 4.4 percent
MNo. of New I973 Units Assigned to Spokane: 94.8
Increased Operating Cost Per Year: $75.00

Average Life: 16 Years s

Figure 7.2-2 illustrates the detailed formulation of discounted costs for in-
ereased operating costs. 1t also provides the cumulative summation of the discounted )
number of total new trucks which must be considered. As may be observed, the -
analysis is carried farward on a year~by~year baosis for 50 yedrs. After this time
peried, bath the Cumulative Sum of Discounted Units and the Cumulative Sum of the

Discounted Operating Casts are within 93 percent of their limit values.

One may observe that the total discounted number of trucks is opproaching the
limit of 1735, which is found by multiplying the 1973 production of 94.8 units by the
factor of 18,3 (4.4 parcent annual growth at 10 percent discount rate) from Figure 7, 2-1,

Similarly, the limit value for total discaunted operating costs may be found from
Equation (7-6).
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Figure 7.2-2. Present Value of Increased Operating Costs (Computer Printout).
This Example Uses a 4.4 Parcent Annual Growth Rate and
Assumes 94.8 New Units in 1973, a $75 Annval Unit Cost, and
a 16 Year Unit Life,
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7.3 RETROFIT ANALYSIS OF EXISTING FLEETS

In the analysis of retrofit costs for a particular fleet of noise=producing
sources, i.e., cars, trucks, buses, etc., a S-year compliance period has been
specified. This allows treatment of one~fifth of the fleet per year to achieve the
desired end results in the [978 time period. Hence, in thot we are effectively defer-

ring retrofit capital expenditures for certain segments of the fleet until later years, it

is more convenient to determine a "discounted number of unils tregred” in @ manner simi=~
lar to the approach taken for new units. We are dealing with a discrete number of units
to be tregted which may be determined by considering the annual growth and scrappage
rates and thus determining which percentage of the 1978 fleet is comprised of post-1973
production and that portion which is pre=1973 and may require noise reduction modifi=
cations. It is then assumed that one-fifth of this number will be treated per year.

Thus, we may determine the discounted number of units treated by summing the present

value discount factor over 5 years as follows:

Discounted Annual ) Annual
Number of | = [MNumber | x |1+ =4.17 x | Number (7-7)

Units Treated Treated (1+i)" Treated

where | = |0 percent discount rate.

Thus, we arrive at the present value of retrofit first costs {excluding for the present,

discussion of increased operating costs due to retrofit):

_ [Average FC Discounted Number of
PV{Reteofit FC) ‘( Per Unit ) x (Unirs Treated [Eq. (7-7)]) (7-8)

If it is also necessery to include the consideration of increased operating costs
for units treated over their remaining service lives (N), an additional cost must be in~
cluded. For o single unit, the present value of increased operating costs may be

determined from the expression:

7-8
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N
PV(OC) Y.
Single Unit oo (o

x Annual Increased Operating Costs/Unit  (7-9)

where | = 10 percent,

Thus, the present value of incrensed operating costs for all units ta be retrofitted is

determined as follows;

PV Increased O perating Costs)=( PV(OC) X Discounted Number of (7-10)
for all Treated Units Single Unit Units Treated
Hence, the total ossignable retrofit costs are
PV{Retrofit Costs) = PV(Retrofit FC) + PV{Retrofit QOC) {(7-11)

Eq. (7-8) Eq. (7-10)

The following sections present the derivation of the noise reduction cost
functions for those levels of feasible countermeasure application as defined in Chopter 6.
The basic First cost and operating cost data developed in Chapter 6 is utilized to yield
the final present value cost functions. Casts for countermeasures indigenous to Spokane
are treated as local.costs; costs for countermeasures which must be implemented at the

national level are assigned costs on o pro rata basis for Spokane enly.
7.4 AUTOMOBILE NOISE REDUCTION

For the Spokane, Washington, analysis, we have assigned 140, 000 automobiles

to Spokane for the 1973 time period:

Number of 1973 Units} _
Assigned to Spokane

- Number of Total Population of Spokane County
Washington Registrations / \ Total Washington Population

1,643,000"

283,077**

I

= 138,700 = 140,000 (7-12)
* Source: Ref. U2

** Source: Ref. U3

7-9
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Thus, referring to Figure 6.3-1, which summarizes the consumer cost per new
vehicle to achieve reduced levels of maximum neoise emission (as determined by SAE
J986a) and carrelates these SAE [evels to expected overal! reductions under normal
low= and high-speed driving conditions (as derived in Chapter 6), we may proceed with
the analysis of costs to achieve the four noise reduction scenarios defined earlier in -

Figure 6.3-3.

7.4.1  Inereased Acquisition Cost Analysis for New Production Units

Case |. Mo retrofit of existing fleet - new production at 80 dR {SAE J984a) -
- through 1978,

Assumptions:

a. Annual rate of growth of Spokane automobile fleet: +3.6 percent {based
upon a compilation of new car registration statistics indicating a 12,6
percent rate, and annual scrappage rate for the U. S, from 1940 to present
of ? percen!).A4 Applies to all cases.

b, Range of new production costs per vehicle: $5 to $20 {re: Figure 6.3-1}.

¢. Increosed operating costs due to noise reduction: none (applies to all caoses).

d. Due to the limited availability of cost data, it is assumed that the range

. of costs for vehicles requiring retrofit is identical to that for new produc=
tion units — applied to Cases 3 and 4 only. (However, see next section

describing a substudy probing this assumption.)

. Analysis:

Number of new [?73 units assigned to Spokane = 140,000 x (average new reg-
istration rate) = 140,000 x . 126 = 17,640

10 percent discounted growth factor (at +3.6 percent annual averali growth rate
from Figure 7,.2-1: 16.2,

Thus: Discounted number of future units = 16.2 x 17,640 = 285,758,

Increased acquisition cost per unit = 35 to $20.

Thus: Range of present value of increased gequisition costs = (35 to $20) x
(285, 768) = $1. 43 o $5.72 x 10°, \ -

7-10
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Case 2. Mo retrofit of existing fleet, new production at 74 dB (SAE J98éa)

- through 978,
Assumptions: As in Case | except,
‘ a. Increased acquisition cost per unit = %20 to 37170,
)
Analysis: Discounted number of future units: 2B5,768,
Thus: Range of present value of increased acquisition costs = (320 to $110) x
: (285, 768) = $5.72 to $31.4 x 105,
L |
i Case 3, Retrofit existing fleet to B0 dB (SAE J9B6a), new production at
} - .
i 80 dB through 1978,
‘ Analysis: New production costs as in Case 1, retrofit analysis presented in
.
'; Section 7,4.2,
’ Case 4, Retrofit existing fleet to 74 dB {SAE J986a), new production at -
- 74 dB through 1978.
; Analysis: New production costs as in Case 2; retrofit analysis follows.
1 7.4.2  Automabile Noise Reduction Retrofit Analysis
Ryl
Table 7, 4=| shows the growth of the Spokane automobile fleet, OF the
167,080 automobiles charged to Spokane in 1978, 94,781 are new praduction units
{since 1973) and 72,299 qre pre=1973 — potentially requiring noise reduction retrofit.
o] Hence, to achieve the overall fleet noise reductions as indicated in Cases 3 and 4, we
wish to retrofit 14,4640 units per year over 5 years.
The evaluation of the discounted number of units requiring retrofit over the
o 5-year complionce period is presented in Toble 7.4-2,
o
7=11
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Tabie 7.4-1
Analysis of Spokane Automebile Fleet Through 1978

Total Fleet

Number of Units Number Added at Year End

_at Beginning MNumber Scrapped (12.6% Average | (3.6% Average
Year of Yeor (@ % Averoge Rate*) New Regs.”) Growth Rate ")
1973 140, 000 12,600 17,640 145,040
1974 | 145,040 13,054 18,275 150,261
1975 150,261 13,524 18,932 - 155,670
1976 | 155,670 14,010 19,614 161,275
1977 161,275 14,515 20,320 167,080
1978 167,080

*
Based upon averaging of new vehicle registration and annual scroppage statistics
fram 1940 to present —Source: Automotive News Almanac Issue - 1973,

Toble 7.4~2
Determination of Discounted Number of Automabiles Retrofitted
Number of ' Discounted
Automobiles PV Discount Number of Units
Year Retrofitted Factar ot 104 Treated
1973 14,460 1.0 14,460
1974 14,450 0.909 13,144
1975 14,460 0.825 11,944
1975 14,460 0.75) 10,859
1977 14, 4460 0.483 9,876
1978 0
Totals 72,300 4,17 50,283
7-12
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Thus, the present value of retrofit costs to achieve a given noise level reduc=
-~ tion is equal to the cost to achieve that level for a single avtomobile multiplied by
the "discountad number of units treated" {60, 283).

The costs of installing the retrofit hardware could not be determined with any

certainty, not only here for automobiles, but for all motor vehicles. One may expect

a that it will be more expensive to install a retrofit part in the field than on the assembly
line. However, this need not always be the case. Since g retrofit period of 5 years
is allowed, installing an improved muffler, for example, can be delayed until such

el time when the original camponent needs repiacement anyway. For the major portion

' of the study, it has been assumed that the retrofit cost, i.e., for parts and labor,

l equals the incremental retail costs of manufacturing new units which also consist of

i ~ hardware and labor costs. In order to demonstrate the sensitivity of the results of this
study to the retiofit lobor costs as far as motor vehicles are concerned (labor costs are
f included for locomotive and aircraft retrofit; see later), the following substudy is

5 carried out:

'“ ® Cost functions are developed for motor vehicles (automabiles, trucks,

: buses) for both the basic assumption that the total retrofit costs equal the
’ new unit incremental manufacturing costs, and for the assumption that
ﬂ“ retrofit labor costs equal double the hardware costs. For the latter case,
' the costs for retrofitting one unit are then three times those of the former
‘ (besic) case,

}:. ¢ Only at the highest level of noise reduction (i.e., for the quietest

i vehicles) are the costs computed also for the case with tripled hardware

3 casts {see, for example, case below pertaining to automobiles), The

{ corresponding cost function is then obtained by multiplying the basic

é = function by a constant factor.

’ e Section 8.3.4 describes how the increased cost functions are used in the
| retrofit labor cost sensitivity substudy. Cai‘culuriolns associated with this
lo substudy are denoted by brackets ([ ]).

g

5 7-13

5 WYLE LABORATORIES
'E *

!

te et e s n i ey o i et i — T g
Lt et b et bt e N

S AR b3 ey A 1 bbbt e AT Tt e



i i 8 4wt ) T

Anticipating no increased operating costs, the retrofit costs assignable to

Spokane for Cases 3 and 4 may be determined:

Case 3. Retrofit to 80 dB

Estimated cost per vehicle to achieve 80 dB (re; Figure 6.3~1):
$5 to 320/vehicle x 60, 283 (discounted number of vehicles) = $301,000 .
to $1,206,000,

Case 4. Retrofit to 74 dB

Estimated cost/vehicle to achieve 74 dB (re: Figure 6,3-1): ~
$20 to $110/vehicle x 60,283 = §1,206,000 to $4,631,000.
[3,418,000] [19,893,000]

Note: No increased costs to operate are assumed for Cases 3 and 4,

Thus, the range' of total costs for Cases 3 and 4 equels the new production

costs plus retrofit costs,

Cate 3 -
§1.43 10 §5.72 x 105+ $0.3 10 §1.2 x 10° = §1.73 10 $6.92 x 16 -
and - ‘

$5.72 10 $31.4 x 10° + §1.2 1o $6.63 x 10°=$6.92 10 $38  x 10°.
[(3.61 [19.9] [9.32] [51.3]

[Multipiler = (9.32 + 51.3)/(6.92 + 38) = 1,35, i.e., a 35 percent increase ] )

The range of casts for the four cases are platted versus the computed low- and
high=spaed noise reductions in Figure 7,4=1, The low~, medium=, and high-range

nolse reduction functions have been drawn through the optimum of the scenarios analyzed.

7=14
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7.5 HEAVY TRUCKS

[n erder to spare the casual reader the task of ploughing through a detailed

analysis of the present value of heavy truck neise reduction, the latter analysis has

been placed in Appendix G. The results are summarized hera. Table 7.5-1 and

Figure 7.5-1 pertain to low-speed ncise reduction; they are sel f-explanatory, The

case for tripled retrofit hardware costs is again shown in brockets ([ 1). For the

high=speed case, Appendix G camputes the range of costs associated with equipping

trucks with quieter rib-design tires; the result is 1.7 to 2.7 million 1973 dollars for

Spokane, Washing

ton.

7.6 CITY 8US NCISE REDUCTION

For the Spokane analysis, only commercial bus activity in the Central

Business Dist rict has been considered in terms of noise impact from bus operations,

School buses and commercial bus activity outside of the CBD is randomly distributed

throughout the city and not sufficiently concentrated to contribute significantly to the

noise environment, Within the CBD, however, there isa high level of bus activity

which does constitute a significant portion of the overall naise levels. The allocation

of commereial buses for this analysis was based upon the total number of such buses

registered in Washington State factored by the population of Spokane County over the

Washington State population as follows:

( Number of 1973
A

Number of Registered
Commercial Buses |=! Commercial Buses
) in Washington

ssigned to Spokan

*Source: Ref. U4
=~ Source: Ref, U3

= (537%) (

283,077+

3,352,892**

716 .

Total Washington Population

(Popularion of Spokane Counry)

)= A5

(7-13)
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Summary of Present Value of Total Costs to Achieve Heavy Truck Noise Reduction Scenario Cases 1 Through AN

[ Case of Tripled Retrofit Hardware Costs in Brackets ]

Range of Present Value of Costs to Achieve Noise
Reduction Scenario, in Millions of 1973 Dollars(2)
Resultant Low Increased
Speed Noise Increased Increased Retrofit | Operation =
Noise Reduction Scenario Reduction, dB Naw Qperation = | Existing | Retrofitted
(Noise Levels re:SAE J364b) (re: Section 7.2) | Acquisition | New Units Fleet Units Total
Case 1. Continue production 2.7 0 0 0 0 0
at 86 dB - na retrofit
Cote 2, Continue production 4.7 0 0 0.04 to 0 0.04 to
at 86 dB - retrofit to 86 dB 0.20 0.20
Caote 3, 1974 and 1975 pro=- 5.3 0.47 to o 0.04 10 0.51to
ducticn at 86 dB, 1976 + 0.94 0.20 1.14
production at 83 dB - retrofit
te £6 dB
Cosa 4. New production at 5.8 0.52to 0 0.04 to 0 0.56 to
B3 JB < retrofit to 86 dB 1,04 0.20 1.24
Cose 5, New production at 7.7 0.52 to 0 0.15 to 0 0.67 to
B3dB - retrofit to 83 dB 1,04 0,42 1.46
Cate 6, 1974 and 1975 pro= 8.3 0.75 to 0.92 0.15 1o e 1,82 to
ducfion at 83 dB, 1976 + 1.51 0.42 2.85
production at 80 dB -~ retrofit
to 83 dB
Case 7, 1974 and 1975 pro= 0.7 0.75to 0.92 0.26 to 0.27 2.21%0
duction at B3 dB, 1976 + 1.51 0.476 3,17
production at 80 dB = retrofit [0.76 ta [2.7 to
1974 & 1975 and existing 1.43] 4.13]
. fleet to 80 dB

(ZgScenarIns defined in Figure 7,2-1,
{ Costs for only the truck population assigned to Spekane, Woshlngfon.
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Present Value of Total Costs to Spokane in Millions of 1973 Dollars
[ ]

I

(A

—

[=]

Case 7

High Cost

Case 6
\

Low Cost

Case 2

Medium Cost

L]

b R

—
8 ]

3 4 5 6 7 8 9 10 1

Reduction In Energy-Meon Level at Low Spaed, dB
{Results Qbtainable in 1978)

Figure 7.5=1. Present Value of Heavy Truck Noise Reduction Costs
[Caose of Tripled Retrofit Hardware Costs: Multiply
Cost Functions Shown by 1,3]
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The basic cost infarmation utilized in this analysis is based upan achievement
of specific levels of maximum noise emission as determined by SAE Test Procedure
J366b and is presented in Figure 7,6~1. This data represents o compilation from many
sources, in some cases referring to new production costs, while in others, based upon
costs of presently available stock and modified "Environmental Improvement Kits"
offered by General Motars for some of their existing and current production model
w10

buses. Also superimposed on this figure is the assumed correlation between reductions
in SAE test performance levels and anticipated mean fleet noise level reductions
developed in Section 6.4,

The analysis of present value of total costs to achieve overall levels of
fleet noise reduction of from 1.5 to 8 dB through the 1978 time period assumes that
for each level of redueiion analyzed (1.5, 3, and 8 dB corresponding to SAE test
levels of 83, 80, and 70 dB), new production units thraugh the 1978 time period are
at these levels and that by 1978, over a S-year retrofit program, the existing fleet also
achieves these levels, Thus, we may proceed with the analysis of the Spokane fleet
composition through the 1978 time period assuming a 5 percent annual rate of growth

as shown in Table 7.6-1.54

Table 7.6-1
Spokane Commercial Bus Fleet Through 1978

Number of Units Fleet at Year's End Assuming

Year at Beginning of Year a 5% Annual Growth Rate
1973 : 45 47.3

1974 : 47.3 492.6

1975 42,6 52.1

1976 ‘ 52,1 54.7

1977 . 54,7 57.4

1978 57.4

7-19
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Estimated -

3000 |—

2000 —

Noise Emission in 1973 Dollars

Cost Per Unit to Achieve Specified Levels of Maximum

1000 |— r~‘
0 I ] Lo J | | [ a
86 84 80 78 72
SAE J366b Levels, dB at 50 Feet
L : J " i |
| 1 T T T 1 -
0 3 é & -
Mean Fleet Noise Reduction, dB
Figure 7.6=1. Unit First Cost Versus Maximum Noise Level
{SAE J366b) for Commergial Buses
o
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For purposes of analysis, we have assumed o 10 percent annual new registration rate
and a 5 percent onnual scrappage rate, leading to an overall annual growth rate of
+5 percent, Thus, the 1978 fleet of 57.4 units is ossumed to consist of 25 post-1973
new production units and 32, 4 pre-1973 units requiring retrofit to the specified SAE

test performance levels. The analysis of costs to achieve the specific cases follows:

7.6.1  Increased Acquisition Costs

Case 1: Entire 1978 Fleet Meets 83 dB (SAE J364b) Specificat ions.
Number of new (973 production units assigned to Spokane

= (total 1973 fleet) (new registration rate)
= (45) (10%} = 4,5 units

10% discounted growth factor {at +5% overall annual growth rate) from
Figure 7.2=1: 21, |
Thus, discounted number of future units = (4,5) (21} = 94,5
Range of increased acquisition costs per unit (Figure 7.6~} $200 to $900
yielding range of present value of increased acquisition costs:

( $200 o $900) (94.5) = 518,900 to $85,050

Case 2: Entire 1978 Fleet Meets 80 dB {SAE J366b) Specifications.

Discounted number of units (from Cose T): 94,5

Range of costs of achieve 80 dB (Figure 7. 6~!): $500 to $2000

Thus, range of present value of increased acquisition costs:
($500 to $2000) (94.5) = $57,300 to $189,000

No incraased operating or maintenance costs are assumed for Cases | and 2,

Case 3: Entire 1978 Fleet Meets 70 dB (SAE J366b) Specifications.

Discounted number of units (From Case 1): 24,5
Range of costs to achieve 70 dB (Figure 7, &=1): $3000 (estimate)
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Present value of increased acquisition costs: ($3000) (?4. 5) = $283, 500
Increased operating costs: A one percent increase in fuel consumption
resulting from increased exhaust system backpressure has been assumed. .
Based upon 1970 Highway Statistics = Sfafisticul Abstracts of the U.S., the
average commercial bus uses 2491 gallons of fuel per year. Therefore,

1% = 24,9 gallons/year at $.50/gallon = $12,50/year. Assuming a useful
life of new production units of 16 years (as for heavy trucks), the present

value of increased operating costs per unit is:

PV
PV Increased Operating} _ .
( Cost/Unit ) ($12.50/year) (:1 =l]Ci6 F;:l::nt)

=(512,50)(7.824) = $97.80/unit (7-14)

Hence, the total present value of increased operating costs of new production
units = ($97.80/unit) {94, 5: Discounted Number of Future Units)
= $9200,00 ) ~

7.6.2  Commercial Bus Retrofit Analysis

Of the assumed 1978 Spokane commercial bus fleet, we will need to assess
retrofit costs for 32.4 units, As in previous onalyses, we assume a S-year ccm:-
pliance period, ond hence, must treat ~6.5 buses per year. The evaluation of the
discounted number of units requiring retrofit over this period is presented in Table 7,6-2,
Thus, for Cases 1 through 3, we may compute the present value of first costs by
multiplying the range of costs for a single unit to achieve a specified level by the
discounted number of units treated as follows (as in the automobile retrofit analysis,

Section 7.4.2, the tripled retrofit hardware costs are shown in brackets ([ 1) for Case 3):

Case 1. Retrofit to B3 dB

Range of costs per unit: $200 to $900 (Figure 7.6-1)
Present value of retrofit costs: {$200 to $900) (27.1) = $5400 to $24,400

7-22 :
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Table 7. 4-2

Determination of Discountad Number of Commercial Buses

Requiring Noise Reduction Retrofit

Number of Buses PV Discount Discounted Number

Year Retrofitted Factor at 10 Percent of Units Treated
1973 6.5 1.0 6.5

1974 6.5 509 5.9

1975 6.5 .826 5.4

1976 6.5 751 4,9

1977 6.5 .683 4.4

1978 0

Total 32.5 4,17 27,1

Case 2, Retrofit to 80 dB

Range of costs per unit; $500 to $2000 (Figure 7.6=~1)

Present value of retrofit costs: ($500 ro $2000)(27.1) = §13, 600 to %54,200

No increased operating costs assumed for Cases | end 2,

Case 3. Retrofit to 70 dB

Range of costs per unit: $3000 ~ estimate (Figure 7.6~1)
Present value of retrofit costs: ($3000)(27.1) = $81,300 [ 162,6001

Assumed incrensed operating costs: 312, 50 per year in increased fuel consump~

tion (re: Case 3 — new production analysis)

Remaining useful life: B years

7-23
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Thus, the present value of increased operating costs per unit is:

PV Increased Py
Cperating | = ($12.50/Year)| i = 10% =($12,50)(5.335) = $66.70 (7-15)
Cost/Unit N =8 Years

Hence, the total present value of increased operating costs for retrofit of

existing fleet to 70 dB = (566, 70)(2).7: Discounted Number of Retrofit Linits) = $1400,

The cost components for Cases 1 through 3 are summarized in Table 7.6-3 and
the resultant fleet noise reduction {re: the analysis conducted in Section &.4) versus
present value of total costs in 1973 dallars for commercial buses fs presented in
Figure 7.6-2,

Table 7.6-3

Summary of Present Value of Total Costs to Achieve Commercial
Bus Noise Reduction Cases | Through 3
[ Brackets Indicate Tripled Retrofit Hardware Costs ]

S R TSI PUUPTIp SR

Puirimm

T T R e et

e

]

e S i AR T

Range af Prosent Volue of Cous to Achiuve MNolie Reduction
Caies in Thousands of 1973 Collen
Dafinition of Nalte Reduetion [ Resultan: Low Spead | Increcsed In&reqied Rarofiy Increased
Cose {Nojsa Lovely Re: Maise Reducrion Now Cperation = | Existing | Operation =
SAEJ Jah) (Re: Section 7.4} | Acquisition | New Unin Fleet | Rerrofirted Units | Taral
Cona 1. Naw Produetion 1.5 18.9 0 5.4 ) 24,3
at B3 dbA. Retrofit to to o ta
83 dbA. a3 24,4 [i -]
Case 2. Maw Production ai 3.0 47.2 1] 13,6 0 80.9
80 dBA. Retroflr 10 BO dBA . to ta to
1&g 54.2 243.2
Cose 3. Naw Preduction ar 2.0 283.5 9.2 8.3 1.4 754
70 dBA. Retrofit 4o [244 -
70 dbA, ! (sl
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Present Velue of Total Costs to Spokane
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SAE J366b Levels, dB ot 50 Feet
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0 3 6 8
Mean Fleat Noise Reduction, dB

Figure 7.6~2. Present Value of Total Costs for Commercial Buses
Versus Mean Low Speed Noise Reduction
{ Case of Tripled Retrofit Hardware: Multiply Cost
Functions Shown by 1.43]
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7.7 On-Line Railroad Noise Reduction

As discussed in Section 6,5, the only technicolly feasible method for reducing

on-line railroad noise emission for the [978 time period has bean determined to be the

retrofit of the existing freight and passenger diesel electric locomotive fleet with engine

exhoust mufflers and quieter cooling fans, 1t has been estimated that incomporation of -
these techniques will reduce the noise emitted by the locomotive on passby on the order .
of 5 to & dB and hence, the ovenall noise exposure from railroad line operations by
approximately 3 dB (the locomotive component constitutes roughly one-half the noise
exposure energy in a train passby). Analysis of such techniques for quieting the

wheel /rail freight- ond passenger-car noise components as wheel and track trueing and
grinding and general incorporation of all welded mainline track has been shown to yield
questionable levels of noise reduction ot undefined levels of cost. Also, the curfewing i
of nighttime train operations, although a potentially effective means of greatly reduc~

ing noise exposure, would create such havoe with the mode of operation of the railroad

business, that such countermeasures were categerically rejected as unfeasible.

The allocation of locomotives to be so treated in the Spokane analysis is based
upon the total number of diesel-electric locomotives in the U,S. factored by the per-
centage of mainline mileage in Washington State to yield the number of locomotives
charged te Washington. This value is then factored by the population of Spokane -~ :

County over the Washington State population as shown below;

acomotices in U, S

Percentage of , ,Population of Spokane
! Number of Locomotives)_ T';;:]SLEETZ?:EZF Mainline Trock County i
E Allocated to Spokane L ] in Washington /\ 1g4ql Washington .

to Total U.S, Population
283,077+
= (26,720%)(2.38%*) [ L2407\ = 54 7-16
{ ) %) (3,352,892**) ( )

*Source: Ref. A3
**Source: Ref. U1
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The railroad industry has estimated thot the cost to the industry per locomotive
treated, including hardware, custom installation, laber and lost revenue due to down=
time will range from $5400 for locomotives equipped with standard dynamic braking
systems (obout 10 percent of the fleet) to approximately $10,400 for locometives equip=
ped with extended range dynamic braking sysremssa’Az (87.5 peicent of the fleet).
Additionally, these sources have reported that, although no actual performance data
exists o date on in-service application of the proposed retrofit muffler/fan packages,

a one (1) percent increase in fuel consumption is expected, Based upon the industry

3 . . - . ,
A that this would constitute an $11. 6 million annual increase in fuel costs, an

claim
annugl increase in operating cost of $434 per locomotive is anticipated. Other cost

penalties of the retrofit packages in terms of incregsed maintenance, reliability deteri-
oration, decrensed useful life are only speculative ot this time ond cannot be quantita-

tively evaluated.

For purposes of this analysis, we are only considering retrofit costs to the
existing fleet, as new diesel locomotive production constitutes a low percentage of
the national fleet and the rate of growth has been assumed zero.A3

Thus, we may proceed with the fleet retrofit analysis, assuming a S-year
compliance period at a rate of 54/5 = 11 locomotives per year as summarized in Table
7.7-1,

Hence, the present value of first costs to achieve a 6 dB locomotive noise
reduction through o muffler/fan retrofit package = ($5400 to $10,400}(45.9: Discounted

Number of Units} = ;248,000 to $477,000,

The present value of ogeraring costs is computed assuming a remaining useful
life of locomotives of 15 yeurss by computing first the present value of increased
operating costs per unit, and then multiplying this valuve by the total discounted

number of units:
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Determination of Discounted Number of Locomotives

Table 7.7-1

Requiring Noise Reduction Retrofit

Number of Locomotives PV Discount Factor Discounted Number
Year Retrofitted at 10 Percent of Units Treated
1973 N 1.0 N
1974 H 209 10
1975 11 826 9.1 -
1976 n 751 8.3
1977 N 683 7.5
5 Total 55 4.17 45.9 ~
P
E PV of Increased PV g
i Operating Cost | = ($434/Year)l | =10% 4
i Per Unit N =15 Years
i = (434)(7.606) = $3300/Unit
Total PV of
Increased operating| = ($3300/unit)(45.9: Discounted number of units)
% costs for fleet
! = $151,000 (7-17)
Thus, the total cost of retrofit of the Spokane locomotive flaet equals total
First costs plus total increased operating costs:
(3248, 000 to $477,000) + ($151,000) = $399,000 ro $628, 000 o
¢

i e e A ok s
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7.8 COMMERCIAL AIRCRAFT NOISE REDUCTION

The following sections develop the present value cost analysis for the four

areas of aircraft noise reduction countermeasures defined in Section 6,6,7,

7.8.1  Two-Segment Approach into Spokane International Airport

The rwo-~segment approach may significantly reduce the level of noise expo-~
sure in the proximity of the airport beneath the glide path due fo the aircraft approach~
ing at a higher altitude on typically a 5.5 to & degree glide slope and then intersecting
the normal 3 degree glide slope much closer to the airpart. To accomplish this maneuver,
both additional airborne and ground avionic equipment is required. The price range for
the aircraft avionic equipment has been estimated at $9000 1o §40, 000 per aircraft
rrearedC6 with the ground equipment estimated in the range of $40,000 per runway.

The present value of total cost to the U.S. to implement a 6°/3° approach system into
major je! airports has been estimated at $75 million (1974 dollars).m A conversion

factar of ,90% has been used to reduce this total cost to 1973 dollars: 75 x 106 x . 209

= 68,2 x 106 1973 dollars, The fraction of this total charged to Spokane is based upon
o summary of aircraft aperations at the top 100 U. S, airports compiled by the FAAU7
which indicated that Spokane International operations constituted 0,32 percent of the

nation’s total. Hence, the total first cost to Spokane is:

($68.2 x 10%) (. 3298) = $220, 000

it is assumed that this equipment has a useful lifo of 15 years; thus, by the
formulation for computation of the present volue of all recurring cycle costs presented

in Section 7, 1, we may compute this component as follows:

PV(CC) = k'T(CC), (7-18)

whera
k = 10% discount rate
r=15 yeurls
and  CC=the recurring cycle cost of $220,000 every 15 years
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Thus, the present value of cycle costs is:

—~
= ! -
PV(CC) = (T)-W {$220,000) = $147,000
and the total assignable cost to Spokane = First Cost + Present Value of Subsequent
Cycle Costs = $220,000 + $147,000 = $367,000, -
7.8.2  Quiet Nacelle Retrofit of Existing Aircraft

In the cost analysis of aircraft engine retrofit by incorporating o SAM -~
{(sound absorhing material) quiet-nacelle package to all JT8D and JT3D turbofan jet-
engined commercial aircraft, we are considering only the first costs for the retrofit
treatment. It is assumed thot new generation aircraft (i.e,, DC~10, L-1011) which
will replace the retrofitted aircraft upon their retirement will not incur a cost penalty o
for quieter cparation in terms of mither increased acquisition costs nor increased operat-
ing costs.

The total cost to the U,5. again in terms of present value of 1974 dollars o
discounted at 10 percent for the BD/3D SAM retrofit proegram has been estimated ot '
$635 million,C° Adjusting this value to 1973 doliars as before yields:

($635 x 106)(.909) =$577 x 106. Again, factoring this total cost by the percentage ‘
[
of commercial jet operations oceurring ot Spokane International Airport yields:
& &
($577 x 107){.32%) = §1.85 x 10" 1973 dollars
o

7.8.3  Aircraft Rerouting to Avoid Densely=Populated Areas

In considering costs to reroute alrcraft away from densely=populated areas of
the city, we are concemed only with approach activity inte runway 21 and departures
emanating from runway 03 (see map, Appendix B}. The only costs assessed are in the L
form of increased annual operating costs of equipment, crew and additional fuel (i.e.,

the Direct Operating Costs - DOC) resulting from the aireraft having to travel an

7-30 WYLE LABORATORIES

o b i g



added distance due to the reroute (odded distance for the Spokane analysis amounts
to 15.1 n mi per flight or an additional 5.04 minutes of flight time per flight) (see
Figure 7.8-1}.

-~
The number of flights per day occurring over the city by type of equipment
and total increases in direct operating costs are summarized in Table 7.8-1.
~ Table 7.8~1
Summory of Increosed Direct Operating Costs {(DOC)
for Aircraft Rerouting
- 1974

: Flights/Day!") poct? A$/Yr

; Equipment Takeoff and Landing ~ §/Hr (Reroute)

707-3208 1.89 | 931* - 53,950

i DC-10-10 .87 885 23,606

F-101 41.4 O# -

DC~9 12.12 549 204,008

2 "8

727 12,5 735 281,689

¢ Totals 68.8 563,000

5

. |

*DC-8 DOC data used - is assumed nearly identical to 707-~3208.

; **These are military training flights; therefore, it hos been assumed

i that rerouting will not affect costs.

L (])Official Alrline Guide, August 1974,

;

'! (2)R. Dixon Speas Associates Report, subcontract to Reference B1. Costs
adjusted to reflect conditions for the same period (1974} utilized in the
first calumn, '

o
<o
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Figure 7.8~1.
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f pokane [nternationat

Reroutad Flight Track for
L-?fding on Runwny 2] and

Takeoff from Runway 03 Straight In

and Qut Track

Holding
Pattern

Utnreroutad

Map of City of Spokane, Washington, Showing Rerouted
Flight Track (Note that No Holding Pattern is Flown
Over the City).
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While we do anticipate changes in the aircraft fleet over the years, and
hence, changes in the DOCs of the fleet flying in the future, as a first approximation
of present value of ull increased operating costs, it has been assumed that the annual
total cost developed in Table 7.8-1 will continue to occur so long as this option is
exercised. Hence,

( Present Value of )

Increased Operating

Costs due to Rerouting

)

PV
{$563,000/year) | i=10%

n~=w=

($563,000)(10) = $5.63 x 10° doflars (7-19)

1)

7.8.4 Night Curfew

An analysis of night flight operations at Spokane International Airport indi-
cates that the only effective curfew (in that there are currently only a very few night
operations} involves curtgilment of service to Seattle by elimination of ene flight per
day, The net effect is to reduce service to Seattle fram 11 to 10 flights per day by
elimination of the one night operation. This reduction in service results in a
"frequency delay" incurred by the scheduled flight not coinciding with a traveler's

departure time.

A functional relationship (empirical} has been developed by Douglas for

frequency delay as expressad by:06
: -. 456

TF =92 F (7-20)

where

Tf = expected frequency delay per passenger in minutes
F =daily flight frequency (number of flights/day)

Thus, reducing Seattle departures from 1) to 10 fiights per day results in o frequency
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. delay computed as fol lows:
-.456 -, 456 —-

AT = 22(10 - 11 } = 1.37 minutes/passenger
It is next necessary to estimate the average daily number of Seattle~bound
passengers on the remaining 10 flights so that the total daily delay may be computed. -
These flights in terms of type of equipment available, number of seats and typical load

factors are summarized in Table 7.8-2,

Table 7.8-2 -
Summary of Seattle=Bound Passenger Movements .
Average Number of Number of
Equipment | Daily Opemations Typical Seating | Average Lood | Passenger .
Type to Seattle Capocity Factor* Movements ~
DC-10 i 270 511 138
707 2 . 147 511 150
a
DC-~9 4 56 .5 112
727 3 ' 163 .658 322
Totals 10 - J - 822 .

' *Source: Aviation Week and Space Technology, June 1974, Itemized as
follows: United Airlines: 658, Northwest: 511, AirWest: assumed ot .5.

Thus, the total resultant daily passenger delay is:

(1.37 minutes/passenger) (822 passengers/day) = 1126 minutes/day
(7-21)
or 365 x 1126 = 411,000 minutes per year,

7-34
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Finally, we need to assign a value to this lost travel time to arrive af the total
- increqsed cost per year. To evoluate the value of travel time, we assume this is com-
parable to the traveler's average earning rate per hour while en the jeb. Thus, an
analysis of the mean incomes of air travelers {derived from the 1972 U. S, Census of
. Transportation) as presented below in Table 7.8-3 yields a mean income for air
) travelers of $16,000/year or approximately $8.00/hour.
’] Table 7.8-3
Summary of Mean Incomes of Commercial Air Travelers
1o
i Number of Person ~#Trips
; {1972)
] Family income {Thousands)
~ < 5,000 2,986
5,000 - 7,499 3,481
7,500 - 9,999 4,504 '
[¢]
10,000 « 14,999 14,103
> 15,000 (Used: 20,000) 26,019
“ Average Income for Air Travelers 16,000
Thus, the total cost of curfew is:
I
™ A11,000 - hous }¢g 00/hour) = $54,800 per year (7-22)
E 40 year
?‘ Finally, the present value of curfew costs if continued over the conceivable
future Is:
2
Present Value of Lost v
Travel Time Resulting | = ($54,800) [ i=10% (7-23)
J from Frequency Delay n=® :
= (54,800)(10) = $548,000
3
7-35
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7.9 PATH-RECEIVER TREATMENTS

7.9.1  Dwelling Sound Insulation

We consider the costs for dwelling sound improvement as we would a recurring
cycle cost which acerues every 30 years {assumed life of o residential or commereial
structure). Thus, the present value of total costs associated with this countermeasure

may be computed as follows from Eq. (7-24):

PV of

Toral )= ( 10fcl Costoby [7 1 (7-24)
Modification ni
Cost
where
n= 30 years
and i = 10 percent discount rate

The assumption that the costs of sound insulating subsequent structures (30 years
hence) is identical to the costs of medifying an existing dwelling is admittedly somewhat
conservative., However, due to the uncertainties in estimating future construction costs,
it is not unregsonable. The total cost to medify the existing structure is determined from
the c::.stf’fr2 of treatment required to achieve the desired improved noise level reduction
as given in Section 6.7, multiplied by the square footage of the structure receiving
treotment as determined by the techniques given in Section 7.9.3. This costing does
not include consideration of any increases in home or commercial fuel consumption
resulting from increased energy wtilization due lo the incorporation of air conditioning
systems required in the process of sound insulation improvements. This may be partially
counterbalanced in areas with a rough climate by the improved heat -insulation which

most often results as a side-benefit from an upgraded sound insulation,
7.9.2  Barriers

The costing of the implementation of barriers for highway or railroad noise

reduction is conducted in @ manner identical to that of dwelling sound insulation.

7-36
WYLE LABORATORIES

:

e A e

s 35 o B e e ekt -t A e



s . 2
An effective life of 50 years is assumed.c Hence, the costing analysis is as follows:

PV of Initial Direct I

-~ Total Cost ~‘-< Cost‘of + ey (Rep]acemenr‘Cosr) (7-25)
_ Barrier

: where

: n = 50 years

o~ and i =10 percent

The development of these costs for the barrier heights considered in the
Spokane onalysis is summarized in Table 7, 9-1 below,

P '

Table 7.9-1

{

Cost of Barriers

- ) Present Value Factor

» Barrier First Cost for Subsequent Cycle | PV of Total
; Height Per Lineal { Useful Life Costs: —- Costs Per
Feet |Application Foot Years ‘i Lineal Foot
1
re 10 Highway | § 44 50 .2 $ 53
15 Highway/ | $ 66 50 .2 $ 79
i Railroad
t e
i® 20 Railroad | $100 50 .2 $120
i 7.9.3  Land Acquisition
“ The total cost of land acquisition consists of the sum of the direct acquisition
f, costs of the affected property and the relocation costs of individuals. Hence, we may
define the costs invalved in land acquisition as fallows:
f 1. Loss of value of property improvements; however, basic land value

3 remains unaffected.

o
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2. Paymenls niide to homeownars or renters for relocation expenses (under

the precedent established in the Federal-AidHighway Act of 1968),

it has been determined that property values reparted by property owners in

the 1970 census were an appropriate valuation of the prc\pa-rfy.wI These total values
then need to be inflated to 1973 dollars by incorporation of a factor of 1,19 (represent-
ing an average increase in cosfs/Ft2 of residential construction from 1970 to 1973 os
determined from Reference N1). We must next determine what portion of this total
value in 1973 dollars is lost by the land acquisition, This may be obtained by first
‘considering the number of rooms in the dwelling being acquired {as reported in the

1970 U,S, Census), Next, we must establish an average room size for the dwelling
ocquired to yiéld the total amount of living area the use of which will be lost, Two
approaches ta this an&lysis are considered, In the first, the reported property value
{in 1970 dollars) is plotted versus number of rooms in the dwelling for the homes in
the 1970 Spokane Census Tract #19 which is deemed representative of the type of
land that would conceivably be acquired by virtue of its proximity to a busy treffic
arterial. The data points, though somewhat scattered {(as indicated in Figure 7.9-1),
clearly indicate the expected result that the value of the property may be generally
assumed to increase with the number of rooms in the dwelling, Here, a rather arbitrary
choice of typical room size versus total property valuation is made. It is assumed
that the more expensive home have larger rooms, albeit, a larger number of rooms as
well. It is assumed that a $25,000 home would have a tetal living area of approxi=
mately 2000 Ft2. This corresponds to an average number of moms of 9, 5 (observing the
central tendency of the linear data fit in Figure 7,9-1) thus yielding an gverage room
size for the $25,000+ home of 210 Fr2. Similarly, o $10,000 home is astimated to
have an average room size of 150 ﬂ'2. Thus, using these end points, the empirical
relationship between average room size and total property value (in 1970 doliars) may be

developed as:
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Total Reported Velue of Dwelling, Thousands of 1970 Dollars

| ! ] ! ] | l

Figure 7.9-1.

- Hodal

4 5 6 7 8 9 10
Number of Rooms in Dwelling

Distribution of Homes in Census Tract Adjacent to Busy Arterial
Roadway (1970 Spokene, Washington, Census Tract Number 1),
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150 ff2 for V = 10

SR =
SR = 210 §° for V <25 ‘ (7-26)
SR = 150 + 4(V - 10) i

where SR = average room size,

V = total valvation in thousands of 1970 dellars.

Thus, the value of improvements in 1973 dollars could be detemined from the following

farmula:
Land Value = (Toral Property Value - 1) x 1,19
{7-27)
1,12 = Conversion Factor
_ to 1973 Dollars
where 1 = Improvement Value = Number of Rooms (from 1970 U.S, Census) x SR x

$16.43

$16.43 = average cost in 1970 dollars per Fr2 {from Reference N1).

A second and somewhat mere direct method of establishing the relationship
of the improvement value to the total property value is based upon a survey of assessed
land values conducted during the course of the program by a Spokane-based firm of o
broad (but random) sample of homes judged to be "candidates" for acquisition by virtue
of their locations relative to major roadways and railroad tracks. The results of rhis
22 location survey indicated a mean ratio of improvement value to totel ssessed pro-
perty valugtion of , 1B with a standard deviation of .12, thus yieldinga mean + 1 o
velue of .30, This indicates that for the majority of properties surveyed, the improve-
ment value would be %30 percent of the total reported value. This survey also yielded
a mean value of §1 3.50/&2 with a standard deviation of SS.?O/H:?. Thus, the mean

+1 o= $17.40/ff2' would be a conservative estimate of the impravement value.
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In that the latter of these two approaches is based upon an actual survey
of typical "acquirable" properties in the City of Spokane, it is selected for use in
the final analysis. It is interesting to note that the average room size for the selected
survey sample is 171 ff2 and the average total property value in this sample is
$14,11&. The previously developed empirical formula for room size yields 166.5 fr2,
agreeing to  within 2. 5 percent with 17] it

We need to consider next the compensation paid to displaced persons.
According to the Uniform Relocation Assistance and Real Property Acquisition Policies
Act of 1970, homeowners can receive up to $15,000 ond tenants up ro $4000 over o
4 year period as compensation for relocaiion. An average of $2800 was paid out to
homeowners who ware displace d by highways in IS’?T.)(T Inflating this value to
1973 dollars, assuming.un B.4 percent increase in costs of services from 1971 ta [973%,
yields an equivalent compensation in 1973 dollars of $3035 per household, Based upon
the fact that rental units typically are 25 percent smaller (occupy 25 percent less floor
areq than owner occupied homes),wl it is assumed that this compensation is |. 33 times
as large as that received by renters. Thus, compensation paid to renters is estimated at
$2282 per household.

We may summarize the costs associated with relocotion os being one-time~

only direct costs which amount to the value of property improvements cost as previously

discussed plus $3035 for homeowners or $2282 for renters.

*Consumer Price Index, Services Component; 1971: 130,8, 1973: 141,8, ratio: 1.084
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CHAPTER 8

NOISE COUNTERMEASURE COST-EFFECTIVENESS ANALYSIS
OF THE EXPERIMENTAL CITY: SPOKANE, WASHINGTON®

8.1 INTRODUCTION

The community noise countermeasure analysis was computerized and carried
out on on actual experimental city: Spokane, Washington. Appendix A discusses the
philosophy for city selection and how Spokane became the final chaice (for a map, see

end of Appendix B).

It should be noted that while a considerable amount of effort was expended
in selecting Spokane, Washington, with a noise exposure typical of a brood range of
U.S. cities; each ci}y has its own peculiarities and unique characteristics which may
Influence the dominanée of particular noise sources. In Spokane, for example, there

are more miles of main line railroad track than there are freeway miles and, in fact,

" there Is only one freeway which divides the City into two segments. The sample

selacted for analysis attempts to provide representative noise exposure from all major
sources, but it must be remembered that this noise expesure is unique 1o Spokane.
Henco, it is important to consider these practcal limftotiens on the analysis conducted
on Spokane. One should not attempt to extend the results obtained directly to the
Nation as a whole or to other cities which differ substantially in size, geographic
structure, commercial and industrial activity, and demographic characteristics from

that of Spokane.

At the end of Chapter 2, the Nolse Impact Indax (N1} was introduced as the
basic composite index for rating the desirability of a given noise environment. Three

types of basic information are required to evaluate Eq, {2-8);

& Transfer functions relating noise lavels to human response (Chapter 3).

*All relative and absolute sound levels in dB are A-weighted levels unless otherwise

spacified.
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e  The population distributions for day and night and different land wse
categories. How these were obtained is outlined in Appendix B, How
the population is grouped into noise exposure cells is discussed in the

latter portion of Appendix C.

e The spatial and temporal distribution, and the strength of noise saurces.
Chapter 4 gives data on time and strength distribution in general.
Appendix B discusses how the particular information for Spokane was
ohtained. Chapter & presents feasible countermeasures for reduction of
the noise level of these sources, and Chopter 7 presents the present

valve cost analysis of these countermeosures,

This vast amount of data hes been processed by a Wyle-developed computer

program, o short description of which is given in Appendix D.

The objective of the analysis conducted is to determine the most cost-
effective {here referred 1o as "optimum") set of noise reduction countermeasures such
that a minimal NII results, given the constraint of o fixed omount of finds. Stated in
other words: The problem is to determine a scenario of expenditures on noise reduction
which provides, on the average, the greatest reduction in outdoor noise for the greatest
number of people. For mony of the scenarios, cost~effectiveness was determined for

low, medium, or high ranges of estimated costs for most of the countermeasures.

The cost=e ffactiveness analysis conducted for Spokane is structured such
that, in addition to the primary task of determination of optimum expenditures on
countermeasures for community noise reduction, the city modeling procass is refined
and systematically simplified. In this process, both the shape and the location of the
end points of the exposure~human response transfer functions are evaluoted as to their
effects on the program results. A supplementary analysis of selected segments of
Spokane is conducted, using o second noise exposure metric (the Noise Pallution Level),

in order to support the results obtained using the Energy Equivalent Level.

8-2
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8.2 METHOD OF ANALYSIS

- 8.2.1 Rank Ordering of Community Noise Sources

The initial analysis of Spokane is conducted on a continuous segment encom=
passing about one=third the area of the city (Figure 8.2~1}, containing the entire
Central Business District {CBD) and opproximately two~thirds of the daytime population,
and comprising 808 noise exposure cells. This segment includes the effects of freeway
traffic, railrond operations through town, commerciol and military gircraft aperations,
as wail as arterial and local read traffic. Additionally, buses in the CBD are treated

as distinet noise sources.

The computer program has been designed to provide the relative ranking of
the noise sources in order of severity of noise impact for the 1973 and 1978 baseline
Sy cases (baseline means that no funds are expended on noise countermeasures). This Is
! _ obtained by computing the contribution of each source to NII. The result is given in
Table B.2-1. |t may be observed that automobile and heavy trucks constitute the two

most significant sources for both 1973 and 1978, followed by commercial and military

3

aircraft operations.

From 1973 to 1978, the ordering of the sources shifts slightly. This change

in relative significance results from two factors: the First being the growth of both
od the population (or number of people exposed to noise) and the growth of the number
of noise~producing sources; secondly, in the 5~year period between 1973 and 1978,

the automobile and truck fleets will have been largely (57 percent and 47 percent

T T L e T 18 e e s e

respectively} replaced by newer, quieter units, hence, in essence stabilizing

the total noise impact situation for Spokane. The overall effect of quiater new produc~

N A IR}

tion units is more significant for the heavy truck population than for automobiles
(primarily because automobiles exhibif considerably less noise than trucks); hence,

the number one and two rank positions shift between the 1973 and 1978 cases,

.......,.-ﬂ_;w
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Area Analyzed to the
Left or Abovg this Line

I
24 Cell Subset
o Day Celf
*  Night Cell h
*r
T o PR
[l

Figure 8.2=1; Identification of One-Third Segment and 24 Cell Subset T
of Spokane, Washingten, Utilized in the Optimizing
Noise Countermeasure Analysis (See Also Map in
Appendix B),
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Teble 8,2-1

Relative Rank Crdering of Dominant Community Noise Sources for

Spokane, Washington, for the Baseline 1973 and 1978 Cases

(Based Upon Linear Noise Exposure-
Adverse Response Transfer Funetions)

Baseline Source

NII

Environmental Noise Source Ranking Contribution
Identification 1973 1978 1973 1978
1. Automobiles on Arterials 2 1 .0786 .0874
2, Trucks on Arterials 1 2 . 0831 .0727
3. Local Traffic 10 9 . 0002 . 0007
4. Military Aireraft Operations 4 4 . 0506 .0517
5. Commercial Aireraft Operations 3 3 .0653 . 0687
6. Automobile Tires on Freeways 7 8 .0128 L0136
7. Truck Tires on Freeways 6 6 L0137 .0145
8, Freight Trains 5 5 .0207 L0224

?. Passenger Trains 9 10 . 0062 0
10, Buses in Central Business Distriet 8 7 0127 L0141
Total Noise Impact Index . 3440 . 3458

leaving automobile traffic on arterials as the inost pervasive source of community

noise by the 1978 time petiod. The other changes in rank ordering are not

significant.

8.2.2  24-Cell Subset Representation of the One~Third City Segment

In order to verify that the noise exposure of the experimental city could be

accurately determined by a scaled down model which would greatly reduce the amount

of required input deta and expedite data processing, dn analysis of a 24=cell subset of

the full one-third city segment has been corried out,

et iR 4 R T T
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The 24 cells are selected such as to be representative of the noise exposure
characteristics of the full segment, Since the computer program calculates o noise
annoyance index for each cell, it is necessary to maintain the proper distribution of
population for each land use type. Furthermore. it is necessary to maintain a balonce

with regard to levels of noise exposure by the various types of noise sources.

The opproximate population distribution percentages by loand use category
for the full ane-third segment {see also Appendix C, Table C-1) are shown in Table
8.2-2,

Table 8.2-2

Population Distribution Percentages by Land Use Category for
Narthwest Third of City of Spokane {Daytime)

R1 26 Percent

R3 10 Percent

R4 8 Percent

Central Business District 48 Percent
Schools 8 Percent

In the 24 cell subset, a sample population is selected of approximately 10,000
which are distributed within a number of cells of the proper distribution of population
by land use type. Cells are chosen of the various land use types from the master data
file with relative populations determined by the table above, To maximize efficiency,

cells with lorge populations receive primary consideration,

Furthermore, a candidate cell is required to exhibit component source levels
typical of its land use type. WIithin each [and use type the set of cells as a whole is
representative with respect to noise exposure of all the cells of that type in the north-
west third of Spokane. These cells are selected by judfciul inspection of the land use

map and over|oyed noise exposure contours for individual sources,

B-6
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The above cell definition procedure is carried out twice, once for daytime

and once for nighttime. The cells so chosen are identified in Figure 8,2-1,

Seenarios of money optimally spent on noise countermeasures are
for three different amounts of total funds aveileble: 5, 10, and 30 million 1973
dollars. The wsual procedure of arriving ot o scenario is to start at the 'baseline "
case, j.e., computing the NII for no money spent at all. Then, money is spent
incrementally such as to always decrease NIl in the mest efficient way, i.e., spend
additionai funds on that countermeasure which will decrease NII the most, Because
there is a limit in most countermeasures of how much noise reduction is technically
feasible by the target year 1978, the emount of funds that can be expended on ony
one countermeosure is limited. In some coses, this limit is attained very quickly,
in others, never. For instance, it will be seen later in this chapter that for the
Spokane analysis, it is highly productive to spand money on city bus noise reduction
to the limit, whereas the limit in the cotegory of path-receiver treatments (including
relocation of residents) is so high that it is never reached, When this analysis is con-
ducted for the 1978 time period for the baseline case and three levels of expenditures
on noise countermeasures, the results given in Table B.2-3 are obtoined, All three
cost functions are used (Jlow, medium, end high; see beginning of Chapter 7). For
the cases with expenditures, the NII values are of course ossociated with an optimal
distribution of funds, A correction is carried out by dividing the NII's for the
24=cel| subset by 1.062. This volue represents the ratio of the .‘é4-ca” NII to the
full third segment NII for the baseline 1978 case, Table 8,243 is shown in graphical
form in Figure 8.2-2._

The percent deviation between the corrected 24~ cell results and the full
segment is shown to range from 1.4 to 5.3 percent ot 5 million, and up to 7,6 percent
al $10 million. For these levels of expenditure, the majority of effort toward noise
reduction is oriented toward reductions of the source itself and limited treatment of

the path or receiver in the form of barriers, home sound insulation or relocation of the

g-7
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Table 8,2-3

Noise Impact Index for 5, 10, and 30 Miltion Dollar Total Expenditures -
on Spokane, Washingten, Using Full and Partial Segment Analysis
(Linear Noise Exposure - Adverse Response Transfer Functions)

Noise Impact Index for Specified Levels of
Range of Expenditure in Millions of Dollars
Cost -
Functien | Segment Analyzed | Base — 1978 ’ 5 r 10 L 30
Low Full . 324 . 265 .234 .200
24 Cell . 344 297 . 267 .25]
24=Cell ~ Corrected . 324 .279 .251 . 236 -
Percent Daviation 0 5.3 7.3 18.0
Medium Full . 324 291
24 Cell . 344 313 .280 .264 -
I 24~Cell ~ Corrected . 324 .295 .264 .249
Percent Deviation 0 1.4
High Full .324 .217
24 Cell 344 322 | .285| .267 a
24-Cell = Corrected .34 .303 . 268 .251
Percent Deviation 0 15,7

[l

receiver away from the local dominant source {a more detailed explanation of the
relative expenditures by countermeasure will be given lator on in this chapter), At
the $30 milllon [evel of expenditure, the deviation is higher, ranging up to 18
percent. This divergence at the higher levels of expenditure is also seen in Figure
8.2-2. It results from the 24-cell analysis through modeiing limitations: a point of
diminishing return is reached in terms of expenditures on path or receiver noise reduc=
tion due to the limited number of dwellings and barrier location possibilities within

the small subset, Hence, the analysis yields negligible improvement in total impact

8-8 ‘
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Figure B,2-2, Noise Impact Index for Qptimum Expenditure Scenarios, Total
) Expenditure Varying, Linear Noise Exposure ~ Adverse Response
Transfer Functions, Low Range of Costs Versus Noise Reduction
“ Functions. Comparison of Full One~Third Segment of City of
Spokane with 24=Cell Subset, See Text for Meaning of
"Corrected, " .
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{the NII) for additional expenditure, The full segment, giving @ more accurate por-
trayal of the noise reduction possibilities due to these path or receiver medifications,
does not approach the zero incremental return situntion quite as rapidly; however, as
may be observed by the slopes of the full segment noise reduction versus cost curves in
Figure B.2-2, this point is rapidly heing approached. Hence, it may be concluded that
the difference between the anelysis with enly 24 cells versus the results for the full third
city segment (808 cells) will probably not exceed 20 percent even ot the highest levels

of expenditure considered here,

8.2.3 Extension of Analysis to Entire City

Because of the relative success of the above sampling procedure, it is now
attempted to mode| the entire City of Spokane in a similar way. The 24 cells pre-
viously selected have component source levels typical of the northwest ane~third of
the City. The expected compenent source levels of any one part of the rest of the

City can be matched to one or mare of the 24 cells chosen earlier.

The task at hand is now te determine population distribution percentages for
the entire City and to distribute a sample population among the 24 cells of various
land uses and noise exposures accordingly. Determining the population distribution
percentages for the rest of the City and combining these with the previously deter-

mined percentages for the northwest third of the City, Table 8,2-4 results,

Table 8.2-4

Pepulation Distribution Percentages by Lond Use Category
for the Entire City of Spokana (Daytime)

R1 42 Percent
f3 9 Percent
R4 @ Percent
Central Business District 32 Pércenr
Schools 8 Percent
8-10
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A somple population of 10,000 is then distributed amang the 24 cells using
the above table as o guideline, Note that this procedure does not require selection
of @ new group of actual cells, but insteod redistributes the population among the

existing 24 cells ta achieve o proper representation of land use situations,

In addition, it is necessary to examine the component source levels within
the cells of each land use type and to distribute the population essigned to that land
use type according to the component source levels that any given fraction of the pop-

ulation might experience.

Land use type R1 is modified the most. A lorge percentage of the R1 popu-
lation in the rest of the City resides in regions of comparatively. low exposure to traffic
noise, This condition is reflected in the population assignments, Similar considera=
tions are given to railroad noise exposure, aircraft noise exposure, etc, A freeway
noise component is added to both R3 and R4 land use categories os no such compo=
nent exists in the 24-cell ropresentation of the northwest one~third of the City, A

relatively low level is used to reflect the smail number of people who are exposed to

freeway noise,

MNo such modifications are necessary in the CBD as this district is entirely
contained in the northwest one~third of the City, However, as per the table above,

its relative importance to the entire City decreases somewhat,

Implementing all the above considerations, one would then expect to have
a small number of cells which would yield noise exposure characteristics and eptimized
countermeasure scenarios similar to the 3000 to 5000 cells which would be necessary to
completely define the entire City. The sample thus ebrained is colled the "24 cell

full city model. ™
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8.3 RESULTS AND DISCUSSION

The basic results of this study are expressed in terms of dollars expended on
various countermeasures and the resultant levels of Noise Impact Index (NI1) achieved.
It is also possible to estimate the average reduction in noise levels achieved for any
given countermeasure by tracing back through the cost estimates for each type of counter-
measure as developed in Chapter 7 and the corresponding magnitude of noise reduction

achieved from the data in'Chapter 6.

8.3.1 Linear Transfer Function Analysis

Table 8.3-1 shows the cases for which an optimum noise countermeasure expen-
diture scenario has been obtained. The 24-cell third city subset is analyzed in full.
Tables 8.3~2 ond 8.3-3, and Figures 8.3-1 and 8.3-2 show the results. Comparing this
data indicates that, with minor variations, the allocation of funds is identical for each

optimized level of total costs giving further evidence of the validity of the 24-cell analysis.

Table 8. 3-1

Cases for Which an Optimum Noise Countermensure Expenditure Scenario
Has Been Found {Linear Transfer Functions)

$5M S10Mm $30M
L m|bh{ L] m|h|2]|m]h

Northwest One-Third of City | x | x X % X
24-Cell One=Third Subset x | x x | % x x | x X X
24-Cell Full City Model % x x

2 = low, m = medium, h = high countermeasure cost functions,

It should be observed that there may exist more than one combination of counter=
measure expenditures that, for the same level of total cost, will yield-a minimum Noise
Impact Index. The word "minimum" is used in the mathematical sense: The Noise Impact
Index may be regarded as a function of many variables, the latter being rhe expendituras

in each countermeasure category. This function may be imagined as a multidimensional
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Table 8,3-2
Optimum Noise Countermeasure Expenditure Scenarios,
Northwest One~Third of Spokane, Linear Transfer Functions
Underlined Numbers: Spending Limit Reached
Cost Allocation per Countermeasore In Millions of Dollars
I !
: - 37|88
Level of Tetal | Counter- “ 8 & K o & 98 |EX
Expenditure in measure o B w8 1.8 [oF a e - wg | LE | WE RN Noise Impoct
Millions of Cost 2z G- | 58 |Eae | B IYE Yo |yge ¥Ba)ey Index
Dollars Functions z = Foi 2% |zog ) BN A5 & | Q2105 E
stoi ol [ T8 w ) zn,_ _ugg T la8lTaelsTe
Zg®! 9% |38 |26y slese | 8¢ )go i =g v @
BLh| A2 |82 |BER) B¢ | BET | BS [ §¥2|Fia|45%
5235153 %% (858 23 (faf| s5|EE | ehm st
32| £° |85 (228 |08 (SsE | dE |86 uzaieaé
Baseling
1978 ; L3244
Law 2.12 0 12,3 (0,44 (0.4 0 0 0 0 0 . 2649
5 Medium ¢ 3.8 ¢ (0,97] 0 0,14 0 o |0.114 0 o L2914
High
Low 4.95 0 (2,3 [0.44 10.25|0,367 | O [1.5910.10 0 . 234)
10 Medium
— . e
High
Low 6.83 0 |2.3 0,44 (0,25]0,367 | 0,09 11.850.05 |17.82 . 2002
30 Medlum
- —
High 6.82 0 (3.35]0,68 (0,250,367 (0,07 (1.85(0.05 [16.56 ,2174




SIIUOIVEHOEYT 37AM

¥1-8

'

Toble 8,3-3

Optimum Noise Countermeasure Expenditure Scenarios

Underlined Numbers: Spending Limit Reached

24-Cell Representation of Northwest One~Third of Spokane, Linear Transfer Functions

Cont Allocetion per Countermeasure in Millian of Dollars
! !
» s e
] ET)E.S
Leve| of Total Counter~ - 5 -g 'g o 1:-: 'g 2 E :g
Expenditure In measure o B P g o0 5, a e iy g | .5 | 4E 3 § 8 Moise Impact
Millions of Cost 23 G- 22 [Bpel ,2lYB Yo |ge [K38/-7 Index
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3| F8 3% 228152058 | 088 625|242
Baseline _I
1978 . 3440
ow {292 | 0 {23 |0.44 0,14 o o] o o] .me
5 Medium | 3.8 ! 0 [0.97] 0 [0.14] © o ol o0 | o .3130
High 2.4 | 0 [225] 0 (0,14 0 o3| oo o .3215
ow  |4.95 | 0 2.3 [0.44]0.25/0.367] 0 l.» [0.10 | 0 2670
10 Mediom | 4.37 | 0 |2.8 |0.56 |0.25]0.367 | 0 li.55 [0.10 | 0 . 2801
“ High 4.9 0 |2.8 0 70,250,367 | 0 |I,58 ;0,10 0 . 2849
tow | 6.85 2.3 10,44 |0.25/0.367 | 0,07 185 |0,05 17,82 .2511
0 Mediom 6,85 0 2__8 0.56 (0.2510,367 (0.0411,85 (0,05 {17.21 . 2642
High 6,85 0 [3.35 | 0.68 |0,25/0,367 | 0,041,85 10,05 |16,56 . 2667
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Figure 8.3=1. Optimum Noise Countermeasure Expanditure Scenarios,
- MNorthwest Third of Spokane, Linear Transfer Functions.
£ = Llow, m = Medium, h = High Countermeasure Cost
Funciions. A Bar at the Upper End of a Line Means
Spending Limit Reached.
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Figure 8.3-2, Optimum Naise Countermeasure Expenditure Scenarios, 24-Cell

Representation of Morthwest Third of Spokane, Linear Transfer
Functions, See Figure B.3~1 for Explanation of Symbols.
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surface with many peaks and troughs {the "NII surface"). The lowest point of any

trough is a minimum. The optimization precedure insures only that one of these

minima is reached which is not necessarily the absolutely lowest point of the whole NII

surface. Not knowing how many minima exlst, it is at this peint in time not possible

to say with mathematical certainty that the best allocation of funds has been found in
-~ every case, However, having gained some working experience with the model, it is
possible to state that the number of minima is probably small so that there is o good
chance of finding the absolutely lowest point on the NIl surface by varying the monies
spent on countermeasures after a minimum has been found. If necessary, the optimi-
zation procedure is repeated to find a batter minimum, i.e., ¢ minimum with a lower
NII value,

! The cost=e ffective expenditure of funds will not necessarily' be on the most
dominant noise sources, but rather in those areas that give the most noise reduction
for the money. One must be aware of the possibility that the most pervasive source of
noise nay also be the most expensive to treat and that such expenditures may yield

limited benefits.

3

At the lowest |evel of total expenditure analyzed, $5 million, for the most
part, only ground transportation source noise reduction is cost-affective. Alrcraft noise

reduction and path or receiver noise abatement treatment are not as cost-effective

: ¢

initially. The expenditures for noise reduction of automobiles (both low-speed and high=
speed) and low=speed heavy trucks constitute the majority of effort, with the percentage

allocations ranging from 88 to 25 percent for the low=to=high=cost ranges. It is found

e ———————— e W A WY L L P, T2V e s e 7 i e P e

" cost-effective to iraat city buses to some extent., For the low ranga of countermeasure
costs, locomotive noise reduction is incorporated to the maximum extent; however,
other items are more cost-effective in the medium and high cost ranges. For all levels
of total expenditure and all cost ranges, it never becomes cost-effective among the

= countermeasures considered o reduce high-speed heavy truck noise (primarily the tire
component) by restricting the use of crossbar design tires on the drive axles.

f

|
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At the second leve! of total expenditure onalyzed, $10 million, one observes
a broader distribution of funds, which now kegin to encompass certain operational
modifications for commercial aircraft. For all cost ranges, it is cost-effective to
restrict night operations to some extent; implementation of a two-segment approach
(6°/3° glide slope) into Spokane International Airport is found to be very effective in
all cost ranges. Aircroft flight path rerouting is not effective at this level of expendi-~
ture. A sizable amount is expended on aircraft quiet nacelle retrofit, Path-receiver
treatment is not effective at the 310 million level. Again as at the $5 million level,
the majority of effart is directed toward autas, trucks, and buses, with autes and low-
speed truck noise reductions accounting for 72 ta 77 percent of the total low~to=high
cost budgets, City buses are at their maximum possibl‘s level of treatment (a range of
costs for such treatment was not available - hence, the same cost Figures appear in the
low, medium, and high cost ranges). Fraight train locomotives receive maximum treat-
ment for the low and medium cost ranges, but are not as cost-effective as other options

for the high cost range.

At the highest level of expenditure analyzed, $30 million, nearly ali source
noise reduction countermeasures are incorporated to their maximum degree except for

autemoblle noise reduction (and high=speed truck noise as previously mentioned) which

remains at approximately the same allocation as in the $10 million case. Whereas before,

aute and truck source modifications accounted for over 70 percent of the total budget,
they have now dropped to 30 to 34 percent of the total, The expenditure allocations
foll short of the maxima (for comparison, the spending limits on automabiles are 7,
22,75, and 38,5 million dollars for low, medium, and high cost ranges, respectively).
in all cases {low, medium and high cost ranges), low~speed heavy iruck reductions are
incorporated to the maximum extent. The remainder of the funds are ollacated to path=
receiver treatments rather thon further aulo noise reduction, In fact, at this lavel of
expenditure, these treatments account for from 59 to 55 percent of the total budget. It

is interesting to note that a further analysis of which path-raceiver modifications are

deemed most cost-affective yields the result that dwelling sound insulation impravement

8-18
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in residential zones only is the single option deemed effective. Freeway or railroad

barriers are not as effective for the Spokane anolysis.

~
In concluding this discussion on the allocation of dollars on particular
countermeasures, it is instructive to summarize the trends observed for the specific
noise sources at increasing levels of expenditure as follows:
-~
‘ Automobiles: Most cost-effective to treat ot the low and intermediate total
budgerts, hawever, become {ess cost-effective ot the higher levels of noise reduction
ottainable once the initial reduction has been obtained.,
(™
: Heavy Trucks: Low-speed truck noise reduction becomes increasingly cost~
effective at all levels of expenditure vp to nichiqg the maximum technicaliy feasible
. noise reduction limit {for the 1978 time periad .-:’legh-speed truck noise reduction
o achieved through restriction of cras';hf EE-":treud cjesjgn oy the drive axles never
becomes cost=effective. A T ad
- | isingly cast-effecﬁye at higher
; ' i\se reduction are veached,
City Buses In the Central Business District: fCosr-effective to silence to some
,;. degree at the lower and to the maximiim degree possible at the two higher levels of
f expenditure. This is significent in that buses.asa distinct noise source are only analyzed
%» in the Central Business Dfsrrlpri; Hm;aever, 4§ nt of the daytime population is
I_ assigned ta the Central Business District, 1}\«.
f. Commercial Ajreraft: Implementation of o two-segment approach procedure is
i the most cost-effecrivgjéurirermeusure, f?llowed by quiet nacelle retrofit and night
flight curfew. Aircraft flight track rerouting to avoid populated areas becomes only
| ey marginally cosr-e‘f;fecfive at the highest level of expenditure. f
PathReceiver Treatments: On|y bacome cost-effective once all source
reduction alfernurive'ls':ure exhausted (ézggepf for gutomobiles} at the highest level of
. ~
N
""‘.
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expenditure, Very |ittle additional benefit is achieved by increased spending for these

options as indicated in Figure 8.2-2,

Table 8.3-4 and Figure 8.3-3 show the results of optimized noise counter-
measure expenditure analyses for the 24-cell fu.ll city model representing the entire
City of Spokane {see end of Section 8,2.3), The scenarios of optimum expenditures
are essentially the same as the ones for the ordinary 24~cell subset of the northwest
third of the City. This would indicate that it is not necessary to go through elaborate
correction procedures in order to represent the entire City. The orlginal earefully

selected 24~cell sample seems to be adequate for carrying out the countermeasure analysis,

8.3.2 Effects of Variation of Endpoints and Slope of Transfer Functions

As discussed in Chapter 3 the vpper and lower criterion levels for the exposure-
response tronsfer functions were carefully selected from available data on human response .
However, in some coses, this data is admittedly somewhat |imited, thus creating some
uncertainty as to the validity of these criterion levels, Also, average values of dwell-
ing noise reduction were added fo these limits to establish the outdoor levels. Thus,
there indeed could be a significant tolerance in the upper and lower criterion levels,
Hence, one should explore the sensitivity of the model to variations of the criterion
levels, The left-most columns of Table 8.3-~5 show what cases are considered. The
symbols LCB and LCU are the general criterion levels from Figure 2.4=1. For identifying
the various cases, only the daytime criterion levels for residential areas are given, Ali

other criterion levels are adjusted in an analogous way aecording to Table 3.2-6.

Table 8,3-5 and Figure B,3-4 show the results of the optimizing analysis, Since
the different transfer functions vary widely, so do tha absolute values of the Naise Impaet
Index. One should therefore compare the last two columns (ho expenditure and $10
million total expenditure) so that the relative chonge of NII with money spent becomes
apparent. Thus, the greatest change in NII is observed for the 60 to 95 case: Here,
people are assumed to register an adverse response only to the noisiest events, Since
most of the money Is spent to quiet the noisiest sources, a substantial reduetion in NII

should be expected here,
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Toble B,3-4
Optimum Noise Countermeasure Scenarios,
24 Cells with Population Adjusted to Represent the Entire City of Spokane, Linear Transfer Functions
Underlined Numbers: Spending Limit Reached

Cost Allocation per Countermeasure in Millions of Dollass
v s g
o § - §T/% 2
Lovel of Total Counter- - 8 G 'é_ 2] g £ .§ E 2
Expenditure in measure s > & k] E o " JElWERIad Noise Impact
Millions of Cort 1 | 85 |55 1892 B9 9B |92 ¥EE|n Index
Defllars Functions Z-= T ! f"g Zuw'g | £ & 4df.. |48 gL <& gE
| a ¥ 2 v ! 2= |5 g T . =8 | o5 e | =T
2.7 I B I .Z:u)zc ,@5,9 25 1%k .‘;'E'.IE 3:,5.
£848) Bz |z (828! 8L 5855~ 522|552 |&es
EHu| w» & Eb & | at | L2 B | ES(Ezul%e 8
g2 5% 138 g4%| 23 |kog ES Eg EBAIETES
ez | L |88 SR EARE S35 |85 |85 |8z |L8E
. !
Baseline
1978 L2945
Low
5 Fedium 3.8 0 [(0.97 1} 0.14f ¢ 0 0.1 O 0 . 2402
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Low
0 Medium 4.37 0 2.8 | 0,56 |0.25|0,367 0 (1,55 |0.10 6] .2194
High
low
30 Modium 4.85 0 2.8 (0,56 |0,25/0,367 10,04 1,85 ]0.05 |17.21 L1995
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Figure 8.3-3. Optimum Noise Countermeasure Expenditure Scenarios, 24 Cells
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with Population Adjusted to Represent the Entire City of Spokane,
Linear Transfer Functions. For Explanation of Symbols, See
- Figure 8.3-1.,
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Table 8.3-5

Optimum Noise Countermeasure Scenarios, 24-Cell Representation of Northwest Third of Spokane,
Transfer Functions Linear with Varying Endpoints, Medium Cost Functions Only, $10 Million
Total Expenditure Only. See Figure 3.4-1 and Table 4,2-6 for [Hustration of LC, and LC .
Underlined Numbers: Spending Limit Reeched

Cosl Allazation por Countarmensura in Millisns of Dallars
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The optimized expendifure scenarios themselfves look rather al ike from case

to case. This would indicate that the way funds are distributed over the noise counter-

measures is generally insensitive to the transfer function endpoints. The only notable

departure occurs for the 40 to 75 dB case where the countermeasure aircraft nacelle

retrofit is exhausted to its spending limit.

Thus, we may conclude that while the absolute value of the NIl is quite depen-
dent upen the transfer function endpoints (as expected), the relative ranking in terms
of where the expenditure is most cost-effactive is relatively insensitive to shifts in the
upper and lower criterion levels. 1t should be also pointed out that the noise levels
from any of the unmoedified sources never exceedead the upper criterion levels so that

any noise reduction always resulted in a reduction of NI,

8.3.3 Nonlinear Transfer Functions

Just as it was necessary fo investigate the effects of shifts in the upper and
lower criterion levels, one should investigate the influence of the shape of the transfer
function between these endpoints, The effects of changing the transfer function shape
from a linear to a nonlinear curve is explored for twe such shapes, a "parabola™ and a
“gosine™ (s-shaped) transfer function. With reference to Figure 2.4-1, two nonlinear
functions were evaluated with the part of the function between the lower (O percent
rasponse) limit, LC, . and the upper (100 percent response) limit, LCU, described by

the following reprasentations {see Figure B,3-5):

L-1C, \2
Parabola: ¢{L) = (T_-(_:'-_LC—) {8-1)
u £
osine; P(L) = il - | cos (ﬂ ~ ) (8~2)
2 LCu Lfﬂ

where the root has the same sign as the cos (. . .) under the root,
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Figure 8.3-5. Nonlinear Transfer Functions, for LC,, LC ,
A ) 2 v
see Figure 2,4~1.
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Table B,3-6

Cases for Which an Optimum Noise Countermeasure Expenditure Scenario

- Has Been Found (Nonlinear Transfer Functions)
Parabolic Transfer Function

$5M F10M $30M
~ Llmlh [ 4 {m|[h ]2 |m]|h
‘ Northwest One=Third of City
i 24-Cell One-Third City x [ x| x | x | x {x [x [x [x
L 24-Cel| Full City Model
|
x Cosine Transfer Function
. $5M 510M $30M
: £ m| h 2 m | h 2 | m|h
E Northwest One=Third of City
24~Cell One-Third City x x | x | x x
.. — i
t 24-Cell Full City Model
é oo
g |
i - Table 8.3-6 shows for what cases optimized noise countermeasure expendi-
i ture seenarios are available. The results are given in Tables 8,3~7 and 8. 3-8,
%’ They are almost identical to the ones of Table B.3-3 which were obtained with
i linear transfer functions, The variations are so slight that it may be concluded
e that the expenditure scanarios are very insensitive to the shape of the transfer
? functions.
-
¢
:
H

“
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Table 8.3-7

Optimum Noise Countermeasure Scenarios,
24-Cell Representation of Northwest Third of Spokane, Parabolic Transfar Functions
Underlined Numbers: Spending Limit Reached

Cout Alocation per Countermeasure in Milliens of Dollass

| "
! 2 s |£8
e 12 | § .| BEiEE
Leve] of Total | Counter- n & & ) o g t2|EL
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BE8 | 4 H 588 si|Tag | % $ZltiglEng
FET| VR RE BEE.C3|8%E| 88|85 88 % |Raz
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Low 2,12 | 0 |2.3 |044i014] 0o | 0f0o |0 |0 1101
VUG R j
5 Medium | 3.8 0 log7| o0 i0.14] © 0 [.1&| 0 0 .1201
— !
High 2.4 0 /2.25] 0 .14 © 0 |0.35] 0 0 . 1250
Low 495 | 0 |23 | 0.4400.25/0.37 | 0 159|010 | O 0975
10 Mediom | 4.37 | 0 [2.8. | 0.56(0.250.367 | 0 [1.55|0.10 | O . 1040
High 4,98 0 |2.9 0 (0.25/0.367 | © (1.4 |0.10 | O L1071
Low 6.85 | 0 |2.3 | 0,44 |0.25[0.367 {0.07 |1.85|0.05 [17.82 L0915
3 Medium | 6.85 0 !2.8 | 0,56 (0.25]0.367 (0.09 (1,85 |0.05 [17.21 .0975
High 6.85 0 |3.35( 0.68 [0.25(0.367 |0.04 (1.85 | 0.05 [16.56 .0987
2 ] (] L wJ W -

T A PR DT St S I




SI31HOAVHOBYT IIAM

68

Toble 8,3-8
Optimum Noise Countermeasure Scenarios,

24-Cell Representation of Northwest Third of Spokane, Cosine Transfer Functions
Underlined Numbers: Spending Limit Reached

Cost Allacatian per Countermensure in Milliens of Dollars
o - :
Level of Tetal | Count 5 K g & §‘§ "::‘-E'
evel of Tota ounter= 0 o = T2 ES
Expenditure in measyre " -E 8.0 | o a | f‘,‘ . g . -:'? " E H ] a Molse Impact
Milllons of Cost gz gi- |22 |538¢2] .,8149°8 Yo |ge|¥3siny Index
Doilars Functions Z~ T £% 1Zeg 2T 5o | 2 <2 E:E's g &
2lples p8 jei 20| B85 B | B B0y e s
BEE| 22|47 |585 088 585 555258 e
EEw e ‘f,‘-_‘ EGE &% ELE EZ g-- Ex 2 I.ES
83! &% r} S22, 2 | Em s Eh| EL | EBw -_gl:_‘.’
IS 92|52 (833|583 .835 (88|83 |52 888
Baseline
1978 2221
Low
5 Medium 3.8 0 10.97 0 0.14 0 0 (.116] 0O 0 L1926
High
Low 495 | 0 (2.3 [0.44 [0.25/0.367 | 0 [1.59]0.10 | 0O 1626
10 Mediom | 4.37 | © 2.8 |0.56 '0.25]0.367 { 0 ]1.55]0.10 | 0 1698
High 498 | o [2.85 | 0 [0.25]0.367 | o [1.45(0.10 | ¢ 1744
Low
30 Medium | 6.85 0 |2.8 |0.56 (0.25|0.367 10.04 |1.85/0.05 |17.2] 1614
High
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8.3.4  Retrofit Labor Cost Sensitivity Substudy

All the results discussed so Tar have been obtained with motor vehicle noise
reduction refrofit costs équal ta the incremontal manufacturing costs. In order to see
how the picture changes when it is assumed that retrofit costs in the field are much
higher than that, the retrofit hardware costs for automobiles, trucks, and buses have
been tripled and new cost=versus-noise reduction functions computed, This is dis-
cussed in some detail in Section 7.4, 2 (automobiles). In a similar way, the retrofit
costs of trucks (Appendix G.2, Section 7.5) and buses (Section 7.6.2) have been
adjusted. When the appropriate changes in the cost function computer file are made
and a revised optimized set of countermeasure expenditures is sought, the results

displayed in Table 8.3-? and Figure 8.3-8 are obtained.

Tripling the motor vehicle retrofit hardware costs had the following impact on

the results:
e Spending on low=speed frucks is halved,

e  These funds are distributed on the countermeasures automobile quieting

fcars) and aircraft nacelle ratrofit.

e The aircraft countermeasures night curfew and rerouting exchange

roles of being marginally and not at all cost~effective.

This tripling of retrofit costs had the greatest impact on trucks. Because the
spending limit was reached on the aircraft nacelle retrofit countermeasure, the funds
available from the truck countermeasure had to be spent on the next most cost-effective
countermeasure which was automobiles despite the fact that retrofit hardware costs ware
tripled alse in this category. Thus, we end up with the seemingly but not really para-
doxical situation that mare money (27 parcent more) is spent on a countermeasure which
hes become more expensive. Note, howaver, that tripling the cost of retrofit for
existing automobiles only increased the total cost of automobile source noise reduction
by 35 percent because many more funds are spent on quieting new automobiles (the ratio

is 4.75 to 1 for the medium cost range ),
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Table 8,3-9

Optimum Noise Countermeasure Scenarios, 24-Cell Representation of Northwast Third of Spokane,
Linear Transfer Functions, 310 Million Total Expenditure, Medium Cost Functions.
Comporlson Between Simple and Triple Motor Vehicle Retrofit Hardware Costs,
Underlined Numbers: Spending Limit Reached,

Cost Allocation per Countermeasure in Millions of Dollars
i '
o w— |l
o e - cofl{c0
5 5 "g m < ~.9, S g_ﬁ
2 ¥ % E w £ £ £ B 3 2 Noisa Impact
u B & Y " . " N €1 8
'6'3 :5'.': E-ﬁ 'g‘g"l':' u% gs ‘Q\E ‘g\% ‘L\J.mr‘g Lol Index
Z- E L£8 |2Zuwp .'.'.'L: 4d5_ (<Y |a4= |2 ¢ §g
vim| o |38 Jetm |35 |58 Be|BE BBl ETg
Zes| 85 |33 (25 [ R - O - i I -
|fa|l aZ | 42Z lec-o|l 8+ | ses | §5% | % xldes
ggvl v ok (ERElIAB ELE B | s |Ex2 Ao
23] 5 Y 1898 | 25| ks | EE| Es |E@9 E5ES] "
IET | EE 5.? 348 | G5&|83E | 0K (8o |[dZs|adé
Baseline 1778 0, 3440
_Simple Retraflt Hardware Costn*| 4,37 0 2,80 0.56 |0,25 0,367 0 1.55| 0.1 0 0.2800
Triple Retrofir Hardwara Costs 5,57 | 0 1.4 | 0.56 L0.25 0,357 10,007 1.85 0 0 0.2875

*For this case, retrofit costs are assumed the same a5 incremental new product costs,
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Figure 8.3-6, Optimum Noise Countermeasure Expenditure Scenarios, 24-Cell

A AL, b i

Representation of Nerthwest Thied of Spokane, Linear Transfer
Functions, $10 Million Total Expenditure, Medium Cost Functions,
Solid Bars: Simple Motar Vehicle Retrofit Hardware Costs; Broken
Bars: Triple Thesa Costs. Horizontal Lina on Top of Bars: Spending
Limit Reached,
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8.4 THREE-CELL STUBY OF NOISE COUNTERMEASURES , BASED ON Liyp

Chapter 2 disct'Jsses the possibility that the Noise Pollution Level LNP may be a
better predictor of humen response to nois? than the Energy Equivalent Level Leq.
But there exist major drawbacks which prevent Lyjp from being used as the noise
.ﬁ metric in the overall noise countermeasure cost~effectiveness caleulation, In Chepter 3,
transfor functions of noise level versus human response are developed only for Leq-
There is insufficient data available to permit the construction of transfer functions for
Lnp. Thus, a very important link in the logical chain leading from the noise expeosure
to the people weighted Noise Impact Index is missing. Even if this [ink existed,

Chapter 5 shows that the amount of data processing would increase tremendously over

that in the Leq analysis since @ whole distribution function of noise levels would have

;,s, te be defined for each source-receiver combination instead of just a single number.
The purpose of the study described in this section is to explore how the cal=
culated outdoor nolse |evels change using s metrics Leq and LNp, and spending the

same amounts of money en nolse countermeasures in either case, Because of the large

4

amount of data manipulation necessary, only three carefully selected cells located in
the City of Spokane, Washington, are analyzed, Their locations are shown on

Figure 8.4-1 together with the noise sources that predominantly influence these cells.

T - e

A brief description of each cell follows:

Test cell number 1 is exposed by noise from one major arterial (Monroe} and

LA A Ey

from aircraft approaching on runway 21 and taking off from runway 03 of Spokane

International Airpor'r. The mop also shows o flight trock dirsctly over test cefl 1 asso-

2

clated with military training flights ariginating af Fafrchild Air Force Base, These are

R L T

not considered in this study due to insufficient date available to construct the statistical

distribution functions of noise levels.

3

Test cell number 2 is located in the Central Business District, It is exposed
by noise from city transit buses and other general traffic on two major arterials (Wall

and Rivarside),

T T e D T
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/ Test Cell No, 2

~

Riverside?

Figure 8.4-1, Partial Map of City of Spokane, Washington, Showing Locations

of Test Cells Used in the LN Study.

P
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Test cell number 3 is exposed to noise from a freeway (Interstate $0) and

railway lines,

As can be seen, the test cells are chosen such that the change of noise

metrics due to countermeasures applied to each major noise source can be observed,

Path-receiver treatments ([ike for instance barriers} are not considered.

8.4.1 Test Cell Dato

The general method used for obtaining cumulative distributions for noise

sources is described in Chapter 5 of this report. The specific data used in each test

cell is presented below, It is taken from statistics compiled for the Leq-analysis

{(Appendix B) and is epplicoble for daytime only,

PR, Ll

Test Cell Number 1

Monroe Street is a four-lane arteriai. There are a totol of 892 cars per
hour and 47 trucks per hour on this arterial. Tables 8.4-1, 8.4-2, and
8.4«3 show the generalized lane distributions and speed distributions

that have been assumed throughout this analysis. The average speed of

the cars is 27.5 mph and there are 32.44 cars per mile. The average

speed of the trucks is 20.5 mph and there are 2,29 trucks per mile, ’
Equufions‘(il-l) and (4=2) are used to obtain motor vehicle referance
noise levels at 50 feet (with the small ceorrection to account for noise
regulation differences hetween California and Washington; see Chapter 4}). e

The populace of test cell 1 is essumed to be ab an exposure distance of
50 feet from Monroe Street (see Appendix C, Section C.3, for an explana~

tion of the term “exposure distance "}.
P

Test cell 1 is located 2000 feet (slant range) from the flight path asso-
ciated with runway 03-21 of Spokane International Airport, Aircraft
operations are divided into four classes. The pertinent data is shown in
Table 8.4-4.-
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Table 8.4-1 -
Generalized Lane Distribution of Rood Traffic by Vehicle Cld:lssS]6
4arcent by Class in Each Lane*
Highway Lane Configuration 1 2 3 4 -
) Cars 15 25 30 30
Brlane ks 60 35 04 0l
_ Cars 25 40 35
bolane  fricks 66 33 01 -
- Cars 50 50
4=Lane Trucks ?0 10
- Cars 100
2-Lane Trucks 100
~
Table 8.4-2 "
Generalized Speed of Road Traffic by Vehicle Class o
Low Speed Arterials 6o
mph in Each Lane*
Highway Lane Configuration 1 2
Coars 25 30 ¢
4-Lane Trucks 20 30
Cars 30
2-Lane Trueks 25
o
Table 8.4~3
Generalized Speed of Road Traffic by Vehicle Class
High Speed Arterials and Freeways
mph in Eoch Lane* -
Highway Lane Configuration 1 2 3
. Cars 55 40 65 :
Srtane  qrucks 50 55 &0 o

T e e gt T e b

e il

*Qpposite lane symmetry assumed.
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Table 8,4-4

Statistics of Commercial Aircraft Operatians, Runway 03-21,
Spokane International Airport

Aircraft Class Maximum A~Weighted T Number of Flights Velocity

{Jets Only) SPL at 2000 Feet Per Day ft/cec
2-Engine (DC-?) 76 12.12 290
3-Engine (727) 76 22.5 290
4-Engine (707) 81 3.03 290
Wide Body {DC-10) 71 J 3.03 290

Test Cell Number 2

On Wall Street, a two=lane arterial, there are 384 cars per hour and 23
trucks per hour. The overage speed of the cars is 30 mph and there are
12,13 cars per mile, The average speed of the trucks is 25 mph and

there are 0,92 trucks per mile, The populoce exposure distance is assumed

to be-50 feet from Wall Street,

On Riverside Avenue, a four-lane arterial, there are 695 cars per hour,
44 trucks per hour, and 19.53 buses per hour. The average speed of the
cars is 27.5 mph and there are 25,27 cars per mile. The average speed
of the trucks is 20.5 mph and there are 2.146 trucks per mile, The aver-
age speed‘of the buses is 25 mph and there are 0,78 buses per mile, The

populace exposure distance s assumed to be 50 feet from Riverside Avenue,

Test Cell Number 3

On Interstate 90, o six-iane freeway, there are 1473 cars per hour and
146 trucks per hour, The average speed of the cars Is 60,5 mph and
there are 24,35 cars per mile, The average speed of the trucks is 51.75
and there are 2.82 trucks per mile. The populace exposure distance s

assumed to be 50 feet from lnterstate 90,
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There are 1.25 trains per hour passing by this test cell. The overage

length of the trains is taken to be 4500 feet and the average speed 25

mph.  The railroad tracks ore at a distance of 1100 feet from the popu-

lace of the test cell,

B.4.2  Analysis

For each cell the cumulative distribution of noise levels {s calculated for

each source asdetailed in Chapter 5 using the information listed obove. Figure 8.4-2

shows typical distributions for some of the source~receiver combinations. For each test

cell,the individual source distributions are combined by the method given in Section

5.2, Finally, Lyp con be calculated using Eq. (5-4). Leq does not have to be cal- *

the lines labeled 'baseline " of Table B.4-5 are obtained.

noise reductions are:

1

$10 million, automobiles —-——-——-—-*2‘:"3’ low speed

$2.825 million, trucks

$0. 135 million, city transit buses —— & dB

$0,561 million, locomotives — 5 dB

L A s ke an e e s bk b e 8 Pl B e Y e e e et e e o e 1+ i =it

ey
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8dB, low speed

culated separafely as it is an intermediate result in the Lyp calculation. In this way,

‘l In order to explore how the picture changes when funds are expended on
! noise countermeasures, the following procedurs is wed. The maximum ollowable
amounts are spent on each seurce except on automabiles follawing the medium cost

functions derived in Chapter 7. The relationships between 1973 dollars ond effected

F4

1 dB, high speed rire noise

No money is spent on airplanes and high speed truck tire noise since the

quieting of these sources has proven not be be cost~effective in the daytime Leq

analysis (Section 8.3) (the present Lngp study considers daytime only).
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Figura 8,4=2. Typical Distribution Functions of Nolse Leveals from Different

LD b Lt o s i T S R Lt

Sources, Spokane, Washington, A: Aircraft Traffic in Test
Cell 1, R: Rallroad Noise in Test Cell 3, B: Buses on Riverside
Avenue [n Tast Cell 2, T: Motor Vehicles on Monroe Street in
Test Cell 1, F; Motor Vehicles on Frasway (Interstate 90) in
Test Cell 3. Dashed Line: Levels so Low That Not Used in
Analysis,
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Table 8,4-5

® | Results of L

»

Analysis for the Three Test Cells

NP
Indices 0 and i Refer to Line Number Given in Left Most Column
. L - L ~L
(a) tea, | 'N P | %% =% NP NP
i Test Cell 1 dB dB M Spent $M Spent -
0 Baseline (No Money Spent) | 67.0 J 78.4 0 0
_l Spend 52.825M on Trucks 45,5 176.2 527 776
2 In Addition, Spend $10M | 63.9 | 74,7 245 288 ~
on Automobiles J ‘
L - L L -L
(b) Leqi ‘LNPi eqg eq, | NPy N Pi
i Test Cell 2 d dB $M Spent M Spent
¢ Boseline (No Money Spent) | 6.1 80.2 0 0
1 Spend $0.135M an City 68.4 | 79.2 s | 738 .
Transit Buses | | 3
L I . ; — - .
2 In Addition, Spend $2.825M| 67.4 77.6 570 877 g“'f :
on Trucks ' ' L s
. I R I | ) .
3 In Addition, Spend $10Mon| 64.8 ~ 74.5 .33 438 ] "
Automobiles : '
Lo-L o |Lgp -L
(c) I"e;'qi ‘ LI\IP. | ) eqi ] NPO N
i Test Cell 3 d8' | dp' |"SMSpent | SM Spent
0 Baseline (No Money Spent) | 76.7 I_ 89.3 : 0 i 0 -
1 Spend §2.825M on Trucks 76.2 188.4 191 305 -
— o . B —_—— - PR -
2 In Addition, Spend $10Mon | 75,564 J 88.207 .0p8 -082
- _Automobiles A i
3 In Addition, Spend $,561M | 75,562 | 88.225 .085 .077
on Locomotives | _
g-40 Ol
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In Reference 514 it was found that the distribution of noise levels from heavy
trucks hardly changes its shape when source noise reduction is upplied, but simply
shifts to lower noise levels. For the present analysis it is ossumed that this holds
true for all above sources. Thus, for example, the noise level distribution for city

buses is shifted 6 dB down when $0,135 million is spent to quiet the buses.

The obove countermeasures are applied in a sequence gleaned from the Leq
analysis, 1.e., money is spent first on the countermeasure that was most cost-effective
there, The distribution with their Lyp's ere recalculated. The results are presented

in Table 8.4-5,

8.4.3 Discussion

The last two columns of Table 8.4-5 give an indication of how much noise
reduction is achieved for the money that Is spent. Of course, these figures are appli=
cable only to the particular test cell under consideration. Alsa, it must be remembered
that it is not attemptred here to relate noise levels to human response, The dimension
of those noise reduction to expenditure ratios is decibels per million dollors, One
would like to have this ratio as lorge as possible, Thus, it can be seen that elty transit
bus noise reduction would be very effective for test cell 2, whereas test cell 3 does not

seem to profit a great deal from any expenditure,

The ratios based on Lyyp show in most cases a similer trend to those based on
Loqs except in test cell 3, cases 2 and 3, where the Lp-ratios are smailer than the

Log-ratios. In all other cases it is the other way oround .

The essential difference between Leg and Lnp is that any money spent
on any noise countermeasure will decrease Lgy. This is not necessarily so with Lyp-
Looking at Eq. (2=7), one cbserves that the variability factor Ko may increase more than
Ly decreases if money is spent unwisely an an ineffective noise source, Take, for
exomple, a residential area close to an industrial complex which provides @ more or less
steady background noise. Lowering the latter may substantiolly increase the standard
deviation @ if the statistics of noise pecks {for instance from imoror' vehicles) ramain the

same .
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In the coses examined heie money i always spent on the most cost~effective
source first, Both l'cq ond Lngp decrease every time o countermeasyre is opplied,
It would appear from this cursory look that the scenarios of the distribution of funds
on npise countermeasures would not be substontially different whether the underlying
noise metric is LF_,q or Lyp. However, the reverse of trend in rotios of the last two
cases in Table 8.4-5 indicates that there probably exist situations where an Lygp -
analysis would result in a different allocation of funds from that resulting from an Legq

analysis. At this point, it is unclear what the extent of this difference moy be,

To summarize the latter part of this chapter, the general trends of optimum -
scenarios of countermeasure expenditures, presented earlier in Section 8.3, do not
seem to be sensilive to either the endpaints or slope of the human response transfer :
funetions utilized, However, some sensitivity in the results to the particular noise
metric is suggested by o brief comparison between a limited set of scenarios using both

the L ,.and L noise metrics.
eq

NP
Finally, it should again be pointed out that this study was necessarily limited
in the scope of noise sources and countermeasures considered. In general, fixed ™
external noise sources, noise from faulty equipment or poor driving habits {brake
squealing, tire screeching, etc.) and indoor self-generated noise sources were not con-
sidered, Costs of enforcement and the community noise reduction effectiveness of field
enforcement with operational restrictions were not included. These limitations must be
carefully considered when attempting to draw conclusions from this study with polley-

making implications en community noisa reduction,
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APPENDIX A

MODEL CITY SELECTION

The Wyle community noise model with its optimization process was applied

to a 'real " city. The choice of an actual U.S. community over a hypothetical model

is an important one and was made for two main reasons. The first being that, whatever

the formulation of a hypothetical city, the doubt always would persist as to whether
results gained from that city apply to any given physical community. The second
reason is that if, during the optimization onalysis, it is decided that additional detail
is required for the model, it may not be available from the statistics used to construct
the hypothetical city. On the other hand, detailed information always exists for a

real community. It has enly to be collected.

After deciding to analyze o real city, it was necessary to select a "hpical”
or "average " community, The distinction between typical and averuge may be slight,
but it is significant for this program with respect to the properties of the eity selected
for analysis. As con be seen from Table A~1 or Figure A~1, the size and population
densities of U.5. cities tend to cluster loosely into two groups; medium to small cities
with population densities generally less than 6000 people per square mile and large
cities with population densities greater than 4000 people per square mife, Our
selected city fell within the groupings indicated for medium and smoll cities, whereas
the statistically "average " U.S. city folls somewhare between these two groups in an

area where there are few actual candidate cities,

The following outlines the selection criteric used to select the model city
which was to Ile close to the average U.S, city —somewhere between the "large™

and 'small " city clusters indicated in Table A-1,
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Table A-1

Approximate Percent Distribution of Population in Urban Places
with Population over 2500 as a Function of Population Density

Density Per Square Mile N
Papulation <1000Jr-2ooo 2-3000 | 3-4000 | 4-6000 | 4-10,000 | 10-15,000 | 15-20,000 | > 20,000 | Total %
> 1 Millon 0.9 B oAkl s A7) a8
500,000 - 0.5 L5 | 1.0 1.5 0.5 - 10,2
1 Million
250,000 - 0.8 0.3 0.5 - 7.7
500,000
100,000 - 0.6 0.2 - 1.5
250,000
50,000 - 0.6 0,2 0.1 12.4
100,000
25,000 - 0.5 0.1 0,1 13,4
50,000
16,000 - 0.3 0.1 <0, 1 15.9
50,000
5,000 - 1.0 o,t <0, ! <0, 1 9.4
10,000
2,500 - 1.6 0.5 0.3 0.1 <0,1 <0.1 <0, 1 5.9
5000 :
Total 62 113.3 |18.2 (159 15,6 | 14.3 5.1 5.5 5.9 100%{2}

“)Darived from Table 31 in "Numher of Inhabitonts, United States Summary {PC(1)-A1}, " Bureau of the Census,
December 1971 (1970 Cansus Data).

(2)10‘3% corresponds to the tatal papulation of about 133, 500,000 (or about 66% of the U. S. population) wha
live in &,435 urban places wilh population greater than 2, 500,
The remaining population consists of about 15,900,000 in other smaller urban areas ond obout 53,800,000
in rural areas,

(G)Housron

(4)1.0! Angeles

S)Dulmir

©)ehicago, Philadoiphio
)New York
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Figure A~1, Population Density Versus U.S. City Size
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ALl Initial Model City Condidates

Based on the general demagrephic patters illustrated in Table A-1 and
Figure A-1, and in the program objectives, the following four criteria were applied

toall U.S. cities to obtain an initial list of candidote sites.

1. The city must be o seif-centained urben erea surrounded by rural land.

2. The city must have a population between 10 and 200 thousand people.

3. Population density must be between 1500 and 6000 persons per square
mile,

4. There must be an airport with scheduled jet traffic within 10 miles of

the city center,

The first criterion was chosen to weed out those cities and suburbs that
depend econemically and othetwise on nearby larger communities, For such cities,
county economic statistics would not necessarily be meaningful and population dis~
tributions would be different than for cities that are self~sufficient. The population
and popul'uﬁon density criteria were purposely chasen to include a large number
of cities, Since the plocement of city boundaries vary widely end the boundaries do
not necesserily follow the limits of urban population, it means that the published city
densities are only a loose measure of actual spot population densities, The airport
proximity criterion was included simply to insure that the community was exposed to

some extent to noise from air carrier afreraft,

Application of these criteria to 1970 census data on all of the major U.5.
clties produced the set of 133 cities found in Table A=2, Additional criteria were

then opplied to these candidate cities to narrow the possible choices,
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Table A-2
Mode| City Candidates
Community Indicaters (on o Par Capita Basis)
Volue Added | 3 Month Payrodl | Annual
Chy Population County | Almport | Houtehaldi by Motor Freight & Got
Candidate Population | Areo Density Populotion | Location | with Auter | Monulbcturing Warehouting Sales
State Cliy Go0%  |34.Mi. | Aq.Mi, County 000" | Miles Percont | &/Copita=Year 3/Copita $/Capita
Alabama Moantgomery 133 44 2875 | Montgomery 148 75w 78.1 484 8,52 120
Shelflald (k] 7 1930 Colbert 50 6E 85,2 2920 7.03 vl
Tvizalaosa & 7 406 | Tuscoloowa na SNW 80,2 1021 4.7 m
Aloska Anchorage 48 15 2945 | Anchorogs 125 75w 93.5 124 7.4 255
Fairtbanks 135 5 3210 | Foirbanks 44 4 5W 89.9 52* - a7
Arkansos Hat Springs » 23 1520 | Gorlend 54 15w 2.2 436 2,4¢ 149
Texorkana n ] 2645 | Miller-Ark, k] 4 NE 76.9 4% 13.44 267
Bowla=Tex, 48
Califomia Bakersfield &% 2 285 | Kern 330 INW BS .4 517 7.50 e
Frewne 164 42 3970 | Fremno 413 TNE 85,1 422 12,99 185
Salines 59 1 4430 | Monleray 250 JE 69.8 837 5.9 38
Sonia barkara 70 it 345 | Sonto Borbaro 264 aw 82.4 417 4,55 200
Stockron 108 25 00 | Son Joaguin Fiy) 55E 7%.7 to74 16,42 194
Colarade Colo. Sptingt 135 41 2220 | El Paro 23 7E B1.2 40 4.1 112
Grond Junchion 0 & 540 | Meso i 4 NE a8 1528+ 11,45 1l
Puebla Clry 97 2 4330 | Puebla 118 SE 85.8 ggae &.18 123
florida Bradenton 2] 12 1800 | Manatea 97 :H 05,9 4420 1,01 107
Daylone 3sach 45 2 1990 | Volwlo 149 bw 9.7 %47 £.00 192
Fort Myens k) 12 1720 | Les 105 £5 81,1 28! 4,46 W
Gainesvllla 84 28 2470 | Alochua 105 7HNE B7.7 72 2,08 153
Milbouma 40 % 1555 | Brevord 230 THNW 1.3 13514 - 85
Orlonda 79 1] 3500 | Orange 344 11313 78.9 54 18,20 Fall
Panoma a2 14 2315 | Bay 75 4 Y 82.4 493 7.20 238
Pertocola 59 H 2480 | Escombia 205 JINE 78,1 498 5,77 7
Saraiala 40 t4 2875 | Serowole 120 4 NW 82,2 420 5.71 210
Tollohaisen 7 2% 2755 | Leon 103 75w 84.4 135 7.02 130
Titutville 3 15 2010 Bravord 230 35 9.1 58 - 133
"W.Palm Baoch 57 38 1500 | Palm Beoch 9 45w 79.8 i 4n k4]
Georgia Albeay £ 29 2470 Daugharty i) 4 5w 78,3 759 n,M 109
Auvguita &0 15 IN0 Richmond 142 85 54.0 1335 12.53 170
Mazen 122 49 2500 Bith 143 85 75.9 1242 12.08 173
Idoho Bolse 75 2 3200 Ado 12 55 0.2 al 11,57 151
Idoha Fally k) ? k1] Bonneviile 51 2 NW 1.8 &1 7.85 152
Lowhion % 15 1725 | Naz Perce 30 15 87.4 2253 .77 134
Pocatalla 40 14 2920 | Bannock 52 8 NwW 90.3 25 27.43 19
Twin Fally 22 7 70 Twin Folly 42 55 0.1° 574 18.81 128

o eeae Continued
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Table A=2 (Continued)

W
G

AR

[ Community Indicators (on o Per Copita Basis)

Value Added | 3 Month Payrall | Annuel

Ciry Population County | Alrport | Households by Motor Freight & Gor

Condidale Populatien | Arsa [ Density Population | Lacation | with Autos | Manufactuting | Warshouting Sale

Stata Cliy 1000%  [Sg. M. [ Aq. M, Counly 1000 Miles Percent $/Copito=Year $/Copito $/Coplta

lilinols Decotur 90 3 2955 | Mocon 125 4E 8.4 903 18.13 14
Pecrla 127 a7 3395 | Peorla 195 55w 82,1t 1628 15,21 145

Springfiald A74 5 W40 | Sangemon 181 INW 81,1 1135 6,22 215

Indiana Andation 7 ki 1910 | Madison 138 N 6.8 5931 4.87 124
Evonsvitle 119 ¥ 3855 | Vanderburgh 149 3 NE 82,3 2t61 25,71 170

Ft. Wayne 178 52 3450 | Allen 280 95w 05.3 2074 22,97 157

Muncie 49 13 5400 | Delowara 129 IN B2.9 3358 12.03 167

Naw Castle 21 5 4080 | Henry Lx] IN 8,9 1657 -~ 127+

South Band 124 29 4300 [ 51, Jereph 245 AW 81,5 219 20,64 132

lowa Cedar Raplds 110 5t 2180 | Linn 18 ES 84,8 k) 1] 1,10 141
Towo City 47 21 2220 | Johnion 72 05 85.4 028 5.88 140

SToux City B4 52 1650 | Woodbury 103 6 SE 83,0 1074 19,94 140

Waterloo 74 [t 164G | Black Howk 123 & NW 85,9 746 7.2¢ 143

Kentucky Laxington 108 23 4700 | Fayulle 174 45w 79.9 1646 14,64 170
Owsnsbero i 9 5920 | Davien 79 45w 82.6 1518 7w 102

Paducch kH 12 2680 | McGracken 58 9N 77.5 - 13,40 190
Louvitlong Boton Rouge 188 40 4100 | foir & West 302 AN 85.7 1735 6.71 4]

Baton Rougs

Lofoyette &% 20 3430 | Lafayarte 110 1E Ba.3 Fik] 6.61 148

Manrge E ] 22 2540 | Cuachita 115 4E 7.0 07 7.9 127

Shraveport 182 57 3200 [ Caddo o] 55w £0.7 624 14,37 104°

Maine Pottland 45 21 015 Cumbertlond 171 2w 68.5 1iie 2,49 155
Massachuintt] Worcaster 177 7 4720 | Worcestar 638 5w 73.8 2430 ?.7% n3
Michigan Flint 17 23 5890 | Generoe 444 45w M.7 - 10.55 137

Lanking 131 a3 3940 | Ingham 241 4 NW ar.e 4871 10.60 129

Mutkegon 45 13 435 | Muskegon 157 55 62.2 4598 14.74 166

Saginow §2 17 5110 | Suginaw 2 10 N 8.0 Joss 6.70 [

Travens Clty 8 1] 215 | Grand Trovans w 25E e1.5* ange &.71 147*

Mimoiclo Rochester 54 n 4010 | Olmsted B 108 45.8 1444 10,13 159
Missinlppl Columbur 2 i 3110 | Lowndes 50 oW .2 138 3,57 1
Greenviile 40 a 4950 | Washinglon 2l & NE 0. 833 8.9 80

Gulfort 41 26 1580 | Harrison 135 4 NE 85,9 498 5,44 128

Jackion 154 50 3070 | Hinds 215 10E 821 a7z 14.98 149

Mesidian 45 25 1775 | Loudardale &7 35 73,3 1 30.54 177

Vicksburg 1] i 2425 | Worren 45 I0E 67.2 &8 7,463 03
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Table A-2 (Continued)

Communily Indicators fon o fer Capita Borli)
Value Added | 3 Manth Payroll | Annual
City Population County | Almpon | Honsholds by Molor Freight & Gos
Candidata Populoiion | Area Dansity Population | Lecation | with Autes | Monufacluring | Warshausing Sale
Stare City 16007 q.M. [ . Mi, County 1000 Milos Percent $7Copiia-Yaor $/Ceplta 1/ Coplia
Missourl Springfield 120 62 1950 | Groene 153 B NW 84,0 1380 18,68 138
Montang Billings &1 15 4190 | Yallowions a7 2 NW 8a.7 384 22,47 144
Bozeman 19 4 2960 | Gellatin 13 8 MW $0,7* 242+ 3,32 170"
Butte 2 5 4580 | Silver Bow 42 4 SE 80,7+ 224 9. 12
Gieot Fallk 50 15 4100 | Cascads [:H] 45w 87.5 552+ 13,05 195
Heleno 2 10 2340 | Lowis & Clark k] INE av. 412+ 4,29 115
Miuoule w 8 373 | Missoula 58 5NW 07.2 679 14,38 303
Nebroska Lincoln 149 49 3035 | Lanconter [1:] 5 NW 87.5 713 7.02 121
Nevuda Las Vegas 125 51 2440 1§ Claik 273 65 8.9 157 4.49 281
Rano 72 e 2400 | Washoe [kl 4 5E 85,7 322 15,73 201
New Homp, | Mlonchester 88 2 2740 | Hillshorough 24 5SE 75.6 1813 19.68 165
Naw York Albany 15 21 5540 | Albany 287 8 NwW 65.5 B4z 21,83 3.
Binghomien 44 3] 5830 Broome 222 10N .0 2631 16,49 115
N, Corellne | Foyetteville 53 bl 2290 | Cumbeslond 212 55E 79.5 760 8.02 193
Greensbora 144 54 2650 Guilfprd 289 10w 831 2242 23,05 150
Kingyon 22 ] 720 Lencir 55 4N 77.5 1689+ 10,92 a5
Wilmington 46 18 2640 | New Hanavar a3 I NE 72,8 1150+ 21.23 152
¥intan-Salem 133 5 2350 ! Fonyth 214 INE 78.6 584) 76,64 14
N, Dokote | Bismarck 35 n 3180 | Burlaigh 40 3SE 88.5 20 8.4) 139
Fargo 53 12 4640 Cos 74 A NW 8.7 n 13.69 124
Graad Forks 39 9 4240 Grand Forks L] 7 NW B 256 8.7 133
Jameitown 14 10 1585 Stutsman 24 2 NE 09,1 75 7.07 175
Minot 32 8 985 | ward 59 2N 88,1 169 7.52 22%
Oklghama | Lowtan 74 n 2390 | Comanchs 108 rH 0.8 1po4 .n o8
Oregon Albany 18 7 2600 | Linn 72 8 NW . 1554 11,92 155
Eugene 7% 26 2925 lane 213 B Nw 87,8 813 ¢.08 186
Klamath Falls -] -] 2630 Kinmath 50 3 SE 92,3 72+ 8.9 143*
Modford 28 17 230 | Jackion 95 IN 84.8 763 12,17 251
Pendiaton 13 5 2740 Umatitia 45 I Nw 83.5 06 &80 177
Salem &8 25 2775 Marian 14 25E 83,7 1059 L] 172
Pannsylvanie| Bethlghom Pl 20 730 Lehigh 255 & NW B1.4 4118 22,07 ?1
Scranton toa 24 4030 | Lackowanng 23 7 NW 74.1 1520 18.01 74
Willlamsport a8 ? 4170 | Lycoming m 5E 44 3478 .92 M

SIIBOLVHOEYT 31AMm
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Toble A-2 (Continued)

Community Indicatan (on o Per Coplia Basis)

Valua Added | 3 Month Payroll | Annual

City Popufotion County Aimpart | Howsehalds by Motar Freight & Gas

Candidate Population | Area Densit Population | Locatlon | with Autos | Manufactuiing | Warehouiing Sales

Stole City 10005 [Sq. ML T Aq Mi. Caunty T000°s Wiles Percent” | $3/Caplia-Year 3/ Copita 3/Copita

5, Corollna { Columhia 13 kA] 3400 | Richlond 24 75W 78.5 g2 14,85 4l
Florenca 24 10 2650 | Florence w0 2E 76,1 89 14,62 223

5. Dakete Aberdeen 2 [ 4730 | Brown 7 IE 85.9 512 7.43 119
Rapid City 44 % 2650 | Pennington 59 ?SE 0.9 e 12,72 162

Sioux Fally 72 25 2900 | Minneheha ¥5 INW 87.4 B58 u.% 132
Tennessse Chatlansogoe 1e 5 2270 | Hamilten 254 10€ 70.0 Ml 21,22 166
Jachion 40 17 2310 Madisen 1] 6w 75.4 1103 4.74 151

Taxos Amarillo 127 60 2090 | Paher/Rundall 144 10E 91.3 w7 0,27 167
Beoumoni 16 72 1620 | Jeofferon 245 10 5E B4.4 547 10,01 253
Lubbock 149 76 1970 Lubbock 179 &N 91.9 589 20,44 (R
McAllen kL] T4 2790 | Hidalgo 162 25W B4 iH] 3,32 20
Midland 59 29 W35 Midlond 85 aw 71,4 [0 13,13 154
Odensa 78 18 4280 | Ector 1/} aw 94,2 550 12,32 154
San Angalo 63 M 1900 | Tom Green 71 85w 89.5 670 a.%7 145

Wichita Falls V8 42 231c | Wichita 122 & NW 8%.5 34 5.9 130

Utah Solt Loke Clty 175 59 2970 Salt Loke 459 4w Bl4 1405 20.%7 177
Vamont Burlingtan a3 10 3830 | Chinrenden " ¢ 723 1523 7.0 a2
Yieginia Charlotresville kL2 10 3740 | Albemarle 77 8N a. F [i] 1.1 142
Lynchburg 54 25 2180 | Camphell 4] &% 73.% 321 B.54 168

Roonske 72 27 80 Rognoke 15% 4 NW 75.6 974 36.47 140
Washington | Spokons 170 31 330 | Spakone 287 75w gl.1 751 a7 13%
W. Virginla | Cherlaston n 27 2430 Konowha Frsl 5 NE 74.1 100) 23,57 158
Huntington M 15 5060 ) Cabell [ehd 55w 7.6 2454 16,44 119

Wirconsin Eou Clalrs 45 0 2240 | Eou Claire 47 4 ME 45.8 Jolg 11,482 g
Green Boy i) 42 2100 Brawn 158 W 87.4 2297 2.9 124
Madizon 173 49 1570 Dane 290 5 NE 81.2 8M 6,05 [AX]
Oshkash 53 0 5430 { Winnehego 130 15w 83.3 1777 " 114
LaCroise Hl 15 J3es LoCroune ] 5 NW 81.0 1922 22,0 138
Wyoming Casper 29 8 480G | Natronn 51 8 SE 1.5 551" 20,82 128
Cheyenne 41 §] 590 | Lovamie ES 1N 0.0 las* 4.2) 178

Siweidan 1 4 2660 Sheridon 14 2 5W 54,5 Nl 28,42 1784
Mean x 83.1 1208 12,9 153
Sid. Deviation o 6,54 17 7.42 46

[
County Data,
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A2 Final Selection of a Model City

The following additionel criteria were applied to this list of 133 cities to
insure that the model city selected contained a representative mixture of various

noise spurces:
1. A freewny (minimum of one 4-lane highway) system exists;
2. Rail lines poss through town;
3. Manufocturing activity is near the mean for the 133 cities;
4. Motor freight activity is alsu near the meen;
5. Automobile ownership and usage is near their respective means,

The statistics available to describe the last three categories are: value
added by manufecturing per capita, taxable payroll in moter freight and warehousing
per capita {normalized by the lacal mean family income, in an attempt to eliminate
the influence of differing costs of living), ond percent of households with access to
an automobile and per capita expenditures for gasoline. It was decided that the
parameters for the model city describing criteria 3 and 4 should be within ene=heif
a standard deviation from the mean and that parameters describing criterion 5 be

within one standord deviation.

Application of these criteria produced a list of 11 cities, Five of which were
eliminated by odding the requirement that mean January and July temperatures be

near the national average, The resuitant "average " six cities are listed below.

Stockten, California
Macon, Georgio
Pearia, Hlinols
Lexington, Kentucky
Jackson, Mississippi
Spokane, Washingten

A-9
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Finally, all other factors being equal, final selection of the medel city.

depends on accessibility and availability of data. Since only Stockton and Spokane

are on the West Coast, within o reasonable travel distance from Wyle, and since

Wyle has worked clasely in the past with a planning firm in Spokane and, therefore,

has ready access to comnﬂunify planning information, Spokane, Washington, wos the

logical choice for the “average” model city Far this program,

A=10
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APPENDIX B

SUMMARY OF ACQUIRED DATA FOR SPOKANE, WASHINGTON

A constraint on the complexity and depth of the envirgnmental noise analysis
carried out for this study is the availability of specific data for the experimental city
(Spokane, Washington). Fortunately, information on ol of the following general

categories was available for Spokane:

¢ land use — leading to definition of noise criterion for different city areos

and definition of "acoustic geography "
s Population distribution throughout the day
*  Maojor noise source definition —

~ Type and location

- Volume of activity; current and projected

A map of Spokane, Washington, identifying the land use and noise sources

throughout the city can be found at the end of this Appendix B.

To facilitate data acquisition, a subcontract was let to a Spokone-based anviron~
mental planning firm. The following is an outline of the specific areas where dota were

obtained, and a summary of the quantity and quality of the information:

1. Definition of Current and Projected Land Use

a. ‘"Land Use Plan for Spokane, Washington, " prepared by the City
Planning Commission, April 1968 (contains bath' curtent {1968) and

future comprehensive general development plans),
b, Photographs of current (1973) land use for aid in updating earlier maps,

¢. United States Geographical Survey city quadrant map — for topegraphy

definition.

B-1
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Miscellaneous other city maps at sceles of 1" = 2000 and 1" = 1000°.

Ortho-corrected aerial photos (approximately 50 maps) to further aid
definition of building density and spacing. (These maps olso show

topographic elevation contaurs. )
Separate map for the central business district,

Selected samples of current land and property values in the proximity

of maojor arterials and freeways,

Distribution of Population

a.

1970 Census Block Statistics for Spokane, Washingfon (HC(3)=261) —
defines population per block by census tracts, defines tracts and block
locations, gives number of residents per block; also on computer tape.

Complete with census tract maps.

"Community Shelter Plan and Program, " prepared by City and County
Offices of Civil Defense, Janvary 1969. Provides peak daytime and
nighttime population concentrations by census tract. This is the only
available source distribution of the population during dey and night-
time periods and in industrial /commercial areas, Similar studies are
ovailable for all major U.S. cities, (Note — the current population of
Spokane s essentially unchanged since the 1970 census for the time of

this study. )

Locations and number of persons af "noise~sensitive locations, " as

follows:

= Nursing homes and boarding hemes (with staff and number of patients).

- Enroliments, addresses, types and map locations for public and

~ private schools in Spokane (for Pre<Expo, 1973 enrollments), Unpub=

lished inventory of schools relative to their noise environments
expressed in terms of rankings relative to proximity ro major highway

or airecraft noise sources,

B-2
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= Locations and sizes of hospitals, nursing hemes and hoording

homes in terms of staff size and occupant capacity.

- Additional employment statistical data for Spokone County. Present

employment statistics by oceupation and industry,

1980 Populetion Projections by 1970 censuys tracts,

hway Traffic Activity Data

Q.

q.

1970 Average Daily Traffic City Flow maps for all majer highways and

freeways.
Data on typical heovy truck percentages for arterials and freeways.

Summary of hourly traffic volumes at key locations throughout the City —

gives sufficient data for development of day/night traffic split.

Annotated map of present freeway system giving relative roadway ele=~

vation with respect to sideline terrain,

Definition of highway lane configurations for major highways and

arterials,

Projecr.ed highway volumes and truck percentages. [An increase in
traffic flow volumes — bath autos and trucks — ot o rate of 5 percent
per year through 1978 is projected by the Spokane Metropolitan Area
Transit Study (SMATS), ]

Detalled transit bus schedules for the central business district anolysis.

Railroad Cperations

FFRCRRRERS )

Meps identifying main and major branch lines of Unien Pacific and
Burlington MNorthern ratlways which are the two railroads serving

Spokane .
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Current schedule of AMTRAK operations.

Summary of on«line mainline and brench operations activity by day
and night, freight and passenger operations, Typical train lengths

and speeds through the City.

Aijrcraft Operations

FAA summary of typical operations activity ot Spokane International
Airport (May 1973).

Standard epproach and departure novigation charts for Spokane '

International Airport,

Definition of standard approach and departure ground tracks (based

upon telecon with air controller and tower personnel).

Adjustments to the FAA summory data were made based upon discussions
with tower personnel, Definition of runway percent utilization factors.
Data on level of military operations (estimated 9 percent — F101
Voodoo jets — Air Notional Guard).

Summary of oparations data for Fairchild Air Force Base (west of City).
Approach and departure activity by aircraft type, definition of stand-

ard approach and departure ground tracks,

WYLE LABORATORIES
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Spakane
International Airport

*\\ \_\0\ d}ng Paf{em

sty

I:I Residential

Central Business District

e Commercial and
Fﬂj&ﬂ? Industrial

D Public or Semi-Public
{(includes Schools and Parks)

I__—] Vacant or Agricultural

Airports

-« Rallroad Line
~— Arlerial Roadway

== Freeway
----- Flight Track

= Cily Boundary‘

Figure B~1

. Map of Spokane, Washington,

Showing Distribution of Land Use
and Noise Sources; Arrows
Identify Northwest Third of City
Subject to Analysis.
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APPENDIX C
URBAN NOISE PROPAGATION AND POPULATION CELL DEFINITION™

C.1  REVIEW OF DATA ON URBAN NOQISE PROPAGATION

The problem of noise propagation in urban areos has been the subject of a large
number of investigations. These investigations fall into three groups, i.e,, theoretical
studies, model studies, and field measurements, The theoretical and scale model
studies do not by themselves provide an adequate hasis for accurate predictions of field
measurements without substantial support by full scale experimental data, 13, D4
Therefore, this appendix will initiolly summarize some of these field measurements of

urbon noise propagation before outlining the particular approach utilized for this study.

C.1.1 Sound Attenuation Alorlg Urban Streets

The attenuation of sound propagating along urban streets has been investigated

by o number of workers.wa’ B3, Vi, b1, D4 One study exomined the attenuation of

sound propagating along streets lined with fivesstory buildings and with 10-story
w3

buildings in a similar monner to Figure C. 1-1. For distances up to 1000 feet, the

approximate attenuation observed was 6 dB for every doubling of distance,

Reference D3 examined attenuation along narrow streets lined with terraced
housas (raw houses) as shown in Figure C.1=1, The resuits indicated an attenuation
of approximately 3.5 dB per deubling of distance for distances up to about 20 meters.
For greater distances, an attenuation of about 7.5 dB per doubling of distance is indi-
cated, as shown in Figure C.1+2, Other investigations in this area give attenuations

of 8 dB per deubling of distance along an urban street for noise produced by o sirenvl

o .
All relative and absolute sound levels in dB are A-weighted levels unless otherwise

Indicated,

c-1
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Figure C.1=1. Plan View of Microphone Lecatlons
Along a Side Street Leading o Busy
Artery (Raference D3).

i

* i ) ]
0= 125 250 375
Distance, m

Figure €. 13, Data Taken Along Streets in Line of

Sight of a Siren Source (Reference GB8).

A-Weighted Sound Level, dB

Noise Level, d8 re 0.000? pbar
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Figure C,1=2, Variation of Noise Level with Distance
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Figure C,t=4, Sound Levels Produced by Pile Driver

ol Varioys Distances Along Streots
with Genenal Line of Sight to
Construetion Site (Reference 13).
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{see Figure C,1-3) and 7.5 dB per doubling of distance for noise from o pile driver[‘3
(Figure C, 1-4).

The resuits of the investigation in Reference V1 on propagation of traffic
noise along streets lined with one= and two~story buildings indicate approximately an
attenuation rate of about 7 dB per doubling of distance. In general, over the relatively
short ranges of interest for this study, wind and temperature effects have not been found

to be significant for noise propagation in urban areas.wa’ Pl

C.1.2 Shiefding Due to Corners

The reduction in sound has been examined for propagation aleng streets with
the receiver situated around a corner as shown in Figute C. 15 and not on a line of
sight with the sound source, One investigation of the effect of corners found an addi-
tiona! 10 dB reduction in sound fevels due to the presence of a corner in the propaga-
tion path .WB Wyle studies have found approximately 15 dB edditional reduction for
this effect, while o third examination of this phenomenon found reductions of 10 dB
to 20 dB.V] for comparison, a theoretical value for this effect was predicted to be
only 6 dp.P

C.1.3 Noise Reduction Due to Shielding By Buildings

The problem of acoustical shielding by buildings has been examined by field
measurements mostly with the intent of obtaining average values for sound attenuation
in urban areas. Average values obtained for the attenuation in excess of geometrical
spreading and atmospheric attenuation were as follows. B For residentiol houses, the
excess attenuation for traffic noise was found to be from 3 to 5 dB for each row of
houses, as shown in Figure C, -4, up to o maximum of 10 dB, In the case of o row
of terraced houses, the excess attenuation was found to be up te 17 dB, For densely
buiit-up areas, one raw af four~ or five-story buildings wes found to give on excess
attanuation of 15 te 20 dB.Fa' Ko In the case of a row of multistory detached houses

with a 30 percent open area, an excess attenuation of 10 dB was found for traffic

c-3
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Figure C.1«5. Plan View of Microphone Locations for Measuring
the Attenuation Due to Corners

Source

Figure C,1-4. Plan View of Locations for Measuring the Attenuation
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noise. Maximum excess attenuations due to shielding by buildings under these condi-
tions has heen found to be limited, by scattering effects, to maximum values of about

25 to 30 dB,

C.1.4 Barriers for Sound Attenuation

There have been numerous investigations on the reduction of noise in residential
areas by barrlers. Since o mojor source of community noise is vehicular traffic, most of

M2, 85, Bs Excellent

the published work on barriers relates to barriers along highways.
agreement has been found between Field mtzr:s.ure':mentss‘2 and predictions based on
Reference G6. An attenuation of 5 dB in A~weighted nolse fevels is easily obtalned
with o barrier, while an attenuation of 15 dB is obtained only with difficulty. An

upper limit to barrier aHenuation is also about 25 dB.

C.1.5 Summary of Fleld Observations

A few general rules for sound propagation in urban areas can be deduced from
the above information. Cne conclusion is that for streets lined with buildings having
from five to ten stories, the ottenuation of sound along the street con be assumed to
have an averoge value of 6,0 dB per doubling of distance. Another conclusion is that
for stroats lined with one= or two-stary buildings, the attenuation has an averege value

of about 7.5 dB per doubling of distence,

An additional attenuation of approximately 15 dB is introduced when the
receiving sita is situated around a corner from, and not in a line of site with, the

sound source,

The attenuation due to shielding by rows of buildings wos found to be about
4 dB per row of residential houses with @ moximum of 10 dB for multiple rows, For
multistory residences, the ottenuation was found to be 10 dB for a row of detached
houses or up to 17 dB for a row of terraced houses with o practical upper limit of

about 25 dB for multiple rows. The attenuation of four= or five~story buildings is

WYLE LABORATORIES
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similar to that of terraced houses, The attenuation of noise from vehicular traffic by

barriers is typically between 5 and 15 dB.

Figure C.1-7 illustrates one example of the net effect of all of these factors
which influence urbon noise propogation. This shows the fine structure in contours of
constant energy-average noise levels measured in on apartment complex area near a
freeway. This complexity is teken into account when later in this appendix the proce-

dure is developed for evaluating outdoor nofse enviranments in urban and suburbon areos,

C.2 CALCULATION OF NONUNIFORM SPREADING LOSS IN URBAN AREAS -~

A simple model has been developed conceptualizing the noise propagation con=
ditions in urban areas, 1t is assumed that the attenuation of noise from vehicular traffic
depends anly on three variables {see Figure C,2-1): average building height H, block«
age (rotio of open space between buildings 5 to spocing of buildings B), and depth D

(distence from source),

Two extreme conditions are defined by 5/8 = 0 (solid walls) and H—=~®
{infinitely high nonimpervious walls). For the former case, sufficient information
exists for caleuloting the noise reduction by barriers, hills, etc. (for example,
References Gb6, M1, P4, and K3). For the latter case, & simple energy mode| of
sound transmission through leaks and apertures in a compasite wall is avu”ubla.Bz’ wé
Noise propagotion through building arrays with both finite height and spacing has been
treated in a recent theoretical sl'udy.o2 This partially bridges the gap between the
two praceding extreme conditions, As far as the depth variable D is concerned, the

data reviewad in Section C. 1.1 gives sufficient information .

A mathematical formula for the nonuniform spreading loss in urban areas can-
not be written down. It is necessary to exercise some judgment in seiecting a noise
reduction value in a particuler situation bated on ond aided by the above three~
varlable conceptual medel Incerporating, os we have seen, theoretical methads and
measuted data. The rules established and used in the present study ore presented

after the following discussion or population celis,

C-6
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Figure C.1=7.

Measurad Contours in Enskede, Stockholm of Doytime A-Weighted
Energy Averoge Noise Leveals — Each Measured over a 45-Minute
Time Period. Contours Spaced at 3 dB Intervals {From Reference N2).
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! Figure C.2-1, Simple Three~Variable Model for Excess Attenuation Valuas
for Sound Propagation Through Urban Areas. Variables gre:
H = Building Height, S/B = Open Space Ratio, D = Depth or

{ Distance Along Propagation Path.
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C.3 POPULATION CELLS ~ $IZE

Strictly speaking, the following discussion applies only to the city selected
for this study (Spokene, Washington, see Appendix A). However, the general method
can be applied to any similar community noise eveluation, One required step in
defining nofse propugotion conditions is the definition of the receiver iocations —
that is, the size and central point of each pepulation cell to be considered, The
objective is to identify the largest pessible groupings of population in the proper
proximity to major ground noise sources, The approach is illustrated in Figure C.3-1.
Each cell needs to be essentially homogeneous in terms of its "acoustical geography; "
that is, the general terrain and building types, if any, should basicaily be uniform
within each cell so that uniform acoustic propagoation conditions prevail. For this
program, this was initially specified in terms of iand use zoning classification of the
area, and later further defined in terms of typical building sizes, spacing, and density.
Over and above the basic cell structure consisting of a fraction of ane block or group-

ings of several blocks, subcomponents are identified which indicate a partieular

"noise sensitive " land use, i.e., schools, hospitals, nursing homes, ete,

A major problem in establishing cell size is optimizing the balance between
accuracy (which dictates smoller population ceil sizes) and efficiency in enalysis
(which dictates larger cell sizes}, To evaluate this problem, a brief substudy wos
made of the sensitivity of the computation of @ Noise Impuct Index (NII) fo size of

cells In @ hypothetleal square segment of the city.

A somple zone was sclactod in order to facilitate the computations. A simple
square zone bordered by four major arterials was deemed the most easily manipulated.
For analysls purposes the zone was assumed to be uniformly residential. Hence,

variatiens in land use were not included in this trial evaluation.

The fine system {Figure C.3-2) simulated the most complicoted approach and

took Into account the detailed varigtion In noise exposure due to traffic flow
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Single Cell with Unique
/Propagurion Characteristics

a. Location of Block Population, N, for Blocks Not
Adjacent to Major Sources

Ma]or Highway

b. For Blocks Adjacent to Majer Sources, N is Further Distributed
os Shown. For a Typical 300' x 400 Block, this Manipulation of
Population Centroid Locations Essentially Place the Residents Within
75 Feet of the Local Major Highway.

Figure C.3~]
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differences and receiver distances from the major noise sources, This system was
chosen as the standord for comperison of the other systems, The term "exposure
distance " was used to denote the effective distunce where all the receivers in a cell
would have to be placed if the total exposure ta noise energy is to stay the same os
when they are distributed over the cell. For the fine system the first row exposure dis~
tance was set at 75 feet from the roadway; second row expasure was 225 feet and

third row exposure was set at 450 feet from the rondway. These values were selected

as reasonoble estimates of typical dwelling unit spacing in Spokane .

The coarse system (Figure C.3-3) was an extremely simplified approach com=
bining the cells of the fine system together into larger cells, This had the effect of
changing the exposure distance to 150 feet. The number of different noise exposure
oreas was greatly reduced, Variations in froffic flow were neglected. The error in the
noise index of the coarse system when compared to the fine system was 10 percent,
This was considered an unacceptable error so two other cell configurations ware

explored,

The simplified fine system (Figure C.3-4} was an ottempt to simplify the corner
distribution pattern of the fine system. The results indicated that the contribution to
the overall noise index of the small corner cells was relatively small. This cell con-
figuration retained the traffic flow variations of the fine system, The first row expo-
suro distance remalned at 75 feet, but the second row exposure distance was combined
with third row exposure: the typical receiver distance was set ot 300 feet from the

roadway,

The simplified system (Figure C,3~5) eliminated the minimal effects of the
traffic flow variations and combined the corner cells with the edge cells, The first

end second row exposure was kept et 75 and 300 feet, respectively.

The simplified fine system produced an error of 2 percent from the standard,
but the simplified system produced an error of only 0.7 percent. Although this

amazingly small orror may have been partly coincidental, it was felt that the
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simplified system provided the most feasible combination of dccuracy and simplicity.

It was therefore decided that the simplified system would be the basis for the deter-

~ mination of cell division throughout Spokane. Since real cells cannot always be
chosen square like the one in this analysis, some subjective judgment was exercised
in the determination of cell shape and of the central point (the “+"in the above
"~ figures),
C.4 OUTDOOR SOUND PROPAGATION FOR VARYING DEGREES OF LAND
DEVELOPMENT
s In keeping with the three~variable conceptual model of urban noise propaga=~
tion discussed earlier, the noise reduction values are given in this section for the
land use zones of Spokone, Washington. The generally flat terrain of that city allows
: using land use zoning categories alone for defining cotegories of sound propogation
. conditions. The zone designotions are expluined in Table C-1 which also contains
' some data on building geometry necessary for defining the acoustic geography.
: e Single~Family Dwellings (Zones R1 and R2)
. Examination of the aerial photos of Spokane reveals a similarity of neighbor-
’ , hood layeuts for single family detached dweilings. The majority of the neighborhood
goometry may be described as follows.
; ® Residences odjacent to arterials are typically set back 50 feer from the edge
of the road. The next row of dwellings is typicaily 200 feet from the arterial and
: the third row is typically 400 feet, These buildings typically have a 40 foot frontal
q' - width and are normally separated by 15 feet. It is assumed that the majority of these
i dwellings are single story (15 feet high or 10 feet obove the observer).
:? Based on the data reviewed In Section C.1 and with guidance from references
; o cited in Section C.2, the following values of excess attenuation are selected for
E Spokane,
o
c-13
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Land use clasifications for Spokane are presented in the following format:

Table C-1
Classification of Land Use by Typical Building Structures

a.  Building height (number of stories)
b. Building frontage
¢. Typical spacing between buildings

Zone Description
Rl Low Density Single Family
R2 Two Family (Duplex)
" a, Single story (15 feet)
b. 60 feat in length
¢. 30 feet spacing - Spacing Ratio (5.R. )} = 50 percent
RO Residential Office (same as B1)
R3 (Medium Density) Small Apartments (4 Dwellings)
a.  Two story (30 feet)
b. 60 feet in length
¢, 30 feet spacing - S. R, = 50 percent
R4 High Density (High-rise Apartments)
a,  Threo to six sfories
b. 100 feet to 200 feet in lenath
¢, 30 feet, &0 feet spucing -~ S.R. = 15 percent to &0 percent
Bl Local Business Zone
g,  Qne or two story
b, - 100 feet to 200 feet length (several stories)
¢,  Zero spacing {except side streets) - SR, = 0 percent

c-14
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Table C~1 {Continued)

Description

Zone
fﬁ

B3
)
c
L -
Ml
.-
i» M2 &
¥ M3
™

Community Bysiness Zone

a,  One or two story
b. 600 feet
c. Zero spacing (except side streets) = S.R. = 0 percent

Central Business District

a, Five to ten stories
b, 600 feet length {length of block)

¢, Ze spacing (except side streets) - S.R, = 0 percent
Commercial Zone

a.  Five to ten stories

b. 400 feet length (length of block)

c.  Zaro spacing (except side streets) ~ 5.R. = O percent
Light Industry {Industrial Park and Light Industry)

a, Twostory

b. - 100 feet to 600 feet

c.  Zero spacing (except side streets) = 5.R. = 0 percent

Heavy and Unrestricted Industry

o,  Two story
b. 100 feet to 600 faet

¢.  Zero spacing {except side streets) = S.R, = 0 percent

&
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For a single row of houses: 5dB

For two or more rows of houses: & dB -~

For the case of propagation down residential streets (see sketch below) the

total propagation loss is assumed to follow a é dB per double distance law.,

Dwellings
T

'> Direction of Noise Trave!

-~
o~
¢ Multifamily, Commercial and Industrial Buildings
For attenuation over nontingle=stary detached residence buildings in Spokane,
tha following guidelines have been established: m
1. Calculate excess attenuation for one row of structures,
2, Since for single-story detached dwellings, the mojority of excess attenua~
tion is created by the first row, it is assumed for Spokane that excess <

attenuation past the first row of multifomily, commercial or industricl

buildings does not change,

The following additional guidelines were adhered to for land use Zones R3, R4, -
RO, B1, B2, B3, C1, C1, M2, ond M3 as defined in Table C=1,

s Zone R3:

The total attenuation for sound traveling over R3 structures is expected to be

virtually the sams a3 for propagation over R1 and R2 structures.

WYLE LABORATORIES



* Zones R4, RO, B1, B2, 83, C1, M1, M2, and M3:

L] These structures yield quite different attenuations for the cases of sound propaga-
tion over buildings and sound propagation down streets. For these structures, the follow-

ing rules are used:

° 1. Determine characteristic orientation of buildings with respect to orterials
for that partion of the city (if buildings are parallel, the controlling
propagation path is over buildings and if buildings are perpendicular,

propagation is primarily down the street),

]

: 2. For propogation over buildings, the total attenuation velues in Table C-2
were used,
: 3. For propugation down streets, & dB per doubling of distance was used.
o
‘ Table C-2
Total Attenuation for Sound Traveling Over Buildings
Applied to Analysis of Spokane
oy Total Adjustment in Leq at 50Feet Which Accounts for Natural
Losses and Building Shielding (Add Value to Lgq ot 50 Feet)
RO M1

Attenuation* | R1 Bl 83 M2
i ° for Flat R2 R3 R4 B2 Cl M3
i Distance from Rood | Terrain 1~Stary | 2=Story | 4=Story | 1=Story | 5=5tory | 2-Story
i 50 Feot 0 o| of o of o] o
£ (1st Row Exposure)
e 200 Feet -8 23 | 14 | <19 | 19 | <81 | 24
v {Position of 2nd Row|
with Shielding for
15t Row)
i . ‘
e 400 Feet -12 -18 | -18 | -23 | -23 | -35 | -28
) (Position of 3rd Row
L with Shielding by
K 15t and 2nd Row)
Pk
i ® Relative to Leq at 50 feet,
c-17
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APPENDIX D

SHORT DESCRIPTION OF THE COMMUNITY NOISE COUNTERMEASURE
EFFECTIVENESS COMPUTER PROGRAM

An immense amount of data input and processing is required for analyzing the
effectiveness of a given noise countermaeosure scenorio. A computer program has been
written designed to be run on o large computer by a user sitting at o remote terminal
and interacting with the computer, A series of commands allows the user to invoke
any part of the program at his discretion. The progrom will notify the user of any

gross errors he may commit,

The program actually consists of three programs identified by the three large
boxes of Figure D=1, They are self-contained in the sense that they con be executed
independently. They are interdependent in the sense that fwo of them generate input
data for the third as is indiceted in Figure D=1 by the arrows connecting the large
bexes,

The first pregrem (Preporation of Data Bose) generates and organizes the haosic

data vs the name conveys:

#  The population distribution during day and night (based on U.S. Census

information)

¢ The location, size, and nolse sensitivity of each population cel| {based

on a land use map)

o The location and strength of all noise sources (highways, railways, flight

paths, etc,)

The second progrem {Preparation of Countermeasure Data) creates Files with

the fol lawing information:

WYLE LABORATORIES



Figure D-1. Flow Diogram of Community Noise
Countermeasure Efectiveness

Computer Program.
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e  What countermeasures should be considered

How much noise reduction is effected given a certain amount of meney

spent on each countermeasure
®  Where barriers could be placed
Where stationary noise sources are located

The bases for these dota are discussed mainly in Chopters 7 and 8.

The third progrem [Main Program (Cost Effectiveness Anatysis)]is used ro Find out
how to spend most efficiently a given amount of meney on noise reduction of various
sources. For evoluating the efficiency (or effectiveness} of a certain scenario of
money spent, a single number is computed: the Noise Impact Index, abbreviated to
NIL. It is the number of people likely to have an adverse response to the nolse envi~-
ronment, divided by the total number of people in the area under analysis. The
objective is to minimize NII by spending the available Funds in an optimal way, i.e.,
on those sources whose noise level reduction will decrease the adverse response of the

largest number of people possible.

The Main Program uses the data files generated by the other two
programs. In addition it must be supplied with information on how many people are
expected fo have an adverse response given o noise level, a [ocation {i.e., land use:
residence, school, office, etc.), ond e tims of day (day or night). This data is con~

talned in the "transfer functions ' discussed in Chapter 3,

It is up to the user of the program to Find the most cost effective scanario of
maney spent by trying different scenarios and chserving the trends in NIl. The program
helps the user in his task by computing gradients: the changes in NI for an additional

small amount of maney spent on each countermeasure.

Due to the complexity of the problem and the many nonlinearities involved, it
was decided not to use an automatic built~in optimization procedure but to use the inge-
nulty of the wser in conjunction with the speed, acecuracy, and practically boundless

memary of the computer.
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APPENDIX E

~ CORRELATION OF SAE DRIVE-BY NOQISE TEST DATA *
TO OBSERVED HIGHWAY PERFORMANCE OF MOTOR VEHICLES

E.1 HEAVY TRUCKS

M It is desired that a functional relationship be established between the energy-
| mean hoise levels of truek populations under SAE J368b test conditions and nolse

levels produced over a range of actual observed operating conditions,

P The tatal heavy truck population, comprised as suggested in Teble E, 1-1,

. gives rise to a total energy mean of 90.7 dB under SAE J366b test conditions, Com-

: paring this value with the observed heavy truck noise population distribution (<35 mph)

: in Washington State as illustrated in Figure E.1~1 [Energy mean = B2 dB ] indicates

that the composite of noise exposure on an energy basis would be overestimated by

approximotely ? dB. As g second point of correlation, consider the computed energy~

f mean level of 8% dP of the assumed California flest, also os shown in Teble E, 1-1.

- This level corresponds to an energy-mean leve| of observed low speed heavy trucks in
California (Figure E. 1=1) of 80 dB; thus also indicating a difference between

SAE J366b ond obsarved values of approximately 9 dB.

Thus, this coarse analysis shows that g reduction in energy~mean levels as

f indicated by SAE J366b test performance will be reflected in the observed noise
emission characteristics of heavy trucks operating at iow speed (< 35 mph) on a one-
_ to-one basis,

;o Finally, when one considers the energy-mean noise levels for California and

Washington vahicles operating at high speeds computed from the observed populations

shown in Figure E.1-2, the level of 88 dB is obtained for each population, thus

3

®
All relative and shsolute sound levels in dB are A~weighted levels unless otherwise
specified,

cﬂ
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implying the dominance of the tire component at these speeds which is not affected

by SAEJ366b test complionce, The energy-mean fevels of both the high- and low-

speed popu]ariohs for Ca lifornio and the Washington heavy truck populations are

summaried in Table E.1-2.

Table E,1-1

Analysis of Energy~-Mean Noise Levels of Heavy Truck Fleet

Vehicle Age Group

Energy-Mean Level of Population
Segments (SAE J346b), dB

Percent of Total*

Assumed

National Fleet | California Fleet

Assumed

Less than 2 Years 19.5 86 B4
2 to 5 Years 42.3 89 88
5to i0 Years 21.8 92 20
Greater than 10 Years 16.4 24 92
Fieet Mean Energy Level 90.7 [ 8%
*Reference U5.

Table E.1~2

Energy~Mean Noise Levels of Populations

Shown in Figures £.1~1 and £.1-2

1

T e R T Pk detatem et

Low Speed High Speed
Vehicle Population (< 35 mph),.dB {> 35 mph), db
Washington a8r.¢ 87.9
Callfornia 80,0 87.5
E-2
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Figure E. 1=1. Truck Population Noise Levels
ot Speeds of 35 mph and Under, *

Gross Waights:

California:

% OF VERICLES EXCEEDING LEVEL

6000 Ibs and over

100

a0

80
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60
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a0 -

30
STATE SAMPLE
SIZE
20 b == NEW YORK 1296
—— WASHINGTON 1432
=Cr~ CALIFGRNIA 590
10
o] 1 1 i | L 1 | | 1 o
70 74 78 B2 :[5] 90 94

PEAK A-WEIGHTED SOUND LEVEL,
50 It FROM VEMICLE CENTERLINE, 8

Figure £.1=2. Truck Population Noise Levels

at Speeds Over 35 mph. *

Washington: Vast majority of vehicles above 10,000 lbs.

*Sources: References F2, C3, S14,
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E.2 AUTOMOBILES

In recent years, emphasis conceming noise reduction of automobiles has
centered around reduction of maximum noise output levels under full throttle accel ara-
tions as specified by SAE Test Procedure J98&a. Thus, nearly all available cost data
on vehicle quieting is geared to reducing these maximum levels. Presently, oll new
product regulations governing nolse emission of automobiles is based upen maximum
levels as produced by the SAE test procedure. Considering the noise levels emitted
by recent and current production automobiles, further noise reductions as indicated
by this test procedure are simply not realistic, Extensive studies of driving habits
across the entire country by the General Motors Proving Ground Staff have indicated
that only approximotely 17 percent of the total driving time in urban areas {city
streets) is spent accelerating while less thon 5 percent of high-speed driving (suburban)
is spent t:u:ct.'eleﬂ:lting.G4 A summary of the GM observed driving habits in terms of
percentage of driving time spent in the modes of idle, acceleration, deceleration and

crulse is presented in Table E,2-1,

Also presented in Table E.2-1 is a summary of the SAE J~1082 Fuel Economy
Driving Schedules for Urban and Suburban Driving Conditions. It has been stated by
personnel at the Ford Motor Company that these cycles are believed 1o accurately
represent normal driving habits. F1 A comparison of the GM observed driving cycles

and the SAE J~1082 cycles indicates quite a close agreement as fo time typically

spent in various modes of operation. The data used inthis report is kaken from the GMcycle.

To arrive at o reasonable correlation between the SAE J?86a noise lavels
and actual noise emitted, it is first necessary to further analyze the time spent in the
acceleration mode of these driving cycles, This breakdown is presented in Table E.2-2,
As may be observed, the percentage of time spent at wide open throttle (per SAE J986a
Test Procedure) ~ a rate typically greater than 6 to 7 Feet/second2 for most American
automobiles, constitutes less than 2 |/2 percent of the time spent accelerating for both
the urban and suburban General Motors observed cycles (which is less than 0.1 to

0.3 percent of the total time in the suburban and urban cycles respectively).

E-4
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Passenger Car Operating Mode Summary

Table E.2-1

Urban Cycle (City Streets)

Percent Time in Mode
Operating Mode GM C;ﬂ:leG4 SAE Cyclesw
Idle 14.4 13.0
Accelemtion 2 16.4 2.5
(Average Rate - ft/sec”) {4.1) (6.3)
Deceleration 16.0 18.5
{From Average Speed) (20.4) {23.6)
Cruise 53.1 59.0
{Average Speed) (33.4) {20,4)

Suburban Cycle (High-Speed Highwoys and Fraeways)

Percent Time in Mode
Operating Mode GM Cycla G4 SAE CyclaSI5
ldle 1.1 3.1
Acceleration - 2 4,7 9.7
(Average Rate - ft/sec”) {3.8) (3.7)
Deceleration 5.8 11.4
(From Average Speed) {(38.5) (52.3)
Cruise 88.4 . 75.8
(Average Specd) {56.4) {45.3)

-

P
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Table E.2-2
Passenger Car — Acceleration Mode Analysis
"~
Urban Cycle
GM Cycle SAE Cycle
Rate Rate o
‘fr/secz Percent Time Fr/sec2 Petcent Time .
1.6 -3,2 55.4
3.2-4.8 34,1 5 356.4 -~
; 4.8-6.4 8.3 7 63.6
: 6.4 ~8.0 2.0
! g+ 0.1
g
; Average Rate = 4,1 fr/secz Average Rate = 6,3 ft/set:2
_} Mean Level = 70.8 dB* Mean Leval = 70,8 dB*
|
Suburban Cycle 2B
GM Cycle SAE Cycle
Rate Rate
i"r/s.*.-t:2 Percent Time ff/sec2 Percent Time
1.4=3.2 ‘ 70.9 3 77.3
3.2-4.8 ‘ 2.7 5 9.2
4,8-6.4 5.4 7 13.5 o
f 6,4 -8.0 1.5 ‘
i 8.0~9.7 0.3
9.7+ 0.3
Average Rate = 3.8 fr/sec2 Average Rate = 3.7 fr/sec2 '
’ Mean Level = 73.8 dB* Mean Level = 73,8 dB*
*Source: Reference C3 7
E-é
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Noise emission data for acceleration rates of less than 1/4 g {approximately
8 Fr/secz) is very scarce; hence, it wos necessary to assign typical overall noise lavels
for automobiles accelarating either under 35 mph {urban) or over 35 mph (suburban)
based upon studies conducted by the California Highway Patrol in 1971.C3 The noise
lavels usad for the urban and suburban cycles represent the energy mean levels of the
observed population of 1969 and newer autemobiles. In effecting noise reduction
countermeasures for automobiles, it is assumed that any reduction in noise level
demonstrated by SAE J9B6a will be directly reflected in observed neise emission during

the accelsration mode (except where tire nolse constitutes the lower limit for that speed).

The GM data con further be used to compute an "average speed from which
acceleration cccurs." The details are not reported here. This speed is 40.5 mph for
the suburban, and 22,5 mph for the urban criving cycle {used in Section 6.3.5to

compute accelaration noise reduction potential).

Considering nex! levels of noise emitted during the cruise portion of the urban
and suburban driving cycles, the estimated mean A-weighted level of noise generated
by the Spokane automobile population (measured ot 50 feet) versus vehicle speed is
illustrated in Figure E.2-1, These levels are bused upon extensive field measurements
of automobile passby noise levels and indicate that for the Spokane analysis, a relation=

ship of noise level to speed (over 15 mph) as shown in Eq. (E-1) is appropriate:

= v
Lcor—74.5+30 log %5 dp (E-T)

whare V = vehicle speed in mph,

This noise lavel information has been combined with a detailed analysis of
the percentage of time spent in the cruise mode in each 5 mile~per<hour speed band
for both the General Motors and SAE urban and suburban driving cycles to yield weighted

maan (on o sound enargy basis) noise emission Jevels in Table E.2-3.

E-7
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Noise Level at 50 Feet, dB

O Unpublished Data from Wyle Loboretories Files

Assumed Spokane

m .
& i Automobile Levels L =74.5+30 log v |
car b
L,o\ Coast Data (Engine Off) ]
ldle
3
m 15 20 30 40 50 60 70 80
s Vehicle Speed, Miles per Hour
g Figure £.2-1, Mean A-Weighted Noise Levels at 50 Feet, Emitted by Automobiles Under Cruise Conditions
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The final major noise production driving mode is the deceleration mode.
Tima spent in this mode for both the GM urban and suburban driving eycles is approxi=~
mately the same as for acceleration. The noise level emitted during deceleration has
been assumed to be that of the cruise level from which the vehicle is decelerating.
Hence, an analysis of noise levels for the deceleration mode has been con-
ducted as shown in Table E.2-4 by determining an energy mean noise level weighted
by the percent of time the vehicle decelerates from a given 5 mile~per=hour speed

band.

In the analysis of automobile noise reduction measures, no noise reductions
are reflacted in the deceleration mode directly - however, for computation of new
mean community noise levels, the mean deceleration level is reduced by whatever

value the engine portion of the cruise mode mean level is reduced.

It has been assumed thatnoise levels emitted during the idle mode do not
contribute significantly to the total mean noise levels of automobiles during either
urban or suburban operation; hence, no noise reductions reflected in the other opera«

tional modes are applied to idle conditions.

Given the preceding development of mean energy noise levels by mode of
automobile operation and the percant time spent in each mode as given in Tables
E.2~1 through E.2-4, we may proceed to compute overall energy mean noise levels
for automobiles. This analysis is conducted as shown in Toble E.2-5. Hence, we may

take the resultant energy mean noise levels as the baseline 1973 condition.

E-9
WYLE LABORATORIES

i bt et A el RIS £ et



P Y I i e L e L= A 1 T e Byl e e

e atma e

T b kP i Pt 120

Table E.2-3

Passenger Car ~ Cruise Mode Analysis

Urban Cycle
GM Cycle SAE Cycle
Speed Level* Speed Level*
mph Percent Time | dB at 50 # mph Percent Time | dB at 50 fi
15 11.4 55.5 15 39.0 55.5
20 6.8 59.0 20 28.0 59.0
25 10.4 62,0 25 20,0 62,0
30 16.2 64.5 30 13.0 64,5
35 19.0 66,5
40 16.0 68.5
45 10.0 70.0
50 5.9 71.0
50+ 4.3 73,5
Average Speed = 33.4 mph Average Speed = 20,4 mph
Energy Mean Level = 67.3 dB Energy Meon Level = 60,2 dB
Suburban Cycle
GM Cycle SAE Cycle
Speed Level* Speed Level*
mph Parcent Time | dB at 50 ft mph Porcent Time | dB ot 50 ft
<30 4.0 64.5
30 ~ 40 6.6 66.5 40 56,6 68.5
40 - 50 17.6 70.0 50 33.9 71.0
50 -~ &0 46,5 72.5 60 9.5 73.
60 - 70 22,1 74.5
>70 3.4 75.5
Average Spaed = 56,4 mph Average Speed = 45,3 mph
Energy Moan Level = 72.5 dB Energy Mean Level = 70.2 dB
*Computed from Eq. (E-1).
E-10
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Table E.2-4

Passenger Car — Deceleration Mode Analysis

WYLE LADORATORIES

~ Urban Cycle
GM Cycle SAE Cycle
Spead Level* Speed Level®
~ mph Percent Time | dBat 50 f |[ mph Percent Time | dB ot 50 ft
=15 44.2 55.5 15 18.2 55.5
20 15.7 59.0 20 22,7 5.0
25 14,3 62.0 25 27.3 62.0
- 30 11.0 64.5 30 31.8 64,5
35 7.5 66,5
40 4,) 68.5
>40 3.0 70.0
Average Speed = 20.4 mph Average Speed = 23,6 mph
“ Energy Maan Level = 62.4 dB Energy Mean Level = 62,0 dB
Suburban Cycle
e GM Cycle SAE Cycle
Speed Level®* Speed Leval*
mph Percent Time | dBat 50 ft || mph Percent Time | dB at 50 f
- s 20 18.8 59.0
20~ 30 15.0 62,0 50 77 71.0
30~ 40 21.3 66.5 60 23 73.5
40 - 50 23.5 70.0
50 - 60 16,2 72,5
60 - 70 5.1 74.5
. > 70 0.3 75,5
Average Speed = 38,5 Averige Speed = 52,3 mph
Energy Mean Level = 69.1 dB Energy Mean Level = 71,7 dB
] *Computed from Eq. (E~1).
oo
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Table E.2-5

Passenger Cor ~ Community Neise Summary
Typical A~Weighted Noise Levels Produced by Mode of Operation

Urban Cycle
GM Cycle SAE Cycle
% Time |Energy Mean % Time Energy Mean
Maode in Mode | Level, dB Mode in Mode Level, dB
Idle 14.4 53.5 ldle 13,0 51,5
Acceleration 16,6 70.8 Acceleration 9.5 70,8
Deczleration 15,0 62,4 Deccleraticn 19,5 62,0
Cruise 53,1 67.3 Cruise 59.0 60,2
j Composite Enerqy Mean Level =67.1 Composite Energy Mean Level = 63.2

Suburban Cycle

GMCycle SAE Cycle
% Time |Energy Mean % Time Energy Mean
Mode in Mode | Level, d8 Mode in Mode Lavel, dB

Idle 1.1 53.5 ldle 3.b 58.5

. Acceleration 4.7 73.8 Acceleration 9.7 73.8
Deceleration 5.8 62.1 Deceleration 1.4 7.7
Cruise B8.4 72,5 Cruise 75.8 70,1
Composite Energy Mean Level =72,4 || Composite Energy Mean Level = 70,7

E-12
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APPENDIX F

INDUSTRIAL PLANT, CONSTRUCTION, AND RAPID TRANSIT
e NOISE COUNTERMEASURES™

Industrial plants end construction sites are stationary noise sources. As such,

they cun be incorporated into the overcll noise countermeasure analysis; the computer

_ program (Appendix D) provides epportunity for specifying the lacation and strength of
stationary sources, Repid transit [ines could be treated as railway lines. However,

‘ in the anelysis of the noise countermeasure effectiveness of the selected model city
. (Spokane, Washington) these three noise sources were not considered bacause:

! o The section of the model city analyzed did not have any significant

nafsy industry

) 8  Construction noise is usually very localized; also, it is virtuelly impossible
: to predict locations and strength of construction sources for a period of

; saveral yeors

{

r - &  Rapid transit does not exist in Spokane

1 The followlng discussion is included for completeness and future reference.,

;

]

F.l INDUSTRIAL PLANTS

fen

; In this Appendix, concern is centered on the community impact of industrial

E noise, However, in-plant noise reductions effectad to comply with OSHA regulations
almost invariably would affact the levels transmirted to the community.

}:

f ° The generalization has been made that noise s an undesirable byproduct of the
:

cansumption of energy, especially in the performance of mechanical work end that the
, increase in noise parollels our constant increase In the rate of the national consumption
Lo |

]

i T

! All relative and absolute sound levels in dB are A-weighted levels unless otherwise

; specifled,

o

)

i
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ribf energy. OF all community noise sources, indusirial plants present the most extro-
“ordinary variety of individual devices and processes, virtually each and all of which

possess their own individual noise characteristic,

F.1.1 Industrial Noise Sources

This large variety of industrial sources tends to complicate deseription, It has
been suggested that as o first general division, sources should be classified into five

overall groups differentiated by the mechanism of noise production;

1, Impact

2, Frietion

3. Flutd Turbulence
4. Forced Vibration
5. Electro-magnetic

Impact generoted noises are of short duration and con be periodic or aperiodic,
If periadic, the repetition period is normally considerably longer than the duration of
the individual impulses, Impact noise is ossociated with such processes as forging,
punching, sheering, and the like, ond is further characterized by unusually high peck
levels. Frictional forces generated by the relative motion of machine parts can result
in the vibratlon of associated surfaces producing noise. Fluid turbulence con involve
liquids in valves, pumps, hydraulic actuators, etc,, and the associated noise is then
a result of vibration of the container surfaces, Exhaust pulsations, cleaning 'und sorting
air jets, the blade tip motion of fans and the like can all produce tutbulent pressure
fluctuations In the air itself which then becomes a direct noise source. Forced vibra-
tion again produca.s noise by the vibration of radioting surfaces or individual machine
parts excited by rapld accelerations and decelerations, imbalance in rotating machin=
ery and the like. Electromagnetically induced noise results from the forced motion of

such surfaces as transformer cuses and motor shel(s,

Table F.1-1 gives representative in=plont levels (as measured af the operator

position) for @ variety of industrial machines, Figure F.1-1 gives information even

F-2
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Table F. 1-1

" Range of Industrial Machinery, Equipment and Process Noise Levels

Measured at Operator Positions {Except Where Noted)

{from Reference G5)

80 85 90

Naise Levels ~ dB

95 100 105 110 115

120

1.

M e

L g A

e e

;
$
0

10.

il.

B R TL U L

Pneumatic Power Tools
{grinders, chippers, etc.)

Molding Machines (l. S,
blow molding, etc.)

Air Blow=Down Devices
(painting, cleaning, etc.)

Blowers (forced, induced,
fan, etc,)

Air Compraessors (recipro=
cating, centrifugal)

Metal Forming {punch,
shearing, etc.)

Combustion (furnaces,
flare stacks) 20 feet

Turbo-generators
(steam) 6 feet

Pumps {water,
hydraulic, ate.)

Industrial Trucks
({LP gas)

Transformers
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Figure F.1-1. Ranges of In-Plant Noise by Variety of Industry (from Reference B?)
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more pertinent from the community noise source standpoint, as it rank orders not
individual sources, but rather the levels characteristic of different industries.  Although
the actual levels themselves ore again characteristic of in-plant levels rather than

property line values, the rank ordering is potentially indicative of community noise

contribution.

F.1.2 Sound Path Identification

Direct airborne radiation is the most dominont path to @ community for industrial
nolse, This includes not only radiation through the walls of the plant involved, but also
radiation from open windows and doors, Especially in older plants, forced air ventila-
tion may be Tnadequote or nonexistent. Such venfilation requirements, material hendling

requirements, etc., often make it impossible to assure window and door closure.

Reverberant paths are not often important to the external propagation but they

can seriously affect the bulld up of in=plont noise which can then offect exterior [avels,

Secondary reradiation from external structures excited by transmitted vibrations
con become important with heavy operations such as forging. Such e combination of

nolse and vibration is always unusually disturbing,

F.1.3 Receivers

The effect of industrial noise on individuals who are located nearby by virtue
of their work is clesely related to the noise environment characteristic of the work
involved. If the work activity involves another industry of comparable noise level no
significant intrusion would be expected. On the other hand, if the nolse environments
and tasks are very different, serious interference can result, An interesting special
case of this variety involves the office and engineering activitles of companies with
very nolisy manufacturing operations and further, one with all functions located
together. Special soundproofing measures are often needed and this may wel| be one
factor invelved in the modern tendency to separate the locations. The effect of
industrial noise on nearby residents has been shown to be greatly dependent on whether

or not the noise:

F-5
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1. Is continuous;

2. Interferes with speech communication; -~
3. Includes pure tones or impacts;

4. Varies ropidly;

5, Interferes with getting to sleep; and

6. Contains fear-producing elements, B

F.1.4 Industrial Noise Countermeasures

Table F.1-2 outlines general countermeasure techniques for source abatement -~

based on the five general divisions by source mechanism mentioned gbove,

Table F.1-3 outlines overali procedures for the total control of the impact of

industrial plant noise on the community. The major difficulty with the techniques of

~
Group V, Control of External Plant Noise, is that they are usually only economically
and operationally feasible when new plant construction is involved.

Toble F.1-2

Basic Techniques for Machinery Noise Control at the Source

Impact — Reduce Deceleration, Damp Source Pieces, Reduce

Hardness of Impacting Surfaces, Reduce Size of the

Source. )
Friction -~ Domp Source Pieces, Reduce Hardness or Rubbing

Surfaces, Reduce Source Size, Lubricate Surfaces,
Fluid (Air Turbulence

Reduce Air Velocity, Remove Obstructions, Polish
Rough Surfaces.

Forced Vibration ~ Balance Parts, Reduce Acceleration, Add Tuned
Dampers, Operate Off-Resonance.,

Electro-Magnetic Reduce Leckage Fiux, Remove Nearby Magnetic

Materials, Orient Magnet for Minimum Coupling.

F-6
WYLE LAGORATORIKS



Table F.1-3
Noise Reduction Methods

Plant Planning
a) Selection of Eouipment
b) Location of Equipment within the Plant
¢) Location of Plant with Respect to the Community

Control at the Seurce
o) Maintain Dynamic Balance
b) Minimize Ratational Speed
c) Decaouple the Driving Force
d) Reduce Velocity of Fluid Flow
e) Reduce Turbulence
f) Use Directionulity of Source

.

Control of the Transmitted Noise
a) Vibration Isolate the Source
b) Enclose the Source
c) Absorb Sound within the Room
d}, Use Reactive or Dissipative Mufflers

IV. Control of Radiated Naise by Partitions, Panels and Walls

a) Increase Mass

b) Inecrease Stiffness

¢) Shift Resonant Frequencies
d) Add Damping

e) Reduce Surface Area

f) Perforote the Surface

AP T T I e

SRRl RAIEH

V.

Control of External Plant Noise
a) Acoustically Isolated Ventilation and
Ajr Conditioning
b) Sealed Daors
c) Double Glazed Windows

vl. Minimization of Residual Noise Impact

a) Adequate and Rigidly Enforced Zoning Provisions
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F.2  CONSTRUCTION

Construction noise, as with any other community noise problem, produces an
overall impoct influenced not only by its character, but also directly related to the
number of people affected. It is for this reason that the construction of even a major
highway can hove a far less serious impact than the building of o single, large high-
rise structure in the central city, Indeed, this difference is so great that highway con-
struction will not be considered in this discussion, s the major portion normally eccurs

in thinly populated areas.

The basic unit of construction activity is the construction site and it is true that
this exists both in space and in time, When the construction job is completed, the asso-
ciated noise ceases to exist; further, the noise characteristics con vary as the task
proceeds. However, it has been suggested that especially in urban centers the transient
character of construction activity is often overrated for at |least two reasons, First,
when the community as o whole is considered in times of economic progress, the com-
pletien of activity at one site is supplanted by startup at another so that from an everall
viewpoint, the general problem never ceases, Second, with major projects often 1 or

2 years of activity are involved so that the duration cannot be truly considered short=term,

F.2.]1 Construction Noise Source

As with so many outdoor seurces, construction equipment noise has become rela-
tively dominated by the internal combustion engine. This general categery can be
divided into three major areos: earth=moving equipment, materials handling equipment,

ond stationary power sources,

Earth=moving equipment, as the name implies, is quite mobile and includes bull-
dozers, front loudars, shovels, bock hoes and the like, as well as highway building
equipment such os graders, scrapers, compactors, etc, Engines are usually the dominant
sources. Tire noise is usually of no consequence at the low speeds usuelly encountered
with construction equipment, so that noisa control problems involved are not uniike

those for a heavy duty truck. Specific subsources involved are exhaust, fan, air intake,

F-8
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mechanical noise radiated directly from the engine body, transmission, etc,, as well as
noise unique to the individual function of the unit, Characteristic levels at 50 feet

range from 75 to aver 95 dB,B7

Engine~powered materials hundling equipment includes such devices as cranes,
derricks, and concrete mixers. Agunin, engine noise is often the most predominant,

Characteristic levels at 50 feet fall in the range of 75 to 90 dB.B7

Stationary power sources include generators, air compressors, pumps, and the
like. In this class, air compressors were and probably stil] are the most noisy, ranging
formerly up to and beyond 90 dB; however, recently specific noise reduction efforts
have been employed with air compressors, the most successful being the use of an
enclosing shell=like structure. As o class, therefore, the characteristic range of noise

levels at 50 feet has been reduced to 70 to B0 dB. B7

OF all the tools and machines which are not usually powered by large internal
combustion engines, two classes are worthy of speciol mention, as they stand far above
the rest — saws and impact tools. Although both are very noisy, the latter group,

impact tools, are generally conceded to have the highest output of ail categories.

The largest of the impact tools is the pile driver which can be steam or diesel
actuated when of the basic impact variety, Both the steam exhaust or the combustion
explosion that |ifts the hammer with diese| units are secondary noise sources. The
impact of the hammer is, of course, the major source and because of its impulsive
character is difficult to measure and stondardize as it is offected by the type of piling
being driven, its length, shape, and type of soil. However, peak levels of 100 to
105 dB at 50 feet are commen,

This impact noise is absent in the so~called "sonic" or vibratory pile drivers,
These units effect a tremendous noise reduction, but are not without other problems
including some limitations on the type of soil in which they can effectively function.
Three-sided enclosures have been used with the impact variety of pile driver with

some suecess and peak reductions of 12 dB have been achieved,

WYLE LABORATORIES
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Very high noise levels of 80 to 100 dB at 50 feet are also characteristic of the
smaller impact tools such as jackhammers, pavement breakers, and rock drilfs. Table
F.2-1, compiled from limited dota, illustrates characreristic individuol noise level

ranges for a smoll variety of equipment of the categories just discussed,

F.2.2 Receivers

Receivers can conveniently be divided into three clastes on the bosis of the

reason for their proximity to the construction site and are:

1. Casual passby
2, Residence near conskruction site

3. Place of work near construction site

Unless the construction activity is of such a relatively unusual variety that it
must proceed throughout the night and therefore could interfere with sleep, work activ-
ities near construction sites usually present the most severe probiem. Not only is it
often more difficult to arrange o 'break " away from the noise impacted area, but also

the degree of concentration demanded is often higher for the work related case,

F.2.3 Path Description

1.  Most commen is direct airborne transmission, and this is usually the most

important,

2. Under some conditions, however, reverberation fields and transmission by
multiple reflection paths can become of almest equal Importance. This [s
especially true for the important case of construction undertaken in the
central city on a site completely surrounded by high-rise buildings, It
must be remembered that the front and sides of high~rise buildings present
clmost ideal reflecting surfaces with the surface of each building perfectly
paralle| to the next, For example, when pile driving occurs under such
circumstances, Tt is not uncommon for each subsequent impact to happen

wel| before the refiecting echoes of the preceding impact have abated,

F-10

WYLE LABORATORIES



19 e e e Y

fLT IELINITT IR

: 2 o

6

TR eyt ST T (L L s 1y R e R 8 R

1

Table F,2-1

Typical Noise Levels Produced by Construction Equipment

(From Reference B7)

Internal Combustion Engine

Noise Level at 50 Feet

Powered Equipment dB
Earth-Movers
Compactors 72-75
Backhoes 72-93
Front Loaders 72-85
Tractors 76 ~95
Scropers 80-92
Material Handling
Concrete Mixers 75-88
Crones 76 ~ 88
Stationary Power Sources
Generators 72 - 82
Compressors 74 - 88

Impact Equipment/Saws

Pile Drivers
Jackhammers & Rock Drills
Impact Wrenches

Saws

95 = 106 peck

82 - 98
84 - 88

72 -84

F=11
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3. Another major poth con also make serious contributions especially when
heavy operations are closely coupled to the soil such as digging and pile
driving. This is the secondary reradiation of sound from adjacent structures
excited by transmitted vibration, The nolise produced by vibrating walls,
floors, rattling windows and the like is mest seriously annoying because of
the associated building tremors, Task interference within the affected

building can be very high.

F.2.4 Construction Naoise Countermeasures

Two major countermeasures are possibie: the use of portable barriers and reduc~

tions in the source devices themselves.

The only specific date located on the use of barriers for construction noise con-
cerned two tests conducted in cooperation with the Department of Envirenmental Control
of the City of Chicago. The first concerned the use of o three-sided barrier used in con-
junction with pile driving. Reductions of 12 dB in the peak impulse levels were claimed,
The second gave a more detailed description of an experimental enclosure manufactured
by Singer Partitions, Inc, of Chicago. This enclosure measured 9 by 7 by 6 feet and wos
four-sided with o separate top, Six freestanding columns supported a framework of overs
head roller curtain track. Lead filled, vinyl-coated fiberglass curtain material with an
inner coating of absorbent acoustic foam was hung from rollers on the track, Similar
material wos used for a separate roof section to effect a tight closure. It was possible

for two men to instal! the enclosure in 45 minutes, The cost was estimated ot $1500,

including hardware and roof.

At the time of the test, the ambient noise level was 76 dB. For the test, work=
men cut a 12-inch diameter, ductile iron water main with a gasoline=powered saw.
Without the enclosure, the measured sound level was 97 dB at 10 feet, With the

enclasure in place, o 12 dB reduction to 85 dB wos praduced,
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Because of the contributions of gasoline and diesel engines to construction
noise, it is important to consider specific countermeasures to these power plants. This

- subject is treated in detail in Section 6 on Mator Vehicles Noise Countermeasures,

Table F,2-2 presents estimates for noise levels at 50 feet for a variety of con-
struction equipment, both in terms of present performance and with feasible nolse

control ,

Finally, it is Interesting to note two exemples of legal restriction on construc-
tion equipment performance, In both cases, levels are to be obtained at 50 feet in
accordance with SAE Standord J952a:

* A quotation from Section 1X, Maise and Vibration Control, Subsection 2.11,
"New Motor Powered Equipment Noise Performance " {of the Cook County,

Itlinois, Environmental Control Ordinance, which is essentially identical to

" that of the City of Chicago):

?.11 New Motor Powered Equipment Noise Performance

z

No person shall sell or leose, or offer for sale or lease, ony powered
equipment or powered hand tool that produces @ moximum noise level
exceeding the following noise limits at o distonce of 50 feet under
test procedures estoblished by Section 9,30 of this Article:

a9 Type of Equipment Noise Limit

{e) Construction and industrie! machinery, such as
crawler~tractors, dozers, rotary drills and
ougers, loadars, pawer shovels, cranes, derrieks,

® motor graders, paving machines, off-highway
trucks, ditchers, trenchers, compactors, scrapers,
wagons, pavement breckers, compressors, and
pneumatic powered equipment, etc., but not
including pila drivers:

" Manufactured before 1 Jan, 1973 94 dB

Manufactured after 1 Jan. 1973 88 db
Manufactured after 1 Jen. 1975 84 dB
Manufactured after 1 Jan. 1980 80 db
L¥)
F-13

WYLE LABORATORIES

L

i b T

it w St e m 15 s e e bzt e £

[,



e T T A T b e YL e A e A U T e B S S e

Table

F.2-2

Noise Reduction Potential for Construction Equipment
{From Reference B7)

Noise Level at 50 Feet, dB

I e i eyl g

Equipment Present Feasible with Noise Control

Earth-Moving

Front Loader 79 75
Backhoes 85 75
Dozers 80 75
Troctors 80 75
Serapers 88 80
Graders B5 75
Material Handling

Concrete Mixer 85 75
Concrate Pump 82 75
Crone 83 75
Derrick 88 75
Stationary

Pumps 76 75
Generators 78 75
Compressors 81 75
Impact

Pile Drivers 101 25
Jackhommers 88 75
Reck Drills 98 80
Pneumatic Tools Bb BO
Other
Saws 78 75
Vibrators 76 75
F-14
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o Table F.2-3 illustrates the restrictions imposed by the General Services
Administration for noise performance of construction equipment employed

by any Federal construction contractor,

Table F.2-3

Maximum Allowable A-Weighted Noise Levels at 50 Feet
(Re SAE Standord J952 and SAE Recommended Practice J184)

Eilective Effcctive Elfective  Effeclive

Equipment 271473 1/1/75 Eyolpment 71/ V1778
Earthmoving Stationary

frent loader 79 75 pumps 76 75

backhoes 85 75 gencrators 78 75

dozers 80 75 COMPICSSOrs 81 75

tractors 80 15

scrapers 88 80 | mmpact

graders 85 15 pile drivers 101 0%

truck ]| FH jack hammers 88 75

paver 80 80 rock drills 08 a0
Malerials Handling pncumatic tools 86 a0

concrete mixer 85 15

concrele paiip g2 75 | Other

craie 83 75 SiWE 78 75

derrick 88 75 vibrator 76 75

F.3  RAPID TRANSIT

Rapid transit noise and railroad noise have one great similarity; for each, a
major source is wheel /rail interaction. There are also many impartant dissimilerities
and probably the most central to the community noise problem is the extensive differ-
ence in the community diffusion of the right of way, For a ropid transit line to serve
a community its stations must be available throughout the comrﬁunity and its tracks
must interlace the community. In general, rapid transit lines tend to fan out from the
city center, thus affecting more of the central community than raflroad lines, Some

rapid transit fines penetrate the suburbs, but the far suburbs ot least are os likely or

F-15
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more so to be served by commuter rail service, Cther differences of note include the

following:

1.

Each car of a rapid transit system has its own propulsion so that noise
emission is distributed equally along the entire frain, unlike roilroad
trains, the propuision source for which Is located in discrete elements,

often only ot the front.,

Railroad right of way is most usually Found at grade; rapid transit tracks

can very often be found below grade (subways) or above grode (elevated).

Although traffic on each tends, of course, to peak at rush hour, ropid
transit service is usually somewhat more continvous throughout the day
than railroad passenger service. Railroad freight haulage tends to be

distributed throughout the day on a fairly continuous basis,

F.3. ] Subsource Identification

1,

o B ot it

By far the most significant source is wheel/rail interaction. The sound
intensity is related to the irreguiarities encountered. Switches usually
make more noise than joints and wheel flats which, in turn, make more
noise than small woviness in track or wheel (the so-called micro-

irregularitias), These are all secondary te the singular effect of whee|

screech encountered in curves,
Propulsion system noise.

Secondary re-radiation of sound from vibration excited structures

{important to cor interior noise and wayside noise near elavoted structures).
fleverberation fields in underground stations and tunnels,

Singular, nencentinuous noises such as wheel squeal on curves, air brake

exhaust, ond door closure,
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F.3.2 Receiver Identification

It has become a convention  group the condition of the receivers into three

classes:

1. Passengers and employees in stations.
2. Passengers and employees in the cars.

3. Wayside residents.

F.2.3 Sound Path Definition

1. Direct airborne radiotion offects all receivers including passengers by

direct transmission through the car shell.

2, Secondory re-radiation by vibration transmission also affects ali receivers;
it is of particular importance to interior car noise and to noise from elevated

lines,

3. Reverberant flelds greotly affect station noise and interior car noise when
underground. Reverberant fields aore both & sound path and a secondary

source,

F.3.4 Ropid Transit Noise Countermeasures

Countermeasures are most conveniently divided into those applying to treatment
of the cars and these which affect the right of way including stations, as wall as waytide

noise conditions,
After each countermeasure wili be noted a 1, 2, or 3 or o combination theroof

to denote that the countermeasure affects 1) in-station nolse; 2) interior car noise;

3) wayside noise, or combinations thereof,

Car Treatments

1. Wheel grinding and frueing (1, 2, 3) = (note: as will be indicoted with rail
grinding such good maintenance procedures are of paromount importance to

noise reduction).

F-17
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Reduce the unsprung mass (1, 2, 3) — [the unsprung mass including traction
motors, which are elastically mounted only on the Berlin subway {one of the
quietest In the world), directly affects the impact produced by any wheel/

rail irregularity or discontinuity].

Damped ond/or resilient wheels (1, 2, 3) - (the effect is more pronounced
for wheel screech on curves and there competes with track Iubrication; gains

are secondary to 1 and 2},

Seal doors and double glaze windows (2),

Acoustically enclose ond forced=-air ventilate motors {1, 2, 3},
Muffle air brake and door mechanism exhaust (1, 2, 3).
Imprave motar-gearing for less noise (1, 2, 3),

Increase interior car sound ebsorption {2}.

Increase transmission loss of car shell and vibration isolate floor of car (2),

| Right of Way Treatment

1,
2.

= e b
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Grind and true track (1, 2, 3) — of primary importance.
Weld rail or improve joints (1, 2, 3).
Lubricate curves (2, 3, sometimes 1) —must not affect into curve breaking.

Resilient rail mounting (1, 3, somewhat 2) - {note: this step apparently is
useful only up to a certain point; beyond this, naise will actually increase

due to freedom of rail te vibrate in @ 'string " made).
Resilient mounted concrete slab under tracks (1, 3).

Trackside barrlers (3) - (note: when of adequate height te have significant
wayside effect then, unfortunately, an increased reverberant field outside
the cors is produced. This should be countered by applying absorptive

material on the inside of the barrier).

F-18
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.
7. Pamping of elevated structures ar construction by reinforced cement
'm rather than steel only (some 2, large 3).
: 8. Absomptive treatment of underground stations, sidewalls and ceiling of
tunnels (1, 2).
_:',,., Costs and Reduction Potential
. Representative costs and potential reductions were taken from a study concerned
specifically with the Boston system; i.e., Mossachusetts Bay Transit Authority. Howaver,
ﬂ the general magnitudes involved are probably roughly representative of other systems,
i See Tables F.3-1and F.3-2.
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Table F,3-1

Approximaote Costs of Noise Reduction Treatment for Ropid Tronsit Railroads — Car Treatment

Noise Reduction Technique Reduction Patenticl Initial Cost Maintenance Cost
Damped/Resilient Wheels 1-2dB $1000/55000
Add Damping/New Wheels | .
Interior Car Abosrption 3 dB $1000/cor -
Improve Acoustic Seals 5-10dB $100/car -
Wheel Trueing 5-7d8 $250, 000 for Trueing Machine | $100/car per year :
Door Mechanism Repair end Malntain 10 dB $600/cor $30/car per year
Air Brake Muffling 15dB § 50/car -
Improvement on a New Car
Specification Basis
Interior Absorption 5dB
Acoustical Sealing All Openings 10 dB
Trued Wheals 5-7dB
Improved Quieter Door Actuators 10 dB $350, 000
Air Broke Vent Muffling 15dB
. per car
Double Glozed Windows 2d8
Car Wall Panel Damping 5d8
Quiater Transmission Gearing & Motor 10 dB '
Vibration Isolated and Quieted/ 10 dB
Enclosed Auxiliaries
Improved Vehicle Suspension 10 dB
L] [ ] ] [ [ < (343
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Table F.3~2
Approximate Costs of Noise Reduction Treatment for Rapid Transit Railroads — Line Treatment
Noise Reduction Technique Reduction Patential Initial Cost Maintenance Cost
Welded Rail (Joint Elimination) 6 toBdB 5 25/ft -
Improved Joints 5 dB $ 5/f -
Rail Grinding 8 dB $400, 000 $2/ft per Year
{Estimated Cost of Grinder)
Curve Lubrication 15 dB $4,000/curve -
Adjust and True Track Geametry 5dB -
Resilient Rail Fasteners 5 dB at grode $ 8/t $2/ft per Yeor
10 dB elevated
Resiliently Mounted Concrete Slab 15 to 20 dB $300/Ft -
Barriers Nenabsorptive 10 to 14 dB $ 80/t -
Absorptive 12 to 16 dit $100/Ft
Damping of Steel Elevated Structures Bto 12dB $100/f¢ -
Absorptive Treatment  Side Walls 5dB $ 32/%
in Tunnels Ceiling 5to 9dB $ 18/ft A”Uméng No Water
Both 10 to 12 dB $ 50/ft amage
Station Treatment Ceiling 7 dB $160/ft Assuming No Vandalism
Walls 5dB $ 64/ft Destryction

Additional Absorption Under Platform 5to 7dB $ 16/f -

Concrete Invert 5dB $ 18/t -
Absorptiva Barriers Between Tracks 12 to 16 dB $ 25/ -
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APPENDIX G

PRESENT VALUE ANALYSIS OF HEAVY TRUCK
NOISE REDUCTION COQSTS*

This Appendix should be read in conjunction with Chapter 7, Section 7.5 of the
main text. The first two sections are concerned with noise reduction measures at low

speed. The third section deals with high speed tire noise.

The allocation of heavy trucks to Spokane is conducted slightly differently from
that for automobiles. Rather than using registered vehicles as a guide, the percentage
of heavy truck mileage in the State of Washington to the total United States is used to
determine the heavy truck fleet for the State. This number is then factored by the
Spokane County to Washingten State population to arrive at the number assigned to
Spokane as follows:

Number of 1973 Truck Miles Number of ¢/ Population of
Heay Drut Trucks }= in Washington \ Heavy Trucks Spokane Count
Assi nzd foé okone \Truck Miles United Stufey in United States/ \ Total Washington
g P Population
_ . &% 283,077%** _
={0,007**) (1.5 x 10 )--—-—-—-——-3’ 552, B907 886 (G-1)

G.1 INCREASED NEW PRODUCT ACQUISITION COSTS

The consumer costs for new production units to achieve raduced noise levels
(re: SAE J34éb) are presented in Figure G.1-1, Effects on increased operation and
maintenance expenses are summarized in Table G.1-1. The sequel develops the present
value cost analysis to achieve the levels of noise reduction identified in Chapter 6 by
Cases 1 through 7 of Figure 6,2-1.

All relative and absolute sound levels in dB are A«weighted levels unless
otherwise specified,

“Source: Reference US

MwSc»un:e: Reference U3
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Figure G.1=1. New Production Heoavy Trucks: Costs to Consumer
for Reduced Noise Emission. Assumed is a Heavy
Duty Diesel Truck Costing About $30,000,G3
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Table G. 1~1
Summary of Increased Operating Costs for Heavy Trucks
-~ Resulting from Modifications to Achieve Reduced Noise Emission
Level of Noise Reduction
Achieved
(Re: SAE J366b) Increased Operating Costs/Formulation*
m 80 dB + $75 per year in maintenance to
_‘ remove partial engine enclosure
; for service,
‘ 75dB + $365 per year in maintenance to
el remove full engine enclosure for
; service.
Loss in payload capacity resulting
: from ~ 400 pound full engine
od enclosure = 0,0675 x (AGVW) =
0. 0875 (400 pounds) = $27 per
i year.
a Reduced performance due to
}“ increased back pressure in exhaqust
: system = $7 per year per inch
§ H20 increase in pressure, **
: *Source: Reference A5,
§
E **Section 6.2, 3 discusses the advantage of using a demand=type fan
; cluteh. The gain due to its use would probably at least balance
H the losses due to increased back pressure.
i
o)
|
s
[
|
i
.
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First we list the general assumptions covering all analysis cases, with specific

assumptions being considered under the treatment of each case,

Assumptions

a. Annual ote of growth in Spokane heavy truck fleet is 4.4 percent, This figure

is based upen a compilation of new truck registration statistics indicating a 10.7

-~
percent rate and annual serapping rate of &, 3 percent for the United States from X
1955 to present. Source: Reference A4,
b.  Useful life of a heavy truck: 14 years.
)
€.  Average useful life remaining of existing fleet {for retrofit analysis): 8 years,
d.  Increased operating costs due to emission of reduced noise levels: Table G.1-1.
e, Range of increased acquisition costs due to noise reduction: Figure G.1-1, a
{Note that for the onalysis year, 1978, no new production nor retrofit below the
level of 80 dB (SAE J346b) is considered technically nor economically feasible.)
Analysis: o
Determine discounted number of future units:
Number of New 1973 Units\ _  ( Total 1973 Fleer | _ (Average Annual |
Chorged to Spokane ~  |Charged to Spokane New Vehicle -
= Registration Rate
= {886} x (10.7 percent) = 94.8 (G-2)
10 percent Discounted Growth Factor at +4,4 percent overall annual growth rate ~

from Figure 7.2-1:18.3 (see discussion at beginning of Section 7.2).
Thus: Discounted number of future units = (18.3) (94.8) = 1735.
Now, considering the various new production/retrofit scenarios individually, we

treat first the new manufacturing costs with any associated increased operational expenses

and, secondly, the retrofit analysis in Section G.2.

WYLE LABORATORIES
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Case | MNew production at 86 dB (SAE J366b) (current production levels) through
1973, no retrofit of existing fleet.
-~
Analysis: No increased costs associated with this case.
Case 2 New production at 86 dB (SAE J366b) through 1978 (no cost - Re: Cose 1)

- and retrofit of existing fleet to 86 dB,

Case 3 New production ot 86 dB (SAE J366b) for 1974 ond 1975 (no cost -

Re: Case 1}, followed by new production at 83 dB for 1976 through 1978,
Retrofit existing Fleet to 86 dB.

iy

: Analysis: To determine the discounted number of new production units which
incur additional costs due to reduced noise emission, we take the

: total discounted number of future units and subtract the discounted
” number of 1974 and 1975 units (Re: Figure 7.2-2):
Discounted number of future units: 1735 - 89.9 - B5.2 = 1560
1
: Range of inzreased acquisition costs (Re: Figure G.1-1):
:® $300 to $600/unit
: Range of present value of increased acquisition costs:
($300 to $600) (1560) = $468, 000 to $936,000
3 No increased operating costs are anticipated for this level of reduction.
I
it
f’ Case 4 New production at B3 dB (SAE J366b) through 1978, retrofit existing fleet
P fo 86 dB,
}‘I . I + [l -
;,{ Analysis: Range of increased acquisition costs (Re: Figure G.1-1):
$300 to $600/unit (no increased operating costs)
‘l
5
f Thus, range of present value of increased acquisition costs:
1 ($300 to $600) (1735) = $520,500 to $1, 041,000

&

%
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Cose 5

New production ot 83 dB (SAE J366b) through 1978, retrofit existing
fleet to 83 dB,

Analysis: Range of increased acquisition costs as in Cose 4:

Case 6

3520, 500 to 31,041,000

New production at 83 dB (SAE J366b) for 1974 and 1975, followed by
new production at 80 dB through 1978, Retrofit existing fleet to 83 dB,

Analysis:

a.

Case 7

S MR IR R b

Range of costs for production ot 83 dB: $300 to 5600
Discounted number of 1974 and 1975 units (Ref, Case 3): §9.9 +85.2 =175

Range of increased acquisition costs for 1974 and 1975 units:
($300 to $400) (175) = $52,500 ro $105, 000

No increased cperating costs ot this level.

Range of costs for production at B0 dB (Re: Figure G.1-1): $450 to $900
Discounted number of 1976 units and thereafier (Ref. Case 3): 1560

Range of increased acquisition costs for 1976 units ond thereofter,
($450 to $900) (1560) = $702, 000 to $1,404,000.

Increased operating costs for 80 dB trucks (Re: Table G.1-1): $75/year

Thus:
Present Value of Increased Present Value
Operating Costs Over | = 75x| i=10percent | =75x 7,824
186 Year Life Per Unit / n = 16 years = $587 {G-3)

Thus, the total present value of increased operating costs for all B0 dB
trucks = ($587/truck) {1560: Discounted number of Future units) = $914,000,

New production at 83 dB (SAE J36éb) for 1974 and 1975, followed by new
production ot 80 dB through 1978. Retrofit 1974 and 1975 units and
existing fleet to 80 db by 1978.
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Analysis: Present value of increased ocquisition casts of new production units

as in Cose &:

0.  Production of 83 dB trucks in 1974 and 1975: $52, 500 to $105, 000
b.  Production of 80 dB trucks from 1976 on: $702,000 to $1,404,000
c. Increased operating costs for 1976 units on:  $914, 000

The retrofit analysis for all cases follows.

G.2 NOISE REDUCTION RETROFIT ANALYSIS

Table G.2-1 presents an analysis of the Spokane heavy duty truck fleet through
the 1978 time period.

Upon reaching the 83 to 80 dB range of required noise levels, the costs are
very similar, since it is assumed thot the same approaches would be pursued for both

levels if done on a retrofit basis.

The total cost range for each plateau of noise |evel desired is derived by assuming
the lowest figure on the quietest truck to achieve plateau and then the sum of all the

possible component costs to quiet the loudest truck.

Retrofit means modifying and/or replacing companents. These medifications
are progressively more involved as the required noise level of the trucks is reduced. All
of the modifications are assumed to modify the truck in a manner that would not void
factory warranties. This would include compliance with cooling specifications, exhaust

back pressures, and infake pressure drops.

There are no costs inserted for the testing and evaluation necessary to establish

component noise reduction, nor are there any costs shown for compliance testing.

Figure G.2-1 illustrates the distribution of a range of SAE J366&b noise emission levels
for heavy trucks aged 2 years or less as compiled by the SAE Vehicle Sound Level Committee.
Such distribution data is not aveilable for older vehicles and the values shown are
assumed, Thus, the cost of retrofitting the existing truck fleet to achieve various levels
can then be derived as illustrated in Table G.2-4 by using the cost figures in Table
G.2-3 and the assumed truck populations shown in Figure G.2-1.
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Table G

.2-]

Analysis of Spokane Heavy Truck Fleet Through 1978

Number of
Heavy Duty Total Fieet
Trucks at Number Added ot Year End
Beginning of Number Scrapped (10.6% Average  ({4.3% Average
Year Year (6.3% Averoge Rate*} | NewRegistrations*) | Growth Rate*)
1973 88é 56 25 925
1974 925 58 99 P66
1975 Q66 61 103 1008
1976 1008 64 108 1053
1977 1053 66 12 1099
1978 1099 |

*Based upon averaging of new vehicle registrations and annual serappage statistics
from 1955 to present — Source: Reference A4,

Of the 1099 heavy duty trucks charged to Spokane in 1978, 518 are new praduction

units {since 1973) and 58] are pre-1973 potentially requiring noise reduction retrofit.

We have chosen to categorize the heovy truck population accerding to vehicle age

and hence, define their mean noise levels as a function of their age.

able to define the major components respensible for the resultant noise levels for specific

segments of the vehicle fleet, This breakdown can be generated from various noise source

Thus, onhe is then

identification pragrams completed an trucks and noise survey progroms of in-service

vehicles. The distribution of the heavy truck fleet aceording to ope is shown in

Table G.

o T sy gt e b £
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Table G.2-2
Age Distribution of U, 5. Heavy Truck Fleet (Reference L5)
Number of Vehicles

Vehicle Age Group Percent of Total (Thousands)
Less than 2 Years ‘ 19.5 294

2 to 5 Years 42,3 636

5to 10 Years 21.8 328
Greater than 16.4 244

10 Years

Totals 100.0 1,504

Table G.2-3 is a tabulation of the various costs associated with the nolise reduction
required for a truck of a particulor noise level to meet a specified desired noise level
{SAE J366b). These data have been projected fram manufacturers who are warking on
retrofit programs ond from some who have worked on retrofit programs. The cost figures
at this point in time would seem to be reasonable and realistic based upon the present
state-of-the-ort. The percentage of trucks requiring revision must necessorily be
estimated figures, but they still hold some validity. It has not been assumed that all
trucks will need muffler replacements. As an example, one quickly approaches «
noise level where the exhaust, cooling system, and engine mechanical noise may alter-
nately assume the role of predominance within different models of trucks. The lower
noite level trucks will require noise reduction of one or more major components, but not

all, since the major noise sources will hove been reduced in the manufacturing stage.
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Toble G.2-3

WYLE LABORATORIES

~~
Bstimated Cost to Relrofit Heavy Duty Trucks
(References A5, C5, F4, G2, P3, and W5 Have Been Used for Cost Data and for Determining
Required Component Changes, References J2, 57, S8, and T1 Only for the Latter)
T
-~ Noisa Level |Existing Naise Estimated Cost [Percent of Trucks Exceeding | Estimated Ronge of Costs ta
: to be Achieved®| Level of Truck® Required Per fem Specification Noise Level [Retrofit In=Service Vehiclos
db dB Treatmeont $ ond Requiring Companents
50 92 Exhaust! 50-100 100 50-100
Tetal Range 50-100
N 21 [— 22 . ...E.’flf,",‘if!l_.»ﬂ,.F. L. Se-1w 100 | _ 50
: 90 Exhaust? 50-100 g0 50-100
Tolal Range 50-100
Exhaust! 100 100
; 92 Cooling System* 130-200 75 100-450
) Engine® 80-150 25
' 8 : Exhaust’ 50-100 100
20 Cooling Systom' 130200 75 50-450
Engine® | 80-150 10
. - JPE I ~
- 88 Exhaust 50-100 50 50-300
Ceoling System* 130-200 50
i Total Range 50-450
Exhayst® 100-150 100
i 92 Cooling System’ | 285-400 100 285865
e Engine® 100-200 50
i lntcke® 115 30
& Exhoust® 100-150 100
3 . 7 =
éf o0 Cooling System 285-400 160 385865
¢ Engine® 100-200 50
', L 83 Intake? _ 115 25
B Exhaust 100-150 75
’. 88 Cooling Systom? 285-400 75 200-865
;. Englne* 100-200 50
L Intake® ns 20
i :
E Exhaust 100-150 5
5 ! .
y 84 Cooling System 285-400 50 100-B85
n Engine? 100-200 50
; Intake® 115 10
4 Total Range 100-845
é
i
j
?
¥
L -
;
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Table G.2~3 (Continued)

Nofe Level [Existing Noise Estitnated Cost IF‘wmnr aof Trucks Ex::"u(lin? Estimated Kange of Costs 1o
to be Achieved®|Lovel of Truck™ Required Per ltem Specification Noise Level |Retrafil [n-Service Vehicles -~
dB db Treatment $ ond Requiring Components
Exhaus® 100-150 100
92 Cooling Systerm’ 285-400 100 400-845
Englne? 100-200 100
Intake® 115 100 o
Exhoust® 100-150 100
90 Cooling System’ 285~400 100 485-845
Engine’ 100-200 100
Intake® ) 115 7_’5_‘ -
Exhoust! 100-150 100
50 o8 Coaling System! | 285-400 100 485865
Engine® 100-200 100
Intake® 115 50 o :
Exhaust! 100-150 50 o
26 Cooling System’ 285-400 100 485-B85
Engina® 100-200 50
Intake! 15 25
[ Exhaut® 100-150 25 ;
Cacling System’ 285-400 50 o
83 Engine® 100-200 100 100-865 :
‘Intoke* 115 10 :
Total Range 100-8465 E
"Muiflor and Tabar, “
IMufiler and labor. \
’Mu!flnr, new axhaust tubing and labor, )
4Reviston of coaling system: install radiator recirculation shields, new shroud, new fan, lan pulley, and labor, l
*Englno panels and labor.

*Muffier (dowble wall), resonator chambers, exhoust stacks, replacement of exhoust flex tublng with ballpoint

connactars and labor,

’Tempummru-:enslﬁva fan clutch and fon radictor recisculation shields, new shroud or rework o3 in Number 4,

ond labor,
*Engine panels, tear panel snclosura for cab and laber.
*Tuned intuke with intepral suppressor and Jabor.,

*As dolermined by SAE J34&b (at 50 feet)
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Table G.2-4
- Range of Retrofit Costs to Achieve Given Noise Lavels
(J366b) Mumber of Trucks
Dasired at Given Levels | Range of Costs
‘ Noise Level {Thousands) Per Truck Range of Total Costs
- dB Age dB: Number %
86 10 yrs + 92+; 132 100-450 13,200-59, 400
90-92; 103 100-450 10,300-46, 350

- 88-90; 41 50-450 2,050-18, 450
é | 86-88: 9 50-300 450 2,700
! 5-10 yrs 9241 127 100-450 12,700-57, 150
: 90-92; 191 100-450 19,100-85,950
. 88-90: 191 50-450 9,550-85,950
86-88: 89 50-300 4,450-26,700
2-5 yrs 92+; 23 100-450 2,300-10,350
® 90-92; 26 100-450 2,600~11,700
; 88-90: 66 50-450 3,300-29,700
B86-88; 98 50-300 4,900-29,400
£ <2 yrs 92+ 2 100-450 200- 900
@ 90-92;: 7 100-450 700- 3,150
g 88-90: 10 50-450 500- 4,500
L 86-88: 34 50-300 1,700-10,200
;
; ® Total 88,000-482, 550
\’ Avemge Cost Per Vehicle: $77 to $420
i@
}
I
}
M
f
4
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Table G.2-4 (Continued)

(J366b) Number of Trucks
Desired at Given Levels | Range of Costs
Noise Level (Thousands) Per Truck Range of Total Costs
dB Age dB: Number % 3

83 10 yrs + 92+: 132 385-865 50,820-114,180
90-92: 103 J85-865 39,655~ 89,095

88-90: 41 385-845 15,785~ 35,465

86-88: 9 200-865 1,800~ 7,785

83-86: ¢ 100-865 ?00- 7,785

5-10 yrs 92+; 127 385-845 18,8%95-109,855

90-92: 19] 385-865 73,535-165,215

88-90: 191 385-865 73,535-165,215

84-88: 89 200-865 17,800~ 76,985

83-86: 25 100-865 2,500~ 21,625

2-5yrs 92+; 23 385-865 8,855~ 19,895

90-92: 26 385-865 10,010~ 22,490

88-90: &6 385-865 25,410~ 57,090

86-88: 98 200-865 19,500~ 84,770

83-86: 98 100-865 9,800~ 84,770

<2 yrs 92+ 385-865 700- 1,730

90-92; 385-865 2,695~ 6,055

88-90; 10 385-865 3,850~ 8,650

B&-88: 34 200-845 6,800- 29,410

83-86: 111 100-865 11,100- 94,015

Total 424,115-1,204,080

Avarage Cost Per Vehicle: $305 to $865

S i L - mend T
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- Table G.2-4 (Concluded)
(J 366b) Number of Trucks
Desired at Given Levels | Range of Costs
- Noise Level {Thousands) Per Truck Range of Total Costs
dB Age dB: Number ] $
80 10 yrs + 92+; 132 600-865 79,200-114, 180
90-92: 103 600-865 61,800~ 89,095
~ 88-90; 41 485-865 19,885~ 35,465
| 86-88: 9 485-865 4,365~ 7,785
83-86; 9 385-865 3,485- 7,785
- 5-10 yrs 92+ 127 600-865 76,200-109,855
; 90-92: 191 600-865 | 114,600-165,215
38-50: 171 485-865 92,635-165,215
- 86-88: 89 485-865 43,165~ 76,985
- | 83-86: 25 385-865 9,625- 21,625
80-83; 13 100-400 1,300- 5,200
2-5 yrs 92+: 23 600-~845 13,800~ 19,895
3f. 90-92: 26 600-685 15,600~ 22,490
88-90: 66 485-865 32,010~ 57,090
86-88: 98 485-865 47,530~ 84,770
83-86: 98 385-865 37,730- 84,770
‘e 80-83: 10 100-400 1,000- 4,000
<2 yrs 92+ 2 600-865 1,200- 1,730
90-92; 7 600-865 4,200~ 6,055
. 88-90; 10 485-865 4,850- 8,650
: 86-88: 34 485-865 16,490- 29,410
83-86: 111 385-865 | 42,735- 96,015
§0-83: 62 100-400 6,200~ 24,800
E’ - Total 729,585-1,238,080
% Average Cost Par Vehicle: 5494 to 3865
.
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Table G.2-5

Summary of Average Range of Costs Per Unit to
Retrofit the Existing Heavy Truck Fleet to
Specified Lavels of Noise Emission

Noise Level Achieved
Through Retfrofit Average Range of Costs
{Re: SAE J346h), dB Per Truck
8é $ 77 to $420
83 $305 to 5865
% 80 $494 1o $865

, Table G.2-5 summarizes the results of Table G.2-4 for costs of noise reduction

retrofit to the existing fleet to achieve defined noise levels as shown.

Hence, to achieve the overall fleet noise reductions as indicated in Cases 2
through 7, Figure 6,2-1, we wish to reirofit 116 units per year over 5 years to yield

treatment of the total existing fleet in the 1978 time period of 58] units. Thus, to

assess retrofit costs, we must first arrive at the discounted number of units treated

aver the 5-year compliance period as presented in Table G.2-6.
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Table G.2=6

Determination of Discounted Number of Heavy Trucks
for Retrofit Analysis

R

~

} Discounted

: Number of PV Discount Number of Units

Year Vehicles Retrofitted Factor at 10% Treated

™

; 1973 16 1.0 16

! 1974 116 " 0.909 105.4

; 1975 116 0.826 95.8

L 1976 116 0.751 87.1

5 1977 116 0.683 " 79.2

1978 0

" Totals 580 4.17 483.5

Thus, the present value of all retrofit costs (excluding any increased operating

. o

v costs) to achieve o specific noise level reduction for the fleet will equal the average

cost to retrofit a single unit to the specifiad noise level multiplied by the "discounted

5 number of units treated" (483.5).

} ® The assignable retrofit costs for the 1978 Spokane, Washington analysis are

“ summorized below:

:: Cases 2, 3, and 4: Retrofit to 86 dB (SAE J366b). Estimoted range of costs/vehicle to

. @ achieve 86 dB (Table G.2-5) = §77 to $420/vehicle x 483.5 (Discounted

p Number of Units Treated) = $37,200 to $203,000,

i Cases 5 and é; Retrofit to 83 dB (SAE J366b). Estimoted range of costs/vehicle to

el achieve 83 dB (Table G.2-5) = $305 to $865/vehicle x 483.5 = $147,500 to

é $418,200.

i
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Case 7: Retrofit existing fleet to BO dB and retrofit 1975 and 1975 production from
83 to 80 dB. Asshown in Section 7.4, 2 for automobiles, the total costs are
alse calculated with the retrofit hardware costs tripled for the retrofit labor

cost sensitivity substudy {indicated by brackets ([ 1)),

a. Existing fleet to BO dB at $494 to $865/vehicle x 483.5 = $238, 900 to
$418,200 [ 716,700 to 1,254,6001.

Increased operating cost:  $75/year x (5.335) = $400/vehicle
Therefore: PY (OC) = $400/vehicle x 483.5 = $193, 400,

b. Retrofit 1974 and 1975 production from 83 to B0 dB: 99 units produced
in 1974 - require retrofit in 1977; 103 units produced in 1975 - require
retrofit in 1978; thus, from 1973, the 1974 units need be treated in
4 years (hence, discount foctor of 0.7513), and the 1975 units will be
treated in 5 years (discount foctor of 0,683). Thus, the discounted number
of these units to be treated = 99 x 0.7513 + 103 x 0.683 = 144.7. The
average cost/unit to retrofit from 83 to B0 dB = $100 to $400/unit x 144.7 =
$14,500 to $57,900 (43,500 to 173,7001.

Costs of operation of retrofitted 80 dB units are assumed identical to the
BO dB production units (see Section G.1, Case 6, item c), Hence,
{144,7 units) (8587/Unit) = $85,000,

Thus, the range of present value of total cost for each analysis case
consists of the sum of increased acquisition cost plus increased operating
costs for retrofitted units, These costs are summarized in Table G.2-7 and
resultant noise reduction (re: the analysis conducted in Section &.2) versus

' cost function for low~speed heavy trucks is given in Figure G.2-2.
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Summary of Present Value of Total Costs ta Achieve Heavy Truck Naoise

Ay sy

Table G,2-7

Reduction Scenario Cases | Through 7(1) [Case of Tripled Retrofit Hardware Costs in Brackets ]

Ronge of Present Volue of Costs ta Achieve Noise
Reduction Scenario, in Millions of 1973 Dollars(2)
Resultant Low Increased
Speed Noise Increosed Increased Retrofit | Operation -
Noise Reduction Scenario Reduction, dB New Operation = | Existing | Retrofitted
(Noise Levels re:SAE J3656b) (re: Section 6.2) | Acquisition | New Units Fleet Units Total
Case 1, Continue praduction 2.7 0 0 0 0 0
af 86 dB = no retrofit
Case 2, Continue production 4.7 0 0 0.04 to 0 0.04 to
at 86 dB ~ retrofit to 86 dB 0.20 0.20
Case 3. 1974 ond 1975 pro- 5.3 0.47 to 0 0.04 to 0.51 to
duction at 86 dB, 1976 + 0.94 0.20 1.14
production ot 83 dB - retrofit
to 85 dB
Caso 4. New production ot 5.8 0.5210 0 0.04 to 0 0.56 to
B3 dB = retrofit to 86 dB 1.04 0,20 1.24
Case 5. Mew production at 7.7 0.52 ta 0 0,15 to 0 0.67 to
83dB = retrofit to 83 dB 1.04 0.42 1.46
Case 6. 1974 and 1975 pro- 8.3 0.75 to 0.%2 0.15 to 0 1.82 to
duction at 83 dB, 1976 + 1.51 0.42 2,85
production ot 80 dB - retrofit
to 83 dB
Case 7. 1974 and 1975 pro~ 10.7 0.75to 0.92 0.26 1o 0.27 2.2t
duction at 83 dB, 1976 + 1.51 0.476 3.17
production ot 80 dB ~ retrofit [0.76 to [2.7 to
1974 & 1975 ond existing 1.43] 4.13]
fleet to 80 dB

“)Scenarios defined in Figure 6.2-1,
(2)Costs for only the truck population assigned to Spokane, Washington,
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Present Value of Total Costs to Spokane in Millions of 1973 Doilars

™

g i § bk e o e A

Reduction in Fnergy-Mean Level at Low Speed, dB
{Results Obtainable in 1978)

Figure G.2-2, Present Value of Heavy Truck Noise Reduction Costs
[ Case of Tripled Retrofit Hardware Costs: Multiply
Cost Functions by 1.3 (= (4.13+2.7)/ (2.2 + 3,17),
from Case 7, Table G.2-7))
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G.3 HIGH SPEED MQOISE REDUCTION

We define high speed as greater than 35 mph. As mentioned in Section 6.2,
the dominant noise source for the majority of heavy trucks ar these speeds is tire noise.
By replacing crostbar-design tires with rib-design tires, a reduction of the arder of
5 dB can be achieved.T3 The associated economic penalty is rather severe as the
analysis below will show. The economically more attractive selution of retreading rib
tires to gain additional {ife at nominal cost (~ $30) is not satisfactory because many
trucking companies prefer for safety reasons that at least helf of the drive tres not be

retreaded.

The sequel presents an analysis of the costs to elimingte crossbar tires from the
driving axles. The costs are expressed simply as increased operating costs over the life
of the truck. First, the relative new costs and expected life of two crossbar designs

are considered versus the quiet rib design as shawn in Table G.S—I.Rs

Table G.3-1
Relative Costs of Heavy Truck Drive Tire Tread Designs

Tire Cost/Year at 35,000
Tread Design New Life Cost/Mile Miles Per Year
Rib $130 50,000 $0.0026 $21.00
Rayon=-Crossbar $143 70,000 $0.00204 $71.50
Steel Radial-Crossbar| $200 100-130,000 | $0.00174 $60.87
{use 115, 000)

Assumptions Governing Analysis:

oA B Bl T e e ey G g erat b a1 A o b ST

Average annval mileage: 35,000 miles/year {average heavy duty truck)

(Source: Reference U5, Figure 7).

Thus, we may compute the expected life of each tire design:
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Rib: % = 1.43 years
Rayon Crossbar: % = 2 years

Steel Radial-Crossbar: -13—155 =3.29 years

Next, we wish to compute the expected number of tire changes per year

as follows:

Number of changes =+

=2
it

Thus:
Rib: 1/1.43 = 0.7
Rayon Crossbar: 1/2 = 0.5
Steel Radial Crossbar: 1/3.29 = 0.3

And, the tire change cost/year per tire ot o $12/hour labor rate with a single tire change
requiring 0.5 hours; thus, 0.5 x $12 = $6/change

Rib: 0.7 x $6 = $4.20
Rayon Crassbar: 0.5 x $6 = $3.00
Steel Radial Crossbar: 0.3 x $6 = $1.80
Combining the above-determined costs yields the total operating cost per year per
heavy truck:

Increased Cost with Respect
to Rib, per Tire

Rib: ‘ $91.00 + $4.20 = §95.20 0
Rayon Crossbar: $71.50 + $3.00 = $74.,50 +$20.70
Steel Radial Crossbar: $40.87 + $1.80 = $62.467 +$32.53

Finally, we assume that each truck is "charged" for & drive rires, These tires must be
new - not retreaded; therefore retread economics will not be considered in this analysis,
The range of increased operating costs per heavy duty truck resulting from restrictions on

crossbar-design tires on the driving axles is computed below:
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6 tires/truck x $20.70 to $32.53 = $124.20to $195.18

~ The present value of these costs per truck over the truck's total useful life of
16 years moy be determined by multiplying the annual ronge of costs by the present

value factor defined as follows:

- Present Value (1 +i-

_f i = 10percent | = " = 7.824 (G-4)

E n =16 years i(1+i)

‘- Thus, the present value per truck = (7.824)($124,20 to $195.18) = $972 to $1527/vehicle.

Finolly, using the total number (1735) of discounted future heavy trucks in the

Spokane fleat from the previous analysis in Section 7.5.1, we may arrive at the total

assignable costs for erossbor tire restrictions:

iy

: ($972 to $1527/vehicle)(1735) = $1.7 to §2.7 million 1973 doliars.

i‘ Tt should be pointed out that retrofit of trucks with quieter tires is assumed to be

é@- ® accomplished on a phased schedule at the time normal tire replacement is required.
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