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Chapter 1
INTRODUCTION

1.1 PURPOSE

This manual provides procedures for the assessment of potential noise and vibration impacts resulting
from proposed high-speed ground transportation (HSGT) projects, including high-speed rail using
traditional steel-whee!l on stedl-rail technology and magnetically levitated (maglev) systems’. This
document reflects the result of research conducted for the Federal Railroad Administration (FRA) and is
presented as part of FRA’s efforts to promote the consideration of HSGT as a transportation option in
those intercity corridors where it has the potential to be a cost effective and environmentally sound
component of the intermodal transportation system. The National Environmental Policy Act and related
statutes, regulations and orders (NEPA) mandate consideration of potential impacts on the human and
natural environment as part of the decision making process when Federal agencies evaluate proposals to
fund or otherwise approve major actions. Most states have similar environmental review reguirements.

Experience during previous environmental impact reviews of high-speed rail projects has shown that
possible increases in noise and vibration are frequently among the potential impacts of most concern to
residentsin the vicinity of the proposed project. Astheinterestin HSGT grows and environmental review
of HSGT projects areinitiated in several locations across the country, it becomes clear to FRA that thereis
aneed to provide a standardized set of procedures for the evaluation of noise and vibration impacts. There
isaso aneed to provide guidance to promoters and designers of HSGT projects on ways in which the
design of those projects can incorporate measures that address these concerns. And there is aneed for

For brevity, this manual uses the terms “high speed ground transportation” and “high speed rail”
interchangeably, both referring to high speed guided intercity transportation.
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providing a means through which public agency reviewers of projects can determine where and to what
extent the public benefits of HSGT justify investment in impact mitigation. This manual attempts to fulfill
these needs.

1.2 ORGANIZATION OF THE MANUAL

This manual is divided into two parts, noise and vibration. Each part has aparalel organization, which
addresses the following topics:

Topic Noise Vibration
Basic Concepts [ Chapter2 | | Chapter6 |
Criteria Chapter 3 | Chapter 7|
Initial Evaluation [ Chapter4 | [ Chapter8 |
Detailed Analysis Chapter 5 Chapter 9
Construction Noise/Vibration | Chapter 10.1 Chapter 10.2
Documentation Chapter 11 Chapter 11
Appendices

A. Background for Noise Concepts

Existing Noise Determination

C.| Noise Source Reference Level Determination
D. Glossary of Terms
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Chapter 2
BASICS OF HIGH-SPEED RAIL NOISE

Noise from high-speed rail systemsis similar to noise from other rail systems except for afew unique
features resulting from the higher speeds of travel. The rail systems defined as "high-speed” are primarily
steel wheeled, both electrically powered and fossil fueled, capable of maximum speeds of 125 mph and
greater. Noise characteristics of these trains vary considerably as speed increases. Consequently, this
manual sub-divides these systems into three categories:

® ‘“high-speed,” with a maximum speed between 125 and 150 mph,
® ‘“very high-speed,” with a maximum speed between 200 and 250 mph, and

®  “maglev,” magnetically levitated and powered systems representing the upper range of speed
performance up to 300 mph, although no such systems currently operate in revenué service.

Because ancillary sources are not unique to high speed ground transportation systems, noise from
electrical substations, maintenance facilities, yards, and stations, are not addressed in this manual. These
noise sources are substantially the same for any type of rail system and do not have characteristics specific
to high-speed rail systems. Noise and vibration from lower speed trains are also not addressed. The
methods described in the corresponding transit noise manual from Federal Transit Administration are
applicablée?

This chapter discusses the basic concepts of high-speed rail noise to provide background for the

!Noise from maglev in this manual is based principally on research and test track data from the German
TransRapid System, currently under devel opment.

2y.s. Department of Transportation, Federal Transit Administration, “Transit Noise and Vibration Impact
Assessment," Final Report, DOT-T-95-16, April 1995.
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assessment procedures presented in Chapters 4 and 5. Noise from a ground transportation system is often
expressed in terms of a Source-Path-Receiver framework. This framework is sketched in Figure 2-1 and is
central to all environmental noise studies. Each project 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. Finally, at each receiver, noise combines from all sources and may interfere with
receiver activities.

)

SOURCE PATH RECEIVER

b i

Figure 2-1 The Source-Path-Receiver Framework

This chapter emphasizes the sour ces of noise from high-speed trains and, to alesser extent, the path
component, which includes aspects such as sound attenuation with increasing distance from the source,
excess attenuation due to atmospheric absorption and ground effects, and acoustic shielding by terrain,
sound barriers, or intervening buildings.

In brief, this chapter contains:

° asummary of the noise descriptors used in this manual for high-speed rail noise (Section 2.1);

° an overview of noise sources, including alist of major sources specific to high-speed rail systems
and discussion of noise-generation mechanisms (Section 2.2);

° an overview of noise paths, with a discussion of the various attenuating mechanisms on the path
between source and receiver (Section 2.3);
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° asummary of the theoretical models used to predict high-speed rail noise, in addition to actual
measurement data from existing high-speed rail systems (Section 2.4).

2.1 NOISE DESCRIPTORS

The universal descriptor used for environmental noise is the A-weighted sound level. It describesthe level
of noise measured at areceiver at any moment in time and is read directly from noise-monitoring
equipment, with the weighting switch set on "A." Typica A-weighted sound levelsfor high-speed rail
and other sources are shown in Figure 2-2. The high-speed rail sources are described further in Section

24.

HIGH-SPEED RAIL
SOURCES

TRO7 at 250 mph
TGV at 180 mph
TRO7 at 180 mph
x2000 at 100 mph
TGV at 100 mph

x2000 at 50 mph
TRO7 at 100 mph/TGV at 50 mph
TRO7 at 50 mph

ALL AT 50 FT

dBA

100
90
80
70
60
50
40

30

OTHER
SOURCES
OUTDOOR INDOOR
Rock Drill
Shop Tools

Jack Hammer

Heavy Truck, 55mph
Metro Train, 50 mph
Bus, 55 mph

Auto, 55 mph
Lawn Mower

Air Conditioner

Food Blender

Clothes Washer

Air Conditioner

Refrigerator

ALL AT 50 FT

ALL AT 3FT

Figure 2-2 Typical A-Weighted Sound Levels

Asshown in Figure 2-2, typical A-weighted sound levels range from the 40s to the 90s, where 40 is very
quiet and 90 isvery loud. The scalein thefigureislabeled "dBA" to denote the way A-weighted sound
levels are typically written. The letters "dB" stand for "decibels’ and refer to the general strength of the
noise. Theletter "A" indicates that the sound has been filtered to reduce the strength of very low and very
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high-frequency sounds, much as the human ear does. Without this A-weighting, noise monitoring
equipment would respond to events people cannot hear, 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. Definitions of acoustical terms are given
in Appendix D. Additional information on noise and its measurement can be obtained from textbooks and
handbooks on acoustics.

2.1.1 Standard U.S. Noise Descriptors
This manual uses the following single-number descriptors, all based on the A-weighted sound level asthe
fundamental unit, for environmental noise measurements, computations, and assessment:

The Maximum Leve (L ., during asingle noise event. There are two standard ways of obtaining
the L, one using the "fast" response setting on the sound level meter, or L, ; (obtained by using a
0.125 second averaging time), and the other using the "slow" setting, or L, 4., (Obtained by using
al second averaging time). L . .« Can occur arbitrarily and is usually caused by asingle
component on amoving train, often a defective component such as aflat spot on awheel. Asa
result, inspectors from the Federal Railroad Administration use L ., 1.« t0 identify excessively noisy
locomotives and rail cars during enforcement of Railroad Noise Emission Compliance Regulations.®
L maxsows With its greater averaging time, tends to de-emphasize the effects of non-representative
impacts and impulses and is generally better correlated with the Sound Exposure Level (SEL),
defined below, which is the basis of impact assessment. Thus, L, 4. iStypicaly used for
modeling train noise mathematically. In general, however, theL ., descriptor in either formis not
recommended for noise impact assessment. Because it is used in vehicle-noise specifications and
commonly measured for individual vehicles, equations are included in Appendix C to convert
between L., 40, @1d the cumulative descriptors described below.

The Sound Exposure Level (SEL) describes areceiver’'s cumulative noise exposure from asingle
noise event. It isrepresented by the total A-weighted sound energy during the event, normalized to
aone-second interval. It isthe primary descriptor of high-speed rail vehicle noise emissions and an
intermediate value in the calculation of both L, and L 4, (defined below).

The Hourly Equivalent Sound Level [L ,(h)] describes areceiver’s cumulative noise exposure
from all events over a one-hour period. The underlying metric for calculating L o(h) isSEL. L ,(h)
is used in this manual to assess noise for non-residential land uses. For assessment, L ,is computed
for the loudest operating hour during the hours of noise-sensitive activity.

The Day-Night Sound Level (L4, or DNL) describes areceiver’s cumulative noise exposure from
all events over a 24-hour period. The basic unit used in calculating L 4, isthe L (h) for each one-

us. Department of Transportation, Federal Railroad Administration, “Railroad Noise Emission
Compliance Regulations,” Final Rule, 48 Federal Register 56756 - 56761; December 23, 1983 (23 Code of Federal
Regulations 210).
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hour period. It may be thought of as a noise exposure, totaled after increasing all nighttime
A-Levels (between 10 p.m. and 7 am.) by 10 decibels. Every noise event during the 24-hour
period increases this exposure, louder events more than quieter events, and events that are of longer
duration more than briefer events. In this manual, L ,is used to assess noise for residential land
uses. Typical community L, s range from about 50 to 70 dBA, where 50 represents a quiet noise
environment and 70 is anoisy one.

Detailed definitions and mathematical representations of all of these noise descriptors are presented in
Appendix A.

2.1.2 Other Noise Descriptors

Noise from high-speed rail systemsis often measured, reported or referred to in terms of other descriptors
used primarily in Europe and Japan. These descriptors are slightly different in their mathematical
definitions from the U.S. descriptors listed above. To avoid confusion with the descriptors used in this
manual, Table 2-1 provides a partial list of these descriptors and a brief definition of each. Mathematical
definitions to assist the user to translate data to the descriptors in this manual are provided in Appendix A.

Table2-1 Summary of International Rail Noise Descriptors

Metric Abbreviation(s) Country Definition
LagpOr Ly, Germany, France Equivalent A-weighted sound-
A-weighted Passby Level o pressure level, energy-averaged over
L ma(mean) Scandinavia  thetime of passby (train length).

Sound-pressure level, energy-

One-Hour L, L aeq1n OF Lpn Germany, France . evaged over one hour.

Average A-weighted Power-averaged "slow" maximum

Maximumm L evel L Amax Japan level (L .o Of 20 consecutive train
passbys.
Power-averaged value of sound
Sound Exposure Level Lae Japan exposure within 10 dB of L 0

sampled at atime interval of 5/3 sec.

2.1.3 ThelL,,-SEL Relationship

To help the reader gain a preliminary understanding of high-speed rail noise descriptors and the

interrel ationships among descriptors, the following discussion illustrates how SEL, the fundamental
descriptor used in calculating noise exposure, relatesto L .. Both descriptors characterize a single noise
event; however, they do not always correlate with each other.

Thel,,, for atypical high-speed train passby isidentified in Figure 2-3, where time is plotted horizontally
and A-weighted sound level is plotted vertically. The event shown represents a measured time signature
of aTGV passhy at 180 mph at 83 feet (25 meters).
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Figure 2-4 Typical Longer-Duration High-Speed Train Event
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The noise exposure that occurred during a high-speed train passby, is shaded in Figure 2-3. This exposure
represents the total amount of sound energy that enters the receiver’s ears (or the measurement
microphone) during the passby. A noise event of longer duration, a Eurostar train passby at 90 mph, is
shown in Figure 2-4. For this event, the noise exposure is large due to duration. Since the Eurostar train
is nearly two times as long as the standard TGV trains, both the added length and slower speed contribute
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to the increased duration of the Eurostar event. Compared with the event in Figure 2-3, theL ., iS4 dBA
lower, but the measured SEL s are the same.

Thetime historiesin Figures 2-3 and 2-4, but with a stretched vertical scale are repeated in Figure 2-5.
The stretched scale corresponds to alinear scale of sound pressure, or energy, at any moment in time.
Mathematically, sound energy is proportional to 10 raised to the (L/10) power, that is, 0%, The
stretched vertical scale represents noise exposure as energy exposures. Only when plotted at this stretched
scale do the shaded zones properly correspond to the noise exposures that underlie the SEL. The shaded
zones in the two frames have equal areas, corresponding to equal noise exposures for these two very
different noise events.

TGV Passby at 180 mph Eurostar Passby at 90 mph

m High Maximum Level = Lower Maximum Level
with Short Duration with Longer Duration
n "Squeezed" SEL / "Squeezed" SEL —

"~ Actual Event

Actual Event

\\) 1sec.—»] |« / 1sec.—] He

zero energy — PRI IR RI MR oA RS U TS RS MRS R M,
0 5 10 15 20 25 0 5 10 15 20 25

(linear scale)

A-Weighted Sound Pressure

Time, seconds Time, seconds

Figure 2-5 An "Energy" View of Noise Events

Each frame of the figure aso contains atall, thin shaded zone of one-second duration. Thistall zoneisthe

way to envision SELs. Inthetall zone, the original shaded zone has been squeezed shorter and shorter in

time, while retaining the same area. Asits duration is squeezed, its height increases to keep the area

constant. If anoise exposure shading is squeezed to a duration 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-weighted sound level.
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2.1.4 Onset Rate

An important characteristic of the noise from high-speed rail systemsisthe onset rate of the sound
signature. Onset rate isthe average rate of change of increasing sound pressure level in decibels per
second (dB/sec) during asingle noise event. The rapid approach of a high-speed train is accompanied by
asudden increase in noise for areceiver near the tracks. Researchers report that sounds of approaching
vehicles carry a sense of convergence and cause greater annoyance than receding sounds.” Moreover,
sounds with fast onset rates are more annoying than sounds with less rapid variation or steady noise with
the same maximum noise level.”> Research by the U.S. Air Force on the effect of onset rate on aircraft
noise annoyance shows that people are increasingly annoyed by sudden sounds with onset rates greater
than about 15 dB per second (dB/sec), as described more fully in Appendix A.%" Onset rates of greater
than 15 dB/sec occur for receivers within 60 feet of a 150 mph train, and occur at greater distances for
trains at higher speeds. Measured onset rates for a steel wheel train (ICE) and amaglev train (TR 07) are
shown plotted for the ratio of speed to distance in Figure 2-6. The plot shows that onset rate:

e increases as speed increases for a given distance, and

» decreases as distance increases for a given speed.

40 ‘ ‘ ‘
| | |
~ ‘ | |
Ry E— Key: ® ICE | b e |
S ¢ TRO7 ! !
& | | e
S | | .
~ 20— ——————————————— Fom e —— o — e —
g | | T
« 1 1 .
5 : O9 o0 !
%) = L,,,,"’,,,, 777’ 7777777777777 e —
£ 10 ° o % | |
S Rt e |
| | |
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Speed/Distance (mph/ft)
Figure 2-6 Measured High-Speed Rail Onset Rates

“G. Rosinger, D. W. Nixon and H.E. von Gierke, “Quantification of the Noisiness of ‘Approaching’ and
‘Receding’ Sounds,” J. Acoust. Soc. Am., $p. 843-853, October 1970.

°K. Plotkin, L.C. Sutherland, J.A. Molino, “Environmental Noise Assessment for Military Aircraft Training
Routes: Volume 2: Recommended Noise Metric.” Wyle Laboratories Report WR 86-21 prepared for Wright-
Patterson Air Force Base AAMRL/BBE, April 1987.

®k.J. Plotkin, K. W. Bradley, J.A. Molino, K.G. Helbing, D.A. Fisher. “The Effect of Onset Rate on
Aircraft Noise Annoyance, Vol. 1: Laboratory Experiments,” US Air Force Systems Command, Report Number AL-
TR-1992-0093, May 1992.

"E. Stusnick, K.A. Bradley, J.A. Molino, and G. deMiranda. “The Effect of Onset Rate on Aircraft Noise
Annoyance, Vol. 2: Rented Home Experiment.” US Air Force Materiel Command, Report Number AL/OE-TR-
1993-0170, October 1992.
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Although the measured onset rates in Figure 2-6 do not exceed about 25 dB/sec at normal measurement
distances, actual onset rates can rise to greater values close to the tracks. When onset rates exceed about
30 dB/sec people tend to be startled, or surprised by the sudden onset of the sound. Startle as an added
factor in annoyance is discussed in Appendix A-4. The onset rate of 30 dB/sec is used as the basis for
establishing distances within which startle is likely to occur and serves as added information in the impact
assessment methods presented in Chapters 4 and 5.

2.2 SOURCES OF HIGH-SPEED RAIL NOISE

The total wayside noise generated by a high-speed train passby consists of several individua noise-
generating mechanisms, each with its own characteristics of source location, strength, frequency content,
directivity, and speed dependence. These noise sources can be generalized into three major regimes: ®

Regimel. propulsion or machinery noise,

Regimell. mechanical noise resulting from wheel/rail interactions and/or guideway vibrations,
and

Regimelll. aerodynamic noise resulting from airflow moving past the train.

For a conventional train with a maximum speed of up to about 125 mph, propulsion and mechanical noise
are sufficient to describe the total wayside noise. The aerodynamic noise component begins to be an
important factor when the train speed exceeds about 160 mph.

The significance of these different regimesis that, for a given train, there are three distinct speed rangesin
which only one sound source dominates the total noiselevel. The dependence of the A-weighted sound
level on vehicle speed (S) for atypical high-speed trainisillustrated in Figure 2-7. A qudlitative
indication of the maximum sound level during a passby is plotted vertically in thisfigure. The three speed
regimes are labeled "1," "11," and "111," each corresponding to the dominant sound source in the regime, or
propulsion, mechanical, and aerodynamic noise, respectively. The speed at which the dominant sound
source changes from one to another is called an acoustical transition speed (v,). The transition from
propulsion noise to mechanical noise occurs at the lower acoustical transition speed (v,;), and the transition
from mechanical to aerodynamic noise occurs at the upper acoustical transition speed (V).

The various noise sources for a steel-wheeled high-speed tracked system and maglev system areillustrated
in Figures 2-8 and 2-9 respectively. These sources differ in where they originate on the train and in what
frequency range they dominate.

®8. Barsikow and B. Milller, “Wayside noise generated by the German high-speed transport systems, ICE
and Transrapid,” 72nd Annual Meeting of the Transportation Research, Béastiington, D.C., 1993.
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Figure 2-7 Generalized Sound Level Dependence on Speed

2.2.1 Regime I: Propulsion Sources

Steel-Wheeled Trains. At low speeds, Regime I, propulsion mechanisms, or machinery and auxiliary
equipment that provide power to the train are the predominant sound sources. Most high-speed trains are
electrically powered; the propulsion noise sources are, depending on the technology, associated with
electric traction motors or el ectromagnets, control units, and associated cooling fans (see Figure 2-8).
Fans can be a major source of noise; on conventional steel-wheeled trains fans are usually located near the
top of the power units, about 10 feet above the rails. Fan noise tends to dominate the noise spectrum in
the frequency bands near 1000 Hz. External cooling fan noise tends to be constant with respect to train
speed, which makes fans the dominant noise when atrain is stopped in a station.

Maglev Trains. Noise from the propulsion magnetsin amaglev systemis aresult of induced vibration
from magnetic forces. One source of vibration is oscillating magnetostriction, which also causes the
characteristic hum sometimes heard from electrical transformers and which islikely to be tonal in
character (see Figure 2-9). Sound at the magnetic pole-passing frequency is another effect of magnetic
traction; the interaction of the moving vehicle and the stationary magnetic poles at a uniform spacing
causes atonal sound that varies uniformly with velocity. These forces are located at the magnet gaps
between the vehicle and the guideway. Propulsion noise in general has arelatively weak speed
dependence, typically following arelationship of ten times the logarithm of speed.
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Figure 2-8 Noise Sources on a Steel-Wheeled High-Speed Rail System
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Figure 2-9 Noise Sources on a Maglev System
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2.2.2 Regime Il: Mechanical/Structural Sources

Steel-Wheeled Trains. The effects of wheel-rail interaction of high-speed trains, guideway structural
vibrations, and vehicle-body vibrations fall into the category of mechanical noise sources. These sources
tend to dominate the total noise level at intermediate speeds (Regime I1), and cover the widest of the three
speed regimes. For steel-wheeled trains, wheel-rail interaction is the source of the rolling noise radiated
by stedl wheels and rails caused by small roughness elements in the running surfaces. This noise sourceis
close to the trackbed with an effective height of about 2 feet above the rails. The spectrum for rolling
noise peaks in the 2 kHz to 4 kHz frequency range, and it increases more rapidly with speed than does
propulsion noise, typicaly following the relationship of 30 times the logarithm of train speed. Wheel-rail
noise typically dominates the A-weighted sound level at speeds up to about 160 mph.

Maglev Trains. Maglev technology is not free from mechanical/structural noise sources despite the lack
of physical contact with the guideway. The maglev analogies to wheel-rail noise from a steel-wheeled
train are noise from wheels rolling on guideway support surfaces at low speeds for el ectrodynamic (EDS)
systems, which require forward motion up to a certain speed before lift can occur, and noise from
magnetic pole-passing. Sound also is radiated by guideway vibrations and vehicle body vibrations. Both
of these sources tend to radiate sounds at relatively low acoustical frequencies; fundamental resonance
frequencies of guideway support beams are generally below 10 Hz, with radiation from box beam panels
up to about 80 Hz. Vehicle body vibrations depend on the details of body panel construction; they can
result in substantial sound radiation throughout the audible range. For maglev systems, the combination
of all mechanical sources results in an increase of noise approximately 30 times the logarithm of speed.

2.2.3 Regime lll: Aerodynamic Sources

Propulsion and rolling noise are generally sufficient to describe the total noise up to speeds of about 160
mph for steel-wheeled trains. Above this speed, however, aerodynamic noise sources tend to dominate the
radiated noise levels. These sources begin to generate significant noise at speeds of about 180 mph,
depending on the magnitude of the mechanical/structural noise. For maglev, thistransition occurs at a
lower speed due to low levels of mechanical noise.

Steel-Wheeled Trains. Aerodynamic noiseis generated from high-velocity airflow over the train. For a
conventional steel-wheeled train, the components of aerodynamic noise are generated by unsteady flow
separations at the front and rear of the train and on structural elements of the train (mainly in the regions
encompassing the trucks, the pantograph, inter-coach gaps, and discontinuities along the surface), and a
turbulent boundary layer generated over the entire surface of the train.

Maglev Trains. For amaglev vehicle, aerodynamic noise sources include the flow separation on the front
and rear ends, vortex shedding from the antennae, flow interactionsin the gap between the vehicle and
guideway, the wake generated at the trailing end, and the turbulent boundary layer.

Aerodynamic sources generally radiate sound in the frequency bands below 500 Hz, generally described
asarumbling sound. Aerodynamic noise level increases with train speed much more rapidly than does
propulsion or rolling noise, with typical governing relationships of 60 to 70 times the logarithm of speed.
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2.3 SOUND PROPAGATION PATH

This section contains a qualitative overview of noise-path characteristics from source to receiver, including
attenuation along these paths. Sound paths from source to receiver are predominantly air-borne. Along
these paths, sound reduces with distance due to (1) diver gence, (2) absor ption/diffusion, and (3)
shielding. The general equation for the prediction of the A-weighted sound level at various distances
from the track can be expressed as follows:

La=La(ref) + Cy+ C,+ G+ G

where:  L,(ref) = aknown A-weighted sound level at some reference distance ref from the source
Cq = adjustment factor for attenuation due to divergence
C, = adjustment factor for excess attenuation due to atmospheric absorption
C, = adjustment factor for excess attenuation from ground absorption
G, = adjustment factor for excess attenuation due to obstacles such as barriers, berms, and

buildings.

In nearly al cases, the adjustment factors are negative numbers due to the nature of the reference
conditions. Each of these adjustment factors are discussed in Sections 2.3.1-2.3.3 in terms of their
mechanisms of sound attenuation. Specific equations for computing noise-level attenuations aong source-
receiver paths are presented in Chapters4 and 5. 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.
Ground-borne and structure-borne noise propagation are discussed in Chapter 6.

2.3.1 Divergence

Sound levels naturally attenuate with distance. Such attenuation, technically called “divergence,” depends
upon source configuration and source-emission characteristics. Divergence is shown graphically for point
sources and line sources separately in terms of how they attenuate with distance in Figure 2-10. The
divergence adjustment facte@,, for the receiver is plotted vertically relative to the sound level 50 feet

from the source. As shown, the sound level attenuates with increasing distance due to the geometric
spreading of sound energy.

For sources grouped closely together (called point sources), attenuation with distance is large: 6 decibels
per doubling of distance. Most individual noise sources on a moving high-speed rail vehicle radiate sound
as point sources. When many point sources are arrayed in a line, all radiating sound at the same time so
any one source is not distinguishable, the arrangement is called a line source. For line sources, divergence
with distance is less: 3 decibels per doubling of distancefor L gnd L , and 3 to 6 decibels per doubling

of distance for |, . A train passing along a track or guideway can be considered a line source. In Figure
2-10, the line source curve separates into three separate lings,for L , with the point of departure
depending on the length of the line source. For example, close to a short train, it behaves like a line
source; far away, it behaves as a point source. The curves shown in Figure 2-10 are for illustrative
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purposes only, and the exact equations for these curves given Chapter 5 should be used for quantitative
analyses.
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Figure 2-10 Attenuation due to Distance (Divergence)

Some sound sources, such as warning bells, radiate sound energy nearly uniformly in al directions. These
are called nondirectional, or monopole, sources. For train noise, however, the rolling noise from wheel -
rail interactions, as well as some types of aerodynamic noise, is complicated because the sources do not
radiate sound equally well in al directions. This unequal radiation is known as sour ce dir ectivity, which
isameasure of the variation in a source’ s radiation with direction. Studies have shown that wheel-rail
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noise can be modeled by representing the source as aline source (or continuous row of point sources) with
dipole directivity.® A dipole radiation pattern has also been observed in the turbulent boundary layer near
the sides of atrain.”® Typically, adipole source radiates a directivity pattern such that the sound pressure
is proportional to the cosine of the angle between the source orientation and the receiver. Consequently,
wheel-rail noise is propagated more efficiently to either side of a moving train than in front, above or
behind it.

2.3.2 Absorption/Diffusion

In addition to attenuating because of geometric spreading of the sound energy, sound levels are further
attenuated when sound paths lie close to absorptive or "soft" ground, such as freshly plowed or vegetation-
covered areas. Thisadditional attenuation, which can be 5 decibels or more within afew hundred feet is
illustrated graphically in Figure 2-11. In this figure the adjustment factor, C, is plotted verticaly asa
function of distance. At very large distances, wind and temperature gradients can ater the ground
attenuation shown here; such variable atmospheric effects generally influence noise levels well beyond the
range of typical railway noise impact and are not included in this manual. Equations for the curvesin
Figure 2-11 are presented in Chapter 5.

0
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m ‘ P
© 20 ft
= Note: Values are
2 approximate. 10 ft
< Use equations : : : S 5 ft or less
G 10 |- |in Chapter 5 -
2 | T IS N
| Average path height above absorptive ground
50 100 500 1,000

Source-receiver distance, in feet

Figure 2-11 Attenuation due to Soft (Sound-Absorptive) Ground

°E.J. Rathe, “Railway noise propagation,” J. Sound Vib. 51, 371-388 (1977).

O F. King, “On the boundary layer contribution to wayside noise generated by high-speed tracked
vehicles,” Inter-Noise ‘94 Proceedings (1994), pp.175-180.
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2.3.3 Shielding

Sound paths are sometimes interrupted by noise barriers, by terrain, by rows of buildings, or by
vegetation. Noise barriers, usually the most effective means of mitigating noise in sensitive areas, are the
most important of these path interruptions. A noise barrier reduces sound levels at areceiver by breaking
the direct path between source and receiver with a solid wall; vegetation, in contrast, 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 2-12. This diffraction reduces the sound level
at the receiver.

Sound
Shadow

L Barrier L Barrier

without absorption with absorption

Figure 2-12 Noise Barrier Geometry

Noise barriers for transportation systems typically attenuate noise at the receiver by 5to 15 dBA (which
corresponds to an adjustment factor C, range of -5 to -15 dBA), depending upon receiver and source
height, barrier height, length, and distance from both source and receiver. The attenuation of noise by a
barrier also is frequency dependent, i.e., al other factors being the same, the higher the frequency of the
noise, the greater the barrier attenuation. As discussed in Section 2.2, the peak frequencies and source
heights of high-speed rail noise vary according to the dominant noise source in a particular speed regime.
In general, aerodynamic noise has lower peak frequencies than does wheel-rail noise, which means that a
barrier isless effective at attenuating aerodynamic noise. In addition, aerodynamic noise sources tend to
be located higher up on the train than wheel-rail noise sources. Asaresult, anoise barrier high enough to
shield aerodynamic noise will be relatively expensive compared to a barrier for controlling wheel-rail
noise, since it must extend 15 feet or more above the top of rail. For operating speeds up to about 160



Chapter 2: Basics of High-Speed Rail Noise 2-17

mph, abarrier high enough to shield wheel-rail and other lower car body sound sources would normally
provide sufficient sound attenuation.

Barriers on structure, very close to the source, provide less attenuation than predicted using standard
barrier attenuation formulae, due to reverberation (multiple reflections) between the barrier and the body
of thetrain. Thisreverberation can be offset by increased barrier height, which is easy to obtain for such
close barriers, and/or the use of acoustically absorptive material on the source side of the barrier. These
concepts areillustrated in Figure 2-12. Acoustical absorption isincluded as amitigation option in
Chapter 5. Equations for barrier attenuation, as well as equations for other sound-path interruptions, also
are presented in Chapter 5.

2.4 MATHEMATICAL MODEL OF HIGH-SPEED RAIL NOISE

The development of the high-speed rail noise prediction model consists of two distinct parts: (1)
identification of sources, and (2) modeling of the outdoor sound propagation. Part (1) involves the
identification and localization of sound sources specific to high-speed rail, and is based solely on empirical
data. Section 2.4.1 presents an overview of the available data used to quantify these sources. Part (2)
involves the application of sound propagation theory to account for characteristics of the noise path.
Section 2.4.2 provides a summary of the mathematical models used to predict sound levels at specific
locations.

2.4.1 Identification of Sources

Most of the data used to devel op the high-speed rail noise model are taken from measurements of revenue
service high-speed train operations in Europe.™ These measurements of electrically powered trains
include the TGV and Eurostar trains in France, the X2000 tilt train in Sweden, and the Pendolino tilt train
in Italy. The purpose of the measurement program is to document wayside noise levels from
representative European high-speed trainsets, with the specific objective of developing a prediction model
for high-speed rail noise. In addition, an existing database of noise measurements from the U.S. Northeast
Corridor (NEC) Electrification Project *% the National Maglev Initiative (NMI) Project *°, and various
other sources, provide supplementary data on ICE (Germany), TGV, X2000, RTL-2 (gas-turbine
powered), and TRO7 (German maglev trainsets).

MM easurements were conducted by Harris Miller Miller & Hanson Inc., in April and May, 1995, as part of
the methodology devel opment effort for this manual.

2ys Department of Transportation, Federal Railroad Administration, Northeast Corridor | mprovement
Project Electrification -New Haven,CT to Boston, MA: Final Environmental |mpact Statement/Report, Volume I1:
Technical Studies, Chapter 4. Noise and Vibration. DOT/FRA/RDV-94/01-B, DOT-VNTSC-FRA-94-6, Fina
Report October 1994.

13y.S. Department of Transportation, Federal Railroad Administration, Noise from High Speed Maglev
Systems, DOT/FRA/NMI-92/18, January 1993.
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Asan overview of the available data, measured noise levels from the various high-speed trainsets are
plotted over arange of speedsin Figures 2-13 and 2-14. A graph of L, 4o, @ afunction of train speed,
normalized to areference distance of 100 feet is shown in Figure 2-13. Figure 2-14 shows the noise level
plotted in terms of SEL, with the data normalized to a reference distance of 100 feet and areference train
length of 740 feet. Datafrom the following test programs are represented in these figures:

° Revenue service operations in Europe. Data from the European measurement program conducted in
France, Italy and Sweden referred to above are plotted as individual data pointsin the graphs. Each
data point represents a large quantity of data averaged over similar speed events. Siteswere
selected to cover arelatively wide speed range.  They include operations of the TGV and Eurostar
in France, Pendolinoin Italy, and X2000 in Sweden.

° Maglev test track in Germany. TRO7 noise curve is based on regression analysis of data obtained
from tests on a prototype maglev vehicle (TransRapid TR0O7) at the maglev test track in Emsland,
Germany.

° Trainset demonstrations on NEC. Curves of noise level versus speed generated by the noise model
recently developed as part of the NEC Electrification Project are included.™ These curves are based
on measurements conducted on the Northeast Corridor as part of demonstration testing of several
newer-technology trainsets (including the German | CE, Swedish X2000, and the U.S./French RTL-
2 Turboliner) inthe U.S. The curves are plotted up to the actual maximum speed obtained for each
trainset during testing, even though the maximum allowable speed may be higher.

The results in Figures 2-13 and 2-14 indicate that the European steel-wheeled train measurement data
generally fall within the range of the train noise curves developed for the NEC Project. The results also
suggest that:

> The TGV trainstested in Europe have noise emissions similar to the ICE and RTL-2 trainstested in
the U.S.

> Wayside noise levels for the X2000 and Pendolino trains averaged about 5 decibels higher than
other trains measured, with noise emissions similar to the X2000 train tested in the U.S.

> Datafor the Eurostar trains showed the greatest variation, with noise levels scattered over the range
for other trains.

Maglev noise levels are consistently low relative to the steel-wheeled trains, but it is clear that as speeds
reach the upper limits there is |l ess difference between the steel-wheeled and maglev technologiesin the
level of noise generated as the aerodynamic component becomes significant.

1Because the NEC noise models were devel oped with less detailed consideration of noise subsources and
propagation effects, they do not necessarily yield identical results as computed using the more updated models
presented in Chapters 4 and 5 of this manual.
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2.4.2 Basic Equations

The general approach used to model noise from high-speed trains considers each noise source from atrain
passby separately as a moving line source of given length, height, speed dependence, and directivity
pattern. The standard model for noise from wheel-rail interactionsis an incoherent dipole line source. ®
Most other sources, such as propulsion and aeroacoustic mechanisms, can be modeled as having ssimple
monopole directivity.">*°

Since the noise impact criteria are based on noise exposure metrics L ., and L 4,, the noise computations are
based on areference SEL for each source corresponding to a set of reference operating conditions. Since

L ..x 1S Often the quantity that is measured or provided in vehicle noise specifications, it isimportant to
understand the relationship between L, and SEL. The following equations based on Rathe’s model can
be used to relate SEL tq,l. under reference conditions:

SEL=L,, +10|og§ﬂ§— 10log{2a +sin(2a)} +33 for dipole sources
Vv
en

SEL = Ly + 10Iog%7%— 10log(2a) +33 for monopole sources
Vv

where:

Lmax = reference L ., s Under reference conditions (Ve , Vet ), OBA,
len = reference source length, feet,

v = reference train speed, mph,

a =tan '1('2%), radians, and

y = reference observer distance from track centerline, feet.

Reference conditions are given in tables in Chapters 4 and 5. The following equation is then used to
adjust a reference SEL to other operating conditions at the reference djstance

Oen O Oy O
SEL = SEL « +1OIog%en—ref%+ K Iog%aé

® Theradiati ng parts of aerodynamic noise such as the pantograph and the turbulent boundary layer near
the wall can originate from dipole-like sources. However, because of the turbulent nature of the sound-generating
mechanisms, the directions of the axes of dipoles are likely to vary in time and position, resulting in amore or less
randomly radiating chaos of fluctuating dipoles. Thus, the global directivity pattern of atrain is more appropriately
modeled as a monopol e, even though the sources may be dipoleslocally.

183.D. van der Toorn, H. Hendriks, T.C. van den Dool, “Measuring TGV source strength with
SYNTACAN,” J. Sound Vib. 193(1), 1996, p. 113-121.
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where:
len = source length, feet,
K = gpeed coefficient, and
v = train speed, mph.

SEL and L, are descriptors of noise levelsfrom asingle train passby. The following equations are used
to predict noise exposure in terms of the cumulative metrics L (h) and L 4, and to adjust for divergence
and the effects of the propagation path:

Leg(h) =SEL +10l0g (V) + Cy +Cy + Cp, —356

O %eq (day)/m% gm (night)+l% %E

L4y =10log 5% 10 +9x10 -138

where:
V = hourly volume of train traffic, in trains per hour
C4 = correction for divergence (distance attenuation), dB
Cgy = correction for ground attenuation, dB
C,, = correction for excess shielding due to barriers or berms, dB
Ly (day) =daytimeL o, or energy - average Lg, (h) during daytime hours (7 am. to 10 p.m.)
Leg (night) = nighttime L o, or energy - average L, (h) during nighttime hours (10 p.m. to 7a.m.)

Methods for calculating the correction factors C,, C, and C are based on source type, receiver distance,
and cross-sectional geometry are presented in Chapters 4 and 5.
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Chapter 3
NOISE IMPACT CRITERIA

The criteria used in evaluating noise impacts from high-speed rail are based on maintaining a noise
environment considered acceptable for land uses where noise may have an effect. These criteriatake into
account the unusual noise characteristics of high-speed rail operations, including the effects of startle on
humans, livestock, and wildlife to the extent that these effects are known.

The noise impact criteriafor high-speed rail facilities are presented in Section 3.1. These criteriaare
adapted from criteria devel oped by the Federal Transit Administration for rail 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 it is determined by the minimum measurable
change in community reaction. The corresponding criterion for severe impact aso varies according to the
existing noise level aswell as the project noise leve, but it is determined by the change in community
reaction between an acceptable and an unacceptable noise environment. Guidelines for the application of
the criteriaare included in Section 3.2, and background material on the development of the criteriais
included in Appendix A.

3.1 NOISE IMPACT CRITERIA FOR HIGH SPEED RAIL PROJECTS

The noise impact criteriafor high-speed rail projects are shown in graphs and tablesin this section. The
eguations used to define these criteria are included in Appendix A. The criteria apply to high-speed rail

ys. Department of Transportation, Federal Transit Administration. “Transit Noise and Vibration Impact
Assessment,” Final Report, DOT-T-95-16, April 1995.
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operations as well asto fixed facilities such as storage and maintenance yards, passenger stations and
terminals, parking facilities, and substations.

3.1.1 Basis of Noise Impact Criteria

The noise impact criteria for human annoyance, presented in Figure 3-1 and Table 3-1, are based on
comparison of the existing outdoor noise levels and the future outdoor noise levels from a proposed high-
speed rail project. They incorporate both absolute criteria, which consider activity interference caused by
the high-speed rail project aone, and relative criteria, which consider annoyance due to the change in the
noise environment caused by the project. These criteria were devel oped to apply to awide variety of
surface transportation modes, to recognize the heightened community annoyance caused by late-night or
early-morning operations, and to respond to the varying sensitivities of communities to projects under
different background noise conditions.

The noise criteria and descriptors for human annoyance depend on land use, as defined in Table 3-2.
Further guidance on the definition of land use, the selection of the appropriate noise metric, and the
application of these criteriaare given in Section 3.2, with more detailed guidelines provided in Chapters 4
and 5.

Noise effects on livestock and wildlife also have been considered. There are no established criteria
relating high-speed rail noise and animal behavior. However, some characteristics of high-speed rail noise
are similar to low overflights of aircraft, and researchers generally agree that high noise levels from
aircraft overflights can have adisturbing effect on both domestic livestock and wildlife. Some animals get
used to noise exposure, while some do not. Documented effects range from simply taking notice and
changing body position to taking flight in panic. Whether these responses represent a threat to survival of
animals remains unclear, although panic flight may result in injuriesto animalsin rough terrain or in
predation of unprotected eggs of birds. A limited amount of quantitative noise data relating actual levels
to effects provides enough information to develop a screening procedure to identify areas where noise
from high speed rail operations could affect domestic and wild animals. The basis for the screening is
shownin Table 3-3. A summary of recent literature related to noise effects on livestock and wildlifeis
included in Appendix A.



3-3

Chapter 3: Noise Impact Criteria

(vap) sasn pue
¢ AlobBare) ‘ainsodx3 aslop 108loid

4 50
45

1 and 3 land uses, L, for

Category 2 land uses.

Noise exposure is in terms
- of L¢q (h) for Category

45

O 5 O 5 O _.O O 5 O
00 N~ N~ O O Lo Lo < <

(vap) sesn pue
Z pue T Alobare) ‘ainsodx3 asliop 108loid

55 60 65 70 75 80

Existing Noise Exposure (dBA)

50
Figure 3-1 Noise Impact Criteria for High Speed Rail Projects

40




3-4 High-Speed Ground Transportation Noise and Vibration Impact Assessment

Table 3-1 Noise Levels Defining Impact for High Speed Rail Projects

Eﬂziigeg Project Noise Impact Exposure,” L (h) or L, (dBA)

Exposure’ Category 1 or 2 Sites Category 3 Sites

Ly (h) or Ly,

(dBA) No Impact Impact Severe |mpact No Impact Impact Severe |mpact
<43 < Ambient+10 ABt:':g? >Ambient+15 <Ambient+15 Alrgbt':;g >Ambient+20
43 <52 52-58 >58 <57 57-63 >63
44 <62 52-59 >59 <57 57-64 >64
45 <52 52-59 >59 <57 57-64 >64
46 <62 52-59 >59 <57 57-64 >64
47 <52 52-59 >59 <57 57-64 >64
48 <53 53-59 >59 <58 58-64 >64
49 <53 53-59 >59 <58 58-64 >64
50 <53 53-60 >60 <58 58-65 >65
51 <54 54-60 >60 <59 59-65 >65
52 <54 54-60 >60 <59 59-65 >65
53 <54 54-60 >60 <59 59-65 >65
54 <55 55-61 >61 <60 60-66 >66
55 <55 55-61 >61 <60 60-66 >66
56 <56 56-62 >62 <61 61-67 >67
57 <56 56-62 >62 <61 61-67 >67
58 <57 57-62 >62 <62 62-67 >67
59 <57 57-63 >63 <62 62-68 >68
60 <58 58-63 >63 <63 63-68 >68
61 <58 58-64 >64 <63 63-69 >69
62 <59 59-64 >64 <64 64-69 >69
63 <60 60-65 >65 <65 65-70 >70
64 <60 60-66 >66 <65 65-71 >71
65 <61 61-66 >66 <66 66-71 >71
66 <61 61-67 >67 <66 66-72 >72
67 <62 62-67 >67 <67 67-72 >72
68 <63 63-68 >68 <68 68-73 >73
69 <64 64-69 >69 <69 69-74 >74
70 <64 64-69 >69 <69 69-74 >74
71 <65 65-70 >70 <70 70-75 >75
72 <65 65-71 >71 <70 70-76 >76
73 <65 65-72 >72 <70 70-77 >77
74 <65 65-72 >72 <70 70-77 >77
75 <65 65-73 >73 <70 70-78 >78
76 <65 65-74 >74 <70 70-79 >79
77 <65 65-75 >75 <70 70-80 >80
>77 <65 65-75 >75 <70 70-80 >80

L, is used for land use where nighttime sensitivity is afactor; L, during the hour of maximum transit noise exposure
is used for land use involving only daytime activities.
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Table3-2 Land Use Categoriesand Metricsfor High Speed Rail Noise Impact Criteria

Land Use Noise Metric’ .
Category (dBA) Description of Land Use Category
Tracts of land where quiet is an essentia element in their intended purpose.
1 Outdoor Leq(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, includes homes, hospitals, and hotels where a nighttime sensitivity to noise
is assumed to be of utmost importance.

Ingtitutional 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, as well as places for
meditation or study associated with cemeteries, monuments, and museums.
Certain historical sites, parks and recreational facilities are also included.

" Onset-rate adjusted sound levels (L, L) areto be used where applicable.
“ L, for the noisiest hour of transit-related activity during hours of noise sensitivity.

3 Outdoor L ,(h)”

Table3-3 Interim Criteriafor High Speed Rail Noise Effectson Animals
Animal Category Class Noise Metric Noise Level (dBA)
Domestic Mammals (Livestock) SEL 100

Birds (Poultry) SEL 100
wild Mammals SEL 100
Birds SEL 100

3.1.2 Definitions of Levels of Impact

The noise impact criteria are defined by two curves relating project noise levelsto existing noise. Below
the lower curve in Figure 3-1, a proposed project is considered to have no noise impact since, on the
average, the introduction of the project will result in an insignificant increase in the number of people
highly annoyed by the new noise. The curve defining the onset of noise impact stops increasing at 65 dB
for Category 1 and 2 land use, a standard limit for an acceptable living environment as defined by a
number of federal agencies. Project noise above the upper curveis considered to cause Severe Impact
since a significant percentage of people would be highly annoyed by the new noise. This curve flattens
out at 75 dB for Category 1 and 2 land use, a level associated with an unacceptable living environment.
Asindicated by the right-hand scale on Figure 3-1, the project noise criteriaare 5 decibels 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.
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The proposed project is judged to have an impact between these two curves, though not severe. The
change in the cumulative noise level is noticeable to most people, but it 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 the impact and the need for mitigation, such as the 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 is important to emphasize that the increase in the cumulative noise — when the project noise is
added to existing noise — is the basis for the criteria. The complex shapes of the curves are based on the
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
cumulativenoise exposure. The horizontal axis is the existing noise exposure and the vertical axis is the
increase in cumulative noise level due to the high-speed rail project. The measure of noise expgsure is L
for residential areas and L. for land uses that do not have nighttime noise sensitivity. 4Since L, and L

are measures of total acoustic energy, any new noise source in a community will cause an increase, even if
the new source level is less than the existing level. Figure 3-2 shows that the criterion for impact allows a
noise exposure increase of 10 dBA if the existing noise exposure is 42 dBA or less but only a 1 dBA
increase when the existing noise exposure is 70 dBA.

As the existing level of ambient noise increases, the allowable level of project noise increases, but the total
allowable increase in community noise exposure is reduced. This reduction accounts for the unexpected
result -- project noise exposure levels that are less than the existing noise exposure can still cause impact.
The examples in Table 3-4 more clearly illustrate the levels of project noise and existing levels of
exposure that result in crossing the threshold of impact.

Table 3-4 Noise Impact Criteria: Effect on Cumulative Noise Exposure
L4n OF Lo, in dBA (rounded to nearest whole decibel)

Existing Noise Project Noise Combined Total Noise Noise Exposure
Exposure Exposure Exposure Increase
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




Chapter 3: Noise Impact Criteria 3-7

20 [C | | | : | |
— SEVERE IMPACT | Note: o
| 3 3 | | Noise exposure is in terms
15 ************* pmmmmmmmeees e of L¢q (h) for Category B
i | | 1 land uses, L, for
— IMPACT Category 2 land usgs.

Noise Exposure Increase

Existing Noise Exposure

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

Any increase in alowable noise exposure greater than shown in Table 3-4 will cause impact. Thistable
shows that as the existing noise exposure increases from 45 dBA to 75 dBA, the allowed project noise
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 whole decibel). The justification for this decrease
isthat people aready exposed to high levels of noise will notice and be annoyed even by only a small
increase in the amount of noise in their community. In contrast, if the existing noise levels are quite low, a
greater 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 that
have been documented in scientific literature and do not account for specific community attitudinal factors
that may exist.

3.2 APPLICATION OF NOISE IMPACT CRITERIA

This section provides practical guidance on interpretation of the land use categories and application of the
impact criteria.
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3.2.1 Noise-Sensitive Land Uses

Asindicated in Section 3.1.1, the noise impact criteria and descriptors for human annoyance depend on
land use, designated either Category 1, Category 2, or Category 3. Category 1 includes tracts of land
where quiet is an essential element in their intended purpose, such as outdoor concert pavilions or National
Historic Landmarks where outdoor interpretation routinely takes place. Category 2 includes residences
and buildings where people sleep, while Category 3 includes ingtitutional land uses with daytime and
evening use, such as schools, places of worship, and libraries.

The criteria do not apply to most commercia or industrial uses because, in general, the activities within
these buildings are compatible with higher noise levels. They do apply, however, to business uses that
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.
Historical sitesthat are currently used as residences would be in Category 2. Historic buildings with
indoor use of an interpretive nature involving meditation and study fall into Category 3. Category 3 sites
include museums, significant birthplaces, and buildings in which significant historical events occurred.

Most busy downtown areas have buildings that are historically significant because they represent a
particular architectural style or are prime examples of the work 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 noise-sensitive, and the noise impact criteria do not apply.
Similarly, historical transportation structures, such as terminals and railroad stations, are not considered
noise-sensitive sites.  These buildings or structures are, of course, afforded specia 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 settings in which they are located, these types of historical buildings
are not considered noise-sensitive sites.

While parks are considered in general to be noise-sensitive sites, in some cases actual noise sensitivity
depends on how the park isbeing 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 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. In locations very near the right-of-way, the “onset-rate adjusted sound level” may be used
(Figure 4-2). The location of the plotted point in the three impact ranges is an indication of the magnitude
of the impact. For simplicity, noise impact also can be determined by using Table 3-1, rounding all noise
level 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, a more precise determination of noise impact may be appropriate in some situations, such as
estimating the distance from the project to which noise impact extends. In such cases, more precise noise
limits can be determined using the criteria equations provided in Appendix A.
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The noise criteria are to be applied outside the building locations for 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
typica 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). Thisis because
comparison of a projection with an existing condition is more accurate than comparison of a projection
with another projection. Furthermore, it should be emphasized that it is not necessary nor isit
recommended that the existing noise exposure be determined by taking measurements at every noise-
sensitive location in the project area. Rather, the recommended approach isto characterize the noise
environment for "clusters' of sites based on measurements or estimates at representative locations in the
community. Inview of the sensitivity of the noise criteriato the existing noise exposure, careful
characterization of the existing noiseisimportant. Guidelines for selecting representative receiver
locations and determining ambient noise are provided in Appendix B.

Application of criteriafor livestock and wildlife provides information on the exposed areain which noise
could have an effect, even if the consequences of those effects are not fully known. Researchers have
observed both behavioral and physiological effects with the approximate single event sound levelslisted in
Table 3-3. The noise descriptors used by the researchers are not always well defined, but the best
descriptor for asingle event that incorporates both level and duration is the Sound Exposure Level (SEL).
Procedures for calculating SEL for varying distances from high speed train passbys are described in
Chapters 4 and 5. Criteriaare not yet fully developed to the point where dose-response relationships can
be fully described for different animal species. However, the assessment is based on the assumption that
impact occurs when a noise event is sufficiently loud to generate an observable effect in domestic
livestock or wildlife. The term “wildlife” is assumed to include all endangered species until species-
specific information can be developed.

3.2.3 Mitigation Policy Considerations

FRA's traditional approach to abatement of noise sources from high speed rail systems is embodied in its
Railroad Noise Emission Compliance Regulafion. Rather than specific environmental regulations, the
compliance regulation is intended to enforce the “Noise Emission Standards for Transportation

Equipment: Interstate Rail Carriers” promulgated by the U.S. Environmental Protection Agency. These
Standards limit the amount of noise emitted from power cars and rail cars under stationary and moving
conditions. In addition, the National Environmental Policy Act (NEPA) establishes a broad mandate for
federal agencies to incorporate environmental protection and enhancement measures into the programs and

2u.s. Department of Transportation, Federal Railroad Administration,”Railroad Noise Emission
Compliance Regulations,” Final Rule, 48 Federal Register 56756- 56761; December 23, 1983 (23 Code of Federal
Regulations 210).

3U.S. Environmental Protection Agency, “Noise Emission Standards for Transportation Equipment:
Interstate Rail Carriers,” 40 Code of Federal Regulations 201, July 1, 1984.
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projects they help promote, approve and/or finance.” FRA strongly encourages noise abatement on high
speed rail projects where noise impacts, and certainly where severe noise impacts are identified according
to methods of this manual.

*United States Congress, National Environmental Policy Act of 1969; P.L. 91-190, January 1, 1970.
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Chapter 4
INITIAL NOISE EVALUATION

This chapter contains procedures for an initial evaluation of potential noise impacts from a high-speed
rail project. The goals of an initial noise evaluation are to identify the potential for impacts and to
determine their order of magnitude, so that a more detailed analysis can be done where significant
impacts are found in later phases of the design processes. Theinitial evaluation includes two parts. a
preliminary screening of the project corridor to identify areas of potential impact, and a general noise
assessment. The Screening Procedure is described in Section 4.1 and the General Assessment
procedures are described in Section 4.2. An example of an initial noise evaluation appears at the end of
this chapter. Theinitial evaluation resultsin an inventory of buildings where noise impact could occur
and where noise mitigation measures, such as noise barriers, may be needed. In thisregard, the method
is designed to overstate the potential impact. Thisinformation is useful for comparing aternatives and
selecting those with the least potential for noise impacts.

Noise from high-speed trains passing near noise-sensitive receptorsis the focus of an initial evaluation.
Except for special cases, other ancillary project noise sources, such as electrical sub-stations, roadway
traffic near passenger stations, and maintenance facilities generally should not be considered at this stage
of planning. Usualy, alack of detail on the design and placement of these types of noise sources
precludes a meaningful noise assessment.

The screening procedure of theinitial evaluation is based on the type of technology and the type of area
the alignment is passing through. The screening procedure identifies whether impacts are likely to occur,
but it does not attempt to predict noise exposure at specific receptors or to estimate the mitigation
requirements. The screening procedure is appropriate for very early phases of a project when the design
isstill at aconceptual stage.



4-2 High-Speed Ground Transportation Noise and Vibration Impact Assessment

The General Assessment portion of the initial evaluation is based on noise source and land use
information likely to be available at early stagesin the project development process. The General
Assessment includes estimating source level for the high-speed rail technology being considered,
estimating existing noise exposure using a simplified procedure, determining noise impact based on the
criteriagiven in Chapter 3, and preparing an inventory of the potentia impacts and mitigation
requirements. At the comparatively early planning stage, the General Assessment can help establish the
most promising corridor locations.

4.1 NOISE SCREENING PROCEDURE

The Screening Procedure is based on very general assumptions and can be applied in the early phases of
aproject before specific project elements have been defined. The screening distances appropriate for the
project are used to define the study areafor any subsequent noise impact assessment. Distances for
project types are listed in Table 4-1. When there are noise-sensitive receptors within the screening
distance, impact is possible, and as the project definition evolves, the procedures for General (this
chapter) and Detailed (Chapter 5) Noise Assessments are used to determine the extent and severity of
impact.

The Screening Procedure indicates whether any noise-sensitive receivers are close enough to the
proposed alignments for noise impact to be possible, and it identifies |ocations where the project has
little possibility of noiseimpact. Screening can be useful when making a broad-brush comparison of
potential impacts for different corridors. Screening also can be used to select the corridors that will be
studied in more detail and to define the study area of any subsequent noise impact assessment. This
selection can be akey element of anoiseimpact study since high-speed rail corridors may extend over
hundreds of miles. Where no noise-sensitive land uses are within the screening distance, no further noise
assessment is necessary. This approach allows the noise analysis to focus on 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, al noise-sensitive land uses are considered to bein asingle
category. The distances given in Table 4-1 delineate a project’ s noise study area. The areas defined by
the screening distances are sufficiently large to encompass all potential impacts. The distances were
developed using typical noise emissions of high-speed trains, but with the maximum number of
operations and speeds of a given project type and the lowest applicable impact threshold from Chapter 3
to obtain worst case conditions. This approach gives a conservative estimate of impact. With the greater
refinement in the general and detailed procedures, the noise impact distances should always be less than
the screening distances listed in Table 4-1.

The Screening Procedure is applicable to high-speed rail projects using both steel-wheeled and maglev
technologies. Screening distances by the type of corridor or alignment involved, either shared with an
exigting rail or highway corridor or newly built through undeveloped land, arelistedin Table 4-1.
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The steps for the Screening Procedure are:

Step 1. Project Setting. Determine the type of project corridor, and ambient noise environment,
and locate them on Table 4-1. For many high-speed rail projects, the corridor can vary from
one type to another, both in alignment characteristics and ambient environment, over the
length of the project corridor. These variations should be identified and included when
screening an entire project corridor.

Step 2. Technology. Determine the appropriate column (steel-wheel on steel rail or maglev) under
Screening Distancein Table 4-1. Apply this distance from the guideway centerline.

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

Step 4. Assessment. 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 are within the screening distances noted in Table 4-1,
then the project will require further analysis using the General Noise Assessment
procedures described in the following sections.

Table4-1 Screening Distances for Noise Assessments
] ) ] Screening Distance' for Project Type (feet)
Type of Project Corridor Ambient Type
Steel-Wheeled Maglev
] o o Urban/Noisy Suburban 450 200
Shared with Existing Rail Line }
Quiet Suburban/Rural 900 300
] o ] Urban/Noisy Suburban 450 125
Shared with Existing Highway i
Quiet Suburban/Rural 700 125
New Corridor (previously Urban/Noisy Suburban 450 200
undevel oped land) Quiet Suburban/Rural 900 350
! Measured from centerline of guideway or rail corridor

4.2 GENERAL NOISE ASSESSMENT

The General Noise Assessment determines the potential for noise impact by applying ssimplified models
to estimate train noise and existing ambient noise, and then comparing the results with the impact criteria
in Chapter 3. The procedure involves noise predictions commensurate with the level of detail of
available data in the early stages of major investment planning. For projectsin preliminary stages of
planning, a general assessment may be all that is needed to evaluate noise impacts and to propose
mitigation measures. The General Assessment also can be used to compare alternatives, such as
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locations of alignments or candidate high-speed transportation modes (steel-wheel ed versus maglev
technology), and can provide the appropriate level of detail about noise impacts for a corridor or sub-
area study.

The general noise assessment procedure starts with determining the project noise level at areference
distance for the various project alternatives. This reference noise source level differs depending on the
type of high-speed vehicle chosen for the project. The noise generated by each vehicle depends on the
source characteristics described in Chapter 2. The reference noise source level is then used to compute
noise exposure, accounting for anticipated operating conditions based on information about the project.
At an early project stage, the information available may include:

° candidate technology or vehicle type,

° guideway variations,

° hours of operation,

° headwayss,

° design speed, and

° alternative alignments.

Thisinformation is not sufficient to predict noise levels at all 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 impacts.

The steps in the general noise assessment are described in detail in the following sections and are
summarized below:

Step 1. Sourcelevels

» Place the alternative under study into one of three categories: steel-wheeled el ectric-powered,
steel-wheeled fossil fuel-powered, or maglev.

» Determine the source reference level, which pertainsto atypical passby of the project vehiclein
agiven speed range under reference operating conditions. Use Table 4-2. The noise descriptor,
SEL, used to define the reference level isdiscussed in Chapter 2. If L, isavailable from source
measurements or specifications, a conversion to SEL is necessary. Use the method described in
Appendix C.

Step 2. Project Operating Conditions

»  Convert the source reference level to noise exposure in terms of L .(h) or L, at the reference
distance of 50 feet under anticipated project operating conditions. Use the appropriate equations
contained in Table 4-4, depending upon the type of source.
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» Correct the noise exposure to account for vertical terrain effects, such as embankments and
trenches. Use the method described in Section 4.2.2.

Step 3. Propagation Characteristics

» Draw anoise exposure-versus-distance curve for this source, which will show the project noise
exposure as afunction of distance, ignoring shielding. Use the method described in Section
4.2.3.

» Estimate the reduction in noise level to account for shielding attenuation from rows of buildings.
Use the general rule given at the bottom of Table 4-5. It isimportant to include adjustments for
shielding attenuation from rows of buildings, omitting them can result in unrealistically high
estimates of noise impact.

» Draw an adjusted exposure-versus-distance curve.

» ldentify noise-sensitive locations very close to the tracks where receivers may be startled by
rapid onset rates of noise from high-speed trains. The distance defining a potential startle zone
isidentified in Section 4.2.3.

Step 4. Study Area Characteristics

» Estimate the existing noise exposure for areas adjacent to the project. Use the methods described
in Section 4.2.4.

Step 5. Noise |l mpact Estimation

» Locate the distance at which project noise exposure results in impact corresponding to the
estimated existing noise exposure, on a point-by-point basis. Use 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, when it is desired to compare different technol ogies:
» Determine contours corresponding to specific noise levels from the exposure-vs.-distance curves

(for example, 60 dBA, 65 dBA, 70 dBA contours).

Step 6. Noise I mpact | nventory

» Tabulate noise-sensitive land uses within the specific contours.

Step 7. Noise Mitigation

» Estimate the noise reduction that would be achieved with mitigation in the community areas
where potential for impact has been identified.

» Repeat the tabulation of noise impacts after mitigation has been applied.
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4.2.1 Noise Source Levels for General Assessment

The procedure starts with establishing the noise source levels, expressed in terms of SEL under reference
conditions of speed, distance, and length. These quantities are given in Table 4-2 for the two general
categories of high-speed trains. steel-wheeled (including both el ectric-and fossil fuel-powered
locomotives) and maglev trains.

Reference SEL s for each type of high-speed rail vehicle are given in Table 4-2 for the three speed
regimes corresponding to propulsion, mechanical, and aerodynamic noise sources dominating the overall
wayside noise. The speed regimes were discussed in Chapter 2. These speed regimes are defined by
transition speeds, S, and S, as well as speed-dependency coefficients K, which represent the slopes of
the SEL versus speed curve in each regime. These parameters are included in Table 4-2. For each speed
regime, the table also lists the reference SEL, reference speed, and reference length.  These parameters
are used in the equations of Table 4-4 to predict the noise exposure at 50 feet. A reference distance of 50
feet is used to minimize propagation effects.

Table4-2 Reference Parametersat 50 feet from Track/Guideway
Vehicle Type
. - Speed
Refer ence Quantity Abbreviation ; Steel-Wheeled
Regime , _ Maglev
Electric Fossil Fuel
I 89 dBA 87 dBA 72 dBA
Reference SEL SEL 4 1] 93 dBA 94 dBA 73 dBA
11 99 dBA n/a 78 dBA
I 3 5 2
Speed Coefficient K I 17 16 17
"I 47 n/a 50
I 20 mph 20 mph 20 mph
Reference Speed S« I 90 mph 90 mph 60 mph
Il 180 mph n/a 120 mph
I 73 feet 73 feet 82 feet
Reference Length len, 4 I 634 feet 634 feet 82 feet
11 73 feet n/a 82 feet
S | =1l 60 mph 60 mph 60 mph
Transition Speed
S [n—1l 170 mph n‘a 120 mph

A generalized plot of SEL as afunction of speed, with each of the three speed regimes identified is
shown in Figure 4-1. Thisplot illustrates use of several of the parameters listed in Table 4-2 in each of
the three speed regimes. It differs from Figure 2-7 in that it plots SEL, not L |, versus speed and
represents the relationship as three discrete strai ght-line segments to approximate the smooth curve. The
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general equation relating SEL to speed for each speed regime at the reference distance (50 feet) is
defined as:
D D

Esref O

where S=train speed in miles per hour, and all other quantities are defined by the reference parameters
givenin Table4-2. Asindicated in Figure 4-1, the speed coefficient K represents the "dope” of the line
in each speed regime.

SEL = SEL o tK Iog

In each regime:
SEL =K 1og(S/S,)

Regime lll

—
\

Regime Il

Sound Exposure Level (dBA)

1 t2
LOG(Train Speed) (mph) —»

Figure 4-1 Generalized SEL vs Speed for a High-Speed Train Passby

4.2.2 Project Operating Conditions

After determining the reference level for the candidate high-speed rail technology, the next stepisto
determine noise exposure at 50 feet under project operating conditions and expressed in terms of L ,, and
L(h). The additional data needed include:

° number of train passbys during daytime hours (defined as 7 am. to 10 p.m.) and nighttime hours
(defined as 10 p.m. to 7 am.),
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° maximum number of train passbys during hours that Category 1 or Category 3 land uses are
normally inuse (usually the peak-hour train volume),

° number and unit length of locomotives (power cars) and passenger coaches per train,
] speed (maximum expected), and

° guideway configuration.

Shielding. Attenuation from various types of shielding including noise barriers, also should be
accounted for at this step of the process. Shielding attenuation depends primarily on geometrical factors
relating the noise source, receiver, and intervening terrain or structures. The approximate noise
reduction provided from the shielding effects of track layout such as trenches and embankments, as well
as from "negative" shielding (i.e., noise increase) for elevated structures are provided in Table 4-3 .
These noise reductions are given in terms of a correction factor, C,, to be added to the reference SEL.

If noise mitigation is determined necessary at the end of the first pass of the General Assessment, Table
4-3 also gives the nominal noise reduction achieved by a 10-foot high wayside noise barrier, the most
common mitigation measure for railway noise.

The equations necessary for calculating these quantities based on the reference SEL, adjusted to account
for operating conditions, and the parameters listed here are listed in Table 4-4.

4.2.3 Propagation Characteristics

The process described in the Section 4.2.2 results in estimates of noise exposure at 50 feet for the
proposed project. This section describes the procedure used to estimate the project noise exposure at
other distances, resulting in a noise exposure versus distance relationship sufficient for use in ageneral
assessment. The procedureis as follows:

1 Noise Exposure at 50 feet. DeterminetheL ,, or L, at 50 feet for the appropriate vehicle type
using the equationsin Table 4-4.

2. Attenuation with Distance. Adjust for the distance to the receiver using the equation:

_ d
Lgn (OF Leg) o digance, d — Lgn (OF Leg) A Sotet 15log %%

where d is the perpendicular distance from the receiver to the track centerline in feet. This equation
gives an approximate relationship between noise exposure and distance that can be used to determine the
noise impact contour for the first row of unobstructed buildings. This relationship can be plotted to
display noise from both unmitigated and mitigated conditions to assess the benefits from mitigation
Mmeasures.
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Table 4-3 Shielding Correctionsfor Track Geometry
Shielding
eed
CASE RSSgime Correction
(o8
1) Tracksin Shallow Cut | 0dBA
1 -10 dBA
8-12 ft (typ.) [l -3dBA
2) Tracksin Deep Trench or Cut
/\l\ -10dBA
] 1 -15dBA
25 ft (min.)
[l -10 dBA
Y
+4 dBA
1 +4 dBA
30 ft (typ.)
ﬂ ﬁ [l +2 dBA
4) Trackson Embankment
0dBA
' I -5dBA
[l 0dBA
0 dBA
Barrier Wall
e I ~10 dBA
I 10 ft (typ.) ﬂ ﬂ
[l

-5dBA
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Table 4-4 Computation of Noise Exposure at 50 feet for General Assessment
Quantity Equation

g g g g
S len
SEL = SEL, ¢ + K logE—=-U+10 |og ] B
: f
SEL at 50 ft: re HSref H Hen, o H
Daytime L, at 50 ft: Leg(day) = Leg (h) V=
Nighttime L, at 50 ft: Leg (MM =Leg(M)
n
E g_eq(day%g g_eq( night) +1010§S
L, =10log4510 9110 138
L, a 50 ft: dn = 101093 ¥ O
0 0
g g
Hotal length of power unit(s), ft — in Speed Regimel
len = Ctotal train length, ft - in Speed Regime 1

Hotal train length, ft — in Speed Regime 11

S=train speed, in miles per hour
V = average hourly volume of train traffic, in trains per hour
Vd = average hourly daytime volume of train traffic, in trains per hour

_ number of trains from 7 am to 10 pm

15
V,, = average hourly nighttime volume of train traffic, in trains per hour
_ number of trainsfrom 10 pmto 7 am
_ 9
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3. Shielding from Rows of Buildings. Account for shielding attenuation from rows of intervening
buildings for second row receivers and beyond. Without accounting for shielding, impacts may be
substantialy over-estimated. Use the following general rules to determine the effect of shielding
from intervening rows of buildings:

° Assign 3 dB of shielding attenuation for the first row of intervening buildings only.
(Attenuation means a subtraction from the sound level.)

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

Startle Effects

Asdiscussed in Chapter 2, there is considerable evidence that increased annoyance is likely to occur for
train noise events with rapid onset rates. The relationship of speed and distance to define locations
where the onset rate for high speed rail operations may cause startle, assuming open flat terrain with
unaobstructed view of the tracksin both directionsis shown in Figure 4-2. The potential for startle for the
most part is confined to an area very close to the tracks. For example, Figure 4-2 shows that 150 mph
high-speed rail operations would have the potential for startle within 32 feet of the track centerline.

For the purposes of a General Noise Assessment, it is necessary only to identify noise-sensitive locations
where startle may be an additional annoyance. The speed information contained in Figure 4-2 should be
used to determine the distance within which startle could occur. Any noise-sensitive land use within that
distance should be identified as a candidate for annoyance by startle.

55

DISTANCE (ft)

20 , i i l l l l
100 125 150 175 200 225 250
SPEED (mph)
Figure 4-2 Distance from Tracks within which Startle Can Occur for HSR
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4.2.4 Study Area Characteristics

The impact criteria described in Chapter 3 base the threshold of impact on estimates of existing noise
exposure in the vicinity of the project. Impact is assessed using a combination of the existing noise
exposure and the additional noise exposure that will be caused by the project. The Detailed Analysis
procedures presented in Chapter 5 base the existing noise exposure on noise measurements at
representative locations in the community. It isgenerally agood ideato base al estimates of existing
noise on measurements, especially at locations known to be noise-sensitive. However, measurements are
not always possible at the general assessment stage. This section gives procedures for estimating
existing noise in the project study areafrom general data available early in project planning. The
procedure uses Table 4-5, where a neighborhood’ s existing noise exposure is based on proximity to
nearby major roadways or railroads or on population density. The processis as follows:

1 Mapping: Obtain scaled mapping and aerial photographs showing the project location and
aternatives. A scale of 1inch =200 or 400 feet is appropriate for the accuracy needed in the
noise assessment. The size of the base map should be sufficient to show distances of at least 1,000
feet from the center of the alignment.

2. Sensitive Receivers: Review the maps, together with land use information, to determine the
proximity of the 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 confirm
the location of sensitive receivers. For land uses more than 1,000 feet from major roadways or
railroad mainlines (see definitions in Table 4-5), obtain an estimate of the population density in
the immediate area, expressed in people per square mile.

3. Existing Noise Exposure: Use Table 4-5 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 the
siteislocated far enough from any major "linear" sources so that ambient noise is dominated by
local streets and community activities, then the estimate should be based on population density
aone. If the siteiswithin about 1,000 feet of amajor linear source, an estimate of the noise
exposure from that source should be made based on generalized assumptions. Compare the noise
levels from each of the three categories (roadways, railroads, and population density) and select
the highest level to estimate the current exposure. In all cases, the noise levels are underestimated
to provide a conservative impact assessment.

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 distances is 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

us. Department of Transportation, Federal Highway Administration, “FHWA Highway Traffic Noise
Prediction Model,” FHWA-RD-77-108, December 1978.
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lanes, while for roadways with more than two lanes the distance is measured from the geometric
mean of the roadway, computed as follows:

Dom = /(DN )(DEL)

where:
D¢y is the distance to the geometric mean, D, and Dy, 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 5to 10
trains per day at 30 to 40 mph for mainline railroad corridors, and the noise levels are provided in
terms of L4, 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 today. To reduce the chance of inaccurate estimates of noise impact when using the one-hour
L, descriptor, the L, at sites near rail lines should be estimated based on nearby roadways or
population density unless very specific train information is available.

In areas away from major roadways, noise from local noise sources is estimated using a
relationship determined by the U.S. EPA.? EPA determined that ambient noise can be
approximately related to population density in locations away from transportation corridors, such
as airports, major roads, and railroad tracks, according to the following relation:

L4, =22 +101l0g (p) (indBA)

where p = population density in people per square mile.

4, M easurements to estimate existing noise from a shared rail transit corridor : If the proposed high-
speed rail project corridor is to be shared with an existing rail transit corridor (rapid transit,
commuter rail, etc.), the methods described in Steps 1 through 3 are not adequate to characterize
existing noise exposure accurately. Since existing noise exposure is a strong function of distance
from the existing rail corridor, general estimates such as those presented in Table 4-5 are difficult
to make, given the high variability in the operational characteristics of transit systems. In such
cases, noise measurements at representative locations along the corridor are essential to estimate
existing noise accurately.

The procedure for the Detailed Noise Analysis (Chapter 5) recommends that these measurements
be supplemented and/or substantiated through noise prediction methods devel oped specifically for

2U.S. Environmental Protection Agency, "Population Distribution of the United States as a Function of
Outdoor Noise Level," Report 550/9-74-009, June 1974.
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different transit modes. These methods are provided in the guidance manual published by US
Department of Transportation, Federal Transit Administration.®

4.2.5 Noise Impact Estimation

It is often desirable to draw noise impact contours on land use maps to aid the impact inventory. Once
the contours are on the map, the potential noise impacts can be estimated by counting the buildings
inside the contours. The processis as follows:

1 Project versus Existing Noise Exposure. Identify the noise-sensitive neighborhoods and buildings
and estimate existing noise exposure following the procedures described in Section 4.2.4. Usethe
estimate of existing noise exposure and the noise impact criteriain Figure 3-1 to determine how
much additional noise exposure would need to be created by the project before there would be
Impact or Severe Impact.

2. Noise Impact Contours. Determine the distances from the project boundary to the two impact
levels using the noise exposure-versus-distance rel ationships from Section 4.2.2. Plot points on
the land use map corresponding to those distances in the neighborhood under study. Continue this
process for al areas surrounding the project. Connect the plotted points by lines to represent the
noise impact contours.

3. Noise Exposure Contours. Alternatively, if it isdesired to plot specific noise contours at, for
example, 65 dBA, the distances also can be determined directly from the approach described in
Section 4.2.2. Again, plot the points associated with a given noise level on the land use map and
connect by lines to represent that contour.

The impact contour will change with respect to the project boundary as the existing ambient exposure
changes, as project source levels change, and as the amount of acoustical shielding changes. In general,
the points should be placed close enough to alow a smooth curve to be drawn. For a General
Assessment, the contours may be drawn through buildings and salient terrain features as if they were not
present. This practice is acceptable considering the level of detail associated with a project inits early
stages of development.

4.2.6 Noise Impact Inventory

The next step in the General Assessment isto develop an inventory of noise-sensitive land uses that are
within the impact contours. Use land use information and the noise impact contours developed in
Section 4.2.5 to count buildings within the impact contours. 1n some cases it may be necessary to
supplement the land use information or to determine the number of dwelling units within a multi-family
building with avisual survey.

3us Department of Transportation, Federal Transit Administration, Transit Noise and Vibration I mpact
Assessment, Report No. DOT-T-95-16, April 1995.
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Table4-5 Estimating Existing Noise Exposurefor General Assessment
Distance from Major Noise Sour ce' (feet) _ _ Noise Exposur e Estimates (dBA)
Inter state Other Railroad Popullatlon Dens_||ty L L
Highways’  Roadways’ Lines' (people per sq mile) D;qy Evem ng NiS?}t Lan
10- 49 75 70 65 75
50-99 70 65 60 70
100 - 199 65 60 55 65
200 - 399 60 55 50 60
400 - 799 55 50 45 55
800 and up 50 45 40 50
10- 49 70 65 60 70
50-99 65 60 55 65
100 - 199 60 55 50 60
200 - 399 55 50 45 55
400 and up 50 45 40 50
10-29 - - - 75
30-59 - - - 70
60 - 119 - - - 65
120 - 239 -- -- - 60
240 - 499 - - - 55
500 - 799 - - - 50
800 and up - - -
1-99 35 30 25 35
100 - 299 40 35 30
300 - 999 45 40 35 45
1,000 - 2,999 50 45 40 50
3,000 - 9,999 55 50 45 55
10,000 - 29,999 60 55 50 60
30,000 and up 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 amaximum of -10 dB attenuation.

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

¥ Parkways with 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.

*  Mainlinerailroad corridors typically carrying 5 to 10 trains per day at speeds of 30 to 40 mph.

The steps for developing the inventory are:

1 Construct tables for all the noise-sensitive land uses identified in the three land-use categories
from Chapter 3.

2. For each alternative, tabulate buildings and sites that lie within the impact contours. For
residential buildings, estimate either the number of buildings or number of dwelling units. Other
pertinent information, such as existing noise levels, corridor segment delineations and expected
train speed also may be useful in tabulating the impacts. An example tableis shown in Table 4-6.
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3. Prepare summary tables showing the number of buildings and dwelling units within each impact
zone for each aternative. Utilize the summary table to compare the alternatives, including those
with and without noise mitigation measures.

4, Determine the possible need for mitigation based on the degree of impact and appropriate policy
considerations.

Table4-6 Sample Noise Impact Inventory Table
Alignment: 1
Scenario: HS-Electric
Corridor Segment Exisfing||Avg Train Distance to Impact Inventory With_ou_t mitigation
Contour (ft) (Number of Buildings)

o Milepost el Siised Severe Impact Severe Impact

Description (dBA) [ (mph) [impact
From To Impact| S MF Inst SF MF Inst

Downtown Area 00 46 70 50 45 25 2 0 0 0 0
Inside 1-95 46 5.7 65 80 70 40 6 1 0 0 0 0
To Route 100 57 95 65 100 80 45 12 0 0 2 0 0
To Pleasant St 9.5 12.0 65 60 60 30 1 0 0 0 0 0
Smithtown Station 120 12.2 60 25 40 20 0 0 0 0 0 0
Lakeville mountains | 12.2 20.8 55 80 80 40 1 0 0 0 0 0
Central Valley 20.8 26.9 60 110 100 55 7 0 0 4 0 0
To Rt 66 crossing 269 334 60 125 110 65 6 0 1 2 0 0
I-84 corridor 334 416 65 140 125 75 14 0 1 5 0 1
To South St 416 442 65 80 70 40 0 0 1 0 0
Business District 442 46.2 65 55 60 30 1 0 0 0 0
Springfield Station 46.2 46.4 65 25 40 20 0 0 0 0 0
SF: Single-Family Residential Inst: Institutional (schools,
MF:  Multi-Family Residential churches, hospitals)

4.2.7 Noise Mitigation Requirements

The final step of the General Assessment is to estimate the noise mitigation measures required to
minimize the number of impacts. The primary noise control treatment for steel-wheeled high-speed rail
systemsisthe installation of wayside noise barriers.” The approximate noise barrier lengths and
locations developed in a general assessment will provide a preliminary basis for evaluating the costs and
benefits of impact mitigation. This section provides guidelines for making order-of-magnitude cost
estimates for noise barriers based on the length of barrier required. A more compl ete description of

“ Dueto the unique characteristics of maglev systems, noise control considerations are likely to be made at
the outset as an integral part of the system design. Retrofitting a maglev system for noise mitigation measures such
as sound barriersis likely to incur great costs. Such design options as building sidewalls into the guideway
structure, using a concrete rather than a steel guideway, and minimizing structural vibrations of the guideway and
vehicle through design are noise control measures that can be taken as a baseline condition. Asaresult, it may not
be applicable to estimate preliminary mitigation without more detailed information on system design.
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noise mitigation, with consideration given to other available mitigation treatments applied at the source,
path, or receiver, and the benefits resulting from each is provided in Chapter 5.

Train noise barriers need to be high enough to effectively block the line of sight between the noise
source and the receiver. The dominant source of train noise over most operating speeds for steel-
wheeled high-speed rail, as with conventional rail systems, is wheel-rail interaction. To shield this noise
effectively, relatively low barriers located close to the track are usually sufficient. A barrier with its top
edge 6 to 8 feet abovethetop of rail at the right-of-way line usually achieves effective shielding. A
barrier at this height above the top of rail can reduce wheel-rail noise by 8 to 10 dBA.

The attenuation of sound by a barrier is frequency dependent; all other things being equal, the higher the
frequency of the noise, the greater the barrier attenuation. Because the sound energy for aerodynamic
sound sourcesisin the low frequencies (below 500 Hz) these sources are inherently difficult to shield
with abarrier. Further, because the sound level due to aerodynamic sources increases rapidly with
increasing speed, a standard 8-foot barrier isless effective at high speeds, where aerodynamic sources
dominate the overall sound level.

A relatively low barrier will not shield sound sources located high above the guideway, since such
sources would protrude above the top of the barrier. This noise includes noise from propul sion sources,
such as cooling fans, as well as aerodynamic noise generated at the upper part of thetrain. A description
of these sourcesis presented in Chapter 2.

The following steps can be applied in making a preliminary estimate of the noise mitigation measures
that might be required following an initial evaluation of noise impact:

1 Barrier Height. Assume an average noise barrier height of 8 feet as a cost-effective mitigation
measure for high-speed rail noise impact. If shielding noise from higher noise sources (such as
propulsion units) or protecting higher floors of residencesis required, assume a 16-foot-high
barrier.

2. Barrier Length. In addition to height, determine the length of noise barriers needed to extend far
enough to each side of the affected receiver so that train noise from beyond the ends of the barrier
does not significantly degrade its acoustical performance. Asarule, the barrier should be long
enough to shield the entire train length for an angle of at least 60 degreesin either direction.

3. Barrier Cost. Make a mitigation cost estimate based on the average height and length, assuming a
unit cost of $20 per square foot. Use this cost to perform a cost-benefit analysis, if required.

4, Barrier Effectiveness. Assume anet barrier attenuation of 5 dBA for an 8 foot-high barrier, and 8
dBA for a 16-foot-high barrier. These attenuations are applicableto both L ., and L ;.. Reassess
impact with mitigation based on these reductions using the methods in this chapter.
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It isimportant to note that the barrier estimates made in theinitial evaluation are preliminary. Detailed
barrier designs should be devel oped during the final engineering phase of the project. Some of the
factors to be addressed during the final engineering phase are the structural, aesthetic, and acoustical
feasibility of the barriers, aswell astheir cost effectiveness with respect to their acoustical benefits. The
barriers should be constructed if they are found to be practical and prudent.

Examples 4-1 and 4-2 provide two examples of noise analyses utilizing the procedures presented in this
chapter. Example 4-1 illustrates the Initial Noise Evaluation procedure for a representative high-speed
rail project alternatives analysis, including both the Noise Screening and General Assessment. The
source reference levels used in the analysis are taken directly from Table 4-2, sinceit is assumed that at
this stage measurements or specifications of the equipment are unknown. Example 4-2 demonstrates the
conversion of ameasured or specified L, to the appropriate source reference level in SEL for usein the
General Assessment procedure, using the methods presented in Appendix C.

Example 4-1. Initial Noise Evaluation Comparing Two High-Speed Rail Alignments

This exanple illustrates the initial noise evaluation procedure for a

hypot heti cal hi gh-speed rail project. The project involves an alternatives
anal ysis of a proposed steel -wheel ed high-speed rail systemto serve a 200-
mle intercity corridor. Two alignnment options are avail abl e, characterized
by the follow ng typical corridor segnments:

Alignment Alternative 1: A direct route through primarily undevel oped, rura
areas with farm and and scattered residences within 1,000 feet of the
corridor. The track would be welded rail on ballast and concrete ties
at - grade, designed for a maxi num speed of 160 nph.

Alignnent Alternative 2: Al ong the nedian of a busy nulti-lane interstate
hi ghway (typical vehicle speeds of 60 to 70 nph during freely flow ng
conditions), passing through a densely devel oped area with m xed
residential and commercial |and use. The alignnent would be fully grade-
separated, with welded rail on aerial structure (direct-fixation track on
concrete slab), and with a maxi mum desi gn speed of 160 nmph. An exanple
of a typical corridor segnent is illustrated by the plan map in Figure 4-
3. The cl osest unobstructed residences are 80 to 200 feet fromthe
nmedi an centerline.

Assunpti ons

The assunptions for the project are the sane for both alignnent alternatives
and are as follows:

° Proposed System Steel-wheeled electrically powered hi gh-speed train
consi sting of two power cars (one on each end) and 10 passenger coaches.
Unit length of each power car is 73 feet, unit length of each passenger
coach is 63 feet.

° Proposed Service: Total of 57 trains per day operating between 6:00 a.m
to 11: 00 p.m. Headways are 20 ninutes during daytinme hours (7 a.m to
10 p.m) the day, 20 minutes during nighttime hours (10 p.m to 12 a.m,
5am to 7 a.m) This service results in the follow ng average hourly

vol unes:
Vo
&

3 trains/ hour
1. 33 trains/ hour
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Figure 4-3. Typical Corridor Segment for Example 4-1, Alignment Alternative 2
Procedure

For steel -wheel ed systens, the screening procedure (Table 4-1) calls for
addi ti onal analysis for noise-sensitive |land use within 450 feet of a shared
corridor-type right-of-way, and 900 feet of a new corridor through undevel oped
| and, thereby requiring further noise analysis for both alternatives. The
procedure is sumuarized as foll ows:

Det erni nation of Noi se Exposure at 50 feet

1. Determ ne reference SEL at 50 feet and paraneters for proposed system
Tabl e 4-2 indicates that the naxi mum desi gn speed of 180 nph puts the
systemin speed reginme |1l (aerodynamic). Thus, the follow ng paraneters
are applied:

SEL,., = 93 dBA
K= 17
Sref = 90 rrph

len,, = 634 feet

The actual source length is defined in Table 4-4 as the total train
| ength, which is calculated as:
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I en = power cars + coaches = 776 feet

Using the first equation in Table 4-4, adjust to SEL at 50 feet for
actual operating conditions,
SEL = SEL,, + Klog(S/'S,;) + 10l og(len/len,y)
93 + 17l og(160/90) + 10l og(776/634)
98.1 dBA, or 98 dBA (rounded).

Calculate L.(h) and L,, at 50 feet, adjusting for track geometry
For Alignnment 1, the track is at-grade so there is no shielding

adj ustment for track geonetry, i.e., C, = 0. Thus, using the equations
in Table 4-4,
Leg(day) = SEL + 10log(V, + C, - 35.6

67.3 dBA

93 + 10log(3) + 0 - 35.6

Leg(night) = SEL + 10log(V,) + C, - 35.6
= 98 + 10l0g(1.33) + 0 - 35.6 = 63.8 dBA

and, Lgn = 70.9 dBA, or 71 dBA (rounded)
For Alignnent 2, speed reginme |11, Table 4-3 indicates that C, = +2 dBA
for aerial structure. Thus,

Leo(day) =98 + 10log(3) + 2 - 35.6 = 69.3 dBA

Leg(night) =98 + 10l 0g(1.33) + 2 - 35.6 = 65.8 dBA
and, Lan = 72.9 dBA, or 73 dBA (rounded)

Esti nmate Propagation of Project Noise Exposure with Di stance

3.

Apply Noi se Exposure-Versus-Di stance Rel ationship

Usi ng the nethod described in Section 4.2.3, the distance correction
equation is applied to the project Ly, at 50 feet. A resulting curve of
Ly, versus distance is obtained for each alignment option, as shown in
Fi gure 4-4.

Estinmate Existing Noi se Exposure

4,

Estimate existing noise at noise-sensitive sites

For Alignnent 1, there are no najor roadways or rail lines contributing
to the existing anbient noise. Thus, the existing noise exposure should
be estimated based on popul ation density. For a predomnantly rura

area, a popul ation density of 300-1000 peopl e/square nmile can be assuned,
yi el ding an anbient L,, of 45 dBA (from Table 4-5). FromFigure 3-1, the
correspondi ng project noi se exposure L,s causing inpact for Category 2

| and uses (residential) are 52 dBA and 59 dBA, for |npact and Severe

| npact, respectively.

For Alignnment 2, the highway (the dom nant noise source) is a nmjor

I i near source from which noise attenuates rapidly with distance. Thus,
it would be inaccurate in this case to assign a single "generalized"
noi se level to characterize a large area, as for Alignment 1. The

exi sting noi se exposure should be estinated as a function of distance
fromthe highway on a site-specific basis.

From Fi gure 4-3, unobstructed residences range from80 to 200 feet from

the hi ghway. Based on the information in Table 4-5 the Ly, is 70 dBA for
resi dences closer than 100 feet froma major interstate highway, and 65

dBA for residences between 100 and 200 feet.
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Figure 4-4. Project Noise Exposure vs Distance for Example 4-1

Applying the inpact criteria curves in Figure 3-1, the project noise
| evel s that cause inpact for Alignnent 2 are listed in the follow ng
tabl e:

Project Ly, Criterion

Distance to Existing Noise, nset of Onset of
H ghway Lan | npact Severe | npact
50 - 99 ft 70 dBA 64 dBA 69 dB
100 - 200 ft 65 dBA 61 dBA 66 dB

Even though the criteria allow for a higher project L, for Alignnent 2
than for Alignment 1 due to the higher existing noise environnent, the
net allowable increase is less for Alignment 2 (1 to 4 dB) than for
Alignment 1 (8 to 14 dB).

Noi se | npact Contours

5.

Determ ne Distances to I npact and Severe | npact

Di st ance-to-inmpact contours for each alignnent are determ ned by

extrapol ating along the curves in Figure 4-4 and the project inpact
threshol ds defined in Step 4. The results are sunmarized as follows for
t he resi dences and school:

Exi sting Distance to Noise Inpact

Alternative Distance Noi se, Threshol d, feet
Lan | npact Severe | npact
Alignnent 1 1000 ft 45 dBA 980 330
. 50 - 99 ft 70 dBA 200 90
Alignnent 2

100 - 200 ft 65 dBA 330 150
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6. Draw Noi se | npact Contours
Draw contours for each affected residence based on the distances given in
the table in Step 5. The inpact distances are defined in ternms of
di stance fromthe project corridor centerline.

For Alignnent 2, the Inpact contours are shown in Figure 4-3. The Severe
| npact contours do not go beyond the edge of the highway and are thus
omitted for sinplicity. The inpact noise contours are drawn at the two
di fferent distances, 200 feet and 350 feet, resulting fromthe change in
exi sting noi se based on distance to the highway. 38 residential

buil dings are |l ocated within the contours defining |Inpact (shaded in

Fi gure 4-3).

7. Estimate Startle Effects/Wlidlife
For either alignment, the distance within which startle could occur is
the sane. Using a speed of 160 nph in Figure 4-2 results in a distance
of approxinmately 33 feet within which a person could be startled by a
hi gh-speed train. None of the buildings in Alignnent 2 is within that
di st ance.

The distance within which wildlife could be disturbed also should be

eval uated. According to Table 3-3, whenever the SEL exceeds 100 dBA
there is a potential for effects on animals. Using Alignnent 1 as a
likely exanple, the SEL at 50 feet is 98 dBA. Using the propagation
equation given in Section 4.2.3 with SEL in place of L, (which is valid
since both are sound energy descriptors), the distance "d" becones 37
feet for SEL = 100 dBA. Consequently, wildlife could be disturbed within
37 feet of the tracks in Alignment 1.

End of Example 4-1

Example 4-2. Conversion of Specified L ,,, to Source Reference Level in SEL

In the previous exanple, Alignment 2 is chosen as the preferred project
alternative. The proposed systemis nodel ed on a European hi gh-speed electric
trainset with the foll owi ng noi se perfornance:

Lx = 86 dBA, neasured at a distance of 82 ft fromtrack centerline and
a speed of 100 nph,

which puts us in Regine Il for the General Assessment.
The steps to convert L., to the equivalent source reference levels for use in

t he CGeneral Assessnent, instead of the tabulated value in Table 4-2, are as
f ol | ows:

1. Convert to SEL under specified conditions
The paraneters needed to evaluate the third equation in Table C 2 of
Appendi x C are:

len = 776 feet,

S = 100 nph,
d = 82 feet, and
B len) _
o = arctan(—EETJ =1.36

Substituting into this equation we get SEL at the specified distance and
speed:



Chapter 4: Initial Noise Evaluation 4-23

776

SEL = 86 +101 og(m

J -101 0og(2x1.36) +3.3 = 93.9 dBA, or 94 dBA (rounded)

Normalize to reference conditions of Table 4-2
Use the fourth equation in Table G2 to normalize the SEL to the
appropriate reference paraneters in Table 4-2, for conparison with the

tabul ated level. The follow ng values are required from Table 4-2:
K = 17,
S ef = 90 nph, and
len, = 634 feet.

Evaluating the fourth equation in Table C 2 yields:

S o len 50
SEL, .. = SEL +Klog ( ;’ )+10Iog [ Ie;f ]—15log (7)
SEL 95.4 dBA, or 95 dBA (rounded).

ref

Thus, this value of SEL,,, based on the specified L,,, is 2 dBA higher
than the tabul ated value, 93 dBA, in Table 4-2 for a steel-wheeled
electric train in this speed regine.

End of Example 4-2
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Chapter 5
DETAILED NOISE ANALYSIS

Procedures for performing a comprehensive assessment of noise impact for proposed high-speed rail
projects are presented in this chapter. The Detailed Noise Analysis allows site-specific noise predictions
and mitigation evaluations. Considerably more precision can be achieved with the Detailed Noise
Analysisthan is possible with the General Assessment described in Chapter 4. While the Genera
Assessment involves the use of generalized, overall noise source levels and simplified noise projection
models, a Detailed Noise Analysis considers the noise from each subsource component, with each
component defined in terms of a noise-generating mechanism (e.g., propulsion, wheel-rail,
aerodynamic), reference noise level, location along the train, and speed dependency. The Detailed Noise
Analysis also uses more precise methods to estimate adjustments for horizontal and vertical geometry,
ground absorption, and shielding. Although the Detailed Noise Analysis procedures present all the
information needed to predict noise and assess impact under "normal™ circumstances, sometimes it will
be appropriate to adapt the procedures using practical engineering judgement to reflect a project’s
specific design parameters.

The Detailed Noise Analysisis appropriate for assessing noise impacts for high-speed rail projects after
the preferred alignment and candidate high-speed rail technologies have been selected. At this point the
preliminary engineering has been initiated and the preparation of an environmental document (usually an
Environmental Impact Statement) has begun. Information required to perform a Detailed Noise Analysis
includes type of vehicle equipment to be used, train schedules, speed profiles, plan and profiles of
guideways, locations of access roads, and landform topography, including adjacent terrain and building
features.

Equations, rather than graphs or tables of numbers, are used in these procedures as the primary mode of
computation to allow the use of spreadsheets and/or programmable calculators. These equations and
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their supporting text have been streamlined in this chapter to provide a concise view of the Detailed
Noise Analysis. Background information on noise concepts and the basics of high-speed rail noise are
presented in Chapter 2 and Appendix A.

The steps in performing the Detailed Analysis parallel the steps for the General Noise Assessment,
although more refined procedures are used to predict project noise and evaluate mitigation measures.

The steps are outlined below.

Existing Conditions

Step 1.  Noise Sensitive Receivers. Guided by the information in Section 5.1.1, identify noise-
sensitive receivers. 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
described in Chapter 4. Aninitial evaluation (using the procedures presented in Chapter 4)
will provide a good indication of the extent of potential impacts.

Step 2. Existing Noise Exposure. Estimate the existing noise exposure at each noise sensitive
receiver or cluster of receivers using the methods presented in Section 5.1.2.

Pr oj ections of High-Speed Rail Noise

Step 3. Source Reference Levels. Determine the technology applicable to the project: steel-wheeled
high-speed (electric or fossil fuel), steel-wheeled very high-speed, or maglev. For each noise
subsource, determine noise exposure in terms of SEL under reference operating conditions.
These reference level s should incorporate source-noise mitigation that will be incorporated
into the system specifications.

Step 4. Project Operating Conditions. Adjust the subsource reference SEL s to the anticipated
operating conditions of the project (i.e., train consist and speed).

Step 5. Propagation of Noiseto Receivers. Develop an SEL-versus-distance relationship for each
subsource that includes the effects of shielding along the path, as well as any propagation-path
mitigation that will be included in the project.

Step 6. Total Noise Exposure. Determine total SEL at each receiver by combining the levels from all
subsources. Use the SEL to calculate total noise exposure [L 4, or L, (h)] using project
operating parameters, including train schedule, speed, and length.

Step 7. Maximum Noise Level for Train Passbys. (optional) If determining compliance with vehicle
noise limits, project specifications or comparison with measured noise levelsis desired,
caculatethe L, using equations provided in Appendix C.

Noise | mpact Assessment

Step 8. Noise Impact Assessment. Assess noise impact at each receiver or cluster of receivers using
the criteria described in Chapter 3. If a geographic information system (GIS) database is
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available, incorporating the noise projections and the impact assessment into the GI S database
can be an effective means of identifying and displaying where noise impact is expected to
occur and comparing the relative impacts for different alternatives. While a conceptua
approach for GIS implementation is provided, the details of this process are beyond the scope
of this document.

Mitigation of Noise | mpact

Step 9.

Mitigation of Noise Impact. Where the assessment shows impact, evaluate alternative
mitigation measures; then loop back to Step 3, modify the project noise computations, and
reassess the remaining noise impact. The locations where noise mitigation is needed and any
residual impacts with mitigation also can be effectively displayed with GIS databases.

5.1 EXISTING CONDITIONS

5.1.1 Step 1: Noise Sensitive Receivers
The basic steps in identifying noise sensitive receptors are:

>

Identify all noise-sensitive land uses.
Find individual receivers, such as isolated residences and schools.

Group residentia neighborhoods into "clusters' that have similar levels of existing noise and
would have similar levels of project noise.

The steps in identifying noise sensitive receivers, both the number of receivers needed and their
locations, are shown in Figure 5-1.

Identified Noise Sources of
Impacted Sites Land Use Information
+ Y + *
Buildings Isolated Small Residential Large
Used by Public Residences Outdoor Neighborhoods Outdoor
Areas Areas

| |
Y
Subdivide

Into
Clusters

Select
Every Site

Figure 5-1 Guide to Selecting Receivers of Interest

One Site
In Each
Cluster
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Identify Noise-Sensitive Land Uses

A Detailed Noise Analysis usually should be performed for all noise-sensitive land uses where impact is
identified in a General Noise Assessment. |f a General Noise Assessment has not been done, all noise-
sensitive sites within the area defined by the noise screening procedure should be included. In areas
where ambient noiseislow, the assessment will include land usesthat are farther from the proposed
project than for areas with higher ambient levels.

Three categories of land most likely to be affected by noise from high-speed rail projects arelisted in
Table5-1. If noiseimpact wasidentified at other types of buildings/areas with noise-sensitive use by the
general noise assessment, these types also should be identified.

Table5-1 Noise-Sensitive Land Uses

Land Uses Specific Use Selecting Receivers

Parks e Select each noise-sensitive site
Historic sites used for interpretation

Amphitheaters

Recreation areas

Playgrounds

Cemeteries

Outdoor noise-
sensitive areas

Residences

Single family residences o Select each isolated residence
e Multi-family residences (apartment e For residential areas with uniform
buildings, duplexes, etc.) noise levels, cluster as described in text

Indoor noise-
sensitive sites

Places of worship e Select each noise-sensitive building
Schools

Hospitals/nursing homes

Libraries

Public meeting halls

Concert halls/auditoriums/theaters

Recording/broadcast studios

Museums and certain historic buildings

Hotels and motels

Sources of information that can be helpful in locating noise-sensitive land uses in the vicinity of the
proposed project include:

° L and use maps prepared by regional or local planning agencies or by the project staff.
Particularly useful are project-specific maps (track plans, right-of-way plan and profile), which
provide building-by-building detail for land uses bordering the project.

° USGS maps prepared by the United States Geological Survey, generally at 2,000-foot scale.
These maps show individual buildings except in highly urbanized areas, and generally show the
location of all schools and places of worship, plus many other public-use buildings. The
topographic contours on these maps can be useful for estimating acoustical shielding.
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° Road and town maps. These maps can supplement the USGS maps. They are generally more
up-to-date and may be of larger scale.

] Aerial photographs, especially those of 400-foot or smaller scale. When current, aerial photos
are valuable in locating potential noise-sensitive land uses close to the proposed project and for
determining the distances between receivers and the project alignment.

° Windshield survey of the corridor. Definitive identification of noise-sensitive sites often requires
driving the corridor and annotating land uses on base maps. Driving the corridor may be the only
way to identify new construction, to confirm land uses very close to the project boundary, and to
identify site characteristics such as topography and terrain features that are not readily apparent
from maps.

Selecting Individual Receivers

Typically, major noise-sensitive public buildings, isolated residences, and relatively small outdoor noise-
sensitive areas will be selected asindividual receivers. Some judgement in selection is required to avoid
anoise analysiswhereit is obviously not needed. For example, many roadside motels are not
particularly sensitive to noise from outdoors. On the other hand, buildings and outdoor areas that the
community considersto be particularly noise sensitive must be included. Isolated residencesthat 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.

Relatively small outdoor noise-sensitive areas should be evaluated using judgement and common sense.
For example, playgrounds can often be omitted unless they directly abut the proposed project since noise
sensitivity in active playgrounds is generally low.

Clustering Noise-Sensitive Land Uses

Residential neighborhoods and relatively large outdoor noise-sensitive areas often can be clustered,
simplifying the analysis without compromising accuracy. These neighborhoods/areas should be
subdivided into clusters of approximately uniform noise, each containing a collection of noise-sensitive
sites. Uniformity of both project noise and ambient noise should be attained, guided by these receiver-
to-source distance considerations:

° 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 all points within
the cluster. Such clusters will usually be shaped as narrow strips paralel to the rail corridor.
Clusters within which the noise exposure will vary over arange of 2 decibels or less are suggested.
The fact that noise exposure from rail operations drops off approximately 3 to 4.5 decibels per
doubling of distance from the tracks, assuming propagation over open terrain, should be used as
guidance. The drop-off will be faster when rows of buildings, terrain, or other obstacles offer
acoustical shielding.
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° Ambient noise usually drops off from non-project sources in the same manner as noise from
project sources. For this reason, clustering for uniform ambient noise will usually result in long
narrow strips paralléel to major roadways or circling major point sources of ambient noise, such as
amanufacturing facility. Clusters within which the ambient noise will vary over arange of 3t0 5
decibels or less are recommended, though this may be hard to judge without measurements.

After defining the cluster, one receiver should be selected as representative of the cluster. Generally the
receiver closest to the project and at an intermediate distance from the predominant sources of existing
noise should be selected.

5.1.2 Step 2: Existing Noise Exposure

In estimating existing noise exposure, one must first decide whether, and how thorough, a noise survey
will be performed. Some noise monitoring should be performed unless extenuating circumstances make
measurements impractical. Project schedule, bad weather, and limited budget are typical reasons that
measurements may not be possible. The most common approach is to use measurements at
representative sites to characterize existing noise. When measurements are not possible, the existing
noise exposure can be estimated using Table 4-5 in Chapter 4. A penalty for using the convenient tabular
estimates is a built-in conservatism in the projections. That is, the projections under-predict the ambient
noise somewhat, and thereby over-predict relative noise impact.

Guidelines for noise measurements to characterize existing noise exposure for both residential and non-
residential land usesinclude:

° For non-residential land uses, measure for 30 to 60 minutes at the receiver, preferably on at least
two nonsuccessive weekdays (generally between Monday morning and Friday afternoon). Select
the hour of the day when the project activity is expected to be at a maximum.

° For residential land uses, measure for afull 24 hours at the receiver for one or more weekday
periods (generally between Monday morning and Friday afternoon).

] Use judgement in positioning the measurement microphone. Location of the microphone at the
receiver depends upon the proposed location of the high-speed rail alignment. If, for example, a
new rail linewill bein front of the house, do not locate the microphone in the back yard.
Recommended measurement positions corresponding to various locations of the project source are
illustrated in Figure 5-2.

] Undertake all measurements in accordance with good engineering practice, following guidelines
contained in ASTM and ANSI Standards.*?

LAmerican Society for Testing and Materials, " Standard Guide for Measurement of Outdoor A-Weighted
Sound Levels," E 1014-84, Philadelphia, 1984.

2American National Standards Institute, "Method for the Measurement of Sound Pressure Levels," ANSI
S1.13-1971 (R1976), New York, 1971.
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Figure 5-2 Recommended Microphone Locations for Existing Noise Measurements

M easurements made at representative receivers often are used to estimate noise exposure at other similar
receivers. In other situations, several hourly L ., measurements at areceiver can be used to estimate L .
Both of these options require the intuition gained from experience and a 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 noiseis clearly due to highway traffic. A second
part, toward the interior of the neighborhood, may have highway noise as a factor, but also will receive a
significant contribution from other community noise. In athird part of the neighborhood, located deep in
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theresidential area, local street traffic and other community activities could dominate the ambient noise.
In this example, three or more measurement sites would be required to represent the varying ambient
noise conditions in a single neighborhood.

Representative measurement sites typically can be used to estimate noise levels at other sites when both
share the following characteristics:

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

° proximity to the same major stationary noise sources, such as power plants, industrial facilities,
rail yards and airports, and

° similar type and density of housing, such as single-family homes on quarter-acre lots and multi-
family housing in apartment complexes.

Acoustical professionals are often adept at such computations from partial data and are encouraged to
use their experience and judgement in fully utilizing the measurementsin their computations. On the
other hand, people lacking a background in acoustics should use the proceduresin Appendix B to
accomplish this same aim. The procedures contained in Appendix B are an attempt to systematize such
computations from partial measurements. As a safety factor, these procedures underestimate ambient
noise to account for reduced precision compared with full noise measurements.

5.2 PROJECTIONS OF HIGH-SPEED RAIL NOISE

Once receivers have been selected, projections of noise from high-speed trains can be developed for each
receiver. The subsequent stepsin the computation procedure, described in detail in Sections 5.2.1
through 5.2.5, are:

Step 3. Sour ce Reference L evels. Establish the type of system for the proposed high-speed rail
project. Determine the reference SEL, length, and speed relationship for each noise
subsource on the train.

Step 4. Project Operating Conditions. Adjust each subsource SEL to the operating conditions of
the project (consist and speed).

Step 5. Propagation of Noiseto Receivers. Estimate the propagation effects of geometric
spreading, ground attenuation, and shielding for each subsource SEL to develop an SEL-
versus-distance relationship. Compute an overall, combined SEL from all subsources for a
single train passby as a function of distance.

Step 6. Total Noise Exposure. Usethe project’ s operating parametersto calculate overall noise
exposure at each receiver from the combined SEL .
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Step 7. Maximum Noise Level for Train Passbys. If necessary, calculate the maximum noise
Leve (L,,) fromasingletrain passby. L, iSnot used in the assessment of noise impact,
but may be useful for comparisons with measurement data or project specifications.

5.2.1 Step 3: Source Reference Levels

The wayside noise level generated by a high-speed train passby depends primarily on system design and
its operating conditions. The SEL used to describe a given system under a fixed set of operating
conditions (speed, consist, track configuration) at a reference distance is called the source reference
level. Since anumber of high-speed rail systems are in existence worldwide, with design variations
ranging from the type of propulsion mechanism to the car body shape, it is necessary to develop a set of
generalized source reference levels for use in the prediction model established in thismanual. A review
of available data resulted in grouping al existing high-speed rail systems into the following five
categories:

o High-Speed, Steel-Wheeled Electric
Electric-powered, locomotive-hauled trains with maximum operating speeds of 125 to 150 mph,

° High-Speed, Steel-Wheeled Fossil Fuel
Fossil fuel-powered, locomotive-hauled trains with maximum operating speeds of 125 to 150 mph,

° High-Speed, Steel-Wheeled EMU
Electric-powered multiple unit (EMU) trains with maximum operating speeds of 125 to 150 mph,

] Very High-Speed, Steel-Whedled Electric
Electric-powered, locomotive-hauled trains with maximum operating speed of 200 to 250 mph,
and

° Maglev
Magnetically-levitated trains with maximum operating speed of 250 mph and up.

Once the appropriate system category is selected, the first action in the detailed noise prediction
procedure for high-speed train passbys is to establish the source reference level and the corresponding
reference conditions for that category. Depending on the system category, this source reference level can
be broken down into two or more subsources as described in Chapter 2. These subsources relate directly
to the various | ocation-specific noise-generating mechanisms on the train, and can be categorized into
one of the following three component categories:

] propulsion,
° mechanical, or

o aerodynamic noise.
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The relevant subsources and their nominal noise reference levels to be used in computing noise exposure
for each of the five system categories are listed in Table 5-2. In thistable, the reference SEL for each
subsource is given for the reference distance of 50 feet from the track centerline. Also given inthetable
are the definition and reference value of the associated length of each subsource; for example, wheel-rail
noise is associated with the entire train length, while propul sion noise originates only from the power
cars. The subsource length is an important parameter, since SEL is an energy descriptor and for atrainis
aways defined normalized to some reference length. The subsource heights, expressed in terms of the
height above the rails (or guideway), are also listed in Table 5-2 and are used in evaluating shielding and
other propagation effects as described in Section 5.2.3.

Thelevelsin Table 5-2 are based on the results of the background measurement and research program
that preceded the preparation of this manual. That program has resulted in an extensive database of noise
data on most existing high-speed rail systems, ensuring that Table 5-2 is reasonably accurate for the
exigting technologies. However, when specific equipment has been selected for a project, it will be more
accurate to base the impact assessment on noise measurements of that equipment. ®

For some projects, source-noise levels will be pre-defined; for example, noise limits are usually included
in the specifications for purchase of new vehicles. Compliance with such specifications, almost always
defined in terms of L .., can be checked using the equations found in Appendix C. Thisoptionis
addressed further in Section 5.2.5, accompanied by an example in which noise projections are used to
determine compliance with a noise specification givenin termsof L .

3As acauti onary note, measurements to obtain reference quantities asin Table 5-2 require special
techniques to separate subsource components and are beyond the scope of this manual. If singlelevel
measurements are performed, methods for converting these levels to the simplified reference levels used in the
Genera Assessment procedure (Chapter 4) are given in Appendix C.
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Table5-2 Source Reference SEL s at 50 feet

Subsour ce Parameters Reference Quantities

System Category and Example Length Height

Features® Systems  bsource Component Definigt]ion, abcgle SEL.y leng Sa
len rails(fyy  @BA)  (f) - (mph)

HSELECTRIC

Propulsion 1€ er 10 86 73 20 15
e Steel-Wheeled
. High-Speed 2200
e Locomotive- Talgo (dlectric)
Amtrak HST
Hauled )
e Electric Power Wheel-rail len, i 1 91 634 90 20
HSFOSSIL FUEL
Propulsion 1€ er 10 83 73 20 10
e Steel-Wheeled
. RTL-2
e High-Speed
: Talgo (gas
e Locomotive- turbine)
Hauled )
e Fossil Fue Whesl-rail Ienm-n 1 91 634 90 20
Power
HSEMU
Propulsion 1€ er 10 86 73 20 1
e Steel-Wheeled Pendolino
e High-Speed IC-T
e Electric Multiple Wheel-rail len,. 1 91 634 90 20
Units (EMU)

VHSELECTRIC Propulsion [N ner 12 86 73 20 0
e Stea-Wheded TGV Wheel-rail lenin 1 91 634 90 20
+ VeryHigh-Speed Eurostar A Train Nose len,. 10 89 73 180 60
e Locomotive- ICE s

Hauled Shinkansen E Wheel Region len, .. 5 89 63 180 60
e Electric Power R
O Pantograph ® 15 86 - 180 60
Propulsion len, i 0 72 82 20 3
Guideway/Structural len, i -5 73 82 60 17
MAGLEV TRO7 é Train Nose len, e 5 78 20 120 50
R
o TBL® len, 4, 10 78 82 120 50

@  HS(High-Speed) = maximum speed 125-150 mph

VHS (Very High-Speed) = maximum speed 200-250 mph

MAGLEV = maximum speed 250 mph and up

®  originates as a point source (no length)

©  Turbulent Boundary Layer
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5.2.2 Step 4: Project Operating Conditions

Since the source reference levels given in Table 5-2 are for a specific train length and speed, they must
be normalized to reflect the actual operating conditions of the project. In other words, trains whose
consists are different from the reference consists assumed in Table 5-2 require conversion since they will
produce different noise exposure. The sameistruefor trains at speeds other than those listed in Table 5-
2. Asguidance, a40 percent change in the number of power cars or coaches per train, or a 15 percent
changein train speed, will produce an approximate 2-decibel change in noise exposure.

Once the appropriate system category and reference quantities are established, the following input
parameters are required to adjust each reference SEL to the appropriate operating conditions:

° number of passenger carsin thetrain, N,

° number of power unitsin thetrain, Ny,

° length of one passenger car, ulen,,,

° length of one power unit, ulen,,., and

train speed in miles per hour, S

The following equation should be used to adjust each "nth " subsource SEL to the operating conditions
identified above:

SEL, = (SEL )., +10! 1len B klogh S A
= ef Jn 10109 +Klog
n = (e +10100 5, TH TRI9ES

The consist adjustment in the above equation is reflected in the "10 log(len/len, )" term, where len
represents the subsource length (len,,., len,,,) specified in Table 5-2. These variables are defined as:

leNsoner = Noower X UlEN,, @Nd

Ientrajn = (Npower X uIenpawer) + (Ncars x uIer]t:ar)'
The speed adjustment is given by tkel8g(SS,)" term, using the appropriate value #iin Table 5-2.
5.2.3 Step 5: Propagation of Noise to Receivers
Propagation characteristics must now be considered in order to compute the noise exposure at specific

receivers, using the project SEL at 50 feet for each subsource as the basis for calculation. The sequence
in this process are as follows:

> Determine the propagation characteristics between each subsource and the receiver.
> Develop an SEL-distance relationship for each subsource.

> Add a final adjustment using the appropriate shielding term based on intervening barriers and/or
terrain features between subsource and receiver.
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The steps required to carry out this sequence, resulting in calculation of a specific noise exposure-versus-
distance relationship for each noise subsource, are described below:

1. Set up cross-sectional geometries: Draw several approximate topographic sections, each
perpendicular to the path of moving sources or radially outward from point sources, similar to those
shown in Figure 5-3. Draw separate sections, if necessary, to account for significant changesin
topography and/or track geometry. Use judgement to reasonably limit the number of cross sections
required. Fewer than ten "typical" sections throughout the project corridor will usualy suffice.

2. Estimate Ground Effects:* For each topographic cross section, use the relationships illustrated in
Figure 5-3 to determine the effective path height, H 4, and from it the ground factor, G, for the
wheel-rail and propulsion noise subsources only. For aerodynamic noise subsources, ground
absorption has little attenuating effect and can be disregarded.

Larger values of G mean larger amounts of ground attenuation with increasing distance from the
source. Asshown in Figure 5-3, Hy; depends upon subsource heights, which are defined in terms of
height above railsin Table 5-2, and upon receiver heights, which is usually taken as 5 feet above
ground for both outdoor receivers and first floor receivers.

Because of the different effective source heights for the wheel-rail and propulsion noise subsources,
each will have a different H, and therefore ground factor. For acoustically "hard" (i.e.,
nonabsorptive) ground conditions, and for all aerodynamic noise subsources, G should be taken to be
zero. Application of the computationsin Figure 5-3 is restricted to topographies for which

horizontal distances are much greater than the vertical distances. In cases where the vertical

distance, such asthe elevation of the source or receiver, is of the same order of magnitude as any of
the horizontal distances, G can be taken as zero if the line of sight is unbroken. Otherwise use the
shielding method described in the next step.

3. Edtimate Shielding due to Terrain and Noise Barriers: If the line of sight between subsource and
receiver is unbroken, calculation of the ground factor (G) alone is sufficient to describe the
attenuation of noise with increasing distance. However, if shielding between source and receiver in
the form of intervening noise barriers and/or terrain features due to natural topography or to track
geometry (e.g., track in cut or on embankment) breaks the line of sight, an additional attenuation
must be included in the calculation of propagation effects.

Equations for computing the attenuation due to shielding (Ay,qqng) @€ provided in Table 5-3 for the
basic cross-sectional geometry shown in the figure at the bottom of the table. This fundamental
source-barrier-receiver geometry can also be used to model the barrier effect of terrain features that
protrude above the line of sight, such as the edge of a deep cut, an embankment, or an earth berm.
Examples of application of the shielding model are shown in Figure 5-4.

“Ontario M inistry of Environment, "ORNAMENT: Ontario Road Noise Analysis Method for Environment
and Transportation,” November 1988.
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IN GENERAL:

H.s = sum of average path heights on either side of barrier

Barrier

Example 3: Source in sloped cut

s}

Example 4: Source and receiver separated by Itrench

R
D

i
$b

*)))

tHe

R

D

Source 3 Reciever
T ) H, +2H, +H
H Hegr = — — (1)
H ‘ 2
Grassland
s
For B < 2
- Hs+2Hb +Hc+Hr

Herr = >

* Otherwise use Equation (1)

For H, >H_,

_Hg+2H, —H. +H,
Herr = 2

For H, <H.,

H, +H, +H
Heff = —=———— 2c :

ForA<B/,
use Equation (1)

ForA>BZ,

_Hs+2Hb+Hc+Hr
Heff_ 2

ForA>B/,

_Hs+2H, +H,

=0

G=Fors Q—%Q 5 <Hp < 42

Hert > 42

“ 1N H ff =
. € 2
Hs_r ))) H,
T .
He For A < % )
7z -4 = Hs +H
AT Her = >
A
Ground Factor Notes:
For soft ground: For hard ground: e Values for Sub-Source
[10.66 He <5 Heights (H,) are given in
G=0 Table 5-2.

e Equations for H,, remain
valid even when H,=0.

Figure 5-3 Computation of Ground Factor G for Ground Attenuation
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Table5-3 Computation of Shielding: Barriersand Terrain

Subsour ce Type Equation for Barrier Attenuation

PROPUL SION Aarrier = mmé‘ts or E20Iog Emi[ilj;/_]g %
WHEEL-RAIL Avarrier = mméﬁo or 201log Etanf][? ;/7?/_]% 5%
AERODYNAMIC Pperrier = mlnéﬁ or 20log Etan:;[zz 5;/2_\/_]5 %

Barrier Insertion Loss:

D
As‘]ielding = Iparrier = Avarrier _lO(GNB _GB)IOQ%Q

D = closest distance between the receiver and the source, in feet
P = pathlength difference, in feet (see figure below)

Gw = Ground factor G computed without barrier (see Figure 5-3)
Gy = Ground factor G computed with barrier (see Figure 5-3)

Basic Cross-Sectional Geometry:

BARRIER

‘ B RECEIVER

SOURCE I
R
—_—
__Ti\/l I GROlIJND ‘
[ Dgg > D >
P=A+B-C
A= Dy Hs)
2
B \/DBR _HR)
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(a) Barrier Geometry for Edge of Embankment:

i S '.—_"n_e_(?fs_i_ght Receiver
JHS Source EHB ----------- H
R

Dsp

(b) Barrier Geometry for Depressed Tracks:

Barrier Receiver

Source

Barrier

H

Figure 5-4 Barrier Geometry Models of Terrain for Computation of Shielding
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Calculate SEL versus Distance: For each subsource SEL at 50 feet developed earlier in the analysis,
plot a noise exposure-versus-distance curve, with SEL represented on the vertical axis and distance
on the horizontal axis, by evaluating one of the following equations over arange of distances D:

D D .
SL=<l| _ -10log %%— 10Glog %@— Asiding for wheel-rail subsources
D D .
= SEL| 1o ~10log %5—0%— 10Glog %2—9%— Agiielding for propulsion subsources
D .
= SEL i 10log %3—0%— Agidding for aerodynamic subsources.

5.2.4 Step 6: Cumulative Noise Exposure

The procedures followed in Step 5 (Section 5.2.3) result in calculation of subsource SEL s as a function
of distance from the project corridor. The next step isto combine the subsourcesto yield atotal SEL
value for atrain passby and convert from SEL to a measure of cumulative noise exposure based on a
specific operating schedule. As guidance, a 40 percent change in either the number of trains per hour or
the number of trains per day will produce an approximate 2-decibel change in cumulative noise exposure
(LegOr Lyy). The procedureis asfollows:

1

4,
5.

Total Passhy SEL: Calculate the total passby SEL by combining the subsource SEL s obtained
following Step 4 (Section 5.2.2), using the third equation in Table 5-4. The equations for subsource
SEL at 50 feet and at distance D are repeated in Table 5-4 for clarity and to illustrate the continuity
of the procedure.

Noise-Sensitive Hours: Determine the relevant time periods for all receivers that may be affected by
the project. For residential receivers, the two time periods of interest for computation of L , are:
daytime (7:00 am. to 10:00 p.m.) and nighttime (10:00 p.m. to 7:00 am.). For non-residential
receivers, choose the loudest project hour during noise-sensitive activity. Severa different hours
may be of interest for non-residential receivers, depending on the hours the facility is used.

Train Operations: Determine number of trains per hour.

For residential receivers:

V,, the average hourly daytime (7 am. to 10 p.m.) train volume, and
V,, the average hourly nighttime (10 p.m. to 7 am.) train volume.

For non-residential receivers:
V, the hourly train volume for each hour of interest.
Hourly L,: Compute L, using the fourth equation in Table 5-4 for each hour of interest.

Day-Night Sound Level (L,): If the project noise will affect any residential receivers, compute the
total train L 4, using the last three equationsin Table 5-4.
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Table 5-4 Computation of L, and L,

Quantity Equation

n™ Subsource:

Olen O Os O
Subsource SEL g = (SEL, ), +10l0g + K log
at 50 ft: " refn %enref %n %Sref %

[SEL 2450t -10 Og@;TO Q_ 10GI 09%72 Q_ Ad"lielding for Wheel/Rail Subsources
Subsource SEL - | = ESEL -10l og%D H— 1oc;|ogBE B_ Asiaang  fOr Propulsion Subsources
at distance D: at50ft 29[

%L” at 50ft |Og% H_ As‘neldmg for Aerodynamic Subsources

N Subsour ces:

N SEL d
Total SEL for ~ SEL =10logH) 10 10%
=1

train passby:

Hourly Leqg  Leq(n) = SEL +1010g(V) — 356 ~ Aycess

Daytime L;: Leq(day) = Ley(h) V=g

Nighttime L,

O Leg (day) (Leq (night) +10)) / [
Lo Ly, =10log @500 /0 +910 %08 138
8 E

V = average hourly volume of train traffic, in trains per hour
Vy4 = average hourly daytime volume of traffic, in trains per hour
number of trains, 7 amto 10 pm
15
V,, = average hourly nighttime volume of train traffic, in trains per hour
number of trains, 10 pmto 7 am

9

T See Section 5.2.2 for definition of terms
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6. Excess Shielding: If necessary, adjust for excess shielding. At this point, excess shielding (Agces)
that is site-specific and not directly related to the vertical geometry of the source relative to the
receiver (as computed in Step 5) can be applied to the overall noise exposure. Such excess
shielding can be caused by intervening rows of buildings, dense tree zones, and any other
obstruction between the source and the receiver. The attenuations are applied to overall L, and
L 4, and not to the individual subsource contributions. Equations for computing these attenuations
aregivenin Table 5-5.

Table5-5 Computation of Excess Shielding: Rows of Buildings and Dense Tree Zones

Condition Equation

If gapsin the row of buildings constitute less than o =minf10 or [1L5(R-1) + 5
35 percent of the length of the row: Pouildings { [ ( ) ]}

If gapsin the row of buildings constitute between
35 and 65 percent of the length of the row:

If gaps in the row of buildings constitute more than
65 percent of the length of the row:

=min{ 10 or [L5(R-1) +3]}

=0

Where at least 100 feet of treesintervene between

source and receiver, and if no clear line-of-sight Arees = MiN @10 or w @
exists between source and receiver, and if the trees 20
extend 15 feet or more above the line-of-sight:

If above conditions do not occur: -0
Atrees -

NET ATTENUATION Aexc&ss = max ﬁAbuildings or Atreesﬁ

number of rows of houses that intervene between source and receiver
width of the tree zone along the line-of -site between source and receiver, in feet

R
W

An example of application of Steps 1 through 6 of the Detailed Noise Analysis procedure for a
hypothetical proposed high-speed rail project follows.

Example 5-1. Detailed Noise Projection Procedure

Consi der the foll owi ng system

Proposed Equi pnent: The project will use a steel-wheeled electric train
with 2 power cars (one on each end) and 8 passenger coaches. The maxi num
design speed will be 180 nmph, placing it in the "Very Hi gh-Speed" category
in Table 5-2. The |l oconotives are 73 feet |ong each, and the cars are each
61 feet |ong.

Proposed Service: Hours of revenue service fromb5:00 a.m to m dnight.
Hourly vol unes are:

Daytine (7 a.m to 10 p.m):
V, = 4 trains/ hour
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Nighttinme (10 p.m to 12 p.m,
V. =

n

5am to7 am):
1 train/hour

In the corridor segnent of concern, the train will pass through a shallow cut
with sloped walls, and we are concerned with the sound exposure at a 5-foot
recei ver standing 80 feet fromthe edge of the cut (200 feet fromthe
centerline of the near track).

The geonmetry is illustrated in case 3 of Figure 5-3, with the foll ow ng
par anet er val ues:

105 feet

200 feet

5 feet

49 feet

0 feet, and

subsource heights as given in Table 5-2 for Very Hi gh- Speed
trains.

JIIII®>
I

1. Calculate the ground factor, G for the wheel-rail and
propul si on subsources using the equations in Figure 5-3:

H+2H +H +H

— S b c r

Heff - f
(1)+(2x0)£(49)-%5) = 27.5 for wheel -rai
and, H (12) +(2x0) +(49) +(5) - 33 for propul sion.

2
Using the equation for G again fromFigure 5-3,

H
G= .75|1-—¢
-

_ 275 _ Croai

= .75( a5 .26 for wheel -rai

- 33) _ .
and, = .75 ];=Z§ = .16 for propulsion

2. Since the line of sight
by the cut (see Figure 5-4(b)),

bet ween the receiver and the source may be broken

determ ne the shielding due to the terrain.

Using the geonetry from Table 5-3, with the barrier height represented by
t he hei ght of the cut,

Dy = 120 feet,

Dy = 80 feet,

Hy = 54 feet (receiver height + height of cut),

Hy, = 49 feet, and

Hs = heights of wheel-rail, propul sion, and aerodynam c
subsources from Tabl e 5-2.

Use these values to obtain the lengths A, B, C, and P in Table 5-3:

Propul sion  \Weel -Rai | Train Nose \Weel Region Pant ogr aph
A 125. 6 129. 2 126. 2 127.8 124.7
B 80. 2 80. 2 80. 2 80. 2 80. 2
C 204. 4 206. 9 204.8 205.9 203.8
P 1.4 2.5 1.6 2.1 1.1
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Insert the path length difference, P, into the equations for Barrier
Attenuation from Tabl e 5-3, which vyields:

Abarrier,propulsion = 14 41
arrier, wheel -rail = 20. O.
arrier,train nose = 8. 91
arrier, wheel region = 10. 1: and

= 7.6.

arrier, pant ogr aph

Solve for the insertion loss using the fourth equation in Table 5-3.
Because this system does not have a man-made barrier, set Gy and G=0.
Thi s vyi el ds:

Ashi el di ng, propul si on = 14. 4,
hi el di ng, wheel - rai | = 20.0,
hi el di ng, trai n noi se = 8 9,
hi el di ng, wheel region = 10. 1: and
= 7.6.

hi el di ng, pant ogr aph

To cal cul ate the noi se exposure as a function of distance, nornalize the
reference quantities in Table 5-2 to the actual operating conditions of the
proposed system using the nethod from Section 5.2.2. This results in the
fol |l owi ng subsource SELs:

Pr opul si on = 89 dBA,
VWheel -rai l = 97 dBA,
Trai n nose = 92 dBA,
Wheel region = 89 dBA, and
Pant ogr aph = 86 dBA.

Usi ng these val ues, evaluate the equations in section 5.2.3 at a distance
of 200 feet at each subsource. Add the subsource SELs together to obtain
the total SEL exposure. A plot of the total SEL versus distance for this
exanple is given below. At 200 feet, the sound exposure |evel at the
receiver will be about 80 dBA

SEL vs. Distance
Train in Cut

90
89
88
87
86
85
84
83
82
81
80
79
78
77
76
75

140 160 180 200 220 240 260 280 300

Distance, ft

Sound Exposure Level, dBA




5-22 High-Speed Ground Transportation Noise and Vibration Impact Assessment

4. Using the L, and Ly, equations in Table 5-4, conpute the cunul ative noise
exposure at the receiver:

L.,( day) = 51 dBA,
Leg(ni ght) = 45 dBA, and
Lyn = 52 dBA

End of Example 5-1

5.2.5 Step 7: Maximum Noise Level for Train Passbys

Noise impact assessment in this manual is based on either L 4, or L therefore, normally it is not
necessary to determine and tabul ate the maximum levels (L ). However, often it is desirable to include
estimates of L, since:

° it is representative of what people hear at any particular instant;
° it is straightforward to measure with a standard sound level meter;
° noise limitsin vehicle specifications are usualy intermsof L _; and

] because L, represents the sound level heard during a transportation vehicle passby, people can
related this metric with other environmental noises, such as an aircraft flyover or atruck passby.

Although L., isnot used in this manual as a basis for assessing noise impact, when used in conjunction
with L(h) or L, it can provide amore complete description of the noise effects of a proposed project.

L ,..x &S0 may be necessary in determining compliance with the project noise limits. Equations for
computing L., from SEL and also for estimating a single reference SEL (for use in the General
Assessment method presented in Chapter 4) from a specified or measured value of L, are givenin
Appendix C. Application of these equationsisillustrated in Example 5-2.

Example5-2. Calculation of L, using Detailed Noise Analysis Procedure

Thi s exanpl e denonstrates how to conpute L, conbining the nmethods descri bed
in Chapter 5 and the equations given in Appendix C. The segment in question
will utilize an electric |oconotive-hauled train with a nmaxi nrum desi gn speed
of 150 nph, which places it in the "high speed" category of Table 5-2. The

| and abutting the rail corridor is flat with no shielding, and the tracks are
on a 3-foot high enbankment. The receiver is assuned to be 5 feet high, and

t he noi se specification requires L., at a distance of 50 feet away fromthe
centerline of the tracks. The trainset is made up 2 power units (one at each
end of the set) and 10 passenger coaches. The paraneters for this train are,

SEl—ref,propulsion = 86 dBA,
SELref,V\heeI-raiI = 91 dBA,
Nlocos = 2;
Ncars = lo.

Lioeos = 73 feet,
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Lears = 61 feet,

Liotai,1ocos = 146 feet,
Liotal,cars = 610 feet,
S= 150 nph, and

D= 50 feet.

The SELs for each subsource nust be conputed for the proposed consist and
speed using the nethods described in section 5.2. Then, L., fromeach
subsource can be cal cul ated using the equations in Appendix C. The hi ghest
subsource L, is used in the noise specification for this trainset.

First, the effective path heights nust be calculated to determ ne the ground
attenuation. As shown in Figure 5-3, the effective ground height is

Hr =(H+2H,+H) /2

so H 4.5 for the wheel-rail subsource, and
H 9 for the propul sion subsource.

This corresponds to

G = .66 for the wheel -rail subsource, and
G = .59 for the propul sion subsource.

The reference paranmeters given in Table 5-2 nust now be adjusted to actua
speed and di stance conditions by using the equations fromsection 5.2.2. It
shoul d be noted that for cases where the |oconotives are | ocated on opposite
ends of the train, they should be treated separately; the equations in Section

5.2.2 assune the | oconotives are in groups. |n other words,
SEl-propul sion f ggLrlef , propul si on+10I Og( 73/ 73) +15| Og( 150/ 20)

for each power unit, and

SEL jheel /rait S%REM,WEHHE|+1OI0g((146+610)/634)+20|0g(150/90)

for the wheel/rail conmponent of the train.

Using the equations in section 5.2.3, the SEL at 50 feet for each power unit
is:

D D . .
SEL::SELmom”yon—lolog (EﬁSJ_locslog [fﬁi)’ whi ch yields

- . 50 S0)
SEL =99. 1 1O|°g(§6J 10(.59)Iog(29J 97.7
and for the wheel -rail subsource is:
D D . .
SEL = SEL ;00141 ~101 0Q (?35J10(5Iog [7E§)’ whi ch yi el ds
, . S50 50) _
SEL = 96.2 10Iog(50J 10(.66)Iog(42J 95.7

These SELs can now be used in the equations given in Table CG1. First, «
correspondi ng to propul sion and wheel /rail noi se nust be cal cul at ed:
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arctan (L/2D)
.63 for propul sion noise and

Q
I n

1.4 for wheel/rail noise.

Then,
Loax. propusion = 97.7-10l0g(73/150)+10log(2x.63)-3.3
= 98.5 dBA, or 99 dBA (rounded)
L rax, wheel /rail = 95.7-10l0g(610/150)+10log[(2x1.44)+sin(2x1.44)]-3.3

= 91.3 dBA, or 91 dBA (rounded).

The total L is,the largest of the two:
L 99 dBA

nmax, tot al

End of Example 5-2

5.3 STEP 8: NOISE IMPACT ASSESSMENT

This section outlines procedures for assessing noise impact using the existing and projected noise results
developed using the methodol ogies described in the previous sections. These procedures can be applied
not only to noise impact from high-speed rail operations, including projects built within a highway or
railroad corridor, but also to impacts from fixed facilities such as storage and maintenance yards,

passenger stations and terminals, parking facilities, and substations.

5.3.1 Assessment Procedure

Noise impact should be assessed at each receiver of interest using the criteriafor high-speed rail projects

described in Chapter 3 asfollows:

1 Existing Noise Exposure. Tabulate existing ambient noise exposure (rounded to the nearest whole

decibel) at al receivers of interest identified earlier in the analysis.

2. Project Noise Exposure. Tabulate project noise exposure at these receivers using the analytical
procedures described in this chapter. In the tabulation, account for added annoyance from startle for

receivers located within the distances given in Figure 4-2 (Chapter 4).

3. Noise Impact Criteria. Determinethe level of noiseimpact (No Impact, Impact or Severe Impact)
by comparing the existing and project noise exposure based on the impact criteriain Chapter 3.

4. Noise Impact Inventory. Document the results in noise-assessment inventory tables. These tables

should include the following types of information:
° receiver identification and location,

° land-use description,
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° number of noise-sensitive sites represented (usually the number of residentia buildings or
dwelling units),

] closest distance to the project,

° existing noise exposure,

° project noise exposure,

] level of noise impact (No Impact, Impact or Severe Impact), and
° potential for startle.

In addition, these tables should indicate the total number of receivers predicted to experience
Impact or Severe Impact.

5. Graphical Illustration of Noise Impact. Illustrate the areas of Impact and Severe Impact on
maps or aerial photographs. Thisillustration could consist of noise impact contours on the maps
or aerial photographs, along with the impact areas highlighted. Thisis done by delineating two
impact lines: one between the areas of No Impact and Impact and the second between Impact and
Severe Impact. To conform with the practices of another agency (e.g., FHWA, FAA), include
several contour lines of constant project noise, such asL 4, 65, Ly, 70 and L, 75.

6. Magnitude of Noise Impact. Determine the magnitude of the impacts as the basis of the
assessment, defined by the two threshold curves delineating onset of Impact and Severe Impact.
Interpretation of the two impact regimesis discussed in Chapter 3.

7. Maximum Noise Level. Evauate and tabulate L, at sensitive receivers and locations where
SEL exceedsthe interim criteriafor effects on animals as discussed in Chapter 3.

5.3.2 Example of GIS Implementation

Geographic Information System (GIS) technology can be a useful tool in graphically identifying and
displaying noise impacts, as well as simplifying the mapping and inventorying work that is needed to
complete the impact assessment. While development of a GI S method was not within the scope of this
manual, an example showing a conceptual method of implementing GISis given in this section.

The GIS example utilizes the parameters of Alignment Alternative 1 in Example 4-1 (Chapter 4). This
corridor will use a high-speed electric trainset with a maximum speed of 180 mph, passing through a
rural areawith scattered residences, as shown in Figure 5-5.

Procedure
The screening procedure calls for further analysis for noise-sensitive land use within 1,000 feet of a new
corridor. Using GIS, the procedureis as follows:

Step 1. Digitize GISInput Map. Input adiagram of the project areainto the GIS by digitizing a
map, using aerial or satellite photography, CAD, or other methods. The GIS will determine
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Step 2.

Step 3.

Step 4.

Step 5.

grade crossings, embankments and cuts from topographic contours. Environmental features
such as dense foliage are selected by choosing the appropriate icon and applying the feature
to the map.

Identify the sensitivereceivers. Identify and label all sensitive land uses by address and
owner, either manually, or by importing the information from a database. Distances from
each receiver to the track will be computed automatically.

Input train parameters. Obtain train data such as speed, type and number of carsfor input
to the noise propagation model, which islinked to the GIS. As demonstrated in Example 4-
1 (Chapter 4), the onset for impact and severe impact is 990 and 350 feet, respectively. The
GIS will automatically calculate the distances for impact and severe impact, and draw the
noise contours as shown in Figure 5-5.

Assessimpact at specific receivers. Predictions of noise and vibration levels at specific
receivers will also be calculated automatically using the noise contour information obtained.
To view statistics for a certain residence, select the residence and a dialog box will appear,
providing receiver information including address, owner, and projected noise and vibration
levels from high-speed trains.

Input new parameters. To view the effects of different train configurations and/or speeds,
input the new parameters into the GIS and the model will redraw new impact contours and
update the noise and vibration levels at each receiver.

Once the receiver and geographic information has been entered into the system, it is possible to change
any number of variables, including track position, train configuration, and shielding and receive updated
noise and vibration predictions with little effort. Use of GIS technology also allows residents who live
near a corridor to see the specific impact that arail project would have on them.
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Figure 5-5 Determining Noise Impact using GIS
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5.4 MITIGATION OF NOISE IMPACT

This section provides guidance for eval uating noise reduction measures at locations where the noise
impact assessment shows either Severe Impact or Impact. In general, mitigation options are chosen from
those listed below, and then relevant portions of the project noise are recomputed and reassessed to
account for this mitigation. This reassessment provides an accurate prediction of the noise reduction and
the resulting net impact of the project, assuming the incorporation of mitigation measures either in the
initial project plans by the project proponent, or as a condition imposed by the approving public agency.

The source levels used in this manual are typical of high-speed rail systems designed according to
current engineering practice, but they do not include special noise control features that could be
incorporated in the specifications at extra cost (e.g., wheel skirts, pantograph shrouds). Such measures
could further reduce noise impact and warrant consideration by project proponents and public agencies
where the Initial Noise Evaluation indicates the potential for extensive areas of severe impact.

Mitigation of noise impact from high-speed rail projects may involve trestments at the three fundamental
components of the noise problem: (1) at the noise source, (2) along the source-to-receiver propagation
path, or (3) at thereceiver. A list of practical noise mitigation measures that should be considered is
summarized in Table 5-6. Thistableis organized according to whether the treatment appliesto the
source, path, or receiver, and includes estimates of the acoustical effectiveness of each treatment. The
treatments are discussed in Sections 5.4.1 through 5.4.3. Note the mitigation treatments are not additive
within each group. Professional judgement is required to determine the total effectiveness, but one can
usually add the effectiveness of one treatment from each group.

5.4.1 Source Treatments

Vehicle Noise Specifications

Incorporating noise control features during the specification and design of the vehicle is among the most
effective noise mitigation treatments. The development and enforcement of stringent but achievable
noise specifications by the project sponsor isamajor step in controlling noise everywhere on the system.
It isimportant to ensure that 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 imposing significant penalties for
noncompliance with the specifications.
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Wheel Treatments

A magjor source of noise from steel-on-steel high-speed rail systemsis the wheel-rail interaction, which
has three components: roar, impact, and squeal. Roar isthe rolling noise caused by small-scale
roughness on the wheel tread and rail running surface. Impacts are caused by discontinuitiesin the
running surface of therail or by flat spots on the wheels. Sgueal occurs when a steel-wheel tread or its
flange rubs across the rail, setting up resonant vibrationsin the wheel, which causeit to radiate a
screeching sound.

Various wheel designs and other mitigation measures to reduce the noise from each of these three
mechanisms include:

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

° Spin-dlide control systems, similar to anti-locking brake systems on automobiles, reduce the
incidence of wheel flats (localized flat spots on wheels), a major contributor of impact noise.
Trains with smooth wheel treads can be up to 20 decibels quieter than those with whed 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. An effective maintenance program includes the installation of egquipment to detect and
correct wheel flats on a continuing basis.
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Table5-6 High Speed Rail Noise Mitigation M easures
Application Mitigation Measure Effectiveness
Stringent Vehicle & Equipment Noise Specifications Varied
Placement of HVAC systems Varied
Sound-Absorptive Duct Lining for Air Intake/Exhaust 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 6-10dB
Under-car Absorption 5dB
SOURCE Spin-slide control (prevents flats) ”

Wheel Truing (eliminates wheel flats)
Rail Grinding (eliminates corrugations)
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)
Elimination of all surface discontinuities/edges on Vehicle
Body 3-6dB
Pantograph cover or shroud 5dB
Sound Barriers close to Vehicles 6-10dB
Sound Barriers at ROW Line 5-8dB
Alteration of Horizontal & Vertical 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
Ach_Jisition of Property Rights for Construction of Sound 510dB

RECEIVER Barriers

Building Noise Insulation 5-20dB

" These mitigation measures work to maintain a high-speed rail system in its as-new condition. Without
incorporating them into the system, noise levels could increase by up to 10 dB.

Vehicle Treatments

V ehicle noise mitigation measures are applied to the various mechanical systems associated with
propulsion, ventilation, and passenger comfort; these include:

° Propulsion systems of high-speed rail vehiclesinclude electric traction motors and fossil fuel
turbine engines. Noise from the propulsion system depends on the type of unit and the level of
noise mitigation is built into the design.

° Ventilation requirements for vehicle systems are related to the noise generated by avehicle. Fan

noise often remains a major noise source after other mitigation measures have been instituted
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because of the need to have direct accessto cooling air. This problem applies to heat exchangers
for electric traction motors and air-conditioning systems. Fan quieting can be accomplished by
installation of one of several new designs of quiet, efficient fans. Forced-air cooled 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 skirts over the wheels can provide more than 5 decibels of mitigation. By
providing their own noise barriers, vehicles with these features can provide cost-effective noise
reduction.

Guideway Support

The smoothness of the running surface is critical in the mitigation of noise from a moving vehicle. Due
to the high train speeds, smooth rail running surfaces are essential for controlling noise at acceptable
levels on high-speed rail systems. Roughness of rail surfaces can be eliminated by grinding rails, thereby
reducing noise levels by up to 10 decibels.

Operational Restrictions

Restrictions on operations are not a desirable mitigation option because of service demands. However,
in extreme cases they can be a viable option. Two changes in operations that can mitigate noise are
decreasing speed in selected, noise-sensitive areas and reducing nighttime (10 p.m. to 7 am.) operations.
Because noise from high-speed trains depends on speed, a reduction of speed resultsin lower noise
levels. The effect can be considerable. For example, each halving of speed on a steel-wheel/steel -rail
system resultsin a 6 dB reduction in noise exposure (see Table 5-2). Complete elimination of nighttime
operations has a strong effect on reducing the L ,,, because nighttime noise isincreased by 10 decibels
when calculating L .

It is expected that most new high-speed rail systems will be grade-separated, eliminating the need for
grade crossings and their associated noise levels. However, when grade crossings are present in lower-
speed track segments, other operational restrictions that can reduce noise impact include minimizing or
eliminating horn blowing and other types of audible warning signals. These mitigation options must be
compliant with safety regulations and FRA guidelines.

°C.E. Hanson, "Noise Control for Rapid Transit Cars on Elevated Structures," Journal of Sound and
Vibration 87(2): 285-294 (1983).
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5.4.2 Path Treatments

Sound Barriers

Sound barriers are probably the most common noise mitigation measure used in surface transportation
modes. 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 factors such as the source height and the distance from the source to the barrier. For
example, abarrier located very close to the nearest track need only be 3 to 4 feet above the top of rail to
effectively reduce wheel-rail noise, providing noise reductions of 6 to 10 decibels. The height of barriers
farther away from the adjacent track, such as on the right-of-way line or for trains on the far track, or for
screening aerodynamic noise sources, must be increased to provide equivalent effectiveness. Otherwise,
the effectiveness of the barrier could drop to 5 decibels or less, even if it breaks the line of sight. Where
the barrier is very close to the vehicle or where the vehicles travel between sets of parallel barriers,
barrier effectiveness can be increased by as much as 5 decibels by applying sound-absorbing material to
the inner surface of the barrier.

Similarly, the length of the barrier wall isimportant in its effectiveness. The barrier must be long
enough to screen out a moving train along most of itsvisible path. Thislength is 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 reasonable
thickness of brick or concrete. The normal minimum requirement is a surface density of 4 pounds per
square foot. To sustain wind loads, structural requirements are more stringent. Most importantly,
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 construction inspection costs. The cost of
installation on an aerial structure is approximately the same as at-grade, unless the structure has to be
strengthened to accommodate the added weight and wind load.

Locating arail alignment in areasonably deep cut or trench, as part of a grade separation, can
accomplish the same result asinstalling anoise barrier. The walls of the trench serve the same function
as barrier walls in breaking the line-of-sight between source and receiver.
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Noise Buffers

Because noise levels attenuate with distance, increasing the distance between noise sources and the
closest sensitive receivers can be an effective mitigation measure. This buffer can be accomplished by
locating alignments away from sensitive sites. In areas of severe impact, acquiring land or easements for
noise buffer zones is an option that may be considered.

Ground Absorption

Propagation of noise over ground is affected by whether the ground surface is absorptive or reflective.
Noise from vehicles at-grade is strongly affected by the character of the ground in the immediate vicinity
of the vehicle. Guidewaysfor rail systems can be either reflective or absorptive, depending on whether
they are concrete or ballast. Ballasted track construction can reduce train noise 3 decibels at-grade and
up to 5 decibels on aeria structure.

5.4.3 Receiver Treatments

Sound Barriers

In certain cases it may be possible to acquire limited property rights for the construction of sound
barriers at the receiver. As discussed 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
thereceiver. Procedures for estimating barrier effectiveness are given earlier in this chapter.

Building Insulation

In cases where rights-of-way are restricted, the only practical noise mitigation measure may beto
provide sound insulation for the building. The most effective treatments are to caulk and seal gapsin the
building envelope and to install windows that are specially designed to meet acoustical transmission-loss
requirements. These windows are usually made of multiple layers of glass and are beneficial for heat
insulation as well as for sound insulation. Depending on the quality of the original windows, the new
windows can provide noise reductions of 5 to 20 decibels. Such windows are usually nonoperable so that
central ventilation or air conditioning would be needed. Additional sound insulation, if needed, can be
provided by sealing vents and ventilation openings and rel ocating them to a side of the building away
from the noise source.
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Chapter 6
GROUND-BORNE VIBRATION CONCEPTS

Noise and vibration are traditionally linked in environmental impact assessments because the two
disciplines are perceived to have many physical characteristics in common. For example, noise can be
generated by vibration of surfaces. Both involve fluctuating motion: noise is oscillating motion of air and
vibration is oscillating motion of structures or the ground. Both are analyzed as wave phenomena: noise
is made up of sound wavesin air and vibration travels as waves in the ground. Both are measured in
decibels. Both are considered sensory effects: noiseis related to hearing and vibration is related to
feeling. Despite their similarities, however, noise and vibration require entirely different kinds of

analyses. The fact that ground-borne vibration travels through a succession of solid media, such as various
kinds of soil, rock, building foundation, and building structure, to reach the receiver makes vibration more
complicated to measure and to predict than noise.

This chapter provides a general background on ground-borne vibration and summarizes the available data
on ground-borne vibration caused by high-speed trains. The focusis on vibration generated by steel-
whedl trains.* The material presented is based largely on empirical data, since ground-borne vibrationisa
more complex phenomenon than that of airborne noise. The information contained in this chapter forms
the basis of the assessment procedures presented in Chapters 7, 8, and 9.

The effects of ground-borne vibration include perceptible movement of the building floors, rattling of
windows, shaking of items on shelves or hanging on walls, and rumbling sounds. In extreme cases, such
vibration can damage buildings and other structures. Building damage is not a factor for most surface

'Because maglev systems do not touch the guideway except when stationary, the ground-borne vibration
forces are much lower than with steel-wheel trains. Although there is some ground-borne vibration generated by the
fluctuating magnetic forces, the vibration forces are generally low enough that ground-borne vibration from maglev
trains can be ignored.
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transportation projects, except during construction when there may be occasional blasting and pile driving.
Annoyance from vibration often occurs when the vibration exceeds the threshold of perception by 10
decibelsor less. Thisvibration level isan order of magnitude below the damage threshold for normal
buildings.

The basic concepts of ground-borne vibration areillustrated for a high-speed rail system in Figure 6-1.
The train wheels rolling on the rails create vibration energy transmitted through the track support system
into the trackbed or track structure. The amount of energy that is transmitted into the track structure
depends strongly 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.
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Figure 6-1 Propagation of Ground-Borne Vibrations into Buildings

The vibration of therail 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 floors and walls of a building often occur at the resonance frequencies of those building
elements.
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The vibration of floors and walls may cause perceptible vibration, rattling of items such as windows or
dishes on shelves, or arumble noise. The rumbleis the noise radiated from the motion of the room
surfaces. 1n essence, the room surfaces act like agiant loudspeaker. Thisis called ground-borne noise.

Ground-borne vibration is ailmost never annoying to people who are outdoors. Although the mation of the
ground may be perceived, the motion does not provoke the same adverse human reaction without the
effects associated with the shaking of abuilding. In addition, the rumble noise that usually accompanies

the building vibration can only occur inside buildings.

6.1 DESCRIPTORS OF GROUND-BORNE VIBRATION AND NOISE

6.1.1 Vibratory Motion

Vibration is an oscillatory motion, which can be described in terms of 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 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 israrely used to describe
ground-borne vibration. Thisis 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.

6.1.2 Amplitude Descriptors

Vibration consists of rapidly fluctuating motions
with an average motion of zero. The various
methods used to quantify vibration amplitude are
shown in Figure 6-2. Theraw signal isthe lighter
weight curve in the top graph. Thisisthe
instantaneous vibration vel ocity, which fluctuates
about the zero point. The peak particle velocity
(PPv) is defined as the maximum instantaneous posi-
tive or negative peak of the vibration signal. Ppv
often is used in monitoring of blasting vibration
sinceit is related to the stresses that are experienced
by buildings.
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Although Ppv 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 signals. Ina
sense, the human body responds to an average vibration amplitude. Because the net average of avibration
signal is zero, the root mean square (RMS) amplitude is used to describe the "smoothed" vibration
amplitude. The rRMs of asignal isthe average of the squared amplitude of the signal. The averageis
typically calculated over a 1-second period. The RMsamplitude is shown superimposed on the vibration
signal in Figure 6-2. The RMs amplitude is always less than the Ppv and is always positive.?

The ppv and RMS velocities are normally described in inches per second in the U.S. and in meters per
second in the rest of the world. Although it is not universally accepted, decibel notation isin common use
for vibration. Decibel notation serves to compress the range of numbers required to describe vibration.
The bottom graph in Figure 6-2 shows the RMS curve of the top graph expressed in decibels. Vibration
velocity level in decibelsis defined as:
O, C
L, =20xlogyoH—T"
%’ref L

where"L," isthe velocity level in decibels, "v" isthe RMs velocity amplitude, and "v," is the reference
velocity amplitude. A reference adways must be specified whenever a quantity is expressed in terms of
decibels. The accepted reference quantities for vibration velocity are 1x10°in./sec in the U.S. 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 state clearly the reference quantity being used whenever velocity levels are specified. All
vibration levelsin 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.

A standardized weighted vibration level has been used in Japan to evaluate human response to vibration.
Thisvibration level, often abbreviated VL, is usually referred to as the weighted acceleration level. At
frequencies greater than 8 Hz, which for al practical purposesis the frequency range of interest for
ground-borne vibration:

VL=L,-21

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

6.1.3 Ground-Borne Noise

As discussed above, the rumbling sound caused by the vibration of room surfacesis called ground-borne
noise. The annoyance potential of ground-borne noise is usually characterized using the A-weighted
sound level. Although the A-weighted level is amost the only descriptor for community noise, there are
potential problems when characterizing low-frequency noise using A-weighting. Thisis because of the

’The ratio of PPV to maximum RMS amplitude is defined as the crest factor for the signal. The crest factor
isaways greater than 1.71, although a crest factor of 8 or more is hot unusual for impulsive signals. For ground-
borne vibration from trains, the crest factor isusually 4 to 5.
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non-linearity of human hearing, which causes sounds dominated by low-frequency componentsto seem
louder than broadband sounds that have the same A-weighted level. The result isthat a ground-borne
noise level of 40 dBA sounds louder than 40 dBA broadband airborne noise. Thisanomaly is accounted
for by setting the limits for ground-borne noise lower than would be the case for broadband noise.

6.2 HUMAN PERCEPTION OF GROUND-BORNE VIBRATION AND NOISE

This section gives some general background on human response to different levels of building vibration,
thereby establishing the basis for the criteria for ground-borne vibration and noise that are presented in
Chapter 7.

6.2.1 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 inresidential areasis usually 50 VdB or lower, well
below the threshold of perception for humans, which isaround 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 israrely perceptible.

Common vibration sources and the human and structural response to ground-borne vibration are illustrated
in Figure 6-3. Therange of interest is from approximately 50 VdB to 100 VdB. Background vibration is
usually well below the threshold of human perception and is of concern only when the vibration affects
very sensitive manufacturing or research equipment, such as electron microscopes and high resolution
lithography equipment.

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 aroom, 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.

*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 the international standard of 1x10%
m/sec, the sound level is approximately 8 decibels lower than the average velocity level.
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6.2.2 Quantifying Human _
VELOCITY  Typical Sources

Response to Ground-Borne Human/Structural Response LEVEL* (50 ft from source)
Vibration and Noise _
One of the maj or problems in Threshold, minor cosmetic damage — 100 «— Blasting from construction projects

. X i . fragile buildings
developing suitable criteriafor

ground borne vibration is that -<— Bulldozers and other heavy tracked

) ] Difficulty with tasks suchas — (90 construction equipment
there has been relatively little reading a VDT screen
research into human response to ~— High speed rail, upper range
vibrati on, In partlcular, human Residential annoyance, infrequent — (80| < Rapid transit, upper range
annoyance with buildi ng events (e.g., commuter rail)

. . . ~— High speed rail, typical
Vl.bl’atl on. quever,.expe.rlence Residential annoyance, freque_nt — ~— Bus or truck over bump
with U.S. rapid transit projects events (e.g., rapid transit) 70
over the past 20 years represents a o .

A A Limit for vibration sensitive —
good foundation for developing equipment. Approx. threshold for ~— Bus or truck, typical

suitable limits for residential human perception of vibration 50

exposure to ground-borne
vibration and noise from high' =4 <— Typical background vibration
speed rail operations.

The relationshi p between the RMS Vibration Velocity Level in VdB relative to 10 inches/secéhd

. . . Figure 6-3 Typical Levels of Ground-Borne Vibration
vibration velocity level measured 9 P

in 22 homes and the general

response of the occupantsto vibration from rapid transit trainsisillustrated in Figure 6-4. The data points

shown were assembled from measurements that had been performed for several transit systems. The

subjective ratings are based on the opinion of the person who 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 6-4 indicate that residential vibration exceeding 75 VdB is unacceptable if trains are passing every

5to 15 minutes, asis usually the case with urban transit trains. Additional social survey datais provided

by a Japanese study on vibration pollution conducted in 1975.> The percent of people annoyed by

vibration from high-speed trains in Japan is shown by the “% annoyed” curve in Figure 6-4. Note that the
scale corresponding to the percent annoyed is on the right hand axis of the graph. The results of the
Japanese study confirm the conclusion that at vibration velocity levels ranging from 75 to 80 VdB, many
people will find the vibration annoying.

“3T. Nelson, H.J. Saurenman, “State-of-the-Art Review: Prediction and Control of Ground-Borne Noise
and Vibration from Rail Transit Trains,” U.S. Department of Transportation, Urban Mass Transportation
Administration, Report Number UMTA-MA-06-0049-83-4, DOT-TSC-UMTA-83-3, December 1983.

®Y. Tokita, “Vibration Pollution Problems in Japan,”linter -Noise 75, Sendai, Japan, pp. 465-472, 1975.
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The human response to different

levels of ground-borne noise and Response to Residential Building Vibration
vibration is described in Table | 4to 1.5 Rapid 'Il'ransn Tlralns pe: Hour | -
6-1. Thefirst column lists _ _
. . . Disagreeable |- o= °
vibration velocity levels, and the s
. 80
next two columnslist the
. . Distinctly P
corresponding noise levels perceptible | -

assuming that the vibration // e 60 3
spectrum peaks at either 30 Hz Barely | € voe con e
or 60 Hz. As discussed above, Perceptible s /,8 - 40 ;E
the A-weighted noise level will et
be approximately 40 dB less mperceptible |- 8o % {20
than the vibration velocity level g
if the spectrum peak is around ! ! ! ! ! ! 0
30 Hz, and 25 dB lower if the 55 60 65 70 5 80 85 90
Spectrum peak isaround 60 Hz. Vibration Velocity Level -- dB re 1 micro in./sec

Figure 6-4 Occupant Response to Urban Transit-Induced Residential

However, human response
measures illustrate that
achieving either the acceptable
vibration or acceptable noise levels does not guarantee that the other will be acceptable. The noise caused
by vibrating structural components may be very annoying even though the vibration cannot be felt, or the
other way around.

Vibration

Table6-1 Human Response to Different Levels of Ground-Borne Noise and Vibration

RMS Vibration Noise L evel Human Response
Velaocity L evel

Low Freg® Mid Freg?

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

Approximate dividing line between barely perceptible and distinctly
perceptible. Many people find train vibration at this level

75VdB 35dBA 50 dBA . i
unacceptable. Low-frequency noise acceptable for sleeping areas,
mid-frequency noise annoying in most quiet occupied areas.
Vibration acceptable only if there are an infrequent number of

85VdB 45 dBA 60 dBA events per day. Low—freguency noise unacceptablgfor sleeping
areas, mid-frequency noise unacceptable even for infrequent events
with ingtitutional land uses such as schools and churches.

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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6.3 FACTORS THAT INFLUENCE GROUND-BORNE VIBRATION AND NOISE

Developing accurate estimates of ground-borne vibration is complicated by the many factors that can
influence vibration levels at the receiver position. Factorsthat have significant effects on the levels of
ground-borne vibration are discussed in this section. Some of these factors that are known to have, or are
suspected of having, a significant influence on the levels of ground-borne vibration and noise are
summarized in Table 6-2. Asthetable indicates, the physical parameters of the track, trainsets, geology,
and receiving building all influence vibration levels. The important physical parameters can be divided
into the following four categories:

Operational and Vehicle Factors: This category includes all of the parameters that relate to rail vehicles
and the operation of trains. Factors such as high speed, stiff primary suspensions on the vehicle,
and flat or worn wheels will increase the possibility of ground-borne vibration problems.

Guideway: The type and condition of therails, the type of guideway, the rail support system, and the
mass and stiffness of the guideway structure can all influence the level of ground-borne vibration.
Worn rail and wheel impacts at special trackwork can substantially increase ground-borne vibration.
A high-speed rail system guideway will be either in tunnel, open trench, at-grade, or aerial viaduct.
It israre for ground-borne vibration to be a problem with aerial railways, except when guideway
supports are located within 50 feet of buildings. Directly radiated airborne noiseis usually the
dominant problem from guideways at-grade or in cut, although vibration can sometimes be a
problem. For tunnels that are under residential areas, however, ground-borne noise and vibration
are often among the most significant environmental problems.

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
bedrock. Experience has shown that vibration propagation is more efficient in clay soilsaswell as
areas with shallow bedrock; the latter condition seems to channel or concentrate the vibration
energy closeto the surface, resulting in ground-borne vibration problems at large distances from the
track. Factors such as layering of the soil and depth to water table can also have significant effects
on the propagation of ground-borne vibration.

Receiving Building: Ground-borne vibration problems occur almost exclusively inside buildings.
Therefore, the characteristics of the receiving building are a key component in the evaluation of
ground-borne vibration. The train 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 depend
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 structure. The
general guideline isthat the more massive a building is, the lower its response to incident vibration
energy in the ground.
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Table 6-2 Factorsthat Influence L evels of Ground-Borne Vibration and Noise

Factors Related to Vibration Source

Factors Influence

Vehicle If the suspension is stiff in the vertical direction, the effective vibration forces will be higher. On

Suspension transit cars, only the primary suspension affects the vibration levels, the secondary suspension that
supports the car body has no apparent effect. Similar effects are likely to occur with high-speed
trainsets.

Wheel Condition Wheel roughness and flat spots are the major cause of vibration from steel-wheel/stedl-rail train
systems.

Track Surface Rough track is often the cause of vibration problems. Maintaining a smooth track surface will
reduce vibration levels.

Track Support Onrail systems, the track support system is one of the major components in determining the levels|

System of ground-borne vibration. The highest vibration levels are created by track that isrigidly attached
to aconcrete trackbed. The vibration levels are much lower when special vibration control track
systems such as resilient fasteners, ballast mats, and floating slabs are used.

Speed As intuitively expected, higher speeds result in higher vibration levels. Doubling speed usually
resultsin vibration levels 4 to 6 decibels higher.

Track Structure  The general rule-of-thumb is that the heavier the track structure, the lower the vibration levels. The)
vibration levels from alightweight bored tunnel will usually be higher than from a poured concrete|
box tunnel.

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

Factors Related to Vibration Path

Factor Influence
Soil Type It isgenerally expected that vibration levelswill 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 feet or
less. Tunnelsfounded inrock will result in lower vibration amplitudes close to the tunnel. 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.

DepthtoWater  The presence of the water table is often expected to have a significant effect on ground-borne

Table vibration, but evidence to date cannot be expressed with a definite relationship.

Frost Depth There is someindication that vibration propagation is more efficient when the ground is frozen.
Factors Related to Vibration Receiver

Factor Influence

Foundation Type The genera 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 almost always are evaluated in terms of indoor receivers,

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

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




6-10 High-Speed Ground Transportation Noise and Vibration Impact Assessment

6.4 GROUND-BORNE VIBRATION FROM HIGH-SPEED RAIL SYSTEMS

Available data on ground-borne vibration from high-speed rail systemsis primarily from measurements of
revenue service operations of the X2000 in Sweden, the Pendolino in Italy, and the TGV and Eurostar
trainsin France. These datawere obtained in May 1995 as part of the data collection task involved in
preparing thismanual. Vibration measurements were made at two sites in each country, with vibration
propagation testing done at the primary site in each country. This measurement program represents one of
the first times that detailed ground-borne vibration testing has been carried out in several different
countries for high-speed trains operating under normal revenue conditions.

One of the major problems in characterizing ground-borne vibration from trainsis that geology has a
major influence in vibration levels, and there are no analytical methods of factoring out the effects of
geology. Thismakesit very difficult to compare the levels of ground-borne vibration from different types
of trains, unless they are operating on the same track. An experimental method of characterizing vibration
propagation characteristics at a specific site that was developed to work around this problem®was applied
during the tests in Sweden, Italy, and France.

This propagation test procedure basically consists of dropping aweight on the ground and measuring the
force of the impact and the vibration pulses at various distances from the impact point. The transfer
functions between the vibration pulses and the force impul se are then used to characterize vibration
propagation. Assuming areasonably linear system, these transfer functions define the relationship
between any type of exciting force and the resulting ground vibration.

The end result of the propagation test is a measure of the transmissibility of ground vibration, or line
source transfer mobility, as a function of distance from thetrain. Measurements of train vibration and line
source transfer mobility at the same site can be used to derive a "force density" function that characterizes
the vibration forces of atrain independent of the geologic conditions at the site. The test is discussed in
greater detail in Chapter 9.

6.4.1 Analysis Procedures
The steps used to analyze the train vibration and ground transfer mobility datato derive force densities
were as follows:

1 Transfer mobility and train vibration were expressed in terms of frequency-dependent
representations, or frequency spectra.

2. Raw transfer mobility data for point sources were combined to approximate line source transfer
mobility at each test site.

®u.s. Department of Transportation, Federal Transit Administration, Transit Noise and Vibration |mpact
Assessment, “Chapter 11: Detailed Vibration Analysis,” Report DOT-T-95-16, April 1995.




Chapter 6: Ground-Borne Vibration Concepts 6-11

3. Best-fit curves of level vs. distance for each frequency band were obtained using linear regression
or other curve-fitting technique, approximate line-source transfer mobility, and train vibration
spectra as afunction of distance from the source.

4, The difference between the train vibration spectrum and the transfer mobility spectrum at the same
distance, or the force density spectrum, was calculated. Theoretically the force density should be
independent of distance. In practice, however, force density is calculated at each measurement
distance, and the average force density is used to characterize each type of trainset. For al of the
trainsets, the force densities at the six measurement distances converged to within 3 to 4 decibels of
the average.

6.4.2 Trainset Vibration Measurement Results

Vibration velocity measurement results for several different types of high-speed trains are shown in Figure
6-5. Included in Figure 6-5 are results from: 1) the European measurementsin May 1995; 2) tests with
X2000 equipment on the Northeast Corridor; and 3) measurements of TGV trainsin 1991. All of the data
points have been normalized to 150 mph. The wide spread in the data is partly due to differencesin the
equipment and track condition, and partly from differencesin geology. To clarify the trends, Figure 6-6
shows best-fit curves for the same data.

Ground-borne Vibration Data
Normalized to 150 mph
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Some observations derived from the measurements presented in Figures 6-5 and 6-6 are:

The TGV and Eurostar trainsets measured along the Nord (North) line in France all had very similar
vibration levels. The TGV data measured on the Atlantique line show a distinctly different
characteristic.

The Pendolino trainsets measured in Italy have vibration levels similar to the TGV trainsets
operating on the Nord line.

The X 2000 trainsets measured in Sweden show vibration levels much higher than those of the TGV
or Pendolino trainsets. However, as discussed later, normalizing the datato a single set of soil
conditions indicate that X2000 trainsets actually generate ground-borne vibration forces similar to
the other high-speed trains. Consequently, the higher levels appear to be primarily due to the
propagation conditions of the ground at the test site in Sweden.

The test with the X2000 trainset on the Northeast Corridor show relatively high vibration levels.
Because propagation tests were not a part of the Northeast Corridor testing, however, it is unknown
whether these higher vibration level s were due to geology, track condition, wheel condition, or
other factors.

Best Fit Curves, GB Vibration Data
Normalized to 150 mph
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Figure 6-6 Best-Fit Curves of Vibration Velocity Level vs. Distance

A summary of the overall vibration velocity levels of the trainsets measured in Europe, calculated from the
smoothed 1/3 octave band spectra, are shown in Figure 6-7. The differencesin the vibration levels
measured with the different types of trainsets are shown clearly. The X2000 had significantly higher
vibration at al distances, with the levels over 30 decibels higher than the TGV trainsets at 100 meters from
the tracks.
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Ground-borne Vibration vs Distance
From 1/3 Octave Band Data
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Figures 6-5, 6-6, and 6-7 indicate the overall levels of ground-borne vibration as afunction of distance,

but do not indicate the dominant frequency range in the ground-borne vibration generated by each trainset.
Knowing the dominant frequency range helps determine whether the ground-borne vibration is perceived
as vibration or audible noise by occupants of buildings near train tracks. The measured vibration velocity
in terms of 1/3 octave band levels for the TGV, X2000, and Pendolino trainsets normalized to 150 mph
are shown in Figure 6-8. The X2000 measured at the test site in Sweden showed the highest levels of low-
frequency vibration below 40 Hz, with the Pendolino data falling between the X2000 and the TGV in this
range. In fact, the X2000 vibration levels were higher over the entire frequency spectrum, except at 50
and 63 Hz, where TGV vibration was highest.

As discussed above, much of the difference between the trainsetsis likely to be due to geology variations
rather than differences in suspension, axle load or wheel conditions of the trainsets. The line source
transfer mobility spectra, which indicate the frequency-dependent response characteristics of the ground,
for the three different measurement sites are shown in Figure 6-9. It isclear that the transfer mobilities are
very different between the three primary sitesin France, Italy and Sweden. For example, at 100 Hz the
transfer mobility measured at the site in Sweden is 8 decibels higher than the site in France and about 30
decibels higher than the sitein Italy. All of the siteswerein rural areas where relatively little is known
about the specific geology at the test sites. The measurements indicated that these differences in transfer
mobility are fairly consistent out to 100 meters from the vibration source.



6-14

High-Speed Ground Transportation Noise and Vibration Impact Assessment
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The force density functions derived for X2000, Pendolino, TGV, and Eurostar trainsets, all normalized to
a speed of 150 mph, are shown in Figure 6-10. The force densities are also very different, but the
differences are not as large as the measured ground vibration levels. The TGV and Eurostar force
densities are close enough to be considered the same. The X2000 and the Pendolino are surprisingly
similar, considering the large difference in the vibration spectra.

The four force density functions can each be combined with the transfer mobility from asingle siteto
approximate what the vibration levels would be if all of the trainsets were operating on the same track at
the same location. The resulting overall vibration levels using the transfer mobility from the primary site
(Site D) in France are shown in Figure 6-11, and the same results using the transfer mobility from the
primary site (Site 3B) in Sweden are shown in Figure 6-12.

Both figures show that using the same transfer mobility, in effect normalizing the ground vibration from
the trainsets to one site, substantially reduces the differences in the overall vibration levels. Using the
transfer mobility from Sweden, the TGV, Eurostar, and X2000 are al within about 2 decibels, and the
Pendolino is 3 to 4 decibels lower. Inthis case, the range of ground-borne vibration from the different
trainsetsis limited to anarrow "band" between 75 and 80 VdB at 30 meters from the track. Using the
transfer mobility from France, the TGV and Eurostar are 2 to 3 decibels lower than the Pendolino, and the
X2000 is about 4 decibels higher than the Pendolino. The levels range from 65 to 73 VdB at 30 meters
from the track centerline. The overall conclusion drawn isthat all of the trainsets would generate
significantly higher ground vibration levels at the Swedish test site than at the French site.
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Figure 6-10 Force Density Functions Derived from Measurements
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Ground-borne Vibration vs Distance
Velocity Level Projected using Measured
Force Densities and Transfer Mobility
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Finaly, to further illustrate the strong effects of the transfer mobility, the results of applying the X2000
force density to the transfer mobility functions at each of the three primary sites are shown in Figure 6-13,
in terms of overall vibration level asafunction of distance. This shows that close to the track centerline,
the projected vibration levels are al relatively high. However, the levels with the transfer mobility from
Site 3B in Sweden show considerably slower attenuation with distance than with the other two transfer
mobilities due to geological factors.

X2000 Ground-borne Vibration
Projected from X2000 Force Density
and Transfer Mobilities at Test Sites
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Chapter 7
VIBRATION IMPACT CRITERIA

The environmental impacts of vibration from high-speed trains are similar to those of other types of trains.
The resulting building vibration can be perceptible and intrusive to building occupants and can cause
secondary rattling of windows, items on shelves, and pictures hanging on walls. In addition, the sound
reradiated from vibrating room surfaces, referred to as ground-borne noise, often will be audible in the
form of alow-frequency rumbling sound.

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
knowledge 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 residentia areas that would
be caused by a high-speed rail project. The criteriafor ground-borne vibration and noise included in this
chapter are based on the FTA manual Transit Noise and Vibration Impact Assessment®with only minor
modifications.

Acoustical Society of America, “American National Standard: Guide to Evaluation of Human Exposure to

Vibration in Buildings,” ANSI S3.29-1983 (ASA 48-1983).

%International Standards Organization, “Evaluation of Human Exposure to Whole-Body Vibration, Part 2:

Continuous and Shock-Induced Vibrations in Buildings (1-80Hz),” ISO-2361-2, 1989.

3u.s. Department of Transportation, Federal Transit Administrafi@amsit Noise and Vibration Impact
Assessment, Report Number DOT-T-95-16, April 1995.
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The criteriafor environmental impact from ground-borne vibration and noise presented in Table 7-1 are
based on the maximum levels for asingle event. The criteria account for variation in land use aswell as
the frequency of events, which can differ widely among high-speed rail projects. Most experienceiswith
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. Intuition suggests
that with many fewer events each day, asistypica for high-speed rail projects, it should take higher
vibration levels to evoke the same community response. Consequently, the criteria distinguish between
projects with frequent and infrequent events, where Frequent Events are defined as more than 70 events
per day. Thedividing line between frequent and infrequent events was originally selected in the FTA
manual such that most commuter rail projects fall into the infrequent event category. Intercity rail
operations are assumed to fall into the infrequent category.

Table7-1 Ground-Borne Vibration and Noise Impact Criteria

Land Use Category Ground-Borne Vibration Impact Ground-Borne Noise | mpact
Levels Levels
(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 65 VvdB? 65VvdB? N/A* N/A*

vibration would interfere with
interior operations.

Category 2: Residences and 72VdB 80VvdB 35dBA 43 dBA
buildings where people normally

sleep.

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

with primarily daytime use.

Notes:

1. Frequent Eventsis defined as more than 70 vibration events per day.

2. Infrequent Eventsis defined as fewer than 70 vibration events per day.

3. Thiscriterion 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.

The criteria are based primarily on experience with passenger train operations, with only limited
experience from freight train operations. The difference is that passenger train operations, whether rapid
transit, commuter rail, normal, or high-speed intercity, create vibration events that last less than about 10
seconds. A typical line-haul freight train is about 5,000 feet long. At a speed of 30 mph, it takes a 5,000-
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 high-speed rail projects, in some
situations potential impacts from freight train ground-borne vibration may need to be evaluated. The
prime example is the operation of high-speed trains within an existing freight railroad right-of-way. Some
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guidelines for applying these criteriato rail corridors with existing freight or passenger trains are given
later in this chapter.

The criteria for acceptable ground-borne vibration are expressed in terms of RMS velocity levelsin
decibels. The criteriafor acceptable ground-borne noise are expressed in terms of A-weighted sound
level. Thelimits are specified for the three land-use categories defined below:

Vibration Category 1: High Sensitivity —Category 1 includes buildings where it is essential that ambient
vibrations be kept very low for the operations within the building. Vibration levelsin this category
may be well below levels associated with human annoyance. (Concert halls and other specia use
facilities are covered separately in Table 7-2.) Typical land uses covered by Category 1 are
vibration-sensitive research and manufacturing facilities, 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 a vibration-sensitive
process.

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

This category does not include most computer installations or telephone switching equipment.
Although the owners of thistype of egquipment often are very concerned about the potential of
ground-borne vibration interrupting smooth operation of their equipment, computers and other
electronic equipment are rarely sensitive to vibration. Most such equipment is designed to operate
intypical building environments where it may experience occasional shock from bumping and
continuous background vibration caused by other equipment.

Vibration Category 2: Residential —This category covers all residential land uses and any buildings
where people sleep, such as hotels and hospitals. No differentiation is made between different types
of residential areas. Thisequal consideration is given primarily because ground-borne vibration and
noise are experienced indoors, and building occupants have practically no means to reduce their
exposure. Eveninanoisy urban area, bedrooms often will be quiet in buildings that have effective
noise insulation and tightly closed windows. Hence, an occupant of a bedroom in anoisy urban
areaislikely to be just as sensitive to ground-borne noise and vibration as someone in a quiet
suburban area.
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Vibration Category 3: Institutional — Vibration Category 3 includes schools, churches, other
ingtitutions, and quiet offices that do not have vibration-sensitive equipment, but still have the
potential for activity interference. Although it is generally appropriate to include office buildingsin
this category, it is not appropriate to include all buildings that have any office space. For example,
most industrial buildings have office space, but buildings primarily for industrial use are not
intended to be included in this category.

Some buildings, such as concert halls, television and recording studios, and theaters, 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 special attention during the environmental assessment of a high-speed rail
project. Criteriafor acceptable levels of ground-borne vibration and noise for various types of special
buildings are given in Table 7-2.

Table7-2 Ground-Borne Vibration and Noise Impact Criteriafor Special Buildings
Ground-Borne Vibration Impact Levels Ground-Borne Noise | mpact Levels

o (VdB re 1 micro-inch/sec) (dB re 20 micro-Pascals)
Type of Building or Room
Frequent® I nfrequent? Frequent® Infrequent?

Events Events Events Events
Concert Halls 65 VvdB 65 VvdB 25 dBA 25 dBA
TV Studios 65 VVdB 65 VVdB 25dBA 25 dBA
Recording Studios 65 VvdB 65VvdB 25 dBA 25 dBA
Auditoriums 72VvdB 80VvdB 30 dBA 38 dBA
Theaters 72V dB 80VvdB 35dBA 43 dBA

Notes:
1. Frequent Eventsis defined as more than 70 vibration events per day.
2. Infrequent Eventsis defined as fewer than 70 vibration events per day.

The criteriarelated to ground-borne vibration causing human annoyance or interfering with use of
vibration-sensitive equipment are listed in Tables 7-1 and 7-2. It is extremely rare for vibration from train
operations to cause any sort of building damage, even minor cosmetic damage. However, thereis
sometimes concern about damage to fragile historic buildings located near the right-of-way. Eveninthese
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 Chapter 10.

In most cases, except near railroad tracks, the existing environment does not include a significant number
of perceptible ground-borne vibration or noise events. However, it iscommon for high-speed rail projects
to use parts of existing rail corridors. The criteriagivenin Tables 7-1 and 7-2 do not indicate how to
account for existing vibration, acommon situation for high-speed rail projects using existing rail right-of-
ways. Methods of handling representative scenarios include the following:

1. Infrequently used rail corridor: Use the vibration criteriafrom Tables 7-1 and 7-2 when 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
with vibration that substantially exceeds the impact criteria, there is no impact as long as the project




Chapter 7: Vibration Impact Criteria 7-5

vibration levels estimated using the procedures outlined in either Chapter 8 or 9 are at least 5to 10
decibels less than the existing vibration. Vibration from existing trains could be estimated using the
General Assessment procedures in Chapter 8; however, it isusually preferable to measure vibration
from existing train traffic.

Heavily used rail corridor: If the project will not significantly increase the number of vibration
events (less than doubling the number of trainsis usually considered not significant), there will not
be additional impact unless the project vibration, estimated using the procedures of Chapters 8 or 9,
will be higher than the existing vibration. In locations where the new trains will be operating at
much higher speeds than the existing rail traffic, it islikely that the high-speed trains will generate
substantially higher levels of ground-borne vibration. When the project will cause vibration higher
than the existing source, the existing source can be ignored and the vibration criteriain Tables 7-1
and 7-2 applied to the project.

Moving existing tracks: Anacther scenario where existing vibration can be significant is a new high-
speed rail line within an existing rail right-of-way that will require shifting the location of existing
tracks. Where the track relocation will cause higher vibration levels at sensitive receptors, then the
projected vibration levels from both rail systems must be compared to the appropriate impact
criterion to determine if there will be impact. Although the impact thresholds given in Tables 7-1
and 7-2 are based on experience with vibration from rail transit systems, they can be applied to
freight train vibrations as well. However, locomotive and rail car vibration should be considered
separately. Because the locomotive vibration only lasts for afew seconds, the infrequent event limit
is appropriate, but for atypical line-haul freight train where the rail car vibration lasts for severa
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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Chapter 8
PRELIMINARY VIBRATION ASSESSMENT

Procedures that can be used to develop generalized predictions of ground-borne vibration and noise are
described in this chapter. There are three different levels of detail for projecting ground-borne vibration:

Screening - The screening procedure uses a table of distances to determine whether noise-sensitive
land uses are close enough to the proposed high-speed rail system for impact from ground-borne
vibration to be possible. More detailed analysisisrequired 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 - The general level of assessment uses generalized data to develop a curve of
vibration level as afunction 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, train speed, track and wheel condition, type of building, and receiver location
within the building. The general level deals only with the overall vibration velocity level and the A-
weighted sound level. It does not consider the frequency spectrum of the vibration or noise.

Detailed Analysis - The detailed analysisinvolves applying all of the available tools for accurately
projecting the vibration impact at specific sites. The procedure outlined in this manual includes a
test of the trainset (or similar trainset) to define the forces generated by the vibration source and tests
at the sitesin question to define how the local geology affects vibration propagation. Developing
detailed projections of ground-borne vibration is considerably more complex than developing
detailed projections of airborne noise. The vibration projection procedure is not only complex, but
aso has not yet been standardized. Accurate projections of ground-borne vibration require
professionals with experience in performing and interpreting vibration propagation tests. As such,
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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 Screening and General Assessment methods are discussed in this chapter. The Detailed Analysis
procedure, which is based on measurements to characterize vibration propagation at specific sites, is
presented in Chapter 9.

General and detailed predictions do not always have a clear distinction. For example, it is often
appropriate to use severa representative measurements of vibration propagation along the planned
aignment in developing generalized propagation curves. At other times, generalized prediction curves
may be sufficient for most of an alignment, with detailed analysis applied to particularly sensitive
buildings, such as a concert hall.

The purpose of the General Assessment isto provide arelatively simple method of developing estimates
of the overall levels of ground-borne vibration and noise that can be compared to the acceptability
criteriagiven in Chapter 7. For many projects, particularly when comparing alternatives, thislevel of
detail will be sufficient for the environmental assessment. Where potential problems exist, the Detailed
Analysisisthen undertaken during final design of the selected alternative to define accurately the level
of impact and design mitigation measures. A Detailed Analysis usualy will be required when designing
special track-support systems, such as floating slabs or ballast mats. Detailed Analysisis not usualy
required if the mitigation measure consists of relocating a crossover or turnout.

8.1 VIBRATION SCREENING PROCEDURE

The screening method is intended to be applied early in a project development before many details on the
system have been defined. It allows aquick check to identify whether and where impacts from ground-
borne vibration are likely. Screening distances for three different speed ranges and two general types of
land use are given in Table 8-1.

Table 8-1 Screening Distancesfor Vibration Assessments
(applicable to steel-wheel/stedl-rail high-speed rail systems)
Land Use Train Screening Distance, ft
Frequency* Train Speed
Lessthan 100to up to
100 mph 200 mph 300 mph
Residential Frequent 120 220 275
Infrequent 60 100 140
Institutional Frequent 100 160 220
Infrequent 20 70 100
*Frequent = greater than 70 passbys per day.
Infrequent = less than 70 passbys per day.
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The screening distances given in Table 8-1 are based on the criteria presented in Chapter 7 and the
Generalized Assessment procedures discussed in Section 8.2, assuming "normal” vibration propagation
conditions. "Efficient" vibration propagation conditions, characterized by the transmission of ground
vibration at low rates of attenuation with distance, can result in substantially higher vibration levels.
Efficient propagation has not been assumed in devel oping the screening distances, sinceit isarelatively
unusual condition and assuming efficient propagation would overestimate the potential for vibration
impact. However, by not accounting for the possibility of efficient vibration propagation, some potential
impact areas may not be identified in the screening process. When thereis evidence of efficient
propagation, such as previous complaints about existing rail facilities or a history of problems with
construction vibration, the distances in Table 8-1 should be increased by afactor of 2.

8.2 GENERALIZED VIBRATION ASSESSMENT PROCEDURE

The basic approach of the General Assessment procedure is to use a base curve of overall ground-surface
vibration as a function of distance from the source, then to apply adjustments to this curve to account for
factors such astrack support system, train speed, track and wheel condition, building type, and receiver
location within the building. This section only considers steel-wheel/steel-rail technology, which, in
terms of ground-borne vibration, is no different from existing intercity passenger train and transit trains.
For another type of technology, it will be necessary to define an appropriate curve either by extrapolating
from existing information or by performing measurements at an existing facility.

8.2.1 Base Curve

The generalized projection curve for steel-wheeled high-speed trainsis shown in Figure 8-1. This curve
represents typical ground-surface vibration level s assuming equipment in good condition and speeds of
150 mph. Thelevels must be adjusted to account for factors such as different speeds, equipment, and
geologic conditions than those assumed in the figure. The curve in Figure 8-1 is based on the ground-
borne vibration measurement data discussed in Section 6.4.

The curvein Figure 8-1 is applicable to high-speed trains both at-grade and in tunnel. Therationale for
applying the same curve to these two very different conditions is based on the analysis done for the FTA
manual Transit Noise and Vibration Impact Assessment.* In developing generalized prediction curves
for the FTA manual, investigators found that transit trains operating at grade and in tunnel had similar
overall vibration levels. Thisfinding was rather surprising because transit trains operating in tunnels
tend to generate more vibration complaints than those operating on at-grade track. Thistendency is
probably due to two factors: (1) tunnels are usually located close to buildings, often directly under them,
in densely developed areas, and (2) for at-grade systems, airborne noise from train passbysis usualy
more noticeable than the ground-borne vibration generated. Although the overall vibration levels from
trains operating in tunnel and above grade are similar, there are differences in the frequency spectra of

lus. Department of Transportation, Federal Transit Administration, Transit Noise and Vibration I mpact
Assessment, Report Number DOT-T-95-16, April, 1995.
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the vibration. The ground-borne vibration from trains in tunnels tends to be higher frequency than the
vibration from at-grade track, and higher frequencies make the ground-borne noise from tunnels more
noticeable in nearby buildings.

150 mph Reference Speed

95

RMS Vib. Vel. Level, VdB re 1 pin/sec

45 } } } —_— } } } _
10 20 30 40 50 70 100 200 300 400 500 700 1000
Distance from Track Centerline, ft

Figure 8-1 Generalized Ground-Borne Vibration Curve

The curvein Figure 8-1 isthe same as the curve in the FTA manual (ref. 1) that is applicable to urban
trangit trains, except that this curveis 10 VdB higher to account for the speed adjustment from 50 mph
for urban transit to 150 mph for high-speed rail. This curve represents the high range of the available
measurement data of high-speed train ground-borne vibration. Only data from locations known to have
unusual vibration propagation conditions were consistently above the curve.

Experience with ground-borne vibration data has shown that, for any specific type of transit mode, a5 to
10-decibel fluctuation in vibration levels under apparently similar conditions is not uncommon. The
curvein Figure 8-1 represents the upper range of the measurement data. Although actual levels fluctuate
widely, ground-borne vibration rarely will exceed the curvein Figure 8-1 by more than 1 or 2 decibels
unless there are extenuating circumstances, such as rail corrugations, flat spots on wheels, or efficient
vibration propagation.

It is not recommended to show projections of normal fluctuation as a"range" of vibration levels. For
example, the projected level from Figure 8-1 at atrain speed of 150 mph is about 72 VdB, the threshold
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for acceptable ground-borne vibration for residential land uses, at a distance of 180 feet from the track
centerline. 1f shown as arangeto reflect normal fluctuations, the projected level of ground-borne
vibration might be given as a range between 67 and to 72 VdB, and the interpretation of whether the
projected vibration levels exceed the impact threshold becomes unclear. 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.

2. Projected ground-borne vibration is 0 to 5 decibels greater than the impact threshold. In thisrange
thereis still asignificant chance (at least 50 percent) 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 incorporated into 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 and the vibration propagation characteristics. It iswell known that there are situations
in which ground-borne vibration propagates much more efficiently than normal. Theresultis
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 clay soils often are involved. One possibility is that shallow bedrock
actsto keep the vibration energy near the surface. Much of the energy that would normally radiate down
isdirected back towards the surface by the rock layer, with the result that the ground surface vibration is
higher than normal.

8.2.2 Adjustment Factors

Once the vibration levels have been projected using the base curve in Figure 8-1, the adjustments listed
in Table 8-2 can be used to develop vibration projections for specific receiver positionsinside buildings.
All of the adjustments are given as 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. Many of these adjustments depend
heavily on the frequency spectrum of the vibration source and the frequency dependence of the vibration
propagation. The single numbers given are suitable for generalized evaluation of the vibration impact
and vibration mitigation measures since they are based on typical vibration spectra. However, the
genera adjustments are not adequate for detailed evaluations of impact of sensitive buildings or for
detailed specification of mitigation measures. Careful consideration of the shape of the actual vibration
spectrawill avoid selection of an inappropriate vibration control measure, which in some cases could
actually cause an increase in the vibration levels.
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Table 8-2 Adjustment Factorsfor Generalized Predictions of Ground-Borne Vibration and Noise

Factors Affecting Vibration Source

Sour ce Factor Adjustment to Propagation Curve
Speed Vehicle Speed Adjustment
(Ref Speed = 150 mph)
300 mph +6.0 dB
200 mph 25dB
150 mph 0.0dB
100 mph -35dB
75 mph -6.0dB
Resilient Wheels 0dB
Worn Wheels or Wheels +10dB
with Flats
Worn or Corrugated Track +10dB
Crossovers and Other +10dB

Specia Trackwork

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 ).

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 problem can be prevented with wheel truing
and dlip-slide detectors to prevent the wheels from sliding on the
track.

If both the wheels and the track are worn, only one adjustment
should be used. Corrugated track is a common problem, however, it
isdifficult to predict the conditions that cause corrugations to occur.
Rail grinding can remove rail corrugations.

Wheel impacts at special trackwork with standard frogs will
significantly increase vibration levels. Theincrease will be less at
greater distances from the track. Moveable point frogs mitigate this
problem.

Geologic Conditions that

Promote Efficient Vibration Efficient propagation in soil +10dB

Propagation Propagation Dist.  Adjust.
inrock layer 50 ft +2dB

100 ft +4 dB

150 ft +6 dB

200 ft +9dB

Floating Slab Trackbed -15dB The reduction achieved with afloating slab trackbed is strongly
dependent on the frequency characteristics of the vibration.
Ballast Mats ﬁdﬁ; -10dB Actual reduction is strongly dependent on frequency of vibration.
19
High Resilience Fasteners ~ Oné -5dB Slab track with track fasteners that are very compliant in the vertical
that direction can reduce vibration at frequencies greater than 40 Hz.
lies
Resiliently Supported Ties P -10dB Resiliently supported tie systems in tunnel have been found to
provide very effective control of low-frequency vibration.
Type of Track Structure Relative to at-grade tie & ballast: The general ruleis the heavier the structure, the lower the vibration
Aeria/Viaduct structure -10dB levels. Putting the track in cut may reduce the vibration levels
Open Cut 0dB dlightly. Rock-based tunnels will shift vibration to a higher
Relative to bored tunnel in soil: frequency.
Station -5dB
Cut and Cover -3dB
Rock-Based -15dB
Factors Affecting Vibration Path
Path Factor Adjustment to Propagation Curve Comment

Refer to the text for guidance on identifying areas where efficient
propagation is possible.

The positive adjustment accounts for the lower attenuation of
vibration in rock compared to soil. Becauseit is more difficult to
get vibration energy into rock, propagation through rock usually
resultsin lower vibration than propagation through soil.
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Table 8-2 continued . . .

Factors Affecting Vibration Path

Path Factor Adjustment to Propagation Curve
Coupling to Building Wood Frame -5dB
Foundation 1-2 Story Commercial -7dB
2-4 Story Masonry -10dB
Large Masonry on Piles -10dB

Large Masonry on
Spread Footings -13dB
Foundation in Rock 0dB

Comment

The general ruleisthe heavier the building construction, the greater
the coupling loss.

Factors Affecting Vibration Receiver

Receiver Factor Adjustment to Propagation Curve

-2 dB/floor
-1 dB/floor

Floor-to-floor Attenuation 1 to 5 floors above grade:

5to 10 floors above grade:

Amplification due to
Resonances of Floors,
Walls, and Ceilings

+6 dB

Comment

This factor accounts for dispersion and attenuation of the vibration
energy asit propagates through a building.

The actual amplification will vary greatly depending on the type of
construction. The amplification islower near the wall-floor and
wall-ceiling intersections.

Factors Affecting Ground-borne Noise

Receiver Factor
Radiated Sound

Adjustment to Propagation Curve
Peak frequency of ground vibration:
-50 dB
-35dB
-20dB

Low frequency (<30 Hz):
Typica (peak 30 to 60 Hz):
High frequency (>60 Hz):

Comment

Use these adjustments to estimate the A-weighted sound level given
the average vibration velocity level of the room surfaces. See text
for guidelines for selecting low-, typical-, or high-frequency
characteristics. Use the high-frequency adjustment for subway
tunnelsin rock or if the dominant frequencies of the vibration
spectrum are known to be 60 Hz or greater.

The following guidelines are used to select the appropriate adjustment factors. Note that the adjustments
for wheel and rail condition are not cumulative. When more than one adjustment may apply, the general
rule isto apply only the largest adjustment. For example, the adjustment for corrugated rail is 10
decibels and the adjustment for flat spots on wheelsis 10 decibels. In an area with both, the projected
vibration levels should be increased by 10 decibels, not 20 decibels. Similarly, only one of the vibration

mitigation treatmentsis applied.

Factors Affecting Vibration Source

Train Speed: The levels of ground-borne vibration and noise vary approximately at 20 times the
logarithm of speed. This relationship means that doubling train speed will increase the vibration
levels approximately 6 decibels and halving train speed will reduce the levels by 6 decibels. The
adjustments for 75 to 300 mph using a reference speed of 150 mph are givenin Table 8-2. The

relationship:

adjustment (VdB) =

Speed

ref

20xlog

should be used to calculate the adjustments for other speeds.

Trainsets: Thelevels of ground-borne vibration and noise generated by atrain passby depend heavily
on the trainset’ s suspension system, wheel condition, and wheel type. The vehicle suspension consists
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of springs and dampers that affect the vibration transmitted to the track support system by the
wheel/rail interaction. Generally, stiff springs tend to increase the frequency and amplitude of
vibrations. Deteriorated wheel condition also will increase vibration levels. It can be assumed that a
high-speed rail system will have wheelsin good condition. However, when older vehicles will be
used on new track, it may be appropriate to include an adjustment for wheel condition. Wheelswith
flat spots or corrugations can cause vibration levels that are 10 decibels higher than normal.

Resilient wheels will reduce vibration levels at frequencies greater than the effective resonance
frequency of the wheel. Because this resonance frequency is relatively high, often greater than 80
Hz, resilient wheels usually have only a marginal effect on ground-borne vibration.

Track System and Support: Thetype of rail (welded or special trackwork), the track support system,
and the condition of therail all affect the vibration generated by the track system. The base curve
(Figure 8-1) assumes welded rail in good condition. Jointed rail causes higher vibration levels than
welded rail; however, track on new high-speed rail systems virtually aways will be welded. The
wheel impacts at special trackwork, especially frogs at crossovers, create much higher vibration
forces than normally experienced on tangent track. Because of the higher vibration levels at special
trackwork, crossovers often are the principal areas of vibration impact on new systems. Special
spring- or movable-point frogs are used as a method of mitigating the vibration impact. These
special frogs eliminate the gaps in the running rail.

Modifying the track support system is another method of mitigating vibration impact. Special track
support systems such as ballast mats, highly resilient track fasteners, resiliently-supported ties, and
floating slabs all have 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 usually will wear off after some timein service. However,
the track must be ground to remove corrugations or to reduce the roughness from wear.

Track Structure: The weight and size of the track structure affects the vibration radiated by that
structure. Vibration levelswill generally be lower for heavier track structures. Hence, the vibration
levels from a cut-and-cover concrete double-box tunnel can be assumed to be lower than the
vibration from alightweight, concrete-lined bored tunnel. Whether or not the tunnel will be founded
in bedrock is another factor affecting the radiated vibration. Bedrock is considered to be hard rock.
It is usually appropriate to consider soft siltstone and sandstone to be more similar to soil than hard
rock. Asseenin Table 8-2, whether the tunnel is founded in soil or rock will make up to a 15 decibel
differencein the vibration levels. The vibration from aeria structuresislower 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.

Factors Affecting Vibration Path

Propagation Characteristics: The General Assessment process requires the selection of one general
propagation characteristic. When considering at-grade vibration sources, the selection is between
"normal" vibration propagation and "efficient” vibration propagation. Efficient vibration
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propagation results in vibration levels approximately 10 decibels higher than normal vibration
propagation, which more than doubles the potential impact zone for ground-borne vibration. One
difficulty in identifying the cause of efficient propagation isin determining geologic conditions or
special source conditions (e.g., rail corrugations or wheel flat spots) that could cause higher-than-
normal vibration levels.

Although geologic conditions are known to 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 potential vibration impact. The problem with this
approach isthat it tends to overstate greatly the potential for vibration impact. Hence, it isbest to
review available geological data and any complaint history from existing rail lines and major
construction sites near the high-speed rail corridor to identify areas where efficient propagation is
possible. If thereisany reason to suspect efficient propagation conditions, then a Detailed Analysis
during final design should 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 feet below the surface, islikely to cause efficient propagation. Other factors that can be
important are soil type and stiffness. In particular, soils with heavy clay content 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.

Coupling-to-Building Foundation: Since annoyance from ground-borne vibration and noiseisan
indoor phenomenon, the effects of the building structure and its foundation on the vibration
propagation path must also be considered. Wood frame buildings, such as the typical residential
structure, are more easily excited by ground-borne vibration than heavier buildings. In contrast,
large masonry buildings with spread footings have alow response to ground-borne vibration.

Factors Affecting Vibration Receiver

Type of Building and Receiver Location in Building: Vibration generally reducesin level asit
propagates through a building. Asindicated in Table 8-2, a 1- to 2-decibel attenuation per floor is
usually assumed. Resonances of the building structure, particularly the floors, will tend to counteract
this attenuation and will cause some amplification of the vibration. Consequently, for awood-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 the
basement to the first floor; and +6 decibels for the floor amplification. The total adjustment is
-1 decibel.

Vibration Radiated as Ground-Borne Noise: The levels of radiated noise can be estimated given the
average vibration amplitude of the room surfaces (floors, walls and ceiling) and the total acoustical
absorption in theroom. The average result is that the numerical value of sound-pressure level is
approximately equal to that of the vibration velocity level when the velocity level isreferenced to
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1x10° in/sec. However, to estimate the A-weighted sound level from the velocity level, itis
necessary to have some information about the frequency spectrum. The A-weighting adjustment
drops rapidly at low frequencies, reflecting the relative insensitivity of human hearing to low
frequencies. For example, A-weightingis-16 dB at 125 Hz, -26 dB at 60 Hz and -40 dB at 30 Hz.
Adjustments for vibration depending on whether it has low-frequency, typical or high-frequency
characteristics are provided in Table 8-2. Some general guidelines for classifying the frequency
characteristics are:

° Low Frequency: Low-frequency vibration characteristics can be assumed for most surface
track, tunnels surrounded by sandy soil with low cohesion, or atrack support system with
vibration isolation.

] Typical: Thetypical vibration characteristic is the default assumption to be used for tunnels
unless information indicates that one of the other assumptionsis appropriate. 1t should be
used for surface track when the soil is very stiff with ahigh clay content.

° High Frequency: High-frequency characteristics should be assumed for tunnels whenever
the transit structure is founded in rock or when thereis very stiff clay soil.

A factor that can be particularly complex to addressis the effect of vibration propagation through rock.
There are three factors from Table 8-2 that need to be included when atunnel will be founded in rock:

The -15 decibel adjustment in the "Type of Track Structure" category.

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 "Coupling to Building" category. When abuilding foundation is directly on the rock layer, there
isno "coupling loss' due to the weight and stiffness of the building. The standard coupling factors
should be used if thereis at least a 8-foot layer of soil between the building foundation and the rock
layer.

8.3 INVENTORY OF VIBRATION IMPACT

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 exceed the impact thresholds
described in Chapter 7. The General Assessment may include a discussion of mitigation measures likely
be needed to reduce vibration to acceptable levels at impacted |ocations.

The purpose of the General Assessment procedure is to develop areasonably complete inventory of the
buildings that may experience ground-borne vibration or ground-borne noise that exceed the impact
criteria. At this point, a conservative assessment of the impact is preferred. It is better to include some
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buildings where ground-borne vibration may be below the impact threshold than to exclude buildings
where it may exceed the impact threshold.

The steps for developing the inventory are:

Step 1: Identification of Vibration-sensitive Land Uses

1) Identify al vibration-sensitive land uses within Screening Distance from Table 8-1.
2) Categorize vibration-sensitive land uses according to the categoriesin Table 7-1.
3) Construct tables of land uses by category.

Step 2: Estimation of Vibration | mpact

1) Apply General Assessment procedure to obtain ground-borne vibration and
ground-borne noise levels at each sensitive land use identified in Step 1.

2) Compare estimation with impact thresholdsin Table 7-1.

3) Identify vibration-sensitive land uses where impact threshol ds are exceeded.

Step 3: Preparation of Impact Inventory

1) Prepare summary tables showing the number of buildings in each category
impacted by ground-borne vibration and ground-borne noise. This tabluation
is done for each alternative.
2) Utilize the summary tablesto compare aternatives by the number of buildings impacted.

Step 4: Mitigation of mpact

1) Select appropriate mitigation method from Section 9-4.
2) Re-assess impacts based on application of mitigation measures.

An example of areceiver-specific General Vibration Assessment for a hypothetical high-speed rail
project follows. The assumed parameters of the project and receiver are typical of the preliminary
planning stage of a project, and it is assumed that no project-specific vibration measurements have been
performed.

Example 8-1. General Vibration Assessment of a High-Speed Train Alignment

A hi gh-speed train proposed for a corridor in the Mdwest passes through a
suburb an average of once an hour. A hospital is |ocated 30 feet fromthe
right-of-way line. The train speed is projected to be 120 nmph in this
section. The tracks are continuously wel ded on concrete tie-and-ballast in
this at-grade section. The distance fromtrack centerline to the right-of-way
is 50 feet. Soil conditions are unknown. Determne if ground-borne vibration
and noise fromthe train will cause inmpact on the second floor of this three-
story brick building.
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Step 1: ldentification of Vibration-Sensitive Land Use

1) Category . A hospital is categorized in "Vibration
Category 2: Residential" according to Chapter 7.

2) Screen. The "Vibration Screening Procedure"” in Section
8.1 shows that for a 120-nph train with "infrequent"
service (less than 70 passbys per day), a residential |and
use within 100 feet should be identified as a potentially
affected location. The hospital is |ocated 80 feet from
the tracks, well within the screen distance.

Step 2: Estimation of Vibration | nmpact

1) Base Curve. The "Generalized G ound-Borne Vibration
Curve" (Figure 8-1) shows a vibration |evel of 78 VdB at
80 feet for a train at 150 nph.

2) Adj ustnents. Refer to Table 8-2.

2.1 Speed Adjustnent. Adjustnents for speeds other
than 150 nph are included in Table 8-2.
Unfortunately, 120 nph is not one of the
adjustrents given. Therefore, the speed
correction of 20 log (speed/150) is used.

20 log (120/150) = -1.9 dB

Round off to -2 dB

2.2 Trainsets. Assune wheels in good condition. No
adjustnent is applied.

2.3 Track System Assune rails are in good
condi tion. No adjustnent.

2.4 Track Structure. At-grade tie and ballast is the
reference condition. No adjustnment is applied.

2.5 Propagation Characteristics. Propagation is
considered to be normal unless proven otherw se.
The soil conditions are unknown, so assume no
adj ust nent .

2.6 Type of Building and Receiver Location. The
hospital building falls into the category of "2-4
Story Masonry" so the coupling adjustnment is -
10db. The receiver is on the 2nd floor so the
"Floor-to-floor Attenuation" is -2dB. Low
frequency characteristics can be assuned for nost
surface track, so the "Radi ated Sound" adjustnment
is -50dB to convert the vibration level in VdB to
sound | evel in dBA.

2.7 Calcul ation
i. Gound-Borne Vibration

Base vi bration |evel = 78 VdB
Speed adj ust ment = -2 dB
Wheel condition = 0 dB
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Track system = 0 dB
Track structure = 0 dB
Pr opagati on = 0 dB
Foundati on coupling = -10 dB
Recei ver | ocation = -2 dB
Fl oor response = +6 dB
Esti mated Vi bration B o
Level = 70 vdB
ii. G ound-Borne Noise:
Vi bration Level 70 VvdB

Radi at ed Sound

1l
N
o
o
vy
>

Esti mat ed Sound Level

| npact Assessnent. G ound-borne vibration and
noi se inpact criteria are given in Table 7-1.

The hospital in this case falls under "Category
2: Residential" |land uses exposed to "I nfrequent
Events." The correspondi ng threshold for ground-
borne vibration inpact is 80 VdB and for ground-
borne noise inpact is 43dBA. Neither threshold

i s exceeded at the hospital

-50 VdB to dBA adj ust nent

End of Example 8-1
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Chapter 9
DETAILED VIBRATION ASSESSMENT

The Detailed Assessment approach presented in this chapter provides a means to determine general
vibration propagation conditions along a proposed high-speed rail corridor and to develop specific
projections for sensitive buildings where vibration impact is predicted by a General Assessment. The
goal of the Detailed Assessment is to develop accurate projections of ground-borne vibration using all
available tools and, when necessary, to design mitigation measures.

Local geologic conditions can have avery large effect on the impact distances of ground-borne vibration.
This effect was dramatically demonstrated by the vibration test results described in Chapter 6. Vibration
measurements of the X2000 trains in Sweden indicate that, at the test site, impacts could occur at
distances greater than 300 feet from the tracks. In contrast, the tests also showed that the X 2000 trains at
the TGV test site in France would not cause vibration impacts beyond about 60 feet. The difference
appears to be entirely due to the geologic conditions.

Projections using the General Assessment procedures described in Chapter 8 are based on the high range
of data from sites that appear to have "norma" geology. This meansthat the actual levels of ground-
borne vibration will usually be 5 VdB or more lower than projections devel oped using the General
Assessment curve and adjustments, and will rarely exceed projections developed using the General
Assessment approach. However, an important qualification is that there will be some, apparently rare,
conditions where the actual levels of ground-borne vibration will be substantially higher than those
projected using the General Assessment procedures.

Asindicated above, it can be appropriate to use the Detailed Assessment procedures at several locations
aong the proposed corridor during the preliminary phases of a high-speed rail project to refine the
General Assessment projection curves. A Detailed Assessment is also appropriate during the final
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design and engineering phases for areas where a General Assessment has indicated the potential for
impact.

Procedures for developing detailed assessments of ground-borne vibration are constantly evolving.
Analytical techniques for solving vibration problems are complex and the technology continually
advances. The material contained in this chapter is not intended to provide the novice with a complete
methodology for conducting a Detailed Assessment. Rather, the approach presented focuses on the key
steps usually taken by a qualified professional.

Three examples of cases where Detailed Vibration Assessment might be required are:

1. Aparticularly sensitive building, such as a major concert hall, iswithin the impact zone. A Detailed
Assessment would ensure that effective vibration mitigation is feasible and economically reasonable.

2. The General Assessment indicates that a proposed high-speed rail project may 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
measures to mitigate vibration would significantly increase project costs, a Detailed Assessment to
determine the vibration impact as accurately as possible is warranted.

3. Ahigh-speed rail alignment will be close to university research buildings where vibration-sensitive
optical instrumentation is used. Vibration fromthe trains could make it impossible to continue to
use the building for thistype of research. A Detailed Assessment would determine if it is possible to
control the vibration from the trains so that sensitive instrumentation would not be affected.

A Detailed Vibration Assessment consists of three main steps:

Step 1. Survey Existing Vibration. Although knowledge of the existing levels of ground-borne
vibration is not usually required for the assessment of vibration impact, a survey of the existing
vibration may be valuable in some instances. 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 existing vibration conditionsis discussed in Section 9.1.

Step 2. Predict Future Vibration and Vibration Impact. All of the available analytical tools should
be applied in a Detailed Assessment to develop the best possible estimates of the potential for
vibration impact. An approach to projecting ground-borne vibration that consists of measuring
vibration propagation characteristics at specific sitesis discussed in Section 9.3. The vibration
propagation test procedure is described in Section 9.3 and the assessment of vibration impact is
discussed in Section 9.1.
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Step 3. Develop Mitigation Measures. Controlling the impact from ground-borne vibration requires
developing cost-effective measures to reduce the vibration levels. The Detailed Assessment can
identify practical vibration control measures that will be effective at the dominant vibration
frequencies and compatible with the given trackway structure (aerial, at-grade, subway) and
track support system. Vibration mitigation measures are discussed in Section 9.4.

The discussion in this chapter generally assumes vibration analysis of steel-whed rail systems. The
procedures are equally applicable to maglev systems; however, because all available dataindicate low
levels of ground-borne vibration generated by maglev trains, analysis of ground-borne vibration for a
proposed maglev system is generally unnecessary.

9.1 ASSESSMENT OF VIBRATION IMPACT

The purposes of the vibration impact assessment are to inventory all sensitive land uses that may be
adversely affected by the ground-borne vibration and noise from a proposed high-speed rail project and
to determine the mitigation measures that will be required to eliminate or minimize the impacts. This
requires projecting the levels of ground-borne vibration and noise, comparing the projections with the
appropriate impact criteria, and developing alist of suitable mitigation measures. The General
Assessment is incorporated as an intermediate step in the impact assessment because of itsrelative
simplicity and potential to narrow the areas requiring Detailed A ssessment.

The assessment of vibration impact proceeds according to the following steps:

Step 1. Screening. Screen the entire proposed high-speed rail corridor to identify areas where thereis
the potential for impact from ground-borne vibration. The vibration screening method is described
in Chapter 8. If sensitive land uses are not located within the screening distances, it is not necessary
to perform any further assessment of ground-borne vibration.

Step 2: Vibration Source Levels. Define acurve of ground-surface vibration level as afunction of
distance that can be used with the General Assessment. Usually this will mean selecting the
generalized curve from Figure 8-1 or adapting measurements from an existing facility.

Step 3: Vibration Propagation Characteristics. Use the General Assessment Procedure to estimate
vibration levels for specific buildings or groups of buildings.

Step 4: Study Area Characteristics. In some cases a vibration survey to characterize existing ambient
vibration may be necessary. As discussed in Section 9.2, although knowledge of the existing
ambient vibration is not generally required to evaluate vibration impact, there are times when a
survey of existing conditionsis valuable. One common exampleiswhen therail project will be
located in an existing rail right-of-way shared by freight trains. Guidelines on the procedure to be
used to account for existing vibration that is higher than the impact limit for the project vibration are
provided in Chapter 7.
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Step 5: Vibration Impact Estimation and Inventory. Compare the projected levels with the impact

criteriagiven in Table 7-1 to determine whether vibration impact islikely. The goal of this step isto
develop areasonably accurate catalog of the buildings that will experience ground-borne vibration or
noise levels that exceed the criteria. In the General Assessment, it is best to make a conservative
assessment of the impact by including some buildings where the actual vibration ultimately is at or
dightly below the impact threshold. Usually it isfar easier to control vibration during design and
construction rather than to retrofit vibration control measures to solve unanticipated problems that
develop once the system is operational. In locations where General Assessment indicates impact, the
more refined techniques of Detailed Assessment should be employed.

Step 6: Vibration Mitigation. For areas where the impact criteriamay be exceeded, review potential

9.2

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, usually at least 4 dB, while being cost effective.

Because vibration control is frequency-dependent, specific recommendations of vibration control
measures can be made only after the frequency characteristics of the vibration have been evaluated.
Use the Detailed Vibration Assessment to develop specific mitigation recommendations whereit is
important to estimate the spectrum of ground-borne vibration at potentially affected buildings. This
type of assessment is often performed during final design rather than during the environmental
assessment stage. Because a Detailed Assessment is more accurate than a General Assessment, there
will be cases where the Detailed Assessment 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 till above
the limits, the spectra provided by the Detailed Assessment should be used to evaluate mitigation
measures.

CHARACTERIZING EXISTING VIBRATION CONDITIONS

Ambient vibration is rarely of sufficient magnitude to be perceptible or to cause audible ground-borne
noise unless thereis a specific vibration source close by, such asarail line. In most cases, perceptible
vibration inside a building is caused by equipment or activities within the building itself, such as heating
and ventilation systems, footsteps, or doors closing. Because the existing ambient vibration is usually
below human perception, alimited survey is sufficient even for a Detailed Assessment. 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 existing vibration will provide valuable information on the
real sensitivity of the activity to external vibration and will provide areference condition under
which vibration is not a problem.



Chapter 9: Detailed Vibration Assessment 9-5

® Using existing vibration sourcesto 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 vibration. 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 areas is usually due to traffic. |1f a measurement 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 ground conditions causing
"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 characteristics in the area. Asdiscussed in Chapter 7, if
vibration from an existing rail line will be higher than that from the high-speed rail 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 situations where measurements of indoor vibration are appropriate. For
example, documenting vibration levels inside a vibration-sensitive building can be important since
equipment and activities inside the building may cause vibration greater than that from 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 goal of most ambient vibration testsis to characterize the root mean square (RMS) vertical vibration
velocity level at the ground surface. Inamost all cases, it is sufficient to measure only vertical vibration
and ignore the transverse components of the vibration. Although transverse components can transmit
significant vibration energy into a building, the vertical component usually has greater amplitudes than
transverse vibration. Moreover, vertical vibration is usually transmitted more efficiently into building
foundations than transverse vibration.

The manner in which atransducer used to measure vibration 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 (generally less than 200 Hz), straightforward methods of mounting transducers



9-6 High-Speed Ground Transportation Noise and Vibration Impact Assessment

on the ground surface or on pavement are adequate for vertical vibration measurements. »%* Quick-
drying epoxy or beeswax can be 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 approachisto
use aliberal base of epoxy to attach small aluminum blocks to the surface and then mount the
transducers on the aluminum blocks.

Selecting sites for an ambient vibration survey primarily requires good common sense. Sites selected to
characterize a high-speed rail corridor should be distributed along the entire project and should be
representative of the types of vibration environments found in the corridor. These would commonly
include:

® sitesin quiet residential areas removed from major traffic arterials to characterize low-ambient
vibrations,

® sitesalong major traffic arterials and highways or freeways to characterize high vibration areas,
® ditesin any areawith vibration-sensitive activities, and

® sitesnear any significant existing source of vibration such asarailroad line.

The transducers should be located near the building setback line for background vibration measurements.
Ambient measurements along railroad lines ideally will include: multiple sites; several distances from
therail line at each site; and 4 to 10 train passbys for each test. Because of theirregular schedule for
freight trains and, on many rail lines, the low number of operations each day, it is often impractical to
perform tests at more than two or three sites along 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, the track
at each measurement site should be inspected by experienced personnel 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. Some examples are as follows:

Ambient Vibration: Ambient vibration isusually characterized with a continuous 10- to 30-minute
measurement of vibration. The equivalent energy level, or L, of the vibration velocity level over
the measurement period gives an indication of the average vibration energy. L ., isequivaent toa

13.T. Nelson, H.J. Saurenman, G.P. Wilson, "Metrorail Operational Sound Level Measurements: Ground-
Borne Vibration and Noise Levels," prepared by Wilson Ihrig & Associates for Washington Metropolitan Area
Transit Authority, December 1979.

’T.G. Gutowski, L.E. Wittig, C.L. Dym, "Some Aspects of the Ground Vibration Problem," Noise Control
Engineering, vol. 10:3, pp 94-101, 1978.

3H. Nolle, "High Frequency Ground Vibration Measurements,” Shock and Vibration Bulletin, vol. 48:4, pp
95-103, 1978.
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long averaging time RMS level. Specific events can be characterized by the maximum RMS level
(L, of the event or by performing a statistical analysis of RMS levels over the measurement period.
An RMS averaging time of one second should be used for statistical anaysis of the vibration level.

Specific Events: Specific events such as train passbys should be characterized by the RMS level during
the time that the train passes by. If the locomotives have vibration levels more than 5 VdB higher
than the vehicles, a separate RMS level for the locomotives should be obtained. The locomotives
usually can be characterized by the L ., during the train passby. The RMS averaging time or time
constant should be one second when determining L,,. Sometimesit isadequateto uselL,, to
characterize the train passby, which is simpler to obtain than the RMS averaged over the entire train
passby.

Frequency Analysis: When the vibration data will be used to characterize vibration propagation or for
other specia analysis, afrequency analysis of the vibration isrequired. 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.

It 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. Asdiscussedin
Chapter 6, RMs velocity level is considered to be better correlated to human response than ppv.

9.3 VIBRATION PREDICTION PROCEDURE

9.3.1 Background

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 high-speed rail and other types of rail projectsrely on
empirical data. Although no single method stands out as the best approach for al 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 evaluations of ground-borne vibration. The same
procedure is discussed in Chapter 11 of the FTA manua Transit Noise and Vibration Impact

43.T. Nelson, H.J. Saurenman, "A Prediction Procedure for Rail Transportation Ground-Borne Noise and
Vibration," Transportation Research Record 1143, National Research Council, Transportation Research Board
(Washington, D.C.), August 1988.
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Assessment.” Other approaches to predicting ground-borne vibration have included pure analytical and
pure numerical approaches. Some of these approaches were presented at an international workshop on
railway noise.®

Thereis till work to be done before a comprehensive prediction method will be available that can be
confidently applied on sensitive projects. The measurements of high-speed rail vibration performed in
France, Italy, and Sweden as part of preparation of this manual are discussed in Chapter 6. An important
observation from those testsis that vibration from high-speed trains is not caused by mechanismsthat are
substantialy different than vibration from lower speed trains such as rapid transit and light rail trains.
This means that procedures for predicting vibration from transit and passenger trains are equally
applicable to high-speed trains, following scaling to the appropriate speed. The data show that vibration
amplitudes are approximately proportional to Rig¥speed) from 50 mph to over 150 mph.

Perhaps the biggest problem for most prediction approaches is that vibration propagation through the soil
and rock layers that are between the source and the receiver is extremely difficult to define. Attenuation
along the propagation path is a critical component of any prediction procedure. Even when boreholes are
made at regular intervals along a rail alignment, unless the geology is very uniform, they do not uncover
geologic variations along the vibration propagation path from the rail line to receiver, which is
perpendicular to the tracks. A primary goal of the procedure presented in this section is to characterize
vibration propagation with empirical tests. This makes it unnecessary to infer propagation characteristics
from standard geologic parameters such as soil classification, wave speed, and density. Experience has
shown that the test procedure provides a reasonable estimate of vibration propagation characteristics and
that it can identify areas where ground-borne vibration will be higher than normal because of geologic
conditions that promote efficient propagation.

9.3.2 Overview of Prediction Procedure using Measured Transfer Mobility

The prediction method described in this section was developed to enable train vibration measurements
collected in one city to be used to predict vibration levels in another city where the geologic conditions
may be completely different. The procedure uses a special measured functiortr aadfed mobility,

which defines the relationship between an exciting force and the resulting vibration velocity at the
ground surface. The transfer mobility combines the effects of the media the vibration waves pass
through, the types of vibration waves, and all possible paths the vibration can take to go from the source
to the receiver.

Transfer mobility is a function 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

*u.s. Department of Transportation, Federal Transit Administration, Transit Noise and Vibration I mpact
Assessment, Report DOT-T-95-16, April 1995.

® "The Fifth International Workshop on Railway and Tracked Transit System Noise," Voss, Norway, June
21-24, 1995, (Proceedings published in Journal of Sound Vibration, Vol. 193, No. 1, 1996).
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cannot be considered to be originating from a single point; the vibration source is more appropriately
characterized as aline source. Consequently, the point transfer mobility must be modified to
approximate aline source. In thetext that follows, TM ;. is used to indicate the measured point source
transfer mobility and TM ;.. is used for the line source transfer mobility derived from TM ;. Both are
assumed to be in decibels with consistent reference quantities.

Predicting ground-borne vibration at a specific site requires the transfer mobility function for the site and
an applicable force density function. The force density function is usually derived from measurements at
an existing high-speed rail line. In essence, the force density is the normalized ground-borne vibration
with the effects of geology removed. The measured transfer mobility of a site along an existing high-
speed rail system can be used to estimate the force density function that is independent of the geology.

The prediction procedure considers ground-borne vibration to be divided into the following components:

1. Excitation Force (Force Density): The vibration energy is created by oscillatory and impulsive
forces. Steel wheels rolling on smooth steel rails create random oscillatory forces. When awheel
encounters a discontinuity such asarail joint, an impulsive forceis created. The force excites the
track structure, such as the railway tunnel, or the ballast for at-grade track. In the prediction method,
the combination of the actual force generated at the wheel/rail interface and the vibration of the track
structure are usually combined into an equivalent force density level. The force density level
describes the force that excites the soil/rock surrounding the track structure.

2. Vibration Propagation (Transfer Mobility): The excitation of the track structure causes vibration
waves in the soil that propagate away from the track structure. Vibration energy can propagate
through the soil or rock in avariety of wave forms. All ground vibration includes shear and
compression waves. In addition, Rayleigh waves, which propagate along the ground surface, can be
amajor carrier of vibration energy. The mathematical modeling of vibration is complicated when, as
isusually the case, there are soil strata with different elastic properties. The propagation through the
soil/rock is modeled using the experimentally determined transfer mobility.

3. Building Vibration: When the ground vibration excites a building foundation, it sets the building
into motion 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 depends 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 perceptible vibration and cause annoying rattling of windows and
decorative items either hanging on walls or located on shelves.

4. Audible Noise: In addition to perceptible vibration, the vibration of room surfaces radiates |ow-
frequency sound that may be audible. The sound level is affected by the amount of acoustical
absorption in the receiver room.

The combination of the force density level and the transfer mobility is used to predict the ground-surface
vibration. A fundamental assumption of the prediction approach outlined here is that the force density,
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transfer mobility, and the building coupling to the ground are all independent factors. The following
eguations are the basis for the prediction procedure, where al of the quantities are in decibels with
consistent reference values:

L, = L+ TMjje + Cpiig

LA = I—v + Krad + KA—wt

where: L, = RMSvibration velocity level in one 1/3 octave band,

L =  A-weighted sound level in one 1/3 octave band,

Le = forcedensity for aline vibration source such asatrain,

TM;. = linesource transfer mobility from the tracks to the sensitive site,

Cuia = adjustments to account for ground-building foundation interaction and
attenuation of vibration amplitudes as vibration propagates through
buildings,

K. = adjustment to convert from vibration to sound pressure level, which aso

for the amount of acoustical absorption inside the room (A value of zero
can be used for K., for typical residential rooms when the decibel
reference valuefor L, is1 microin./sec.[ref. 4]), and

Ko =  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 analysisis the 1/3 octave band spectra of the ground-borne
vibration and the ground-borne noise. The spectra are then used to calculate overall vibration velocity
level and the A-weighted sound level. Thisisin contrast to the General Assessment procedures, 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.

9.3.3 Measuring Transfer Mobility and Force Density (Vibration Propagation Testing)
The overall purpose of vibration propagation testing is to obtain data that can be used to estimate the
following quantities:

1. Point Source Transfer Mobility. Thisisbasically an intermediate quantity that is applicable to point
vibration sources. It isafunction of both frequency and distance from the source.

2. Line Source Transfer Mobility. The measured point source transfer mobilities are used to estimate
an equivalent line source transfer mobility for each test site.

3. Force Density. The force density characterizes the vibration-generating characteristics of the
train/track system that will be used. It can be based on previous measurements, or testing can be
done at an existing facility to measure the force density. If no suitable measurements are available,
testing should be done at a high-speed rail facility with equipment similar to the planned vehicles.
Adjustments for factors such as train speed, track support system, and vehicle suspension will
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usually be needed to match the force density to the conditions at specific sites. The force density
represents an incoherent line of vibration force equal to the length of thetrains. The unit of force
density isforce divided by square root of train length, represented herein decibelsrelative to 1
Ib/(ft)¥2

The basic field procedure for at-grade and tunnel testing of transfer mobility isillustrated in Figure 9-1.
The goal of thetest isto create vibration pulses that travel from the source through the ground to the
receiver, using the same path that will be taken by ground-borne vibration from the train. Asshownin
Figure 9-1, aweight is dropped from a height of 3 to 4 feet onto aload cell, which is calibrated to
measure force. Accelerometers are placed on the ground along aline leading away from the point of
force application. The responses of the load cell and accelerometers are recorded on a multichannel tape
recorder for subsequent analysisin the laboratory.

Dropped Weight
/

Accelerometers
_ Load Cell /V

a =¥ a a

AT-GRADE TESTING

Bore hole to Accelerometers
depth of
tunnel
= 8 = 8

Impact

TUNNEL TESTING

Load Cell

Figure 9-1 Impact Method for Measuring Transfer Mobility

When the procedure is applied to tunnels, the force must be located at the approximate depth of the
tunnel. Thisisdone by drilling abore hole and locating the load cell at the bottom of the hole. The tests
are usually performed at the same time that the bore holes are drilled. This allows using the soil-
sampling equipment on the drill rig for the transfer mobility testing. The load cell is attached to the
bottom of the drill string and lowered to the bottom of the hole. A standard soil sampling hammer,
which isusually a 140-1b. weight dropped 18 inches onto a collar attached to the drill string, is used to
excitethe ground. Theload cell must be capable of operating underwater if the water table is near the
surface or if aslurry drilling process is used.
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Field Procedures

The process of measuring transfer mobility involves impacting the ground and measuring the resulting
vibration pulse at various distances from the impact. Two different methods, shown in Figure 9-2, that
have been used to estimate equivalent line source transfer mobility from point source transfer mobility
are:

1. Linesof transducers: A siteis characterized by tests using one or more lines of transducers with the
impact at one end of theline. Thetotal length of the line ranges from 150 to 300 feet. Figure 9-2a
shows a site being characterized using three lines perpendicular to the rail line. Regression
techniques are applied to the 1/3 octave band transfer function data to obtain smooth point-source
transfer mobility function curves. Once the point source transfer mobility has been defined, the line
source transfer mobility can be calculated using numerical integration techniques (ref. 4). Optimal
use of a single borehole can be made by running three or four transducer linesin aradial pattern
from each borehole.

2. Lines of impacts. This configuration is shown in Figure 9-2b. One line of transducersis used and the
ground isimpacted at evenly-spaced intervals along aline perpendicular to the transducer line.
Since the impacts represent atrain, it is best if the line of impacts can be along the track centerline.
When thisis not possible, the impact line should parallel the tracks. After the 1/3 octave band point
source transfer mobilities are obtained, the equivalent line source transfer mobility is obtained by
combining the point source transfer mobilities to approximate a numerical integration. This
procedure was used to derive force density functions for X2000, Pendolino, and TGV high speed
trains. Recent experience has shown that this approach is more accurate and more repeatabl e than
the first approach. Unfortunately, this approach is usually impractical for tunnels since the ground
must be impacted at the bottom of boreholes to approximate propagation from atunnel structure.
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Figure 9-2 Schematic of Two Approaches for Transfer Mobility Measurements
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Instrumentation

Performing a vibration propagation test requires specialized equipment. Most of the equipment is readily
available from several commercial sources. Commercially available load cells can be used as the force
transducer. For borehole testing, the load cells must be hermetically sealed and capable of sustaining
impact forces at the bottom of a 30- to 100-foot deep hole partialy filled with water. A typical
instrumentation array for field testing and laboratory analysis of transfer mobility is shown in Figure 9-3.
The force transducer should be capable of impact loads of 5,000 to 10,000 pounds. Either

accel erometers or geophones can be used as the vibration transducers. A requirement is that the
transducers with associated amplifiers be capable of accurately measuring levels of 0.0001 inches/sec at
40 Hz and have flat frequency response from 6 Hz to 400 Hz. The tape recorder also must have 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 recordersis inadequate at frequencies below about 30 Hz.

FIELD EQUIPMENT Monitoring Equipment
Force

il
Transducer = T signal Oscilloscope /' Headphones
o Conditioning I::>
? — and
Accelerometers-/ Amplification
o

Multi-Channel F.M.
or Digital Tape Recorder

Hammer

LABORATORY EQUIPMENT

Force Signal
™ Multi-Channel
Spectrum :>
} Integrator Analyzer

(optional)

Computer

Multi-Channel F.M.
or Digital
Tape Recorder

Acceleration Velocity
Signal Signal

Figure 9-3 Equipment Required for Field Testing and Laboratory Analysis

The narrowband spectrum analyzer is the key element of the laboratory instrumentation. The analyzer
must be capable of capturing impulses from at least two channels and cal cul ating 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. Averaging more impulses will improve signal enhancement at arate
of 3 dB improvement for each doubling of the number of impacts. Signal enhancement is particularly
important when the vibration transducer is more than 100 feet from the impact.

Asillustrated in Figure 9-3, the spectrum analyzer usualy isinterfaced to a computer, which is required
to adapt the narrowband transfer function data into a format suitable for evaluating 1/3 octave band
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transfer mobility. The raw transfer function data usually include several hundred frequency bands. By
transforming from narrowband to 1/3 octave band spectra, each spectrum is reduced to 15 to 20 bands.
This step reduces the amount of data that must be evaluated to devel op the generalized curves. There are
specialized multi-channel spectrum analyzers that have built-in capabilities that are sufficient for this
dataanalysis.

Analysis of Transfer Mobility Data
Transfer mobility functions are devel oped from field measurements in following steps:

Step 1. Analyzethefield datato generate narrowband point source transfer mobilities.

Step 2.  Calculate 1/3 octave band transfer mobilities at each measurement point from the narrowband
results. Because typical spectrum analyzers are not capable of obtaining 1/3 octave band
transfer functions, this processing is performed after transferring the data to a computer.

Step 3. Calculate the transfer mobility as afunction of distance for each 1/3 octave band.

Step 4. Compute the line source transfer mobility as a function of distance in each 1/3 octave band.

Thetwo field test procedures that have been used to devel op estimates of line-source transfer mobility
are shown in Figure 9-2. Of the two procedures, the first, involving a single impact point for each line of
accelerometers, requires considerably more analysis and professional judgement to develop line source
transfer mobility. However, there are some situations where a single impact point is the only practical
method to apply.

The steps in developing line-source
transfer mobility curves with field data
from the first procedure are illustrated in
Figure 9-4. The analysis starts with the
narrowband transfer function between MM
source and receiver at each measurement ] FREQUENEY
position. There should be a minimum of 1/3 Octave Band Transfer Mobility
four distancesin any test line. Because of | °ne spectrum for each distance at each site) M
the possibility of local variationsin ] FREQUENCY
propagation characteristics, when feasible, Best-fit Curve of Transfer Mobility
three or more lines should be used to @ a Punctlon of Distance

(one for each 1/3 octave band)

Narrowband Transfer Mobility

TRANSFER
MOBILITY

TRANSFER
MOBILITY

Best-fit Line

TRANSFER
MOBILITY

characterize asite. A total of 10 to 20 ] DISTANCE
transducer positions are often used to Line-Source Transfer Mobility fr) = 4 Line Source
. . . (estimated using numerical integration 2 % \
CharaCten ze eaCh Ste‘ AS&Jml ng that the of point source transfer mobility) é g gg{?rtce T~
spectrum analyzer calculates 400 line DISTANCE

narrowband transfer functions for each
position, atotal of 4,000 to 8,000 numbers

must be calculated for each site. Figure 9-4 Analysis of Transfer Mobility
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The next step in the analysis procedure is to calculate the equivalent 1/3 octave band transfer functions.
This reduces each spectrum from 400 to 15 numbers. Asshown in Figure 9-4, the 1/3 octave band
spectrum is much smoother than the narrowband spectrum. The third step isto calculate a best-fit curve
of transfer mobility as afunction of distance for each 1/3 octave band. When analyzing a specific site,
the best-fit curve will be based on 10 to 20 data 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 applied directly to point vibration sources. However, because
trains are better represented as line vibration sources, afourth step is necessary: calculate an equivaent
line source transfer mobility using numerical integration.

The analysisinvolving the second field procedure is dightly different from the first. In this approach,
the train is represented by impacts at equally spaced intervals along aline perpendicular to the transducer
line. Thisapproachis particularly suited to characterizing a specific building since by placing a
transducer inside the building, it is possible to measure line source transfer mobility from the tracks to
this point in the building. The resulting transfer mobility combines the vibration path to the building
foundation, coupling to the building, and propagation of the vibration energy through the building. This
approach can greatly improve the accuracy of projections for that building.

Using the second procedure, a segment of atrain can be represented by aline of impact positions along
the track centerline at 10- or 20-foot intervals. The 1/3 octave band point source transfer mobilities for
each transducer location can then be summed following the trapezoidal rule for numerical integration to
directly calculate line-source transfer mobility. The following equation should be used to perform the
numerical integration:

™ ™

P1 ™, ™, Pn
_ 10 *° 10 —0 10"
TM;;,,. = 10xl0g,,| hx +10 * +...+10 +
where: h = impact interval,
TM,; = point source transfer mobility for ith impact location, and
n = last impact location.

This approach is considerably more direct than is possible with lines of vibration transducers. An
important feature of this approach is that the impact line usually can be shorter, sometimes much shorter
than thetrain. For example, at a distance of 50 feet from a 600-foot train, most of the vibration energy
will come for the part of the train closest to the receiver. In this case, the 600-foot train could be
accurately modeled using a 200-foot impact line. Judgment must be used in deciding on an appropriate
length for the impact line in balancing accuracy of the results, available test conditions in the field,
budget, and time constraints.
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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. Using aline of impacts to measure line source
transfer mobility (devel oped using the second transfer mobility test procedure) will give the best force
density results. The force density for each 1/3 octave band is then smply:

LF = I—v - TMIine
where:  Lg = force density,
L, = measured train ground-borne vibration, and
Tm;,. = line source transfer mobility.

The standard approach is to develop force density from the average of measurements at three or more
positions.

Trackbed force densities devel oped from measurements of the TGV, X2000, and Pendolino trains are
shown in Figure 9-5. A "worst case" force density that can be used before any information is available
on the type of equipment that will be used for a high-speed rail project also is shown in this figure.
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. Guidance for making these adjustments can be found in
aU.S. Department of Transportation report.’

9.3.4 Vibration and Structure-Borne Noise in Buildings

The propagation of vibration from the building foundation to the receiver room is a very complex
phenomenon, dependent on the specific design of the building. Detailed evaluation of the vibration
propagation requires extensive use of numerical procedures, such asfinite element modeling. An
evaluation this detailed generally is not practical for individual buildings considered in thismanual. The
propagation of vibration through a building and the radiation of sound by vibrating building surfaces
consequently is estimated using 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 adjustmentsin the Handbook are
shown in Figure 9-6. When estimating basement floor vibration or vibration of at-grade slabs the
correction is zero.

3T, Nelson, H.J. Saurenman, " State-of-the-Art Review: Prediction and Control of Ground-Borne Noise
and Vibration from Rail Transit Trains,” Report Number UMTA-MA-06-0049-83-4, U.S. Department of
Transportation, Urban Mass Transit Administration, December 1983.

84.3. Saurenman, J.T. Nelson, G.P. Wilson, Handbook of Urban Rail Noise and Vibration Control,
prepared under contract to US DOT/Transportation Systems Center, Report UM TA-MA-06-0099-82-2, February
1982.
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Figure 9-5 Force Densities for High-Speed Trains

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 is that vibration attenuates by 1 to 2 dB for each floor.

Floor resonances. Vibration amplitudes will be amplified because of resonances of the
floor/ceiling systems. For atypical wood frame residential structure, the fundamental resonanceis
usually in the 15 to 20 Hz range. Reinforced-concrete dab floors in modern buildings will have
fundamental resonance frequenciesin the 20 to 30 Hz range. An amplification resulting in again
of approximately 6 dB should be used in the frequency range of the fundamental resonance.

Radiated noise. 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 =L+ Ky

where: L, A-weighted sound level in a 1/3 octave band,
L, = averageRMS vibration velocity level, and
Kawt 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 9-6 Approximate Foundation Response for Various Types of Buildings

9.4 VIBRATION MITIGATION

Mitigation can minimize the adverse effects of project ground-borne vibration on sensitive land uses.
Available data indicate that ground-borne vibration from steel-wheel/steel-rail high-speed trainsis
caused by the same mechanisms as vibration from lower speed trains. Conseguently, the approaches to
controlling ground-borne vibration from transit systems generally are applicable to high-speed trains.

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
approaches to control the impact. Examples are the floating slab systems that were devel oped for the
Washington, D.C. and Toronto transit systems and wheel-flat detectors that have been used to identify
vehiclesin need of maintenance.

The importance 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 as much
as 20 dB, negating the effects of even the most effective vibration control measures. It israre that
practical vibration control measures will provide more than 15 to 20 dB attenuation. When ground-borne
vibration problems are associated with existing rails and rolling stock, often the best control measureis
to implement new or improved maintenance procedures. Grinding rough or corrugated rail and
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implementing wheel truing to restore the wheel surface and contour may reduce vibration more than
completely replacing the existing track system with floating slabs.

Assuming that the track and vehicles arein good condition, the options to further reduce ground-borne
vibration fit into one of seven categories: (1) maintenance procedures, (2) location and design of special
trackwork, (3) vehicle modifications, (4) changes in 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 keeping ground-borne vibration
levels under control. 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. Maintenance procedures
that are particularly effective at avoiding increases in ground-borne vibration include:

° Rail grinding on aregular basis, particularly for rail that devel ops corrugations. Rail condition
monitoring systems are available to optimize track conditions.

] Wheel truing to re-contour the wheel, provide a smooth running surface, and remove wheel flats.
The most dramatic vibration reduction results from removing wheel flats. However, significant
improvements also can be observed simply from smoothing the running surface. Wheel condition
monitoring systems are available to optimize whed conditions.

] Reconditioning vehicles, particularly when components such as suspension system, brakes, and
wheelswill beimproved, and slip-slide detectors will be installed.

° Installing wheel condition monitoring systems to identify those vehicles most in need of wheel
truing.

Location and Design of Special Trackwork

Most vibration impact from a new train system is caused by wheel impacts at the special trackwork for
turnouts and crossovers. Careful review of crossover and turnout locations during the preliminary
engineering stage is an important step in minimizing potentia for vibration impact. When feasible, the
most effective vibration control measure is to rel ocate the special trackwork to aless vibration-sensitive
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. Another approach isto install movable-
point or spring frogs that eliminate the gaps that occur when standard railbound frogs are used. These
special frogs have been shown to significantly reduce vibration levels near crossovers, and they are often
specified because of their longer life span under repetitive high-speed conditions.

Vehicle Suspension
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
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truck, and smooth wheels that are perfectly round. A thorough dynamic analysis, including the expected
track parameters, should be part of the specifications for any new high-speed trainset.

Special Track Support Systems

When the vibration assessment indicates that vibration levels will be excessive, it is usually the track
support system that is modified to reduce the vibration levels. Floating dabs, resiliently supported ties,
high resilience fasteners, and ballast mats all have been used to reduce the levels of ground-borne
vibration. To be effective, these measures must be optimized for the frequency spectrum of the
vibration. These measures have been used successfully on urban transit subway projects, but
applications on at-grade and elevated track are rare because: vibration problems are less common for at-
grade and elevated track; cost of the vibration control measuresis a higher percentage of the construction
costs of at-grade and elevated track; and exposure to outdoor weather conditions requires special
drainage designs.

The major vibration control measures for track support are discussed below:

] Resilient Fasteners: Resilient fasteners are used to fasten railsto concrete track slabs. Standard
resilient fasteners are very stiff in the vertical direction, usually in the range of 200,000 Ib/in.,
although they do provide some vibration reduction. On urban transit systems, specia fasteners
with vertical stiffnessin the range of 40,000 to 75,000 Ib/in. have reduced vibration by as much as
5t0 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 athick concrete or asphalt pad to be effective. It
will not be as effective if placed directly on the soil or the sub-ballast. Consequently, most ballast
mat applications are in tunnels or bridges. Ballast mats can provide 10 to 15 dB attenuation at
frequencies above 25 to 30 Hz. Aninstallation of ballast mat in atunnel in France near Vouvray
in TGV's Atlantique line prevents vibrations from affecting storage and ageing of wines in a
nearby wine cave. Ballast mats are often a good retrofit measure for existing tie-and-ballast track
where there are vibration problems.

° Resiliently Supported Tied\ resiliently supported tie system, like the one used in the Channel

Tunnel between England and France, consists of concrete ties supported by rubber pads. The rails
are fastened directly to the concrete ties using standard rail clips. Some measurement data suggest
that resiliently supported ties may reduce low-frequency vibration in the 15 to 40 Hz range, which
would make them particularly appropriate for rail systems with vibration problems in the 20 to 30

Hz range. The frequency range over which this type of track support system can affect levels of
ground-borne vibration depends on the pad stiffness and the interaction between the pads, ties, and
rails.

° 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 elements, usually rubber or
a similar elastomer. A variant that was first used in Toronto and is generally referred to as the
double tie system, consists of 5-foot slabs with four or more rubber pads under each slab. Floating
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dlabs are effective at frequencies greater than their single-degree-of-freedom vertical resonance
frequency. The floating slabs used in the Washington DC, Atlanta, and Boston transit systems
were all designed to have avertical resonance in the 14 to 17 Hz range. A specia London
Transport floating slab that is under the Barbican Redevelopment uses avery heavy design with a
resonance frequency in the 5 to 10 Hz frequency range.® The primary disadvantage of floating
slabsisthat they tend to be the most expensive of the track-related vibration control treatments.

] Other 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, heavier ties, or
resilient elements beneath the tracks can be expected to reduce the vibration levels. Thereasois
some indication that vibration levels are lower with wood ties compared to concrete ties.

However, there islittle confirmation that any of these approaches will make a significant change
in the vibration levels. Thisis unfortunate since modifications to the ballast, rails, or tiesare
virtually the only options for typical track systems (at-grade, ballast-and-ti€) 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 an affected 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 is seldom an option for existing buildings.
However, building vibration isolation can be particularly important for shared-use facilities such as
office space above atrain station or terminal. When vibration-sensitive equipment such as electron
microscopes will be affected by train vibration, specific modifications to 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.

Trenches

Use of trenchesto 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., atrench can be a practical
method for controlling vibration from at-grade track. A rule-of-thumb given by Richert and Hall *° is that
if the trench islocated close to the source, the trench bottom must be at least 0.6 times the Rayleigh
wavelength below the vibration source. For most soils, Rayleigh wavestravel at around 600 ft/sec,
which means that the wavelength at 30 Hz is 20 feet. This means that the trench would have to be
approximately 12 feet deep to be effective at 30 Hz.

%P, Grootenhuis, "Floati ng Track Slab Isolation for Railways," Journal of Sound and Vibration, 51:3, pp
443-448, 1977.

% E. Richert and J. R. Hall, Vibrations of Soils and Foundations, Prentice-Hall, Inc., Englewood Cliffs,
NJ, 1970.
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A trench can be an effective vibration barrier if it changes the propagation characteristics of the soil. It
can be either open or solid. The Toronto Transit Commission did atest with atrench filled with
Styrofoam to keep it open. They reported successful performance over a period of at least one year. ™
Solid barriers can be constructed with sheet piling, rows of drilled shafts filled with either concrete or a
mixture of soil and lime,* or concrete poured into a trench.

Operational Changes

The most obvious operational change is 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 special 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 train movements during the most sensitive hours.

While there are tangible benefits from reducing speed and limiting operations during the most sensitive
time periods, these measures may not be practical from the standpoint of trip time and service frequency
requirements. Furthermore, vibration reduction achieved through operating restrictions requires
continuous monitoring and will be negated if the signal system does not enforce compliance with the
speed restriction.

Buffer Zones

Expanding the rail right-of-way sometimes will be the most economical method of controlling the
vibration impact. A similar approach isto negotiate a vibration easement from the affected property
owners.

U5 T. Lawrence, "TTC-LRT Trackbed Studies, Ground-borne Vibration Testing, Measurement and
Evaluation Program," American Public Transit Association Rapid Transit Conference, San Francisco, CA, 1980.

>The Lime Column Method,” Report No. 31, Swedish Geotechnical Institute, Linkoping, Sweden, 1994.
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Chapter 10
NOISE AND VIBRATION DURING CONSTRUCTION

This chapter discusses the procedures for assessing the temporary noise and vibration impacts associated
with the construction of anew high-speed rail facility. Methods for estimating noise and vibration levels
from construction equipment using tabulated source levels, as well as procedures for assessing and
mitigating potential noise and vibration impacts are provided. While both construction noise and vibration
are included in this chapter, there is generally no overlap between them in the methodology and they are
covered in separate sections.

Construction often generates community noise/vibration complaints, despite the limited time frame over
which it takes place. Complaintstypically arise when construction efforts interfere with people’ s activities,
especially when the community has insufficient information about the extent or duration of the
construction. Misunderstandings can occur when the contractor is considered insensitive by the
community, even though the contractor believes the construction activities are in 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 contractorsin making bids by alowing changesin
construction approach and by 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 areas:

° Assessment: The environmental impact assessment identifies the potential problem areas during
the construction phase of a project and the environmental assessment document informs the public
of the project’s construction effects. Thisinformation isimportant for new mgjor infrastructure
projects where heavy construction can take place over alengthy period of time. The procedure for
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performing a noise assessment is discussed in Section 10.1 and for vibration assessment is discussed
in Section 10.2.

° Construction specifications: Most large construction projects incorporate noise specifications on
construction equipment, but sometimes they must include additional measures to minimize
community complaints. Special mitigation measures can be written into the construction documents
where they areidentified as necessary by the environmental impact assessment. The documents
should include realistic specifications that lessen community annoyance without unreasonably
constraining the contractors. Typical noise limits on equipment are included in Table 10-1.

° Compliance verification: Provide clear direction to field inspectors on conducting and reporting
measurements for compliance with noise and vibration specifications in sensitive areas.

10.1 CONSTRUCTION NOISE

The noise levels created by operating construction equipment can vary greatly and depend 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 aso depends on the fraction of
time that the equipment 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 construction activities related to rail facilities. The level of noise analysis should
be commensurate with the type and scale of the project and with the presence of noise-sensitive land uses
in the construction zone.

10.1.1 Noise from Typical Construction Equipment and Operations

The dominant source of noise from most construction equipment is the engine, usually adiesel, without
sufficient muffling. In afew cases, such asimpact pile driving or pavement breaking, noise generated by
the action of the machinery dominates.

For purposes 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 afixed-power operation (pumps, generators, compressors) or a variable noise operation (pile
drivers, pavement breakers). Noise is assumed to emanate from the point of operation. 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. Thisvariation is handled by describing
the noise at areference 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
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developed by the Society of Automotive Engineers.™ Typical noise levels generated by representative
pieces of equipment are listed in Table 10-1. These levels are based on EPA Reports, **® measured data
from railroad construction equipment, and other measured data.

Construction activities are characterized by variationsin the power expended by equipment, with resulting
variation in noise levels over time. Variation in power is expressed in terms of the "usage factor” of the
equipment, the percentage of time during the workday that the equipment operates 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 al'so has its own noise characteristics, some will have higher continuous noise levels than
others, and 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. TheL ., 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 criteria to be used in assessing impact, as discussed in the next
section.

10.1.2 Construction Noise Assessment

The level of detail in a construction noise assessment depends on the scale and type of project and the
stage of environmental review process. Where the project is a major undertaking (the construction
duration is expected to last for more than several months, noisy equipment will be involved, and/or the
construction is expected to take place near a noise-sensitive site), then construction noise impacts may be
determined in considerable detail, as described in this section. For other projects, the assessment may
simply be a description of the equipment to be used, the duration of construction, and any mitigation
requirements that will be placed on particularly noisy operations.

s0ci ety of Automotive Engineers, "Exterior Sound Level Measurement Procedure for Powered Mobile
Construction Equipment,” SAE Recommended Practice J88a, 1976.

%Soci ety of Automotive Engineers, "Sound Levelsfor Engine Powered Equipment,” SAE Standard J952b,
1976.

3U.S. Environmental Protection Agency, "Noise from Construction Equipment and Operations, Building
Equipment and Home Appliances," NTID300.1, December 31, 1971.

‘us. 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.

®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.
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A construction noise assessment for amajor project is
performed by comparing the predicted noise levels with
criteria established for that type of project. The
approach requires an appropriate descriptor, a
standardized prediction method, and a set of
recognized criteria for assessing the impact.

The descriptor used for construction noiseisthe L o,
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 easily combined 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
al phases of the construction.

The recommended method for predicting construction
noise impact for major urban transit projectsis 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 areference
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.

Table 10-1 Construction Equipment Noise
Emission Levels

Typical Noise Level (dBA)

Equipment 50 ft from Source
Air Compressor 81
Backhoe 80
Ballast Equalizer 82
Ballast Tamper 83
Compactor 82
Concrete Mixer 85
Concrete Pump 82
Concrete Vibrator 76
Crane, Derrick 83
Crane, Mobile 83
Dozer 85
Generator 8l
Grader 85
Impact Wrench 85
Jack Hammer 88
Loader 85
Paver 89
Pile Driver (Impact) 101
Pile Driver (Sonic) 9
Pneumatic Tool 85
PUMp 76
Rail Saw %0
Rock Drill 98
Roller 4
Saw 76
Scarifier 83
Scraper 89
Shovel 82
Spike Driver "
Tie Cutter 84
TieHandler 80
Tie Inserter 85
Truck 88

1A, Reagan and C. A. Grant, "Specia Report - Highway Construction Noise: Measurement, Prediction
and Mitigation," U.S. Department of Transportation, Federal Highway Administration, 1977.
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Thefirst two components of the model are related by the following equation:

Leq(eqip) = E.L+10l0g(U. F.) - 20l0g %%Q_ 10Glog %E

where:
L(equip) = L, at areceiver resulting from the operation of asingle piece of equipment over a
specified time period,

EL = noise emission level of the particular piece of equipment at the reference distance of
50 feet (taken from Table 10-1),

G = constant that accounts for topography and ground effects (taken from Chapter 6,
Figure 6-5),

D = distance from the receiver to the piece of equipment, and

UF. = usage factor that accounts for the fraction of time that the equipment isin use over

the specified time period.

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 cal culated using this equation.

Major Construction Projects

The assessment of amajor construction project can be as detailed as necessary to characterize the
construction noise by specifying the various quantities in 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:

Step 1. Noise Source Level. Full power operation for atime period of one hour is assumed because
most construction equipment operates continuously for periods of one hour or more at some
point in the construction period. Therefore, U.F. =1, and 10 log(U.F.) =0. The emission
level at 50 feet, E.L., istaken from Table 10-1. The predictions include only the two noisiest
pieces of equipment expected to be used in each construction phase.

Step 2. Noise Propagation. Freefield conditions are assumed and ground effects are ignored.
Consequently, G = 0. 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.

A more detailed analysis can be used if warranted, such as when aknown 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. In such instances, the assessment sequence includes:
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Step 1. Duration of the Construction. Long-term construction project noise impact is based on a
30-day average L4, 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 that 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.

Step 2. Site topogr aphy, natural and constructed barriers, and ground effects. These features
will change the factor G. Use Figure 5-3 to calculate G.

Step 3. Refinement of Emission Level. Measure or certify the emission level of each piece of
equipment according to standardized procedures.”® This measurement will refine E.L.

Step 4. L ocation of Equipment. Determine the location of each piece of equipment whileitis
working. The distance factor D is therefore specified more exactly.

Step 5. Total Noise Source Level. Include al pieces of equipment in the computation of the 8-hour
L, and the 30-day average L ,,. Thetotal noise levels are determined using Table 5-5
(Chapter 5).

Minor Construction Projects

Most minor projects need no assessment of construction noise. However, when a construction project
over a short period of time occurs in a noise-sensitive area, a qualitative treatment is appropriate.
Community relations will be important in this case; early information disseminated to the public about the
kinds of eguipment, expected noise levels, and durations will help to forewarn potentially affected
neighbors about the temporary inconvenience. Helpful information would include a general description of
the variation of noise levels during atypical construction day. The General Assessment method described
earlier in this section will be sufficient to provide the estimated noise levels. Thereisno need for afull
assessment since the criteria suggested in the following section are not applicable in these cases.

Criteria

No standardized criteria have been devel oped for assessing construction noise impact. Consequently,
criteriamust be devel oped on a project-specific basis unless local ordinances 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 limitsin terms of maximum levels, but they are generally not

"Soci ety of Automotive Engineers, "Exterior Sound Level Measurement Procedure for Powered Mobile
Construction Equipment,” SAE Recommended Practice J88a, 1976.

830ci ety of Automotive Engineers, "Sound Levels for Engine Powered Equipment,” SAE Standard J952b,
1976.
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practical for assessing the impact of a construction project. Project construction noise criteria should take
into account the existing noise environment, the absol ute noise levels during construction activities, the
duration of the construction, and the adjacent land use. Whileit isnot the purpose of this manual to
specify standardized criteriafor construction noise impact, the following guidelines can be used as criteria
for assessment. They are deliberately conservative because the related assessment method tends to over-
predict noise levels. If these criteria are exceeded, the project islikely to face adverse community reaction
and steps to mitigate the impact should be evaluated and implemented as necessary.

General Assessment: Identify land usesin the vicinity of the construction project according to
residential, commercial, and industrial land use activities. Estimate the combined noiselevel in one
hour from the two noisiest pieces of equipment, assuming they both operate at the sametime. Then
identify locations where the level exceeds the levels specified in Table 10-2:

Table 10-2 General Assessment Criteria for Construction noise
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 levels specified in Table 10-3:

Table 10-3 Detailed Assessment Criteria for Construction Noise

8-hour L, (dBA) L4, (dBA)
Land Use .
Day Night 30-day Average
Residential 80 70 759
Commercial 85 85 80®
Industrial 90 90 85®

“ I urban areas with very high ambient noise levels (L 4, > 65 dB), L 4, from

construction operations should not exceed existing ambient + 10 dB.
®

Twenty-four-hour L, hot L ..

10.1.3 Mitigation of Construction Noise

After using the approach presented in Section 10.1.2 to locate potential impacts from construction noise,
the next step isto identify appropriate control measures. The design engineer can implement noise control
through layout of the construction site, planning the order of operations, or by choosing less noisy
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operations. These categories of noise control approaches, with examples of mitigation measures, are given

below:
1. Design considerations and project layout:

° Construct noise barriers, such as temporary walls or piles of excavated material, between
noisy activities and noise-sensitive receivers.

° Route truck traffic away from residential streets, if possible. Select streets with the fewest
homes, if no aternatives are available.

° Site equipment on the construction lot as far away from noise-sensitive sites as possible.

° Construct walled enclosures around especially noisy activities or around clusters of noisy
equipment. For example, shields can be used around pavement breakers and loaded vinyl
curtains can be draped under elevated structures .

2. Sequence of operations:

° Combine noisy operations so they 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. Sensitivity to noise increases during the nighttime hoursin
residential neighborhoods.

3. Alternative construction methods:

®  Avoidimpact pile driving where possible in noise-sensitive areas. Drilled piles or the use of
asonic or vibratory pile driver are quieter alternatives where the geological conditions
permit their use.

° Use specially quieted equipment, such as quieted and enclosed air compressors, and
mufflers on all engines.

° Select quieter demolition methods, where possible. For example, sawing bridge decksinto

sections that can be loaded onto trucks results in lower cumulative noise levels than impact
demolition by pavement breakers.

The environmental assessment should include adescription of one or more mitigation approach for each
affected location.

10.2 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



Chapter 10: Noise and Vibration During Construction 10-9

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 perceptible vibrations at moderate levels, and dlight damage at the
highest levels. Ground vibrations from construction activities very rarely reach the levels that can damage
structures, but they can achieve the audible and perceptible ranges in buildings very closeto the site. A
possible exception is construction taking place near old, fragile buildings of historical significance where
special care must be taken to avoid damage. The construction vibration criteria should include special
consideration for fragile historical buildings. The construction activities that typically generate the most
severe vibrations are blasting and impact pile driving.

10.2.1 Vibration Source Levels from Construction Equipment

Various types of construction equipment have been measured operating under awide variety of
construction activities, with an average of source levels reported in terms of velocity levels as shown in
Table 10-4. Although Table 10-4 gives one level for each piece of equipment, the reported ground
vibration levels from construction activities vary considerably. The data provide a reasonable estimate for
awide range of soil conditions.

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 6. Peak particle
velocity istypically afactor of 2 to 6 times greater than root mean square (rms) vibration velocity; afactor
of 4 has been used to calcul ate the approximate rms vibration velocity levelsindicated in Table 10-4.

10.2.2 Construction Vibration Assessment

Construction vibration should be assessed in cases where there is a significant potential for impact from
construction activities. Such activitiesinclude blasting, pile driving, demolition, and drilling or excavation
in close proximity to sensitive structures. The recommended procedure for estimating vibration impact
from construction activitiesis as follows:

Step 1. Vibration Source Levels. Select the equipment and associated vibration source levels at the
reference distance of 25 feet as shown in Table 10-4.

Step 2. Vibration Propagation. Make the propagation adjustment according to the following formula,
based on point sources with normal propagation conditions:

515
PPVequip = PPVig X %g
where: PPV, = thepeak particle velocity inin/sec of the equipment adjusted for distance
PPV, = thereferencevibration level inin/sec at 25 feet from Table 10-4, and

O
1]

the distance from the equipment to the receiver.
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Step 3. Damage Criterion. Apply the PPV vibration damage threshold criterion of 0.50 in/sec
(approximately 102 VVdB) for fragile buildings, or 0.12 in/sec (approximately 90 VdB) for
extremely fragile historic buildings.’

Step 4. Annoyance Criterion. For considerations of annoyance or interference with vibration-sensitive
activities, estimate the RMs vibration level L, at any distance D from the following equation:

L, (D) = L, (25 ft) - 20log %%E

Apply the vibration impact criteriain Chapter 7 for vibration-sensitive sites.

Table 10-4 Vibration Source Levelsfor Construction Equipment
(From measured data.’®'12%)
. PPV at 25 ft Approximate
Equipment (in/sec) L, at 25ft
. ) . upper range 1.518 112
Pile Driver (impact) .
typical 0.644 104
) . . upper range 0.734 105
Pile Driver (vibratory) .
typical 0.170 93
Clam shovel drop (dlurry wall) 0.202 94
. 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
" RMSveocity in decibels (VdB) re 1 uinch/second

93wiss Consultants for Road Construction Association, "Effects of Vibration on Facilities," VSS-SN640-
312a, Zurich, Switzerland, April 1992.

%p 3. 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.

13 F. Wiss, "Vibrations Duri ng Construction Operations," Journal of Construction Division, Proc.
American Society of Civil Engineers, 100, No. CO3, pp. 239 - 246, September 1974.

23F. Wiss, "Damage Effects of Pile Driving Vibrations," Highway Research Record, No. 155, Highway
Research Board, 1967.

3p A. Towers, "Ground-borne Vibration from Sl urry Wall Trench Excavation for the Central
Artery/Tunnel Project Using Hydromill Technology," Proceedings of Inter-Noise 95, Newport Beach, CA, July
1995, pp. 227 - 232.
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10.2.3 Construction Vibration Mitigation

After using the procedure described in Section 10.2.2 to locate potential impacts (or damage) from
construction vibrations, the next step is to identify control measures. Similar to 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 aternatives are available.

o Operate earthmoving equipment on the construction lot as far away from vibration-sensitive
sites as possible.

2. Seguence of operations:

° Phase demolition, 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 asonic or vibratory pile driver causes lower vibration levels where the geological
conditions permit their use.

° Select demolition methods not involving impact, where possible. For example, sawing
bridge decks into sections that can be loaded onto trucks resultsin lower vibration levels than
impact demolition 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.

10.2.4 Special Note on Pile Driving

Piledriving is potentially the greatest source of vibration associated with equipment used during
construction of aproject. The source levelsin Table 10-4 indicate that vibratory pile drivers may provide
substantial reduction of vibration levels. However, the additional vibration effects of vibratory pile drivers
may limit their use in sensitive locations. A vibratory pile driver operates by continuously shaking the pile
at afixed frequency, literaly vibrating it into the ground. However, continuous operation at a fixed
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 a short time (0.2
seconds) with sufficient time between impacts to allow any resonant response to decay.
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Chapter 11
DOCUMENTATION OF NOISE AND VIBRATION ASSESSMENT

To be effective, noise and vibration analyses must be presented to the public in a clear, comprehensive
manner. The mass of technical data and information necessary to withstand scrutiny in the environmental
review process must be documented in a manner 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 normally
contains a condensation of essential information to maintain areasonable size. For these projects, separate
technical reports are usually prepared as supplements to the Environmental |mpact Statement (EIS) or
Environmental Assessment (EA). For smaller projects, or ones with 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 incorporated in the project’s
environmental documentation.

11.1 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 when all of the data cannot be placed in the environmental document.
The details of the analysis are important for establishing the basis for the assessment. Consequently, al
the detailsin the technical report should be contained in awell-organized format for easy accessto 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 a manner that can be understood by the general public. All the
necessary background information should be included in the technical report, including tables, maps,
charts, drawings, and references that may be too detailed for the environmental document, but that are
important in helping to draw conclusions about the project’ s noise and vibration impacts and mitigation
options.
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11.1.1 Organization of Technical Report

The technical report on noise and 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 manual, the approaches
to 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 sets forth the initial considerations in framing the scope of the study.

Inventory of Noiseand 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.

M easur ements of Existing Noise and Vibration Conditions— The 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 Project — Some projects may require specialized measurements at
sensitive sites, such as outdoor-to-indoor noise level reduction of homes or transmission of
vibrations into concert halls and recording studios. Other projects may need special source level
characterization. Full descriptions 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 is important to illustrate noise and vibration impacts with base maps at a scale with enough detail
to provide location reference for the reader.

Noise and Vibration Criteria— Impact criteria for 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 also should 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.

Noiseand 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
alternative mode or alignment to enable ready comparison among alternatives. The inventory
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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 and Vibration Mitigation — The mitigation section of the report should begin with a summary of
all 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 treatments. Enough information
should be included to allow the project sponsor and FRA to reach decisions on mitigation prior to
issuance of the final environmental document.

Construction Noise and Vibration Impacts — Criteria adopted for construction noise or vibration should
be described, if appropriate. In accordance with Chapter 10, 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 all criteria, approaches and data used in the analyses, including other reports
related to the project which may be relied on for information, e.g., geotechnical reports.

11.2 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 sections in 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 analysis in a format and style that
affected property owners and other interested citizens can understand. Smaller projects may have all of
the technical information contained within the environmental document; special care should be taken in
summarizing technical details to convey the information adequately.

The environmental 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 intends to do about them. Issuing a Finding of No Significant
Impact (FONSI) may depend on mitigation being included. The specific mitigation recommendation in

the environmental document depends on the stage of project development and the stage of environmental
review. For example, a Draft EIS may discuss different options to mitigate noise or vibration, deferring
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the final selection of measuresto the Final EIS. It may be particularly important to present mitigation
options at an early stage, especidly if thereis abenefit in receiving input from the public on the choices.

The final environmental document (Final EIS or FONSI) can take two approaches to describe any
decisions on whether and/or how to mitigate. 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
report should include language making it clear that the measures shall be implemented if the project is
approved. However, in some cases, mitigation measures may still be under study in the environmental
review and will not be selected until the final design stage. In such cases, the final environmental
document should express a commitment to mitigate impacts that are verified during final design.
Mitigation in these cases can be addressed in the form of a"performance standard” to be met by using one
or more of the measures under study.

11.2.1 Organization of Noise and Vibration Sections

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.
Conseguently, this chapter is a good place to put basic information on noise and vibration descriptors and
effects, aswell asfor describing the characteristics in the vicinity of the project. Again, itis preferableto
separate the noise and vibration sections.

° Description of Noise and Vibration Descriptors, Effectsand Typical Levels: Information from
Chapters 2 and 7 of this manual can be used to provide a background for the discussions of
noise/vibration levels and characteristics to follow. Illustrative material to guide the reader in
understanding typical levelsis helpful.

° Inventory of Noise and Vibration-Sensitive Sites: The approach for selecting noise and
vibration-sensitive sites should be described in sufficient detail to demonstrate completeness. Sites
and site descriptions are to be included.

° Noise and 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 are a summary and interpretation of how the collected data define the project setting.
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Chapter on Environmental Consequences.
The section on long-term impacts, the impacts due to operation of the project, should be organized
according to the following order:

1. Overview of Approach. A summary of the assessment procedure for determining noise and
vibration impactsis provided as a framework for the following sections.

2. Estimated Noiseand 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 aternatives should be described in general termsfirst, followed
by a detailed accounting of predicted noise levels. Thisinformation should be supplemented with
tables and illustrated by contours, cross-sections or shaded mapping. If contoursareincluded in a
technical report, then it is not necessary to repeat them here.

3. Criteriafor Noise and Vibration Impact. Impact criteriafor the project should be fully described
and referenced (refer to Chapters 3 and 7). In addition, any applicable local ordinances should be
described. Tableslisting the criterion levels should be included.

4. Impact Assessment. The impact assessment can be a section by itself, or it can be combined with
the criteriasection. It isimportant to provide a description of locations where noise and vibration
impact is expected to occur without implementation of mitigation measures, based on the predicted
future levels, existing levels and the criteriafor impact. Inventory tables of impacted land uses
should be used to quantify the impacts for comparisons among alternatives. The comprehensive list
of noise- and vibration-sensitive sitesidentified in the Affected Environment chapter should be
included in thisinventory table.

5. Noise and Vibration Mitigation. Perhaps the most significant difference between the technical
report and the environmental document isin 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
and 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. FRA strongly encourages noise
abatement for projects where impacts are identified. Reasons for dismissing any abatement
measures should also be clearly stated, especialy if such non-implementation results in significant
adverse effects. The expected benefits for each treatment in reducing impact should be given for
each location.
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6. Unavoidable Adverse Environmental Effects. If it isprojected that adverse noise and vibration
impacts will result after all reasonabl e abatement measures have been incorporated, the impacts
should be identified in this section.

Impacts During Construction

The environmental document may have a separate section on short-term impacts due to project
construction, depending on the scale of the project. For amajor project there may be a special section on
construction noise and vibration impacts; this section should be organized according to the comprehensive
outline described above. For projects with relatively minor effects, a briefer format should be used, with a
section included in the chapter on Environmental Consequences.
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APPENDIX A
BACKGROUND — NOISE CONCEPTS

A.1 NOISE METRICS

Environmental noise generally derives from a conglomeration of distant noise sources. Such sources may
include distant traffic, wind in trees, and distant industrial or farming activities, all part of our daily lives.
These distant sources create alow-level "background noise" in which no particular individual sourceis
identifiable. Background noise is 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, slowly varying background noise is a succession of identifiable noisy events of relatively
brief duration. These events may include single-vehicle passbys, aircraft flyovers, screeching of brakes,
and other short-term events, all causing the noise level to fluctuate significantly from moment to moment.

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.

A.1.1 A-weighted Level: The Basic Noise Unit

Asdiscussed in Chapter 2, the basic noise unit for environmental noise isthe A-weighted sound level. It
describes the magnitude of noise at areceiver at any moment in time and is read directly from noise-
measuring equipment, with the "weighting switch" set on"A." Typical A-weighted sound levelsfrom
high-speed rail systems aswell as other outdoor and indoor sources are shown in Figure 2-2.

Typica community A-weighted sound levels range from the 30s to the 90s, where 30 is very quiet and 90
isvery loud. A-weighted sound level measured in decibelsis abbreviated "dBA," where the "dB" stands
for decibels and refer to the general strength of the noise. The decibel is aunit that can be used to denote
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the ratio between any two quantities that are proportional to power. When used to describe sound level,

the number of decibelsis 10 times the logarithm (to the base 10) of the ratio (p7p,«), Where p is the sound

pressure (in micropascals) and p, is a reference pressure (20 micropascals). The letter “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.

A-weighted sound levels are adopted here as the basic noise unit because: (1) they can be easily measured,
(2) they approximate the human 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.

This manual uses the following single-number descriptors for environmental noise measurements,
computations, and assessment:

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

The Sound Exposure Level (SEL), which describes a receiver's cumulative noise exposure from a
single noise event.

TheHourly 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 a full 24 hours, with events between 10 p.m. and 7 a.m. increased by 10 decibels to
account for greater nighttime sensitivity to noise.

The following sections illustrate all of these noise descriptors, in turn, and describes their particular
application in this manual. Graphic illustrations and mathematical definitions are provided to help the
reader understand and see the interrelationships among descriptors.

A.1.2 Maximum Level (L,,,) During a Single Noise Event

As a train approaches, passes by, and then proceeds 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 here,as "L ." For noise
compliance tests of transient sources, such as moving rail vehicles under controlled conditions with
smooth wheel and rail conditions,J. is typically measured with the sound level meter's switch set on
“fast,” meaning that the sound level is averaged over a period of 0.125 seconds. Another,yse of L  (fast),
abbreviated |, , is for identifying defective components such as wheel flat spots in a passing train or an
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excessively noisy car in along consist of freight cars. However, for tests of continuous or stationary
sources, and for describing short-term noise events for the general assessment of noise impact, it isusually
more appropriate to use the "slow" setting, where the sound level is averaged over a 1 second period.
When set on "slow," sound level meters ignore some of the very-transient fluctuations, which are
unimportant to people’s overall assessment of the noise. L, (slow), abbreviated L, , gives a better
representation of sound energy of an event and is therefore more directly related to the sound exposure
level (SEL) described in the next subsection.

Measurements reported as L ,,,, without designation of “fast” or “slow” meter response often become a
source of confusion, which leads to errors in interpretation. Measurements of high-speed trains to obtain
reference levels for this manual consistently showgd L to be 2 dB higher than L . Therefore, in
general, if it is important to document the sound level of a very short-term event, less than one second in
duration, use the “fast” meter setting; otherwise, use “slow.” The manner in whichjhe L  descriptor fits
into the time history of environmental noise is shown in Figure A-1.

A.1.3 SEL: The Cumulative Exposure from a Single Noise Event

The quantitative measure of the noise "dose" for single noise events is the Sound Exposure Level,
abbreviated here as "SEL". The fact that SEL is a cumulative measure means that (1) louder events have
higher SELs than quieter ones, and (2) events that last longer in time have higher SELs than 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. The Sound Exposure Level is computed as:

[total sound energy (]

SEL =10log Hduring the event H

A more specific mathematical definition is:
00 La(t)
FL =1OIoga' 10 "o dtg

whereL ,(t) represents the time-varying A-weighted sound level during an event. Time base is assumed to
be one second.

SEL is used in this manual as the measure of each single high-speed train event becausg,unlike L

> SEL increases with the duration of a noise event, which is important to people's reaction,

> SEL therefore allows a uniform assessment method for differing high-speed rail technologies, and

> SEL can be used to calculate the one-hour and 24-hour cumulative descriptors discussed below.
A.1.4 Hourly Equivalent Sound Level [L(h)]

The descriptor for cumulative one-hour exposure is the Hourly Equivalent Sound Level, abbreviated here
as "Ly, (h)." Itis an hourly measure that accounts for the moment-to-moment fluctuations in A-weighted
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sound levels due to all sound sources during that hour, combined. Sound fluctuation isillustrated in the
upper frame of Figure A-1 for asingle noise event such as atrain passing on nearby tracks. Asthetrain
approaches, passes by, and then proceeds into the distance, the A-weighted Sound Level rises, reaches a
maximum, and then fades into the background noise. The area under the curvein this upper frameisthe
receiver’s noise exposure over this five-minute period.

The center frame of Figure A-1 shows sound level fluctuations over a one-hour period that includes the
five-minute period from the upper frame. The area under the curve represents the noise exposure for one
hour. The Hourly Equivalent Sound Level iscomputed as:

L (h 10 [(Total sound energy [ 356
w(hour) =101og,, o during one hour H >

or mathematically:
Eﬂ_ 153 LA(t)/ 0
L., (hour) =10lo 10 MOdt
e ) 010 EFIH H

where the one-hour interval extendsfromt,tot, and T=t,-t, =1 hour. The constant 35.6 is obtained
from time normalization: one hour = 3600 seconds, and 10 log 3600 = 35.6.

Sound energy istotaled here over afull hour; thus, it accumulates from all noise events during that hour.
Subtraction of 35.6 from the total sound energy during one hour in the first equation convertsit into atime
average, as does the /T factor shown in the second equation. In brief, if the actual fluctuating noise were
replaced by a constant noise equal to this average value, the receiver would be exposed to the same total
noise energy. Thistype of average valueis"equivalent” in that sense to the actual fluctuating noise.

A useful, aternative way of computing L ., due to a series of high speed rail noise eventsis:

Energy Sum of [

Leq(hour)zlologloa Al SELs H

or mathematically:

Dl &L U
Leg (hour) =10log,, E]: i210 K‘E

This equation concentrates on the cumulative contribution of individual noise events, and isthe
fundamental equation incorporated into Chapters 4 and 5.

The bottom frame of Figure A-1 shows the sound level fluctuations over afull 24-hour period. Itis
discussed in Section A.1.5.
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Typical hourly L,'s, both for high-speed rail and non-high-speed rail sources, are shown in Figure A-2.
These L, s depend upon the number of events during the hour and also upon each event’s duration, which
is affected by 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.

100 Automobiles 1000 automobiles 250 heavy trucks
Non-Rail per hour, 40 mph  per hour, 40 mph per hour, 55mph
Sources
2000 automobiles 2000 heavy trucks
(All at 50 feet) Ocean beach per hour, 55 mph per hour, 55 mph

[
40 dBA 50 dBA 60 dBA 70 dBA| 80 dBA 90 dBA
Leq |

f L ; 1 passby per hour 40 passbys per hour of electric train,
High-Speed Rall of electric train, 185 mph
Sources 185 mph
(All at 50 feet)

3 passbys per hour of maglev, 3 passbys per hour of electric
train at 185 mph train at 185 mph

Figure A-2 Typical Hourly L,'s

Hourly L, is adopted as the measure of cumulative noise impact for non-residential land uses (those not
involving sleep) because:

> L., 's correlate well with speech interference in conversation and on the telephone — as well as
interruption of TV, radio, and music enjoyment,

> LS increase with the duration of events, which is important to people’s reaction,

> LS take into account the number of events over the hour, which is also important to people’s

reaction, and
> LS are used by the Federal Highway Administration in assessing highway-traffic noise impact.
Thus, this noise descriptor can be used to compare and contrast modal alternatives such as highway versus

rail. L, is computed for the loudest facility hour during noise-sensitive activity at each particular non-
residential land use.
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A.1.5 Day-Night Sound Level (L,,): The Cumulative 24-Hour Exposure from All Events
The descriptor for cumulative 24-hour exposure is the Day-Night Sound Level, abbreviated as "L ,." Itis
a 24-hour measure that accounts for the moment-to-moment fluctuationsin A-Levels due to al sound
sources during 24 hours, combined. Such fluctuations are illustrated in the bottom frame of Figure A-1.
The area under the curve represents the receiver’s noise exposure over afull 24 hours. Some vehicle
passbys accur at night in the figure, when the background noise isless. Mathematically, the Day-Night
Level iscomputed as:

[Jotal sound energy[|_

g during 24 hours g 49.4

L an =1010gy0

where nighttime noise (10 p.m. to 7 am.) isincreased by 10 decibels before totaling. The constant 49.4 is
obtained from the time normalization: 24 hours = 86,400 seconds, and 10 log 86,400 = 49.4.

Sound energy istotaled over afull 24 hours; it accumulates from all noise events during that 24 hours.
Subtraction of 49.4 from this 24-hour exposure convertsit into atype of "average." If the actual
fluctuating noise were replaced by a constant noise equal to this average value, the same total noise
exposure would enter the receiver’s ears.

An alternative way of computing L 4, from 24 hourly L /'sis:

CEnergy sum of [
Ldn = 10 Ioglo %4 hourly L SD_ 138
e

where nighttime L, s are increased by 10 decibels before totaling, asin the previous equation.
Thisis expressed mathematically as:

Il 10pm (hour) 7am g (hour)+10 / []
9y 10 s S0 e

D’] =7 h =10
Ldn — 10'0910 G our =/am 24OUI’ pm

0

H

MOodo

where:

the 15-hour period from 7:00 am to 10:00 pm is defined as daytime (unweighted), and
the 9-hour period 10:00 pm to 7:00 am is defined as nighttime (with 10-decibel weighting).

L4, due to a series of high-speed train events can a so be computed as:

[Energy sum of [
Lgn =1010g4g H Al SELs B_ 494
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Use of this equation assumes that train noise dominates the 24-hour noise exposure. Here again, nighttime
SEL s areincreased by 10 decibels before totaling. Thislast equation concentrates upon individual noise
events, and is the equation incorporated into Chapters 4 and 5.

Typica L,,’s, both for high-speed rail and conventional transit sources are shown in Figure A-3. As

shown in thefigure, typical L ,'s range from the 50s to the 70s — where 50 is a quiet 24-hour period and 70
is an extremely noisy one. Thesg 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.

L., is adopted as the measure of cumulative noise impact for residential land uses (those involving sleep),
because:

> L4, correlates well with the results of attitudinal surveys of residential noise impact,
> L, increases with the duration of transit events, which is important to people's reaction,
> L4, takes into account the number of transit events over the full 24 hours, which is also important to

people's reaction,

> L, takes into account the increased sensitivity to noise at night, when most people are asleep,
> L4, allows composite measurements to capture all sources of community noise combined,

> L4, allows quantitative comparison of transit noise with all other community noises,

> L4, is the designated metric of choice of other Federal agencies such as Federal Transit

Administration (FTA), Department of Housing and Urban Development (HUD), Federal Aviation
Administration (FAA), and Environmental Protection Agency (EPA), and

> L4, has wide international acceptance.

In terms of individual passbys, some characteristics of both the L and,the L are as follows:

When passby |, 's increase: - Both L, and Ly, increase,
When passby durations increase: - Both L, and Ly, increase,
When the number of passbys increases: - Both L, and Ly, increase,

When some operations shift to louder vehicles: — Both L, and L, increase, and

When passbys shift from day to night: - L4, increases.

All of these increases inl. ang,L correlate to increases in community annoyance.
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50 feet from parkway: 50 feet from parkway:
1000 autos per hour daytime, 2000 autos per hour daytime,
100 autos per hour nighttime, 200 autos per hour nighttime,

Non-Rail 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 |

High-Speed Rail
Sources
(All at 50 feet)

8-car High-Speed, 10-car Maglev, 250 mph
125 mph Day: 2 per hour (avg)
Day: 2 per hour (avg) Night: 1 per hour (avg)

8-car High-Speed, 10-car VHS, 180 mph
125 mph Day: 2 per hour (avg)
Day: 1 per hour (avg) Night: 1 per hour (avg)

Figure A-3 Typical Ly's

A.1.6 Other Descriptors

Asdiscussed in Chapter 2, there are anumber of international descriptors for transportation noise seldom
used inthe U.S. The most widely encountered such descriptor, particularly in describing noise from rail
systems, isthe A-weighted "passby level,” or L ! This descriptor is used to quantify the noise level
from a single vehicle passby, and is defined as the A-weighted sound level energy-averaged over thetime
of the event passby. Inasense, itislike L ,(hour), except that it is evaluated for only asingle event and
averaged over the event-specific passby time instead of a standardized time period. It is defined

mathematically as follows:

U1t La® 0

where:

B

t, isthetime at the leading edge of the passhy,
t, isthetime at the trailing edge of the passby, and

the passby duration T,= t, - t,.

! Also sometimes abbreviated L,pand L, (mean).
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In Japan asimilar metric is used to describe the noise from train passages, L 5., and is defined as the
power- or energy-average of the "slow" maximum level (L, of 20 consecutive train passbys.
Mathematically thisis expressed as:

Dl 20 (Lmax,)i /
L A =10|og105210 o
=1 g

A metric known as Sound Exposure Level, but abbreviated L ¢, also is used in Japan and has a slightly
different definition from the SEL used in this manual. It isdefined as the energy-averaged value of the
sound exposure, or energy during the event, measured within 10 dB of L sampled at atime interval of
5/3 seconds. The mathematical expressionis:

Amaxy

Laj O
L,e =10log,q éﬁ[ 1o A)D
T g

where At = 5/3 seconds.

A.2 RECEIVER RESPONSE TO TRANSPORTATION NOISE

An overview of receiver responseto noise is presented in this section. It serves as background information
for the noise impact criteria presented in Chapter 3 and for the criteria development process documented in
Section A.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 exposure-response rel ationships have been
quantified by the Environmental Protection Agency (EPA).>® The selection of noise descriptorsin this
manual islargely based upon this EPA work. Beginning in the 1970s, EPA undertook a number of
research and synthesis studies relating to community noise of all types. Results of these studies have been
widely published, and discussed and referenced by many professionalsin acoustics. Basic conclusions of
these studies have been adopted by the Federal Interagency Committee on Noise, the Department of

“Environmental Protection Agency, "Impact Characterization of Noise Including Implications of Identifying
and Achieving Levels of Cumulative Noise Exposure," Task group 3, Henning von Gierke, Chairman, Report NTID
73.4, Washington DC, 27 July 1973.

3Environmental Protection Agency, "Information on Levels of Environmental Noise Requisite to Protect
Public Health and Welfare with an Adequate Margin of Safety,” Report No. 550/9-74-004, Washington DC, March
1974.
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Housing and Urban Development (HUD), the American National Standards Institute, and even
internationally.*>®" Conclusions from this seminal EPA work remain scientifically valid to this day.

A synthesis of actual case studies of community reaction to newly introduced sources of noisein a
residential urban neighborhood is shown in Figure A-4 (ref. 3). The new noise’' s excess above existing
noise levelsis shown in Figure A-4. Both the new and existing noise levels are expressed as Day-Night
Sound Levels, L, discussed in Section A.1.5. The community reaction to this newly introduced noise
also is shown in Figure A-4, varying 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.

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 appears
in Figure A-5.%° Different neighborhood noise exposures are plotted horizontally. The percentage of
people who are highly annoyed by their particular level of neighborhood noise is plotted vertically. As
shown in the figure, the percentage of high annoyance is approximately 0 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, confirmed the shape of the original Schultz curve.

*Federal Interagency Committee on Urban Noise, "Guidelines for Considering Noise in Land Use Planning
and Control," ajoint publication of the Environmental Protection Agency, the Department of Transportation, the
Department of Housing and Urban Development, the Department of Defense, and the V eterans Administration,
Washington DC, June 1980.

5Department of Housing and Urban Development, "Environmental Criteria and Standards of the
Department of Housing and Urban Development," 24 Code of Federal Regulations Part 51; 44 Federal Register
40861, Washington DC, 12 July 1979.

®American National Standards Institute, "American National Standard: Compatible Land Use With Respect
to Noise," Standard S3.23-1980, New York NY, May 1980.

"International Standards Organization, "Assessment of Noise with Respect to Community Response,”
Recommendation R-1996, Geneva, 1971.

®T.J. schultz, "Noise Rati ng Criteriafor Elevated Rapid Transit Structures," U.S. Department of
Transportation Report No. UMTA-MA-06-0099-79-3, Washington DC, May 1979.

°T. J. Schultz, "Synthesis of Social Surveys on Noise Annoyance," Journal of the Acoustical Society of
America, Vol. 63, No. 8, August 1978.

%3 Fidell, D.S. Barber, and T.J. Schultz, "Updating a Dosage-Effect Relationship for the Prevalence of
Annoyance Due to General Transportation Noise," Journal of the Acoustical Society of America, Vol. 89, No. 1,
January 1991.
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Asindicated by these two figures, introduction of high-speed rail noise into a community may have two
undesirable effects. First, it may significantly increase existing noise levels in the community, levels that
residents have mostly become accustomed to. This effect is called "relative" noiseimpact. Evaluation of
this effect is "relative" to existing noise levels; relative criteria are based upon noise increases above
existing levels. Second, newly-introduced noise may interfere with community activities, independent of
existing noise levels; it may be simply too loud to converse or to sleep. This effect is called "absolute”
noise impact, because it is expressed as a fixed level not to be exceeded and is independent of existing
noise levels. Both of these effects, relative and absolute, enter into the assessment of noise impact
discussed in Chapters 4 and 5. These two types of impact, relative and absolute, are merged into the noise
criteriadescribed in Chapter 3.

A.3 NOISE IMPACT CRITERIA DEVELOPMENT

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 these
noise criteriawere to ensure that the impact limits be firmly founded in scientific studies, be redistically
based on noise levels associated with high-speed rail projects, and represent a reasonable balance between
community benefit and project costs. This section provides the background information.

A.3.1 Relevant Literature
An annotated list of the documents that are particularly relevant to the noise impact criteriafollows:

1 US Environmental Protection Agency "L evels Document” (ref. 3): Thisreport 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 |mpact Statements on
Noise":* Thisreport 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 impacts

intermsof L,

3. "Synthesis of Social Surveys on Noise Annoyance” (ref. 9): 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

“National Academy of Sciences, "Guidelines for Preparing Environmental Impact Statements on Noise,"
Report from Committee on Bioacoustics and Biomechanics (CHABA) Working Group 69, February 1977.
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best available prediction of transportation noise annoyance. This synthesis has received essentially
unanimous acceptance by acoustical scientists and engineers. The "universal" transportation
response curve developed by Schultz (Figure A-5) shows that the percent of the population highly
annoyed by transportation noise increases from 0 at an L 4, of approximately 50 dBA to 100 percent
when L, isabout 90 dBA. Most significantly, this curve indicates that for the sameincreasein L,
thereis agreater 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 |ess impact than
at higher ambient levels (65 - 75 dB). A recent update of the original research, containing several
railroad, transit and street traffic noise surveys, confirmed the shape of the original Schultz curve
(ref. 10).

HUD Standards:** The U.S. Department of Housing and Urban Development (HUD) has devel oped
noise standards, criteria and guidelines to ensure that housing projects supported by HUD achieve
the goal of asuitable 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.

French High Speed Rail Noise Survey:* The first comprehensive high-speed rail noise annoyance
survey was performed along the route of TGV Atlantique south of Paris. Surveys of residents along
the dedicated high-speed rail line were conducted before and after operation of the trains. Results
of the study led to recommendations that the noise assessment descriptor be modified to include
early morning and nighttime events and that a procedure be developed for noise assessment of
multi-modal operations. Both of these abjectives are included in the development of criteriafor this
manual.

A.3.2 Basis for Noise Impact Criteria Curves
The lower curvein Figure 3-1, representing the onset of Impact, is based on the following considerations:

The EPA finding that acommunity noise level of L 4, lessthan or equal to 55 dBA is"requisite to
protect public health and welfare with an adequate margin of safety” (ref. 2).

The conclusion by EPA and othersthat a5 dB increasein L 4, or L o, is the minimum required for a
change in community reaction.

The research finding that there are very few people highly annoyed when theL 4,is 50 dBA, and
that an increasein L4, from 50 dBA to 55 dBA results in an average of 2 percent more people
highly annoyed (see Figure A-5).

2ys Department of Housing and Urban Development, "Environmental Criteria and Standards', 24 Code

of Federal Regulations Part 51, 12 July 1979; amended by 49 FR 880, 6 January 1984.

133, Lambert, Pl Champelovier, I. Vernet, “Annoyance from high speed train noise: a social survey,”

Journal of Sound and Vibration, 193(1), 1996.
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Consequently, the change in noise level from an existing ambient level of 50 dBA to a cumulative level of
55 dBA caused by a project is assumed to be aminimal impact. Expressed another way, thisis considered
to be the lowest threshold where impact starts to occur. Moreover, the 2 percent 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 3-1 was determined from the
annoyance curve (Figure A-5) by allowing afixed 2 percent 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 percent increase in highly annoyed people. Whileit takes a5 dB noise increase to cause a 2
percent increase in highly annoyed people at an existing ambient noise level of 50 dB, an increase of only
1 dB causes the 2 percent 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 |mpact
curve is based on the following considerations:

®  The Department of Housing and Urban Development (HUD) in its environmental noise standards
defines an L 4, of 65 asthe onset of a normally unacceptable noise zone (ref. 7). Moreover, the
Federal Aviation Administration (FAA) considers that residential land uses are not compatible with
noise environments where L , is greater than 65 dBA ™.

®  Thecommon use of a5 dBA increasein L 4, or L, asthe minimum required for a changein
community reaction.

® Theresearch finding that the foregoing step represents a 6.5 percent increase in the number of
people highly annoyed (see Figure A-5).

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 startsto
occur. Moreover, the 6.5 percent 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 a cumulative level of 65 dBA.
The remainder of the upper curvein Figure 3-1 was determined from the annoyance curve (Figure A-5) by
fixing the increase in annoyance for all existing ambient noise levels at 6.5 percent.

Both curves incorporate a maximum limit for the high-speed rail project noise in noise-sensitive areas.
Independent of existing noise levels, Impact for land use categories 1 and 2 is considered to occur
whenever the high-speed rail L ,, equals or exceeds 65 dBA and Severe Impact occurs whenever the high-

“y.s, Department of Transportation, Federal Aviation Administration, "Federal Aviation Regulations Part
150: Airport Noise Compatibility Planning," January 1981.
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speed rail L 4, equals or exceeds 75 dBA. These absolute limits are intended to restrict activity interference
caused by the project alone.

Both curves also incorporate a maximum limit for cumulative noise increase at low existing noise levels
(below about 45 dBA). Thisis aconservative measure that reflects the lack of social survey dataon
people’ s reaction to noise at such low ambient levels. Similar to the FHWA approach in ng the
relative impact of ahighway project, the transit noise criteriainclude caps on noise increases of 10 dBA
and 15 dBA for Impact and Severe Impact, respectively, relative to the existing noise level.

Finally, due to the types of land use included in Category 3, the criteriaallow the project noise for
Category 3 sitesto be 5 decibels greater than for Category 1 and Category 2 sites. Thisdifferenceis
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 hoise than Category 1 and 2 sites, Category 3 sitesinclude
primarily indoor activities and thus the criteria reflect the noise reduction provided by the building
structure.

A.3.3 Equations for Noise Impact Criteria Curves

The noise impact criteria can be quantified through the use of mathematical equations that approximate the
curves shown in Figure 3-1. These eguations may be useful when performing the noise assessment
methodol ogy through the use of spreadsheets, computer programs, or other analysistools. Otherwise,

such mathematical detail is generally not necessary to properly implement the criteria, and direct use of
Figure 3-1 islikely to be adequate and less time-consuming.

A total of four continuous curves are obtained from the criteria: two threshold curves ("Impact" and
"Severe Impact”) for Category 1 and 2; and two for Category 3. Note that for each level of impact, the
overal curvesfor Categories 1 and 2 are offset by 5 dBA from Category 3. While each curveis
graphically continuous, it is defined by a set of three discrete equations that represent three "regimes" of
existing noise exposure. These equations are approximately continuous at the transition points between
regimes.

Thefirst equation in each set is alinear relationship, representing the portion of the curve in which the
existing noise exposure islow and the allowable increase is capped at 10 dBA and 15 dBA 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 afixed percentage of increase in annoyance is allowed, as
described in the previous section. This curve, athird-order polynomial approximation derived from the
Schultz curve, coversthe range of noise exposure encountered in most populated areas and isused in
determining noise impact for most transit projects. Finally, 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 categories 1 and 2, thislimit is 65 dBA for Impact and 75 dBA for Severe Impact.
For land use category 3, the limit is 70 dBA for Impact and 80 dBA for Severe Impact.

The four sets of equations corresponding to the curves are given below. Each curve represents a threshold
of noise impact, with impact indicated for points on or above the curve.
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Threshold of Impact:

[11450 + 0.953L ¢ Le<42 O

Lp = (71662 - 1164 L +0018L2 — 4083 x 1075 L3 42< L <711 Category 1 and 2
H5 Le>71  H
[16.450 + 0.953 L ¢ Le<42 O

Lp = (76662 - 1164 L, +0.018L¢2 - 4088 x1075 L2 42< L <710 Category 3
Ho Le>71  H

Threshold of Severe Impact:
[17.322+0.940 L¢ Le<44 O

Lp = Fb6.725 - 1992 Lg +302%x1072 L2 -1043%x1074 L8 44< g < 77H Category 1 and 2
Hrs Le>77  H
[22.322 +0.940 L¢ Le<44 O

Lp = Ho1725-1992 Lg +302%x1072 L2 -1043%x1074 L8 << 77Hcategory 3
Fo Le>77  H

where:

L isthe existing noise exposure in terms of L 4, or L ,(h), and
Ly isthe project noise exposure which determines impact, also interms of L 4, 0r L ,(h).

A.4 STARTLE EFFECTS FROM RAPID ONSET RATES

Researchers report that sounds of approaching vehicles with rapidly rising sound signatures carry a sense
of convergence and cause greater annoyance than receding sounds.™

A.4.1 High-Speed Rail Noise Signatures

The presence of a high-speed rail system in close proximity to homes may result in a new noise unlike
other existing sources of community noise. The sound signature at a position close to a high-speed train
passby is characterized by sudden onset of high noise levels for a short duration. A typical exampleis
shown in Figure A-6, where the sound rises rapidly at 15 dB per second and falls again within
approximately five seconds. Shorter trains, such as the two-car test train of the German TransRapid TR07,
can have even faster onset rates and shorter durations.

5G. Rosinger, D.W. Nixon, and H.E. vonGierke. “Quantification of the Noisiness of ‘Approaching’ and
‘Receding’ Sounds,” J.Acoust. Soc. Am.,, £98.843-853, October 1970.
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Figure A-6 Time History of A-weighted Sound Level of Maglev at 25 m

The onset rate is related to the rate of approach of amoving vehicle. More correctly, it isrelated to the
rate at which the vector distance between the sound source and the receiver diminishes. Both speed and

distance figure into the process. Measured onset rates from two high-speed rail systems are plotted in
Figure 2-6.

A.4.2 Research on Startle Effects

When the onset of sound is very sudden, people tend to be startled, or surprised, especially when they are

not expecting it. Researchers have proposed various adjustments to account for the increased annoyance

of fast-rising sound events. The most recent study into the added annoyance from rapid onset rates has

been conducted in three parts by the US Air Force in connection with low-altitude military test flights. *®

The initial literature review resulted in an interim metric whereby an “onset rate-adjusted SEL” was used

in noise impact analyses where such operations were conducted. The interim adjustment was an addition
to the SEL of the passby, starting with 0 dB for onset rates up to 15 dB/sec, ramping up to a maximum of
5 dB for onset rates of 30 dB/sec and higher. Laboratory tests using simulated sound and people hired for
the occasion followed, resulting in a revised adjustment. Finally, psychoacoustic tests were conducted in a
real home environment with hired test subjects and the currently recommended adjustment was

18e stusnick, K. Bradley. “The Effect of Onset Rate on Aircraft Noise Annoyance.” USAF Report AL/OE-
TR-1993-0170, October 1992.
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developed. Again, the adjustment is O dB up to an onset rate of 15 dB/sec, but the ramp extendsto an
addition of 11 dB at an onset rate of 150 dB/sec, with the relationship:

Adjustment to SEL = 11 log (onset rate) - 12.9, in decibels
where:

15 dB/sec < onset rate < 150 dB/sec.

A.4.3 Startle Effects Applied to High-Speed Rail Impact Assessment

The interim metric adopted by US Air Force after the first stage of its study was cited as the basis for the
suggested adjustment for noise from high-speed maglev operations in areport prepared for the Federal
Railroad Administration-sponsored National Maglev Initiative (NMI).*" The recommended adjustment at
that time was to add 5 dB to SEL whenever the onset rate from a maglev passby exceeded 15 dB/sec.
Since data are available to show onset rates as a function of speed divided by distance, it was possible to
develop a curve defining the relationship between speed and distance within which the onset rate exceeds
15 dB/sec for amaglev train. The proposed onset rate adjustment was recommended for assessment of
noise impact from maglev trains.

100

80 + NMI proposed 5 dB adjustment
= 2dB
w 60T
g 3dB| \USAF
|<j Adjustments
(] >4 dB
) 40 T

5dB
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Figure A-7 Zones of Potential Startle Effect

Yc. E. Hanson, P. Abbot, and I. Dyer. “Noise from High Speed Maglev Systems,” US Department of
Transportation, Federal Railroad Administration, Report No. DOT/FRA/NMI - 92-18, January 1993.
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Applying the same approach, but using the latest revised US Air Force onset rate adjustments starting with
0 dB at 15 dB/sec, results in the relationships shown in Figure A-7. The new Air Force adjustments of 2
dB to 5 dB are plotted along with the original NMI proposed adjustment of 5 dB. The revised adjustments
result in the potential for startle to be confined to a much narrower region than was obtained using the
NMI method.

The following issues remain unresolved regarding application of the Air Force research to determine the
startle effects of high speed rail:

1 What is the effect of scheduled events, such astrain passbys, vs. "surprise" events, such as
military training flights? Since high-speed trains always will be on the same track and on a
schedule, it may be reasonabl e to expect habituation for long-term residents. Hence, an
adjustment to every SEL from passing high-speed trains appears excessive.

2. Sound levels from train passbys are not as high, nor are onset rates as great asthey are from
low altitude military aircraft. Hence, the startle effect may not be the same.

3. The onset rate adjustments as proposed by the Air Force when applied to high-speed rail
systems (Figure A-6) take place in a distance close enough to be affected already by noise.
There may be no further reason to add to the impact assessment.

Without better definition of the application of results of noise from aircraft overflights to noise from high-

speed rail passhys, it is appropriate to consider startle effects as “additional information” included in the
impact assessment, rather than to include a penalty in the calculation of noise exposure itself. What
remains to be determined is an onset rate that could be considered significant enough to cause startle on a
regular basis. Lacking any other direction from research, the onset rate that would cause a 3 dB
adjustment for the Air Force has been adopted for this manual. The resulting distance vs speed
relationship is given in Figure 4-2.

A.5 EFFECTS ON LIVESTOCK AND WILDLIFE

A.5.1 Summary

A wide range of studies have been conducted concerning noise effects on animals. For humans, annoyance
is considered to be the primary environmental noise effect; thresholds for annoyance in terms of sound
exposure have been determined by surveys as described in Section A.3. However, for animals, the effects
are not easily determined. Usually the studies require introduction of a specific noise event like an aircraft
overflight and a subsequent observation of animal response. Observations of response to noise range from
no reaction or mild responses such as slight changes in body position to extreme responses such as panic
and attempts to escape. Long-term effects that might change behavior tend to be affected by factors other
than short term noise exposure, such as weather, predation, disease and other disturbances to animal
populations. Conclusions from research conducted to date provide only preliminary indications of the
appropriate descriptor, rough estimates of threshold levels for observed animal disturbance, and
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habituation characteristics of only afew species. Long-term effects continue to be a matter of speculation.
Moreover, most of the noise events used in prior studies are related to aircraft overflights. Consequently,
any criteria adopted for effects on animals by high-speed rail noise must be considered interim until
further specific research results are known. Following are discussions of descriptors and levels from the
literature, '8

A.5.2 Noise Descriptor

A noise descriptor for noise effects on wildlife has not been universally adopted, but recent research

indicates the sound exposure level (SEL) isthe most useful predictor of responses. Characteristic of the

bulk of research to date has been lack of systematic documentation of the source noise event. Many

studies report “sound levels” without specifying the frequency spectrum or duration. A notable exception
is a study sponsored by U.S. Air Force that identifies SEL as the best descriptor for response of domestic
turkey poults to low-altitude aircraft overflights (ref. 21). Another report questions whether an A-
weighted sound level used in the SEL for aircraft overflights is appropriate for animals since their hearing
differs from humans (ref. 20). However, since no weighting has been established for representing the
hearing characteristics of wild animals, the A-weighted sound level continues to be used.

A.5.3 Thresholds for Disturbance

Most studies have focused on identifying a noise level associated with disturbance effects, even if the type
of noise event varied considerably from study to study. In the well-documented study that recommended
SEL as the preferred descriptor, a threshold of response for disturbance (“100 percent rate of crowding”)
of domestic turkeys was identified as SEL = 100 dB (ref. 21). Even if the descriptors are not the same,
many studies report levels in the vicinity of 100 dB as associated with an observable effect, as shown in
Table A-1. The information in this table is taken from an extensive survey on aircraft noise®ffects.

Until more definitive information on thresholds can be developed, an interim criterion of SEL = 100 dB

will be used for disturbance by high-speed rail operations.

18K M. Manci, D.N. Gladwin, R. Villella, and M.G. Cavendish. “Effects of aircraft noise and sonic booms
on domestic animals and wildlife: a literature synthesis.” U.S. Fish and Wildlife Service National Ecology Research
Center, Ft. Collins, CO., Report NERC-88/29, 1988.

p, Dufour, “Effects of Noise on Wildlife and Other Animals: Review of Research Since 1971.” US
Environmental Protection Agency, Report 550/9-80100, July 1980.

2A. M. McKechnie, D.N. Gladwin. “Aircraft Overflight Effects on Wildlife Resources.” US National Park
Service, NPOA Report No. 93-8, November 1993.

2, Bradley, C. Book, and A.E. Bowles. “Effects of Low-Altitude Aircraft Overflights on Domestic Turkey
Poults,” Report No. HSD-TR-90-034, US Air Force Systems Command, Noise and Sonic Boom Impact Technology
Program, June 1990.

2K .M. Manci, D.N. Gladwin, R. Villella, and M.G. Cavendish. “Effects of aircraft noise and sonic booms
on domestic animals and wildlife: a literature synthesis.” U.S. Fish and Wildlife Service National Ecology Research
Center, Ft. Collins, CO., Report NERC-88/29, 1988.
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A.5.4 Habituation

There is evidence that some animals demonstrate reduced response to noise after prior exposure, but that a
few species never become accustomed to, or habituate, to high noise levels. Researchers found that for
turkeys, previous exposure to sound levels below the 100 dB threshold was sufficient to eliminate panic
responses to higher level sounds (ref. 21). On the other hand, some animals and birds, such asthe grizzly
bear, Dall sheep, and least tern, have not been observed to habituate (ref. 20). Since habituation is found

to be species-dependent, a general criterion cannot be developed at thistime.

Table A-1 Summary of Noise L evels Associated with Effects on Animals and Birds (from ref. 20)

Noise Level and Type (if

Pronghorn antelope

77 dBA, helicopter

Animal Category Species known) Associated with Effect
Effect
Domestic Mammals Dairy Cow 105dB Reduction in milk production
97 dB Changes in blood composition
110dB, 1 kHz Changes in blood composition
Swine 108-120 dB Hormonal changes
93dB Hormonal changes
120-135dB Increased heart rate
Sheep 100 dB “white noise” Increased heart rate,
respiration
90 dB"white noise” Decreased thyroid activity
100 dB Increase in number of lambsg
per ewe
Wild Mammals Reindeer Sonic booms Startle
Caribou Aircraft Startle, panic running

Running

Domestic Birds

Chicken

100 dB

Blood composition

Tern
California condor

Raptors

Sonic boom, frequent
Blasting, drilling, etc.
Sonic booms

115dB Interrupt brooding
Wild Birds Quall 80 dB Accelerated hatching
Canary 95-100 dB Hearing loss
Seabirds (general) Sonic boom Startle, flush from nest

Reduced reproduction
Flush from nest; abandon
Alarm

prea
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APPENDIX B
DETERMINING EXISTING NOISE*

This appendix provides additional detail for determining existing noise by: (1) full measurement, (2)
computation from partial measurements, and (3) tabular look-up. The words "existing noise" and
"ambient noise" are often used interchangeably.

The full set of options for determining existing noise at receivers of interest is as follows:

e  OPTION 1: 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 onein
which maximum project activity will occur. The L ., will be accurately represented.

° The three options for residential land uses are —
1. OPTION 2: Measure a full day's,L . Thg L will be accurately represented.

2. OPTION 3: Measure the hourly L for three typical hours: peak traffic, midday and late
night. Then compute the,l. from these three hougly L 's. The compyted L  will be slightly
underestimated.

3. OPTION 4: Measure the hourlyL for one hour of the day only, preferably during midday.
Then compute the . from this hourly L . The computgd L will be moderately
underestimated.

1 This section has been adapted from Federal Transit Administration’s noise guidance manual and is
included here for completeness.
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o OPTION 5: For al land uses, compute either the L ., or the L 4, 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 6: For all land uses, estimate either the 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 underestimated significantly.

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'sJ. 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 5-2 (Chapter 5), depending
upon the relative orientation of project and ambient sources. A microphone location that is
shielded somewhat from the ambient source is preferred. 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 5).

Option 2: For residential land uses, measurethelL ., 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 all other options. The following
procedures apply to full-duration measurements:

Measure a full 24-hour'sl. at the receiver of interest, for a single weekday (generally between
noon Monday and noon Friday).

At all sites, locate the measurement microphone as shown in Figure 5-2, depending upon the
relative orientation of project and ambient sources. A microphone location that is shielded
somewhat from the ambient source is preferred. 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.
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° Undertake all measurements in accordance with good engineering practice (see References 1 and 2
of Chapter 5).

Option 3: For residential land uses, measurethe hourly L ., for three hours and then computelL 4,

An alternative way to determine L 4, less precise than its full-duration measurement, is to measure hourly
L, sfor 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 between midnight and 5 am. For locations with no significant traffic patterns, it will be
sufficient to measure a morning hour (7 am to 9 am), amidday hour (10 amto 4 pm), and alate
night hour (10 pmto 7 am).

° Compute L ,, with the following equation:

0 L eq (peakhour)-2 L gq(midday)-2 L gq (latenight)+8 0
L4, =10log 53) 10 10 +(12)mo0 10 +(9MO0o 0 0-138

Thisvalue of L 4, will be dlightly underestimated, due to the subtraction of 2 decibels from each of the
measured levels before their combination. As explained previously, this underestimate is intended to
compensate for the reduced precision of the computed L ,, here, compared to its full-duration
measurement.

° At all sites, locate the measurement microphone as shown in Figure 5-2, depending on the relative
orientation of project and ambient sources. A microphone location that is shielded somewhat from
the ambient sourceis preferred. 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 5).

Option 4: For residential land uses, measurethe hourly L ., for one hour and then computelL g,

The next level down in precision is to determine L 4, 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 sitesin a
Genera Assessment, or when checking whether a particular receiver of interest represents acluster 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
ispreferable. If thishour is not selected, then other hours may be used with less precision.
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o Convert the measured hourly L, to L 4, with the applicable equation:

For measurements between 7am and 7pm: Lan = Lg—2
For measurements between 7pm and 10pm: lm = Lg+3 and
For measurements between 10pm and 7am: Lin = Lgt8

The resulting value of L 4, will be moderately underestimated, due to the use of the adjustment
constants in these equations. As explained previoudly, this underestimate is intended to compensate
for the reduced precision of the computed L ,, here, compared to the more precise methods of
determining L 4.

° At all sites, locate the measurement microphone as shown in Figure 5-2, depending upon the
relative orientation of project and existing sources. A microphone location that is shielded
somewhat from the ambient sourceis preferred. 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 measurements in accordance with good engineering practice (see References 1 and 2
of Chapter 5).

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, fromameasured 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
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.

> The ambient L, z.. Wageasured with either OPTION 1 or OPTION 2 above.

> 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 a plan or aerial photograph, determine: (1) the distapge:D from the comparable receiver
to the near edge of the ambient source, and (2) the distapgg. 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.



Appendix B: Determining Existing Noise B-5

o Compute the ambient noise at this receiver of interest with the applicable equation:

If roadway sour ces dominate:
Lrhisrec = Lcomprec —15109 ?&E‘3N
ISRecC ompRec
P CompRec

If other sourcesdominate:

~ u DThisRec g
L Thisrec = LCompRec - 25log %D E_ 3N
CompRec

The resulting value of L ;e Will be moderately underestimated. As explained previously, this
underestimate is intended to compensate for the reduced precision of the computed L ,, compared to
the more precise methods of determining ambient noise levels.

Option 6: For all land uses, estimate either L .(h) or L 4, from a table of typical values

The least precise way to determine the ambient noise is to estimate it from atable. A tabular look-up can
be used to establish baseline conditions for a General Noise Assessment if a noise measurement cannot 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 4-5. 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 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 C

CONVERTING BETWEEN L., AND SEL

max

This appendix provides procedures for:

1)  computing L, for asingle high-speed train passby using the source reference levelsin SEL and
methods given in Chapters 4 and 5, and

2)  estimating source reference levelsin SEL for a General Assessment from either measured or
specified values of the single-passby L .

Thefirst SEL to L., conversion may be useful in determining whether a proposed project or type of
equipment will meet the noise limit defined in the project specifications, amost always given in terms of
L.« Thesecond procedure, converting from L, to SEL, involves computing reference SEL s specific to
acertain trainset or project noise specification, which may be different from the generalized levels givenin
thismanual. A General Noise Assessment can then be performed based on measurements, equipment
specifications, or project noise limits.

C.1 COMPUTING L., FOR A SINGLE TRAIN PASSBY

max
The L., conversion procedure from the reference SEL s given in Chapter 4 (Initial Noise Evaluation) or
Chapter 5 (Detailed Noise Analysis) to asingleL ., value is summarized as follows:

Step 1. Select Source Reference SEL (s). Classify the project into one of the vehicle categories
defined in Table 4-2 or Table 5-2. For General Assessment, the speed regime (1, I1 or [11)
also must be selected from Table 4-2, which identifies the single dominant noise source for
the given speed and the corresponding reference SEL. For Detailed Analysis, separate
subsource SELs are listed in Table 5-2.
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Step 2. Adjust for Project Operating Conditions. Adjust the reference SEL (General Assessment)
or each applicable subsource reference SEL (Detailed Analysis) at 50 feet for operating
conditions for the project or for a particular corridor segment, using the methods in Section
421o0r522.

Step 3. Adjust for Propagation with Distance. Propagate each adjusted SEL out to the specified
distance (if other than the reference distance of 50 feet), accounting for attenuation with
distance, shielding, and ground effect, if necessary, using the methods in Section 4.2.2 or
5.2.3.

Step 4. Convert SEL tolL .. ComputelL,, using the equationsin Table C-1. For the Detailed
Analysis method, choose the largest of the subsourcelL ., values asthe overal L, for the
train passby.

TableC-1 Computation of L, for a High-Speed Train Passby using General Assessment or
Detailed Analysis Method

Applicable Parameters

- —| SEL-to—L,,,, Equation
General Assessment  Detailed Analysis

Speed Regime | Propulsion Subsource

use len = length of

- en
uselen = total length et in | L. = SEL -10 |og§§§+ 10log(2a) - 33

of power units, in feet

feet
Wheel/Rail or
Speed Regime I Guideway/Structural en
Subsource L. =SEL-10 Iog%%+ 10 log[2a +sin(2a)] - 33
uselen =total length  uselen = length of S
of train, in feet coaches only, in feet
; Aerodynamic
Speed Regime 11 SUDSOUITCES
— en
uselen =total length > len = subsource || = SEL -10l0g %"' 10log(2a) - 33
of train. in feet length as defined in S
' Table5-2, in feet

Variables are defined as follows:

S=train speed, in mph,

a:tan'l%@ in radians,

len = length as defined above, and
d = receiver distance from track centerline, in feet.
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C.2 COMPUTING REFERENCE SEL'S FROM L ,,,x FOR GENERAL ASSESSMENT METHOD

If L. for aspecific trainset is available from vehicle noise measurements, manufacturer specifications, or
aspecific project limit, it is possible to estimate the equivalent reference SELs to use in the General Noise
Assessment (Chapter 4) procedure presented in thismanual. The Detailed Noise Analysis (Chapter 5)
method, however, involves the use of detailed component, or subsource, SEL s that cannot be determined
accurately from asingle passby L, value. Determination of subsource SELSs requires more complex
measurement techniques, such as a microphone array or controlled single microphone measurements with
alow sound barrier to shield wheel/rail noise, in order to isolate certain source components.

If aspecific L, valueisavailable for the proposed trainset and Detailed Noise Analysis procedures are to
be followed, it is recommended that the subsource SEL s provided in Chapter 5 be used to first calculate

L ..x 8 described in Appendix C (Section C.1). Thiscalculated L., can then be compared with the
specified or measured L., and if necessary, one or more of the subsource SEL s can be adjusted to account
for the discrepancy. This may be an iterative process until the computed L ., and the specified L ,, are the
same. Thistechnique should be exercised with caution, however, since judgement and understanding of
the subsource mechanisms are required to determine which of the subsource SEL s should be adjusted.

The procedure for converting L, to areference SEL for usein the General Noise Assessment method is
summarized as follows:

Step 1. Identify Vehicle Category. Classify the project into one of the vehicle type categories listed
in Table 4-2.
Step 2. Identify Major Sound Source and Parameters. Identify the appropriate speed regimel, Il

or 11l from Table 4-2. The speed regime establishes the dominant sound source for the given
speed (propulsion, wheel/rail or aerodynamic). For the vehicle category, obtain noise model

parameters such as speed coefficient, reference length, and reference speed corresponding to
the speed regime from Table 4-2.

Step 3. Convert L, to SEL. Compute SEL using the equationsin Table C-2. This computation
yields the SEL for the operating conditions and distance corresponding to the L,
measurement or specification.

Step 4. Normalizeto Reference Conditions. Adjust the resulting SEL to the reference distance and
operating conditions of Table 4-2, using the equation in Table C-2. This adjustment yields a
new reference SEL appropriate for comparison with the values listed in Table 4-2.
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Table C-2 Computation of SEL for a High-Speed Train Passby from L, for General Assessment

Toconvert fromL,, to SEL:

en
Speed Regime | FL=L,, +10 Iog%sﬁ— 101og(2a) + 33

where len = total length of power unit(s), in feet

en
SEL=L +1OI0% -10log|2a + sin(2a)| + 3.3
Speed Regime 1 e 9 Sﬁ g[ ( )]

where len = total length of train, in feet

SEL=L,, +10 |og§%ﬁ— 1010g(2a) + 33
Speed Regime 11

where len = total length of train, in feet
To normalize back to Reference Conditions of Table 4-2:

L, =SEL+K Iogé.ise'ﬁ+ 10 Iogﬁ%ﬁ— 15 Iog%oé

SEL, ¢ = SEL adjusted to reference parameters of Table 4 - 2 at reference distance,
K = Speed coefficient (from Table 4 - 2),

S« = Reference speed, mph (from Table 4- 2),

S=Train speed, mph,

len,4 = Referencelength, feet (from Table 4 - 2),

d = receiver distance from track centerline, feet, and

a=tan'1§;£d§ radians.
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APPENDIX D
GLOSSARY OF TERMS

A-weighting — A method used to alter the sensitivity of a sound level meter with respect to frequency so
that the instrument is less sensitive at frequencies where the human ear is less sensitive. Also written
as dBA.

Aeroacoustic- Acoustical waves generated by pressure fluctuations in moving air.

Ambient— The pre-project background noise or vibration level.

Alignment— The horizontal location of a railroad as described by curved and tangent track.

Auxiliaries — The term applied to a number of separately driven machines, operated by power from the
main engine. They include the air compressor, radiator fan, traction motor blower, exciter for the

main generator and the boiler blower.

Ballast Mat— A 2- to 3-inch-thick elastomer mat placed under the normal track ballast on top of a rigid
slab.

Ballast— Selected material placed on the roadbed for the purpose of holding the track in line and at
surface.

Cab- The space in the power unit containing the operating controls and providing shelter and seats for the
engine crew.

Catenary- On electric railroads, the term describing the overhead conductor that is contacted by the
pantograph or trolley, and its support structure.
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Coach — A passenger-carrying rail car, usually with a center aisle and two rows of seats.
Consist— The total number and type of cars and locomotives in a trainset.

Continuous Welded Ra# A number of rails welded together in lengths of 400 feet or longer.

Corrugated Ra# A rough condition on the rail head of alternate ridges and grooves, which develops in
service.

Cross Tie- The transverse member of the track structure to which the rails are spiked or otherwise
fastened to provide proper gage and to cushion, distribute, and transmit the stresses of traffic
through the ballast to the roadbed.

Crossover Two turnouts with the track between the frogs arranged to form a continuous passage between
two nearby and generally parallel tracks.

O

ut— A term used to describe a railbed at a lower level than the surrounding ground.

dB — see Decibel
dBA — see A-weighting

Decibel—- A unit of level which denotes the ratio between two quantities that are proportional to power;
the number of decibels is 10 times the logarithm of this ratio. Also written as dB.

Descriptor— A quantitative metric used to identify a specific measure of sound level.
NL —seel,

DOT - The Department of Transportation. An agency of the U. S. government having jurisdiction over
matters pertaining to all modes of transportation.

Electrification— A term used to describe the installation of overhead wire or third rail power distribution
facilities to enable operation of trains hauled by electric locomotives.

Embankment A bank of earth, rock or other material constructed above the natural ground surface.

Equivalent Level The level of a steady sound which, in a stated time period and at a stated location, has
the same A-weighted sound energy as the time-varying sound. Also writtgnas L .

Flange— The vertical projection along the inner rim of a wheel that serves, together with the
corresponding projection of the mating wheel of a wheel set, to keep the wheel set on the track.
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Flow Separation — Loss of adherence of air to parts of the train’s outer surface.

FRA — The Federal Railroad Administration. An agency of the U. S. Department of Transportation with
jurisdiction over matters of railroad safety and research.

Freguency- Of a phenomenon that occurs periodically in time, the number of times that the quantity
repeats itself in 1 second.

Frog— A track structure used at the intersection of two running rails to provide support for wheels and
passageways for their flanges, thus permitting wheels on either rail to cross the other.

Gage (of track} The distance between the gage lines, measured at right angles thereto.
Gage Line- A line 5/8-inch below the top of the center line of head of running rail or corresponding
location of tread portion of other track structures along that side which is nearer the center of the

tracks.

Gas-Turbine Electric Locomotive A power unit in which a gas turbine drives electric generators
supplying current to electric traction motors on the axles.

Grade Crossing The point where a rail line and a motor vehicle road intersect.

Guideway— Supporting structure to form a track for rolling- or magnetically-levitated vehicles.

Head-End Power A system of furnishing electric power for a complete railway train from a single
generating plant in the power unit.

Hourly Average Sound Level The time-averaged A-weighted sound level, over a 1-hour period, usually
calculated between integral hours. Also known gs L .

Idle — The speed at which an engine runs when it is not under load.
Intermodal Car A rail car designed specifically for handling piggyback trailers or containers, or both.

Intermodal Traffic— Freight moving via at least two different modes of transport, e.g., truck-to-rail.

Jointed Rail- A system of joining rails with steel members designed to unite the abutting ends of
contiguous rails.

L, —see Hourly Average Sound Level
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L, — Power-averaged value of sound exposure within 10 dB gf L , sampled at a time interval of 5/3
second. Used in Japan.
Laep — Equivalent A-weighted sound-level, energy averaged over the time of passby (train length). Used
in Europe.

Laeq1n — Sound-pressure level, energy averaged over one hour. See also Hourly Average Sound Level.
Used in Europe.

L

=Amax

— Power-averaged “slow” maximum leve| (l, ) of 20 consecutive train passbys. Used in Japan.

L4, — The sound exposure level for a 24-hour day calculated by adding the sound exposure level obtained
during the daytime (7 a.m. to 10 p.m.) to 10 times the sound exposure level obtained during the
nighttime (10 p.m. to 7 a.m.). This unit is used throughout the U.S. for environmental impact
assessment. Also written as DNL.

L, —see Equivalent Level
L w{mean)-seel ., (used in Scandinavia)

L

Lpin—SeeLlaggun

Lop—5ee Ll ep
Locomotive — A self-propelled, non-revenue rail vehicle designed to convert electrical or mechanical
energy into tractive effort to haul railway carsegalso Power Unit)

Lead Unit— The first and controlling power unit in a series of locomotives pulling the same train.
Main Line— The principal line or lines of a railway.

Maglev— Magnetically-levitated vehicle; a vehicle or train of vehicles with guidance and propulsion
provided by magnetic forces. Support can be provided by either a electrodynamic system (EDS)
wherein a moving vehicle is lifted by magnetic forces induced in the guideway, or a
electromagnetic system (EMS) wherein the magnetic lifting forces are actively energized in the
guideway.

Maximum Sound Leve} The highest exponential-time-average sound level, in decibels, that occurs
during a stated time period. Also written gg,L . The standardized time periods are 1 second for
L and 0.125 second for, L, ;.

max, slow
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Multiple Unit (MU) — A term referring to the practice of coupling two or more power units or electric
passenger cars together with provision for controlling the traction motors on all units from a single
controller.

Noise— Any disagreeable or undesired sound or other audible disturbance.
Octave—- The frequency interval between two sounds whose frequency ratio is 2.

Pantographk A device for collecting current from an overhead conductor (catenary), consisting of a
jointed frame operated by springs or compressed air and having a current collector at the top.

Peak Particle Velocityppv) — The peak signal value of an oscillating vibration velocity waveform.
Usually expressed in inches/second.

Peak-to-Peak (P-P) ValueOf an oscillating quantity, the algebraic difference between the extreme values
of the quantity.

Power Unit— A self-propelled vehicle, running on rails and having one or more electric motors that drive
the wheels and thereby propel the locomotive and train. The motors obtain electrical energy either
from a rail laid near to, but insulated from, the track rails, or from a wire suspended above the track.
Contact with the wire is made by a pantograph mounted on top of the unit.

Radius of Curvature A measure of the severity of a curve in a track structure based on the length of the
radius of a circle that would be formed if the curve were continued.

Rail — A rolled steel shape, commonly a T-section, designed to be laid end to end in two parallel lines on
cross ties or other suitable supports to form a track for railway rolling stock.

Receiver/Recepter A stationary far-field position at which noise or vibration levels are specified.

Retarder A braking device, usually power-operated, built into a railway track to reduce the speed of cars
by means of brake shoes which, when set in position, press against the sides of the lower portions of
the wheels.

Right-of-Way— Lands or rights used or held for railroad operation.
Root Mean SquaraKis) — The average or "mean"” level of an oscillating waveform. Obtained by

squaring the value of amplitudes at each instant of time. The squared values are then added and
averaged over the sample time.

SEL — see Sound Exposure Level
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Siding — A track auxiliary to the main track for meeting or passing trains.

Sound Exposure Level The level of sound accumulated over a given time interval or event. Technically,
the sound exposure level is the level of the time-integrated mean square A-weighted sound for a
stated time interval or event, with a reference time of one second. Also written as SEL.

Sound- A physical disturbance in a medium that is capable of being detected by the human ear.

Sub-Ballast- Any material of a superior character, which is spread on the finished subgrade of the
roadbed and below the top-ballast, to provide better drainage, prevent upheaval by frost, and better
distribute the load over the roadbed.

Subgrade- The finished surface of the roadbed below the ballast and track.

Switch— A track structure used to divert rolling stock from one track to another.

Tangent Track- Track without curvature.

Terminal—- An assemblage of facilities provided by a railway at a terminus or at an intermediate point for
the handling of passengers or freight and the receiving, classifying, assembling and dispatching of

trains.

Top-Ballast- Any material of a superior character spread over a sub-ballast to support the track structure,
distribute the load to the sub-ballast, and provide a good initial drainage.

Turbulent Boundary Layer Fluctuations in the air adjacent to the body of a vehicle moving at high
speed.

Track Crossing- A structure, used where one track crosses another at grade, and consisting of four
connected frogs.

Track— An assembly of rail, ties and fastenings over which cars, locomotives, and trains are moved.

Traction Motor— A specially designed direct current series-wound motor mounted on the trucks of
locomotives and self-propelled car to drive the axles.

Trainset— A group of coupled cars including at least one power unit.
Truck— The complete assembly of parts including wheels, axles, bearings, side frames, bolster, brake

rigging, springs and all associated connecting components, the function of which is to provide
support, mobility and guidance to a railroad car or locomotive.
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Turnout — An arrangement of a switch and a frog with closure rails, by means of which rolling stock may
be diverted from one track to another.

VdB —see Vibration Velocity Level

Vibration Velocity Level- 10 times the common logarithm of the ratio of the square of the amplitude of
the vibration velocity to the square of the amplitude of the reference velocity. Also written as VdB.

Vibration — An oscillation wherein the quantity is a parameter that defines the motion of a mechanical
system.

Vortex Shedding- A flow separationsee definition above) wherein the air departs periodically in a
spinning motion.

Wheel Flat- A localized flat area on a steel wheel of a rail vehicle, usually caused by skidding on steel
rails, causing a discontinuity in the wheel radius.

Wheel Squeat The noise produced by wheel-rail interaction, particularly on a curve where the radius of
curvature is smaller than allowed by the separation of the axles in a wheel set.

Wye — A triangular arrangement of tracks on which locomotives, cars and trains may be turned.
ard — A system of tracks within defined limits provided for making up trains, storing cars, and other

purposes, over which movements not authorized by time table or by train-order may be made,
subject to prescribed signals and rules, or special instructions.



D-8 High-Speed Ground Transportation Noise and Vibration Impact Assessment






