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1. INTRODUCTION

1.1 PURPOSE

Noise and vibration assessments are key dements of the environmental impact assessment process for mass
transit projects. Experience has shown that noise and vibration are among the major concerns with regard to
the effects of a transit project on the surrounding community. A transit system is of necessity placed near
population centers and often causes significant noise and vibration at nearby residences and other sensitive
types of land use.

This manual is intended to provide guidance in preparing and reviewing the noise and vibration sections of
environmental submittals from grant applicants. In the interests of promoting quality and uniformity in
assessments, the manual will be used by project sponsors and consultants in performing noise and vibration
analyses for inclusion in environmental documents. The manual sets forth the methods and procedures for
determining the level of noise and vibration impact resulting from most federally-funded transit projects and
for determining what can be done to mitigate such impact. Since the methods have been devel oped to assess
typical transit projects, there will be some situations not explicitly covered in this manual. The exercise of
professional judgment may be required to extend the basic methods in these cases.

1.2 THE ENVIRONMENTAL REVIEW PROCESS

TheFederal Transit Administration (FTA) provides capital assistancefor awiderangeof masstransit projects
— from completely new rail rapid transit systems to bus maintenance facilities and vehicle purchases. The
extent of environmental analysis and review will depend on the scope and complexity of the proposed project
and theassociated environmental impacts. FTA'senvironmental impact regulation classifiesthemost common
projects according to the different levels of environmental analysis required, ranging from an Environmental
Impact Statement (EIS) to little or no environmental documentation (Categorical Exclusion). FTA's
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environmental impact regulation is codified in Title 23, Code of Federal Regulations, Part 771.%"

1.2.1 Environmental Impact Statements

Large fixed-guideway projects, such as heavy rail, light rail, commuter rail and automated guideway transit
systems, normally require environmental impact statements including an in-depth noise and vibration
assessment. While there may be exceptions to the EI'S requirement, in the great majority of cases new rail
starts or extensions to existing systems involve environmental effects which are significant in the context of
the National Environmental Policy Act (NEPA). Because they are located in dense urban areas, noise and
vibration impacts are a frequent concern; thusit islikely that for thelargeinfrastructure projects requiring an
EIS, the most detailed treatment of noise and/or vibration impacts will also be required.

There are other projects as wel which may require a detailed analysis of noise and vibration impacts even if
an EISis not required to comply with NEPA. These could be bus/high-occupancy-vehicle (HOV) lanes built
on existing highways or construction of certain bus or rail terminals and storage and maintenance facilities.
If the project is proposed to be located in or very closeto a sensitive area or site, it is prudent to use the most
detailed procedures contained in the manual to predict noise and/or vibration levels since thiswill provide the
most reliable basis for considering measures to mitigate excessive noise/vibration at a specific site.

1.2.2 Categorical Exclusions

At the other extremeisahost of smaller transit improvement projects which normally do not cause significant
environmental impacts and do not require noise and vibration assessment. These projects are listed as
"categorical exclusions' in FTA's environmental regulation, meaning that FTA has predetermined that there
areno significant environmental impactsfor thosetypes of projectsand no environmental document isrequired.
Examplesare: vehicle purchases; track and railbed maintenance; installation of maintenance equipment within
the facility, etc. Section 771.117(c) contains a list of transit projects predetermined to be categorical
exclusions.

Other types of projects may also qualify as categorical exclusions, for example, certain transit terminals,
transfer facilities, bus and rail storage and maintenance facilities (see 23 CFR 771.117(d)). These projects
usually involve more construction and a greater potential for off-site impacts. They are presented in the
regulation with conditions or criteria which must be met in order to qualify for categorical exclusion. The
projects are reviewed individually by FTA to assure that off-siteimpacts are properly mitigated. Depending
ontheproposed project siteand the surrounding land use, anoise and vibration assessment may be needed even
though the project may ultimately qualify asa categorical exclusion. Thescreening processin Chapters4 and
9 will be helpful in pointing out potential noise and vibration concerns and the general assessment procedures
may then be used to define the level of impact.

"References are located at the end of each chapter.
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1.2.3 Environmental Assessments

When a proposed project ispresented to FTA, if it isuncertain whether the project requiresan EIS or qualifies
as a categorical exclusion, FTA will direct the applicant to prepare an Environmental Assessment (EA).
Generally, an EA is sdected (rather than trying to process the project as a categorical exclusion) if the FTA
reviewer fed sthat several types of impacts need further investigation, for example, air quality, noise, wetlands,
historic sites, traffic, etc. An EA is a reatively brief environmental study undertaken to determine the
magnitude of the impacts that will likely be caused by the project. If, during the analysis, it appears that any
impacts are significant, an EIS will be prepared. If the analysis shows that none of theimpactsis significant
or if mitigation measures are incorporated in the project to adequately deal with adverse impact, the
Environmental Assessment will fully document this and serve as the basis for a Finding of No Significant
Impact issued by FTA. It is important to note that when mitigation measures are relied on, they must be
describedindetail inthe Environmental Assessment sinceFTA'sfindingisconditioned ontheinclusion of these
measures as an integral part of the project.

FTA'senvironmental regulation does not list typical projectsthat require Environmental Assessments. AnEA
may be prepared for any type of project if uncertainty exists about the magnitude or extent of the impacts.
Experience has shown that most of the EA's prepared for transit projects reguire an assessment of noiseand/or
vibration effects.

1.3 RELATIONSHIP OF NOISE AND VIBRATION ANALYSIS TO TRANSPORTATION
PLANNING AND PROJECT DEVELOPMENT

The above discussion on how transit noise and vibration analysis fits into the environmental review process
assumes that environmental analysis is focused on a single preferred alternative (with respect to mode,
location/alignment, and operating features). This narrow focus is appropriate where reasonable alternatives
arelimited or non-existent, for example, extension of arapid transit lineon an abandoned railroad right-of -way.
However, major infrastructure projects usually evolvefrom different levels of study which, first, help to define
the need for additional capacity and then provide the framework for comparing and contrasting alternative
infrastructure investments.

At the early systems planning level, the focus is on predicting future travel demand and identifying the need
for additional capacity on segments of the regional transportation network. Environmental concerns may be
aconsideration at thisstage, particularly long-rangeland-useand devel opment impacts, but noiseandvibration
assessments are not typically conducted since alternative strategies lack the necessary detail. Once the need
for some type of major infrastructure improvement” is established and if there is the potential for federal

" Major masstransportation investments are defined as new fixed-guideway facilities (rapid rail, light rail, commuter
rail, busways, automated guideway transit, and people movers) or substantial changes to existing fixed-guideway
facilities, such as the addition of lanes or tracks. Extensions of one mile or moreto existing systems will generally fit
under this definition. Other types of projects may also fit the definition (e.g., large multi-modal terminals) if they are
high-cost infrastructure improvements expected to significantly affect capacity, traffic flow, level of service, or mode
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funding, the metropolitan area will undertake a Major Investment Study. As set out in the joint Federal
Highway Administration (FHWA)/FTA metropalitan planning regulation,® the Major Investment Study is
essentially a structured examination of alternative strategies for the purpose of identifying the best course of
action in a specific corridor or subarea. The study is broad-ranging to the extent that it often covers
"transportation systems management” actions and multimodal alternatives in addition to traditional highway
and transit infrastructure investments.

Provisions in the metropolitan planning regulation describing corridor or sub-area studies make it clear that
environmental considerations are an essential part of the analysis of alternatives. These studies will be used
as significant input to the federal environmental document (EIS or EA), or the option is given to have the
corridor or sub-area study itself serve as the Draft EIS or EA. While there is no requirement that noise and
vibration be one of the environmental factors considered, local sponsoring agencies will often eect to address
this subject. The screening and general assessment procedures described in this manual are well-suited to
compare and contrast noise/vibration effects across different modes and alignments without getting into the
detailed analytical procedureswhich areusually reserved for asinglepreferred aternative. Infact, thegeneral
assessment procedures were developed, in part, to respond to this need. In addition, they can be used for any
specific project where the screening procedure indicates the potential for noise/vibration impacts.

The Major Investment Study leads to the sdection of a preferred alternative by the state and local agencies
involved inthe study. If amajor infrastructureinvestment is proposed, the project movesinto the preliminary
engineering phase. Thisisthestageat which detailed, site-specific noiseand/or vibration analysisisconducted,
if it isneeded. If federal funding for construction will be sought, the results of this analysis will be reported
in the federal environmental document (EIS or EA). The main objectives of the NEPA process areto givea
full and accurate reporting of the project's likely impacts and al so to describein specific terms how thefederal
agency and project sponsor will avoid or mitigate those adverse effects caused by the project. Thus, in the
preliminary engineering phase, the emphasis shifts toward refining information for the proposed project. The
detailed analysis procedures in this manual depend on the type of information and the level of design produced
during preiminary engineering for amajor transit project. After the NEPA processis completed for a major
project, federal funding for final design and construction may begranted. During thefinal design phase, more
detailed studies may be undertaken, particularly for vibration impacts, in order to further refine the measures
which will be used to limit excessive noise/vibration levels.

Consideringthat transit projects must, of necessity, belocated amidst or closeto concentrations of people, noise
and vibration impacts can be a concern throughout the planning and project development phases. This manual
offers the flexibility to address noise and vibration at different stages in the development of a project and in
different levels of detail depending on the types of decisions which need to be made.

share in the corridor or sub-area.
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Therearethreelevds of analysis which may be employed, depending on the type and scale of the project, the
stage of project development, and the environmental setting. Thetechnical content of each of thethreelevels
is specified in the body of this document, but a summary of each level is given in the following paragraphs:

Screening Procedur e— | dentifies noise- and vibration-sensitiveland usesin thevicinity of aproject and
whether thereis likdy to beimpact. It also servesto determine the noise and vibration study areas for
further analysis when sensitivelocations are present. The screening process may beall that isrequired
for many of the smaller transit projects which qualify for categorical exclusion. When noise/vibration-
sensitive receivers are found to be present, there are two levels of quantitative analysis available to
predict impact and assess the need for mitigation measures.

General Assessment — Identifies location and estimated severity of noise and vibration impactsin the
noise and vibration study areas identified in the Screening Procedure. For major capital investments,
the General Assessment provides the appropriate level of detail to compare alternative modes and
alignments. It can be used in conjunction with established highway noise prediction procedures to
compare and contrast highway, transit and multimodal alternatives. For other types of transit projects,
this leve is used for a closer examination of projects which show possible impacts as a result of
screening.  For many smaller projects, this level may be sufficient to define impacts and prepare
mitigation as necessary.

Detailed Analysis—Quantifiesimpactsthrough anin-depth analysisusually only performedfor asingle
aternative. Delineates site-specific impacts and mitigation measures for the preferred alternative in
major investment projects during preiminary engineering. For other smaller projects, detailed analysis
may bewarranted as part of theinitial environmental assessment if there are potentially severeimpacts
due to close proximity of sensitive land uses.

Thethreelevels of noise and vibration assessment are described in the chapters which follow.

1.4 ORGANIZATION OF THE MANUAL

The Guidance Manual is divided into two parts, noise and vibration, with a common introduction. Each part
has paralld organization according to the following subjects:

Noise/Vibration
P Basic Concepts
P Criteria
P Screening Procedure
P General Assessment

P Detailed Analysis
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Construction Noise/Vibration

Documentation

Appendices
P Background for Transit Noise Impact Criteria
P Receiver Sdection
P Existing Noise Determination
P Noise Source Level Determination

P Maximum Noise Level Computation

REFERENCES

1 U.S. Department of Transportation, Federal Transit Administration and Federal Highway
Administration, "Environmental Impact and Related Procedures.” Final Rule, 52 Federal Register
32646 -32669; August 28, 1987 (23 Code of Federal Regulations 771).

2. U.S. Department of Transportation, Federal Transit Administration and Federal Highway
Administration, " Statewide Planning; M etropolitan Planning." Final Rule, 58 Federal Register 58040-
58079; Octoer 28, 1993 (23 Code of Federal Regulations 450). Refer especially to section 450.318
on major metropolitan transportation investments.
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2. BASIC NOISE CONCEPTS

This chapter discusses the basic concepts of transit noise which provide background for Chapters 3 through
6, where transit noise is computed and assessed. The Source-Path-Receiver framework sketched in Figure 2-1
iscentra to all environmental noise studies. Each transit sour ce generates close-by noise levels, which depend
upon the type of source and its operating characteristics. Then, along the propagation path between all
sources and receivers, noise levels are reduced (attenuated) by distance, intervening obstacles and other
factors. And finaly at each receiver, noise combines from al sources to interfere, perhaps, with receiver
activities. This chapter contains an overview of this Source-Path-Receiver framework. Following this
overview isadiscussion of transit-noise descriptors.

a

SOURCE PATH RECEIVER

b |

Figure 2-1 The Source-Path-Receiver Framework
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In brief, this chapter contains:

° An overview of transit sour ces: alisting of major sources, plus some discussion of noise-generation
mechanisms (Section 2.1)

° An overview of noise paths: adiscussion of the various attenuating mechanisms on the path between
source and receiver (Section 2.2)

° An overview of receiver response to transit noise: adiscussion of the technical background for transit-
noise criteria and the distinction between absol ute and rel ative noise impact (Section 2.3)

° A discussion of the noise descriptors used in this manual for transit noise (Section 2.4)

2.1 SOURCES OF TRANSIT NOISE

This section discusses mgjor characteristics of the sources of transit noise. Transit noiseis generated by transit
vehiclesin motion. Vehicle propulsion units generate: (1) whine from electric control systems and traction
motorsthat propel rapid transit cars, (2) diesal-engine exhaust noise, from both diesal-electric locomotives and
transit buses, (3) air-turbulence noise generated by cooling fans, and (4) gear noise. Additiona noise of
motion is generated by the interaction of wheels/tires with their running surfaces. Tire noise from rubber-tired
vehiclesis significant at normal operating speeds. The interaction of steel wheels and rails generates three
types of noise: (1) rolling noise due to continuous rolling contact, (2) impact noise when awheel encounters
adiscontinuity in the running surface, such as arail joint, turnout or crossover, and (3) squea generated by
friction on tight curves.

Figure 2-2 illustrates typical dependence of source strength on
vehicle speed for two types of transit vehicles. Plotted
vertically in this figure is a qualitative indication of the
maximum sound level during a passby. In the figure, speed
dependence is strong for electric-powered transit trains
because wheel/rail noise dominates, and noise from this source
increases strongly with increasing speed. On the other hand,
speed dependence is less for diesel-powered commuter rail
trains, particularly at low speeds where the locomotive exhaust
noise dominates. As speed increases, wheel-rail noise
becomes the dominant noise source and diesel- and electric-
powered trains will generate similar noise levels. Similarly,
but not shown, speed dependence is also strong for Train Speed
automobiles, city buses (two-axle) and non-accelerating

highway buses (three-axle), because tire/pavement noise Figure 2-2 Example Sound Level
dominates for these vehicles; but it is not significant for Dependence on Speed
accelerating highway buses where exhaust noise is dominant.

Sound Level
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For transit vehicles in motion, close-by sound levels also depend upon other parameters, such as vehicle
acceleration and vehicle length, plus the type/condition of the running surfaces. For very high-speed rall
vehicles, air turbulence can also be a significant source of noise. I1n addition, the guideway structure can also
radiate noise asit vibrates in response to the dynamic loading of the moving vehicle.

Noiseisgenerated by transit vehicles even when they are stationary. For example, auxiliary equipment often
continuesto run even when vehicles are stationary — equipment such as cooling fans on motors, radiator fans,
plus hydraulic, pneumatic and air-conditioning pumps. Also, transit buses are often left idling in stations or
storage yards. Noise is also generated by sources at fixed-transit facilities. Such sources include ventilation
fans in transit stations, in subway tunnels, and in power substations, equipment in chiller plants, and many
activities within maintenance facilities and shops.

Table 2-1 summarizes sources of transit noise, separately by vehicle type and/or type of facility. Prodecures
for computing close-by noise levels for major sources as a function of operating parameters such as vehicle
speed are given in Chapters 5 and 6.

Table2-1 Sourcesof Transit Noise

Vehicle or Facility

Dominant Components

Comments

Rail Rapid Transit (RRT), or
Light Rail Transit (LRT) on

Wheel/rail interaction and
guideway amplification
Propulsion system

Depends on condition of wheels and rails.

When accelerating and at higher speeds.

Light Rail Transit
(LRT) in mixed traffic

Auxiliary equipment
Horns and crossing bells

: Brakes When stopping.
exclusive o )
right-of-way Auxiliary equipment When stopped.
Wheel squeal On tight curves.
In general Noise increases with speed and train length.
Wheel squeal On tight curves.

When stopped.
At grade crossings.
Lower speeds mean less noise than for RRT

Commuter Rail

In general and LRT on exclusive right-of-way.
Diesel exhaust On diesel-hauled trains.
Cooaling fans On both diesel and electric-powered trains.

Wheel/rail interaction
Horns and crossing gate bells
In general

Depends on condition of wheels and rails.
At grade crossings.
Noiseis usually dominated by locomotives.

Low and Intermediate
Capacity Transit

Propulsion systems, including
speed controllers

Ventilation systems
Tire/guideway interaction
Whesdl/rail interaction

In general

At low speeds.

At low speeds.
For rubber-tired vehicles, including monorails.
Depends on condition of wheels and rails.

Wide range of vehicles: monorail, rubber-
tired, steel wheeled, linear induction. Noise
characteristics depend upon type.
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Table2-1 Sourcesof Transit Noise (continued)

In general

Vehicle or Facility Dominant Components Comments
Cooling fans Whileidling.
Engine casing Whileidling.

Diesel Buses Diesel exhaust At low speeds and while accelerating.
Tire/roadway interaction At moderate and high speeds.

Includes city buses (generally two axle) and
commuter buses (generally three axle).

Tire/roadway interaction At moderate speeds.
Electric Buses and Trackless . .
Trolleys Electric traction motors At moderate speeds.
In general Much quieter than diesel buses.
Buses starting up Usually in early morning.
Buses accelerating Usually near entrances/exits.
Bus Storage Yards Busesidling _
In general Site specific. Often peak periods with significant

noise.

Yards

Rail Transit Storage

Wheel squeal
Wheel impacts
Wheel rolling noise

Aucxiliary equipment

Coupling/uncoupling
Signal horns

In general

On tight curves.
On joints and switches.

Throughout day and night. Includes air-release
noise.

Site specific. Often early morning and peak peri
with significant noise.

Dds

Maintenance

Signal horns
PA systems
Impact tools
Car/bus washers/driers

Ry

ning.

In general

Facilities
Vehicle activity —
Site specific. Considerable activity throughout d
In general ; .
and night, some outside.
Automobiles Patron arrival/departure, especially in early mor
Buses idling —
) P.A. systems —
Stations L , , .
Locomotive idling At commuter rail terminal stations.
Auxiliary systems At terminal stations and layover facilities.
In general Site specific, with peak activity periods.
Fans Noise through vent shafts.
Subways Buses/trains in tunnels Noise through vent shafts.

Noise is not a problem.
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2.2 PATHS OF TRANSIT NOISE, FROM SOURCE TO RECEIVER

This section contains a qualitative overview of noise-path characteristics from source to receiver, including
attenuation along these paths. Equations for specific noise-level attenuations along source-receiver paths
appear in Chapters 5 and 6.

Sound paths from source to receiver are predominantly through the air. Along these paths, sound reduceswith
distance due to (1) divergence, (2) absorption/diffusion and (3) shielding. These mechanisms of sound
attenuation are discussed below.

Divergence. Sound levels naturally attenuate due to distance, as shown in Figure 2-3. Plotted vertically is
the attenuation at the receiver, relative to the sound level 50 feet from the source. As shown, the sound level
attenuates with increasing distance. Such attenuation, technically called "divergence," depends upon source
configuration and source-emission characteristics. For sources grouped closely together (called point
sources), attenuation with distance islarge: 6 decibels per doubling of distance. Point sourcesinclude crossing
signalsaong rail corridors, PA systemsin maintenance yards and other closely grouped sources of noise. For
vehicles passing along atrack or roadway (called line sources), divergence with distanceisless: 3 decibels
per doubling of distance for L, and L, and 3 to 6 decibels per doubling of distance for L. InFigure 2-3,
the line source curve separates into three separate linesfor L .., with the point of departure depending on the
length of the line source. These three noise descriptors,- L,,, L apd L - are discussed in Section 2.4.
Equations for the curves in Figure 2-3 appear in Chapter 6.

Absorption/Diffusion In addition to distance alone, sound levels are further attenuated when sound paths lie
close to freshly-plowed or vegetation-covered ground. Plotted vertically in Figure 2-4 is this additional
attenuation, which can be as large as 5 decibels as close in as several hundred feet. At very large distances,
wind and temperature gradients sometimes modify the ground attenuation shown here; such variable
atmospheric effects are not included in this manual because they generally occur beyond the range of typical
transit-noise impact. Equations for the curves in this figure appear in Chapter 6.

Shielding Sound paths are sometimes interrupted by man-made noise barriers, by terrain, by rows of
buildings, or by vegetation. Most important of these path interruptions are noise barriers, one of the best
means of mitigating noise in sensitive areas. A noise barrier reduces sound levels at a receiver by breaking
the direct line-of-sight between source and receiver with a solid wall (in contrast to vegetation, which hides
the source but does not reduce sound levels significantly). Sound energy reaches the receiver only by bending
(diffracting) over the top of the barrier, as shown in Figure 2-5, and this diffraction reduces the sound level
at the receiver.
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Figure 2-4 Attenuation due to Soft (Sound-Absorptive) Ground

Sound barriers for transportation systems are typically used to attenuate noise at the receiver by 5 to 15
decibels, depending upon barrier height, length, and distance from both source and receiver. Barriers on
sructure, very close-in to the source, sometimes provide less attenuation than do barriers dightly more distant
from the source, due to reverberation (multiple reflections) between the barrier and the body of the vehicle.
However, thisreverberation is often offset by increased barrier height, which is easy to obtain for such close-in
barriers, and/or acoustical absorption on the source side of the barrier. Acoustical absorption isincluded as
a mitigation option in Chapter 6. Equations for barrier attenuation, plus equations for other sound-path
interruptions, also appear in Chapter 6.
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Figure 2-5 Noise Barrier Geometry

Sometimes a portion of the source-to-receiver path is not through the air, but rather through the ground or
through structural components of the receiver’s building. Discussion of such ground-borne and structure-borne
propagation isincluded in Chapter 7.

2.3 RECEIVER RESPONSE TO TRANSIT NOISE

This section contains an overview of receiver responseto noise. It serves as background information for the
noise-impact criteriain Chapter 3.

Noise can interrupt ongoing activities and can result in community annoyance, especialy in residential areas.
In general, most residents become highly annoyed when noise interferes significantly with activities such as
sleeping, talking, noise-sensitive work, and listening to radio or TV or music. In addition, some land uses,
such as outdoor concert pavilions, are inherently incompatible with high noise levels.

Annoyance to noise has been investigated and approximate dose-response rel ationships have been quantified
by the Environmental Protection Agency (EPA).P@ The selection of noise descriptors in this manual is
largely based upon this EPA work. Beginning in the 1970s, the EPA undertook a number of research and
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synthesis studies relating to community noise of all types. Results of these studies have been widely
published, and discussed and refereed by many professionalsin acoustics. Basic conclusions of these studies
have been adopted by the Federal Interagency Committee on Noise, the Department of Housing and Urban
Development (HUD), the American National Standards Ingtitute, and even internationally @“®® Conclusions
from this seminal EPA work remain scientifically valid to this day.

Figure 2-6 contains a synthesis of actual case studies of community reaction to newly introduced sources of
noisein aresidential urban neighborhood.® Plotted horizontally in the figure is the new noise's excess above
existing noise levels. Both the new and existing noise levels are expressed as Day-Night Sound Levels, L,
discussed in Section 2.4. Plotted vertically is the community reaction to this newly introduced noise. As
shown in the figure, community reaction varies from "No Reaction” to "Vigorous Action,” for newly
introduced noises averaging from "10 decibels below existing” to "25 decibels above existing." Note that
these data points apply only when the stated assumptions are true. For other conditions, the points shift to the
right or left somewhat.

COMMUNITY REACTION

Vigorous Action = i n . "1 _
| I I :
Several threats : : : : : : :
of legal action : : : : : [ . ] :
or strong appeals B : : : : : iEEmEEEE | | -1
to local officials 3 3 : : : L [ ] : | |
to stop noise
Widespread complaints | : : ;. . u | | | | i
or single threat 1 1 : iNEEE ER ER : :
. : : : S nm n ‘n ; ; ;
of legal action : : :
Sporadi lai ‘ ‘ ‘ . ‘ ‘ ‘ ‘
oradic complaints = ; : : : : : —
P P ‘ ‘ M RE L ASSUMPTIONS ‘
Some prior exposure.
No reaction ; n ; ; i Windows partially open.
although noise is - ; I § EEEENEE i No pure tones or impulses. —
generally noticeable : L LI : : ; : : :
-20 -10 0 10 20 30

New noise's excess above preexisting noise, Ldn

Figure 2-6 Community Reaction to New Noise, Relative to Existing Noise
in a Residential Urban Environment

In alarge number of community attitudinal surveys, transportation noise has been ranked among the most
significant causes of community dissatisfaction. A synthesis of many such surveys on annoyance appearsin
Figure 2-7.® Plotted horizontally are different neighborhood noise exposures. Plotted verticaly is the
percentage of people who are highly annoyed by their particular level of neighborhood noise. Asshownin
the figure, the percentage of high annoyance is approximately 0 percent at 45 decibels, 10 percent around 60
decibels and increases quite rapidly to approximately 70 percent around 85 decibels. The scatter about the
synthesis line is due to variation from community to community and to some wording differences in the
various surveys. A recent update of the original research, containing several additional railroad, transit and
street traffic noise surveys, added confirmation to the shape of the original Schultz curve.®
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Figure 2-7 Community Annoyance Due to Noise

Asindicated by these two figures, introduction of transit noise into a community may have two undesirable
effects. Firdt, it may significantly increase existing noise levels in the community, levels that residents have
mostly become accustomed to. This effect is called "relative’ noise impact. Evaluation of this effect is
"relative” to existing noise levels; relative criteria are based upon noise increases above existing levels.
Second, newly introduced transit noise may interfere with community activities, independent of existing noise
levels; it may be smply too loud to converse or to deep. Thiseffect is called "absolute” noise impact, because
it is expressed as afixed level not to be exceeded and is independent of existing noise levels. Both these
effects, relative and absolute, enter the assessment of transit noiseimpact in Chapters 4, 5 and 6. These two
types of impact, relative and absolute, are merged into the transit noise criteria of Chapter 3.

2.4 DESCRIPTORS FOR TRANSIT NOISE

Environmental noise generally derives, in part, from a conglomeration of distant noise sources. Such sources
may include distant traffic, wind in trees, and distant industrial or farming activities, al part of our daily lives.
These distant sources create a low-level "background noise” in which no particular individual source is
identifiable. Background noiseis often relatively constant from moment to moment, but varies slowly from
hour to hour as natural forces change or as human activity followsits daily cycle. Superimposed on thislow-
level, dowly varying background noise is a succession of identifiable noisy events of relatively brief duration.
These events may include single-vehicle passhys, aircraft flyovers, screeching of brakes, and other short-term
events, all causing the noise level to fluctuate significantly from moment to moment.
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It is possible to describe these fluctuating noises in the environment using single-number descriptors. To do
this allows manageable measurements, computations, and impact assessment. The search for adequate single-
number noise descriptors has encompassed hundreds of attitudinal surveys and laboratory experiments, plus
decades of practical experience with many alternative descriptors.

Thismanual uses the following single-number descriptors for transit-noi se measurements, computations, and
assessment:

The A-weighted Sound Level, which describes a receiver’ s noise at any moment in time.
The Maximum Level (L, during a single noise event.

The Sound Exposure Level (SEL), which describes areceiver's cumulative noise exposure from asingle
noise event.

The Hourly Equivalent Sound Level (L (h)), which describes a receiver’s cumulative noise exposure
from all events over a one-hour period.

The Day-Night Sound Level (L), which describes a receiver's cumulative noise exposure from all
events over afull 24 hours, with events between 10pm and 7am increased by 10 decibels to account
for greater nighttime sensitivity to noise.

This sectioniillustrates all of these noise descriptors, in turn, and describes their particular application in this
manual. Emphasized here are graphic illustrations rather than mathematical definitions to help the reader gain
understanding and to see the interrelationships among descriptors.

2.4.1 A-weighted Sound Level: The Basic Noise Unit

The basic noise unit for transit noise is the A-weighted Sound Level. It describes a receiver's noise at any
moment in time and is read directly from noise-monitoring equipment, with the "weighting switch" set on"A."
Figure 2-8 shows some typical A-weighted Sound Levelsfor both transit and non-transit sources.

Asis apparent from Figure 2-8, typical A-weighted Sound Levels range from the 30s to the 90s, where 30 is
very quiet and 90 isvery loud. Thescaeinthefigureislabelled "dBA" to denote the way A-weighted Sound
Levels are typically written, for example, 80 dBA. The letters "dB" stand for "decibels' and refer to the
genera strength of the noise. The decibel isaunit of level which denotes the ratio between two quantities that
are proportional to power. When used to describe sound level, the number of decibels is 10 times the
logarithm (to the base 10) of the ratio (p°/p.°), where p is the sound pressure (in micro-pascals) and p,; isa
reference pressure (20 micro-pascals). Theletter "A" indicates that the sound has been filtered to reduce the
strength of very low and very high-frequency sounds, much as the human ear does. Without this A-weighting,
noise-monitoring equipment would respond to events people cannot hear, events such as high-frequency dog
whistles and low-frequency seismic disturbances. On the average, each A-weighted sound level increase of
10 decibels corresponds to an approximate doubling of subjective loudness.
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A-weighted sound levels are adopted here as the basic noise unit because: (1) they can be easily measured,
(2) they approximate our ear’s sensitivity to sounds of different frequencies, (3) they match attitudinal-survey
tests of annoyance better than do other basic units, (4) they have been in use since the early 1930s, and (5) they
are endorsed as the proper basic unit for environmental noise by nearly every agency concerned with
community noise throughout the world.

TRANSIT NON-TRANSIT
SOURCES dBA SOURCES
— OUTDOOR INDOOR
. . 110Q
Rail Transit on Old Steel Structure, —
50 mph Rock Drill Shop Tools,
Rail Transit Horn — |90 in use
Jack Hammer Shop Tools
Rail Transit on Modern Concrete —» . ! '
Aerial Structure, 50 mph 80 Concrete Mixer Idling
Rail T it At-Grade, 50 h Air C
ail Transi rade, 50 mph —» ir Compressor Food Blender
City Bus, Idling — 20 Lawn Mower
. . . Lawn Tiller
Rail Transit in Station — ) » Clothes Washer
Air Conditioner
60
Air Conditioner

50

Refrigerator
40
30

ALL AT 50 FT ALL AT50 FT ALL AT 3 FT

Figure 2-8 Typical A-Weighted Sound Levels

2.4.2 Maximum Level (L,,,) During a Single Noise Event

As atransit vehicle approaches, passes by, and then recedes into the distance, the A-weighted sound level

rises, reaches a maximum, and then fades into the background noise. The maximum A-weighted sound level

reached during this passby is called the Maximum Level, abbreviated hereas"L,,,." For noise compliance
tests of transient sources, such as moving transit vehicles under controlled conditions with smooth whed and
rail conditions, L, istypically measured with the sound level meter’s switch set on "fast.” However, for tests
of continuous or stationary transit sources, and for the general assessment of transit noise impact, it isusually
more appropriate to use the "slow" setting. When set on "slow," sound level metersignore some of the very-
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transient fluctuations, which are unimportant to people’s overall assessment of the noise. L ., isillustrated
in Figure 2-9, where time is plotted horizontally and A-weighted sound level is plotted vertically.

Noise guidelines published by the American Public Transit Association (APTA) have been used for anumber
of years to assess the noiseimpact of rail transit projects.™” For moving trains, the APTA guidelines are based
on L, during avehicle passhy. They are directed toward conventional rail rapid transit projects and cover
all aspects of such systems. Because L, iscommonly used in vehicle-noise specifications and because it is
commonly measured for individual vehicles, equations are included in Appendices D and E to convert
between L, and the cumulative descriptors discussed below. However, L, isnot used as the descriptor for
transit environmental noise impact assessment for several reasons. L, ignores the number and duration of
transit events, which are important to peopl€'s reaction to noise, and cannot be totalled into a one-hour or a
24-hour cumulative measure of impact. Moreover, thelL,,, iSnhot conducive to comparison among different
transportation modes. For example, noise descriptors used in highway noise assessmentsare L, and L ,, the
noise level exceeded for 10 percent of the peak hour.
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Figure 2-9 Typical Transit-Vehicle Passby

2.4.3 Sound Exposure Level (SEL): The Cumulative Exposure from a Single Noise Event

Shaded in Figure 2-9 isthe noise "dose" during atransit-vehicle passby. This dose represents the tota amount

of sound energy that enters the receiver’s ears (or the measurement microphone) during the vehicle passby.

Figure 2-10 shows another noise event — this one within a fixed-transit facility as a transit bus is started,
warmed up, and then driven away. For this event, the noise dose is largelohati to.
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The quantitative measure of the noise dose for single noise eventsis the Sound Exposure Level, abbreviated
here as "SEL" and shaded in both these figures. The fact that SEL is a cumulative measure means that
(1) louder events have greater SEL s than do quieter ones, and (2) eventsthat last longer in time have greater
SEL s than do shorter ones. People react to the duration of noise events, judging longer events to be more
annoying than shorter ones, assuming equal maximum A-Levels. Mathematically, the Sound Exposure Level
is computed as.

_ [Tota sound energy[]
SEL =1010g;q A during the event G

< 90
a SEL =89.6
]
> B _
()
_I —-—
2 L max =82
3 80| _
wn
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o
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0 4 8 12 16 20 24 28 SECONDS

Figure 2-10 Typical Fixed-Facility Noise Event

Figure 2-11 repeats the previous time histories, but with a stretched vertical scale. The stretched scae
corresponds to sound "energy" at any moment in time. Mathematically, sound energy is proportional to 10
raised to the (L/10) power, that is, 1042, The vertical scale has been stretched in this way because noise
doses are "energy" doses. Only in this way do the shaded zones properly correspond to the noise doses that
underliethe SEL. Note that the shaded zones in the two frames have equal numerical areas, corresponding
to equal SEL sfor these two very different noise events.

Each frame of the figure also contains atall, thin shaded zone of one-second duration. Thistall zone is another
way to envision SELs. Think of the original shaded zone being squeezed shorter and shorter in time, while
retaining the same numerical area. As its duration is squeezed, its height must increase to keep the area
constant. If an SEL shading is squeezed to aduration of one second, its height will then equal its SEL value;
mathematically, its areais now 10 times one second. Note that the resulting height of the squeezed zone
depends both upon the L, and the duration of the event -- that is, upon the total area under the original, time-
varying A-Level. Often thistype of "squeezing" helps communicate the meaning of SEL s and noise doses
to the reader.

SEL isused in thismanual as the cumulative measure of each single transit-noise event because unlike L, :
(1) SEL increases with the duration of a noise event, which is important to people's reaction, (2) SEL
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Figure 2-11 An "Energy" View of Noise Events

therefore allow a uniform assessment method for both transit-vehicle passbys and fixed-facility noise events,
and (3) SEL can be used to calculate the one-hour and 24-hour cumulative descriptors discussed below.

2.4.4 Hourly Equivalent Sound Level (L,,(h))

The descriptor for cumulative one-hour exposure is the Hourly Equivalent Sound Level, abbreviated here as
"Le(n)." Itisan hourly measure that accounts for the moment-to-moment fluctuationsin A-weighted sound
levels dueto all sound sources during that hour, combined. Sound fluctuation isillustrated in the upper frame
of Figure 2-12 for a single noise event such as a train passing on nearby tracks. As the train approaches,
passes by, and then recedes into the distance, the A-weighted Sound Level rises, reaches amaximum, and then
fades into the background noise. The area under the curve in this upper frame isthe receiver’s noise dose over
this five-minute period.
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The center frame of the figure shows sound level fluctuations over the one-hour period that includes the five-
minute period from the upper frame. Now the area under the curve represents the noise dose for one hour.
Mathematically, the Hourly Equivalent Sound Level is computed as:

L (h 10| [(Total sound energy 356
w (HOUr) = %o during onehour 5 -

Sound energy is totalled here over a full hour; it accumulates from all noise events during that hour.
Subtraction of 35.6 from this one-hour dose convertsit into atime average, asexplained in Section 2.4.6. In
brief, if the actual fluctuating noise were replaced by a constant noise equal to this average value, the same
total noise dose would enter the receiver'sears. Thistype of average value is "equivaent” in that senseto the
actual fluctuating noise.

A useful, alternative way of computing L ., due to a series of transit-noise eventsis:

_ rEnergy Sum of [
Leq(hour)—lologmH all SELs H 35.6

This equation concentrates on the cumulative contribution of individual noise events, and is the fundamental
equation incorporated into Chapters 5 and 6.

The bottom frame of Figure 2-12 shows the sound level fluctuations over afull 24-hour period. It isdiscussed
in Section 2.4.5.

Figure 2-13 shows sometypical hourly L ’s, both for transit and non-transit sources. Asis apparent from the
figure, typical hourly L ;s range from the 40s to the 80s. Note that these L ;s depend upon the number of
events during the hour and al so upon each event’s duration, which is affected by vehicle speed. Doubling the
number of events during the hour will increase the L by 3 decibels, as will doubling the duration of each
individua event.

Hourly L., is adopted here as the measure of cumulative noiseimpact for non-residential land uses (those not

involving sleep) because: (1) L,,'s correlate well with speech interference in conversation and on the telephone

— as well as interruption of TV, radio and music enjoyment, (2) L 's increase with the duration of transit
events, which is important to people’s reaction, (3) L 's take into account the number of transit events over
the hour, which is also important to people's reaction, and (4) L 's are used by the Federal Highway
Administration in assessing highway-traffic noise impact. Thus, this noise descriptor can be used for
comparing and contrasting highway, transit and multi-modal alternativgs. L is computed for the loudest
facility hour during noise-sensitive activity at each particular non-residential land use. Section 2.4.6 contains
more detail in support of ,. as the adopted descriptor for cumulative noise impact for non-residential land
uses.
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Figure 2-13 Typical Hourly L,'s

2.4.5 Day-Night Sound Level (L,,): The Cumulative 24-Hour Exposure from All Events

The descriptor for cumulative 24-hour exposure isthe Day-Night Sound Level, abbreviated hereas"L,,." It
is a 24-hour measure that accounts for the moment-to-moment fluctuations in A-Levels due to all sound
sources during 24 hours, combined. Such fluctuations areillustrated in the bottom frame of Figure 2-12. Here
the area under the curve represents the receiver’s noise dose over afull 24 hours. Note that some vehicle
passbys occur at night in the figure, when the background noiseisless. Mathematically, the Day-Night Level
is computed as.

[Total sound energy[]_ 49.4

L gn =1010gyq 8 during 24 hours

where nighttime noise (10pm to 7am) isincreased by 10 decibels before totalling.

Sound energy is totalled over afull 24 hours; it accumulates from all noise events during that 24 hours.
Subtraction of 49.4 from this 24-hour dose convertsit into atype of "average,” as explained in Section 2.4.6.
In brief, if the actua fluctuating noise were replaced by a constant noise equal to this average value, the same
total noise dose would enter the receiver’s ears.

An alternative way of computing L 4, from twenty-four hourly L,'sis:

_ (Energy sum of [
L 4n =1010gy0 F24 hourly L o,SH™ 138

where nighttime L ;s are increased by 10 decibels before totalling, as in the previous equation.

L4, due to a series of transit-noise events can aso be computed as:
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nergy sum of
L4, =10l0gy, éf APeere O 404

assuming that transit noise dominates the 24-hour noise dose. Here again, nighttime SEL s are increased by
10 decibels before totalling. Thislast equation concentrates upon individual noise events, and is the equation
incorporated into Chapters 5 and 6.

Figure 2-14 shows sometypical L,,’s, both for transit and non-transit sources. Asisapparent from the figure,

typical L 4,'s range from the 50s to the 70s — where 50 is a quiet 24-hour period and 70 is an extremely loud
one. Note that these, L 's depend upon the number of events during day and night separately — and also upon
each event's duration, which is affected by vehicle speed.

L4, is adopted here as the measure of cumulative noise impact for residential land uses (those involving sleep),
because: (1) }, correlates well with the results of attitudinal surveys of residential noise impagt, (2) L 's
increase with the duration of transit events, which is important to people's reactiop, (3) L 's take into account
the number of transit events over the full twenty-four hours, which is also important to people's reaction, (4)
LS take into account the increased sensitivity to noise at night, when most people are asleep, (5) L 's allow
composite measurements to capture all sources of community noise combineg, (6) L 's allow quantitative
comparison of transit noise with all other community noises, {7) L is the designated metric of choice of other
Federal agencies (Department of Housing and Urban Development (HUD), Federal Aviation Administration
(FAA), Environmental Protection Agency (EPA)) and also has wide acceptance internationally. Section 2.4.6
contains more detail in support gf,L as the adopted descriptor for cumulative noise impact for residential land
uses.

50 ft from parkway: 50 ft from parkway:
1000 autos per hour daytime, 2000 autos per hour daytime,
100 autos per hour nighttime, 200 autos per hour nighttime,

Non-Transit Suburban res. area 40 mph 65 mph
Sources ) )
Small-town "Quiet" "Very noisy"” Downtown
res. area urban res. area urban res. area city
I I I
50 dBA 60 dBA 70 dBA 80 dBA
Ldn |
Transit 2-car LRT, 25 mph 4-car RRT, 25 mph 8-car,
Day: 4 per hour (avg) Day: 20 per hour (avg) 1 Loco commuter
Sources Night: 1 per hour (avg) Night: 2 per hour (avg) 60 mph, 50 ft, with horn
(Al at 50 feet) Day: 1 per hour (avg)
8-carr, 4-car RRT, 50 mph
1 Loco commuter rail Day: 20 per hour (avg)
60 mph Night: 2 per hour (avg)

Day: 1 per hour (avg)

Figure 2-14 Typical Lg,’s
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2.4.6 A Noise-Dose Analogy for L., and L,
In Figure 2-12 (page 2-16), the area under the curves represent noise "doses.” An analogy between rainfall
and noise is sometimes helpful to further explain these noise doses.

The one-hour noise dose in the middle frame of the figure is analogous to one hour of rainfall; that is, the total
accumulation of rain over thisone-hour period. Note that every rain shower increases the one-hour rain dose.
Also, note that heavier showersincrease the dose more than do lighter ones, and longer showersincrease the
dose more than do shorter ones. The sameistruefor noise; (1) every transit event increases the one-hour noise
dosg; (2) loud eventsincrease the noise dose more than do quieter ones; and (3) eventsthat stretch out longer
in time increase the noise dose more than do shorter ones.

The moment-to-moment A-level is like the moment-to-moment rate at which the rain is faling.
Arithmetically, if thisrain rate is measured in "inches of rain per second,” then a constant rain rate of 0.001
inches/second, times 3600 seconds in an hour, will total to a one-hour dose of 3.6 inches of rain. This
arithmetic appears in the upper center of Table 2-2. Anaogously in the upper right, a constant A-level of 60
dBA, plus 10l0g,,(3600), will total to a one-hour noise dose of 95.6. In spite of the logarithmic complication,
the analogy holds: a constant A-level (or rain rate), increased by the number of secondsin an hour, yieldsthe
one-hour noise dose (or rain dose). In the table, the noise arithmetic is repeated in energy terms, where the
analogy is even more direct.

This arithmetic can also be donein reverse, leading to "averages' of the type used for L, and L,. Thisreverse
arithmetic appears at the bottom of the table. A tota hourly rain dose of 3.6 inches, divided by 3600 seconds,
yields an average rain rate of 0.001 inches per second. Similarly, a one-hour noise dose of 95.6, minus
10log,,(3600), yields an average A-level of 60 dBA. In other words, afluctuating noise with a one-hour dose
of 95.6 decibels can be "replaced" with an average A-Level of 60 dBA, to yield the same one-hour dose. The
actual fluctuating noise and the average 60-dBA noise are "equivalent”; they yield the same total one-hour
noisedose. Thisisthe concept behind the word equivalent in the abbreviation "L " The same analogy holds
for the 24-hour rain dose and the 24-hour noise dose that leadsto L,,. Here, however, nighttime A-Levels are
increased by 10 decibels before totaling into the 24-hour dose, and the number of secondsinvolved is 86,400.

Unfortunately, the word "average" leaves many people with the impression that the maximum levels which
attract their attention are being devalued or ignored. They are not. Just as all therain that falsin therain
gauge in one hour counts toward the total, all sounds are included in the one-hour noise dose that underlies
L, and in the 24-hour noise dose that underlies L,,. None of the noiseis being ignored, even though the L,
and L 4, are often numerically lower than many maximum A-Levels. Their noise doses include al transit
events, all noise levelsthat occur during their time periods -- without exception. Every added event, even the
quiet ones, will increase these noise doses, and therefore increase L ., and L 4,

Neither the L, nor the L, isan "average" in the normal sense of the word, where introduction of aquiet event
would pull down the average. Furthermore, just asin watering afield or garden, scientific evidence strongly
indicates that total noise dose isthe truest measure of noise impact. Neither the moment-to-moment rain rate
nor the moment-to-moment A-level isagood measure of long-term effects.
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Table2-2 Rainfall Analogy with Noise Dose
Computation Rain Noise
Dose = Level + 10 log (Duration)
= 60+ 10 log (3600)
= 60+35.6
= 095.6dB
DOSE Dose = Rate x Duration Or in Energy Terms. .
= (0.001 inches/sec) x (3600 seC) ppse = 16/ x pfUon
= 3.6 inches of rain =  10%19 x Duration
= 1,000,000 x 3600
= 3,600,000,000
and
10 log (Dose) = 95.6 dB
Average = Dose 10 log (Duration)
= 95.6- 10 log (3600)
= 095.6-35.6
= 60.0dB
AVERAGE Average = Dose + Duration Or in Energy Terms:
= (3.6 inches) + (3600 sec) Average = (Energy Dose) + Duration
= 0.001 inches/sec = 10%%9 = 3600
= 3,630,780,548 + 3600
= 1,008,550
and
10 log (1,008,550) = 60.0 dB

Why not just compute transit noise impact on the basis of the highest L ., of the day? — for example, as
“loudest L, equals 90 dBA?" If that were done, then there would be no difference in noise impact between
a main trunk line and a suburban branch line; one passby per day would be no better than 100 per day, if the
loudest level remained unchanged. Clearly such a reduction in number-of-passbys is a true benefit, so it
should reduce the numerical measure of impact. It does wjth L gnd L , but notwith L . In addition, if
assessments were made just on the loudest passby, then one passby at 90 dBA would be worse than 100
passbys at 89 dBA. Clearly this is nottrue. BothL agpd L increase with the number of passbys,while L
does not. Boththel. andthgL combine the number of passbys with each pagsby's L  and duration, all
into a cumulative noise dose, with mathematics that "make sense" from an annoyance point of view. L and
L4, mathematics produce results that correlate well with independent tests of noise annoyance from all types
of noise sources.

In terms of individual passbys, here are some characteristics of both the L angd the L :

When passby |, 's increase: - Both L, and L, increase
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When passby durations increase: - BothL,andL,, increase
When the number of passbys increases: - BothL,andL,, increase
When some operations shift to louder vehicles: - BothL,andL,, increase
When passbys shift from day to night: — L4, increases

All of theseincreasesin L, and L 4, correlate to increases in community annoyance.

2.4.7 Summary of Noise Descriptors
In summary, the following noise descriptors are adopted in this manual for the computation and assessment
of transit noise:

The A-weighted Sound L evel, which describes areceiver’s noise at any moment intime. It is adopted here
as the basic noise unit, and underlies al the noise descriptors below.

The Maximum Level (L .. during asingle noise event. ThelL, ., descriptor isnot recommended for transit
noise impact assessment, but because it is commonly used in vehicle-noise specifications and because it is
commonly measured for individual vehicles, equations are included in Appendices D and E to convert
between L, and the cumulative descriptors adopted here.

The Sound Exposure Level (SEL), which describes a receiver's cumulative noise exposure from a single
noise event. It is adopted here as the primary descriptor for the measurement of transit-vehicle noise
emissions, and as an intermediate descriptor in the measurement and calculation of both L ,and L g,

The Hourly Equivalent Sound Level (L .(h)), which describes a receiver's cumulative noise exposure from
all events over aone-hour period. It isadopted here to assess transit noise for non-residential land uses. For
assessment, L, is computed for the loudest transit facility hour during the hours of noise-sensitive activity.

The Day-Night Sound Level (L 4,), which describes areceiver’ s cumulative noise exposure from al events
over afull 24 hours. It may be thought of as a noise dose, totaled after increasing al nighttime A-Levels
(between 10pm and 7am) by 10 decibels. Every noise event during the 24-hour period increases this dose,

louder ones more than quieter ones, and ones that stretch out in time more than shorter ones. L, is adopted

here to assess transit noise for residential land uses.
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3. NOISE IMPACT CRITERIA

Thischapter presentsthe criteriato be used in eval uating noiseimpact from masstransit projects. Ingeneral
terms, these criteria describe the noise environment considered acceptable for a given situation. Because
some projects are strictly transit projects while other projects are basically highway projectsthat include a
transit component, two different sets of criteria are required as follows:

Rail and BusFacilities: Thiscategory includesall rail projects(e.g., rail rapidtransit, light rail transit,
commuter rail, and automated guideway transit), as well as fixed facilities such as storage and
mai ntenanceyards, passenger stationsand terminals, parking facilities, substations, etc. Alsoincluded
arerail transit projects built within ahighway or railroad corridor. Certain busfacilitiesareincluded
in this category, such as separate roadways built exclusively for buses, and bus operations on local
streets and highways where the project does not include roadway construction or modification that
significantly changes roadway capacity. The distinguishing feature in all these cases is that the
existing noiselevel sare generated by roadway traffic and other sourcesthat will not change asaresult
of the project; therefore the project noiseis exclusively due to the new transit sources.

Highway/Transit Projects: Projects in this category involve new highway construction or
modifications to existing highways to increase carrying capacity. The project would involve
preferential treatment for buses or high-occupancy vehicles (HOV). The distinguishing feature here
isthat the project noise includes a combination of highway and transit sources. Examplesare: new
highway construction providing general-purpose lanes aswell as dedicated bus/HOV lanes and lane
additions or reconfigurations on existing highways to accommodate busesHOV s.

The noise impact criteria for rail and bus facilities are presented in Section 3.1. These criteria were
developed specifically for transit noise sources operating on fixed guideways or at fixed facilities. The
criterion for the onset of Impact varies according to the existing noise level and the predicted project noise
level, and is determined by the threshold at which the percentage of people highly annoyed by the project
noisestartsto become measurable. The corresponding criterionfor Severempact similarly variesaccording
to the existing noise level aswell asthe project noise level, but is determined by a higher, more significant
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percentage of people highly annoyed by project noise. Guidelines for the application of the criteria are
included in Section 3.2, and background material on the development of the criteria are included in
Appendix A.

For transit projects integrated with an existing or newly-constructed highway, such as HOV lanes or
exclusive buslanes, the determination of noiseimpact isbased on existing Federal Highway Administration
(FHWA) noise prediction procedures and impact criteria, as summarized in Section 3.3 of thischapter. The
latter criteriaareused to maintain consistency with established noi seimpact assessment methodsfor projects
that involve modifications to existing roadways or the construction of new roadways.

3.1 NOISE IMPACT CRITERIA FOR TRANSIT PROJECTS

The noise impact criteriafor mass transit projects involving rail or bus facilities are shown graphically in
Figure 3-1 and are tabulated in Table 3-1. The equations used to define these criteria are included in
Appendix A. Thecriteriaapply to al rail projects (e.g., rail rapid transit, light rail transit, commuter rail,
and automated guideway transit) aswell asfixed facilities such as storage and mai ntenance yards, passenger
stations and terminals, parking facilities, and substations. They may also be used for bus projects operating
onlocal streets and separate roadways built exclusively for buses. In contrast, for busways and HOV lanes
which are to be integrated in existing highways (e.g., the addition of new lanes or the redesignation of
existing lanes on a highway), the FHWA's noise abatement criteria contained in Federal-Aid Highway
Program Manual 7-7-3 are the appropriate noise criteriato use. Likewise, if the project is anew highway
involving both general -purposeand dedi cated bus/HOV |anes, the FHWA approachisfollowed. The FHWA
criteriaare briefly summarized in Section 3.3.

3.1.1 Basis of Noise Impact Criteria

Thenoiseimpact criteriain Figure 3-1 and Table 3-1 are based on comparison of the existing outdoor noise
levelsand thefuture outdoor noiselevel sfromthe proposed project. They incorporate both absol ute criteria,
which consider activity interference caused by thetransit project alone, and rel ative criteria, which consider
annoyance due to the change in the noise environment caused by the transit project.

Whereas noise impact criteriathat have been used for previous transit projects take existing ambient noise
levelsinto account based on generalized community categories, thecriteriain thismanual depend on specific
estimates of existing community noise levels as part of the determination of noiseimpact. These criteria
were developedto apply to varioustransit modes, to recogni ze the hei ghtened community annoyance caused
by late-night or early-morning transit service, and to respond to the varying sensitivity of communities to
projects under different background noise conditions.

The noise criteria and descriptors depend on land use, as defined in Table 3-2. Further guidance on the
definition of land use, the sel ection of the appropriate noi se metric and the application of thecriteriaisgiven
in Section 3.2 of this chapter, with more detailed guidelines given in Chapters 5 and 6.
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Figure 3-1 Noise Impact Criteria for Transit Projects
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Table 3-1 NoiseLevelsDefining Impact for Transit Projects
Existing Project Noise Impact Exposure,’ Le(h) or Ly, (dBA)
Exﬁgﬁ e Category 1 or 2 Sites Category 3 Sites
LQESEX)L“” No Impact Impact Severe Impact No Impact Impact ﬁ:g;
<43 <Ambient+10 Aﬂ‘ﬁ'ﬂt; >Ambient+15  <Ambient+15 Al'?_f;'f';t(; >Ambient+20
43 <52 52-58 >58 <57 57-63 >63
14 <52 52-58 >58 <57 57-63 >63
45 <52 52-58 >58 <57 57-63 >63
46 <53 53-59 >59 <58 58-64 >64
47 <53 53-59 >59 <58 58-64 >64
48 <53 53-59 >59 <58 58-64 >64
49 <54 54-59 >59 <59 59-64 >64
50 <54 54-59 >59 <59 59-64 >64
51 <54 54-60 >60 <59 59-65 >65
52 <55 55-60 >60 <60 60-65 >65
53 <55 55-60 >60 <60 60-65 >65
54 <55 55-61 >61 <60 60-66 >66
55 <56 56-61 >61 <61 61-66 >66
56 <56 56-62 >62 <61 61-67 >67
57 <57 57-62 >62 <62 62-67 >67
58 <57 57-62 >62 <62 62-67 >67
59 <58 58-63 >63 <63 63-68 >68
60 <58 58-63 >63 <63 63-68 >68
61 <59 59-64 >64 <64 64-69 >69
62 <59 59-64 >64 <64 64-69 >69
63 <60 60-65 >65 <65 65-70 >70
64 <61 61-65 >65 <66 66-70 >70
65 <61 61-66 >66 <66 66-71 >71
66 <62 62-67 >67 <67 67-72 >72
67 <63 63-67 >67 <68 68-72 >72
68 <63 63-68 >68 <68 68-73 >73
69 <64 64-69 >69 <69 69-74 >74
70 <65 65-69 >69 <70 70-74 >74
71 <66 66-70 >70 <71 71-75 >75
72 <66 66-71 >71 <71 71-76 >76
73 <66 66-71 >71 <71 71-76 >76
74 <66 66-72 >72 <71 71-77 >77
75 <66 66-73 >73 <71 71-78 >78
76 <66 66-74 >74 <71 71-79 >79
77 <66 66-74 >74 <71 71-79 >79
>77 <66 66-75 >75 <71 71-80 >80

is used for land use involving only daytime activities.

L., isused for land use where nighttime sensitivity is afactor; L, during the hour of maximum transit noise exposure
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Table 3-2 Land Use Categoriesand Metricsfor Transit Noise Impact Criteria

Land Use Noise Metric _—
Category (dBA) Description of Land Use Category
Tracts of land where quiet is an essential element in their intended purpose.
1 Outdoor L (h)’ This category includes lands set aside for serenity and quiet, and such land

uses as outdoor amphitheaters and concert pavilions, as well as National
Historic Landmarks with significant outdoor use.

Residences and buildings where people normally sleep. This category
2 Outdoor L 4, includes homes, hospitals and hotels where a nighttime sensitivity to noise
is assumed to be of utmost importance.

Institutional land uses with primarily daytime and evening use. This
category includes schools, libraries, and churches where it isimportant to
avoid interference with such activities as speech, meditation and
concentration on reading material. Buildings with interior spaces where
quiet isimportant, such as medical offices, conference rooms, recording
studios and concert halls fall into this category. Places for meditation or
study associated with cemeteries, monuments, museums. Certain historical
sites, parks and recreational facilities are also included.

3 Outdoor L (h)’

: L, for the noisiest hour of transit-related activity during hours of noise sensitivity.

3.1.2 Defining the Levels of Impact

The noise impact criteria are defined by two curves which allow increasing project noise levels as existing
noise increases up to a point, beyond which impact is determined based on project noise alone. Below the
lower curve in Figure 3-1, a proposed project is considered to have no noise impact since, on the average,
theintroduction of the project will result in aninsignificant increasein the number of people highly annoyed
by the new noise. The curvedefining the onset of noiseimpact stopsincreasing at 65 dB for Category 1 and
2 land use, a standard limit for an acceptable living environment defined by a number of Federal agencies.
Project noise above the upper curveis considered to cause Severe Impact since a significant percentage of
peoplewould be highly annoyed by the new noise. Thiscurveflattensout at 75 dB for Category 1 and 2 1and
use, alevel associated with an unacceptable living environment. Asindicated by the right-hand scale on
Figure 3-1, the project noise criteriaare 5 decibel s higher for Category 3 land uses since these types of land
use are considered to be dlightly less sensitive to noise than the types of land use in categories 1 and 2.

Between the two curves the proposed project isjudged to have an impact, though not severe. The change
inthe cumulative noise level is noticeableto maost people, but may not be sufficient to cause strong, adverse
reactions from the community. In thistransitional area, other project-specific factors must be considered
to determine the magnitude of theimpact and the need for mitigation, such asthe predicted level of increase
over existing noise levels and the types and numbers of noise-sensitive land uses affected.

Although the curvesin Figure 3-1 are defined in terms of the project noise exposure and the existing noise
exposure, it isimportant to emphasize that it isthe increase in the cumul ative noise - when project is added
to existing - that is the basis for the criteria.  The complex shapes of the curves are based on the
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considerations of cumulative noise increase described in Appendix A. To illustrate this point, Figure 3-2
shows the noise impact criteria for Category 1 and 2 land use in terms of the allowable increase in the
cumulative noise exposure. The horizontal axis is the existing noise exposure and the vertical axisisthe
increase in cumulative noise level due to the transit project. The measure of noise exposure is L, for
residential areas and L, for land uses that do not have nighttime noise sensitivity. Since Ly, and L, are
measures of total acoustic energy, any new noise source in acommunity will cause an increase, evenif the
new source level islessthan the existing level. Referring to Figure 3-2, it can be seen that the criterion for
Impact allows anoise exposureincrease of 10 dBA if the existing noise exposure is42 dBA or lessbut only
a1l dBA increase when the existing noise exposure is 70 dBA.

20 1 1 1 3 * i *
— SEVERE IMPACT Note: o

o C § § i i Noise exposure is in terms
© 15 NI A e | of Lgq (h) for Category
3} E i | | 1 land uses, L, for
= — ‘ 3 | | Category 2 land uses
o — IMPACT\_| | | gory .
2 10 ‘ 1 I e B E—
o |
o — i
x - !
L - 3
ki T R e S ~
3 [
= — NO IMPACT

O _I | ll I | I |

40 45 50 55 60 65 70 75 80

Existing Noise Exposure

Figure 3-2 Increase in Cumulative Noise Levels Allowed by Criteria (Land Use Cat. 1 & 2)

Astheexisting level of ambient noiseincreases, the allowable level of transit noise increases, but the total
amount that community noise exposureisallowed toincreaseisreduced. Thisaccountsfor the unexpected
result that a project noise exposure which is |ess than the existing noise exposure can still cause Impact.
Thisis clearer from the examples given in Table 3-3 which indicate the level of transit noise allowed for
different existing levels of exposure.
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Table 3-3 NoiseImpact Criteria: Effect on Cumulative Noise Exposure
L4, Or Lo, in dBA (rounded to nearest whole decibel)
Existing Noise  Allowable Project Allowable Combined Allowable Noise
Exposure Noise Exposure Total Noise Exposure  Exposure I ncrease
45 51 52 7
50 53 55 5
55 55 58 3
60 57 62 2
65 60 66 1
70 64 71 1
75 65 75 0

Any increase greater than shown abovein Table 3-3will cause Impact. Thistableshowsthat astheexisting
noise exposureincreasesfrom 45 dBA to 75 dBA, the allowed transit noi se exposure increases from 51 dBA
to 65 dBA. However, the allowed increase in the cumulative noise level decreases from 7 dBA to 0 dBA
(rounded to the nearest wholedecibel). Thejustificationfor thisisthat peoplealready exposedto highlevels
of noise will notice and be annoyed by only asmall increase in the amount of noisein their community. In
contragt, if the existing noise levels are quite low, agreater change in the community noise will be required
for the equivalent level of annoyance. It should be noted that these annoyance levels are based on general
community reactions to noise at varying levels which have been documented in scientific literature and do
not account for specific community attitudinal factors which may exist.

3.2 APPLICATION OF NOISE IMPACT CRITERIA

3.2.1 Noise-Sensitive Land Uses

Asindicated in Section 3.1.1, the noiseimpact criteriaand descriptors depend on land use, designated either
Category 1, Category 2 or Category 3. Category 1 includestractsof land where quiet isan essential el ement
intheir intended purpose, such as outdoor concert pavilions or National Historic Landmarks where outdoor
interpretation routinely takesplace. Category 2 includesresidences and buildingswhere people sleep, while
Category 3 includesinstitutional land uses with primarily daytime and evening use such as schools, places
of worship and libraries.

Thecriteriado not apply to most commercial or industrial usesbecause, ingeneral, the activitieswithinthese
buildings are compatible with higher noise levels. They do apply to business uses which depend on quiet as
an important part of operations, such as sound and motion picture recording studios.

Historically significant sites are treated as noise-sensitive depending on the land use activities. Sites of
national significance with considerable outdoor use required for site interpretation would be in Category 1.
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Historical sitesthat are currently used as residences will be in Category 2. Historic buildings with indoor
use of an interpretive nature involving meditation and study fall into Category 3. These include museums,
significant birthplaces and buildings in which significant historical events occurred.

Most busy downtown areas have buildings which are historically significant because they represent a
particular architectural styleor are prime examples of thework of an historically significant designer. If the
buildings or structures are used for commercial or industrial purposes and are located in busy commercial
areas, they are not considered noi se-sensitive and the noiseimpact criteriado not apply. Similarly, historical
transportation structures, such asterminal sand railroad stations, are not considered noise-sensitiveland uses
themselves. These buildings or structures are, of course, afforded special protection under Section 4(f) of
the DOT Act and Section 106 of the National Historic Preservation Act. However, based strictly on how
they are used and the settingsin which they arelocated, thesetypes of historical buildingsare not considered
noise-sensitive sites.

While parks are considered in general to be noise-sensitive sites, there are cases where actual noise-
sensitivity depends on how the park is being used. Parks used for passive purposes such as reading,
meditation and conversation would be considered more noise sensitive than ones used for sports or other
active recreational pursuits.

3.2.2 Noise Metrics

The basis for the development of the noise impact criteria (see Appendix A) has been the relationship
between the percentage of highly annoyed people and the noise levels of their residential environment.
Consequently, the criteriaare centered around residential land use with the use of L, as the noi se descriptor
sensitiveto noiseintrusion at night. ThenoisecriteriauseL 4, for other land uses where nighttime sensitivity
isafactor. The criteriaare aso to be applied to non-residential land uses that are sensitive to noise during
daytime hours. BecausetheL ,, and the maximum daytime hourly L, have similar valuesfor atypical noise
environment, the daytime or early evening L ., can be used for evaluating noise impact at locations where
nighttime sensitivity is not afactor. For land useinvolving only daytime activities (e.g. churches, schools,
libraries, parks) theimpact is evaluated in terms of L (h), defined asthe L, for the noisiest hour of transit-
related activity during which human activities occur at the noise-sensitive location.

However, due to the types of land use included in Category 3, the criteria allow the project noise for
Category 3 sitesto be 5 decibels greater than for Category 1 and Category 2 sites. With the exception of
recreational facilities, which are clearly less sensitive to noise than Category 1 and 2 sites, Category 3 sites
include primarily indoor activities and thus the criteria account for the noise reduction provided by the
building structure.

Although the maximum noiselevel (L,,,) isSnot used in thismanual asthe basisfor the noiseimpact criteria
for transit projects, it isauseful metric for providing afuller understanding of the noise impact from some
transit operations. Specifically, rail transit characteristically produces high intermittent noise levelswhich
may be objectionable depending on the distance from the alignment. Thus, it is recommended that L,
information be provided in environmental documentsto supplement the noi seimpact assessment and to help
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satisfy the "full disclosure" requirements of NEPA. Procedures for computing the L, for asingle train
passby are provided in Appendix E.

3.2.3 Considerations in Applying the Noise Impact Criteria

The procedure for assessing impact is to determine the existing noise exposure and the predicted project
noise exposure at a given site, in terms of either L, or L (h) as appropriate, and to plot these levels on
Figure 3-1. Thelocation of the plotted point in the three impact rangesis an indication of the magnitude of
theimpact. For smplicity, noiseimpact can also be determined by using Table 3-1, rounding all noiselevel
values to the nearest whole decibel before using the table. This level of precision is sufficient for
determining the degree of noise impact at specific locations and should be adequate for most applications.
However, amore precise determination of noiseimpact may beappropriatein somesituations, such aswhen
estimating the distance from the project to which noise impact extends. I1n such cases, more precise noise
limits can be determined using the criteria equations provided in Appendix A.

Thenoise criteriaareto be applied outside the building locationsfor residential land use and at the property
line for parks and other significant outdoor use. However, for locations where land use activity is solely
indoors, noise impact may be less significant if the outdoor-to-indoor reduction is greater than for typical
buildings (about 25 dB with windows closed). Thus, if the project sponsor can demonstrate that thisisthe
case, mitigation may not be needed.

It isimportant to note that the criteria specify a comparison of future project noise with existing noise and
not with projections of future "no-build" noise exposure (i.e. without the project). Furthermore, it should
be emphasized that it is not necessary nor recommended that existing noise exposure be determined by
measuring at every noise-sensitive location in the project area. Rather, the recommended approach is to
characterize the noise environment for "clusters' of sites based on measurements or estimates at
representative locationsinthe community. Inview of the sensitivity of the noisecriteriato theexisting noise
exposure, careful characterization of pre-project ambient noise is important. Guidelines for selecting
representative receiver locations and determining ambient noise are provided in Appendix B and Appendix
C, respectively.

3.2.4 Mitigation Policy Considerations

The Federal Transit Administration does not have a specific noise mitigation policy embodied in a
regulation. Rather, thefollowing statutesand i mplementing regul ations concerning environmental protection
guide the agency’s decision on the need for noise mitigation. While many people are familiar with the
environmental impact statement requirement in the National Environmental Policy Act (NEPA), the statute
also establishes a broad mandate for Federal agencies to incorporate environmental protection and
enhancement measuresinto the programsand projectsthey hel pfinance.® Inconjunctionwith FHWA, FTA
has issued a regulation implementing NEPA which sets out the agencies' general policy on environmental
mitigation. There, it states that measures necessary to mitigate adverse impacts are to be incorporated into
the project and, further, that such measuresareeligiblefor Federal funding when FTA determinesthat"...the
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proposed mitigation represents a reasonabl e public expenditure after considering the impacts of the action
and the benefits of the proposed mitigation measures." ?

While NEPA provides broad direction, a more explicit statutory basis for mitigating adverse noiseimpacts
iscontained in the Federal Transit Laws.® Before approving a construction grant under section 5309, FTA
must make afinding that "... (ii) the preservation and enhancement of the environment, and the interest of
the community in which a project islocated, were considered; and (iii) no adverse environmental effect is
likely to result from the project, or no feasible and prudent alternative to the effect existsand all reasonable
steps have been taken to minimize the effect.” (49 U.S.C. 5324 (b) (3)).

3.3 NOISE IMPACT CRITERIA FOR HIGHWAY/TRANSIT PROJECTS

When mass transit projects are integrated with modified or newly-constructed highways (e.g., exclusive
bus/HOV lanes constructed within or alongside a highway), noise impact should be determined using
existing FHWA assessment procedures and noise abatement guidelines.

FHWA criteria appear in the Code of Federal Regulations and are supplemented by several FHWA
advisory memoranda (references 5 through 11). FHWA noise policies and guidelines are expected to be
updated and reissued during 1995. The following sections summarize these criteria and their use.

3.3.1 FHWA Impact Criteria

FHWA requiresassessment at aff ected exi sting activities, devel oped lands, and undevel oped landsfor which
development is planned, designed and programmed. At these locations, traffic noise is computed for the
project’s design year, which is often 20 years from the onset of environmental studies. Used for this
computation istraffic for the hour with the worst impact "on aregular basis." In practice, traffic engineers
often predict traffic volumes and speeds at several times during an average design-year day, and then noise
computations decide the "worst" hour. Because assessment is for a single hour rather than for a 24-hour
period, the noise metric is an hourly one. FHWA alowseither L ,(h) or L FON

FHWA requirestwo assessments of noiseimpact: onerelated to land-use type and the other to existing noise
level. First, noiseimpact occurswhen predicted traffic noiselevel sapproach or exceed the applicable Noise
Abatement Criteria (NAC) in Table 3-4. FHWA alows individual state highway agencies to define
"approach,” aslong asit is at least one decibel less than the applicable NAC.

In thistable, FHWA requiresthat primary consideration be given to exterior areas (Activity Categories A,
B and C). Thetable'sinterior NAC (Category E) isused only where either (1) there are no affected exterior
activitiesor (2) exterior activitiesare not impacted because they arefar from or are physically shielded from
the roadway.

L 10(h) is defined as the A-weighted sound level exceeded for 10% of the hour.
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Table 3-4 FHWA Noise Abatement Criteria
o Hourly A-weighted Sound L evel
Activity (dBA)
Category Description of Activity Category
L () L 1(h)
Lands on which serenity and quiet are of extraordinary
A 57 60 significance and serve an important public need and where
Exterior Exterior the preservation of those qualitiesis essential if the areais
to continue to serveits intended purpose.
67 70 Picnic areas, recreation areas, playgrounds, active sports
B . . areas, parks, residences, motels, hotels, schools, churches,
Exterior Exterior . . )
libraries, and hospitals.
C 72 75 Developed lands, properties, or activities not included in
Exterior Exterior Categories A or B above.
D -- -- Undeveloped lands.
E 52 55 Residences, motels, hotels, public meeting rooms, schools,
Interior Interior churches, libraries, hospitals, and auditoriums.

In addition, noise impact is considered to occur when predicted traffic noise levels substantially exceed
existing noiselevels (not future no-build noiselevels). FHWA alowsindividual state highway agenciesto
define "substantial." Most states consider an increase of 10-15 decibels to be substantial.

3.3.2 Use of Impact Criteria

When impact occurs by either method of assessment, NAC or substantial increase, FHWA requires study
of the following noise abatement measures: traffic management, alteration of horizontal and vertical
alignments, noise barriers whether within or outside the right-of-way, acquisition of buffer zones, noise
insulation of public-use or nonprofit institutional structures. Measures which are reasonable and feasible
are to be incorporated in the project.

Feasibility. Feasibility dealswith engineering considerations. To be feasible, an abatement measure must
first meet al safety, maintenance and other accepted design requirements. After safety/maintenance issues
areresolved - they usually can during detailed design, according to FHWA - then FHWA considers anoise-
abatement measure to be feasible if that measure can technically achieve anoise reduction of 5 decibels or
more, given its physical aspects and those of its surroundings. Such acoustical feasibility is objective, not
subjective. It isamatter of acoustical computation, depending upon such factors as topography, location
of other nearby sound sources, and location of driveways, ramps, and cross streets.

Reasonableness. In the context of FHWA regulations, reasonableness is a more subjective matter.
Reasonableness implies that common sense and good judgment were applied in arriving at a decision
concerning the abatement measure. Explicitly, FHWA requiresthat (1) the views of theimpacted residents
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be amajor consideration, and (2) the overall noise abatement benefits outweigh the overall adverse social,
economic, and environmental effects, as well as the abatement cost.

Reasonabl eness al so depends upon community wishes, aesthetics, community desiresfor their surrounding
view, projected noise-level increase above existing levels, projected noise-level increase above no-build
levels, amount of development that occurred before and after the initial construction of the highway, type
of protected devel opment, effectiveness of land-use control sby local jurisdiction, construction effectsof the
abatement measure on the natural environment, and the potential ability of the abatement measureto reduce
noise during project construction, as well.

Reasonableness also depends upon cost effectiveness. It encourages state highway agencies to develop
quantitative cost-effectiveness guidelines, which generally consider abatement cost, the number of people
protected by the abatement measure, and the amount of noise reduction provided by the abatement measure.

Noiseinsulation of privateresidences. Asmentioned above, FHWA participatesinfunding "noiseinsul ation
of public use or nonprofit institutional structures.” On the other hand, noiseinsulation of private residences
isnot normally funded by FHWA.. Instead, the agency acknowledgesthat there may be situationswhere (1)
severetraffic noiseimpactsexist or are expected, and (2) the abatement measures|listed aboveare physically
infeasible or economically unreasonable. In these instances, noise abatement measures other than those
listed may be proposed by the highway agency and approved by the FHWA on a case-by-case basis.




Chapter 3: Noise Impact Criteria 3-13

REFERENCES

1. United States Congress, National Environmental Policy Act of 1969; P.L. 91-190, January 1, 1970.

2. U.S. Department of Transportation, Federal Transit Administration and Federal Highway
Administration, "Environmental Impact and Related Procedures." Fina Rule, 52 Federal Register
32646-32669; August 28, 1987 (23 Code of Federal Regulations 771.105(d)).

3. 49 U.S.C. 5301 et seq.

4, Federal Highway Administration. 23 CFR Part 772: Procedures for Abatement of Highway Traffic
Noise and Construction Noise -- Final rule. Federal Register, Vol. 47, No. 131, 8 July 1982.

5. Ali F. Sevin, Director, Office of Environmental Policy, (now the Office of Environment and
Planning), Federal Highway Administration, "Memorandum: Traffic Noise Analysis for Highway
Projects Which Add Through-Traffic Lanes." 5 May 1987.

6. Ali F. Sevin, Director, Office of Environmental Policy, Federal Highway Administration, "FHWA
Technical Advisory T 6640.8A Guidance for Preparing and Processing Environmental and Section
4(F) Documents." 30 October 1987.

7. Office of Environmental Policy, Noiseand Air AnalysisDivision, Federal Highway Administration,
Discussion Paper: Appropriate Level of Highway Traffic Noise Analysisfor CE, EA/FONSI, and
EIS." June 19809.

8. Office of Environmental Policy, Noiseand Air Analysis Division, Federal Highway Administration,
"Field Review Report: Highway Traffic Noiselmpact | dentification and Mitigation Decisionmaking."
June 1989.

9. Kevin E. Heanue (HEP-41), Director, Office of Environment and Planning, Federa Highway
Administration. Memorandum: INFORMATION: Highway Traffic Noise Analysis. Reasonableness
and Feasibility of Abatement. 18 June 1992.

10. Kevin E. Heanue (HEP-41), Director, Office of Environment and Planning, Federal Highway
Administration. Memorandum: ACTION: Guidance for Traffic Noise Analysis. 1 December 1993.

11. Kevin E. Heanue (HEP-41), Director, Office of Environment and Planning, Federal Highway

Administration, Memorandum: INFORMATION: Highway Traffic Noise. 12 August 1994.
"Highway Traffic Noisein the United States: Problem and Response.”




Chapter 4. Noise Screening Procedure 4-1

4. NOISE SCREENING PROCEDURE

The noise screening procedure is designed to identify locations where a project has little possibility of noise
impact. If no noise-sensitive land uses are present within a defined area of project noise influence, then no
further noiseassessment isnecessary. Thisapproach allowsthefocusing of further noiseanalysison locations
where impacts are likely. The screening procedure takes account of the noise impact criteria, the type of
project and noise-sensitive land uses. For screening purposes, all noise-sensitive land uses are considered to
bein asingle category.

4.1 SCREENING DISTANCES

The distances given in Table 4-1 ddineate a project's noise study area. The areas defined by the screening
distances are sufficiently large to encompass all potentially impacted locations. They were determined using
scenarios that were conservative in terms of operating characteristics and source levels. This was done by
estimating noise characteristics during maximum operations of a given project type and using the lowest
threshold of impact from Chapter 3.

Thenoisescreening procedureis applicableto all types of transit projects. Thetypesof projectslistedin Table

4-1 cover nearly all of thekinds of projects expected to undergo environmental assessment. Clarification can
be obtained from FTA on any special cases that are not represented in the table.

4.2 STEPS IN SCREENING PROCEDURE
The screening method works as follows:

1. Deerminethetype of project and locate on Table 4-1.
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2. Determinethe appropriate column under Screening Distancein Table4-1. If buildings occur in
the sound paths, then usethe distances under Intervening Buildings. Otherwise usethe distances

under "Unobstructed."

3. Notethedistancein feet for that project in Table4-1. Apply this distance from the guideway
centerline or nearest right-of-way line on both sides of a highway or access road. 1n the case of
afixedfacility, apply thedistancefrom the center of noise-generating activity for the project site.

4.  Within the distance noted above, locate any of the noise-sensitive land uses listed in Table 3-2.

5. If it isdetermined that none of the listed land uses are within the distances noted in Table 4-1,
then no further noise analysisis needed. On the other hand, if one or more of the noise-sensitive
land uses arewithin the screening distances noted in Table4-1 then further analysisis needed and
the procedure described in Chapter 5 is followed.
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Table4-1 Screening Distances for Noise Assessments
_ Screening Distance* (ft)
Type of Project
Unobstructed I ntervening Buildings
Fixed Guideway Systems:
Commuter Rail Mainline 750 375
Commuter Rail Station 450 225
Rail Transit Guideway 700 350
Rail Transit Station 200 100
Access Roads 100 50
Low- and Intermediate- | Steel Whed 200 100
Capacity Transit Rubber Tire 125 75
Monorall 300 150
Yards and Shops 2000 1000
Parking Facilities 150 75
Access Roads 100 50
Ancillary Facilities
Ventilation Shafts 200 100
Power Substations 250 125
Bus Systems:
Busway 500 250
Access Roads 100 50
Transit Mall 250 125
I:jt‘:rt 300 150
Bus Facilities
I\S/Itgirr??;:nce 1000 500
Ezi: & Rice 300 150
Measured from centerline of guideway/roadway for mobile sources; from center of noise-
generating activity for stationary sources.
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5. GENERAL NOISE ASSESSMENT

This chapter contains procedures for the computation of both project and existing ambient noise levelsfor use
in noise assessments required beyond the stage of the screening procedure of Chapter 4.

The Screening Procedur e described in Chapter 4 is used to determine whether any noise-sensitive receivers
are within a distance where impact islikely to occur. The distance given in the table defines the study area
of any subsequent noise impact assessment. Where there is potential for noise impact, the procedures of
Chapters 5 and 6 will be used to determine the extent and severity of impact. In some cases, a general
assessment may be al that isneeded. On the other hand, if the proposed project isin close proximity to noise-
sensitive land uses and it appears at the outset that the impact would be substantial, it is prudent to conduct
adetailed noise analysis.

The General Assessment is used for awide range of projects which show potential noise impact from the
screening procedure. For avariety of smaller transit projects, ageneral assessment may be al that is needed
to evauate noise impact and propose mitigation measures where necessary. It is aso used to compare
aternatives, such aslocations of facilities or alignments, or even candidate transportation modes. A Genera
Assessment can provide the appropriate level of detail about noiseimpactsfor a”corridor” or "sub-area’ study
which is undertaken during the planning of a magjor transportation investment. The procedure involves noise
predictions commensurate with the level of detail of data available in the early stages of magjor investment
planning. Estimates are made of project noise levels and of existing noise conditions to estimate the location
of anoiseimpact contour, defining an impact corridor or area. An inventory of noise impacts within the area
identifies locations where noise mitigation is likely and is used in comparing noise impact among alternatives.
Noise mitigation policy considerations are discussed in Section 3.2.4 and the application of noise mitigation
measures is described in Section 6.7.

Detailed Analysisis undertaken when the greatest accuracy is needed to assess impacts and the effectiveness
of mitigation measures on a site-specific basis. In order to do this, the project must be defined to the extent
that location, alignment, mode and operating characteristics are determined. Detailed Andysis is often
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accomplished during the preliminary engineering phase. The results of the Detailed Analysis would be used
in predicting the effectiveness of noise mitigation measures on particular noise-sensitive receivers. The
procedures for performing a Detailed Analysis are described in Chapter 6.

This chapter describes the procedure for performing a General Noise Assessment. The General Assessment
is based on noise source and land use information likely to be available at an early stage in the project
development process. Sections of this chapter cover the key elements of the prediction procedure:

. Section 5.2 describes how to predict noise source levels with preliminary estimations of the
effect of mitigation.

. Section 5.3 covers a simplified procedure for estimating noise propagation characteristics
assuming flat terrain, with approximate shielding by rows of buildings or other barriers.

. Section 5.4 includes a smplified procedure for estimating existing noise.

. Section 5.5 shows how to estimate the Noise Impact Contour that defines the approximate outer
limit of noise impact.

. Section 5.6 describes how to conduct the noise impact inventory and how to present the
information in an environmental document or atechnical noise report.

. Two examples of General Assessments are given at the end of this chapter.

5.1 OVERVIEW

The steps in the General Noise Assessment are shown in Figure 5-1 and are described below. When severa
aternatives are evaluated in an environmenta document, this approach can be applied to each aternative and
the results compared.

Project Alternatives —Place the aternative under study into one of three categories, fixed guideway transit,
highway/transit, or stationary facility. Determine the Source Reference Level from the tablesin Section
5.2. Each Source Reference Level pertains to atypical operation for one hour for a stationary source
or one vehicle passhy under reference operating conditions. Each utilizes the SEL noise descriptor, as
discussed in Chapter 2.

Operational Characteristics —Convert the Source Reference Level to Noise Exposure in terms of L, (h) or
L 4, under approximate project operating conditions, using the appropriate equations depending upon
the type of source. The noise exposure is determined at the reference distance of 50 feet.

Propagation Characteristics -Draw Noise Exposure vs. Distance Curve for this source, using the graphic
in Section 5.3. This curve will show the source’s noise exposure as a function of distance, ignoring
shielding. To account for shielding attenuation from rows of buildings, use ageneral rule for estimating
the reduction in noise level and draw an adjusted Exposure-vs-Distance Curve.
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Project Operational Propagation Study Area
Alternatives Characteristics | | Characteristics | |Characteristics

Reference
SEL, 50 ft

Ldn, 50 ft
Leq, 50 ft
Exposure

vs Distance
Curve

Existing
noise
exposure

Noise Impact
Criteria

|

Noise Impact
Contour

Apply Noise
Mitigation
]
Location of
Noise-Sensitive
Sites

Noise Impact
Inventory

Figure 5-1. Procedure for General Noise Assessment

Study Area Characteristics —Estimate the existing noise exposure for areas surrounding the project from
Table 5-7 in Section 5.4.

Noise Impact Contour Estimation —On a point-by-point bas's, locate the project noise exposure and existing
noise exposure combination that results in Impact according to the impact criteria from Chapter 3.
Connect the points to obtain a contour line around the project which signifies the outer limits of Impact.

Alternatively, in the case where it is desired to make a comparison among different modal alternatives,
specific noise contours can be determined from the Exposure-vs-Distance curves (for example, 60dB,
65dB, 70dB contours).
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Noise Impact Inventory — Tabulate noise-sensitive land uses within the specific contours using genera

assumptions for shielding attenuation from rows of buildings.

Noise Mitigation —Apply estimates of the noise reduction from mitigation in the community areas where
potential impact has been identified and repeat the tabulation of noise impacts.

5.2 NOISE SOURCE LEVELS FOR GENERAL ASSESSMENT

The General Noise Assessment procedure begins by
determining the project noise exposure at a reference
distance for the various project alternatives. The steps
involved in this calculation are shaded in the flow chart
a right. The reference noise exposure estimation
procedures differ depending on the type of project
(fixed guideway, highway/transit, or stationary facility)
as described in the following sections.

5.2.1 Fixed Guideway Transit Sources

Fixed guideway transit sources include commuter rail,
rail rapid transit, light rail transit, automated guideway
transit (AGT), monorail, and magnetically levitated
vehicles (maglev). The noise characteristics of each
depend on the system characteristics described in
Chapter 2. At an early project stage, the information
availableincludes:

] Candidate transit mode
= Guideway options

. Time of operation

= Operational headways
. Design speed

= Alternative alignments.

Characteristics

Propagation

Study Area
Characteristics

Existing
noise
exposure

|

Noise Impact
Criteria

l

Noise Impact
Contour

Location of
Noise-Sensitive
Sites

l

Noise Impact

Inventory

Thisinformation is not sufficient to predict noise levelsat al locations along the right-of-way, but by using
conservative estimates (for example, maximum design speeds and operations at design capacities) it is

sufficient to estimate worst case noise impact contours.

Reference Levels in SEL The procedure starts with predicting the source noise levels, expressed in terms
of SEL at areference distance and areference speed. These are givenin Table 5-1 below.
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The reference SEL’s are used in the equations of Table 5-2 to predict the noise exposure at 50 feet. Also
shown in Table 5-2 are rough estimates of the noise reduction available from wayside noise barriers, the most
common noise mitigation measure. See Chapter 6 for a complete description of the benefits resulting from
noise mitigation. The approximate noise barrier lengths and locations developed in a General Assessment
provide a preliminary basis for evaluating the costs and benefits of impact mitigation.

Table5-1 Reference SEL’sat 50 feet from Track and 50 mph
Source/ Type Reference Conditions F\E:f;j:; © dISBiL

] Diesel-electric, 3000 hp, throttle 5 92

Commuter Rail, Locomotives Electric %0
At-Grade

Cars Ballast, welded rail 82

Rail Transit At-grade, ballast, welded rail 82

AGT Steel wheel Aeria, concrete, welded rail 80

Rubber Tire Aerial, concrete guideway 78

Monorail Aeria straddle beam 82

Maglev Aerial, open guideway 72

Noise Exposure at 50 feet -After determining the reference levelsfor each of the noise sources, the next step
is to determine the noise exposure at 50 feet expressed interms of L .(h) and L, The additional data needed

include:

Number of train passbys during the day (defined as 7am to 10 pm) and night (defined as 10 pm
to 7 am).

Maximum number of train passhbys during hours that Category 1 or Category 3 land uses are
normally in use. Thisisusually the peak hour train volume.

Number of vehicles per train (if this number varies during the day, take the average).
Speed (maximum expected).
Guideway configuration.

Noise barrier location (if noise mitigation is determined necessary at the end of thefirst passon
the General Assessment).

These data are used in the equations in Table 5-2 to obtain adjustment factorsto calculate L 4, and L ,(h) at 50

feet.
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Table5-2 Computation of Noise Exposure at 50 feet for Fixed Guideway General Assessment

LOCOMOTIVES

S
Hourly L, at 50 ft Lequ () = SELref +1010g(Nigcos) ~ 10l0gFi_ 1+ 10l0g(V) - 356

RAIL VEHICLES'

Hourly L, at 50 ft: Leqo (M) = SEL ¢t +1010g(Ngars) + 20 |og%%@+ 10log(V) - 35.6

use the following adjustments as applicable:

+5 — JOINTED TRACK

+3 — EMBEDDED TRACK ON GRADE

+4 — AERIAL STRUCTURE WITH SLAB TRACK
(except AGT & monorail)

-5 — if aNOISEBARRIER blocksthe line of sight

COMBINED
5B H o]
Hourly L., at 50 ft: Leg(h) =10log %0 +10 0
B B
Daytime L, at 50 ft: Leg(day) = Leq(h)‘ V=vg
Nighttime L, at 50 ft: Leq(night) = Leq(h)‘vzvn
O Leq(day)/ Leq(night)+l(y N
L, a 50 ft: Ly, =10log %15) x 10§ for +(9) X 1o§ 1‘@%_ 138
0 0
N, = average number of locomotives per train

N, = average number of cars per train
S= train speed, in miles per hour
V = average hourly volume of train traffic, in trains per hour
V, = average hourly daytime volume of train traffic, in trains per hour
number of trains, 7 amto 10 pm

15
= average hourly nighttime volumes of train traffic, in trains per hour

number of trains, 10 pmto 7 am
9

<
I

" Includes all commuter rail cars, transit cars, AGT and monorail
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5.2.2 Highway/Transit Sources

The highway/transit type sources include most transit modes that do not require afixed guideway. Examples
are high occupancy vehicles, such as city bus, commuter bus, commuter vanpools and carpools. The noise
characteristics of each depend on the system characteristics described in Chapter 2. At an early project
development stage, the information availableis as follows:

. Vehicle type

. Transitway design options

. Time of operation

. Typical headways

. Design speed

. Alternative alignments.
Thisinformation is not sufficient to predict noise levels at al locations along the right-of-way, but is sufficient
to estimate worst case noise impact contours. The procedure is consistent with the highway noise prediction
method authorized by the Federal Highway Administration (see Section 6.6.2 for a discussion of detailed

FHWA computation methods), with commuter buses, city buses and vans corresponding to source emission
levels for heavy trucks, medium trucks and automobiles, respectively.®

Reference Levels in SEL — Projections of noise from highway/transit sources begin by defining the source
SEL at areference distance of 50 feet and areference speed. These are givenin Table 5-3. The reference
distance SEL’s are used in the equations of Table 5-4 to predict the noise exposure at 50 feet. Also shownin
Table 5-4 is arough estimate of the minimum noise reduction available with wayside sound barriers. See
Chapter 6 for descriptions of other mitigation measures and procedures for devel oping more accurate estimates
of noise reduction from mitigation measures. The approximate noise barrier lengths and locations devel oped
in a General Assessment allow preliminary estimates of the costs and benefits of impact mitigation.

Noise Exposure at 50 feet After determining the reference levelsfor each of the noise sources, the next step
isto determine the noise exposure at 50 feet. The additional data needed include:
= Number of vehicle passbys during the day (7am to 10 pm) and night (10 pm to 7 am).

= Number of vehicle passbys during hours that Category 1 or Category 3 land uses are normally
inuse.

= Speed (maximum expected).

n Transitway configuration (with or without noise barrier).

These data are used in the equations in Table 5-4 with the reference SEL s to calculate L, (h) and Ly, at 50 feet.
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Table5-3 Source Reference Levelsat 50 Feet from Roadway, 50 mph
Reference SEL
Source'
(dBA)

Automobiles and Vans 73

City Buses 84

Commuter Buses 88

T Assumes normal roadway surface conditions

Table 5-4 Computation of L .;and L 4, at 50 feet for Highway/Transit General Assessment

Hourly L, at 50 ft: Leg(n) = SEL,¢ +10l0g(V) +C, Iog%%— 356
Daytime L, at 50 . Leq(0a) = Leg ()=,
Nighttime L, at 50 ft: Leg(night) = Leq(h)‘v=vn

[ Q_eq(day%) Q

138

él_eq(night)ﬂ%gg_
U

O

Ly, at 50 ft: Len =1OI09%15) x10 +(9) x10
O

Cs =146, Commuter Buses

Speed Constant: =239, City Buses
=281, Automobile and van pools

Adjustment: -5 Noise Barrier

V = hourly volume of vehicles of thistype, in vehicles per hour.
Vy = average hourly daytime volume of vehicles of thistype, in vehicles per hour
_ total vehicle volume, 7 amto 10 pm
- 15
V, = average hourly nighttime volume of vehicles of thistype, in vehicles per hour
_ total vehiclevolume, 10 pmto 7 am

9
S= average vehicle speed, in miles per hour
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5.2.3 Stationary Sources

This section covers the general approach to assessment of noise from fixed facilities associated with atransit
system. New transit facilities undergo a site review for best |ocation which includes consideration of the noise
sensitivity of surrounding land uses. Although many facilities, such as bus maintenance garages, are usually
located in industrial and commercia areas, some facilities such as bus terminals, train stations and park and
ride lots may be placed near residential neighborhoods where noise impact may occur. Access roads to some
of these facilities may also pass through noise-sensitive areas. In a general assessment, only the salient
features of each fixed facility are considered in the noise analysis.

Reference Levels in SEL —The source reference levels given in Table 5-5 are determined based on

measurements for the peak hour of operation of atypical stationary source of the type and size noted. A large
facility, such asarail yard, is spread out over considerable area with various noise levels depending on the
layout of the facility. Specifying the reference SEL at a distance of 50 feet from the property line would be
misleading in this case. Consequently, the reference distance is described as "the equivalent distance of 50

feet," which is determined by estimating the noise levels at a greater distance and projecting back to 50 feet,

assuming the noise sources are concentrated at the center of the site. If the location of noise sourcesis known,

then the distance should be taken from the point of the noisiest activity on the site. The reference SEL’'sare
used in the equations of Table 5-6 to predict noise exposure at an equivaent distance of 50 feet from the center

of the site. Noise from accessroadsis treated according to the procedures described in Section 5.2.2.

Table 5-6 aso includes an estimate of the minimum noise reduction available with wayside noise barriers.
Only approximate locations and lengths for barrier or other noise mitigation measures are devel oped during
a General Assessment to provide a preliminary indication of the costs and benefits of mitigation.

Noise Exposure at Equivalent Distance of 50 feetAfter determining the reference SEL's for each of the
noise sources, the next step is to determine the noise exposure expressed in tegms of |, and L at an
equivalent distance of 50 feet. The additional data needed include:

u Number of layover tracks and hours of use.

= Number of buses, if different from assumed reference conditions (if this number varies
during the day, take the average).

. Actual capacity of parking garage or lot.

These data are used in the equations in Table 5-6 with the reference SEL's to calgulate L g¢h) and L at an
equivalent distance of 50 feet.
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Table5-5 Source Reference L evelsat 50 Feet from Center of Site,

Stationary Sour ces

Reference SEL o
Source (dBA) Reference Conditions
Rail System:
20 train movements in peak
Y ards and Shops 118 activity hour
L avover Tracks Onetrain with diesel
&y : 116 locomotiveidling for one
(commuter rail) hour
Bus System:
100 buses accessing facility
Storage Yard 11 in peak activity hour
100 buses accessing
. - facility, 30 buses serviced
Operating Fecility 114 and cleaned in peak activity
hour
Transit Center 101 20 busesin peak activity
hour
Parking Garage 92 1000 carsin peak activity
hour
Park & Ride Lot 101 12 buses, 1000 carsin peak

activity hour
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Table5-6 Computation of L, and L ,, at 50 feet for Stationary Sour ce General Assessment

Hourly L, at 50 ft:

Leq(h) = SEL,¢ +Cy - 356

_ 1 Lea(M g
DaytimeL , at 50 ft: Leq(day) =10log %1—5& 3 10 /10 E
am-10pm
: . 1 Leq(h) / O
Nighttime L, at 50 ft Leq(night) =1010g %5% 10 oy
10pm-7am H
O Leq (day) Leg (night)+10 / 1]
L, at 50 ft: L4y, =10log %15) ><10§ Koéﬂg) ><10§ A’Eg—ls.s
0 O
N :
Volume Adjustment: Cy =10log szg % Rail Y ards and Shops
=10log(2N+), Layover Tracks

=10log
N

=10lo %

g 00

=10log

=10log

=10log

Other Adjustment: -5

50
+2h
i
N
0ot
Na
%ooo

Bus Storage Y ard

Bus Operating Facility
Bus Transit Center
Parking Garage

Ng

, Park & Ride Lot
24

Noise Barrier at Property Line

Nt = Number of trains per hour
Ng = Number of buses per hour

Ng = Number of buses serviced and cleaned per hour

N = Number of automobiles per hour

Note: If any of these numbersis zero, then omit that term
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5.3 COMPUTATION OF NOISE EXPOSURE VS. DISTANCE CURVES

The previous section results in estimates of noise exposureat|  Project Operational | | Propagation | | Study Area
50 feet for each type of project. The following procedure is

used to estimate the project noise exposure at other distances, - l
resulting in a noise exposure vs. distance curve sufficient for

usein a General Assessment. The procedure is as follows: 1

Alternatives Characteristics | [ Characteristics | | Characteristics

Ldn, 50 ft
Determine the L, or L, at 50 feet for one of the three
project typesin Section 5.2.

. . . Exposure Existing
Select the appropriate distance correction curve from —+( s Distance noise
1 Curve exposure
Figure 5-2. e
Apply the Distance Corrections (Cgganco 10 the noise Noise !m_pact
exposure at 50 feet using: Criteria

Noise Impact
Contour

Lgn (OF Leq)| at new distance Lgn (OF Leq)| at 50 feet Caistance Apply Noise
Mitigation

Location of

Plot the noise exposure curve as a function of distance. Noise-Sensitive
This curve will be used to determine the noise impact Sres
contour for the first row of unobstructed buildings.

Noise Impact

This plot can be used to display noise from both Inventory
unmitigated and mitigated conditions in order to assess

the benefits from mitigation measures.

For second row receivers and beyond, it is necessary to account for shielding attenuation from rows of
intervening buildings. Without accounting for shielding, impact may be substantially over-estimated.
Use the following general rules of thumb to determine the effect of shielding from intervening rows of
buildings:

= Assign -4.5 dB of shielding attenuation for the first row of intervening buildings only.

. Assign -1.5 dB of shielding attenuation for each subsequent row, up to a maximum total
attenuation of 10 dB.

Figure 5-2 can then be used to devel op a curve of noise exposure vs. distance when there is shielding.
The curve of noise exposure as afunction of this distance will be used to determine the location of the
noise impact contours.
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Distance Correction
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Figure 5-2. Curves for Estimating Exposure vs. Distance in General Noise Assessment

1000

5.4 ESTIMATING EXISTING NOISE EXPOSURE

The existing noise in the vicinity of the project is
required to determine the noise impact according to the
criteria described in Chapter 3. Recall that impact is
assessed based on a combination of the existing ambient
noise exposure and the additional noise exposure that
will be caused by the project. Inthe Detailed Analysis,
the existing noise exposure is based on noise
measurements at representative locations in the
community. It is generaly a good idea to base all
estimates of existing noise on measurements, especialy
at locations known to be noise-sensitive. However,
measurements are not always available at the General
Assessment stage. This section describes how to
estimate the existing noise in the project study area
from general data available early in project planning.
The procedure uses Table 5-7, where a neighborhood’s

Project Operational Propagation Study Area
Alternatives Characteristics | | Characteristics | |Characteristics

Reference
SEL, 50 ft
Ldn, 50 ft
Leq, 50 ft

Exposure Existing
vs Distance noise
Curve exposure
Noise Impact
Criteria

Noise Impact
Contour

Apply Noise
Mitigation

Location of
Noise-Sensitive
Sites

Noise Impact
Inventory
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existing noise exposure is based on proximity to nearby major roadways or railroads or on population density.
The processis asfollows:

1.

Mapping: Obtain scaled mapping and aerial photographs showing the project location and alternatives.
A scaleof 1" =200’ or 400’ is convenient for the accuracy needed in the noise assessment. The size
of the base map should be sufficient to show distances of at least 1000 from the center of the alignment
or property center, depending on whether the project is a guideway/roadway or a stationary facility.

Identify Sensitive Receivers. Review the maps, together with the most current land use information,
to determine the proximity of noise-sensitive land uses to the project and to the nearest major roadways
and railroad lines. When necessary, windshield surveys or more detailed land use maps may be used
to confirm the location of sensitive receivers. For land uses more than 1000 feet from major roadways
or railroad mainlines (see definitionsin Table 5-7), obtain an estimate of the population density in the
immediate area, expressed in people per square mile.

Use Table 5-7 to Estimate Existing Noise Exposure: EXisting noise exposure is estimated by first
looking at a site’s proximity to major roads and railroad lines. If these noise sources are far enough
away that ambient noise is dominated by local streets and community activities, then the estimate is
made based on population density. The decision of which to use is made by comparing the noise levels
from each of the three categories, roadways, railroads and population density, and selecting the highest
level.

Major roadways are separated into two categories. "Interstates,” or roadways with four or more lanes
that allow trucks; and "Others,” parkways without trucks and city streets with the equivalent of 75 or
more heavy trucks per hour or 300 or more medium trucks per hour. The estimated roadway noise
levels are based on data for light to moderate traffic on typical highways and parkways using the
FHWA highway noise prediction model. Where arange of distancesis given, the predictions are made
at the outer limit, thereby underestimating the traffic noise at the inner distance. For highway noise,
distances are measured from the centerline of the near lane for roadways with two lanes, while for
roadways with more than two lanes the distance is measured from the geometric mean of the roadway.
This distance is computed as follows:

Dgm = \/(DNL)(DFL)

where Dg,, is the distance to the geometric mean, D, and D, are distances to the nearest lane and
farthest lane centerlines, respectively.

For railroads, the estimated noise levels are based on an average train traffic volume of 5-10 trains per
day at 30-40 mph for main linerailroad corridors, and the noise levels are provided in terms of L 4, only.
Distances are referenced to the track centerline, or in the case of multiple tracks, to the centerline of the
rail corridor. Because of the intermittent nature of train operations, train noise will affect the L, only
during certain hours of the day, and these hours may vary from day to day. Therefore, to avoid
underestimating noise impact when using the one-hour L ., descriptor, it is recommended that the L,
at sites near rail lines be estimated based on nearby roadways or population density unless very specific
train information is available.
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In areas away from major roadways, noise from local streets or in neighborhoodsiis estimated using a
relationship determined during a research program by the U.S. EPA? EPA determined that ambient
noise can be related to population density in locations away from transportation corridors, such as
airports, major roads and railroad tracks, according to the following relation:

Lgn =22+10l0g (p) (indBA)

where p = population density in people per square mile.

5.5 DETERMINING NOISE IMPACT CONTOURS

It is often desirable to draw noise impact contours on Project Operational | | Propagation | | Study Area

) . . . Alternatives Characteristics | [ Characteristics | | Characteristics
the land use map mentioned in the previous section to 1
aid theimpact inventory. Once the contours are on the
map, the potential noise impacts can be estimated by

counting the buildings inside the contours.

Reference
SEL, 50 ft

Ldn, 50 ft
The first step is to identify the noise-sensitive
neighborhoods and buildings and estimate existing ]
noise exposure following the procedures described in xposure Fxioting
Section 5.4. The estimate of existing noise exposureis curve Sxpose
used along with the Noise Impact Criteriain Figure 3-1 |
to determine how much additional noise exposure Noise Impact

would need to be created by the project before there
would be Impact or Severe Impact.

Noise Impact
Contour

Apply Noise

The next step is to determine the distances from the Mitigation
project boundary to the two impact levels using the Nose-Sensive
noise exposure vs. distance curves from Section 5.3. Sites

Plot points on the map corresponding to those distances
in the neighborhood under study. Continue this process
for all areas surrounding the project. The plotted points
are connected by lines to represent the Noise Impact Contours.

Noise Impact
Inventory

Alternatively, if it isdesired to plot specific noise contours at, for example, 65 dBA, the distances can aso be
determined directly from the approach described in Section 5.3.  Again, the points associated with agiven
noise level are plotted on the map and connected by lines to represent that contour.

Locations of pointswill change with respect to the project boundary as the existing ambient exposure changes,
as project source levels change, and as shielding effects change. In general, the points should be placed close
enough to allow a smooth curve to be drawn. For a General Assessment, the contours may be drawn through
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buildings and salient terrain features as if they were not present. This practice is acceptable considering the
level of detail associated with aproject in its early stages of development.

Table5-7 Estimating Existing Noise Exposurefor General Assessment
Distance from Major Noise Source' (feet) ) _ Noise Exposur e Estimates
. Population Density

Iqterstate Other RaJ.Iroad (people per sq mile) L Leq I'_eq L
Highways® Roadways? Lines! Day Evening Night dn
10-50 75 70 65 75
50 - 100 70 65 60 70
100 - 200 65 60 55 65
200 - 400 60 55 50 60
400 - 800 55 50 45 55
800 and up 50 45 40 50
10-50 70 65 60 70
50-100 65 60 55 65
100 - 200 60 55 50 60
200 - 400 55 50 45 55
400 and up 50 45 40 50
10-30 - - - 75
30- 60 - - - 70
60 - 120 - - - 65
120 - 240 - - - 60
240 - 500 - - - 55
500 - 800 - - - 50
800 and up -- -- -- 45
1-100 35 30 25 35
100-300 40 35 30 40
300-1000 45 40 35 45
1000- 3000 50 45 40 50
3000- 10000 55 50 45 55
10000 - 30000 60 55 50 60
30000 andup 65 60 55 65

NOTES:

! Distances do not include shielding from intervening rows of buildings. General rule for estimating shielding
attenuation in populated areas. Assume 1 row of buildings every 100 ft; -4.5 dB for the first row, -1.5 dB for
every subsequent row up to a maximum of -10 dB attenuation.

2 Roadways with 4 or more lanes that permit trucks, with traffic at 60 mph.

3 Parkwayswith traffic at 55 mph, but without trucks, and city streets with the equivalent of 75 or more heavy
trucks per hour and 300 or more medium trucks per hour at 30 mph.

4 Mainlinerailroad corridors typically carrying 5-10 trains per day at speeds of 30-40 mph.
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5.6 INVENTORY NOISE IMPACT

Thefinal step in the General Assessment isto develop Project Operational | | Propagation | | Study Area
) . ) . Alternatives Characteristics | | Characteristics | | Characteristics
an inventory of noise-impacted land uses. Using the 1

land use information and noise impact contours from
the Sections 5.4 and 5.5, it should be possible to locate
which buildings are within the impact contours. In

some cases it may be necessary to supplement the land
Leq, 50 ft

Reference
SEL, 50 ft

use information or determine the number of dwelling
units within a multi-family building with a visual |

SUVey: e e e
Curve exposure
The steps for developing the inventory are: [
1. Construct tables for all the noise-sensitive land " hena
uses identified in the three land use categories l
from Section 5.4. Noise Impact
Apply Noise
2. Tabulate buildings and sites that lie between the Mitigation
impact contours and the project boundary. For Mo Sometive
residential buildings, estimate the number of Sttes
dwelling units. Thisisdonefor each aternative
being considered. N enton”

3. Prepare summary tables showing the number of buildings and dwelling units within each impact zone
for each aternative. Various aternatives can be compared in this way, including those with and
without noise mitigation measures.

4, Determine the need for mitigation based on the policy considerations discussed in Section 3.2.4 and
the application guidelines provided in Section 6.8.

Example 5-1. General Noise Assessment for a Transit Center

The followi ng exanple illustrates the procedure for performng a General Noise
Assessnent. The exanple represents a typical FTA-assisted project in an urban
area, the siting of a busy transit center in a nixed conmercial and
residential area, as shown in Figure 5-3.

Assunptions for Exanpl e

The assunptions for the Transit Center and its environs are as follows:

° Main Street Traffic: Peak hour traffic of 1200 autos, 20 heavy trucks,
300 medi um trucks.
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SCALE IN FEET

200

IMPACTED RESIDENCES E

400

C=— N\

= o~

Figure 5-3 Example of Project for General Assessment: Siting of Transit Center in Mixed

Commercial/Residential Area
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° Popul ation Density: 12 houses per block; single famly hones; 3 people
per famly.

Bl ock area 78, 750 square feet.
Popul ation density = 9, 750 peopl e/square nmnile.

. Bus Traffic:
Peri od Hour s Buses per Hour
Peak, Morning 7am - 9am 30
Peak, Afternoon 4pm - 6pm 30
M d- day 9am - 4pm 15
Eveni ng 6pm - 10pm 12
Early Morning (N ght) 6am - 7am 15
Late Ni ght 10pm - lam 4

Procedure

Bef ore begi nning the General Assessnent, note that the Screening Procedure
calls for additional analysis if any residential or other noise-sensitive |and
use is within 150 feet of a Transit Center when there are intervening

buil dings. According to Figure 5-3 the nearest residence is about 140 feet
fromthe center of the proposed Transit Center, thereby calling for further
anal ysis. The CGeneral Assessnent proceeds as foll ows:

Det erni nati on of Noi se Exposure at 50 feet
1. Determ ne the average nunber of buses per hour during day and night.

Day (7am - 10pn):

N; (avg day) = 273 buses/15 hours = 18.2 buses/hour average.
Ni ght (10pm - 7anm):

N, (avg night) = 27 buses/9 hours = 3 buses/hour average

2. Calcul ate L,(day) and L.(night) at 50 feet, assum ng no noise barrier.

From Table 5-5 and Table 5-6 the | evels are deternined as foll ows:

Lo(day) = SEL, + G - 35.6
= 101 + 10 log (18.2/20) - 35.6
= 65 dB

Le(night) = SEL, + G - 35.6
= 101 + 10 log (3/20) - 35.6
= 57 dB

3. Cal culate L,, at 50 ft for the project.

From Table 5-6 the | evel at 50 feet is determ ned as foll ows:

Ld - 10 | og [( 15) 10Leq(day)/10 + (9) 10(Leq(night)+10)/1(q - 13.8
whi ch gi ves:
L, = 79.7 - 13.8

or L, = 66 dB
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Estimate Existing Noi se Exposure

4, Estimate existing noise at noise-sensitive sites fromthe dom nant noi se
source, either nmmjor roadways or |ocal streets (popul ation density).

Roadway Noi se Estimate - The traffic on Main Street qualifies this
street for the "Qther Maj or Roadway" category in Table 5-7.
According to the nmap, the nearest residence is 275 feet fromthe
edge of Main Street. The table shows existing L, = 55 dB at this
di stance for representative busy city street traffic.

Popul ation Density Noise Estimate - As a check on whi ch amnbi ent
noi se category to use, noise fromlocal streets is estimted from
t he popul ation density of 9,750 people/square nile. Table 5-7
confirms that the L, should be approxinmately 55 dB

The existing noise | evel associated with the residential neighborhood is
therefore taken to be L, = 55 dB

Noi se | npact Contours

5. Distance to I npact Contour - For an existing noi se exposure of 55 dB, the
noi se inpact criteria indicate that the onset of Inpact will occur at a
proj ect noise level of 56 dB, and onset of Severe Inpact will occur at 62
dB. The next step is to determne the distances fromthe center of the
property at which these |levels are reached. This is acconplished by use
of Figure 5-2, the exposure-vs-distance curve. Wth the project noise
| evel at 50 feet given as 66 dB and the two inpact |evels at 56 dB and 62
dB, the differences are 10 dB and 4 dB, respectively. Using the curve in
Figure 5-2 | abeled "Stationary" source, the distance to where the
project level drops 10 dB is approxinmately 160 feet, and 4 dB attenuation
occurs at about 80 feet. Consequently, the Inpact contour occurs at 160
feet fromthe center of the property and the Severe |npact contour occurs
at 80 feet.

6. Draw Contours - Lines are drawn at 80 feet and 160 feet fromthe center
of the property of the proposed Transit Center. These |ines represent
t he noi se inmpact contours. (Note in Figure 5-4 the Severe |npact contour
is left out for clarity: it is just within the dashed |ine representing
the | nmpact contour after nitigation.)

7. Assessnent - Wthin, or touching, the contour defining "Inpact" are three
residential buildings (shaded in Figure 5-4). No residences are within
the "Severe | npact contour."”

Noi se M tigation

8. Noi se Barrier - The process is repeated with a hypothetical noise barrier
at the property line on the residential side of the Transit Center. This
woul d consist of a wall approximately 15 feet high partially enclosing
the transit center, sufficient to screen the residences but not the
comercial block facing Main Street. According to Table 5-6, the
approxi mate noise barrier effect is -5 dB. Repeating the procedure
above, the effect of the noise barrier is to shrink the Inpact contour to
90 feet and the Severe Inpact contour to 45 feet, which in this exanple
elimnates all adverse effect on the residences.

End of Example 5-1
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Example 5-2. General Noise Assessment for a LRT System in a Highway Corridor

The following exanple illustrates the General Noi se Assessnent procedure for a
fixed gui deway-type project. The hypothetical project is a light rail transit
(LRT) systemto be built within the nedian of a busy nulti-Ilane highway. The
LRT tracks are grade-separated on aerial structure. The exanple covers a
segnent of the corridor that passes through a densely devel oped area with

nm xed residential and comercial |and use, and a school within 150 feet of the
project, as shown in Figure 5-4.

Assunptions for Exanpl e

The assunptions for the project are as foll ows:

° Project Corridor: Median of a six-lane interstate highway, wth typical
vehi cl e speeds of 60-70 nph during freely flowing traffic conditions.

. LRT System LRT train with two-car consists, 50-ft long cars. Double
track systemon el evated concrete slab, welded rail. Trains operating

with 5 to 10 minute headways at a speed of 60 nph al ong the segnent shown
in Figure 5-4.

Operating Schedul e:

Peri od Headway (m nut es) Trains per hour
- I nbound Qutbound | nbound Qutbound Total
Dayti e 7am - 9am 5 7 12.0 8.6 20.6
9am - 12am 7 9 8.6 6.7 15. 2
12am - 4pm 8 6 7.5 10.0 17.5
4pm - 6pm 7 5 8.6 12.0  20.6
6pm - 8pm 8 6 7.5 10.0 12.0
gpm- 10pm 10 10 6.0 6.0 60
Ni ghttine 10pm - lam 15 15 4.0 4.0 8.0
lam - 5am -- -- 0.0 0.0 0.0
5am - 6am 10 10 6.0 6.0 12.0
6am - 7am 6 10 10.0 6.0 16.0

Procedure
The Screening Procedure calls for additional analysis for noise-sensitive |and
use within 350 feet of a rail transit guideway. Figure 5-4 shows that the

cl osest residences are about 120 ft fromthe LRT corridor centerline, thereby
requiring further noise analysis. The procedure is sunmarized as foll ows:

Det erni nati on of Noi se Exposure at 50 feet
1. Det ermi ne average hourly daytine and nighttine volumes of train traffic.

Daytime (7am - 10pn):
V, = 257 trains/15 hours = 17.1 trains/hour
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Figure 5-4 Example of Project for General Assessment: LRT System Corridor in Highway Median

Ni ghttime (10pm - 7am:

V, = 52 trains/9 hours

From Table 5-2 this | evel

Ldn

= 5.8 trains/hour

ns during school hours):

Le(night) and L. (peak) at 50 ft,

Peak Hour (of LRT operatio
V, = 20.6 trains/hour
2. Cal cul ate L.(day),
barrier.
From Tabl e
Ley(day) =
= 67.3 dB
L(night) = SEL.,
= 62.6 dB
Leg(h) =
= 68.1 dB
(Note that a +4 dB adj ust nent
structure, per Table 5-2)
3. Cal cul ate project L, at 50 ft.

is determined as foll ows:

10 |Og K 15) 10Leq(day)/10 + (9) 10(Leq(nfght)+10)l10] _

assum ng no noi se

5-1 and 5-2 these levels are determ ned as foll ows:

SEL.. + 10l og( N, + 20log(S50) + 10log(V,) - 35.6
82 + 4 + 10 log (2) + 20 log (60/50) + 10 log (17.1) -

35.6

+ 10 log (N, + 20 log (§50) + 101log (V) - 35.6
82 + 4 + 10 log (2) + 20 log (60/50) + 10 log (5.8) -

35.6

SEL,,; + 10 10og (N,s) + 20 log (S50) + 10 log (V) - 35.6
82 +4 + 10 log (2) + 20 log (60/50) + 10 log (20.6) -

35.6

is added to account for track on aeri al

13.8
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whi ch gi ves

Ly, = 83.9 - 13.8
or

Ly, = 70 dB

Estimate Existing Noi se Exposure

4.

Estimate existing noise at noise-sensitive sites. Since the freeway (the
donmi nant noi se source) is a mgjor linear source from which noise
attenuates rapidly with distance, it is inaccurate in this case to sinply
assign a "generalized" noise level to characterize a large area, as in
Example 5-1. In other words, it is necessary to estinmate the existing
noi se environnent as a function of distance fromthe freeway on a site-
speci fic basis.

From Fi gure 5-4, unobstructed residences range from80 to 200 ft fromthe
freeway, while the school is located 130 ft fromthe freeway. Based on
Table 5-7 the Ly, is 70 dB for residences closer than 100 ft froma major
interstate, and 65 dB for residences between 100 and 200 ft. For the
school, the applicable metric is daytine L,, which is estimated to be 65
dB at distances of 100 to 200 ft froma major interstate highway.

Noi se | npact Contours

5.

The following table is constructed using the inpact criteria curves
(Figure 3-1) to determine the project noise | evels which cause inpact:

Onset of Severe

Di stance to Exi sting Noise, Onset of Inpact | npact
Fr eewa Ly, or L(da

g o OF L) L) L L)
50 - 100 ft 70 dB 64 dB n/ a 69 dB n/ a
100 - 200 ft 65 dB 61 dB 66 dB 66 dB 71 dB

Note: The project criteria for L,(h) are not shown for the 50-100 ft
di stance range, since L, (h) only applies to the school in this exanple
which is in the 100-200 ft range.

Di stance to inpact contours are determined using the curve in Figure 5-2

for "Fixed Gui deway" and the project inpact threshol ds obtai ned above.
The results are summari zed as follows for the residences and school

Di stance to Noise | npact Threshol d,

: Exi sting feet
E stance to Noi se, L, or Resi dences Schoo
reevay Leq( D) Severe Severe
eq
| npact | mpact | npact | mpact
50 - 100 ft 70 dB 120 55 n/ a n/ a
100 - 200 ft 65 dB 210 90 75 30

Draw contours for each affected | and use, based on the above table and
its distance fromthe freeway. Note that the inpact distances listed are
in terns of distance to the centerline of the LRT corridor, not the
freeway. Note that in Figure 5-4, only distances to "Inpact" contours
are shown. "Severe |Inpact" distances do not go beyond the edge of the
freeway and are thus omtted for sinplicity. The inpact noise contours
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are drawn at 2 different distances resulting fromthe change in existing
noi se for the closer residences.

Wthin the contours defining "lnpact" are eighteen residential buildings
(shaded in Figure 5-4). The school does not fall into the inmpact zone.

Noi se M tigation

9.

The procedure is repeated assunm ng a noise barrier to be placed at the

hi ghway right-of-way line. The barrier serves to reduce not only project
noi se fromthe LRT by at least 5 dB but also the freeway noise. This,
however, does not affect the project criteria to be used in determ ning
impact. That is, the sane existing noise |levels (as the case without a
barrier) are used to deternine these thresholds.

In the area of inpact, the net effect of the noise barrier is to decrease
the inpact distance from120 to 60 ft for residences within 100 feet of
the freeway, and from 210 to 90 ft for residences between 100 and 200
feet of the freeway. Hence, the noise barrier elinmnates all residential
noi se i nmpact for this segnent of the project area.

End of Example 5-2
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6. DETAILED NOISE ANALYSIS

This chapter describes the detailed computation of both project and existing noise levelsfor a comprehensive
assessment of project noise impact. The main purpose of this chapter isto provide a procedure that allows
prediction of impact and assessment of the effectiveness of mitigation with greater precision than can be
achieved with the General Assessment. In some cases, decisions on appropriate mitigation measures can be
made based on the results of the General Assessment. When a more detailed evaluation of mitigation
measures is needed, the procedures in this chapter should be followed.

It isimportant to recognize that use of the Detailed Analysis methods will not provide more accurate results
than the General Assessment unless more detailed and specific input data are used. In the case of atransit
center for example, the General Assessment provides asource level at areference distance from the center of
the site based on the number of buses at the facility during each hour. Thus, the only information needed for
a General Assessment of the transit center is the site location and hourly bus volumes. However, a Detailed
Analysis would require specific information on the locations, reference levels, traffic volumes and duration
of operations for individual sources that contribute to the total noise output of the transit center. Such
information would include a detailed design plan for the facility, the locations of idling buses and the idling
durations, aswell asthe bus and automobile traffic patterns and volumes. A Detailed Analysis cannot be done
until such information is available.

Detailed Noise Analysisis appropriate in two main circumstances: first, for major fixed-guideway projects
after apreferred alignment has been selected; and second, for any other transit project where potentially severe
impacts areidentified at an early stage. For fixed-guideway projects, once the preferred mode and aignment
are established, the project sponsor begins preliminary engineering and preparation of the environmental
document (usually an Environmental Impact Statement). Information required for the Detailed Noise Analysis
is generally available at the preliminary engineering stage; such information includes hourly operational
schedules during day and night, speed profiles, plan and profiles of guideways, locations of access roads, and
landform topography including terrain and building features.



6-2 Transit Noise and Vibration Impact Assessment

Even for relatively minor transit projects, noise impacts are likely to occur whenever the project isin close
proximity to noise-sensitive sites, particularly residences. Some examplesare: (1) aterminal or station sited
adjacent to aresidential neighborhood; (2) a maintenance facility located near a school; (3) a storage yard
adjacent to residences; and (4) an electric substation located adjacent to a hospital. Aswith the larger fixed
guideway projects mentioned above, detailed noise analysis for these projects will require information
normally developed at the preliminary design stage.

The procedures of this chapter include everything needed for afully detailed transit noise analysis. They are
aimed at mgjor transit projects that have enough lead time for thorough environmental analysis. They need
not be followed to the letter; they can be tempered by competent engineering judgment and adapted somewhat
to specific project constraints.

This chapter employs equations as the primary mode of computation, rather than graphs or tables of numbers,
in order to facilitate the use of spreadsheets and/or programmable calculators. Moreover, these equations and
their supporting text have been streamlined to provide as concise aview of the Detailed Noise Analysis as
possible. Asaresult, basic noise concepts are not repeated in this chapter.

The steps in the procedure appear in Figure 6-1 and are described below. They pardlel the steps for the
General Noise Assessment, though they are more refined in the prediction of project noise and subsequent
evaluation of mitigation measures.

1 Receivers of Interest: Select receivers of interest, guided by Section 6.1. The number of receivers will
depend upon the land use in the vicinity of the proposed project and the extent of the study area defined
by the Screening Procedure. If a General Assessment has been done, thiswill give agood indication
of the extent of potential impacts.

2. Project Noise: Determine whether the project is primarily afixed-guideway transit, highway/transit,
or stationary facility. Notethat amajor fixed guideway system will have stationary facilities associated
with it, and that a stationary facility may have highway/transit elements associated with it. Identify the
project noise sources that are in the vicinity of receivers of interest. For these sources, determine the
source reference noise in terms of SEL from the tablesin Section 6.2. Each reference SEL pertainsto
reference operating conditions for stationary sources or to one vehicle passby under reference operating
conditions for fixed-guideway and highway/transit sources. These reference levels should incorporate
source-noise mitigation only if such mitigation will be incorporated into the system specifications. For
example, if the specifications include vehicle noise limits, these limits should be used to determine the
reference level, and thislevel should be used in the analysis rather than the standard, tabulated reference
level. Convert each source SEL to noise exposure (L, or L, (h)) at 50 feet, for the appropriate project
operating parameters, using additional equationsin Section 6.2.

3. Propagation and Summation of Project Noise at Receivers of Interest: Draw a noise exposure vs.
distance curve for each relevant source, using the equationsin Section 6.3. This curve will show source

noise as afunction of distance, accounting for shielding along the path, aswell as any propagation-path
mitigation that will be included in the project. From these curves, determine the total
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Figure 6-1 Procedure for Detailed Analysis

project noise exposure at al receivers of interest by combining the levels from al relevant sources
(Section 6.4).

Existing Noise in the Study Area: Estimate the existing noise exposure at each receiver of interest,
using the methods in Section 6.5.

Noise Impact Assessment: Assess noise impact at each receiver of interest using the procedures in
Section 6.6 which incorporate the noise impact criteria of Chapter 3.

Mitigation of Noise Impact: Where the assessment shows either Severe Impact or Impact, evaluate
alternative mitigation measures referring to Section 6.7. Then loop back to modify the project-noise
computations, thereby accounting for the adopted mitigation, and reassess the remaining noise impact.
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6. 1 RECEIVERS OF INTEREST Receiver of Project Operational Propagation Study Area

interest [ Sources Characteristics|| Characteristics || Characteristics

The steps in identifying the receivers of interest, both y
the number of receivers needed and their locations, are Reference
shown in Figure 6-2. Later sections discuss the
measurement/computation of ambient noise, the
computation of project noise, and the resulting
assessment of noise impact that is done for each

receiver. The basic steps, which are discussed in the
following subsections, are:

1 Identify all noise-sensitive land uses. @
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2. Find individual receivers of interest. Examples - ;I 1
oise Impact
areisolated residences and institutional resources Criteria
such as schools. '

Noise
Impact

Mitigation
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3. Cluster residential neighborhoods and other
relatively large noise-sensitive areas. ves

6.1.1 Identifying Noise-Sensitive Land Uses
A Detailed Noise Analysis should usually be performed

on al noise-sensitive land uses where impact is

identified by the General Noise Assessment. If a General Noise Assessment has not been done, but there
appearsto be potential for noise impacts, al noise-sensitive sites within the area defined by the noise screening
procedure should beincluded. In areas where ambient noiseislow, the assessment will include land uses that
are farther from the proposed project than for areas with higher ambient levels.

Some of the land-use materials and methods that can be helpful in locating noise-sensitive land usesin the
vicinity of the proposed project include:

° L and-use maps, prepared by regiona or local planning agencies or by the project staff. Area-wide
maps often do not have sufficient detail to be of much use. However, they can provide broad guidance
and may suggest residential pockets hidden within otherwise commercial zones. Of more use are
project-specific maps which provide building-by-building detail on the land nearest the proposed
project.

° USGS maps, prepared by the United States Geological Survey generally at 2000-foot scale. These
maps contain details of house placement, except in highly urbanized areas, and generally show the
location of all schools and places of worship, plus many other public-use buildings. In addition, the
topographic contours on these maps may be useful later during noise computation.

° Road and town maps. These can supplement the USGS maps, are generally more up-to-date, and may
be of larger scale.
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° Aerial photographs, especialy those of 400-foot scale or better. When current, aerial photos are
valuablein locating al potential noise-sensitive land uses close to the proposed project. In addition,
they can be useful in determining the distances between receivers and the project.

o Windshield survey of the corridor. Definitive identification of noise-sensitive sitesis accomplished
by awindshield survey in which the corridor is driven and land uses are annotated on base maps. The
windshield survey, supplemented by footwork where needed, is especially useful in identifying newly-
constructed sites and in confirming land uses very close to the proposed project.

Table 6-1 contains the types of land use of most interest to transit projects, separated into three types of land
use. If noiseimpact was identified at other types of buildings/areas with noise-sensitive use by the General
Noise Assessment, these should be selected al so.

6.1.2 Selecting Individual Receivers of Interest

Select as an individual receiver of interest: (1) every major noise-sensitive building used by the public;
(2) every isolated residence; and (3) every relatively small outdoor noise-sensitive area. Use judgment here
to avoid analyzing noise where such analysisis obviously not needed. For example, many roadside motels
are not particularly sensitive to noise from outdoors. On the other hand, be careful to include buildings used
by the public or outdoor areas which are considered to be particularly noise-sensitive by the community.
Isolated residences that are particularly close to the project should certainly be included, while those at some
distance may often be omitted or "clustered” together with other land uses, as described in the next section.
Use judgment also concerning relatively small outdoor noise-sensitive areas. For example, playgrounds can
often be omitted unless they directly abut the proposed project, since noise sensitivity in playgrounds is
generally low.
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Table6-1 Land Usesof Interest

Land Uses Specific Use Selecting Receivers
Outdoor noise- Parks For relatively small noise-sensitive areas. same
sensitive areas Historic sites used for interpretation as indoor noise-sensitive sites.
Amphitheaters For relatively large areas: same as for
Recreation areas residential aress.
Playgrounds
Cemeteries
Other outdoor noise-sensitive areas
Residences Single family residences Select each isolated residence as areceiver of
Multi-family residences (apartment interest.
buildings, duplexes,etc.) For residential areas, cluster by proximity to

project sources, proximity to ambient-noise
sources, and location along project line.
Choose one receiver of interest in each cluster.

Indoor noise- Places of worship Select noise-sensitive buildings as separate
sensitive sites Schools receivers of interest.

Hospitals/nursing homes

Libraries

Public meeting halls

Concert hallg/auditoriums/theaters

Recording/broadcast studios

Museums and certain historic buildings

Hotels and motels

Other public buildings with noise-
sensitive indoor use

6.1.3 Clustering Residential Neighborhoods and Outdoor Noise-Sensitive Areas

Residential neighborhoods and relatively large outdoor noise-sensitive areas can often be clustered,
simplifying the analysis that is required without compromising the accuracy of the analysis. The goadl isto
subdivide al such neighborhoods/areas into clusters of approximately uniform noise, each containing a
collection of noise-sensitive sites. Attempt to obtain uniformity of both project noise and ambient noise,
guided by these considerations:

1 In general, project noise drops off with distance from the project. For this reason, project noise
uniformity requires nearly equal distances between the project noise source and al points within the
cluster. Such clusterswill usually be shaped aslong narrow strips paralld to the transit corridor and/or
circling project point sources such as a maintenance facility. Suggested are clusters within which the
project noise will vary over arange of 5 decibelsor less. Be guided here by the fact that project noise
will drop off approximately 3 decibels per doubling of distance for line sources and 6 decibels per
doubling of distance for point sources over open terrain. Drop off with distance will be faster in areas
containing obstacles to sound propagation, such as rows of buildings.

2. Ambient noise usually drops off from non-project sources in the same manner as does noise from
project sources. For thisreason, clustering for uniform ambient noise will usually result in long narrow
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strips paralel to mgjor roadways or circling mgor point sources of ambient noise, such as a
manufacturing facility. Suggested are clusters within which the ambient noise will vary over arange
of 5 decibels or less, though this may be hard to judge without measurements. In areas without
predominant sources of noise, like highways, ambient noise varies with population density, which is
generaly uniform aong the corridor. In situations where ambient noise tends to be uniform, the
clusters can encompass relatively large areas.

After defining the cluster, select one receiver as representative in each cluster. Generally choose the receiver
closest to the project and at an intermediate distance from the predominant sources of exising noise. Detailed
procedures for clustering appear in Appendix B along with an example of clustering for asegment of rail line.
This method will generally result in an adequate selection of receivers along the corridor or surrounding the
Site.

6.2 PROJECT NOISE

Once receivers have been selected, projections of noise from the project must be developed for each receiver.
This section describes the first step, calculating the noise exposure at an equivalent distance of 50 feet from
each project noise source. Asshown in Figure 6-3, the basic procedures for the computation are; (1) Separate
nearby sources into these source-type categories: fixed-guideway sources, highway/transit sources, and
stationary sources; (2) Determine the reference SEL for each source.; and (3) Use the projected source
operating parameters to convert each reference SEL to noise exposure (either L 4, or L (h)) at 50 feet.

Table 6-2 lists many of the noise sources that are involved in transit projects. The right-hand column of the

table indicates whether or not each source isamajor contributor to overal noiseimpact. Note that some noise

sources, such as track maintenance equipment, create high noise levels but are not indicated as "major."

Although such sources are loud, they rarely stay in a neighborhood for more than a day or two; therefore,

the overall noise exposureisrelatively minor. Computations are required for all major noise sourcesin this

table. The computations for the three basic groups — fixed-guideway sources, highway/transit sources, and
stationary sources — appear in separate sections below.

6.2.1 Fixed-Guideway Sources
This section describes the computation of project noise at 50 feet from fixed-guideway sources of transit noise,
identified in the second column of Table 6-2.

Step 1: Source SELs at 50 feet
For each major fixed-guideway noise source, first determine the reference SEL at 50 feet, either by

measurement or by table look-up. Table 6-3 provides guidance on which method is preferred for each source
type. A "NO" implies that the source levels are based on a solid and consistent data base; a "YES" means that
a solid data base is not available. In general, measurements are preferred for source types that vary
significantly from project to project, including any emerging technology sources. Table look-up is adequate
for source types that do not vary significantly from project to project. In general, table look-up is adequate
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Figure 6-3 Flow Diagram for Determining Project Noise at 50 ft

for fewer source types during Detailed Noise Analysis than during General Noise Assessment where less

precision is acceptable.

For sources where measurements are indicated in Table 6-3, Appendix D discusses measurement procedures
and conversion of these measurements to the reference conditions of Table 6-3. These procedures have been
placed in an appendix because of their relative complexity. For projects where source-noise specifications
have been defined (e.g., noise limits are usually included in the specifications for purchase of new transit
vehicles), these specifications may be used instead of measurements, after conversion to reference conditions

with the equations of Appendix D.

For sources where table look-up isindicated in Table 6-3, the table provides appropriate Source Reference
SELs. ApproximateL,, valuesaso appear in the table for general user information and for comparison with
factors such as the noise limits that are included in transit vehicle specifications. As discussed in Chapter 2,

L .. IS Not used directly in the evaluation of noise impact.
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Table 6-2 Sourcesof Transit Noise
Project Type Source Type Actual Source Major?
Commuter Rail Fixed Guideway Locomotive and rail car passbys YES
Light Rail Horns and whistles YES
Rail Rapid Transit Crossing signals YES
Crossovers/switches YES
Squeal on tight curves YES
Track-maintenance equipment NO
Stationary Substations YES
Chiller plants NO
Busways Highway/Transit Bus passhys YES
Bus Transit Malls Buses parking NO
Stationary Busesidling YES
Automated Guideway Transit Fixed Guideway Vehicle passbys YES
Monoralil Miscellaneous  Line equipment NO
Terminals Fixed Guideway Locomotive and rail car passbys YES
Stations Crossovers/switches YES
Transit Centers Squeal on tight curves YES
Highway/Transit Bus passhys YES
Buses parking NO
Automobile passbys NO
Stationary Locomativesidling YES
Busesidling YES
HVAC equipment NO
Cooling towers NO
P/A systems NO
Park-and-Ride Lots Highway/Transit  Bus passbys YES
Busesidling YES
Automobile passbys NO
Stationary P/A systems NO
Traffic Diversion Projects Highway/Transit  Highway vehicle passbys YES
Storage Facilities Fixed Guideway Locomotive and rail car passbys YES
Maintenance Facilities Locomotivesidling YES
Squeal on tight curves YES
Horns, warning signals, coupling/ uncoupling, YES
auxiliary equipment, crossovers/ switches, brake
squeal and air release
Highway/Transit  Bus passbys YES
Stationary Busesidling YES
Y ard/shop activities NO
Car washes NO
HVAC Equipment NO
P/A Systems NO
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Table 6-3 Source Reference SEL s at 50 Feet:
Fixed-Guideway Sour ces
Source Reference Approximate Prefer
SEL (dBA) L. (ABA)  Measurements?
Rail Cars 82 80 NO
Locomotives - Diesel 92 88 NO
L ocomotives - Electric 90 86 NO
AGT - Steel Whed 80 78 YES
AGT - Rubber Tire 78 75 YES
Monorail 82 80 YES
Maglev 72 70 YES
Locomotive Horns or Whistles 108 105 NO
Transit Car Horns or Whistles 93 90 NO

Step 2: Conversion to Noise Exposure at 50 feet

Step 1 resultsin reference SELs at 50 feet. Step 2 isto convert from these reference SEL sto noise exposure
based on operating conditions and parameters such astrain consists, speed, and number of trains per hour. The
steps are:

1 Identify operating conditions. Trainswith different consists require separate conversion since they will
produce different noise exposure. The same is true for trains at different speeds, or under different
operating conditions. As guidance here, the following percentage changes in operating conditions will
produce an approximate 2-decibel change in noise exposure:

. 40 percent change in number of locomotives or cars per train

. 40 percent change in number of trains per hour

. 40 percent change in number of trains per day, or per night (for computation of L ,)

. 15 percent change in train speed

. change of one notch in diesel locomoative throttle setting (e.g. from notch 5 to notch 6).

In general, where operating conditions change by these amounts, separate cal cul ations should be made.
Without separate conversions, the risk is that the results may not be accurate enough.

2. Establish relevant time periods. For each of these source types/conditions, decide what are the rel evant
time periodsfor all receiversthat may be affected by this source. For residentia receivers, the two time
periods of interest for computation of L, are: daytime (7 am to 10 pm) and nighttime (10 pm to 7 am).
If the source will affect non-residential receivers, choose the loudest project hour during noise-sensitive
activity. Several different hours may be of interest for non-residential receivers depending on the hours
the facility is used.

3. Collect input data.
. Source reference SELs for locomoatives, rail cars, and warning horns.
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Ners the number of rail carsin the train.

Niocosr the number of locomotivesin thetrain, if any.

S, the train speed, in miles per hour.

T, the average throttle setting of the train's locomotive(s), if it is diesel-electric.” If thisinput is

not available, assume athrottle setting of 8.

For residential receivers of interest:
V,, the average hourly train volume during daytime hours (equals the total number of train
passbys between 7 am and 10 pm, divided by 15), and
V,, the average hourly train volume during njghttime hours (equals the total number of
train passbys between 10 pm and 7 am, divided by 9).

For non-residential receivers: V, the hourly train volume for each hour of interest.
Track type (continuously welded or jointed) and profile (at-grade or elevated).

Calculate qu at 50 ft for each hour of interest.

Compute L, (h) for the locomotive(s) using the first equation in Table 6-4.

Compute L(h) for therail car(s) using the second equation in Table 6-4. Use the adjustments
indicated in the table, as needed.

Compute L,(h) for the train horn using the third equation in Table 6-4.

Compute the total L(h) using the fourth equation in Table 6-4. Two totals may be necessary:
one with the warning horn and one without it. These will pertain to different neighborhoods
aong the corridor, depending upon whether the horn is sounded in that neighborhood or not.

Compute L ,, at 50 ft. If the project noise will affect any residential receivers, compute the total train

L4, from thefifth equation in Table 6-4. Again two totals may be necessary: one with the warning horn
and one without it, as explained above.

Otherwise, thisterm is not applicable and should be omitted from the equation in Table 6-4.
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Table6-4 Computation of L, and L 4, at 50 feet: Fixed-Guideway Sources

LOCOMOTIVES'
Hourly L, at 50 ft:

Leg () = SELygs +1010g(Njoses) + Cr ~10l0g @5%% 10log(V) - 356

_ forT<6
where Cr = @a-s) for T=6

RAIL VEHICLES s
Hourly L, 501t Lego(h) = SELyg +1010g(Negys) +20l0g %% 10log(V) - 356

use the following adjustments as applicable:

+5 — JOINTED TRACK
+3 — EMBEDDED TRACK ON GRADE
+4 — AERIAL STRUCTURE WITH SLAB TRACK

WARNING HORNS S
Hourly L& 50ft  Legu(h) = SEL4 ~10l0g %@ 10log(V) - 356

COMBINED gm%g gm%§+logm%gg

Hourly L., at 50 ft: Leq(h) =10 |09E10

DaytimeL at50ft:  Leg(day) = Leg(h)

Nighttime L, at 50 ft:

L4, at 50 ft: —10'09%15) 10

0
D U

V=4

(day) (night)+10
=i ERARIE=

D— 138
D

+(9) 10

Niocos = average number of locomotives per train
Neys = average number of cars per train
T = averagethrottle setting of diesd - dectric locomotive

= train speed, in miles per hour

V = average hourly volume of train traffic, in trains per hour

Vi

Vn

average hourly daytime volume of treffic, in trains per hour
number of trains, 7 amto 10 pm

15
average hourly nighttime volume of train traffic, in trains per hour

number of trains, 10 pmto 7 am
9

T assumes a diesel |locomotive power rating of approximately 3000 hp.
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Example 6-1. Computation of L ., and L ,, at 50 feet for Fixed Guideway Sour ce

A conmuter train with 1 diesel |oconotive and 6 cars will pass close to a
school that is in session from8 amto 4 pmon weekdays. Wthin this time
period, the hour of greatest activity for this train type is 8 to 9 am For
this project source,

SEL 92 for |ocomtives,
82 for rail cars,
108 for warning horns.

ref

In addition,

Nears = 6
Noos = 1
S = 43 nph
T = 8
V = 6 trains from8amto 9am

The track is also jointed in this vicinity. Using Table 6-4, the resulting
hourly L.,’'s at 50 feet are as follows:

L (8-9am) = 70.9 for loconotives,
Leg(8-9am) = 65.7 for cars, and
Le(8-9am) = 80.9 for horns.

Total L.(8-9am) = 81.4 in neighborhoods where the horn is sounded, and
= 72.0 in neighborhoods where it is not.

(Note: Computation results should always be rounded to the nearest decibel at
the end of the conputation. 1In all exanples of this chapter, however, the
first decimal place is retained in case readers wish to precisely match their
own conput ations agai nst the exanple conputations.)

This sanme commuter train will also pass close to a residential area. For this
project source, all SEL,, s are the sanme as above -- as are values for N,.,
Nowos: S, and T. In addition,

V, = (40 trains)/ (15 hours) = 2.67 trains per hour, and

V, = (2 trains)/(9 hours) = 0.22 trains per hour.

Using Table 6-4, the resulting daytime L.,/ s at 50 feet are as follows:

L., (day) = 67.4 for |oconvotives,
Le,c( day) = 62.2 for cars, and
Leg( day) = 77.4 for horns,

Total L,(day) = 77.9 with horns, and

= 68.5 without horns.

Using Table 6-4, the resulting nighttinme L,/s at 50 feet are as follows:

Leq (i ght)
Legc( Ni ght)

56.5 for | oconptives,

51.3 for cars, and
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Leg(night) = 66.5 for horns,

Total Lg(night) = 67.0 with horns, and
= 57.6 wthout horns.

Finally, this total day and night traffic results in:

Ly, = 77.6 at 50 ft in nei ghborhoods where horns are sounded, and
= 68.2 at 50 ft in neighborhoods where they are not.

End of Example 6-1

6.2.2 Highway/Transit Sources

This section describes the computation of project noise at 50 feet for highway/transit sources, identified in the
second column of Table 6-2. This method is based on the FHWA highway noise prediction model, including
the noise emission levels and mathematics.® This model can be used because the vehicle equations are
applicable to speeds typical of freely-flowing traffic on city streets and access roads. For highway/transit
projects with complex geometry or traffic conditions, it may be more appropriate to use the detailed FHWA
computation methods discussed in Section 6.6.2.

Step 1: Source SELs at 50 feet

Determine the source reference SEL at 50 feet for each "major" highway/transit source near a receiver of
interest. Asindicated in the fourth column of Table 6-5, it is usually adequate to use the standard Reference
SELsof Table6-5for highway/transit sources. 1f measurements are chosen, however, Appendix D discusses
the measurement procedures, plus procedures for the conversion of these measurements to reference conditions
of Table 6-5. These measurement/conversion procedures have been placed in an appendix because of their
relative complexity.

Table 6-5 Source Reference SELsat 50 Feet: Highway/Transit Sources
Source Reference Approximate Prefer
SEL (dBA) L o (ABA)  Measurements?
Automobiles 73 70 No
Two-axle (city) Buses 84 81 No
Three-axle (commuter) Buses 88 85 No

Step 2: Conversion to Noise Exposure
Convert the source reference SEL s at 50 feet to actual operating conditions such as actual vehicle speed and
number of vehicles per hour. Next convert to noise exposure using the following steps:

1 Identify actual source operating conditions. Noise emission from most transit buses does not depend
significantly upon whether the buses are accelerating or cruising. On the other hand, accelerating
intercity buses are significantly louder than are cruising intercity buses. For this reason, intercity buses
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reguire separate conversion along roadway stretches where they are accelerating. Separate conversion
isalso needed for al highway/transit vehicles at different speeds, since speed affects noise emissions.
As guidance here, the following percentage changes in operating conditions will produce an
approximate 2-decibel change in noise exposure:

. 40 percent change in number of vehicles per hour

. 40 percent change in number of vehicles per day, or per night (for computation of L )

. 15 percent change in vehicle speed.

In general, where operating conditions change by these amounts, separate conversions should be made.

Note that buses on city streets will have lower speeds than on freeways and will often be accelerating.
For these reasons, separate conversions are generally needed on these two types of roadways. No other
distinctions are needed besides these two; the computations suffice for both. Note also that idling buses
are included with other stationary sources.

Establish relevant time periods. For each of these source types/conditions, decide what are the rel evant
time periods for al receivers that may be affected by this source. If the source will affect residential
receivers, two time periods are of interest to compute L,: daytime (7 am to 10 pm) and nighttime (10
pmto 7 am). Inaddition, if the source will affect non-residential receivers, choose the loudest facility
hour during noise-sensitive activity. Several different hours may be of interest for non-residential
receivers, depending on the hours the facility is used.

Collect input data. Gather the following information:

. Source reference SEL s for the vehicle types of concern.

S the average running speed in miles per hour.

For residential receivers of interest:
V,, the average hourly vehicle volume during daytime hours (equals the total number of
vehicle passbys between 7 am and 10 pm, divided by 15), and
V., the average hourly vehicle volume during nighttime hours (equals the total number of
vehicle passbys between 10 pm and 7 am the next day, divided by 9).
m For non-residential receivers of interest: V, the hourly vehicle volume for each hour of interest,
in vehicles per hour.

Calculate L ., at 50 ft for each hour of interest. Compute L .(h) for the vehicle type using the first
eguation in Table 6-6.

Compute L, at 50 ft. If thisvehicletypewill affect any residential receivers, compute the total L, for
the vehicle type using the fourth equation in Table 6-6.



6-16 Transit Noise and Vibration Impact Assessment

Table6-6 Computation of L ,and L ,, at 50 feet: Highway/Transit Sour ces

S
Hourly L, at 50 ft: Leq(h) = SEL ;¢ +1010g(V) + Ceesions ~1010g %To%_ 356
Daytime L, at 50 ft: Leq(day) = Legg(h) V=V
Nighttime L, at 50 ft: Leq(night) = Leg (D) Ay
| eq(day)/ eq(nNight)+10 / O]
10 10
L, at 50 ft: Ldn =10 |Og %15) X 1OEL Q + (9) X 1OEL Ell_ 138
0 0
Cemissions = 1.6 —  3-axle commuter buses, accelerating
=24.6 x log %i% —  3-axle commuter buses, not accelerating
50 '
Noise Emissions: _ S .
=33.9x log %%% — 2-axle city buses
S
=381xlo N i
g %%Q automobiles
Other adjustments -3 — automobiles, open-graded asphalt
+3 — automobhiles, grooved pavement

V = hourly volume of vehicles of thistype, in vehicles per hour

_ total vehicle volume, 7am to 10pm
- 15

_ total vehicle volume, 10pm to 7am
- 9

V, = average hourly daytime volume of vehicles of thistype, in vehicles per hour

V, = average hourly nighttime volume of vehicles of this type, in vehicles per hour

S = average vehicle speed in miles per hour (distance divided by time, excluding stop time at red lights)

Note: Idling buses appear under Stationary Sources.

Example 6-2. Computation of L ,,and L 4, at 50 feet for Highway/Transit Sour ce

A bus route with 2-axle buses will pass close to a school that is in session
from8 amto 4 pmon weekdays. Wthin this tinme period, the hour of greatest

activity for this bus route is 8 amto 9 am

SEL,, = 84 dB
S = 40 nph, and
Vv = 30 buses per hour

For this project source,

Using Table 6-6, the resulting hourly L, at 50 ft = 60.9 dB. (Note:
Conputation results should al ways be rounded to the nearest decibel at the end

of the conputation.)

Continuing the exanple, this same bus al so passes close to a residential area.
For this project source, SEL,, is the same as above, as is S. |In addition,
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Va
V,

n

(200 buses)/ (15 hours) = 13.33 buses per hour, and
(20 buses)/ (9 hours) = 2.22 buses per hour.

Using Table 6-6, the resulting L., s at 50 ft are as foll ows:

L. (day) = 57.3 dB and

Leg(ni ght) = 49.5 dB.

Finally, the total day and night traffic results in L, at 50 ft = 58.3 dB.

End of Example 6-2

6.2.3 Stationary Sources
This section describes the computation of project noise at 50 feet for stationary sources of transit noise,
identified in the second column of Table 6-2.

Step 1: Source SELs at 50 feet
Determine the reference SEL at 50 feet for each major source, either by measurement or by table look-up.

Table 6-7 provides guidance on which method is preferred for each source type. In general, measurements
are preferred for source types that vary significantly from project to project. Table look-up is adequate for
source types that do not vary significantly from project to project (crossing signals, for example).

Table6-7 Source Reference SELsat 50 Feet: Stationary Sources
Source Reference Approximate Prefer
SEL (dBA) L, (dBA)  Measurements?
Auxiliary Equipment 101 65 YES
Locomative Idling 116 80 NO
Rail Transit Idling 106 70 NO
Buses Idling 111 75 NO
Curve Squeal 136 100 YES
Car Washes 111 75 YES
Crossing Signals 109 73 NO
Substations 99 63 NO

For sources where measurements are indicated in Table 6-7, Appendix D discusses the measurement
procedures, plus procedures for the conversion of these measurements to the reference conditions of Table 6-7.

For sources where table look-up isindicated in Table 6-7, the table provides appropriate reference SEL s for
onetypical noise event at 50 feet and of 1-hour duration (3600 seconds). Approximate L ., values are aso
given in the table for general user information.
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Step 2: Conversion to Noise Exposure at 50 feet

Step 1 resultsin reference SELs at 50 feet. Step 2 isto convert from these reference SEL s to actual operating
conditions, such as actual event durations and numbers of events, and cal culate noise exposure at 50 ft. The
steps are:

1 Identify actual source durations and numbers of events. The following percentage changes in
durations/numbers will produce an approximate 2-decibel change in noise exposure:

. 40 percent change in event duration (e.g. from 30 to 42 minutes)
. 40 percent change in number of events per hour (e.g. from 10 to 14 events per hour).
In general, where durations/numbers change by these amounts, separate conversions should be made.

2. Establish relevant time periods. For each source, determine the relevant time periods for all receivers
that may be affected by the source. For residentia receivers, the two time periods of interest to
compute L 4, are: daytime (7 am to 10 pm) and nighttime (10 pm to 7 am). If the source will affect non-
residential receivers, choose the loudest facility hour during noise-sensitive activity.

3. Collect input data. Gather the following input information:

" Source reference SELs for each relevant source.
. E, the average duration of one event, in seconds.

" For residential receivers of interest:

N,, the average number of events per hour that occur during the daytime (equals
the total number of events between 7 am and 10 pm, divided by 15), and

N, the average number of events per hour that occur during the nighttime (equals
the total number of events between 10 pm and 7 am, divided by 9).

= For non-residential receivers of interest: N, the number of events that occur during each hour of
interest, in events per hour.

4, Compute L, at 50 ft. For each hour of interest, compute the L, for the source using the first equation

in Table 6-8.

5. Compute L ,, at 50 ft. If this source will affect any residential receivers of interest, compute the total
L4, for the source using the fourth equation in Table 6-8.



Chapter 6: Detailed Noise Analysis 6-19

Table6-8 Computation of L, and L 4, at 50 feet: Stationary Sources

E
Hourly L, at 50 ft: Ly (h) = SEL, +1010g(N)+10 IOQ@'%@- 356

DaytimeLeqat 50ft:  Leg(day) = Leg(h)

N=Ng

NighttimeLeqat 50 ft:  Leg(night) = Lgg(h)

N=Np

0 @Leq (day%g @Leq (night)+l%§g

Ldn at 50 ft: Lgn =10 log %15) x10 +(9) x 10 .
o O

—-13.8

E = duration of one event, in seconds
N = number of events of this type that occur during one hour
Ng4 = hourly average number of events of this type that occur during daytime (7am to 10pm)
_ number that occur between 7am and 10pm
15
hourly average number of events of this type that occur during nighttime (10pm to 7am)
number that occur between 10pm and 7am
9

Nn

Example 6-3. Computation of L ,,and L 4, at 50 feet for Stationary Sour ce

A signal crossing lies close to a school that is in session from8 amto 4 pm
on weekdays. Wthin this tinme period, the hour of greatest activity for the
signal crossing is 8amto 9am For this project source,

SEL,, = 109 dB
E = 25 seconds (counting both cycles of the signal), and
N = 22.

Using Table 6-8. the resulting L,(h) =652 from8 to 9 am (Conputation
results shoul d al ways be rounded to the nearest decibel at the end of the
conput ati on.)

This sanme signal crossing lies close to a residential area. For this project
source, SEL,, is the same as above, as is E. |n addition,

Ny = (200)/(15 hours) = 13.3 events per hour, and
N, = (12)/(9 hours) = 1.33 events per hour.
Using Table 6-8, the resulting daytime and nighttime L, s are:
L. (day) = 63.0 and
Le(night) = 53. 0.

Finally, using the fourth equation in Table 6-8, the resulting L,, at 50 feet
= 63.0 dB.

End of Example 6-3




6-20 Transit Noise and Vibration Impact Assessment

6.3 PROPAGATION CHARACTERISTICS

Once estimates of noise exposure at 50 feet from each
source are available, then propagation characteristics must
be taken into account to compute the noise exposure at
receivers of interest. The steps, shown in Figure 6-4, for
this are; 1) determine the propagation characteristics
between each source and the receiver of interest; 2) then,
draw a noise exposure vs. distance curve outward from
each relevant source as afunction of distance; and 3) add
a final adjustment using the appropriate shielding term
based on intervening barriers between source and receiver.

6.3.1 Noise Exposure vs. Distance
The following steps result in a noise exposure vs. distance
curve for each project source:

1 Draw several approximate topographic sections,
each perpendicular to the path of moving sources or
outward from point sources, similar to those shown
in Figure 6-5. Draw separate sections, if necessary,

Receiver of
Interest

Project
Sources

Operational
Characteristics

Propagation
Characteristics

Study Area
Characteristics

A

Reference
SEL, 50 ft

Ldn, 50 ft
Leq, 50 ft

Distance
Curve

Project
Noise

Yes

Exposure vs

Existing
Noise

Noise Impact
Criteria

Noise
Impact

Mitigation

Required?

Remaining
Noise Impact

to account for significant changes in topography. Use judgment here to prevent an extreme number of
different topographic sections. Often, severa typical sections will suffice throughout the transit

corridor.

2. For each topographic section, use the relationship illustrated in Figure 6-5 to determine the effective

path height, Hy;, and from it the Ground Factor, G.
Larger Ground Factors mean larger amounts of
ground attenuation with increasing distance from
the source. As shown in the figure, the effective
path height depends upon source heights, which
are standardized at the bottom of the figure, and
upon receiver heights, which can often be taken as
5 feet for both outdoor receivers and first-floor
receivers. With these standard heights, only one
H;: (and therefore one Ground Factor) results from
each cross section. For acoustically "hard" (i.e.
non-absorptive) ground conditions, G should be
taken to be zero.

3. Thenfor each L 4, and each L, at 50 feet developed
earlier in the analysis, plot a noise exposure vs.
distance curve with L 4, or L, represented on the

at 50 ft.

Each Nearby Source's
Ldn and/or Leq

Propagation
Characteristics

Draw

Exposure-vs-Distance

Curve

Figure 6-4 Flow Diagram for Determining
Project Noise at Receiver Location
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vertical axis and distance on the horizontal axis using one of the following equations:

for stationary sources

I1m

DO
Lgn OF Leg =(Lgn OF Leq)‘aison -20 Iog%g—lOG log
=(L L -101 D
=(Lgn Or eq)‘axsoft OQ%

_ D
= (Lgn OF Leq)‘ason -10 Iog%

-10Glog for fixed-guideway rail car

passbys

for fixed-guideway
locomotive and rubber-tired
passbys, highway vehicle
passbys and horns

Blo 1o o

-10Glog
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IN GENERAL: H, = sum of average path heights on either side of barrier

Barrier
Source Reciever
T ) e _Hg +2Hy +H,
. I Hr Hog = =20 (1)
S Grassland
s
Example 1: Source in shallow cut | For B < A2 ,
R
A . | H _Hs+2H, +H. +H,
eff
—_ 2
*))) Hy
H . .
SI 7= * Otherwise use Equation (1)
Example 2: Receiver elevated For H, >H,,
Hg + 2H, —H, +H,
Hert =
2
For H, <H.,
Hg +H, +H
H., =_—s""c™Hr
eff 2
Example 3: Source in sloped cut
For A < E/ ,
use Equation (1)
ForA>B 5
Hg + 2H, +H, +H,
Hert =
2
B For A > B/ ,
® ~ — Hs +2 Hc + Hr
Heff - 5
W) 'ﬂ‘ He 2
T ~
He For A < E/ ,
74 _Hg +H,
P Hett = —
Source Heights: Ground Factor
. . . . . For soft ground:
H, = 8ft, trains with diesel-electric locomotives 0%6 Ho <5
2 ft, trains without diesel-electric locomotives E ' H eff
0 ft, automobiles G= D0-75Q‘4L2ﬁ§ 5 <Hgj <42
3 ft, 2-axle city buses 0 He > 42
8 ft, 3-axle commuter buses
For hard ground:

, . ..evenwhenH 0.
Note: Equations for H . remain valid b = G=0

Figure 6-5 Computation of Ground Factor G for Ground Attenuation
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Example 6-4. Computing Exposur e-vs-Distance Curve for Fixed Guideway Source

A conmuter train, under the operating conditions in the previous exanples,

wi Il produce the following levels w thout horn blowi ng at 50 feet:
Ley(8-9am = 72 decibels
Ln = 68 deci bel s.

For sound propagation over grassland with a flat cross-sectional geonetry
wi thout a noise barrier, and Hy = 5 feet:

Hy = 6.5 feet

and fromFigure 6-5 the resulting Gound Factor is
G = 0.63

Hence the rel evant equations from above becone:

L (8-9am) = 72 - 10 log(D/50) - 6.3 | og( Dl 42)
Ly, = 68 - 10 log(D/50) - 6.3 | og(Dl 42)

Pl ots of these two equations appear in Figure 6-6. Fromthese curves, the
noi se levels due to this train operation can be deternined for a receiver of
interest at any distance. The only factor not accounted for is the effect of
shi el di ng between source and receiver, which is the subject of the next

secti on.

80

Level, Decibels
(@] ~l
o o

a1
o

ol i | R
50 100 200 300 500 1,000

Distance D, ft

Figure 6-6 Example Exposure vs Distance Curves

End of Example 6-4
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6.3.2 Shielding at each Receiver

The resulting L,'s and L,’'s from the previous section do not include shielding between source and receiver.
Such shielding can be due to intervening noise barriers, terrain features, rows of buildings, and dense tree
zones. Theindividual attenuations are computed using the equations from Table 6-9 for barriers and terrain,
or from Table 6-10 for rows of buildings and dense tree zones.

The results are attenuation values which are applied to the previously determined project noise at receiver
locations (Figure 6-4).

Table6-9 Computation of Shielding: Barriersand Terrain

Condition Equation’

For non-absor ptive transit barriers .

within 5 feet of the track: Prarrier =min{ 12 or [53x log(P) +6.7]}

For absorptive transit barriers within 5 =min{ 15 or [53% log(P) + 9.7

feet of the track: Prarrie { [ o9(P) ]}

For al other barriers, and for @1 51f [
protrusion of terrain abovethelineof  Aparrier = MINLS O [20xlog % h % 5
sight: H H an |
Barrier Insertion Loss Lparrier = Avarrier —10(Gng — Gg) 109 %%
Net Attenuation Avielding = max{ ILperrier OF Aperrier OF Ares}
D closest distance between the receiver and the source, in feet

P = path length difference, in feet (see figure below)
Gy = Ground factor G computed without barrier (see Figure 6-5)
Gg = Ground factor G computed with barrier (see Figure 6-5)

T Theterm "tanh(variable)" stands for hyperbolic tangent, available on many scientific calculators. If "tanh" is not available, then compute E =
exp(variable), and set tanh(variable) = (E - 1/E) / (E + 1/E), where exp(variable) is the "exponential” function, also written as e*on calculator
keypads.

BARRIER PARAMETER P
P= A+B-C

B RECEIVER

A C/

SOURCE

GROUND

f

BARRIER
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Table6-10 Computation of Shielding: Rows of Buildings and Dense Tree Zones

Condition Equation

If gapsin the row of buildings constitute |ess than 1dings = Min{ 10 or [L5(R-1) +5
35 percent of the length of the row: Ppuiings { [ ]}

If gapsin the row of buildings constitute between — min{ 10 or [lS(R— 1)+ 3]}
35 and 65 percent of the length of the row:

If gapsin the row of buildings constitute more than =0
65 percent of the length of the row:

Where at least 100 feet of treesintervene between . W
source and receiver, and if no clear line-of-sight Arees = MIN Hlo or 20 H
exists between source and receiver, and if the trees

extend 15 feet or more above the line-of-sight: I

If above conditions do not occur: =0
NET ATTENUATION Asniglding = max{ IWparrier OF Apuilcings OF Atrees}
R number of rows of houses that intervene between source and receiver

W width of the tree zone along the line-of -site between source and receiver, in feet

Example 6-5. Computation of Shielding

Interveni ng between the rail corridor and a receiver of interest is the
fol l ow ng shi el di ng:

(1) a 15-foot high noise barrier, 40 feet fromthe closest track and 130
feet fromthe 5-foot-high receiver, and

(2) a dense tree zone 100 feet thick. The source height Hg = 8 feet,
per Figure 6-5.

For the barrier: A = 40.61 feet, B = 130.38 feet, C = 170.03 feet, and
therefore P = 0.96 feet, according to Table 6-9.

From Fi gure 6-5,

Hs¢ (no barrier) = 6.5 feet and

He (With barrier) = 21.5 feet,
which result in

Gg = 0. 63, and

G = 0. 37.

From Tabl e 6-9, the resulting barrier attenuation is

Avarrier = m n{15 or 20« og[ 2. 45/tanh(4.37)]+5}
m n{15 or 12. 8}
12.8 dB

and the resulting barrier Insertion Loss is

| Lyarier =  12.8 - 10(0.63-0.37) og( 170/ 50)
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12.8 - 1.4
11. 4 deci bel s.

For the tree zone: The attenuation is estimated to be 5 decibels using Table
6-10. The total shielding is the maxi num of the barrier and tree zone
shielding, i.e. 11.4 decibels. (Conputation results should always be rounded
to the nearest decibel at the end of the calculation.)

End of Example 6-5

6.3.3 Combined Propagation Characteristics

The result of combining shielding with geometrical spreading and ground effects involves subtracting the
attenuation values obtained from Tables 6-9 and 6-10 from the noise exposure val ues obtained in Section 6.3.1
at the receiver location.

Lc|n0”—eq:(LdnorLeq)atsoft —20Iog%% —10Glog%$%%—Amiddmg — for stationary sources

-10G 1095 Asiaarg > for fixed-guideway rail car
passbys

Z1o
[T
IR

=(Lan O L) 40 ~10109

~10Glog %— Avigdng — for fixed-guideway locomotive
and rubber-tired passhys,
highway vehicle passbys and

horns

=(Lan O L) 450 ~10109

i
Sio

6.4 COMBINED NOISE EXPOSURE FROM ALL SOURCES

Once propagation adjustments have been made for the noise exposure from each source separately, then the
sources must be combined to predict the total project noise at the receivers. Table 6-11 contains the equations
for combining sources. Total noise exposure is used in Section 6.6 to assess the transit noise at each receiver
of interest. Notethat inthetablea5 dB penalty isassigned to sources with pure tones that can be particularly
annoying to people, such as bells on crossing signals, whistles, and wheel squeal on sharp curves. These
sources have noise energy confined to a narrow range of frequency which makes them especially noticeable
compared with the ambient, even at relatively low levels. The 5 dB penalty is applied at this point in the
procedure when noise levels from individual noise sources are combined as the total project noise. It is
important to note that if there is a pure-tone penalty applied, the calculated project noise levels will not
correspond to actual measured levels.
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Table6-11 Computing Total Noise Exposure

L
Total L, from All Sources Combined, | (total) = 10log . Z 10 equD
for the hour of interest: eq % @

| sources

l Ld%o |
Total L, from All sources Combined:  Lan(total) =101 09% Z 10 Q

| sources

Pure Tone Adjustment: Cq = +5 when pure tones are present
(e.q., crossing bells, horns, wheel sgueal.)

Example 6-6. Computation of Total Exposure from Combined Sour ces

A commuter train operation produces the following levels at a certain receiver
of interest:

Le,(8-9am
Ldn

72 deci bels, and
68 deci bel s.

At this sane receiver, a light rail system produces the follow ng |evels:

69 deci bel s, and
70 deci bel s.

Leo( 8- 92m
Ldn

No ot her project sources affect this receiver. Using Table 6-11, the
receiver’s total noise exposures are therefore:

L(8-9am total) = 73.8 decibels, and
Ly (total) = 72.1 decibels.

(Conputation results should al ways be rounded to the nearest decibel at the
end of the cal culation.)

End of Example 6-6

6.5 MAXIMUM NOISE LEVEL FOR FIXED-GUIDEWAY SOURCES

The assessment of noise impact in this manual utilizes either the L ,, or the L ., descriptor. As such, in
determining impact it is not necessary to determine and tabulate the maximum levels (L .., However, itis
often desirable to include computations of L ., because it is representative of what people hear at any
particular instant and can be measured with asound level meter. Thel ., isaso the descriptor used in vehicle
specifications. Because L, represents the sound level heard during a transportation vehicle passby, people
can relate this metric with other noise experienced in the environment. Particularly with rail transit projects,
the noise from an individual train passby is quite distinguishable from the existing background noise. A
comparison of L, with other sources can be made by referring to Figure 2-8. Thus, athough L, isnot used
in thismanual as abasis for assessing noise impact, it can provide people with a more complete description
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of the noise effects of a proposed project.. Equations for computing L ., from SEL are given in Appendix

E.

6.6 STUDY AREA CHARACTERISTICS

This section contai ns procedures to estimate existing noise
exposure at each receiver of interest identified previously
for use in assessing noise impact. Figure 6-7 shows the A
flow diagram for estimating ambient noise. First decide
whether to measure noise exposure, to compute it from
partial measurements, or to estimate it from the table
provided in this chapter. Different methods may be used at
different receivers along the project. Finaly, make the
measurements, computations or estimates of the ambient

noise at each receiver of interest.

6.6.1 Deciding Whether to Measure, Compute, or

Estimate

In generd, it is better to measure existing noise than to
compute or estimate it. Measurements are more precise
than computations and estimates and therefore lead to more ves
precise conclusions concerning noise impact. However,
measurements are expensive, are often thwarted by
weather, and take significant time in the field. So the

Receiver of
Interest

Project
Sources

Operational Propagation Study Area
Characteristics|| Characteristics || Characteristics

Reference
SEL, 50 ft

Ldn, 50 ft
Leq, 50 ft

Exposure vs'
Distance
Curve

Project Existing
Noise Noise

Noise Impact
Criteria
Noise
Impact

Mitigation
Required?

Remaining
Noise Impact

choice between measurements and computati ong/estimates
is a choice between the precision of measurements and the convenience of computationg/estimates. A mixture
of these is generally selected, relying on measurements where the greatest precision is needed.

Study Area
Characteristics

!}

Each Receiver of
Interest

!}

Decide
Whether to Measure,
Compute, or Estimate
Existing Noise

Y v

Compute
Existing Noise
from Nearby
Measurements

Estimate
Existing Noise
from Table

Measure
Existing Noise

Figure 6-7 Flow Diagram for Determining Existing
Noise

A pendty comes along with the convenience of
computations and especially of tabular estimates.
Because computations/estimates are less precise than
measurements, the procedures for them (in
Appendix C) are purposely conservative. They are
designed to underpredict the ambient noise
somewhat, and thereby overpredict relative noise
impact. When more precise impact projections are
desired, measurements should be chosen instead.

The choice among measurements, computations, or
estimates depends partly upon the type of land use.
For non-residential land uses with daytime use only,
it is usually adequate to measure only one hour's
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ambient L, preferably during the hour when project activity islikely to cause the greatest impact. Thisis
relatively easy to measure. On the other hand, in residential areas that are not near magjor roadways, a full
day’sambient L, isusually required. The following sections describe the approaches to be taken in each case
and how to combine the results to characterize the existing ambient conditions.

6.6.2 Noise Exposure Measurements

Full one-hour measurements are the most precise way to determine ambient noise exposure for non-residential
receivers. For residential receivers, full 24-hour measurements are most precise. Such full-duration
measurements are preferred over other options, where time and study funds allow. The following procedures
apply to full-duration measurements:

. For non-residential land uses, measure afull hour's L, at the receiver of interest, on at least two
non-successive weekdays (generally between noon Monday and noon Friday). Select the hour
of the day when the maximum project activity is expected to occur.

n For residential land uses, measure a full 24-hour’s L , at the receiver of interest, for a single
weekday (generally between noon Monday and noon Friday).

. Use judgment in positioning the measurement microphone. Location of the microphone at the
receiver depends upon the proposed location of the transit noise source. If, for example, a new
rail linewill bein front of the house, do not locate the microphonein the back yard. Figure 6-8
illustrates recommended measurement positions for various locations of the project, with respect
to the house and the existing source of ambient noise.

. Undertake all measurements in accordance with good engineering practice following guidelines
givenin ASTM and ANS| Standards.?®

6.6.3 Noise Exposure Computations from Partial Measurements

Often measurements can be made at some of the receivers of interest and then these measurements can be used
to estimate noise exposure at nearby receivers. In other situations, several hourly L,’s can be measured at a
receiver and then the L, computed from these. Both of these options require experience and knowledge of
acoustics to select representative measurement sites.

Measurements at one receiver can be used to represent the noise environment at other sites, but only when
proximity to major noise sources is similar among the sites. For example, aresidential neighborhood with
otherwise similar homes may have greatly varying noise environments: one part of the neighborhood may be
located where the ambient noise is clearly due to highway traffic; a second part, toward the interior of the
neighborhood, may have highway noise as afactor but also a significant contribution from other community
noise; and athird part located deep into the residential areawill have loca street traffic and other community
activities dominate the ambient noise. 1n this example, three or more measurement sites would be required
to represent the varying ambient noise conditions in a single neighborhood.

Typica situations where representative measurement sites can be used to estimate noise levels at other sites
occur when both share the following characteristics:
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PROJECT SOURCE
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=
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® = Microphone Location

Figure 6-8 Recommended Microphone Locations for Existing Noise Measurements

. proximity to the same major transportation noise sources, such as highways, rail lines and aircraft
flight patterns;

. proximity to the same magjor stationary noise sources, such as power plants, industrial facilities,
rail yards and airports;

. similar type and density of housing, such as single-family homes on quarter-acre lots and multi-
family housing in apartment complexes.
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Acoustica professionas are often adept at such computations from partial data and are encouraged here to use
their experience and judgment in fully utilizing the measurements in their computations. Required hereisan
attempt to somewhat underestimate ambient noise in the process, to account for reduced precision compared
to full noise measurements.

On the other hand, people lacking the background in acoustics are encouraged to use the procedures in
Appendix C to accomplish this same aim. These procedures are an attempt to systematize such computations
from partial measurements. The methodsin Appendix C are designed with a safety factor to underestimate
ambient noise to account for reduced precision compared to full noise measurements.

6.6.4 Estimating Existing Noise Exposure

The least precise way to determine noise exposure is to estimate it from atable. This method is appropriate
for the General Noise Assessment. The tabular estimate is not generally recommended for a detailed noise
analysis. However, it can be used in the absence of better data for |ocations where roadways or railroads are
the predominant ambient noise source. Table 5-7 presents these ambient levels. In genera, the tabulated
values of noise exposure are underestimates. As explained above, underestimates here are intended to
compensate for the reduced precision of the estimated ambient levels compared to the options that incorporate
full or partial measurements.

6.7 NOISE IMPACT ASSESSMENT

This section contains procedures for the assessment of
project noise impact, utilizing the ambient noise and project
noise results from the previous analysis. Figure 6-9isthe

flow diagram for the steps in the assessment process. Two Reterence
assessment methods are included:

Ldn, 50 ft
Leq, 50 ft

Receiver of Project Operational Propagation Study Area
Interest Sources Characteristics|| Characteristics|| Characteristics

° Rail and Bus Facilities: This category includes al
rail projects (e.g., rail rapid transit, light rail transit,
commuter rail, and automated guideway transit),
including rail transit projects built within a highway

Exposure vs
Distance
Curve

or railroad corridor. Also included are fixed Pt @
facilities such as storage and maintenance yards, o o
passenger stations and terminals, parking facilities, —
substations, etc. Bus facilities include separate o
roadways built exclusively for buses. Bus
operations on local streets and highways are

included where the project does not significantly Yes g
change the roadway capacity. Lves
o Highway/Transit Projects: Projectsin this category
Noise Impact

involve bus facilities with either modifications to
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existing roadways or construction of new roadways, resulting in a significant change of highway
capacity. Included are lane additions or lane reconfigurations on existing highways to accommodate
buses and/or HOV'’s. Also included are newly-constructed highways incorporating atransit or HOV
component, such as dedicated bus/HOV lanes.

6.7.1 Assessment for Rail and Bus
Facilities
For these types of projects, noise impact is
assessed at each receiver of interest using the Project Noise Bxisting Noise Nogﬁtgnngam
criteriafor transit projects described in Chapter | |
3. The assessment procedure is as follows:
\/
1 Tabulate existing ambient noise exposure ! !
(rounded to the nearest whole decibel) at Rall and Bus Mo ™!
all receivers of interest from earlier in the T I
analysis.
FTA FHWA
2. Tabulate project noise exposure at these criteria crieria
receivers from the analytical procedures
described in this chapter.
Impact Impact
3. Determine the level of noise impact (No
Impact, Impact or Severe Impact)
following the proceduresin Chapter 3. Figure 6-9 Flow Diagram for Noise Impact Assessment
4, Document the results in noi se-assessment
inventory tables. These tables should include the following types of information:
. Receiver identification and location
. Land-use description
. Number of noise-sensitive sites represented (number of dwelling unitsin residences or acres of
outdoor noise-sensitive land)
. Closest distance to the project
. Existing noise exposure
. Project noise exposure
. Level of noiseimpact (No Impact, Impact or Severe Impact)
In addition, these tables should also indicate the total number of receivers, especially numbers of
dwelling units, predicted to experience Impact or Severe Impact.
5. Illustrate the areas of Impact and Severe Impact on maps or aerial photographs. This could consist of

project noise contours on the maps or aerial photographs, aong with theimpact areas. Thisisdone by
delineating two impact lines: one between the areas of No Impact and Impact and the second between
Impact and Severe Impact. Such impact contours would be similar to those estimated in the General
Assessment of Chapter 5, but with greater precision. If desired to conform with the practices of another
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agency, the contouring may perhapsinclude several contour lines of constant project noise, such as Ly,
65, Ly, 70and L, 75.

6. Discussion of the magnitude of the impactsis an essential part of the assessment. The magnitude of
noise impact is defined by the two threshold curves delineating onset of Impact and Severe Impact.
Interpretation of the two impact regimesis discussed in Chapter 3.

6.7.2 Assessment for Highway/Transit Projects

For highway/transit projects, the FHWA procedures and Noise Abatement Criteria should be used. “@®©
FHWA's current computation method resides within its computer program Stamina 2.0/OPTIMA. " This
computation method is now being substantialy revised. The revised method is scheduled to be promulgated
by FHWA in late 1995 or early 1996, in the form of a new computer program, FHWA TNS (Traffic Noise
Software).

6.8 MITIGATION OF NOISE IMPACT

Receiver of Project Operational Propagation Study Area
t

Where the noise impact assessment shows either Severe erest Sources || Characteritics) © Characteristics
. . , . 1

Impact or Impact, this section provides guidance on

considering and implementing noise reduction measures.

The following sub-sections discuss the factors considered
in determining the need for noise mitigation. Figure 6-10
contains the corresponding flow diagram.

Ldn, 50 ft
Leq, 50 ft

Exposure vs
Distance
Curve

6.8.1 Determining the Need for Noise Mitigation
Because intrusive noise is frequently among the most .
significant environmental concerns of planned mass

transit projects, FTA, working with the project sponsor,
makes every reasonable effort to reduce predicted noise F

to levels deemed acceptable for affected noise-sensitive
land uses. The Noise Impact Criteria in Chapter 3

provide the framework for identifying the magnitude of Yes _Aiigation
the impact. Then, the need for noise mitigation is :qd
determined based on the magnitude and consideration of g
factors specifically related to the proposed project and

affected land uses.

Given the statutory basis for planning and designing mass transit projects which are environmentally
compatible, noise impactsin the Severe range represent the most compelling need for mitigation. However,
mitigation is not the first-order concern when Severe impacts are predicted. First, the project sponsor should
evaluate dternative locations/alignments to determine whether it isfeasible to avoid Severe impacts atogether.
In densely populated urban areas, this evaluation of aternative locations may reveal atrade-off of one group
of impacted noise-sensitive sites for another — especially for surface rail alignments passing through built-up
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Recompute
and Reassess

areas. However, thisis not aways the case; projects
which are characterized more as point sources of noise
than line sources often present a greater opportunity
for selecting alternative sites. Note that this guidance
manual and FTA’s environmental impact regulation
both attempt to encourage the selection of project

] Noise Impact ] . ) ) _
Examlr}e_ and sites which are compatible with surrounding

Adopt Mitigation . . .
,\ﬁeasu?es * development. The regulation designates certain

projects as categorical exclusions when located in
areas with compatible land use. In this manual, the
list of noise-sensitive land usesin Chapter 3 does not
include most commercial and industrial land uses,
thus obviating the need to consider noise mitigation
in areas with predominantly commercia or industria
use.

Mitigation
Required?

Tabulate
Remaining
Impact

Figure 6-10 Flow Diagram for Mitigation Predicted impacts in the Severe range are considered
to be significant adverse effects in the context of
NEPA and will trigger the requirement for an environmental impact statement, irrespective of any other
environmental effects associated with the project. Severeimpacts are also considered to be an "adverse effect”
asthisterm is used in the regulations governing Section 106 of the National Historic Preservation Act (36
CFR 800). In addition, impacts of this magnitude would normally constitute a"constructive use" of properties
afforded protection by Section 4(f) of the DOT Act and implementing regulations (23 CFR 771.135 (p)). The
examination of alternatives that would avoid, minimize, or mitigate impacts of this magnitude is explicitly
required in the compliance process for al of these statutes.

Only when it has been demonstrated that avoidance is not practical does the study progress to measures which
would minimize the adverse affect. Where Severe impacts are predicted, the goal isto gain substantia noise
reduction through the use of mitigation measures; it is not smply to reduce the predicted levelsto just below
the Severe impact threshold. Since FTA must make a judgment on whether the proposed mitigation isfeasible
and prudent, the study must include the noise reduction potential of the options aswell as the effects on transit
service, capital and operating costs and any other relevant factors, for example, new environmental impacts
originating from the change.

Though of alesser magnitude, projected noise levelsin the Impact range will still require consideration and
adoption of mitigation measures when it is considered reasonable. While it might be simpler conceptually to
establish adefinitive level dictating the need for mitigation, from apractica standpoint there should be an area
where professional judgment comesinto play. The range of Impact delineates an area where project planners
are aerted to the potential for adverse impacts and complaints from the community and must then carefully
consider project specifics as well as details concerning the affected properties in determining the need for
mitigation.
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The following considerations will help project planners and FTA staff in reaching these determinations:

° The number of noise-sensitive sites affected at thislevel. A row or cluster of residences adjacent to a
rail transit line establishes a greater need for mitigation than one or several isolated residencesin a
mixed-use area.

° The increase over existing noise levels. Since the noise impact criteria are delineated as bands or
ranges, project noise can vary 5-7 decibels within the band of Impact at any specific ambient noise
level. If the project and ambient noise plot fallsjust below the Severe range (in Figure 3-1), the need
for mitigation isstrongest. Similarly, if the plot fallsjust above the No Impact threshold, the need for
mitigation is lessened.

° The noise sensitivity of the property. Table 3-2 gives acomprehensive list of noise-sensitive land uses;
yet there can be differences in noise sensitivity depending on individual circumstances. For example,
parks and recreational areas vary in their sensitivity depending on the type of use they experience
(active vs. passive recreation) and the settings in which they are located.

° Effectiveness of the mitigation measure(s). What is the magnitude of the noise reduction that can be
achieved? Are there conditions which limit effectiveness, for example, noise barrier effectiveness for
amulti-story apartment building?

° The potential to reduce high preexisting noise exposure due to transportation sources. Sometimes, an
existing transportation facility causes intrusive noise and a proposed project sharing the same right-of-
way presents the opportunity to lower cumulative noise levels. When a shared right-of-way situation
occurs, thistype of environmental enhancement is strongly encouraged.

° Community views. This manua provides the methodology to make an objective assessment of the
need for noise mitigation. However, the views of the community cannot be overlooked. The NEPA
compliance process provides the framework for hearing the community’s concerns about a proposed
project and then making a good-faith effort to address those concerns. Many projects can be expected
to have projected noise levels within the Impact range and decisions regarding mitigation should be
made only after considering input from the affected public, relevant government agencies and
community organizations. There have been cases where the solution to the noise problem — a sound
barrier — was rejected by community members because of perceived adverse visual effects.

° Special protection provided by law. Section 4(f) of the DOT Act and Section 106 of the Historic

Preservation Act come into play frequently during the environmental review of transit projects. Section
4(f) protects historic sites and publicly-owned parks, recreation areas and wildlife refuges. Section 106
protects historic and archeological resources. No blanket statement can be made about whether project
noise within the Impact range constitutes "constructive use" under Section 4(f) or "adverse effect" under
Section 106. Nor can it be said that mitigation is always required when protected resources are
impacted at this level. As previously noted, some historic properties are not noise-sensitive at all. It
is clear, though, that the regulatory processes stemming from these statutes require coordination and
consultation with relevant agencies and organizations. Their views on the project's impact on protected
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resources are given careful consideration by FTA and the project sponsor, and their recommendations
may influence the decision to adopt noise reduction measures.

The decision to include noise mitigation in aproject is made by FTA after public review of the environmental
document. Itisreached in consultation with the project sponsor. If mitigation measures are deemed necessary
to satisfy the statutory requirements, they will be incorporated as an integral part of the project, and subsequent
grant documents will reference these measures as contractual obligations on the part of the project sponsor.

6.8.2 Noise Mitigation Measures

In general, mitigation options are chosen from those below, and then portions of the project noise are
recomputed and reassessed to account for this mitigation. This allows an accurate prediction of the level of
noise reduction. It isimportant to emphasize that the source levels used in this manual aretypical of systems
designed according to current engineering practice, but they do not include specia noise control features that
could be incorporated in the specifications at extra cost. This approach provides a reasonable analysis of
conditions without mitigation measures. |f specia features that result in noise reductions are included in any
of the predictions, then the Federal environmental document must include a commitment by the project
sponsor to adopt such treatments before the project is approved for construction.

Mitigation of noiseimpact from transit projects may involve treatments at the three fundamental components
of the noise problem: (1) at the noise source, (2) aong the source-to-receiver propagation path or (3) at the
receiver. Generaly, thetransit property has authority to treat the source and some el ements of the propagation
path, but may have little or no authority to modify anything nearby the receiver.

A list of practical noise mitigation measures that should be considered by project sponsorsis summarized in
Table 6-12 and discussion of the measuresfollows. Thistableis organized according to whether the treatment
appliesto the source, path or receiver, and includes estimates of the acoustical effectiveness of each treatment.

6.8.3 Source Treatments

Vehicle Noise Specifications (Rail and Bus)

Among the most effective noise mitigation treatments is noise control at the outset, during the specification
and design of the transit vehicle. Such source treatments apply to all transit modes. By developing and
enforcing stringent but achievable noise specifications, the transit property takes a major step in controlling
noise everywhere on the system. It isimportant to ensure that the noise levels quoted in the specifications are
achievable with the application of best available technology during the development of the vehicle and
reasonable in light of the noise reduction benefits and costs.

Effective enforcement includes significant penalties for non-compliance with the specifications. The noise
mitigation achieved by source treatment depends on the quality of installation and maintenance. In the past,
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Table6-12 Transit Noise Mitigation M easur es

Application Mitigation Measure Effectiveness
Stringent Vehicle & Equipment Noise Specifications Varied
Operational Restrictions Varied
Resilient or Damped For Rolling Noise on Tangent Track: ~ 2dB
Wheels’ For Wheel Squeal on Curved Track:  10-20 dB
Vehicle Skirts’ 6-10 dB
Undercar Absorption’ 5dB

SOURCE Spin-slide control (prevents flats)* -

ok

Wheel Truing (eliminates whedl flats)’
Rail Grinding (eliminates corrugations)”

ok

Turn Radii greater than 1000 ft* (Avoids Squeal)
Rail Lubrication on Sharp Curves’ (Reduces Squeal)
Movable-Point Frogs (reduce rail gaps at crossovers)” (Reduces Impact Noise)
Engine Compartment Treatments (Buses) 6-10dB
Sound Barriers close to Vehicles 6-10dB
Sound Barriersat ROW Line 3-5dB
Alteration of Horiz. & Vert. Alignments Varied

PATH Acquisition of Buffer Zones Varied
Ballast on At-Grade Guideway” 3dB
Ballast on Aerial Guideway” 5dB
Resilient Track Support on Aerial Guideway Varied

Acquisition of Property Rights for Construction of Sound
RECEIVER Barriers
Building Noise Insulation 5-20dB
Appliesto Rail Projects Only

™ These mitigation measures work to maintain arail system in its as-new condition. Without incorporating them
into the system, noise levels could increase up to 10 dB.

5-10dB

transit vehicles have been delivered that did not meet a noise specification, causing complaints from the
public and requiring additional noise mitigation measures applied to the wayside.

Stationary Source Noise Specifications

Stringent but achievable noise specifications a so represent an effective approach for mitigating noise impact
from stationary sources associated with atransit system. Such equipment includes fixed plant equipment (for
example, transformers and mechanical equipment) as well as grade-crossing signals. For example, noise
impact from grade-crossing signas can be mitigated by specifying equipment that setsthe leve of the warning
signal lower where ambient noiseislower, that minimizes the signal duration, and that minimizes signal noise
in the direction of noise-sensitive receivers.
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Wheel Treatments (Rail)

A major source of noise from steel-wheel/steel-rail systems is the wheel/rail interaction which has three
components: roar, impact and squeal. Roar istherolling noise caused by small-scal e roughness on the wheel
tread and rail running surface. Impacts are caused by discontinuities in the running surface of the rail or by
aflat spots on the wheels. Squeal occurs when a steel-wheel tread or its flange rubs across the rail, setting up
resonant vibrations in the wheel which causeit to radiate a screeching sound. Various wheel designs and other
mitigation measures exist to reduce the noise from each of these three mechanisms.

° Resilient and damped wheels serve to reduce rolling noise, but only slightly. A typical reduction is
2 decibels on tangent track. This trestment is more effective in eliminating wheel squeal on tight turns;
reductions of 10 to 20 decibels for high frequency squeal noiseistypical.

° Spin-slide control systems, similar to anti-locking brake systems (ABS) on automobiles, reduce the
incidence of wheel flats, amajor contributor of impact noise. Trainswith smooth wheel treads can be
up to 20 decibels quieter than those with whedl flats. To be effective, the anti-locking feature should
be in operation during all braking phases, including emergency braking. Wheel flats are more likely
to occur during emergency braking than during dynamic braking.

° M aintenance of wheels by truing eliminates wheel flats from the treads and restores the wheel profile.
As discussed above, wheel flats are a major source of impact noise. A good maintenance program
includes the installation of equipment to detect and correct wheel flats on a continuing basis.

Vehicle Treatments (Rail and Bus)
V ehicle noise mitigation measures are applied to the various mechanical systems associated with propulsion,
ventilation and passenger comfort.

° Propulsion systems of transit vehicles include diesel engines, electric motors and diesel-electric
combinations. Noise from the propulsion system depends on the type of unit and how much noise
mitigation is built into the design. Mufflers on diesel engines are generally required to meet noise
specifications; however, mufflers are generally practical only on buses, not on locomotives. Control
of noise from engine casings may require shielding the engine by body panels without louvers, dictating
other means of cooling and ventilation.

° Ventilation requirements for vehicle systems are related to the noise generated by avehicle. Fan noise
often remains amajor noise source after other mitigation measures have been ingtituted, because of the
need to have direct accessto cooling air. This appliesto heat exchangers for electric traction motors,
diesdl engines and air-conditioning systems. Fan quieting can be accomplished by installation of one
of several new designs of quiet, efficient fans. Forced-air cooling on electric traction motors can be
quieter than self-cooled motors at operating speeds. Placement of fans on the vehicle can make a
significant difference in the noise radiated to the wayside, or to patrons on the station platforms.

° The vehicle body design can provide shielding and absorption of the noise generated by the vehicle
components. Acoustical absorption under the car has been demonstrated to provide up to 5 decibels
of mitigation for wheel/rail noise and propulsion-system noise on rapid transit trains. Similarly, vehicle
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skirts over the wheels can provide more than 5 decibels of mitigation. By carrying their own noise
barriers, vehicles with these features can provide cost-effective noise reduction.

Guideway Support (Bus and Rail)

The smoothness of the running surfaceis critical in the mitigation of noise from a moving vehicle. Smooth
roadways for buses and smaooth rail running surfaces for rail systems are required. In either case, roughness
of the street, roadway and rail surfaces can be eliminated by resurfacing roads or grinding rails, thereby
reducing noise levels by up to 10 decibels. Bridge expansion joints are also a source of noise for rubber-tire
vehicles. This source of noise can be reduced by placing expansion joints on an angle or by specifying the
serrated type rather than joints with right-angle edges.

In the case of steel-wheel/stedl-rail systems with non-steerable trucks and sharp turns, squeal can be mitigated
by installation of rail lubricators. Squeal in such systems can usually be eliminated atogether by designing
al turn radii to be greater than 1000 feet, or 100 times the truck wheelbase, whichever isless.

Operational Restrictions (Rail and Bus)

Two changes in operations that can mitigate noise are the lowering of speed and the reduction of nighttime
(10 pmto 7 am) operations. Because noise from most transit vehicles depends on speed, a reduction of speed
resultsin lower noise levels. The effect can be considerable. For example, the speed dependency of steel-
wheel/steel-rail systemsfor L, and L, (see Table 6-4) resultsin a6 dB reduction for a halving of the speed.
Complete elimination of nighttime operations has a strong effect on reducing the L, because nighttime noise
isincreased by 10 decibelswhen calculating L,,. Restrictions on operations are usually not feasible because
of service demands. However, if early morning idling can be curtailed to the mimimum necessary, this can
have a measurable effect on L

Other operational restrictions that can reduce noise impact for light rail and commuter rail systems include
minimizing or eliminating horn blowing and other types of warning signals at grade crossings. However,
these mitigation options are often limited by safety considerations.

6.8.4 Path Treatments

Sound Barriers

Sound barriers are effective in mitigating noise when they break the line-of-sight between source and receiver.
The mechanism of sound shielding is described in Chapter 2. The necessary height of a barrier depends on
such factors as the source height and the distance from the source to the barrier. For example, if abarrier is
located very close to arapid transit train, it need only be 3 to 4 feet above the top of rail to be effective.
Barriers close to vehicles can provide noise reductions of 6 to 10 decibels. For barriers further away, such as
on the right-of-way line or for trains on the far track, the height must be increased to provide equivalent
effectiveness. Otherwise, the effectiveness can drop to 5 decibels or less, even if the barrier breaks the line
of sight. Where the barrier is very close to the transit vehicle or where the vehicles travel between sets of
paralel barriers, barrier effectiveness can be increased by as much as 5 decibel s by applying sound-absorbing
material to the inner surface of the barrier.
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Similarly, the length of the barrier wall isimportant to its effectiveness. The barrier must be long enough to
screen out amoving train along most of itsvisible path. Thisis necessary so that train noise from beyond the
ends of the barrier will not severely compromise noise-barrier performance at sensitive locations.

Noise barriers can be made of any outdoor weather-resistant solid material that meets a minimum sound
transmission loss requirement. The sound requirements are not particularly strict; they can be met by many
commonly available materials, such as 16-gauge steel, 1-inch thick plywood, and any reasonabl e thickness
of concrete. The normal minimum requirement is a surface density of 4 pounds per square foot. To hold up
under wind loads, structural requirements are more stringent. Achieving the maximum possible noise
reduction requires careful sealing of gaps between barrier panels and between the barrier and the ground or
elevated guideway deck.

Costs for noise barriers, based on highway installations, range from $15 to $25 per square foot of installed
noise barrier at-grade, not counting design and inspection costs. Installation on aerid structure may be afactor
of two greater, especidly if the structure has to be strengthened to accommodate the added weight and wind
load.

Location of a transit alignment in cut, as part of grade separation, can accomplish the same result as
installation of anoise barrier at-grade or on aerial structure. The walls of the cut serve the same function as
barrier wallsin breaking the line-of-sight between source and receiver.

Noise Buffers

Because noise levels attenuate with distance, one noise mitigation measure isto increase the distance between
noise sources and the closest sensitive receivers. This can be accomplished by locating alignments away from
sensitive sites. Acquisition of land or purchasing easements for noise buffer zones is an option that may be
considered if impacts due to the project are severe enough.

Ground Absorption

Propagation of noise over ground is affected by whether the ground surfaceis absorptive or reflective. Noise
from vehicles on the surface is strongly affected by the character of the ground in the immediate vicinity of
the vehicle. Roads and streets for buses are hard and reflective, but the ground at the side of aroad has a
significant effect on the propagation of noise to greater distance. This effect is described in Chapter 2 and
taken into account in the computations of this chapter. Guidewaysfor rail systems can be either reflective or
absorptive, depending on whether they are concrete or ballast. Ballast on a guideway can reduce train noise
3 decibels at-grade and up to 5 decibels on aeria structure.

6.8.5 Receiver Treatments

Sound Barriers

In certain casesit may be possible to acquire limited property rights for the construction of sound barriers at
the receiver. Asdiscussed above, barriers need to break the line-of-sight between the noise source and the
receiver to be effective and are most effective when they are closest to either the source or the receiver.
Computational procedures for estimating barrier effectiveness are given earlier in this chapter.
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Building Insulation
In cases where rights-of-way are tight, the only practical noise mitigation measure may be to provide sound

insulation for the building. The most effective treatments are to caulk and seal gapsin the building envelope
and to install new windows that are specially designed to meet acoustical transmission-loss requirements.
Such windows are usually made of multiple layers of glass and are beneficial for heat insulation aswell asfor
sound insulation. Depending on the quality of the origina windows, such treatments can provide noise
reductions of 5 to 20 decibels. These windows are usually non-operable so that central ventilation or air
conditioning is needed.

Additional building sound insulation, if needed, can be provided by sealing vents and ventilation openings
and relocating them to a side of the building away from the noise source. Much practical experience with
sound insulation of buildings has been gained through grants for noise mitigation to local airport authorities
by the Federal Aviation Administration.
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7. BASIC GROUND-BORNE VIBRATION CONCEPTS

Ground-borne vibration can be a serious concern for nearby neighbors of a transit system route or maintenance
facility, causing buildings to shake and rumbling sounds to be heard. In contrast to airborne noise, ground-
borne vibration is not a common environmental problem. It isunusual for vibration from sources such as
buses and trucks to be perceptible, even in locations close to major roads. Some common sources of ground-
borne vibration are trains, buses on rough roads, and construction activities such as blasting, pile driving and
operating heavy earth-moving equipment.

The effects of ground-borne vibration include feelable movement of the building floors, rattling of windows,
shaking of items on shelves or hanging on walls, and rumbling sounds. In extreme cases, the vibration can
cause damage to buildings. Building damage is not a factor for normal transportation projects with the
occasional exception of blasting and pile driving during construction. Annoyance from vibration often occurs
when the vibration exceeds the threshold of perception by 10 decibelsor less. Thisisan order of magnitude
below the damage threshold for normal buildings.

The basic concepts of ground-borne vibration areillustrated for arail systemin Figure 7-1. Thetrain wheels
rolling on the rails create vibration energy that is transmitted through the track support system into the transit
structure. The amount of energy that is transmitted into the transit structure is strongly dependent on factors
such as how smooth the wheels and rails are and the resonance frequencies of the vehicle suspension system
and the track support system. These systems, like all mechanical systems, have resonances which result in
increased vibration response at certain frequencies, called natural frequencies.

The vibration of the transit structure excites the adjacent ground creating vibration waves that propagate
through the various soil and rock strata to the foundations of nearby buildings. The vibration propagates from
the foundation throughout the remainder of the building structure. The maximum vibration amplitudes of the
floors and walls of abuilding often will be at the resonance frequencies of various components of the building.
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Figure 7-1 Propagation of Ground-Borne Vibration into Buildings

The vibration of floors and walls may cause perceptible vibration, rattling of items such as windows or dishes
on shelves, or arumble noise. The rumble is the noise radiated from the motion of the room surfaces. In
essence, the room surfaces act like a giant loudspeaker. Thisis called ground-borne noise.

Ground-borne vibration is almost never annoying to people who are outdoors. Although the motion of the
ground may be perceived, without the effects associated with the shaking of a building, the motion does not
provoke the same adverse human reaction. In addition, the rumble noise that usually accompanies the building
vibration can only occur inside buildings.

7.1 DESCRIPTORS OF GROUND-BORNE VIBRATION AND NOISE

7.1.1 Vibratory Motion

Vibration is an oscillatory motion which can be described in terms of the displacement, velocity, or
acceleration. Because the motion is oscillatory, there is no net movement of the vibration element and the
average of any of the motion descriptorsis zero. Displacement is the easiest descriptor to understand. For
avibrating floor, the displacement is simply the distance that a point on the floor moves away from its static
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position. The velocity represents the instantaneous speed of the floor movement and acceleration is the rate
of change of the speed.

Although displacement is easier to understand than velocity or acceleration, it is rarely used for describing
ground-borne vibration. This is because most transducers used for measuring ground-borne vibration use
either velocity or acceleration, and, even more important, the response of humans, buildings, and equipment

to vibration is more accurately described using velocity or acceleration.

7.1.2 Amplitude Descriptors

Vibration consists of rapidly fluctuating motionswith
an average motion of zero. There are severa different
methods that are used to quantify vibration amplitude.
These are shown in Figure 7-2. The raw signal isthe
lighter weight curve in the top graph. This is the
instantaneous vibration velocity which fluctuates
positive and negative about the zero point. The peak
particle velocity (PPV) is defined as the maximum in-
stantaneous positive or negative peak of the vibration
signal. PPV is often used in monitoring of blasting
vibration since it is related to the stresses that are
experienced by buildings.

Although peak particle velocity is appropriate for
evaluating the potential of building damage, it is not
suitable for evaluating human response. It takes some
time for the human body to respond to vibration
signas. In asense, the human body responds to an
average vibration amplitude. Because the net average
of a vibration signal is zero, the root mean sguare
(rms) amplitude is used to describe the "smoothed"
vibration amplitude. The root mean square of asignal
is the average of the squared amplitude of the signal.
The average is typically calculated over a 1 second
period. Thermsamplitudeis shown superimposed on
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Figure 7-2 Different Methods of Describing a

Vibration Signal

the vibration signal in Figure 7-2. The rms amplitude is always |ess than the PPV " and is always positive.

The PPV and rms velocity are normally described in inches per second in the USA and meters per second in
therest of theworld. Although it is not universally accepted, decibel notation isin common use for vibration.

"The ratio of PPV to maximum rms amplitude is defined as the crest factor for the signal. The crest factor is always
greater than 1.71, although a crest factor of 8 or moreis not unusual for impulsive signals. For ground-borne vibration
from trains, the crest factor is usually 4 to 5.
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Decibel notation acts to compress the range of numbers required to describe vibration. The bottom graph in
Figure 7-2 shows the rms curve of the top graph expressed in decibels. Vibration velocity level in decibels
is defined as:

v O
L, =20 xlog.q —L0
[V s U

where "L " is the velocity level in decibels, "v" is the rms velocity amplitude, and "v,4" is the reference
velocity amplitude. A reference must aways be specified whenever a quantity is expressed in terms of
decibels. The accepted reference quantities for vibration velocity are 1x10°in./sec in the USA and either
1x10°® m/sec or 5x10° m/sec in the rest of the world. Because of the variations in the reference quantities, it
isimportant to be clear about what reference quantity is being used whenever velocity levels are specified.
All vibration levels in this manual are referenced to 1x10°in./sec. Although not a universally accepted
notation, the abbreviation "VdB" is used in this document for vibration decibels to reduce the potential for
confusion with sound decibels.

There is some movement towards the use of a standardized weighted vibration level when evaluating human
response to vibration. This vibration level, often abbreviated VL, is usualy referred to as the weighted
acceleration level. At frequencies greater than 8 Hz, which for al practical purposes is the frequency range
of interest to ground-borne vibration:

VL=L,-21

where L, isthe vibration velocity level in decibels relative to 1 micro-inch per second (10®in./sec).

7.1.3 Ground-Borne Noise

As discussed above, the rumbling sound caused by the vibration of room surfaces is called ground-borne
noise. The annoyance potential of ground-borne noise is usualy characterized with the A-weighted sound
level. Although the A-weighted level is amost the only metric used to characterize community noise, there
are potential problems when characterizing low-frequency noise using A-weighting. Thisis because of the
non-linearity of human hearing which causes sounds dominated by low-frequency components to seem louder
than broadband sounds that have the same A-weighted level. The result isthat ground-borne noise with alevel
of 40 dBA sounds louder than 40 dBA broadband noise. This is accounted for by setting the limits for
ground-borne noise lower than would be the case for broadband noise.

7.2 HUMAN PERCEPTION OF GROUND-BORNE VIBRATION AND NOISE

This section gives some genera background on human response to different levels of building vibration laying
the ground work for the criteria for ground-borne vibration and noise that are presented in Chapter 8.

7.2.1 Typical Levels of Ground-Borne Vibration and Noise
In contrast to airborne noise, ground-borne vibration is not a phenomenon that most people experience every
day. The background vibration velocity level in residentia areasisusually 50 VdB or lower, well below the
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threshold of perception for humanswhichis around 65 VdB. Most perceptible indoor vibration is caused by
sources within buildings such as operation of mechanical equipment, movement of people or slamming of
doors. Typical outdoor sources of perceptible ground-borne vibration are construction equipment, steel-
wheeled trains, and traffic on rough roads. If the roadway is smooth, the vibration from traffic is rarely
perceptible.

Figure 7-3 illustrates common vibration sources and the human and structural response to ground-borne
vibration. Therange of interest isfrom approximately 50 VdB to 100 VdB. Background vibration isusualy
well below the threshold of human perception and is of concern only when the vibration affects very sensitive
manufacturing or research equipment. Electron microscopes and high resolution lithography equipment are
typica of equipment that is highly sensitive to vibration.

VELOCITY  Typical Sources
Human/Structural Response LEVEL* (50 ft from source)

N

Threshold, minor cosmetic damage — [0 <— Blasting from construction projects
fragile buildings

-<— Bulldozers and other heavy tracked
Difficulty with tasks suchas — (90 construction equipment
reading a VDT screen

-<— Commuter rail, upper range

Residential annoyance, infrequent —— |80| < Rapid transit, upper range
events (e.g. commuter rail)

~<— Commuter rail, typical

Residential annoyance, frequent — ~<— Bus or truck over bump
events (e.g. rapid transit) 70| <— Rapid transit, typical

Limit for vibration sensitive —
equipment. Approx. threshold for ~— Bus or truck, typical
human perception of vibration 60

~<— Typical background vibration

50

* RMS Vibration Velocity Level in VdB relative to 10°%inches/second

Figure 7-3 Typical Levels of Ground-Borne Vibration

Although the perceptibility threshold is about 65 VdB, human response to vibration is not usually significant
unless the vibration exceeds 70 VdB. Thisisatypical level 50 feet from arapid transit or light rail system.
Buses and trucks rarely create vibration that exceeds 70 VdB unless there are bumps in the road. Because of
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the heavy locomoatives on diesel commuter rail systems, the vibration levels average about 5 to 10 decibels
higher than rail transit vehicles. If there isunusually rough road or track, wheel flats, geologic conditions that
promote efficient propagation of vibration, or vehicleswith very stiff suspension systems, the vibration levels
from any source can be 10 decibels higher than typical. Hence, at 50 feet, the upper range for rapid transit
vibration is around 80 VdB and the high range for commuter rail vibration is 85 VdB. If the vibration level
in aresidence reaches 85 VdB, most people will be strongly annoyed by the vibration.

The relationship between ground-borne vibration and ground-borne noise depends on the frequency content
of the vibration and the acoustical absorption of the receiving room. The more acoustical absorption in the
room, the lower the noise level will be. For aroom with average acoustical absorption, the sound pressure
level is approximately equal to the average vibration velocity level of the room surfaces.” Hence, the A-
weighted level of ground-borne noise can be estimated by applying A-weighting to the vibration velocity
spectrum. Since the A-weighting at 31.5 Hz is-39.4 dB, if the vibration spectrum peaks at 30 Hz, the A-
weighted sound level will be approximately 40 decibels lower than the velocity level. Correspondingly, if the
vibration spectrum peaks at 60 Hz, the A-weighted sound level will be about 25 decibels lower than the
velocity level.

7.2.2 Quantifying Human Response to Ground-Borne Vibration and Noise

One of the major problems in devel oping suitable criteriafor ground-borne vibration is that there has been
relatively little research into human response to vibration, in particular, human annoyance with building
vibration. However, experience with U.S. rapid transit projects over the past 20 years represents a good
foundation for devel oping suitable limits for residential exposure to ground-borne vibration and noise from
transit operations.

Figure 7-4 illustrates the relationship between the vibration velocity level measured in 22 homes and the
general response of the occupants to the vibration. The data shown were assembled from measurements that
had been performed for several transit systems. The subjective ratings are based on the opinion of the person
that took the measurements and the response of the occupants. These data were previously published in the
"State-of -the-Art Review of Ground-borne Noise and Vibration."™ Both the occupants and the people who
performed the measurements agreed that floor vibration in the "Distinctly Perceptible" category was
unacceptable for aresidence. The datain Figure 7-4 indicate that residential vibration that exceeds 75 VdB
is unacceptable for avibration source such asrapid transit trains that pass every 5 to 15 minutes. Also shown
in Figure 7-4 is a curve showing the percent of people annoyed by vibration from high-speed trains in Japan. @
The scale for the percent annoyed is on the right hand axis of the graph. The results of the Japanese study
confirm the conclusion that at a vibration velocity level of 75 to 80 VdB, many people will find the vibration
annoying.

"The sound level approximately equals the average vibration velocity level only when the velocity level is referenced to
1 micro inch/second. When velocity level is expressed using theinternational standard of 1x10®m/sec, the sound level
is approximately 8 decibels lower than the average velocity level.



Chapter 7: Basic Ground-Borne Vibration Concepts 7-7

Table 7-1 describes the human response
to different levels of ground-borne Response to Residential Building Vibration

noise and vibration. Thefirst columnis 410 15 Rapid Transit Trains per Hour 100
the vibration velocity level, and the ;i .geeanie

next two columns are for the - 80
corresponding noise level assuming that Distinctly | -

the vibration spectrum peaks at 30 Hz ~ Pee*P™* e 60 _
or 60 Hz. As discussed above, the A- Barely el % Annoyed %
weighted noise level will be  Perceptile [ 6 oo By {0
approximately 40 dB less than the i i
vibration velocity level if the spectrum ~ 'mPereeptible - 80 % 420
peak isaround 30 Hz, and 25 dB lower g

if the spectrum peak is around 60 Hz. ' ' ' . . ' 0

Tabl 7.1 illustrat that hievi 55 60 65 70 75 80 85 90
e ) Hiustrates & Ie\/lng Vibration Velocity Level -- dB re 1 micro in./sec

either the acceptable vibration or Figure 7-4 Occupant Response to Transit-Induced Residential
acceptable noise levels does not Vibration

guarantee that the other will be
acceptable. That is, the noise caused by vibrating structural components may be very annoying even though
the vibration cannot be felt, or the other way around.

Table7-1 Human Response to Different Levels of Ground-Borne Noise and Vibration

Vib. Velocity Noise L evel Human Response
Level

Low Freqg* Mid Freg?

Approximate threshold of perception for many humans. Low-
65 VdB 25 dBA 40 dBA frequency sound usually inaudible, mid-frequency sound exces-
sivefor quiet sleeping areas.

Approximate dividing line between barely perceptible and
distinctly perceptible. Many people find transit vibration at this
level unacceptable. Low-frequency noise acceptable for sleeping
areas, mid-frequency noise annoying in most quiet occupied areas.

75VdB 35dBA 50 dBA

Vibration acceptable only if there are an infrequent number of
events per day. Low-frequency noise unacceptable for sleeping
areas, mid-frequency noise unacceptable even for infrequent
events with institutional land uses such as schools and churches.

85VvdB 45 dBA 60 dBA

Notes:
1 Approximate noise level when vibration spectrum peak is near 30 Hz.
2. Approximate noise level when vibration spectrum peak is near 60 Hz.
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7.3 GROUND-BORNE VIBRATION FOR DIFFERENT TRANSIT MODES

This section provides a brief discussion of typical problems with ground-borne vibration and noise for
different modes of transit.

Steel Wheel Urban Rail Transit — This category includes both heavy rail transit and light rail transit. Heavy
rail is generally defined as electrified rapid transit trains with dedicated guideway, and light rail as
electrified transit trains that do not require dedicated guideway. The ground-borne vibration
characteristics of heavy and light rail vehicles are very similar since they have similar suspension
systems and axle loads. Most of the studies of ground-borne vibration in this country have focused on
urban rail transit. Problemswith ground-borne vibration and noise are common when there isless than
50 feet between a subway structure and building foundations. Whether the problem will be perceptible
vibration or audible noise is strongly dependent on local geology and the structural details of the
building. Complaints about ground-borne vibration from surface track are more common than
complaints about ground-borne noise. A significant percentage of complaints about both ground-borne
vibration and noise can be attributed to the proximity of special trackwork, rough or corrugated track,
or wheel flats.

Commuter and Intercity Passenger Trains —This category includes passenger trains powered by either
diesel or electric locomotives. Interms of vibration effects at a single location, the major difference
between commuter and intercity passenger trainsisthat the latter are on aless frequent schedule. Both
often share track with freight trains, which have quite different vibration characteristics as discussed
below. Thelocomotives usualy create the highest vibration levels. Thereisthe potential of vibration-
related problems anytime that new commuter or intercity passenger serviceis introduced in an urban
or suburban area.

High Speed Passenger Trains High-speed passenger trains, such as the Japanese Shinkansen, the French
TGV, the German | CE and the Swedish X2000, have the potential of creating high levels of ground-
borne vibration. Ground-borne vibration should be anticipated as one of the major environmental
impacts of any high speed train located in an urban or suburban area. The Amtrak trains on the
Northeast Corridor between Boston and Washington, D.C., which attain moderate to high speedsin
some sections with improved track, fit into this category.

Freight Trains — Local and long distance freight trains are similar in that they both are diesel-powered and
have the same types of cars. They differ in their overall length, number and size of locomotives, and
number of heavily loaded cars. Locomotives and rail carswith wheel flats are the sources of the highest
vibration levels. Because locomotive suspensions are similar, the maximum vibration levels of local
and long distance freights are similar. It isnot uncommon for freight trainsto be the source of intrusive
ground-borne vibration; however, there are relatively few new freight lines in this country. Most
railroad tracks used for freight lines were in existence for many years before the affected residential
areas were developed. Vibration from freight trains can be a consideration for FTA- assisted projects
when a new transit line will share an existing freight train corridor. Relocating the freight tracks to
accommodate the transit system or shifting the freight traffic to other routes can lead to impact from
ground-borne vibration, which must be considered an indirect or secondary impact of the transit system.
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Automated Guideway Transit Systems (AGT) —This transit mode encompasses a wide range of
transportation vehicles providing local circulation in downtown areas, airports and theme parks. In
general, ground-borne vibration can be expected to be generated by steel-wheel/steel-rail systems even
when limitedin size. Because AGT systems normally operate at low speeds, have lightweight vehicles,
and rarely operate in vibration sensitive areas, ground-borne vibration problems are very rare.

Bus Projects —Because the rubber tires and suspension systems of buses provide vibration isolation, it is
unusua for buses to cause ground-borne noise or vibration problems. When buses cause effects such
as rattling of windows, the source is ailmost always airborne noise. Most problems with bus-related
vibration can be directly related to a pothole, bump, expansion joint, or other discontinuity in the road
surface. Smoothing the bump or filling the pothole will usually solve the problem.

Problems are likely when buses will be operating inside buildings. Intrusive building vibration can be
caused by sudden loading of a building slab by a heavy moving vehicle or by vehicles running over
lane divider bumps. A bus transfer station with commercial office space in the same building may have
annoying vibration within the office space caused by bus operations.

7.4 FACTORS THAT INFLUENCE GROUND-BORNE VIBRATION AND NOISE

One of the major problems with developing accurate estimates of ground-borne vibration is the large number
of factorsthat can influence the levels at the receiver position. The purpose of this sectionisto give ageneral
appreciation of which factors have significant effects on the levels of ground-borne vibration. Table 7-2is
a summary of some of the many factors that are known to have, or are suspected of having a significant
influence on the levels of ground-borne vibration and noise. Asindicated, the physical parameters of the
transit facility, the geology, and the receiving building al influence the vibration levels. The important
physical parameters can be divided into the following four categories:

Operational and Vehicle Factors —This category includes al of the parametersthat relate to the vehicle and
operation of the trains. Factors such as high speed, stiff primary suspensions on the vehicle, and flat
or worn wheels will increase the possibility of problems from ground-borne vibration.

Guideway —The type and condition of the rails, the type of guideway, the rail support system, and the mass
and stiffness of the guideway structure will al have an influence on the level of ground-borne vibration.
Jointed rail, worn rail, and wheel impacts at special trackwork can all cause substantial increasesin
ground-borne vibration. A rail system guideway will be either subway, at-grade, or elevated. Itisrare
for ground-borne vibration to be a problem with elevated railways except when guideway supports are
located within 50 ft of buildings; directly radiated noiseis usually the dominant problem from at-grade
guideway athough vibration can be a problem; and ground-borne vibration is often one of the most
important environmental problems for subways. For rubber-tired systems, the smoothness of the
roadway/qguideway isthe critical factor; if the surface is smooth, vibration problems are unlikely.

Geology —Soil conditions are known to have a strong influence on the levels of ground-borne vibration.
Among the most important factors are the stiffness and internal damping of the soil and the depth to
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bedrock. Experience with ground-borne vibration isthat vibration propagation is more efficient in stiff
clay soils, and shallow rock seemsto concentrate the vibration energy close to the surface and can result
in ground-borne vibration problems at large distances from the track. Factors such as layering of the
soil and depth to water table can have significant effects on the propagation of ground-borne vibration.

Receiving Building — The receiving building is akey component in the evaluation of ground-borne vibration
since ground-borne vibration problems occur almost exclusively inside buildings. Thetrain vibration
may be perceptible to people who are outdoors, but it is very rare for outdoor vibration to cause
complaints. The vibration levelsinside a building are dependent on the vibration energy that reaches
the building foundation, the coupling of the building foundation to the soil, and the propagation of the
vibration through the building. The general guideline is that the heavier a building is, the lower the
response will be to the incident vibration energy.
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Table7-2 Factorsthat Influence Levelsof Ground-Borne Vibration and Noise

Factors Related to Vibration Source

Factors

Influence

Vehicle
Suspension

Wheel Type and
Condition

Track/Roadway

Surface

Track Support
System

Speed

Transit Structure

Depth of
Vibration Source

If the suspension is stiff in the vertical direction, the effective vibration forces will be higher. On transit cars, only the
primary suspension affects the vibration levels, the secondary suspension that supports the car body has no apparent
effect.

Use of pneumatic tiresis one of the best methods of controlling ground-borne vibration. Normal resilient wheels on rail
transit systems are usualy too stiff to provide significant vibration reduction. Wheel flats and general wheel roughness
are the major cause of vibration from steel wheel/steel rail systems.

Rough track or rough roads are often the cause of vibration problems. Maintaining a smooth surface will reduce
vibration levels.

On rail systems, the track support system is one of the major components in determining the levels of ground-borne
vibration. The highest vibration levels are created by track that isrigidly attached to a concrete trackbed (e.g. track on
wood half ties embedded in the concrete). The vibration levels are much lower when specia vibration control track
systems such asresilient fasteners, ballast mats and floating slabs are used.

Asintuitively expected, higher speeds result in higher vibration levels. Doubling speed usually resultsin vibration levels
410 6 decibels higher.

The generd rule-of-thumb is that the heavier the transit structure, the lower the vibration levels. The vibration levels
from alightweight bored tunnel will usually be higher than from a poured concrete box subway.

There are significant differences in the vibration characteristics when the source is underground compared to at the
ground surface.

Factors Related to Vibration Path

Factor Influence

Soil Type It is generally expected that vibration levels will be higher in stiff clay type soils than in loose sandy soils.

Rock Layers Vibration levels often seem to be high near at-grade track when the depth to bedrock is 30 ft or less. Subways founded
inrock will result in lower vibration amplitudes close to the subway. Because of efficient propagation, the vibration
level does not attenuate as rapidly in rock asit doesin soil.

Soil Layering Soil layering will have a substantial, but unpredictable, effect on the vibration levels since each stratum can have
significantly different dynamic characteristics.

Depth to Water The presence of the water table is often expected to have a significant effect on ground-borne vibration, but evidence

Table to date cannot be expressed with a definite relationship.

Frost Depth There is some indication that vibration propagation is more efficient when the ground is frozen.

Factors Related to Vibration Receiver

Factor Influence

Foundation Type The general rule-of-thumb is that the heavier the building foundation, the greater the coupling loss as the vibration
propagates from the ground into the building.

Building Since ground-borne vibration and noise are almost always evaluated in terms of indoor receivers, the propagation of the

Construction vibration through the building must be considered. Each building has different characteristics relative to structureborne
vibration, although the general rule-of-thumb is that the more massive abuilding is, the lower the levels of ground-borne
vibration will be.

Acoustica The amount of acoustical absorption in the receiver room affects the levels of ground-borne noise.

Absorption
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8. VIBRATION IMPACT CRITERIA

Because of the relatively rare occurrence of annoyance due to ground-borne vibration and noise, there has
been only limited sponsored research of human response to building vibration and structure-borne noise.
However, with the construction of new rail rapid transit systems in the past 20 years, considerable experience
has been gained as to how communities will react to various levels of building vibration. This experience,
combined with the available national and international standards, @ represents a good foundation for
predicting annoyance from ground-borne noise and vibration in residential aress.

The criteriafor environmental impact from ground-borne vibration and noise are based on the maximum levels
for asingle event. The criteria presented in Table 8-1 account for variation in project types as well as the
frequency of events, which differ widely among transit projects. Most experience is with the community
response to ground-borne vibration from rail rapid transit systems with typical headways in the range of 3 to
10 minutes and each vibration event lasting less than 10 seconds. It isintuitive that when there will be many
fewer events each day, asistypical for commuter rail projects, it should take higher vibration levelsto evoke
the same community response. Thisis accounted for in the criteria by distinguishing between projects with
frequent and infrequent events where Fregquent Events is defined as more than 70 events per day. Most
commuiter rail projectswill fall into the infrequent event category, although some commuiter rail lines serving
major cities are in the frequent event category.

The criteriaare primarily based on experience with passenger train operations with only limited experience
from freight train operations. The difference isthat passenger train operations whether rapid transit, commuter
rail, or intra-City create vibration events that last less than about 10 seconds. A typical line haul freight train
isabout 5000 feet long. At aspeed of 30 mph, it will take a 5000-foot freight train approximately two minutes
to pass. Even though the criteria are primarily based on experience with shorter vibration events and this
manual is oriented to transit projects, there will be situations where potential impacts from freight train
ground-borne vibration will need to be evaluated. The prime example is when freight train tracks must be
relocated to provide space for atransit project within arailroad right-of-way. Some guidelines for applying
these criteriato freight train operations are given later in this chapter.
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The criteriafor acceptable ground-borne vibration are expressed in terms of rms velocity levelsin decibels
and the criteria for acceptable ground-borne noise are expressed in terms of A-weighted sound level. The
limits are specified for the three land use categories defined below:

Vibration Category 1: High Sensitivity -ncluded in Category 1 are buildings where low ambient vibration
is essential for the operations within the building, which may be well below levels associated with
human annoyance. Concert halls and other special use facilities are covered separately in Table 8-2.
Typical land uses covered by Category 1 are: vibration-sensitive research and manufacturing, hospitals
with vibration-sensitive equipment, and university research operations. The degree of sensitivity to
vibration will depend on the specific equipment that will be affected by the vibration. Equipment such
as electron microscopes and high resolution lithographic equipment can be very sensitive to vibration,
and even normal optical microscopes will sometimes be difficult to use when vibration iswell below
the human annoyance level. Manufacturing of computer chipsis an example of avibration-sensitive
process.

The vibration limits for Vibration Category 1 are based on acceptable vibration for moderately
vibration-sensitive eguipment such as optical microscopes and electron microscopes with vibration
isolation systems. Defining limits for equipment that is even more sensitive requires adetailed review
of the specific equipment involved. Thistype of review isusually performed during the final design
phase and not as part of the environmental impact assessment. Mitigation of transit vibration that
affects sensitive eguipment typicaly involves modification of the equipment mounting system or
relocation of the equipment rather than applying vibration control measures to the transit project.

Note that this category does not include most computer installations or tel ephone switching equipment.
Although the owners of this type of equipment often are very concerned about the potentia of ground-
borne vibration interrupting smooth operation of their equipment, it is rare for computer or other
electronic equipment to be particularly sensitive to vibration. Most such equipment is designed to
operatein typical building environments where the equipment may experience occasional shock from
bumping and continuous background vibration caused by other equipment.

Vibration Category 2: Residential —This category coversal residential land uses and any buildings where
people sleep, such as hotels and hospitals. No differentiation is made between different types of
residential areas. Thisis primarily because ground-borne vibration and noise are experienced indoors
and building occupants have practically no meansto reduce their exposure. Evenin anoisy urban ares,
the bedrooms often will be quiet in buildings that have effective noise insulation and tightly closed
windows. Hence, an occupant of a bedroom in a noisy urban areais likely to be just as sensitive to
ground-borne noise and vibration as someone in a quiet suburban area.

Vibration Category 3: Institutional — Vibration Category 3 includes schools, churches, other institutions,
and quiet officesthat do not have vibration-sensitive equipment, but still have the potential for activity-
interference. Although it is generally appropriate to include office buildings in this category, it is not
appropriate to include al buildings that have any office space. For example, most industria buildings
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have office space, but it is not intended that buildings primarily for industrial use be included in this

category.
Table8-1 Ground-Borne Vibration and Noise Impact Criteria
Land Use Category Ground-Borne Vibration Impact Levels Ground-Borne Noise Impact L evels
(VdB re 1 micro inch/sec) (dB re 20 micro Pascals)
Frequent* I nfrequent? Frequent* I nfrequent?
Events Events Events Events

Category 1: Buildings where low 65 VdB® 65 VdB® * *

ambient vibration is essential for

interior operations.

Category 2: Residences and buildings 72VdB 80VdB 35dBA 43 dBA

where people normally sleep.

Category 3: Institutional land uses 75VdB 83VvdB 40 dBA 48 dBA

with primarily daytime use.

Notes:

1 "Frequent Events' is defined as more than 70 vibration events per day. Most rapid transit projectsfall into this category.

2. "Infrequent Events" is defined as fewer than 70 vibration events per day. This category includes most commuter rail
systems.

3. This criterion limit is based on levels that are acceptable for most moderately sensitive equipment such as optical
microscopes. Vibration sensitive manufacturing or research will require detailed evaluation to define the acceptable
vibration levels. Ensuring lower vibration levelsin a building often requires special design of the HVAC systems and
stiffened floors.

4. Vibration-sensitive equipment is not sensitive to ground-borne noise.

There are some buildings, such as concert halls, TV and recording studios, and theaters, that can be very
sensitive to vibration and noise but do not fit into any of the three categories. Because of the sensitivity of
these buildings, they usually warrant specia attention during the environmental assessment of atransit project.
Table 8-2 gives criteriafor acceptable levels of ground-borne vibration and noise for various types of special
buildings.

The criteria in Tables 8-1 and 8-2 are related to ground-borne vibration causing human annoyance or
interfering with use of vibration-sensitive equipment. It isextremely rarefor vibration from train operations
to cause any sort of building damage, even minor cosmetic damage. However, there is sometimes concern
about damage to fragile historic buildings located near the right-of-way. Even in these cases, damage is
unlikely except when the track will be very close to the structure. Damage thresholds that apply to these
structures are discussed in Section 12.2.2.
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Table8-2 Ground-Borne Vibration and Noise Impact Criteriafor Special Buildings
Ground-Borne Vibration Impact Levels Ground-Borne Noise Impact L evels
(VdB re 1 micro-inch/sec) (dB re 20 micro-Pascals)
Type of Building or Room
Frequent! I nfrequent? Frequent* I nfrequent?
Events Events Events Events
Concert Halls 65VvdB 65VvdB 25dBA 25 dBA
TV Studios 65VvdB 65VdB 25dBA 25dBA
Recording Studios 65VdB 65VdB 25dBA 25 dBA
Auditoriums 72VdB 80VvdB 30dBA 38 dBA
Theaters 72VdB 80VvdB 35dBA 43 dBA
Notes:
1 "Frequent Events' is defined as more than 70 vibration events per day. Most transit projectsfall into this category.
2. "Infrequent Events" is defined as fewer than 70 vibration events per day. This category includes most commuter rail
systems.
3. If the building will rarely be occupied when the trains are operating, there is no need to consider impact. Asan example
consider locating a commuter rail line next to aconcert hall. 1f no commuter trains will operate after 7 pm, it should be
rare that the trains interfere with the use of the hall.

One factor not incorporated in the criteriais how to account for existing vibration. In most cases, the existing
environment does not include a significant number of perceptible ground-borne vibration or noise events. The
most common example of needing to account for the pre-existing vibration is when the project will be located
in an existing rail corridor. Following are methods of handling representative scenarios.

1 Infrequently-used rail corridor: Use the standard vibration criteriawhen the existing rail traffic consists
of at most one or two trains per day.

2. Moderately-used rail corridor: [If the existing traffic consists of more than about 10 trains per day and
the train vibration substantially exceeds the impact criteria, there is no impact as long as the project
vibration levels estimated using the procedures outlined in either Chapter 10 or 11 are at least 5to 10
decibels less than the existing vibration. The existing train vibration can be either measured or
estimated using the General Assessment proceduresin Chapter 10. Itisusually preferable to measure
vibration from existing train traffic.

3. Heavily-used rail corridor: If the project will not significantly increase the number of vibration events,
there will not be additional impact unless the project vibration, estimated using the procedures of
Chapters 10 or 11, will be higher than the existing vibration. Approximately doubling the number of
eventsis required for asignificant increase. An example of this case would be a new commuter rail line
sharing part of a corridor with an existing rapid transit system with both systems carrying similar
volumes of traffic. When the project will cause vibration higher than the existing, the existing source
can be ignored and the standard vibration criteria applied to the project.

4, Moving existing tracks. Another scenario where existing vibration can be significant is when a new
project will use an existing rail right-of-way and result in shifting the location of existing tracks. The
track relocation and reconstruction can result in lower vibration levels, in which case this aspect of the
project represents a benefit not an adverseimpact. If the track relocation will cause higher vibration
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levels at sensitive receptors, then the projected vibration levels must be compared to the appropriate
impact criterion to determine if there will beimpact. Most freight lines have two to six trains per day,
but each train may take several minutesto pass by. For typical freight trains, the locomotive vibration
is 5 to 10 decibels higher than vibration from the rail cars.

Although the impact thresholds given in Tables 8-1 and 8-2 are based on experience with vibration
from rail transit systems, they can be applied to freight train vibrations as well. A dual approach is
recommended with separate consideration of the locomotive and rail car vibration. Because the
locomotive vibration only lasts for afew seconds, the infrequent event limit is appropriate. However,
for atypical line-haul freight train where the rail car vibration lasts for several minutes, the frequent
event limits should be applied to the rail car vibration. Some judgment must be exercised to make sure
that the approach is reasonable. For example, some spur rail lines carry very little rail traffic
(sometimes only one train per week) or have short trains, in which case the infrequent limits are

appropriate.
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9. VIBRATION SCREENING PROCEDURE

The vibration screening procedure is designed to identify projects that have little possibility of creating
significant adverse impact. If the screening procedure does not identify any potential problem areas, it is
usually safe to eliminate further consideration of vibration impact from the environmental analysis.

9.1 STEPS IN SCREENING PROCEDURE

The stepsin the vibration screening procedure are summarized in Figure 9-1 in aflow chart format. Following
isasummary of the steps:

Initial Decision —If the project includes any type of steel-wheeled/steel-rail vehicle, there is potential for
vibration impact. Proceed directly to the evaluation of screening distances. Transit projects that do not
involve vehicles, such as a station rehabilitation, do not have potential for vibration impact unless the
track system will be modified (e.g., tracks moved or switches modified). Rail systemsinclude urban
rapid trangit, light rail transit, commuter rail, and steel-whed intermediate capacity transit systems. For
projects that involve rubber-tire vehicles, vibration impact is unlikely except in unusua situations.
Three specific factors shown in Figure 9-1 should be checked to determine if there is potential vibration
impact from bus projects or any other projects that involve rubber-tire vehicles:

1 Will there be expansion joints, speed bumps, or other design features that result in unevenness
in the road surface near vibration-sensitive buildings? Such irregularities can result in
perceptible ground-borne vibration at distances up to 75 feet away.

2. Will buses, trucks or other heavy vehicles be operating close to a sensitive building? Research
using electron microscopes and manufacturing of computer chips are examples of vibration
sensitive activities.

3. Does the project include operation of vehiclesinside or directly underneath buildings that are
vibration-sensitive? Specia considerations are often required for shared use facilities such bus
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Figure9-1 Flow Chart of Vibration Screening Process

Impact — If there are any vibration-sensitive land uses within the screening distances, there is the potential
for vibration impact. The result of the screening procedure is that vibration impact should be assessed
as part of the environmental analysis.

9.2 SCREENING DISTANCES

9.2.1 Project Categories

The vibration screening procedureis applicable to al types of FTA-assisted projects. The project categories
for the vibration screening procedure are summarized in Table 9-1 for four types of rail transit. The fifth
category includes al bus projects. Any project that does not include some type of vehicleisnot likely to cause
vibration impact.

With respect to Project Type 5, the rubber-tire vehicle category, most complaints about vibration caused by
buses and trucks are related to rattling of windows or items hung on the walls. These vibrations are usually
the result of airborne noise and not ground-borne vibration. 1n the case where ground-borne vibration isthe
source of the problem, the vibration can usually be related to potholes, some sort of bump in the road, or other
irregularities.
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9.2.2 Distances

The screening distances are given in Table 9-2. These distances are based on the criteria presented in Chapter
8, with a5 decibel factor of safety included. The distances have been determined using vibration prediction
procedures that are summarized in Chapter 10 assuming "normal™ vibration propagation. As discussed in
Chapter 10, efficient vibration propagation can result in substantially higher vibration levels. Because of the
5 decibel safety factor, even with efficient propagation, the screening distances will identify most of the
potentially impacted areas. By not specifically accounting for the possibility of efficient vibration
propagation, there is some possibility that some potential impact areas will not be identified in the screening
process. When thereis evidence of efficient propagation, such as previous complaints about existing transit
facilities or ahistory of problemswith construction vibration, the distancesin Table 9-2 should be increased
by afactor of 1.5.

Table9-1 Project Typesfor Vibration Screening Procedure
Project Type Description

1. Conventional Commuter Both the locomotives and the passenger vehicles create significant vibration. The highest vibration
Railroad levels are usually created by the locomotives. Electric commuter rail vehicles create levels of
ground-borne vibration that are comparable to electric rapid transit vehicles.

2. Rail Rapid Transit Ground-borne vibration impact from rapid transit trains is one of the major environmental issues for
new systems. For operation in subway, the ground-borne vibration is usually a significant
environmental impact. It isless common for at-grade and elevated rapid transit linesto create
intrusive ground-borne vibration.

3. Light Rail Transit The ground-borne vibration characteristics of light rail systems are very similar to those of rapid
transit systems. Because the speeds of light rail systems are usually lower, the typical vibration levels
usually are lower. Steel-wheel/steel-rail Automated Guideway Transit (AGT) will fall into either this
category or the Intermediate Capacity Transit category depending on the level of service and train

speeds.
4. Intermediate Capacity Because of the low operating speeds of most ICT systems, significant vibration problems are not
Transit common. However, steel wheel ICT systems that operate close to vibration sensitive buildings have

the potential of causing intrusive vibration. With a stiff suspension system, an ICT system could
create intrusive vibration.

5. Busand Rubber-Tire This category encompasses most projects that do not include steel-wheel trains of some type.
Transit Projects Examples are diesel buses, electric trolley buses, and rubber tired people movers. Most projects that
do not include steel-wheel trains do not cause significant vibration impact.




9-4 Transit Noise and Vibration Impact Assessment

Table9-2 Screening Distancesfor Vibration Assessments
Type of Project Critical Distance for Land Use Categories’
Distance from Right-of-Way or Property Line
Cat. 1 Cat. 2 Cat. 3

Conventional Commuter Railroad 600 200 120
Rail Rapid Transit 600 200 120
Light Rail Transit 450 150 100
Intermediate Capacity Transit 200 100 50
Bus Projects (if not previously screened out) 100 50 -

* The land use categories are defined in Chapter 8. Some vibration-sensitive land uses are not included in these
categories. Examples are: concert halls and TV studios which, for the screening procedure, should be evaluated as
Category 1; and theaters and auditoriums which should be evaluated as Category 2.
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10. GENERAL VIBRATION ASSESSMENT

This chapter outlines procedures that can be used to devel op generdized predictions of ground-borne vibration
and noise. This manual includes three different levels of detail for projecting ground-borne vibration:

Screening — The screening procedure is discussed in Chapter 9. A standard table of impact distancesis used
to determine if ground-borne vibration from the project may affect sensitive land uses. More detailed
analysis is required if any sensitive land uses are within the screening distances. The screening
procedure does not require any specific knowledge about the vibration characteristics of the system or
the geology of the area.

General Assessment Fhe general level of assessment, as described in this chapter, is an extension of the
screening procedure. It uses generalized data to develop a curve of vibration level as a function of
distance from the track. The vibration levels at specific buildings are estimated by reading values from
the curve and applying adjustments to account for factors such as track support system, vehicle speed,
type of building, and track and whedl condition. The genera level dedls only with the overal vibration
velocity level and the A-weighted sound level. It does not consider the frequency spectrum of the
vibration or noise.

Detailed Analysis —Discussed in Chapter 11, the Detailed Analysis involves applying al of the available
tools for accurately projecting the vibration impact at specific sites. The procedure outlined in this
manual includes atest of the vehicle (or similar vehicle) to define the forces generated by the vibration
source and tests at the site in question to define how the local geology affects vibration propagation.
It is considerably more complex to devel op detailed projections of ground-borne vibration than it isto
develop detailed projections of airborne noise. The vibration projection procedure is not only complex,
but, at thistime, also has not been standardized. Accurate projections of ground-borne vibration require
professionals with experience in performing and interpreting vibration propagation tests. As such,
detailed vibration predictions are usually performed during the final design phase of a project when
there is sufficient reason to suspect adverse vibration impact from the project. The procedure for
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Detailed Vibration Analysis presented in Chapter 11 is based on measurements to characterize vibration
propagation at specific sites.

There is not aways a clear distinction between general and detailed predictions. For example, it is often
appropriate to use several representative measurements of vibration propagation along the planned aignment
in developing generalized propagation curves. Other times, generalized prediction curves may be sufficient
for the mgjority of the alignment, with detailed analysis applied to particularly sensitive buildings such as a
concert hall.

The purpose of the General Assessment isto provide arelatively ssmple method of devel oping estimates of
the overdl levels of ground-borne vibration and noise that can be compared to the acceptability criteriagiven
in Chapter 8. For many projects, particularly when comparing alternatives, this level of detail will be
sufficient for the environmental assessment. Where there are potential problems, the Detailed Analysisisthen
undertaken during final design of the selected aternative to accurately define the level of impact and design
mitigation measures. A Detailed Analysis usually will be required when designing special track-support
systems such as floating slabs or ballast mats. Detailed Analysisisnot usualy required if, asis often the case,
the mitigation measure consists of relocating a crossover or turnout.

The basic approach for the General Assessment isto define acurve, or set of curves, that predicts the overall
ground-surface vibration as afunction of distance from the source, then apply adjustments to these curvesto
account for factors such as vehicle speed, building type, and receiver location within the building. Section
10.1 includes curves of vibration level as a function of distance from the source for the common types of
vibration sources such as rapid transit trains and buses. When the vehicle typeis not covered by the curves
included in this section, it will be necessary to define an appropriate curve either by extrapolating from
existing information or performing measurements at an existing facility.

10.1 SELECTION OF BASE CURVE FOR GROUND SURFACE VIBRATION LEVEL

The base curves for three standard transportation systems are defined in Figure 10-1. This figure shows
typical ground-surface vibration levels assuming equipment in good condition and speeds of 50 mph for the
rail systems and 30 mph for buses. Thelevels must be adjusted to account for factors such as different speeds
and different geologic conditions than assumed. The adjustment factors are discussed in Section 10.2.

The curves in Figure 10-1 are based on measurements of ground-borne vibration at a number of North
American transit systems (references 1 through 9). The top curve appliesto trains that are powered by diesdl-
electric locomotives. It includesintercity passenger trainsand commuter rail trains. The curvefor rapid transit
rail cars covers both heavy and light-rail vehicles on at-grade and subway track. Itissomewhat surprising that
subway and at-grade track can be represented by the same curve since ground-borne vibration created by a
train operating in asubway has very different characteristics than vibration from at-grade track. However, in
spite of these differences, the overall vibration velocity levels are comparable. Subways tend to have more
vibration problems than at-grade track; thisis probably due to two factors. (1) subways are usually located



Chapter 10: General Vibration Assessment 10-3

in more densely developed areas, and (2) the airborne noise is usualy a more serious problem for at-grade
systems than the ground-borne vibration. Another difference between subway and at-grade track is that the
ground-borne vibration from subways tends to be higher frequency than the vibration from at-grade track,
which makes the ground-borne noise more noticeable.
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Figure 10-1 Generalized Ground Surface Vibration Curves

The curves in Figure 10-1 were developed from numerous measurements of ground-borne vibration.
Experience with ground-borne vibration data is that, for any specific type of transit mode, a 10 decibel
fluctuation in vibration levels under apparently ssmilar conditionsis not uncommon. The curvesin Figure 10-
1 represent the upper range of the measurement data, which means that although actual levels fluctuate widely,
itisrarethat ground-borne vibration will exceed the curvesin Figure 10-1 by more than one or two decibels
unless there are extenuating circumstances, such as rail corrugations or wheel flats.

One approach to dealing with the normal fluctuation is to show projections as arange. For example, the
projected level from Figure 10-1 for an LRT system with train speeds of 50 mphisabout 72 VdB at adistance
of 60 feet from the track centerline, just at the threshold for acceptable ground-borne vibration for residential
land uses. To help illustrate the normal fluctuation, the projected level of ground-borne vibration might be
given as 67 to 72 VdB. This approach is not recommended since it tends to confuse the interpretation of
whether the projected vibration levels exceed the impact threshold. However, because actual levels of ground-
borne vibration will sometimes differ substantially from the projections, some care must be taken when
interpreting projections. Some guidelines are given below:

1 Projected vibration is below the impact threshold. Vibration impact is unlikely in this case.
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2. Projected ground-borne vibration is 0 to 5 decibel s greater than the impact threshold. In thisrange there
is still asignificant chance (at least 50%) that actual ground-borne vibration levels will be below the
impact threshold. In this case, the impact would be reported in the environmental document as
exceeding the applicable threshold and a commitment would be made to conduct more detailed studies
to refine the vibration impact analysis and determine appropriate mitigation during final design. A site-
specific Detailed Analysis may show that vibration control measures are not needed.

3. Projected ground-borne vibration is 5 decibels or more greater than the impact threshold. Vibration
impact is probable and some type of vibration control should be planned for the final design of the
project.

The two most important factors that must be accounted for in a General Assessment are the type of vibration
source (the mode of transit) and the vibration propagation characteristics. It is well known that there are
situations where ground-borne vibration propagates much more efficiently than normal. The result is
unacceptable vibration levels at distances two to three times the normal distance. Unfortunately, the geologic
conditions that promote efficient propagation have not been well documented and are not fully understood.
Shallow bedrock or stiff clay soil often areinvolved. One possibility isthat shallow bedrock acts to keep the
vibration energy near the surface. Much of the energy that would normally radiate down is directed back
towards the surface by the rock layer with the result that the ground surface vibration is higher than normal.

The selection of a base curve depends on the mode of rail transit under consideration. Appropriate correction
factors are then added to account for any unusual propagation characteristics. For less common modes such
as magnetically-levitated vehicles (maglev), monorail, or AGT, it is necessary to either make ajudgment about
which curve and adjustment factors best fit the mode or to develop new estimates of vibration level as a
function of distance from the track. For example, the vibration from a rubber-tire monorail that will be
operating on aerial guideway can be approximated using the bus/rubber tire systems with the appropriate
adjustment for the aerial structure. Another example is amagnetic levitation system. Thereisvery little data
available on the noise and vibration characteristics of maglev vehicles. However, aslong asthere will belittle
direct contact between the vehicle and the guideway, the vibration forces should be low enough that ground-
borne vibration can be ignored.

Considerations for selecting a base curve are discussed below:

Intercity Passenger Trains —Although intercity passenger trains can be an important source of
environmentd vibration, it israre that they are significant for FTA-funded projects unless anew transit
mode will use an existing rail aignment. When anew transit line will use an existing rail aignment,
the changes in the intercity passenger traffic can result in either positive or negative impacts. Unless
there are specific data available on the ground-borne vibration created by the train operations, the upper
curve in Figure 10-1 should be used for intercity passenger trains.

Locomotive Powered Commuter Rail -The locomotive curve from Figure 10-1 should be used for any
commuter rail system powered by either diesel or electric locomotives. The locomotives often create
vibration levels that are 3 to 8 decibels higher than those created by the passenger vehicles. Self-
powered electric commuter rail trains can be considered to be similar to rapid transit vehicles. Although
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they are relatively rare in the U.S., self-powered diesel commuter rail cars create vibration levels
somewhere between rapid transit vehicles and locomotive-powered passenger trains. Aslong asthe
axle loads and suspension parameters are comparable to typical rapid transit vehicles, the rapid transit
curvein Figure 10-1 can be used for self-powered diesel commuiter rail cars.

Subway Heavy Rail — Complaints about ground-borne vibration are more common near subways than near
at-grade track. Thisis not because subways create higher vibration levelsthan at-grade systems, rather
it is because subways are usualy located in high density areas in close proximity to building
foundations. When applied to subways, the rapid transit curve in Figure 10-1 assumes a relatively
lightweight bored concrete tunnel in soil. The vibration levels will be lower for heavier subway
structures such as cut-and-cover box structures and stations.

At-Grade Heavy Rail or LRT — The available data show that heavy rail and light rail transit vehicles create
similar levels of ground-borne vibration. This is not surprising since the vehicles have similar
suspension systems and axleloads. Light-rail systemstend to have fewer problems with ground-borne
vibration because of the lower operating speeds. Similar to the subway case, an adjustment factor must
be used if the transit vehicle has a primary suspension that is stiff in the vertical direction.

Intermediate Capacity Transit — The vibration levels created by an intermediate capacity transit system or
an AGT system will depend on whether the vehicles have steel wheels or rubber wheels. If they have
steel wheels, the transit car curve in Figure 10-1 should be used with appropriate adjustments for
operating speed. The bus/rubber tire curve should be used for rubber-tired ICT systems.

Bus/Rubber Tire — Rubber-tire vehicles rarely create ground-borne vibration problems unless there is a
discontinuity or bump in the road that causes the vibration. The curve in Figure 10-1 shows the
vibration level for atypical bus operating on smooth roadway.

10.2 ADJUSTMENTS

Once the base curve has been selected, the adjustments in Table 10-1 can be used to develop vibration
projections for specific receiver positionsinside buildings. All of the adjustments are given as single numbers
to be added to, or subtracted from, the base level. The adjustment parameters are speed, wheel and rail type
and condition, type of track support system, type of building foundation, and number of floors above the
basement level. It should be recognized that many of these adjustments are strongly dependent on the
frequency spectrum of the vibration source and the frequency dependence of the vibration propagation. The
single number values are suitable for generalized evaluation of the vibration impact and vibration mitigation
measures since they are based on typical vibration spectra. However, the single number adjustments are not
adequate for detailed evaluations of impact of sensitive buildings or for detailed specification of mitigation
measures. Detailed Analysis requires consideration of the relative importance of different frequency
components.
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Table 10-1 Adjustment Factorsfor Generalized Predictions of Ground-Borne Vibration and Noise

Factors Affecting Vibration Source

Sour ce Factor

Speed

Vehicle with stiff
primary suspension

Resilient Whedls

Worn Wheels or
Wheelswith Flats

Worn or Corrugated
Track

Crossovers and Other
Specia Trackwork

Jointed Track

Floating Slab
Trackbed

Ballast Mats

High Resilience
Fasteners

Resiliently Supported
Ties

Type of Transit
Structure

Adjustment to Propagation Curve
Reference Speed

V ehicle Speed

50 mph

30 mph

60 mph
50 mph
40 mph
30 mph
20 mph

+1.6dB

0.0dB
-1.9dB
-4.4 dB
-8.0dB

+8 dB

0dB

+10 dB

+10dB

+10 dB

+5dB

-15dB

-10dB

-5dB

-10dB

Relative to at-grade tie & ballast:

Elevated structure
Open Cut

Relative to bored subway tunnel in soil:

Station
Cut and Cover
Rock-Based

+6.0 dB
+4.4 dB
+2.5dB

0.0dB
-3.5dB

-10dB
0dB

-5dB
-3dB
-15dB

Comment

Vibration level is approximately proportional to
20*log(speed/speed, ;). Sometimes the variation with speed has
been observed to be aslow as 10 to 15 log(speed/speed,).

Transit vehicles with stiff primary suspensions have been shown
to create high vibration levels. Include this adjustment when the
primary suspension has a vertical resonance frequency greater
than 15 Hz.

Resilient wheels do not generally affect ground-borne vibration
except at frequencies greater than about 80 Hz.

Wheel flats or wheels that are unevenly worn can cause high
vibration levels. This can be prevented with wheel truing and
dlip-slide detectors to prevent the wheels from dliding on the
track.

If both the wheels and the track are worn, only one adjustment
should be used. Corrugated track isacommon problem, however,
itisdifficult to predict the conditions that cause corrugations to
occur. Rail grinding can removerail corrugations. Mill scale on
new rail can cause higher vibration levels until therail has been
in use for some time.

Wheel impacts at special trackwork will significantly increase
vibration levels. The increase will be less at greater distances
from the track.

Jointed track causes higher vibration levels than welded track.
The difference depends on the condition of therall joints.

The reduction achieved with afloating slab trackbed is strongly
dependent on the frequency characteristics of the vibration.

Actual reduction is strongly dependent on frequency of vibration.

Slab track with track fasteners that are very compliant in the
vertical direction can reduce vibration at frequencies greater than
40 Hz.

Resiliently supported tie systems have been found to provide very
effective control of low-frequency vibration.

The genera rule is the heavier the structure the lower the
vibration levels. Putting the track in cut may reduce the vibration
levels dlightly. Rock based subways will create higher-frequency
vibration.
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Table 10-1 continued...
Factors Affecting Vibration Path
Path Factor Adjustment to Propagation Curve Comment
Geologic conditions that . Lo Refer to the text for guidance on identifying areas where
promote efficient Efficient propagation in soil +10dB efficient propagation is possible.
vibration propagation ioni i i
IPr oepraganon in rock g.)s:t A+d21 l:stt The positive adjustment accounts for the lower attenuation of
4 100 ft +4dB vibration in rock compared to soil. Becauseit is more difficult
150 ft +6dB to get vibration energy into rock, propagation through rock
200 ft +9dB usually resultsin lower vibration than propagation through soil.
Coupling to building Wood Frame -5dB  The general ruleis the heavier the building construction, the
foundation 1-2 Story Commercial -7dB  greater the coupling loss.
2-4 Story Masonry -10dB
Large Masonry on Piles -10dB
Large Masonry on
Spread Footings -13dB
Foundation in Rock 0dB
Factors Affecting Vibration Receiver
Receiver Factor Adjustment to Propagation Curve Comment
Floor-to-floor 1to 5 floors above grade: -2 dB/floor This factor accounts for dispersion and attenuation of the
attenuation 5to 10 floors above grade: -1 dB/floor vibration energy asit propagates through a building.
Amplification due to The actual amplification will vary greatly depending on the
resonances of floors, +6 dB type of construction. The amplification is lower near the
walls, and ceilings wall/floor and wall/ceiling intersections.
Radiated Sound Peak frequency of ground vibration: Use these adjustments to estimate the A-weighted sound level
Low frequency (<30 Ha): 50dB giventhe average Vi pration velocity _Ieve| of the room surfac_:a
] See text for guidelines for selecting low, typical or high
Typical (peak 30 to 60 H2): -35dB  frequency characteristics. Use the high-frequency adjustment
High frequency (>60 Hz): -20dB  for subway tunnelsin rock or if the dominant frequencies of the
vibration spectrum are known to be 60 Hz or greater.

Without careful consideration of the shape of the actual vibration spectra, an inappropriate vibration control
measure may be selected that could actually cause an increase in the vibration levels.

The following guidelines are used to select the appropriate adjustment factors. Note that the adjustments for
wheel and rail condition are not cumulative. The general rule-of-thumb to use when more than one adjustment
may apply isto apply only the largest adjustment. For example: the adjustment for jointed track is 5 decibels
and the adjustment for wheel flatsis 10 decibels. In an area where thereis jointed track and many vehicles
have wheel flats, the projected vibration levels should be increased by 10 decibels, not 15 decibels.

Train Speed -The levels of ground-borne vibration and noise vary approximately as 20 times the logarithm
of speed. This means that doubling train speed will increase the vibration levels approximately 6
decibels and halving train speed will reduce the levels by 6 decibels. Table 10-1 tabulates the
adjustments for reference vehicle speeds of 30 mph for rubber-tired vehicles and 50 mph for steel-wheel
vehicles. The relationship:

adjustment (dB) = 20 x log 5-P4_J
IZSpeedre'f O

should be used to calcul ate the adjustments for other speeds.
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Vehicle — The most important factors for the vehicles are the suspension system, wheel condition, and wheel
type. Most new heavy rail and light rail vehicles have relatively soft primary suspensions. However,
there were a number of vehicles delivered to U.S. transit systemsin the past 20 years with very stiff
primary suspensions. Experiencein Atlanta, New Y ork, and other cities has demonstrated that a stiff
primary suspension (vertical resonance frequency greater than 15 Hz) can result in higher than normal
levels of ground-borne vibration. Vehicles for which the primary suspension consists of a rubber or
neoprene "donut" around the axle bearing usually have avery stiff primary suspension with avertical
resonance frequency greater than 40 Hz.

Deteriorated wheel condition is another factor that will increase vibration levels. It can be assumed that
anew system will have good condition wheels. However, when older vehicles will be used on new
track, it may be appropriate to include an adjustment for wheel condition. Wheels with flats or
corrugations can cause vibration levels that are 10 decibels higher than normal. Resilient wheelswill
reduce vibration levels at frequencies greater than the effective resonance frequency of the whesl.
Because this resonance frequency is relatively high, often greater than 80 Hz, resilient wheels usually
have only amarginal effect on ground-borne vibration.

Track System and Support —This category includes the type of rail (welded, jointed or special trackwork),
the track support system, and the condition of the rail. The base curves all assume good condition
welded rail. Jointed rail causes higher vibration levels than welded rail; the amount higher depends on
the condition of thejoints. Thewheel impacts at special trackwork, such asfrogs at crossovers, create
much higher vibration forces than normal. Because of the higher vibration levels at special trackwork,
crossovers often end up being the principal areas of vibration impact on new systems. Modifying the
track support system is one method of mitigating the vibration impact. Special track support systems
such as ballast mats, high resilience track fasteners, resiliently supported ties, and floating slabs have
all been shown to be effective in reducing vibration levels.

The condition of the running surface of the rails can strongly affect vibration levels. Factors such as
corrugations, general wear, or mill scale on new track can cause vibration levels that are 5 to 15
decibels higher than normal. Mill scale will usually wear off after some time in service, however, the
track must be ground to remove corrugations or to reduce the roughness from wear.

Transit Structure — The weight and size of atransit structure affects the vibration radiated by that structure.
The genera rule-of-thumb is that vibration levels will be lower for heavier transit structures. Hence,
the vibration levels from a cut-and-cover concrete double-box subway can be assumed to be lower than
the vibration from a lightweight concrete-lined bored tunnel. The vibration from elevated structures
is lower than from at-grade track because of the mass of the structure and the extra distance that the
vibration must travel before it reaches the receiver.

Propagation Characteristics —In the General Assessment it is necessary to make a selection among the
general propagation characteristics. For a subway, the selection is afairly straightforward choice of
whether or not the subway will be founded in bedrock. Bedrock is considered to be hard rock. Itis
usually appropriate to consider soft siltstone and sandstone to be more similar to soil than hard rock.
As seen in Table 10-1, whether the subway is founded in soil or rock will make up to a 15 decibel
difference in the vibration levels.
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When considering at-grade vibration sources, the selection is between "normal™ vibration propagation
and "efficient” vibration propagation. Efficient vibration propagation results in approximately
10 decibels higher vibration levels. This more than doubles the potential impact zone for ground-borne
vibration. One of the problems with identifying the cause of efficient propagation isthe difficulty in
determining whether higher than normal vibration levels are due to geologic conditions or due to
specia source conditions (e.g. rail corrugations or wheel flats).

Although it is known that geologic conditions have a significant effect on the vibration levels, it is
rarely possible to develop more than a broad-brush understanding of the vibration propagation
characteristics for a General Assessment. The conservative approach would be to use the 10 decibel
adjustment for efficient propagation to evaluate all potentia vibration impact. The problem with this
approach is that it tends to greatly overstate the potentia for vibration impact. Hence, it is best to
review available geological data and any complaint history from existing transit lines and mgjor
construction sites near the transit corridor to identify areas where efficient propagation is possible. If
there is any reason to suspect efficient propagation conditions, then a Detailed Analysis during final
design would include vibration propagation tests at the areas identified as potentially efficient
propagation sites.

Some geologic conditions are repeatedly associated with efficient propagation. Shallow bedrock, less
than 30 ft below the surface, islikely to have efficient propagation. Other factorsthat can be important
are soil type and stiffness. In particular, stiff clayey soils have sometimes been associated with efficient
vibration propagation. Investigation of soil boring records can be used to estimate depth to bedrock
and the presence of problem soil conditions.

A factor that can be particularly complex to addressisthe effect of vibration propagation through rock.
There are three factors from Table 10-1 that need to be included when a subway structure will be
founded in rock. First is the -15 decibel adjustment in the "Type of Transit Structure” category.
Second is the adjustment based on the propagation distance in the "Geologic Conditions' category.
This positive adjustment increases with distance because vibration attenuates more slowly in rock than
in soil. The third factor is in the "Coupling to Building" category. When a building foundation is
directly on the rock layer, there isno "coupling loss' due to the weight and stiffness of the building.
Use the standard coupling factors if there is at least a 10-foot layer of soil between the building
foundation and the rock layer.

Type of Building and Receiver Location in Building —Since annoyance from ground-borne vibration and
noise is an indoor phenomenon, the effects of the building structure on the vibration must be
considered. Wood frame buildings, such asthetypical residentia structure, are more easily excited by
ground vibration than heavier buildings. In contrast, large masonry buildings with spread footings have
alow response to ground vibration.

Vibration generally reducesin level asit propagates through abuilding. Asindicated inthetable, al
to 2 decibel attenuation per floor is usually assumed. Counteracting this, resonances of the building
structure, particularly the floors, will cause some amplification of the vibration. Consequently, for a
wood-frame structure, the building-related adjustments nearly cancel out. The adjustments for the first
floor assuming a basement are: -5 decibels for the coupling loss; -2 decibels for the propagation from
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the basement to the first floor; and +6 decibels for the floor amplification. The total adjustment is
-1 decibel.

Vibration to Ground-Borne Noise Adjustment -t is possible to estimate the levels of radiated noise given
the average vibration amplitude of the room surfaces (floors, walls and ceiling), and the total acoustical
absorption in the room. The average result is that the sound pressure level is approximately equal to
the vibration velocity level when the velocity level isreferenced to 1x10°%in./sec. However, to estimate
the A-weighted sound level from the velocity level, it is necessary to have some information about the
frequency spectrum. The A-weighting adjustment drops rapidly at low frequencies reflecting the
relative insengitivity of human hearing to low frequencies. For example, A-weighting is-16 dB at 125
Hz, -26 dB at 60 Hz and -40 dB at 30 Hz. Table 10-1 provides adjustments for vibration depending
on whether it has low-frequency, typical or high-frequency characteristics. Some general guidelines
for classifying the frequency characteristics are:

. Low Freguency: Low-frequency vibration characteristics can be assumed for subways
surrounded by cohesiveless sandy soil or whenever avibration isolation track support system
will be used. Low-frequency characteristics can be assumed for most surface track.

= Typica: Thetypica vibration characteristic is the default assumption for subways. It should
be assumed for subways until there is information indicating that one of the other assumptions
is appropriate. It should be used for surface track when the soil is very stiff with a high clay
content.

= High Frequency: High-frequency characteristics should be assumed for subways whenever the
transit structure is founded in rock or when thereis very stiff clayey soil.

10.3 INVENTORY OF VIBRATION-IMPACTED LOCATIONS

This chapter includes generalized curves for surface vibration for different transit modes along with
adjustments to apply for specific operating conditions and buildings. The projected levels are then compared
with the criteria in Chapter 8 to determine whether vibration impact is likely. The results of the General
Assessment are expressed in terms of an inventory of all sensitive land uses where either ground-borne
vibration or ground-borne noise from the project may exceed the impact thresholds. The General Assessment
may include a discussion of mitigation measures which would likely be needed to reduce vibration to
acceptable levels.

The purpose of the procedure is to develop a reasonably complete inventory of the buildings that may
experience ground-borne vibration or noise that exceed the impact criteria. At thispoint, it is preferable to
make a conservative assessment of the impact. That is, it is better to include some buildings where ground-
borne vibration may be below the impact threshold than to exclude buildings where it may exceed the impact
threshold. The inventory should be organized according to the categories described in Chapter 8. For each
building where the projected ground-borne vibration or noise exceeds the applicable impact threshold , one
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or more of the vibration control options from Section 11.4 should be considered for applicability. See Section
11.3 for amore compl ete description of how the General Vibration Assessment fitsinto the overal procedure.
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11. DETAILED VIBRATION ANALYSIS

The goal of the Detailed Analysisis to use all available tools to develop accurate projections of potential
ground-borne vibration impact and, when necessary, to design mitigation measures. Thisis appropriate when
the General Assessment has indicated impact and the project has entered the final design and engineering
phase. It may also be appropriate to perform a Detailed Analysis at the outset when there are particularly
sengitive land uses within the screening distances. Detailed Analysiswill require developing estimates of the
frequency components of the vibration signal, usualy in terms of 1/3 octave band spectra.  Analytical
techniques for solving vibration problems are complex and the technology continually advances.
Consequently, the approach presented in this chapter focuses on the key steps usually taken by a professional
inthefield.

Three examples of cases where Detailed Vibration Analysis might be required are:

Example 1: A particularly sensitive building such as a major concert hal is within the impact zone. A
Detailed Analysis would ensure that effective vibration mitigation is feasible and economically
reasonable.

Example 2: The General Assessment indicates that a proposed commuter rail project has the potential to
create vibration impact for a large number of residential buildings adjacent to the alignment. The
projections for many of the buildings exceed the impact threshold by less than 5 decibels, which means
that more accurate projections may show that vibration levels will be below the impact criterion. If the
cost of the vibration mitigation measures would have a significant impact on the project costs, a
Detailed Analysis to determine the impact as accurately as possible is warranted.

Example 3: A transit alignment will be close to university research buildings where vibration-sensitive optical
instrumentation is used. Vibration from the trains could make it impossible to continue using the
building for thistype of research. A Detailed Analysiswould determineif it is possible to control the
vibration from the trains such that sensitive instrumentation will not be affected.
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A Detailed Vibration Analysis consists of three parts:

1 Survey Existing Vibration. Although knowledge of the existing levels of ground-borne vibration is
not usually required for the assessment of vibration impact, there are times when a survey of the
existing vibration is valuable. Examples include documenting existing background vibration at
sensitive buildings, measuring the vibration levels created by sources such as existing rail lines, and,
in some cases, characterizing the general background vibration in the project corridor. Characterizing
the existing vibration is discussed in Section 11.1.

2. Predict Future Vibration and Vibration Impact. All of the available tools should be applied in a
Detailed Analysisto develop the best possible estimates of the potential for vibration impact. Section
11.2 discusses an approach to projecting ground-borne vibration that involves performing tests to
characterize vibration propagation at sites where significant impact is probable. Section 11.3 describes
the vibration propagation test procedure and Section 11.4 discusses the assessment of vibration impact.

3. Develop Mitigation Measures. Controlling the impact from ground-borne vibration requires
developing cost-effective measures to reduce the vibration levels. The Detailed Analysis helpsto select
practical vibration control measures that will be effective at the dominant vibration frequencies and
compatible with the given transit structure and track support system. Vibration mitigation measures
arediscussed in Section 11.5.

The discussion in this chapter generally assumes that detailed vibration analysis applies to a steel-whed rail
system. The procedures could be adapted to bus systems. However, thisis rarely necessary because vibration
problems are very infrequent with rubber-tired transit.

11.1 CHARACTERIZING EXISTING VIBRATION CONDITIONS

Environmental vibration is rarely of sufficient magnitude to be perceptible or cause audible ground-borne
noise unless there is a specific vibration source close by, such asarail line. 1n most cases, feelable vibration
inside abuilding is caused by equipment or activities within the building itself, such as heating and ventilation
systems, footsteps or doors closing. Because the existing environmental vibration is usually below human
perception, alimited vibration survey is sufficient even for aDetailed Analysis. This contrasts with analysis
of noise impact where documenting the existing ambient noise level is required to assess the impact.

Examples of situations where measurements of the ambient vibration are valuable include:

° Determining existing vibration at sensitive buildings. Serious vibration impact may occur when
there is vibration-sensitive manufacturing, research, or laboratory activities within the screening
distances. Careful documentation of the pre-existing vibration provides valuable information on the
real sensitivity of the activity to external vibration and gives a reference condition under which
vibration is not a problem.
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° Using existing vibration sour ces to characterize propagation. Existing vibration sources such as
freight trains, industrial processes, quarrying operations, or normal traffic sometimes can be used to
characterize vibration propagation. Carefully designed and performed measurements may eliminate
the need for more complex propagation tests.

° Documenting existing levels of general background. Some measurements of the existing levels of
background vibration can be useful simply to document that, as expected, the vibration is below the
normal threshold of human perception. Existing vibration in urban and suburban areasis usually due
to traffic. If ameasurement site has existing vibration approaching the range of human perception (e.g.,
the maximum vibration velocity levels are greater than about 65 VdB), then this site should be carefully
evaluated for the possibility of efficient vibration propagation. Areas with efficient vibration
propagation could have vibration problems when the project is built.

° Documenting vibration from existing rail lines. Measurements to document the levels of vibration
created by existing rail lines can be important in evaluating the impact of the new vibration source and
determining vibration propagation characteristicsin the area. As discussed in Chapter 8, if vibration
from an existing rail line will be higher than that from the transit trains, there may not be impact even
though the normal impact criterion would be exceeded.

Although ground-borne vibration is almost exclusively a problem inside buildings, measurements of existing
ambient vibration generally should be performed outdoors. Two important reasons for this are: (1) equipment
inside the building may cause more vibration than exterior sources, and (2) the building structure and the
resonances of the building can have strong, but difficult to predict, effects on the vibration. However, there
are some cases where measurements of indoor vibration are important. Documenting the vibration levels
inside a vibration-sensitive building can be particularly important since equipment and activities inside the
building sometimes causes vibration greater than that due to external sources such as street traffic or aircraft
overflights. Floor vibration measurements are taken near the center of a floor span where the vibration
amplitudes are the highest.

The goa of most ambient vibration tests is to characterize the rms vertical vibration velocity level at the
ground surface. Inamost al casesit is sufficient to measure only vertical vibration and ignore the transverse
components of the vibration. Although transverse components can transmit significant vibration energy into
abuilding, the vertical component usualy has greater amplitudes than transverse vibration. Moreover, vertical
vibration is usually transmitted more efficiently into building foundations than transverse vibration.

The manner in which a transducer is mounted can affect the measured levels of ground-borne vibration.
However, research has shown that, at the frequencies usually of concern for ground-borne vibration (lessthan
about 200 Hz), straightforward methods of mounting transducers on the ground surface or on pavement are
adequate for vertical vibration measurements®@® Quick-drying epoxy or beeswax are often used to mount
transducers to smooth paved surfaces or to metal stakes driven into the ground. Rough concrete or rock
surfaces require special mountings. One approach isto use aliberal base of epoxy to attach small aluminum
blocks to the surface and then mount the transducers on the aluminum blocks.
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Selecting sites for an ambient vibration survey primarily requires good common sense. Sites selected to
characterize atransit corridor should be distributed a ong the entire project and should be representative of the
types of vibration environments found in the corridor. Thiswould commonly include:

. measurementsin quiet residential areas removed from major traffic arterialsto characterize low-
ambient vibrations,

. measurements along major traffic arterials and highways or freeways to characterize high
vibration areas;

. measurements in any area with vibration-sensitive activities; and
. measurements at any significant existing source of vibration such as railroad lines.

The transducers should be located near the building setback line for background vibration measurements.
Ambient measurements along railroad linesideally will include: multiple sites; severa distances from the rail
line at each site; and 4 to 10 train passbys for each test. Because of the irregular schedule for freight trains
and the low number of operations each day, it is often impractical to perform tests at more than two or three
sites aong the rail line or to measure more than two or three passbys at each site. Rail type and condition
strongly affect the vibration levels. Consequently, it isimportant to inspect the track at each measurement site
to locate any switches, bad rail joints, corrugations, or other factors that could be responsible for higher than
normal vibration levels.

The appropriate methods of characterizing ambient vibration are dependent on the type of information required
for the analysis. Following are some examples:

Ambient Vibration — Ambient vibration is usually characterized with a continuous 10 to 30 minute
measurement of vibration. The L, of the vibration velocity level over the measurement period gives
an indication of the average vibration energy. L, is equivalent to along averaging time rms level.
Specific events can be characterized by the maximum rmslevel (L ) of the event or by performing
adtatistical analysis of rms levels over the measurement period. An rms averaging time of 1 second
should be used for statistical analysis of the vibration level.

Specific Events -Specific events such as train passbys should be characterized by the rmslevel during the
time that the train passes by. If the locomotives have vibration levels more than 5 dB higher than the
vehicles, aseparate rmslevel for the locomotives should be obtained. The locomotives can usually be
characterized by the L, during the train passby. The rms averaging time or time constant should be
1 second when determining L ..,,, Sometimesit isadequateto use L., to characterize the train passby,
which is simpler to obtain than the rms averaged over the entire train passby.

Spectral Analysis “When the vibration data will be used to characterize vibration propagation or for other
special analysis, a spectral analysis of the vibration is required. An example would be if vibration
transmission characteristics of the ground are suspected of having particular frequency characteristics.
For many analyses, 1/3-octave band charts are best for describing the vibration characteristics.
Narrowband spectra also can be valuable, particularly for identifying pure-tone characteristics and
designing mitigation measures.
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Noteit is preferable that ambient vibration be characterized in terms of the rms velocity level, not the peak
particle velocity (ppv), which is commonly used to monitor construction vibration. As discussed in Chapter
7, rmsis considered more appropriate than ppv for describing human response to building vibration.

11.2 VIBRATION PREDICTION PROCEDURE

Predicting ground-borne vibration associated with a transportation project is a developing field. Because
ground-borne vibration is a complex phenomenon that is difficult to model and predict accurately, most
projection procedures that have been used for transit projects rely on empirical data. Although no single
method stands out as the best approach for all situations, the procedure described in this section is one of the
most promising because it is based on site-specific tests of vibration propagation. The procedure, which was
developed under an FTA (formerly UMTA) research contract,”) is recommended for detailed eval uations of
ground-borne vibration. There have been other approachesto a prediction procedure including some that use
pure numerical methods. An approach using finite elements showed potential © however, to date none of the
numerical approaches has been developed beyond the conceptua stage.

11.2.1 Overview of Prediction Procedure

The prediction method described in this section was devel oped to allow using data collected in one city to
accurately predict vibration levelsin another city where the geol ogic conditions may be completely different.
The procedure is based on using a special measured function, called transfer mobility. Transfer mobility
mesasured at an existing transit system is used to normalize ground-borne vibration data and remove the effects
of geology. The normalized vibration isreferred to as the force density. The force density can be combined
with transfer mobility measurements at sensitive sites along a new project to develop projections of future
ground-borne vibration.

Transfer mobility represents the relationship between a vibration source that excites the ground and the
resulting vibration of the ground surface. It isafunction of both frequency and distance from the source. The
transfer mobility between two points completely defines the composite vibration propagation characteristics
between the two points. In most practical cases, receivers are close enough to the train tracks that the vibration
cannot be considered to be originating from a single point. The vibration source must be modeled asaline
source. Consequently, the point transfer mobility must be modified to account for a line source. In the
following text, TM ;. is used to indicate the measured point source transfer mobility and TM,, .. is used for
the line source transfer mobility derived from TM ;.

line

The prediction procedure considers ground-borne vibration to be divided into severa basic components as
shown schematically in Figure 11-1. The components are:

1 Excitation Force: The vibration energy is created by oscillatory and impulsive forces. Steel wheels
rolling on smooth sted! rails create random oscillatory forces. When awheel encounters a discontinuity
such as arail joint, an impulsive force is created. The force excites the transit structure, such as the
subway tunnel, or the ballast for at-grade track. In the prediction method, the combination of the actual
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and Noise Model

The combination of the force density level and the transfer mobility is used to predict the ground-
surface vibration. Hereisthe essentia difference between the General and Detailed approaches: the
projection processis simplified in a General Assessment by going directly to generalized estimates of
the ground-surface vibration.

Building Vibration: When the ground vibration excites a building foundation, it setsthe building into
vibration mation and starts vibration waves propagating throughout the building structure. The
interaction between the ground and the foundation causes some reduction in vibration levels. The
amount of reduction is dependent on the mass and stiffness of the foundation. The more massive the
foundation, the lower the response to ground vibration. Asthe vibration waves propagate through the
building, they can create feelable vibration and can cause annoying rattling of windows and decorative
items either hanging or on shelves.

Audible Noise: In addition to feelable vibration, the vibration of room surfaces radiates low-frequency
sound that may be audible. Asindicated in Figure 11-1, the sound level is affected by the amount of
acoustical absorption in the receiver room.
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A fundamental assumption of the prediction approach outlined hereis that the force density, transfer mobility,
and the building coupling to the ground are al independent factors. The following equations are the basis for
the prediction procedure where all of the quantities are in decibels with consistent reference values:

Ly =L+ TMe + Cplig

LA = I-v + Krad + KA-wt

where: L, = rmsvibration velocity level in one 1/3 octave band,

La = A-weighted sound level in one 1/3 octave band,

Le = force density for aline vibration source such asatrain,

TM.. = linesource transfer mobility from the tracks to the sensitive site,

Coig = adjustmentsto account for ground—building foundation interaction and
attenuation of vibration amplitudes as vibration propagates through
buildings,

K,.s = adjustment to account for conversion from vibration to sound pressure

level including accounting for the amount of acoustical absorption inside
the room (A value of zero can be used Kqt, for typical residential
rooms when the decibel reference valuelfprs 1 micro in./se¢? ),

Kawt = A-weighting adjustment at the 1/3 octave band center frequency.

All of the quantities given above are functions of frequency. The standard approach to dealing with the
frequency dependence is to develop projections on a 1/3 octave band basis using the average values for each
1/3 octave band. The end result of the analysis is the 1/3 octave band spectra of the ground-borne vibration
and the ground-borne noise. The spectra are then used to calculate the overall vibration velocity level and the
A-weighted sound level. This is in contrast to the General Assessment where the overall vibration velocity
level and A-weighted sound level are predicted without any consideration of the particular frequency
characteristics of the propagation path.

11.2.2 Major Steps in Detailed Analysis
The major steps in performing a Detailed Analysis are intended to obtain quantities for the equations given
above. These are:

1. Develop estimates of the force density. The estimate of force density can be based on previous
measurements (e.g., References 4, 9, 10 or 11) or a special test program can be designed to measure the
force density at an existing facility. If no suitable measurements are available, testing should be done
at a transit facility with equipment similar to the planned vehicles. Adjustments for factors such as train
speed, track support system, and vehicle suspension may be needed to match the force density to the
conditions at specific sites. Some appropriate adjustments can be found in the report "State-of-the-Art
Review: Prediction and Control of Ground-Borne Noise and Vibration from Rail Transit Tf&ins."
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2. M easure the point source transfer mobility at representative sites. The transfer mobility isafunction
of both frequency and distance from the source.

3. Use numerical integration to estimate a line source transfer mobility from the point source transfer

mobilities. The combination of force density and line source transfer mobility is used to project
ground-surface vibration.

4, Add adjustment factors to estimate the building response to the ground-surface vibration and to estimate
the A-weighted sound level inside buildings.

The two key elements of the transfer mobility procedure are a measured force function that represents the
vibration energy put into the ground and a measured transfer mobility that characterizes the propagation of
the vibration from the source to the receiver. The unit of force density isforce divided by square root of train
length; represented here in decibels relative to 1 Ib/(ft)”2. The force density represents an incoherent line of
vibration force equal to the length of transit trains. The process of estimating force density from train vibration
and transfer mobility testsis discussed in Section 11-3. Figure 11-2 shows some trackbed force densities that
have been developed from measurements of vibration from heavy and light rail transit vehicles. Thisfigure
provides a comparison of the vibration forces from vehicles with two different types of primary suspensions
illustrating that vibration forces can be up to 10 to 15 dB higher in important frequency ranges for vehicles
with stiff primary suspensions. Adjustments must be made to the force density to account for differences

between the facility where the force density was measured and the new system. Reference 6 discusses a
number of potential adjustments.

Force Density, 50 mph Train Speed
60

~ Journal Bushing |
Primary Suspension
40 h h h h h

Chevron Spring j | | | 3 3 3
PrHMary SUSPENSION i

Force Density, dB re 1 Ib/(f)?

obl — 1 ¢ p 0 b bbb
8 16 315 63 125 250

1/3 Octave Band Center Frequency, Hz

Figure 11-2 Force Densities for Rail Transit Vehicles
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Transportation Test Center, Pueblo, CO
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Figure 11-3 Average Point-Source Transfer Mobility

The key elements of the vibration prediction procedure are implementation of field tests to measure the
transfer mobility and the subsequent use of transfer mobility to characterize vibration propagation. The
process of measuring transfer mobility involves impacting the ground and measuring the resulting vibration
pulse at various distances from the impact. Standard signal processing techniques are used to determine the
transfer function, or frequency response function, between the exciting force and the resultant ground-surface
vibration. Numerical regression methods are used to combine a number of two point transfer functionsinto
asmooth point source transfer mobility that represents the average vibration propagation characteristics of a
site as afunction of both distance from the source and frequency. The transfer mobility is usually expressed
in terms of agroup of 1/3 octave band transfer mobilities. Because typical spectrum anayzers are not capable
of obtaining 1/3 octave band transfer functions, this processing is performed after transferring the datato a
computer. Figure 11-3 shows the point source transfer mobilities from a series of tests at the Transportation
Test Center in Pueblo, Colorado. @00

Once the point source transfer mobility has been defined, the line source transfer mobility can be calculated
using numerical integration techniques. This process has been described in a Transportation Research Board
paper “ and aU.S. DOT report.*? Figure 11-4 shows the line source transfer mobilities that were derived
from the point source transfer mobilities shown in Figure 11-3. The line source transfer mobilities are used
to normalize measured vibration velocity levels from train passbys and to obtain force density.

The propagation of vibration from the building foundation to the receiver room is a very complex problem
dependent on the specific design of the building. Detailed evaluation of the vibration propagation would
reguire extensive use of numerical procedures such as the finite element method. Such a detailed evaluation
is generally not practical for individual buildings considered in this manual. The propagation of vibration
through a building and the radiation of sound by vibrating building surfacesis consequently estimated using
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Figure 11-4 Average Line-Source Transfer Mobility

simple empirical or theoretical models. The recommended procedures are outlined in the Handbook of Urban
Rail Noise and Vibration Control.®*® The approach consists of adding the following adjustments to the 1/3
octave band spectrum of the projected ground-surface vibration:

1. Building response or coupling loss. This represents the change in the incident ground-surface
vibration due to the presence of the building foundation. The adjustments in the Handbook, which were
originally developed by Wilson,*® are shown in Figure 11-5. Note that the correction is zero when
estimating basement floor vibration or vibration of at-grade slabs.

2. Transmission through the building. The vibration amplitude will decrease as the vibration energy
propagates from the foundation through the remainder of the building. The normal assumption isthat
vibration attenuates by 1 to 2 dB for each floor.

3. Floor resonances. Vibration amplitudes will be amplified because of resonances of the floor/ceiling
systems. For atypical wood frame residentia structure, the fundamental resonance is usually in the 15
to 20 Hz range. Reinforced-concrete slab floorsin modern buildings will have fundamental resonance
frequencies in the 20 to 30 Hz range. An amplification resulting in a gain of approximately 6 dB
should be used in the frequency range of the fundamental resonance.

The projected floor vibration is used to estimate the levels of ground-borne noise. The primary factors
affecting noise level are the average vibration level of the room surfaces and the amount of acoustical
absorption within the room. As discussed above, the radiation adjustment is zero for typical rooms,
which gives:

La=Ly+Kawm
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whereL, isthe A-weighted sound level in a 1/3 octave band, L, isthe average vibration velocity level,
and K, is the A-weighting adjustment at the center frequency of the 1/3 octave band. The A-
weighted levelsin the 1/3 third octave bands are then combined to give the overall A-weighted sound
level.
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Figure 11-5 Foundation Response for Various Types of Buildings

11.3 MEASURING TRANSFER MOBILITY AND FORCE DENSITY

Thetest procedure to measure transfer mobility basically consists of dropping a heavy weight on the ground
and measuring the force into the ground and the response at several distances from the impact. The goa of
the test isto create vibration pulses that travel from the source to the ground surface using the same path that
will be taken by the transit system vibration. The transfer mobility expresses the relationship between the
input force and the ground-surface vibration.

Figure 11-6 illustrates the field procedure for at-grade and subway testing of transfer mobility. A weight is
dropped from a distance of 3 to 4 feet onto a force transducer. The responses of the force and vibration
transducers are recorded on a multichannel tape recorder for later analysisin the laboratory. An alternative
approach isto set up the analysis equipment in the field and capture the signals directly. This complicates the
field testing but eliminates the laboratory analysis of tape recorded data.

When the procedure is applied to subways, the force must be located at the approximate depth of the subway.
Thisisdone by drilling a bore hole and locating the force transducer at the bottom of the hole. The tests are
usually performed at the same time that the bore holes are drilled. This alows using the soil-sampling
equipment on the drill rig for the transfer mobility testing. The force transducer is attached to the bottom of
the drill string and lowered to the bottom of the hole. A standard soil sampling hammer, which is usually
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Figure 11-6 Test Configuration for Measuring Transfer Mobility

a 140 Ib weight dropped 18 inches on to a collar attached to the drill string, is used to excite the ground. The
force transducer must be capable of operating under water if the water table is near the surface or a slurry
drilling processis used.

11.3.1 Instrumentation

Performing atransfer mobility test requires specialized equipment. Most of the equipment is readily available
from several commercial sources. Commercially availableload cells can be used as the force transducer. For
borehole testing, the load cells must be hermetically sealed and capable of being used at the bottom of a 30
to 100 foot deep hole partialy filled with water. A typical instrumentation array for the field testing and
laboratory analysis of transfer mobility is shown in Figure 11-7. The force transducer should be capable of
impact loads of 5,000 to 10,000 Ib. Either accelerometers or geophones can be used as the vibration
transducers. The requirement is that the transducers with the associated amplifiers be capable of accurately
measuring levels of 0.0001 in./sec at 40 Hz and have aflat frequency response from 6 Hz to 400 Hz. Thetape
recorder also must have a flat response over the 6 to 400 Hz frequency range. Adequate low-frequency
response usually requires either an instrumentation-quality FM recorder or adigital recorder. The response
of most normal direct-record tape recorders is inadequate at frequencies below about 30 Hz.

The narrowband spectrum analyzer isthe key element of the laboratory instrumentation. The analyzer must
be capable of capturing impulses from at least two channels and cal culating the frequency spectrum of the
transfer function between the force and vibration channels. All transfer functions should include the average
of at least 20 impulses. The averaging of the impulseswill provide significant signal enhancement, whichiis
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usually required to accurately characterize the transfer function. Signal enhancement is particularly important
when the vibration transducer is more than 100 ft from the impact.

The laboratory array in Figure 11-7 shows the spectrum analyzer interfaced with a computer. The computer
isusually required to adapt the narrowband transfer function datainto aformat suitable for evaluation of 1/3
octave band transfer mobility. The raw transfer function data usually include several hundred frequency
bands. By transforming a narrowband spectrum into a 1/3 octave band spectrum, each spectrum is reduced
to 15to 20 bands. This step reduces the amount of data that must be evaluated to develop the generalized
curves. There are specialized multi-channel spectrum analyzers which have built-in capabilities that are
sufficient for this data analysis.

FIELD EQUIPMENT Monitoring Equipment
Hammer
Force
Transducer l:l\i ] Signal Oscilloscope Headphones

/777 Conditioning
? — and

Accelerometers / Amplification
u]

Multi-Channel F.M.
or Digital Tape Recorder

LABORATORY EQUIPMENT

Force Signal Computer

™ Multi-Channel

Spectrum :>
; Integrator Analyzer

1
|
' (optional) | |
Multi-Channel F.M. i i
or Digital ! !
Tape Recorder ! ;
Acceleration Velocity
Signal Signal

Figure 11-7 Equipment Required for Field Testing and Laboratory Analysis

11.3.2 Analysis of Transfer Mobility Data

Two different approaches have been used to develop estimates of line-source transfer mobility. The first
consists of using lines of transducers and the second consists of a line of impact positions. The steps to
develop line-source transfer mobility curves from tests using one or more lines of transducers are shown in
Figure 11-8. The procedure starts with the narrowband transfer function between source and receiver at each
measurement position. There should be a minimum of four distances in any test line. Because of the
possibility of local variationsin propagation characteristics, if at al possible, two or more lines should be used
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When analyzing a specific site, the best-fit curve will be based on 10 to 20 points. Up to several hundred
points could be used to determine average best-fit curves for a number of sites.

The 1/3 octave band best-fit curves can be directly applied to point vibration sources. Buses can usually be
considered to be point sources. However, for aline vibration source such as atrain, numerical integration
must be used to calculate an equivalent line source transfer mobility. The numerical integration procedures
are detailed in Reference 4.

The second procedure for estimating line-source

transfer mobility, shown schematically in Figure 11- o /
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Figure 11-9 Schematic of Transfer Mobility
Measurements Using a Line of Impacts
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11.3.3 Deriving Force Density

Force Density is not a quantity that can be measured directly, it must be inferred from measurements of
transfer mobility and train vibration at the same site. For deriving force density, deriving line-source transfer
mobility from aline of impacts gives the best results. The force density for each 1/3 octave band is then
simply:

LF = I-v_-rlvlline

where L istheforce density, L, is measured train ground-borne vibration and TM,;. istheline source transfer
mobility. The standard approach is to use the average force density from measurements at three or more
positions.

11.4 ASSESSMENT OF VIBRATION IMPACT

The goals of the vibration assessment are to inventory all sensitive land uses that may be adversely impacted
by the ground-borne vibration and noise from the proposed project and to determine the mitigation measures
that will be required to eliminate or minimize the impact. This requires projecting the levels of ground-borne
vibration and noise, comparing the projections with the criteria, and developing alist of suitable mitigation
measures. Note that the General Assessment isincorporated as an intermediate step in the impact assessment
because of itsrelative simplicity and potential to narrow the areas where Detailed Analysis needs to be done.

The assessment of vibration impact should proceed according to the following steps:

1 Screen the entire proposed transit alignment to identify areas where there is the potential of impact from
ground-borne vibration. The vibration screening method is described in Chapter 9. If no sensitive land
uses are within the screening distances, it is not necessary to perform any further assessment of ground-
borne vibration.

2. Define the curves of ground-surface vibration level as afunction of distance that can be used with the
General Assessment. Usually this will mean selecting the appropriate curve from Chapter 10 for the
proposed transit mode. For less common transit modes, it may be necessary to make measurements at
an existing facility.

3. Use the General Assessment Procedure to estimate vibration levels for specific buildings or groups of
buildings. The projected levels are compared with the impact criteria given in Chapter 8 to determine
whether vibration impact islikely. The goal of this step is to develop areasonably accurate catal og of
the buildings that will experience ground-borne vibration or noise levels that exceed the criteria. Itis
generally best to make a conservative assessment of the impact. That is, it is better to include some
buildings that may not be impacted than to exclude some buildings that are likely to be impacted. In
locations where General Assessment indicates impact, the more refined techniques of Detailed Analysis
would be employed.

4. In some cases it will be necessary to perform a vibration survey to characterize existing ambient
vibration. Asdiscussed in Section 11.1, although knowledge of the existing ambient vibration is not
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generally required to evaluate vibration impact, there are times when a survey of existing conditions
isvauable. One common exampleiswhen therail project will be located in an existing rail right-of-
way shared by freight trains. Chapter 8 includes some guidelines on how to account for existing
vibration that is higher than the impact limit for the project vibration.

5. For the areas where the impact criteria may be exceeded, review potential mitigation measures and
assemble alist of feasible approachesto vibration control. To be feasible, the measure, or combination
of measures, must be capable of providing a significant reduction of the vibration levels, at least 5 dB,
while being reasonable from the standpoint of the added cost. Because vibration control is frequency-
dependent, specific recommendations of vibration control measures can be made only after evaluating
the frequency characteristics of the vibration.

6. Use the Detailed Vibration Analysis to develop detailed vibration mitigation measures. It isusualy
necessary to project vibration spectraat buildings which will be affected at levels higher than the impact
thresholds. Thistype of assessment is normally performed as part of the fina design rather than during
the environmental impact assessment stage. Because a Detailed Analysis is more accurate than a
General Assessment, there will be times that the Detailed Analysis will show that the vibration and
noise levels will be below the applicable criteria and that mitigation is not required. If the projected
levels are il above the limits, the spectra provided by the Detailed Analysiswill be needed to evaluate
vibration control approaches.

11.5 VIBRATION MITIGATION

The purpose of vibration mitigation isto minimize the adverse effects that the project ground-borne vibration
will have on sensitive land uses. Because ground-borne vibration is not as common a problem as
environmental noise, the mitigation approaches have not been as well defined. In some cases it has been
necessary to develop innovative approachesto control the impact. Examples are the floating dab systems that
were developed for the Washington, D.C. and Toronto transit systems and wheel-flat detectors that have been
used to identify vehiclesin need of maintenance.

The discussion in this section focuses on rail systems, the source of most problems with ground-borne
vibration. When buses do cause annoying ground-borne vibration, it is usually clear that the source of the
problem is roadway roughness or unevenness caused by bumps, pot holes, expansion joints, or driveway
transitions. Smoothing the roadway surface will usually solve the problem.

Theimportance of adequate wheel and rail maintenance in controlling levels of ground-borne vibration cannot
be overemphasized. Problems with rough wheels or rails can increase vibration levels by 20 dB, negating the
effects of even the most effective vibration control measures. It is rare that practical vibration control
measures will provide more than 15 to 20 dB attenuation. When there are ground-borne vibration problems
with existing transit equipment, the best vibration control measure often is to implement new or improved
maintenance procedures. Grinding rough or corrugated rail and wheel truing to eliminate wheel flats and
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restore the wheel contour may provide more vibration reduction than would be obtainable from completely
replacing the existing track system with floating slabs.

Given that the track and vehicles are in good condition, the options for further reductions in the vibration
levels fit into one of seven categories:. (1) maintenance procedures, (2) location and design of specia
trackwork, (3) vehicle modifications, (4) changesin the track support system, (5) building modifications, (6)
adjustments to the vibration transmission path, and (7) operational changes.

Maintenance — As discussed above, effective maintenance programs are essential for controlling ground-
borne vibration. When the wheel and rail surfaces are allowed to degrade the vibration levels can
increase by as much as 20 dB compared to a new or well maintained system. Some maintenance
procedures that are particularly effective at avoiding increases in ground-borne vibration are:

= Rail grinding on aregular basis. Rail grinding is particularly important for rail that develops
corrugations.

. Whes truing to re-contour the wheel, provide a smooth running surface and remove whedl flats.
The most dramatic vibration reduction results from removing wheel flats. However, significant
improvements also can be observed simply from smoothing the running surface.

u Implement vehicle reconditioning programs, particularly when components such as suspension
system, brakes, wheels, and dip-slide detectors will be involved.

. Install wheel-flat detector systems to identify vehicles which are most in need of wheel truing.

Planning and Design of Special Trackwork -A large percentage of vibration impact from a new transit
facility is often caused by wheel impacts at the special trackwork for turnouts and crossovers. When
feasible, the most effective vibration control measure is to relocate the special trackwork to a less
vibration-sengitive area. Sometimes this requires adjusting the location by several hundred feet and will
not have a significant adverse impact on the operation plan for the system. Careful review of crossover
and turnout locations during the preliminary engineering stage is an important step to minimizing
potential for vibration impact. Another approach isto use special devices at turnouts and crossovers,
gpecial "frogs," that incorporate mechanismsto close the gaps between running rails. Frogs with spring
loaded mechanisms and frogs with movable points can significantly reduce vibration levels near
CroSsovers.

Vehicle Specifications -Theideal rail vehicle, with respect to minimizing ground-borne vibration, should
have alow unsprung weight, a soft primary suspension, a minimum of metal-to-metal contact between
moving parts of the truck, and smooth wheels that are perfectly round. A limit for the vertical
resonance frequency of the primary suspension should be included in the specifications for any new
vehicle. A vertical resonance frequency of 12 Hz or lessis sufficient to control the levels of ground-
borne vibration. Some have recommended that transit vehicle specifications require that the vertical
resonance frequency be less than 8 Hz.®®

Special Track Support Systems When the vibration assessment indicates that vibration levels will be
excessive, it isusually the track support system that is changed to reduce the vibration levels. Floating
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dabs, resiliently supported ties, high resilience fasteners, and ballast mats have all been used in subways
to reduce the levels of ground-borne vibration. To be effective, al of these measures must be optimized
for the frequency spectrum of the vibration. Most of these relatively standard procedures have been
successfully used on several subway projects. Applications on at-grade and elevated track are less
common. Thisis because vibration problems are less common for at-grade and elevated track; cost of
the vibration control measures is a higher percentage of the construction costs of at-grade and elevated
track; and exposure to the elements can require significant design modifications.

Each of the mgjor vibration control measures for track support is discussed below:

Resilient Fasteners: Resilient fasteners are used to fasten the rail to concrete track slabs.
Standard resilient fasteners are very stiff in the vertical direction, usualy in the range of 200,000
Ib/in., although they do provide vibration reduction compared to some of the rigid fastening
systems used on older systems (e.g., wood half ties embedded in concrete). Special fasteners
with vertical stiffnessin the range of 30,000 Ib/in. will reduce vibration by as much as 5 to 10
dB at frequencies above 30 to 40 Hz.

Ballast Mats. A ballast mat consists of arubber or other type of elastomer pad that is placed
under the ballast. The mat generally must be placed on a concrete pad to be effective. They will
not be as effective if placed directly on the soil or the sub-ballast. Consequently, most ballast
mat applications are in subway or elevated structures. Ballast mats can provide 10 to 15 dB
attenuation at frequencies above 25 to 30 Hz. Ballast mats are often agood retro-fit measure for
existing tie-and-ballast track where there are vibration problems.

Resiliently Supported Ties. The resiliently supported tie system consists of concrete ties
supported by rubber pads. Therails are fastened directly to the concrete ties using standard rail
clips. Existing measurement data indicate that resiliently supported ties may be very effective
in reducing low-frequency vibration in the 15 to 40 Hz range. This makes them particularly
appropriate for transit systems with vibration problems in the 20 to 30 Hz range.

Floating Slabs: Floating slabs can be very effective at controlling ground-borne vibration and
noise. They basically consist of a concrete slab supported on resilient el ements, usually rubber
or asimilar elastomer. A variant that wasfirst used in Toronto and is generally referred to asthe
double tie system, consists of 5-foot-long slabs with 4 or more rubber pads under each dab.
Floating slabs are effective at frequencies greater than their single-degree-of-freedom vertical
resonance frequency. The floating slabs used in Washington DC, Atlanta, and Boston were all
designed to have a vertical resonance in the 14 to 17 Hz range. A specia London Transport
floating slab that is under the Barbican Redevelopment uses a very heavy design with a
resonance frequency in the 5 to 10 Hz frequency range™® The primary disadvantage of floating
slabs is that they tend to be the most expensive of the vibration control treatments.

Other Margina Treatments: Changing any feature of the track support system can change the
levels of ground-borne vibration. Approaches such as using heavier rail, thicker ballast, or
heavier ties can be expected to reduce the vibration levels. There also is some indication that
vibration levels are lower with wood ties compared to concrete ties. However, there is little
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confirmation that any of these approaches will make a significant change in the vibration levels.
Thisisunfortunate since modificationsto the ballast, rails, or ties are virtually the only options
for normal at-grade, tie-and-ballast track without resorting to a different type of track support
system or widening the right-of-way to provide a buffer zone.

Building Modifications — In some circumstances, it is practical to modify the impacted building to reduce
the vibration levels. Vibration isolation of buildings basically consists of supporting the building
foundation on elastomer pads similar to bridge bearing pads. Vibration isolation of buildingsis seldom
an option for existing buildings, normal applications are possible only for new construction. This
approach is particularly important for shared-use facilities such as office space above atransit station
or terminal. When vibration-sensitive equipment such as electron microscopes will be affected by
transit vibration, specific modificationsto the building structure may be the most cost-effective method
of controlling the impact. For example, the floor upon which the vibration-sensitive equipment is
located could be stiffened and isolated from the remainder of the building to reduce the vibration.

Trenches —Use of trenches to control ground-borne vibration is analogous to controlling airborne noise with
sound barriers. Although this approach has not received much attention in the U.S,, there are cases
where atrench can be a practical method for controlling transit vibration from at-grade track. A rule-of-
thumb given by Richert and Hall"” isthat if the trench is located close to the source, the trench bottom
must be at least 0.6 times the Rayleigh wavel ength below the vibration source. For most soils, Rayleigh
waves travel at around 600 ft/sec which means that the wavelength at 30 Hz is 20 ft. This means that
the trench must be approximately 15 ft deep to be effective at 30 Hz.

A trench can be effective as a vibration barrier if it is either open or solid. The Toronto Transit
Commission did a test with atrench filled with styrofoam to keep it open. They reported successful
performance over aperiod of at least one year.™® Solid barriers can be constructed with sheet piling
or concrete poured into atrench.

Operational Changes -The most obvious operational changeis to reduce the vehicle speed. Reducing the
train speed by a factor of two will reduce vibration levels approximately 6 dB. Other operational
changes that can be effective in specia cases are:

. Use the equipment that generates the lowest vibration levels during the nighttime hours when
people are most sensitive to vibration and noise.

. Adjust nighttime schedules to minimize movements in the most sensitive hours.

While there are tangible benefits from speed reductions and limits in operations during the most
sensitive time periods, these types of measures may not be practical from the standpoint of service
requirements. Furthermore, vibration reduction achieved through operating restrictions requires
continuous monitoring and will be negated if vehicle operators do not adhere to established policies.

Buffer Zones —Expanding the rail right-of-way sometimes will be the most economical method of controlling
thevibration impact. A similar approach isto negotiate a vibration easement from the affected property
owners.
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12. NOISE AND VIBRATION DURING CONSTRUCTION

Construction often generates community noise/vibration complaints despite the limited time frame over which
it takes place. Complaints typicaly arise from interference with people’s activities, especially when the
community has no clear understanding of the extent or duration of the construction. Misunderstandings can
arise when the contractor is considered to be insensitive by the community even though he believesheisin
compliance with local ordinances. This situation underscores the need for early identification and assessment
of potential problem areas. An assessment of the potential for complaints can be made by following
procedures outlined in this chapter. That assessment can aid contractors in making bids by allowing changes
in construction approach and including mitigation costs before the construction plans are finalized.
Publication of an assessment including a description of the construction noise and vibration environment can
lead to greater understanding and tolerance in the community.

Control of construction noise and vibration occurs in three steps:

1 Assessment and Reporting: The environmental impact assessment identifies the potential problem
areas during the construction phase of a project and serves to inform the public of the project's
construction effects. Thisisimportant for new major infrastructure projects where heavy construction
can take place over alengthy period of time.

2. Construction specifications: Most large construction projects incorporate noise specifications on
construction equipment, but sometimes additional measures are needed to minimize community
complaints. Special mitigation measures can be written into the construction documents where
necessary asidentified by the impact assessment. The documents should include redlistic specifications
which lessen community annoyance without forcing unreasonable constraints on the contractors.

3. Compliance verification: Field inspectors need to be given clear direction on conducting and
reporting measurements for compliance with noise specifications in noise-sensitive areas.
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12.1 CONSTRUCTION NOISE

The noise levels created by construction equipment will vary greatly depending on factors such as the type
of equipment, the specific model, the operation being performed, and the condition of the equipment. The
equivalent sound level (L) of the construction activity also depends on the fraction of time that the equi pment
is operated over the time period of construction. This section provides information on typical levels generated
by various construction equipment and provides guidance on assessment of noise from the construction
activitiesrelated to trangit facilities. 1t should be noted that the level of noise analysis should be commensurate
with the type and scale of the project, and the presence of noise-sensitive land uses in the construction zone.

12.1.1 Noise from Typical Construction Equipment and Operations

The dominant source of noise from most construction equipment is the engine, usually a diesel, without
sufficient muffling. Inafew cases, such asimpact pile driving or pavement breaking, noise generated by the
process dominates. For considerations of noise assessment, construction equipment can be considered to
operate in two modes, stationary and mobile. Stationary equipment operates in one location for one or more
days at atime, with either a fixed power operation (pumps, generators, compressors) or a variable noise
operation (pile drivers, pavement breakers). Mobile equipment moves around the construction site with power
applied in cyclic fashion (bulldozers, loaders), or to and from the site (trucks). The movement around the site
is handled in the construction noise prediction procedure discussed later in this chapter. Variation in power
imposes additional complexity in characterizing the noise source level from a piece of equipment. Thisis
handled by describing the noise at a reference distance from the equipment operating at full power and
adjusting it based on the duty cycle of the activity to determine the L ., of the operation. Standardized
procedures for measuring the exterior noise levels for the certification of mobile and stationary construction
equipment have been developed by the Society of Automotive Engineers.®® Typical noise levels from
representative pieces of equipment are listed in Table 12-1.

Construction activities are characterized by variations in the power expended by equipment, with resulting
variation in noise levelswith time. Variation in the power is expressed in terms of the "usage factor" of the
equipment, the percentage of time during the workday that the equipment is operating at full power. Time-
varying noise levels are converted to asingle number (L.,) for each piece of equipment during the operation.
Besides having daily variationsin activities, major construction projects are accomplished in several different
phases. Each phase has a specific equipment mix depending on the work to be accomplished during that
phase.

Each phase hasits own noise characteristics; some have higher continuous noise levels than others, some have
high impact noise levels. The purpose of the assessment is to determine not only the levels, but also the
duration of the noise. The L ., of each phase is determined by combining the L, contributions from each piece
of equipment used in that phase. The impact and the consequent noise mitigation approaches depend on the
criteriato beused in ng impact, as discussed in the next section.
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Table 12-1 Construction Equipment Noise Emission L evels

Equipment s
Air Compressor 81
Backhoe 80
Ballast Equalizer 82
Ballast Tamper 83
Compactor 82
Concrete Mixer 85
Concrete Pump 82
Concrete Vibrator 76
Crane, Derrick 88
Crane, Mobile 83
Dozer 85
Generator 81
Grader 85
Impact Wrench 85
Jack Hammer 88
L oader 85
Paver 89
Pile Driver (Impact) 101
oo (Sonic) 96
Pneumatic Tool 85
Pump 76
Rail Saw 90
Rock Drill 98
Roller 74
Saw 76
Scarifier 83
Scraper 89
Shovel 82
Spike Driver 77
Tie Cutter 84
Tie Handler 80
Tie Inserter 85
Truck 88

Table based on an EPA Report,® measured data from railroad construction equipment
taken during the Northeast Corridor Improvement Project“and other measured data.®®©
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12.1.2 Construction Noise Assessment

The level of detail of a construction noise assessment depends on the scale and the type of project and the

stage of environmental review. Where the project is major — the construction duration is expected to last for
more than several months, noisy equipment will be involved, or the construction is expected to take place near
a noise-sensitive site — then construction noise impacts may be determined in considerable detall, as described
in this section. Otherwise, the assessment may simply be a description of the equipment to be used, the
duration of construction, and any mitigation requirements placed on particularly noisy operations.

A construction noise assessment for a major project is performed by comparing the predicted noise levels with
criteria established for the type of project. The approach requires an appropriate descriptor, a standardized
prediction method and a set of recognized criteria for assessing the impact.

Thedescriptor used for construction noise is thg L . This unit is appropriate for the following reasons:

° It can be used to describe the noise level from operation of each piece of equipment separately and is
easy to combine to represent the noise level from all equipment operating during a given period.

° It can be used to describe the noise level during an entire phase.

° It can be used to describe the average noise over all phases of the construction.

The recommendeaiethod for predicting construction noise impact for major urban transit projects is similar

to that suggested by the Federal Highway Administration (FHWA). The FHWA prediction method is used
to estimate the construction noise levels associated with the construction of a highway, but it can be used for
any transportation project. The method requires:

1. An emission model to determine the noise generated by the equipment at a reference distance.
2. A propagation model that shows how the noise level will vary with distance.

3. A way of summing the noise of each piece of equipment at locations of noise-sensitivity.

The first two components of the model are related by the following equation:

. ) DO D
Leq(equip) = E.L+10l0g(U. F.) 20Iog%§ 106Iog%%

where: L, (equip) is the L, at a receiver resulting from the operation of a single piece of equipment over

a specified time period

E.L. is the noise emission level of the particular piece of equipment at the reference distance of 50
feet, taken from Table 12-1

G is a constant that accounts for topography and ground effects, taken from Figure 6-5 (Chapter 6)

D is the distance from the receiver to the piece of equipment, and

U.F. is a usage factor that accounts for the fraction of time that the equipment is in use over the
specified time period.
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The combination of noise from several pieces of equipment operating during the same time period is obtained
from decibel addition of the L, of each single piece of equipment found from the above equation.

Major Construction Projects

The approach can be as detailed as necessary to characterize the construction noise by specifying the various
guantitiesin the equation. For projectsin an early assessment stage when the equipment roster and schedule
are undefined, only arough estimate of construction noise levelsis practical.

The following assumptions are adequate for a general assessment of each phase of construction:

1 Full power operation for atime period of one hour is assumed because most construction equipment
operates continuously for periods of one hour or more a some point in the construction period.
Therefore, U.F. =1, and 10 log(U.F.) = 0.

2. Free field conditions are assumed and ground effects are ignored. Consequently, G =0.
3. Emission level at 50 feet, E.L., istaken from Table 12-1.

4. All pieces of equipment are assumed to operate at the center of the project, or centerline, in the case of
aguideway or highway construction project.

5. The predictions include only the two noisiest pieces of equipment expected to be used in each
construction phase.

A more detailed approach can be used if warranted, such as when a known noise-sensitive site is adjacent to
a construction project or where contractors are faced with stringent local ordinances or specifications as a
result of public concern. Additional detailsinclude:

1 Accounting for the duration of the construction. Long-term construction project noise impact is based
on a 30 day average L, the times of day of construction activity (nighttime noise is penalized by 10
dB in residential areas), and the percentage of time the equipment is to be used during a period of time
which will affect U.F. For example, an 8-hour L ,is determined by making U.F. the percentage of time
each individual piece of equipment operates under full power in that period. Similarly, the 30-day
average L, is determined from the U.F. expressed by the percentage of time the equipment is used
during the daytime hours (7 am. to 10 p.m.) and nighttime (10 p.m. to 7 am.), separately over a 30 day
period. However, to account for increased sensitivity to nighttime noise, the nighttime percentage is
multiplied by 10 before performing the computation.

2. Taking into account the site topography, natural and man-made barriers and ground effects. Thiswill
change the factor G. Use Figure 6-5 (Chapter 6) to calculate G.

3. Measuring or certifying the emission level of each piece of equipment. Thiswill refine E.L.

4, Determining the location of each piece of equipment while it isworking. The distance factor D is
therefore specified more exactly.
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5. Including all pieces of equipment in the computation of the 8-hour L, and the 30-day averageLy,. The
total noise levels are determined using Table 6-11 (Chapter 6).

Minor Construction Projects

Most minor projects need no construction noise assessment at all. However, there may be casesinvolving a

limited period of construction time — less than a month in a noise-sensitive area — where there may be a
temporary effect where a qualitative treatment is appropriate. Community relations will be important in these
cases; early information disseminated to the public about the kinds of equipment, expected noise levels and
durations will help to forewarn potentially affected neighbors about the temporary inconvenience. In these
cases, a general description of the variation of noise levels during a typical construction day may be helpful.
The first method above will be sufficient to provide the estimated noise levels. The criteria suggested below
are not applicable in these cases.

Criteria

No standardizedriteria have been developed for assessing construction noise impact. Consequently, criteria
must be developed on a project-specific basis unless local ordinances can be found to apply. Generally, local
noise ordinances are not very useful in evaluating construction noise. They usually relate to nuisance and
hours of allowed activity and sometimes specify limits in terms of maximum levels, but are generally not
practical for assessing the impact of a construction project. Project construction noise criteria should take into
account the existing noise environment, the absolute noise levels during construction activities, the duration
of the construction, and the adjacent land use. While it is not the purpose of this manual to specify
standardized criteria for construction noise impact, the following guidelines can be considered reasonable
criteria for assessment. If these criteria are exceeded, there may be adverse community reaction.

General Assessment -Estimate the combined noise level in one hour from the two noisiest pieces of
equipment, assuming they both operate at the same time. Then identify locations where the level
exceeds the following:

One-hour L, (dBA)
Land Use

Day Night
Residential 90 80
Commercial 100 100
Industrial 100 100

Detailed Assessment Predict the noise level in terms of 8-hour L ., and 30-day averaged L 4, and compare
to criteriain the following table:
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8-hour L (dBA) L, (dBA)
Land Use
Day Night 30-day Average
Residential 80 70 75@
Commercial 85 85 8o®
Industrial 90 Q0 85®

@ In urban areas with very high ambient noise levels (L, > 65 dB), L,
from construction operations should not exceed existing ambient +
10 dB.

® Twenty-four hour L, not L,

12.1.3 Mitigation of Construction Noise
After using the above approach to locate potential impacts from construction noise, the next step isto identify
appropriate control measures. Three categories of noise control approaches, with examples, are given below:

1 Design considerations and project layout:

Construct noise barriers, such astemporary walls or piles of excavated material, between noisy
activities and noise-sensitive receivers.

Re-route truck traffic away from residential streets, if possible. Select streets with fewest homes,
if no alternatives are available.

Site equipment on the construction lot as far away from noise-sensitive sites as possible.

Construct walled enclosures around especialy noisy activities, or clusters of noisy equipment.
For example, shields can be used around pavement breakers, loaded vinyl curtains can be draped
under elevated structures .

2. Sequence of operations:

Combine noisy operationsto occur in the same time period. The total noise level produced will
not be significantly greater than the level produced if the operations were performed separately.

Avoid nighttime activities. Sengitivity to noise increases during the nighttime hoursin residential
neighborhoods.

3. Alternative construction methods:

Avoid impact pile driving where possible in noise-sensitive areas. Drilled piles or the use of a
sonic or vibratory pile driver are quieter aternatives where the geologica conditions permit their
use.
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. Use specialy quieted equipment, such as quieted and enclosed air compressors, mufflers on all
engines.

. Select quieter demolition methods, where possible. For example, sawing bridge decks into
sections that can be loaded onto trucks results in lower cumulative noise levels than impact
demolition by pavement breakers.

The environmental assessment should include description of how each impacted location will be treated with
one or more mitigation approaches.

12.2 CONSTRUCTION VIBRATION

Construction activity can result in varying degrees of ground vibration, depending on the equipment and
methods employed. Operation of construction equipment causes ground vibrations which spread through the
ground and diminish in strength with distance. Buildings founded on the soil in the vicinity of the
construction site respond to these vibrations, with varying results ranging from no perceptible effects at the
lowest levels, low rumbling sounds and feelable vibrations at moderate levels and dight damage at the highest
levels. Ground vibrations from construction activities very rarely reach the levelsthat can damage structures,
but can achieve the audible and feelable ranges in buildings very closeto the site. A possible exception isthe
case of old, fragile buildings of historical significance where specia care must be taken to avoid damage. The
construction vibration criteriainclude specia consideration for fragile historical buildings. The construction
activities that typically generate the most severe vibrations are blasting and impact pile driving.

Vibration levels for construction equipment have been published based on measured data near various types
of equipment (see Table 12-2). Since the primary concern with regard to construction vibration is building
damage, construction vibration is generally assessed in terms of peak particle velocity (PPV), as defined in
Chapter 7.1.2. Peak particle velocity istypically afactor of 1.7 to 6 times greater than root mean square (rms)
vibration velocity; afactor of 4 has been used to calculate the approximate rms vibration velocity levels
indicated in Table 12-2.

12.2.1 Vibration Source Levels from Construction Equipment

Various types of construction equipment have been measured under awide variety of construction activities
with an average of source levelsreported in terms of velocity levels as shown in Table 12-2 . Although the
table gives one level for each piece of equipment, it should be noted that there is a considerable variation in
reported ground vibration levels from construction activities. The data provide a reasonable estimate for a
wide range of soil conditions.
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Table 12-2 Vibration Source Levelsfor Construction Equipment
(From measured data,®©00)
. PPV at 25 ft Approximate
Equipment (infsec) L' at 25ft
) . . upper range 1518 112
Pile Driver (impact) )
typical 0.644 104
. . . upper range 0.734 105
Pile Driver (sonic) )
typical 0.170 93
Clam shovel drop (dlurry wall) 0.202 94
i in soil 0.008 66
Hydromill (slurry wall) )
in rock 0.017 75
Large bulldozer 0.089 87
Caisson drilling 0.089 87
L oaded trucks 0.076 86
Jackhammer 0.035 79
Small bulldozer 0.003 58
' __RMSvelocity in decibels (VdB) re 1 uinch/second

12.2.2 Construction Vibration Assessment

Construction vibration should be assessed in cases where there is a significant potential for impact from
construction activities. Such activities include blasting, pile driving, demolition and drilling or excavation in
close proximity to sensitive structures. The recommended procedure for estimating vibration impact from
construction activities is as follows:

° Select the equipment and associated vibration source levels at areference distance of 25 feet from Table
12-2.

° Make the propagation adjustment according to the following formula (this formulais based on point
sources with normal propagation conditions):

5 5
equip = I:)F)Vref X %g

PPV,

where: PPV (equip) isthe peak particle velocity in in/sec of the equipment adjusted for distance
PPV (ref) isthe reference vibration level inin/sec at 25 feet from Table 12-2
D isthe distance from the equipment to the receiver.

° Apply the vibration damage threshold criterion of 0.20 in/sec (approximately 100 VdB) for fragile
buildings, or 0.12 in/sec (approximately 95 VdB) for extremely fragile historic buildings.
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° If desired for considerations of annoyance or interference with vibration-sensitive activities, estimate
the vibration level L, at any distance D from the following equation and apply the vibration impact
criteriain Chapter 8 for vibration-sensitive sites:

L, (D) = L, (25 ft) - 20l0g %295%

12.2.3 Construction Vibration Mitigation

After using the above approach to locate potential impacts (or damage) from construction vibrations, the next
step isto identify control measures. Similar to the approach for construction noise, mitigation of construction
vibration requires consideration of equipment location and processes, as follows:

1 Design considerations and project layout:

. Route heavily loaded trucks away from residential streets, if possible. Select streets with fewest
homes, if no alternatives are available.

. Operate earthmoving equipment on the construction lot as far away from vibration-sensitive sites
aspossible.

2. Sequence of operations:

= Phase demalition, earthmoving and ground-impacting operations so as not to occur in the same
time period. Unlike noise, the total vibration level produced could be significantly less when
each vibration source operates separately.

= Avoid nighttime activities. People are more aware of vibration in their homes during the
nighttime hours.

3. Alternative construction methods:

. Avoid impact pile driving where possible in vibration-sensitive areas. Drilled piles or the use of
a sonic or vibratory pile driver causes lower vibration levels where the geological conditions
permit their use (however, see cautionary note below).

. Select demolition methods not involving impact, where possible. For example, sawing bridge
decksinto sections that can be loaded onto trucks results in lower vibration levels than impact
demalition by pavement breakers, and milling generates lower vibration levels than excavation
using clam shell or chisel drops.

. Avoid vibratory rollers and packers near sensitive areas.

Piledriving is potentially the greatest source of vibration associated with equipment used during construction
of aproject. The sourcelevelsin Table 12-2 indicate that sonic pile drivers may provide substantial reduction
of vibration levels. However, there are some additional vibration effects of sonic pile driversthat may limit
their use in sensitive locations. A sonic pile driver operates by continuously shaking the pile at a fixed
frequency, literally vibrating it into the ground. Vibratory pile drivers operate on the same principle, but at
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adifferent frequency. However, continuous operation at afixed frequency may be more noticeable to nearby
residents, even at lower vibration levels. Furthermore, the steady-state excitation of the ground may increase
resonance response of building components. Resonant response may be unacceptable in cases of fragile
historical buildings or vibration-sensitive manufacturing processes. Impact pile drivers, on the other hand,

produce a high vibration level for ashort time (0.2 seconds) with sufficient time between impactsto alow any
resonant response to decay.



12-12 Transit Noise and Vibration Impact Assessment

REFERENCES

1. Society of Automotive Engineers, "Exterior Sound Level Measurement Procedure for Powered
Mobile Construction Equipment,” SAE Recommended Practice J88a, 1976.

2. Society of Automotive Engineers, "Sound Levels for Engine Powered Equipment,” SAE Standard
Jo52Db, 1976.

3. U.S. Environmental Protection Agency, "Noise from Construction Equipment and Operations,
Building Equipment and Home Appliances," NTID300.1, December 31, 1971.

4, U.S. Department of Transportation, "Final Environmental Impact Statement, 4(f) Statement;
Replacement of Shaw's Cove Bridge and Approaches,” FRA-RNC-EIS-80-02-F, September 16, 1981.

5. C.F. Rosenberg and C.M. Sdlter, "Noise of Pile Driving Equipment,” Presentation at Acoustical
Society of America Meeting, Washington DC, 20-22 April 1971.

6. William R. Fuller and Ron Brown, "Analysis and Abatement of Highway Construction Noise," EPA
550/9-81-314-A, U.S. Environmental Protection Agency, Office of Noise Abatement and Control and
U.S. Department of Transportation, Federal Highway Administration, June 1981.

7. Jerry A. Reagan and Charles A. Grant, " Specia Report - Highway Construction Noise: Measurement,
Prediction and Mitigation,” U.S. Department of Transportation, Federal Highway Administration,
1977.

8. D.J. Martin, "Ground Vibrations from Impact Pile Driving during Road Construction,” Supplementary
Report 544, United Kingdom Department of the Environment, Department of Transport, Transport
and Road Research Laboratory, 1980.

9. J.F. Wiss, "Vibrations During Construction Operations,” Journal of Construction Division, Proc.
American Society of Civil Engineers, 100, No. CO3, pp. 239 - 246, September 1974.

10. J.F. Wiss, "Damage Effects of Pile Driving Vibrations," Highway Research Record, No. 155,
Highway Research Board, 1967.

11. David A. Towersand Y uki Kimura, "Central Artery / Tunnel Project: Hydromill Vibration Testing,"
report prepared for Massachusetts Highway Department, February 1995.

12. Swiss Consultants for Road Construction Association, "Effects of Vibration on Construction,” VSS-

SN640-312, Zurich, Switzerland, November 1978.



Chapter 13. Documentation of Noise and Vibration Assessment 13-1

13. DOCUMENTATION OF NOISE AND VIBRATION ASSESSMENT

To be effective, the noise and vibration analysis must be presented to the public in aclear, yet comprehensive
manner. The mass of technical data and information necessary to withstand scrutiny in the environmental
review process must be documented in a way that remains intelligible to the public. Justification for all
assumptions used in the analysis, such as selection of representative measurement sites and all baseline
conditions, must be presented for review. For large-scale projects, the environmental document contains a
condensation of essential information in order to maintain a reasonable size. For these projects, separate
technical reports are usually prepared as supplements to the Environmental Impact Statement (EIS) or
Environmental Assessment (EA). For smaller projects, or oneswith minimal noise or vibration impact, all the
technical information may be presented in the environmental document itself. This chapter gives guidance
on how the necessary noise and vibration information should be included in the project’s environmental
documentation.

13.1 THE TECHNICAL REPORT ON NOISE AND VIBRATION

A separate technical report is often prepared as a supplement to the environmental document (EIS or EA).
A technical report is appropriate in cases when the wealth of data can not all be placed in the environmental
document. The details of the analysis are important for establishing the basis for the assessment.
Consequently, all the details in the technical report should be contained in a well-organized format for easy
access to the information. While the technical report is not intended to be a primer on the subject, the
technical data and descriptions should be presented in amanner that can be understood by the general public.
All the necessary background information should be present in the technical report, including tables, maps,
charts, drawings and references that may be too detailed for the environmental document, but which are
important in helping to draw conclusions about the project’s noise and vibration impacts and mitigation
options.
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13.1.1 Organization of Technical Report

The Technical Report on Noise/ Vibration should contain the following major subject headings, along with
the key information content described below. If both noise and vibration have been analyzed, it is generally
preferable to separate the noise and vibration sections; as shown in this Guidance Manual, the approachesto
the two topics are quite different.

Overview — This section contains a brief description of the project and an overview of the noise/vibration
concerns. It setsforth theinitial considerations in framing the scope of the study.

Inventory of Noise/Vibration-Sensitive Sites -The approach for selecting noise/vibration- sensitive sites
should be described in sufficient detail to demonstrate completeness. Sites and site descriptions are to
be included.

Measurements of Existing Noise/Vibration Conditions Fhe basis for selecting measurement sites should
be documented, along with tables of sites coordinated with maps showing locations of sites. If the
measurement data are used to estimate existing conditions at other locations, the rationale and the
method should be included. Measurement procedures should be fully described. Tables of
measurement instruments should include manufacturer, type, serial number and date of most recent
calibration by authorized testing laboratory. Measurement periods, including time of day and length
of time at each site should be shown to demonstrate adequate representation of the ambient conditions.
The measurement data should be presented in well organized form in tables and figures. A summary
and interpretation of measured data should be included.

Special Measurements Related to the ProjectSome projects require specialized measurements at sensitive
sites, such as outdoor-to-indoor noise level reduction of homes, or transmission of vibrations into
concert hallsand recording studios. Other projects may need special source level characterization. Full
description of the measurements and the results should be included.

Predictions of Noise/Vibration from the Project —The prediction model used for estimating future project
conditions should be fully described and referenced. Any changes or extensions to the models
recommended in this manual should be fully described so that the validity of the adjustments can be
confirmed. Specific data used as input to the models should be listed. Computed levels should be
tabulated and illustrated by contours, cross-sections or shaded mapping. It isimportant to illustrate
noise/vibration impacts with base maps at a scale with enough detail to provide location reference for
the reader.

Noise/Vibration Criteria — Impact criteriafor the project should be fully described and referenced (refer to
Chapters 3 and 8). In addition, any applicable local ordinances should be described. Tables specifying
the criteria levels should also be included. If the project involves considerable construction, and a
separate construction noise and vibration analysis will be included, then construction criteria should
appear in a separate section with its own assessment.

Noise/Vibration Impact Assessment —The impact assessment should be described according to the
procedures outlined in this manual. A resulting impact inventory should be presented for each
aternative mode or alignment in a format that allows ready comparison among aternatives. The
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inventory should be tabulated according to the different types of land uses affected. The results of the
assessment may be presented both before and after mitigation.

Noise/Vibration Mitigation — The mitigation section of the technical report should begin with a summary
of al treatments considered, even if some are not carried to final consideration. Final candidate
mitigation treatments should be considered separately with description of the features of the treatment,
costs, expected benefit in reducing impacts, locations where the benefit would be realized and
discussion of practicality of implementing alternative trestments. Enough information isto be included
to alow the project sponsor and FTA to reach decisions on mitigation prior to issuance of the final
environmental document.

Construction Noise/Vibration Impacts —Criteria adopted for construction noise or vibration should be
described, if appropriate. According to Chapter 12, these may be adopted on a project-specific basis.
The method used for predicting construction noise or vibration should be described along with inputs
to the models, such as equipment roster by construction phase, equipment source levels, assumed usage
factors and other assumed site characteristics. The predicted levels should be shown for sensitive sites
and short-term impacts should be identified. Feasible abatement methods should be discussed in
enough detail such that construction contract documents could include mitigation measures.

References -Documentation is an important part of the validation of the technical report. References should
be provided for al criteria, approaches and data used in the analyses, including other reports related to
the project which may berelied on for information, e.g., geotechnical reports.

13.2 THE ENVIRONMENTAL DOCUMENT

The environmental document typically includes noise and vibration information in three places: a section of
the chapter on the affected environment (existing conditions) and two sectionsin the chapter on environmental
consequences (long-term and short-term impacts). The noise and vibration information presented in the
environmental document is a summary of the comprehensive information from the technical report with
emphasis on presenting the salient points of the analysisin aformat and style which affected property owners
and other interested citizens can understand. Smaller projects may have al of the technical information
contained within the environmental document, requiring special care in summarizing technical details to
convey the information adequately.

The environmenta document provides full disclosure of noise and vibration impacts, including identification
of locations where impacts cannot be mitigated satisfactorily. An EIS describes significant impacts and tells
what the Federal agency intendsto do about them. Issuing a Finding of No Significant Impact (FONSI) may
depend on mitigation being included. The specific way mitigation is handled in the environmental document
depends on the stage of project development and the stage of environmental review. For example, aDraft EIS
may discuss different options to mitigate noise or vibration, deferring the final selection of measuresto the
Final EIS. It may be particularly important to present mitigation options at an early stage, especidly if there
is a benefit in receiving input from the public on the choices.
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Thefina environmental document (Final EIS or FONSI) contains acommitment to mitigate. Two approaches
can be taken for expressing this commitment. The document could describe the actual mitigation measures
that will be employed, along with the reductions in noise or vibration expected to occur. In this case, the
write-up includes language that makesit clear that the measures will be implemented if the project is approved.
However, in some cases, mitigation measures are still under study in the environmental review and will not
be selected until the final design stage. In such cases, the final environmental document expresses a
commitment to mitigate impacts that are verified during final design. Mitigation in these casesis addressed
in the form of a"performance standard” to be met by using one or more of the measures under study.

After afinal environmental document is approved, the described mitigation measures are incorporated by
reference in the actual grant agreements signed by FTA and the project sponsor. Thus, they become
contractual conditions that must be adhered to by the project sponsor.

13.2.1 Organization of Noise and Vibration Sections of Environmental Documents

Chapter on Affected Environment (Existing Conditions)

This chapter describes the pre-project setting, including the existing noise and vibration conditions, that will
likely be affected by one or more of the alternatives. The primary function of this chapter isto establish the
focus and baseline conditions for later chapters discussing environmental impacts. Consequently, it isagood
place to put basic information on noise and vibration descriptors and effects, as well as describing the
characteristicsin the vicinity of the project. Again, it is preferable to separate the noise and vibration sections.

° Description of Noise/Vibration Descriptors, Effectsand Typical Levels. Information from Chapters
2 and 7 of thismanual can be used to provide a background for the discussions of noise/vibration levels
and characteristics to follow. [llustrative material to guide the reader in understanding typical levels
is helpful.

° Inventory of Noise/Vibration-Sensitive Sites. The approach for selecting noise/vibration-sensitive
sites should be described in sufficient detail to demonstrate completeness. Sites and site descriptions
are to be included.

° Noise/Vibration Measurements. A summary of the site selection procedure should be included along
with tables of sites coordinated with maps showing locations of sites. The measurement approach
should be summarized with justification for the measurement procedures used. The measurement data
should be presented in well organized form in tables and figures. To save space, the results are often
included with the table of sites described above. In some cases, measurements may be supplemented
or replaced by collected data relevant to the noise and vibration characteristics of the area. For
example, soilsinformation for estimating ground-borne vibration propagation characteristics may be
available from other projectsin the area. Fundamental to this section isa summary and interpretation
of how the collected data define the project setting.

Chapter on Environmental Consequences.
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The section on long-term impacts -- the impacts due to operation of the project -- should be organized
according to the following order.

Overview of Approach. A summary of the assessment procedure for determining noise/vibration
impactsis provided as aframework for the following sections.

Estimated Noise/Vibration Levels. A genera description of prediction models used to estimate
project noise/vibration levels should be provided. Any distinguishing features unique to the project,
such as source levels associated with various technologies, should be described. The results of the
predictions for various alternatives should be described in general termsfirst, followed by a detailed
accounting of predicted noise levels. This information should be supplemented with tables and
illustrated by contours, cross-sections or shaded mapping. If contoursareincluded in atechnical report,
then it is not necessary to repeat them here.

Criteriafor Noise/Vibration Impact. Impact criteria for the project should be fully described and
referenced (refer to Chapters 3 and 8). 1n addition, any applicable local ordinances should be described.
Tables listing the criterion levels should be included.

Impact Assessment. The impact assessment can be a section by itself or can be combined with the
section above. It isimportant to provide a description of locations where noise/vibration impact is
expected to occur without implementation of mitigation measures, based on the predicted future levels,
existing levels and the criteria for impact. Inventory tables of impacted land uses should be used to
guantify the impacts for comparisons among aternatives. The comprehensive list of noise/vibration
sensitive sitesidentified in the Affected Environment chapter should be included in thisinventory table.

Noise/Vibration Mitigation Measures. Perhaps the most significant difference between the technical
report and the environmental document is in the area of mitigation. Whereas the technical report
discusses options and may make recommendations, the environmental document provides the vehicle
for reaching decisions on appropriate mitigation measures with consideration given to environmental
benefits, feasibility and cost. This section should begin with a summary of all noise/vibration
mitigation measures considered for the impacted locations. The specific measures selected for
implementation should be fully described. However, for projects where technical details of the
mitigation measures cannot be specified at the environmental assessment stage, a commitment is made
to the level of abatement; the EIS must demonstrate that mitigation measures under consideration will
achieve the necessary reduction. Reasonsfor dismissing any abatement measures should also be clearly
stated, especially if such non-implementation results in significant adverse effects. The expected
benefits for each treatment in reducing impact should be given for each location.

Unavoidable Adver se Environmental Effects. If it isprojected that adverse noise/vibration impacts
will result after all reasonable abatement measures have been incorporated, these impacts are identified
in this section.

Impacts During Construction
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The environmental document may have a separate section on short-term impacts due to project construction,
depending on the scale of the project. For a major project there may be a special section on construction
noisel/vibration impacts; this section should be organized according to the comprehensive outline described
above. For projectswith relatively minor effects, abriefer format should be utilized, with a section included
in the chapter on Environmental Consequences.
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APPENDIX A. BACKGROUND FOR TRANSIT NOISE IMPACT CRITERIA

The noise criteria, presented in Chapter 3 of this manual, have been developed based on well-documented
criteria and research into human response to community noise. The primary goals in developing the noise
criteriawere to ensure that the impact limits be firmly founded in scientific studies, be realistically based on
noise levels associated with new transit projects, and represent a reasonable balance between community
benefit and project costs. This appendix provides the background information.

A.1 Relevant Literature
Following is an annotated list of the documents that are particularly relevant to the noise impact criteria:
1.  US Environmental Protection Agency "Levels Document”:Y This report identifies noise levels

consistent with the protection of public health and welfare against hearing loss, annoyance, and activity
interference. It has been used as the basis of numerous community noise standards and ordinances.

2. CHABA Working Group 69, "Guidelines for Preparing Environmental Impact Statements on Noise"?
This report was the result of deliberations by a group of leading acoustical scientists with the goal of
developing a uniform national method for noise impact assessment. Although the CHABA's proposed
approach has not been adopted, the report serves as an excellent resource documenting research in noise
effects. It provides a strong scientific basis for quantifying impactsin termsof L ,

3. American Public Transit Association Guidelines:® The noise and vibration sections of the APTA
Guidelines have been used successfully in the past for the design of rail transit facilities. The APTA
Guidelinesinclude criteriafor acceptable community noise and vibration. Experience has shown that
meeting the APTA Guidelineswill usually result in acceptable noise levels. However, there are some
problemsin using the APTA Guidelines for environmental assessment purposes. The criteriaarein
terms of L ., for conventional rail rapid transit vehicles and they cannot be used to compare among
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different modes of transit. Since the APTA Guidelines are expressed in terms of maximum passby
noise, they are not sensitive to the frequency or duration of noise events for transit modes other than
conventional rail rapid transit operations with 5 to 10 minute headways. Therefore, the APTA criteria
are questionable for ng the noise impact of other transit modes which differ from conventional

rapid transit with respect to source emission levels and operating characteristics (e.g., commuiter rail,

AGT and avariety of bus projects).

"Synthesis of Social Surveys on Noise Annoyance":® In 1978, Theodore J. Schultz, an internationally

known acoustical scientist, synthesized the results of alarge number of social surveys, each concerning
annoyance due to transportation noise. Remarkable consistency was found in a group of these surveys,
and the author proposed that their average results be taken as the best available prediction of
transportation noise annoyance. This synthesis has received essentially unanimous acceptance by
acoustical scientists and engineers. The "universal” transportation response curve devel oped by Schultz
(Figure 2-7) shows that the percent of the population highly annoyed by transportation noise increases
from zero at an L4, of approximately 50 dBA to 100-percent when L 4, is about 90 dBA. Most
significantly, this curve indicates that for the same increase in L , there is a greater increase in the
number of people highly annoyed at high noise levels than at low noise levels. In other words, a5 dB
increase at low ambient levels (40 - 50 dB) has lessimpact than at higher ambient levels (65 - 75 dB).
A recent update of the origina research, containing several railroad, transit and street traffic noise
surveys, confirmed the shape of the original Schultz curve.®

HUD Standards:® The U.S. Department of Housing and Urban Development has developed noise
standards, criteria and guidelines to ensure that housing projects supported by HUD achieve the goal
of a suitable living environment. The HUD site acceptability standards define 65 dB (L 4, as the
threshold for a normally unacceptable living environment and 75 dB (L ,) as the threshold for an
unacceptable living environment.

A.2 Basis for Noise Impact Criteria Curves

The lower curve in Figure 3-1 representing the onset of Impact is based on the following considerations:

The EPA finding that a community noise level of L 4, less than or equal to 55 dBA is "requisite to
protect public health and welfare with an adequate margin of safety." ®

The conclusion by EPA and othersthat a5 dB increasein L 4,0r L o, is the minimum required for a
change in community reaction.

The research finding that there are very few people highly annoyed when the L ,,is 50 dBA, and that
anincreasein L, from 50 dBA to 55 dBA resultsin an average of 2% more people highly annoyed (see
Figure 2-7 in Chapter 2).
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Consequently, the change in noise level from an existing ambient level of 50 dBA to acumulative level of 55
dBA caused by aproject is assumed to be aminimal impact. Expressed another way, thisis considered to be
the lowest threshold where impact starts to occur. Moreover, the 2% increment represents the minimum
measurable change in community reaction. Thus the curve's hinge point is placed at a project noise level of
53 dBA and an existing ambient noise level of 50 dBA, the combination of which yields a cumulative level
of 55 dBA. Theremainder of the lower curve in Figure 16 was determined from the annoyance curve (Figure
2-7) by alowing afixed 2% increase in annoyance at other levels of existing ambient noise. Ascumulative
noise increases, it takes a smaller and smaller increment to attain the same 2% increase in highly annoyed
people. Whileit takes a5 dB noise increase to cause a 2% increase in highly annoyed people at an existing
ambient noise level of 50 dB, an increase of only 1 dB causes the 2% increase of highly annoyed people at
an existing ambient noise level of 70 dB.

The upper curve delineating the onset of Severe Impact was developed in a similar manner, except that it was
based on atotal noise level corresponding to a higher degree of impact. The Severe Noise Impact curveis
based on the following considerations:

® The Department of Housing and Urban Development (HUD) in its environmental noise standards
defines an L4, of 65 as the onset of a normally unacceptable noise zone.® Moreover, the Federal
Aviation Administration (FAA) considers that residential land uses are not compatible with noise
environments where L, is greater than 65 dBA .

® Thecommonuseof a5dBA increasein L4, or L, asthe minimum required for a change in community
reaction.

®  Theresearch finding that the foregoing step represents a 6.5% increase in the number of people highly
annoyed (see Figure 2-7 in Chapter 2).

Consequently, the increase in noise level from an existing ambient level of 60 dBA to acumulative level of
65 dBA caused by a project represents a change from an acceptable noise environment to the threshold of an
unacceptable noise environment. Thisis considered to be the level at which severe impact starts to occur.
Moreover, the 6.5% increment represents the change in community reaction associated with severe impact.
Thus the upper curve's hinge point is placed at a project noise level of 63 dBA and existing ambient noise level
of 60 dBA, the combination of which yields acumulative level of 65 dBA. The remainder of the upper curve
in Figure 3-1 was determined from the annoyance curve (Figure 2-7) by fixing the 6.5% increase in annoyance
at all existing ambient noise levels.

Both curves incorporate a maximum limit for the transit project noise in noise-sensitive areas. |ndependent
of existing noise levels, Impact for land use categories 1 and 2 is considered to occur whenever thetransit L 4,
equals or exceeds 65 dBA and Severe Impact occurs whenever the transit L ,, equals or exceeds 75 dBA.
These absolute limits are intended to restrict activity interference caused by the transit project alone.
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Both curves aso incorporate a maximum limit for cumulative noise increase at low existing noise levels
(below about 45 dBA). Thisisa conservative measure that reflects the lack of social survey data on people's
reaction to noise at such low ambient levels. Similar to the FHWA approval in ng the relative impact
of ahighway project, the transit noise criteriainclude caps on noise increase of 10 dB and 15 dB for Impact
and Severe Impact, respectively, relative to the existing noise level.

Finally, it should be noted that due to the types of land use included in Category 3, the criteria alow the
project noise for Category 3 sites to be 5 decibels greater than for Category 1 and Category 2 sites. This
differenceis reflected by the offset in the vertical scale on theright side of Figure 3-1. With the exception of
active parks, which are clearly less sensitive to noise than Category 1 and 2 sites, Category 3 sites include
primarily indoor activities and thus the criteria account for the noise reduction provided by the building
structure.

A.3 Equations for Noise Impact Criteria Curves

The noise impact criteria can be quantified through the use of mathematical equations which approximate the
curves shown in Figure 3-1. These equations may be useful when performing the noise assessment
methodology through the use of spreadsheets, computer programs or other analysis tools. Otherwise, such
mathematical detail is generally not necessary in order to properly implement the criteria, and direct use of
Figure 3-1 islikely to be adequate and less time-consuming.

A tota of four continuous curves are obtained from the criteriac two threshold curves ("Impact” and " Severe
Impact") for Category 1 and 2; and two for Category 3. Notethat for each level of impact, the overall curves
for Categories 1 and 2 are offset by 5 dB from Category 3. While each curve is graphically continuous, it is
defined by a set of three discrete equations which represent three "regimes” of existing noise exposure. These
equations are approximately continuous at the transition points between regimes.

Thefirst equation in each set isalinear relationship, representing the portion of the curve in which the existing
noise exposure islow and the allowableincrease is capped at 10 dB and 15 dB for Impact and Severe Impact,
respectively. The second equation in each set represents the impact threshold over the range of existing noise
exposure for which a fixed percentage of increase in annoyance is alowed, as described in the previous
section. This curve, a third-order polynomia approximation derived from the Schultz curve, ® covers the
range of noise exposure encountered in most populated areas and is used in determining noise impact in the
majority of casesfor transit projects. Finaly, the third equation in each of the four sets represents the absolute
limit of project noise imposed by the criteria, for areas with high existing noise exposure. For land use
category 1 and 2, thislimit is 65 dBA for Impact and 70 dBA for Severe Impact. For land use category 3, the
limitis 75 dBA for Impact and 80 dBA for Severe Impact.

The four sets of equations corresponding to the curves are given below. Each curve represents athreshold of
noise impact, with impact indicated for points on or above the curve.
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Threshold of Impact:

(11450 + 0953Le Le<42 O

Lo = [71662-1164L, +0018L 2 -4088x10° L2 42<L <71H Category 1and 2
65 Le>71 f
[16.450 + 0953L ¢ Le<42 O

Lp = (76662 -1164L, +0018Lc2 ~4083x10°L3  42< Ly <711 Category 3
Ho Le>71  H

Threshold of Severe Impact:

(17322 +0940L¢ Le<4d [

Lp =[96725-1992L +302x1072 L 2 -1043x107 L3  44< L, <770 Category Land 2
575 Le>77 E
[22322+0940L¢ Le<4d [

L, = HOL725-1992L +302x102 L2 ~1043x 10 L. 44<L, < 77HCategory 3
0 Le>77 O

where L isthe existing noise exposure in terms of L 4, 0r L (h) and L is the project noise exposure which
determines impact, also in terms of L 4, or L o(h).
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APPENDIX B. SELECTING RECEIVERS OF INTEREST

This appendix provides additional detail in selecting receivers of interest for those users desiring such detail.
The general approach given in Chapter 6 includes the following guidelines:

° Every major public building or site with noise-sensitive indoor use within the noise study area should
be selected as a separate receiver of interest.

° Each isolated residence and small outdoor noise-sensitive area within the noise study area should be
selected as a separate receiver of interest in the same manner as for public buildings.

° In contrast, groups of residences and larger outdoor noise-sensitive areas within the noise study area
should be "clustered" and a receiver of interest selected from each cluster. Clustering reduces the
number of computations later needed, especially for large-scal e projects where agreat number of noise-
sensitive sites may be affected. For this approach to work, however, it is essential that the receiver
selected provide an accurate representation of the noise environment of the cluster.

This appendix elaborates on the clustering procedure. In brief: (1) cluster boundaries are first drawn relative
to the proposed project, either running parallel to alinear project or circling major stationary sources. These
boundaries approximate contours of equal project noise. (2) Then a separate set of cluster boundariesis drawn
pardle to, or circling, major sources of ambient noise to approximate contours of ambient noise. (3) Finaly,
athird set of cluster boundaries may further subdivide the noise study area, if there are changes in project
layout or operations along the corridor.

Following are suggested procedures for drawing cluster boundaries and for selecting areceiver of interest from
each cluster:

Boundaries along the proposed project. First draw cluster boundaries along the proposed project,
to separate clusters based upon distance from the project. Draw such cluster boundaries for all sources
that are listed as"Magjor" in Table 6-2.
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Within both residential and noise-sensitive outdoor areas:

Primary project source. Draw cluster boundaries at the following distances from the
near edge of the primary project source: 0 feet, 50 feet, 100 feet, 200 feet, 400 feet, and
800 feet. If the primary project source is alinear source, such asarail line, draw these
boundaries as lines parallel to the proposed right-of-way line. Around major stationary
sources, draw these boundaries as approximate circles around the source, starting at the
property line. Do not extend boundaries beyond the noise study area, identified in the
Screening Procedure of Chapter 4 or the General Assessment of Chapter 5.

Remaining project sources. Repeat thisfor al other project sources listed as Magjor in
Table 6-2, such as substations and crossing signals. If several project sources are located
approximately together, only one need be considered here, since the others would produce
approximately the same boundaries. It isgood practice to optimize the number of clusters
for aproject, to avoid needlessly complicating the procedure.

Where rows of buildings parallel the transit corridor:

Check that cluster boundariesfall between the following rows of buildings, counting back
away from the proposed project:

Between rows 1 and 2
Between rows 2 and 3
Between rows 4 and 5

If not, add cluster boundaries between these rows.

Boundaries along sour ces of ambient noise. Next, draw cluster boundaries along all major sources
of ambient noise, based upon distance from these sources.

Along all interstates and major roadway arterials, draw cluster boundaries at the following
distances from the near edge of the roadway: O feet, 100 feet, 200 feet, and 500 feet.

Along all other roadways that have state or county numbering, draw cluster boundaries at O feet
and 100 feet from the near edge of the roadway.

For all major industrial sources of noise, draw cluster boundaries that circle the source, at the
following distances from the near property line of the source: 0 feet, 100 feet, 200 feet, 400 feet.

Further boundaries based upon changes in project layout or operations along the corridor.
Where proposed project layout or operating conditions change significantly aong the corridor, further
subdivision is needed to account for changesin project noise. Draw a cluster boundary perpendicular
to the corridor, extending straight outward to both sides, at the following locations:

Where paralldl tracks, previously separated by more than 100 feet or so, come closer together
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° Approximately where speed and/or throttle is reduced approaching stations and where steady
service speed is reached after departing stations.

° Approximately 200 feet up and down the line from grade-crossing bells
° At transitions from jointed to welded rail

° At transitions from one type of cross section to another -- from among these types: on structure,
onfill, at grade, and in cut.

° At transitions from open terrain to heavily wooded terrain
° At transitions between areas free of locomotive-horn noise and areas subject to this noise source

° Any other positions along the line where project noise is expected to change significantly -- such
as up and down the line from tight curves where wheels may squeal

Selection of areceiver of interest from each cluster. The cluster boundaries divide the land areainto
clusters of miscellaneous shape. Each of these pieces constitutes an areathat will be represented by a
single receiver of interest.

° For residential clusters, locate this receiver of interest within the cluster at the house closest to
the proposed project. If in doubt, select the one furthest from significant sources of ambient
noise.

° For outdoor noise-sensitive clusters, such as an urban park or amphitheater, locate this receiver
of interest within the cluster at the closest point of active noise-sensitive use. If in doubt, select
the one furthest from significant sources of ambient noise.

In following the foregoing procedures, some clusters may fall between areas with receivers of interest.
This could occur, for example, when operational changes or track layouts change in an open
undeveloped area. Retain such clusters -- that is, do not merge them with agdjacent ones -- but do not
select areceiver of interest from them.

Example B-1. Receiversof Interest and Cluster Boundaries

An exanpl e of receivers of interest and cluster boundaries is shown in Figure
B-1. In this hypothetical situation, a newrail transit line, |abeled "new
rail line," is proposed along a major urban street with comrercial |and use.

A residential area is |located adjacent to the comercial strip, starting about
one-hal f block fromthe proposed transit alignnent. A nmajor arterial, |abeled
"hi ghway," crosses the alignnment.

Fol | owi ng the procedure described in this appendix, the first step is to draw
cl uster boundaries along the proposed prinmary project source (in this case,
the newrail line) at distances of O feet fromthe right-of-way |line (edge of
the street in this exanple), 50 feet, 100 feet, 200 feet, 400 feet, and 800
feet. These lines are shown with distances |abeled at the top of the figure.
This is proposed to be a constant speed section of track, so there are no
changes in boundaries due to changes in operations along the corridor

Mor eover, no ot her project sources are shown here, although if there had been
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a station with a parking lot, Iines would have been drawn envel oping the
station site at the specified distances fromthe property line. However, this
exanpl e does show rows of buildings parallel to the transit corridor. The
first set of lines satisfies the requirenent that cluster boundaries fal
between rows 1 and 2, and between rows 2 and 3, but there is no |ine between
rows 4 and 5. Consequently, a cluster boundary (labeled "R' at the top of the
figure) has been drawn between the 4th and 5th row of buil di ngs.

Next, cluster boundaries are to be drawn al ong nmaj or sources of ambient noise.
The roadway arterial (labeled "highway") is the only major source of anbient
noi se shown. Again follow ng the procedure described in this appendix, cluster
boundaries are drawn at 0 feet, 100 feet, 200 feet and 500 feet fromthe near
edge of the roadway, both sides. These lines are shown with distances | abel ed
at the side of the figure.

The foregoing describes the procedures for drawing all the lines defining the
cl uster boundaries shown in Figure B-1. The next step is to select a receiver
of interest within each cluster. These are shown as filled circles in the
figure. Some receivers of interest are |abeled for use as exanples in Appendi X
C. Taking the shaded cluster with "Rec 3" as an exanple: the cluster is

| ocated at the outer edge of influence fromthe major source ("highway"),
where local street traffic takes over fromthe highway as the doni nant source
for anbient noise, which would be verified by a neasurement. "Rec 3" is
chosen to represent this cluster because it is anong the houses closest to the
proposed project source in this cluster and it is in the nmiddl e of the block
af fected by the domi nant | ocal street. Anbient noise |levels at one end of the
cluster may be influenced nore by the highway and the other end may be
affected nore by the cross street, but the majority of the cluster would be
represented by receiver site "Rec 3."

End of Example B-1
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APPENDIX C. DETERMINING EXISTING NOISE

This appendix provides additional detail in determining existing noise by: (1) full measurement, (2)
computation from partial measurements, and (3) tabular look-up. Note that the words "existing noise" and
"ambient noise" are often used interchangeably.

Continuing with the example from Figure B-1, the ambient noise at the selected receivers of interest, |abeled
"REC 1,2,3...," can be determined according to the following methods.

Existing noise at REC 1 is due to the highway at the side of this church. L ,during atypical church
hour was measured in full. — OPTION 1 below

Existing noise at REC 2, a residence, is due to a combination of the highway and local streets. L was
measured in full. — OPTION 2 below

Existing noise at REC 3 is due to the street in front of this residenge. L was computed from three
hourly L, measurements. — OPTION 3 below

Existing noise at REC 4, a residence, is due to the highway. Since the highway has a predictable
diurnal pattern, |,, was computed from one hourly L measurement. — OPTION 4 below

Existing noise at REC 5, a residence, is due to Kee Stregt. L was computedrom L at the
comparable REC 3, which is also affected by local street traffic and is a comparable distance from the
highway. — OPTION 5 below

Existing noise at REC 6, a residence, is due to local traffjc. L was estimated by table look-up, based
upon population density along this corridor. — OPTION 6 below

The full set of options for determining existing noise at receivers of interest is as follows:
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For non-residential land uses, measure afull hour's L ., at the receiver of interest, during atypical hour
of use on two non-successive days. The hour chosen should be the one in which maximum project
activity will occur. The L, will be accurately represented.-- OPTION 1

The three option for residential land uses are
. Measure afull day’s L, The L, will be accurately represented. — OPTION 2

. Masure the hourly |, for three typical hours: peak traffic, midday and late night. Then compute
the Ly, from these three hourly,L 's. The computed L will be slightly underestimated. —
OPTION 3

. Masure the hourly L, for one hour of the day only, preferably during midday. Then compute
the Ly, from this hourly |, . The computed,L will be moderately underestimated. — OPTION
4

For all land uses, compute either thg L or the L from a measured value at a nearby receiver — one
where the ambient noise is dominated by the same noise source. The computed value will be
represented with only moderate precision. — OPTION 5

For all land uses, estimate either thg L or the L from a table of typical values, depending upon
distance from major roadways or upon population density. The resulting values will be significantly
underestimated. — OPTION 6

Option 1. For non-residential land uses, measurethe hourly L, for the hour of interest

Full one-hour measurements are the most precise way to determine existing noise for non-residential receivers
of interest. Such full-duration measurements are preferred over all other options. The following procedures
apply to full-duration measurements:

Measure a full hour's/. at the receiver of interest on at least two non-successive days during a typical
hour of use. This would generally be between noon Monday and noon Friday, but weekend days may
be appropriate for places of worship. On both days, the measured hour must be the same as that for
which project noise is computed: the loudest facility hour that overlaps hours of noise-sensitive activity
at the receiver.

At all sites, locate the measurement microphone as shown in Figure 6-8, depending upon the relative

orientation of project and ambient sources. Desired is a microphone location that is shielded somewhat

from the ambient source. At such locations, ambient noise will be measured at the quietest location on

the property for purposes of noise impact assessment so that noise impact will be assessed most
critically.

Undertake all measurements in accordance with good engineering practice (see References 1 and 2 of
Chapter 6).
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Option 2: For residential land uses, measurethelL 4, for afull 24 hours

Full 24-hour measurements are the most precise way to determine ambient noise for residential receivers of
interest. Such full-duration measurements are preferred over al other options. The following procedures
apply to full-duration measurements:

Measure afull 24-hour's L, at the receiver of interest, for asingle weekday (generally between noon
Monday and noon Friday).

At all sites, locate the measurement microphone as shown in Figure 6-8, depending upon the relative
orientation of project and ambient sources. Desired is amicrophone location that is shielded somewhat
from the ambient source. At such locations, ambient noise will be measured at the quietest location on
the property for purposes of noise impact assessment so that noise impact will be assessed most
criticaly.

Undertake all measurementsin accordance with good engineering practice (see References 1 and 2 of
Chapter 6).

Option 3: For residential land uses, measurethe hourly L ., for three hours and then computelL ,

An dternative way to determine L, less precise than its full-duration measurement, isto measure hourly L's
for three typical hours of the day and then to compute the L ;, from these three hourly L ,;s. The following
procedures apply to this partial-duration measurement option for L

Measure the one-hour L, during each of the following time periods: once during peak-hour roadway
traffic, once midday between the morning and afternoon roadway-traffic peak hours, and once during
late night between midnight and 5 am.

Compute L 4, with the following eguation:

[ L &g (peakhour)-2 L gq(midday)-2 L gq (latenight)+8 [
L4, =10l0g 53) [10 10 +(12)@0 +(9)10 10 [-138

Thisvalue of L4, will be dightly underestimated, due to the subtraction of 2 decibels from each of the
measured levels before their combination. As explained previoudly, this underestimate is intended to
compensate for the reduced precision of the computed L ,, here, compared to its full-duration
measurement.

At al sites, locate the measurement microphone as shown in Figure 6-8, depending upon the relative
orientation of project and ambient sources. Desired isamicrophone location that is shielded somewhat
from the ambient source. At such locations, ambient noise will be measured at the quietest location on
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the property for purposes of noise impact assessment so that noise impact will be assessed most
criticaly.

Undertake all measurementsin accordance with good engineering practice (see References 1 and 2 of
Chapter 6).

Option 4. For residential land uses, measurethe hourly L ., for one hour and then computelL 4,

The next level down in precision isto determine L, by measuring the hourly L, for one hour of the day and
then to compute L 4, from this hourly L, This method is useful when there are many sites in a Genera
Assessment, or when checking whether a particular receiver of interest represents a cluster in a Detailed
Analysis. The following procedures apply to this partial-duration measurement option for L

Measure the one-hour L ., during any hour of the day. The loudest hour during the daytime period is
preferable. If thishour is not selected, then other hours may be used with less precision.

Convert the measured hourly L . to L 4, with the applicable equation:

For measurements between 7am and 7pm: Lon = Legg—2
Leg+3
For measurements between 10pm and 7am: Lan = Leg+8

n

For measurements between 7pm and 10pm: L an

Theresulting value of L, will be moderately underestimated, due to the use of the adjustment constants
in these equations. As explained previoudy, this underestimate is intended to compensate for the
reduced precision of the computed L, here, compared to the more precise methods of determining Ly, .

At all sites, locate the measurement microphone as shown in Figure 6-8, depending upon the relative
orientation of project and existing sources. Desired is amicrophone location that is shielded somewhat
from the ambient source. At such locations, ambient noise will be measured at the quietest location on
the property for purposes of noise impact assessment so that noise impact will be assessed most
critically.

Undertake all measurements in accordance with good engineering practice (see References 1 and 2 of
Chapter 6).

Option 5: For all land uses, compute either L, or L 4, from a nearby measured value

A computation method comparable in precision to Option 4 is to determine the ambient noise, either L (h)

or Ly, from ameasured value at a nearby receiver — one where the ambient noise is dominated by the same

noise source.

This method is used to characterize noise in several neighborhoods by using a single

representative receiver. Care must be taken to ensure that the measurement site has a similar noise
environment to all areas represented. If measurements made by others are available, and the sites are
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equivalent, they can be used to reduce the amount of project noise monitoring. The following procedures
apply to this computation of ambient noise at the receiver of interest:

Choose another receiver of interest, called the "comparable receiver,” at which:
= The same source of ambient noise dominates.

L] The ambient L was measur ed with either OPTION 1 or OPTION 2 above.

CompRec

. The ambient measurement at the comparable receiver was made in direct view of the major
source of ambient noise, unshielded from it by noise barriers, terrain, rows of buildings, or dense
tree zones.

From aplan or aerial photograph, determine: (1) the distance D ,re from the comparable receiver to
the near edge of the ambient source, and (2) the distance D, . from this receiver of interest to the near
edge of the ambient source.

Also determine N, the number of rows of buildings that intervene between the receiver of interest and
the ambient source.
Compute the ambient at this receiver of interest with the applicable equation:

D g
If roadway sourcesdominate:  Lypsgec = Lcomprec —15109 %M -3N
DCompRec

UD-. g
If other sources dominate: Lthiskee = Lcomprec — 25l0g H—ThisRec [ 3N
isRec ompRec m%

The resulting value of L ,ge Will be moderately underestimated. As explained previoudly, this
underestimate isintended to compensate for the reduced precision of the computed L, here, compared
to the more precise methods of determining ambient noise levels.

Option 6: For all land uses, estimate either L ,(h) or L4, from atable of typical values

The least precise way to determine the ambient noise isto estimateit from atable. A tabular look-up can be
used to establish baseline conditions for a General Noise Assessment if a noise measurement can not be made.
It should not be used for a Detailed Noise Analysis. For this estimate of ambient noise:

Read the ambient noise estimate from the relevant portion of Table 5-7. These tabulated estimates
depend upon distance from major roadways, rail lines or upon population densities. In general, these
tabulated values are significant underestimates. As explained previously, underestimates here are
intended to compensate for the reduced precision of the estimated ambients, compared to the options
that incorporate some degree of measurements.
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APPENDIX D. COMPUTING SOURCE REFERENCE LEVELS FROM MEASUREMENTS

This appendix contains the procedures for computing source reference levels (SEL,,) from source
measurements in cases where the Source Reference Tablesin Chapter 6 indicate measurements are preferred.

For vehicle passbys, the closeby source measurements may be either of the vehicle's sound exposure level
(SEL) or of its maximum noise level (L ,). Both these descriptors can be measured directly by commonly
available sound level meters. L ,.'s are allowed here for several reasons. Often L, measurements are
available from transit-equipment manufacturers. For some transit systems, equipment specifications will limit
closeby L, ’Sto some particular value. And in some situations, closeby source measurements may be taken
as part of the environmental study for more precision than is possible with the reference-level table.

For non-passby sources, the closeby source measurements must be of the source’s SEL over one source
"event." The source "event" duration may be chosen for measurement convenience; it will subtract out of the
computation when the measured value is converted to reference operating conditions later in this section.

This manual does not specify elaborate methods for undertaking such closeby source measurements, nor that
these measurements be at the reference conditions discussed in the main text. Required are measurements that
conform to good engineering practice, guided by the standards of the American National Standards Institute
and other such organizations (see References 1 and 2 of Chapter 6).

For passbys of both highway and rail vehicles, the following conditions are required in addition to good
engineering practice:

° Measured vehicles must be representative of project vehiclesin al aspects, including representative
acceleration and speed conditions for 3-axle buses.

° Track must be relatively free of corrugations and train wheels relatively free of flats, unless these
conditions are typical of the proposed project.
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Perpendicular distance between the measurement position and the source’s centerline must be 100 feet
or less.

V ehicle speed must be 30 miles per hour or greater, unlesstypical project speeds are less than that.

No noise barriers, terrain, buildings, or dense tree zones may break the lines-of -sight between the source
and the measurement position.

For sources other than vehicle passbys, the following conditions are required in addition to good
engineering practice:

M easured source operations must be representative of project operationsin all aspects.
Thefollowing ratio must be 2 or less:

distance to the furthest source component
divided by
distance to the closest source component

In addition, the distance to the closest source component must be 200 feet or less. If both these
conditions cannot simultaneously be met, then separate closeby measurements must be made of
individual components of this source, for which these distance conditions can be met.

The following ratio must be 2 or less:

lateral length of the source area, measured perpendicular to the general
line-of-sight between source and measurement position
divided by
distance to the closest source component

If this condition cannot be met, then separate closeby measurements must be made of individual
components of this source, for which this condition can be met.

No noise barriers, terrain, buildings, or dense tree zones may break the lines-of -sight between the source
and the measurement position.

When closeby source measurements are made under non-reference conditions, the equationsin Table D-1 are
used to convert the measured valuesto Source Reference Levels. Detailed proceduresfollow. Notethat each
vehicle type must be measured and converted separately. Note that this computation requires that all measured
vehicles be of the sametype. For trains of mixed consists, see Appendix E. For rail vehicles, measure/convert
agroup of locomotives or agroup of cars separately.

If SEL was measured for a highway-vehicle passby, or a passby of a group of identical rail vehicles:

Collect the following input information:

. SEL ... the measured SEL for the vehicle passby

meas?
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. N, the consist of the measured group of rail cars or group of locomotives

. T, the average throttle setting of the measured diesel-powered locomotive(s)

. Sheser the measured passby speed, in miles per hour

n D, the closest distance between the measurement position and the source, in feet

° Compute the Source Reference Level -- SEL  -- from the fir st equation in Table D-1.

Example D-1. Computation of SEL ,from SEL Measurement of Fixed-Guideway Source

A passby of two di esel -powered | oconotives was measured at

SEL a6 = 90.
For this measurenent,
N = 2
T = 6
Sheas = 55 miles per hour, and
D = 65 feet.

meas

The resulting SEL,,, = 86.5 dB.

End of Example D-1

If SEL was measured for a stationary noise sour ce:
° Collect the following input information:

" SEL the measured SEL for the noise source, for whatever source "event" is convenient to

meas’

measure
= E, . the event duration, in seconds

= D, the closest distance between the measurement position and the source, in feet

° Compute the Source Reference Level -- SEL . -- from the second equation in Table D-1.

Example D-2. Computation of SEL ,from SEL Measurement of Stationary Sour ce

A signal crossing was neasured for a 10-second "event" at

SEL e = 70.

For this neasurenent,
Erpas = 10 seconds and
D = 25 feet.

nmeas

The resulting SEL,,, = 71.8 dB.

End of Example D-2
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If L., wasmeasured for a passby of a group of identical rail vehicles:
° Collect the following input information:
. L ,.ax» Measured for the group passby
. N, the consist of the measured group of rail cars or group of locomotives
. T, the average throttle setting of the measured diesel-powered locomotive(s)
. Sheser the measured passby speed, in miles per hour

= D, the closest distance between the measurement position and the source, in feet

. L. thetotal length of the measured group of locomotives or group of rail cars, in feet

o Compute the Source Reference Level -- SEL . -- from the third or fourth equationsin Table D-1,

depending on whether the sources are locomotives or rail cars.

Example D-3. Computation of SEL ,from L, Measurement of Fixed-Guideway Sour ce

A passby of a 4-car consist of 70-ft long rail cars was measured at

Lex = 90.
For this neasurenent,
N = 4
Sweas = 70 miles per hour
Deas = 65 feet, and
Lieas = 280 feet.
Using the fourth equation in Table D1,
a = 1.14

and the resulting SEL,, = 86.7 dB.

End of Example D-3

If L. wasmeasured for a highway-vehicle passby:
° Collect the following input information:
. L ... measured for the highway-vehicle passby
= S the vehicle speed, in miles per hour
= D, the closest distance between the measurement position and the source, in feet

e  Compute the Source Reference Level -- SEL , -- from the fifth equation in Table D-1.
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Example D-4. Computation of SEL ., from L, Measurement of Highway Vehicle Sour ce

A 3-axl e bus was neasured at

Lex = 78, under full throttle, accelerating conditions.
For this neasurenent,

S = 22 nmles per hour and

nmeas

D = 80 feet.

nmeas

Using the fifth equation in Table D-1, the resulting SEL,, = 83.8 dB.

End of Example D-4
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TableD-1 Conversion to Source Reference Levelsat 50 feet for Transit Noise Sour ces

M easured

Quantity Noise Source  Equation

Vebicepassy Sy = SEL g +1010g g s 10109 g Core + Cone

SEL
Stationary noise _ _ E meas @ D mess @
o SEL ,, =SEL, . —10log Q—GO +20log QTO
Rail-vehicle
passhy, S, =L, +10|og§‘%ﬂsﬁ+ 10|og@[%§%@— 10109(20) + Cor + Coriaore +33
locomotives
Rail-vehicle
L passby, cars H ¢ =Low +10|(1%%§+10l(%§%10l(d2ﬂ+9r’(2ﬂ)] +Coreis +Canisias +3-3
only
Highway- _ D
ey gy SEL@ = Lo +20l0g @%@ Canicions + 33
Vehicle Type Expression for C_,.44 Expression for Cicions
) 0 forT<6
Locomotives -10log(N) ~2(T-5) forT26
Rail Cars ~10log(N) —30|og%@
Three-axle accelerating 0 -16
(commuter)
Buses not accelerating 0 -246xlog %@
Two-axle (city) Buses 0 -339xlog ”5”885 @
Automobiles 0 —-381xlog %@

N = consist, (hnumber of locomotives or rail carsin the measured group)
T = average throttle setting of measured diesel - electric locomotive(s)

meas — Closest distance between measurement position and source, in feet

D eas

E neas = event duration of measurement, in seconds

L neas = total length of measured group of locomotives or rail cars, in feet
S

meas = Speed of measured vehicle(s), in miles per hour

oL o . )
a= arctan[iﬂ%, in radians

meas
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APPENDIX E. COMPUTING MAXIMUM NOISE LEVEL (L ,,)
FOR A SINGLE TRAIN PASSBY

This appendix provides procedures for the computation of L ., for asingle train passby, for those readers
desiring such procedures. Table E-1 contains the equations to compute L,,,. The procedure is summarized
asfollows.
° Collect the following input information:

. SEL ' sfrom Chapter 6, specific to both the locomotive type and car type of the train

n N oc0e the number of locomotivesin thetrain

= N,y the number of carsin thetrain

= L. thetotal length of the train’s locomotive(s), in feet (or N,xunit length)

= L. the total length of the train's set of rail car(s), in feet (g N xunit length)

. S, the train speed, in miles per hour

= D, the closest distance between the receiver of interest and the train, in feet
° Compute |, 0s from the locomotive(s) using the first equation in Table E-1.
° Compute L, s from the rail car(s) using the second equation in Table E-1.

° Choose the larger of the twq,l. 'sasthgL for the total train passby.
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TableE-1 Conversiontol ., at the Receiver, for a Single Train Passby

Source Equation
: S L
L ocomotives L maxlocos = SEL joc0s +1010g %@— 10log %@+ 10log(2a)-33
: S L .
Rail Cars L s cars = SEL s +1010g %%— 10log %@ 10log[2a +sin(2a)] - 33
Total Train L max,total — maX[L max,locos orL max,cars]

D = closest distance between receiver and source, in feet
L =total length of measured group of locomotive(s) or rail car(s), in feet
S=vehicle speed, in miles per hour

a= arctan%;%, in radians
D

Example E-1. Computation of L, for Train Passby

A comuter train will pass by a receiver of interest and its L, is desired.
For this train, the follow ng conditions apply:

SEL, = 92 dB for |oconotives and
= 82 dB for rail cars
Nows = 1
Nos = 6
S = 43 nmiles per hour
D = 125 feet.
The |l oconotive and rail cars each have a unit length of 70 feet. Therefore,
L) ocos = 70 feet
L = 420 feet

cars

Using the equations in Table E-1,

X ocos = 0.27
Oears = 1.03
and the resulting Lmax’'s are as foll ows:
L rax. 1 ocos = 84 dBA
L rax, cars = 74 dBA
L. total = 84 dBA

End of Example E-1
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