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Foreword

Transportation-related environmental impacts are increasingly the eritical determimnts in
transpurtation decisions, Noise and air quality are two of the most directly atfected factors
of transporttion. 1t is therefore imperative that research in this area continue and that the
resulls of studies are reported in it systematic way, The papers in this Record repart on
selected studies on aircrafy, highway and rail transic noise, and on transportition-rekited air
pellution.

Feitelson questions the way that airport noise mitigation funds are allocated. Although
noise maps generaily reflect current noise conditions, it is argued thut predicted poise foreensts
are uncertain, He suggests that it is more efficient to relate mitigation expenditures 1o mon-
itored noise, ruther than forecasted poise, This approach is more equitable, and it shifts the
focus of public debate from forecast assumptions to criteria for noise abatement,

Force and Hochmun discuss highway noise issues and deseribe a4 New Jersey Department
of Transportation procedure ta evaluate noise impacts for vacant land on which development
is planned. Early detection of proposed residential development is essential to avoid delays
amd costly redesigns, Schuster and Wong report on an investigation of the Pennsylvania
Turnpike widening, The project described in the paper involves the installation of extensive
noise wall barriers along the Turapike, which was widened from four 1o 8ix lanes, At 16 of
the 57 sites investigated., the noise level exceeded established poise abatement eriterds. and
those sites required noise barrjers, After studies were completed 10 compare actual with
predicted and existing noise levels. the decrease ranged from 2.9 dBA 10 3.0 JBA,

Pendakur and MeLean describe their noise impact study of the Vancouver, Canada, Auto-
rriated Light Rail Transit system. Noise measurements were taken to estabbish relutionships
between noise levels and the distance from the guidewiy, and to relate residents” noise
perception 1o the measured impact, [n general, residents” perceptions in the zone of high
impact are relatively consistent with the measured noise levels, whereas those in the low-
impuct zones ure somewhat exapgerated. The authors conclude that naise prevention and
miligation of npegative impacts must be part of new system planning, Nelson discusses the
aerial structure noise reduction effectiveness of resilient rait fsteners based an data coltected
by the New York City Transit Authority and the Washington Melropelitan Area Transit
Authority.

One paper deals directly with air pollution. Wayson and Bowlby present a deseription of
the teols and methodologies available for conducting o detailed. accurate assessment of air
pollutint emissions from airport operations. The common pitfalls are discussed along with
the methods wsed to overcome difficulties in estimating emissions.

Koushki analyzes the environmental impact of transportation systems on air quaity and
naise tevels for Riyndh, Saudi Arabia, Findings indicate that traffic-generated naise and
carbon monoxide air pollution were in excess of permissible standards by a considerable
margin. The author concludes that increased mobility favoring the private mode of travel by
responsible authorities has ereated o significant negative impact on the urban environment.

Some scientists predict that over the next 100 years temperatures will rise 3 ta 9 degrees
Fahrenheit resulting in a rise in the sea level of 210 5 ft. Hyman. Miller, and Walker discuss
the possible impacts of such a global climate change on urban transportation. The uncertainty
of future temperatures Supgests increasing the safety factor currently designed inlo expansion
joints on bridges and major roads, and reexamining_the heat tolerances of railroad tracks.
Rising sea level could have an extensive inpact on cities near the sen, The authors supgest
that design standard and siting criteria should be reassessed in light of likely climate changes.
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Efficiency, Economic Incentives and
Noise Treatment Policy: The Ben-
Gurion Airport Experience

EraN FEITELSON

Alrerafl noise [s the most prominent negative externality of ale.
ports. {1 ts been the main souree of community oppasition (e
ulrport developaent plans, The cuerent approach {o alrpor
noise mitigution emphusizes long-term congputibility, 1t is hused
an stondards for alrerall nolse entissions und the promulgation
of girport nolse computibitity plans, Such plans are hused on
computer-gencrated forecusted palse exposure mups, The validity
o nolse maps Is o Function of the vadidily of e inpads osed te
generate them, A review of these Inpats reveals that their forecasts
ure subject to lnherent uncertuinly, Although nobse maps reftect
current tinive condiHons aecurately, mps depleting volse foreeasts
ure inherently_uncertuln, Allocsting tuaids Tor evtigution hused
stlely onsuch forecasts may thus be InefMlcient. This per sufgests
that relating mitigatlon expenditures o curreil noise fevels is more
eMicient, Relating ndrpurts” outlsys on noise initigation to the toise
¢lTeets of thelr operations provides airports with un eccanomle
incentive [ operate [n a poisesensitive moancr, i muy shift the
fucus of pubtic dehate from the assumptions underlylag oulse fore-
casts o the ceiterly Tur nuise abatement, a shift that arguuly may
help reduce oppositlon to airpurt development plsns. A number
of implementution Esues ure discussed und 1he approaches used
1o deal with these [ssues In Ben-Gurlon Alrport are deseribed.

Adrerafl noise i the most prominent negative externadity of
adtporis. Tt bas been at the center of community opposition
to airport development plans throughout the world, Most
large airporrs have poise problems (1),

The cuerent approach 10 aireraft noise mitigation empha-
sizes long-term compatibility hetween airparts and their sur-
roundings. It is hased on reducing noise at the source (aireralt)
using emission standards and on the promulgation of dirport
noise comgatihility plans, Such plins are based on noise fore-
costs, Yel, as this study shows, such forecasts are subject to
inherent sacertainties. Consequently, noise mitigation mea-
sures bused on such forecasts may be inefficient. This paper
argues that this pitfall may be overcome by modifying com-
patibility plans w include 1 mitigation program based on cur-
rent noise levels and backed by a menitoring system. Such &
program would also provide the airport with an equitable
economic incentive far poise-sensitive operations.

The present approach and its limitations are briefly reviewed
in the first section, Economic incentives huve often been men-
tioned s alternative or complementary methods for aireraft
noise mitigation (2). They have been increasingly used in
Europe amd Japan {3.4), but not in the United States (5.6),
The next section reviews the possible uses of economic instru-

Depanment of Geography ind Environmental Engineering, The Juhns
Hopkins University, Bullimore, Md. 21218

ments for airport noise mitigation, Most studies and apphi-
cutiony of noise-relited charges focus v the airlines. [n the
third section, a simple aieport-oriented appraich to noise nut-
igation is suggested, This approach is shown 1o provide an
veonontic incentive for 1irports 1o operate in i noise -sepsitive
manner. Some implementation issues related to this approach
are alsodiscussed. The fowrth section sugpests wirys o iddross
the implementation isues. [t focuses on the example of Ben-
Gurion airport in Iseael, where such an approich has recently
been adopted.

CURRENT APPROACIE AND I'TS LIMITATIO!

The ahility 1o achieve longsterm compitibility between air-
ports and their environment is a function of two fucton: (a)
the ability ta reduce noise al the source 10 offset the growth
in volume of operations; and (b} the ability to reduce cagrent
population exposure (0 noise and 1o prevent population growth
in affected areas through eperational procedurés, zoning, noise
insulation. and purchise of Lad, houses or development rights.

The policies 10 reduce noise at the souree have been bised
on sty standards that sl aireraft would hitve to meet an
specified dates. In the United States, these standards were
sefin Federal Avistion Regutations (FAR) Part 36; in Europe
andd the rest of the world they are usually based on Interpa-
tionatl Civil Aviation Organization (ICAQO) Annex 16, Toward
the end of the 1970, stricter standards wereadepted for third.
generation aireraft (FAR 36 Chapter 3, ICAO Annex 16
Chapter 2). The technological Jimits to source noise reduction
have probably been reached with third-generation sircraft,
The turnover from stage two to stage three aireraft has been
slower than anticipited, Reduction of noise at the source thus
has long-term limitations on the extent to which it cin offset
the additional nolse that results from e inereasing volume
of flights.

To complement the source reduction policy, most countries
have suggested and implemented policies to reduce the expo-
sure of population in areas around airports, In the United
States, such policies have been suggested in FAR Part 150,
‘The hasis for uny noise compatibility plan under FAR 150 is
il noise exposure map forecasting the noise contours iround
the airport 5 yeurs in the future. The cost-effectiveness of
some measures suggested in FAR 130, such as zoning, insu-
lation, and acquisition of Land, development rights or houses
in high-exposure areas, depend on the accuracy of the noise
EXposure map,




Noise maps are generated by computer models, The best
known moded is the Integsated Nodse Model (INS). Al niowdels,
howoever, fullow the sanke bisic proceduces that is, ey yeyuire
similir inputs ond produee similar outpugs, The inputs gen-
erally required are the number of operation by sirerift type,
day or night, for each Might track:runway combination, These
inputa, e, depend on the folluwing viriables:

& Number of daily operations

& Breakdown between day and night aperations

o Types ol aireralt used

& Punwiy use patterns

o Takeoll amd Linding provedures

o Flight tricks

o Flight truck usage (o fupctivn of the munwiy used snd
flight destination)

& Relative weight of sircradt taking ofi, wually expressed
as stage kength

The ENM mode] is wsually considered sceurate, The results,
huwever, ane sensitive to ¢hanges ininputs (7). The aceuricy
and virkidity of the nuise contours generated by the model are
therefore primarily a function of the aceuricy and validity of
the inputs, 1T the number of operations o the dayinight break-
dewn of aperations is ingesurite. the averall arei expased o
noise (whove any speeified level) would be affecred. 1 runwiy
use pattern, flight tracks or Might track use patterns are miy
specified. the noise distribution around the airport will be
different from that forecasted. 15 aireradt types, takeotl and
landing procedures, or stage lengths are ingevurate. both the
shape of nokse contours and the total are covered by them
would change, If all the inputs are aceurate, noise models
generakly correspond well to monitared noise. Althouglh the
current vatlues of all inputs are usually known, forecists of
most inputs are highly uneertiin,

The sforementioned variables can be divided ingo two groups,
The number of daily operations, day/night breakdown, types
of gireraft used and destinations (which atfeet flight track
usige and seage length) are primarily o function of decisions
mude by airlines, These decisions wre, in turn, a function of
changing Jocal, national, and international market conditions
thitt are subject 1o wreat uncertainty {8k With the advem of
hub-and-spake operations and the consolidation of the sirline
industry through mergers, concentration ratios in many hubs
increased significantly, That is, & smaller number of airlites
are Tesponsible for a larger pereentage of the operations,
Consequently, the vilues of these variables are often highly
dependent on the routing decisions of a very small number
of airlines. It is practically impossible w forecast such routing
decisions beyond the immedinte futare,

Furthermore, in multiple-airpart regions the choice of air-
port by passengers is highly influenced by the availubitity of
direct Pights. and is thus also a function of airline rovling
decisions (%), In sueh regions, the demand for airport services
is nlso a function of actions undertaken by airlines and com-
peting wirports in the region, increasing the uncertainty
regarding any forecasts of operations in the airport ({0}

Runway use putterns, flight tracks, and takeoff and Landing
procedures ire decisions airports can influence (6} In practice
both runway use patterns and flight tracks may chunge guite
often, because they are o function of a host of considerations
including the wenther, sufety, airline demands, and infrastirue-
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tore Jimitations. I the Balumore, Wishington Internitions
Adrport (BWIIL for example, TOE5 runway use patterts used
W farecast noise i the new master plan were obslete by
987 (Jery, Comsequently, even though these decisions can e
aftected by the airport, substantial uncertainty exists regard-
ing the values of such variables in the future,

As it resalt of all these wneertainties, actld noise contaars
often deviate significantly from terecasted levels, This can be
seeny in Figure 1, which depicts the 19582 noise zone amd 1987
actal 63 Ldn contours of BWE o typicad medium bub (41,
whuose oopse Torecasts hive uspally been stite of the ar (11.02).
Figure 2 shows the implications of the deviation between tore-
cants and reality in terms of Land e, ousisg anits, amd
papulition esposed. I reling the wo figares, it is important
10 note that there were deviations not anly in tatad exposurs
between forecasts and readity but aba in the spatial distrie
bution of housing wnits dfected. Thaos, althonsh insoame jaeas
the noise fevely were higher than forecasted, in athers they
were lower,

Noise mitigation ¢fforn based on forecasted noise may s
he soarewhat misdirected, and consequently inethaent: that
is. expenditures miy be undertaken on the basis of projected
noive levels at sites that ultiately would nor be exposed ta
such Jevels, AL the same time, ather untreited sites may be
expuosed 1o higher noise levels, ultiniely requiring swlditional
expenditures,

ECONOMIC INCENTIVES FOR NOISE
MITIGATION

The shortcomings and limatations of the current approach
have led several countries to consider the use of virious nuse-
related charges to induce i faster twenover o guicter aiserdt,
10 ensure compiiance with noise mitigation provedures and
to fimange mitjigation etforts sueh s insulation and purclise
of houses in nniseestricksn areas L34 Most aise-related chirges
diseassed and implemented are targeted atairlines, Economie
theary suggests that, if set properiy, such ¢harges would tead
polluters Giirlinesy to reduce emissions {odse ) 1 the Jesired
level in o cost-effective manner (2.40). Setting the charges
sprevified by econumic theory, however, would require i jeast
identitving marginal damage functions,  Estimines of such
functions have often been questioned on bath theoretical wnd
empiricial grounds (14), Alexandre et al, (/4) Daving surveved
the various approaches o setting noise charges and the dif-
ficulties in implementing them., suggest that a third best
approach to set them would be as i function of noise abate-
ment costs in forecasted nojse zones, and aireratt types expected
to be used during the forecast period, Yet, as discussed in
the previous section, both these inpats are uncertain, and thuy
nuise clarges set in this manoer may also be mispecitied.

Economic incentives, however, can alse target airports.
Currently, airports in the United States lave two eeopomic
incentives for noise mitigition: litigatiun by nearby property
owners, and federal subsidies for implementing aoise com.
patibility plans.

Litkzation is costly, Becatise communities differ in ferms of
resources and organization. some communities may be ahle
1o litizate more (and better) than others, This gives airporty
A incentive to avaid the more litigious communities, which
may conw at the expense of less organized ones, Federal
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subsidies are provided for noise compatibilite: planning amd
furimplementing noise mitigation measures suggested in such
plins. Yot if such mcisures are based on uneenain goise
forecasts, they miy be inetficient hecinse they niy o be
implemented insome areas exposed o high poise levels, while
fenleral funmds e used inareas that ultinknety will be sub-
fectad to lower noise Jevels.

NOISE TREATMENT AS AN ECONOMIC
INCENTIVE

The dependency on noise exposure maps G be invaided by
redguaring that noise mitigation measeres - the receptors be
undertiuken an the basis of current, rather than forevasted
e Jevels, Current noise levels can e determined by run-
ning i musdel with cureent inputs, cadibrited and validited by
it (limited b monitoring system, Such an approach shoeld not
be 100 difficult 10 implement because many major airports
aleeidy have noise bnits atd operate moaitoring systems, tor
vitlibrating nuise forecast models, for eviluating citizen com-
plaints, and for monitoring aircraft complianee with noises
mitigation procedures (15, Furthermore, FAR 150 requires
the preparition of current naise mzps, in addition w Sear
furecasts, ay part of the material tw be submitted, and the
updating of poise maps when significant increases in noise
CXPUSHTY OCCUT. ,

The noise monitoring svstem would be used to validate the
aceuraey of the current mode l-generated noise map, calibrate
the mode] (or local peculinrities {(such as terrain), and venty
the validity of the inputs {especially pertaining o aireealt
behavior), The earrent, monitor validated nozse map could
then be used to evaluate whether any specific area is subject
to nuise exposure abowve o prespecifivd level, emitling it 1w
receive funds in the form of noeise insulation, purchise price

- ussuranees, moving eompensition, or any atfier combination

or form of compensation for the granting of navigation case-
ments. [t should be noted thit tis approach does nat preciude
the use of noise forecasts as & basis for evaluating sirpost
improvement projects. zoning or purchase of and and devel-
opment rights, Rather. itis meant W complement the other
clements by providing a cost-etfective way to deal with the
noise problems of existing sensitive tand uses,

An impartant facet of this proposal is its creation of a
connection between airport operations and eheir noise-refated
expenditures, Meiswres to reduce flights in a certain arca
wonld be reflectied in the current noise map for the airport
and tenslited into i reduction in receiver-oriented mitigation
costs {such as insulation). If an airport relases some of ity
uperation reguirements {such us nwise abatement flight tracks,
tunding and tukeotfl profiles, ar slot or capacity limitions).
it would face an inerease in receiver-oriented mitigation costs,
This propesal thus provides the airport with an incentive for
operating in a nmanner that would minimize noise exposure,
In o sense it is similar to the incentive provided by litigation,
but it is buased on costs of noise mitigation (which are 3 func.
tion of exposure) rather than an the costs af litigation.

Relating noise mitigation o current noise may alsgimprove
the relutionship between airports and their surrounding com-
munities. When noise mitigation policies are based on noise
forecasts. the uncertainties inberent in the forecasts often
bizcome o source of contention between the airport and var-
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oty community groups, beeause such groups challenge the
assunipions behind the forecasts. Reliting noise mitigation
meisires 10 current, monitoe-validated noise nay shift the
focus of discussion 1w the eriteria for action. thal is, o the
determination of the noise level at which certiin poisy miu-
wation action should be taken. The perrinent guestion thus
becomes how tolerithle is noise. Studies dealing with this ques-
tion show that althougi individual wlerimee nwand noise
aries widely, community reactions sire fairly consistent ().
Consequently, standards regarding the awceptability of noise
levels are similiar jin most parts of the developed world. There-
fore it may be casier tooreach an agreement reparding the
criterii for noise abatement action than to agree on o msise
exposure forecist, Such agreements may help reduce the mis-
trust Wit often charackerizes aprpurt-camumunity relationships,

Although this appreach may seem fivly straightforsard in
theory, o number of difficulr issues have ta he wddressed
betore it cian be apphed.

The first issue is the time span over which noise should be
meisured before e decision regarding treatment e be made.
This tssue s a0 number of Gacets, First during this lime span
residents ane exposad to escessive noise levels, The time shauld
e minimized. therefore, o reduce exposire. Second, the
length of time should allow for short aberrant runway use
parterns attributable o weather or rnway conditivns: thi
in, high noises for refatively short, infrequent perinds ol time
should not leid e major owtlays on treatement, Third, itwonld
b ineflicient to treat areas that can be expected 1o be reliesed
is a result of noise reduction at the souree, whether through
airerift turnover o stage three or as & result of ¢iinges in
use patterns (following the construction of & pew runwiy for
tpled.

The second issue is Tow ta reliafe treatment o zoning vir-
ignces. {is sacially ineflicient for an aieport W monitor ad
treat residences that were permitted through a zoninge vin-
snee, beeiuse the airport iy adversely atrected and public
welfure is notimproved {77}, Any application of this approach
thus has to differentione residences according to the cireun-
stances under which they were built.

A third issue is bow 10 provide the airport with a continuing
inventive for noise reduction. Even after treatment, further
noise reduction may be desirable, where possible, because in
most cases treatment does nat eliminate annoyance, I asingle
criterion for treatment is adopted. the airpors would ave no
further incentives to reduce neise after the eligible affected
residences have been treated,

Fimally. the criteria Bave toallow for priosities in treannent.
Soundproofing and relocation costs are among the mist
expensive poise mitigation meistres (D, [0 Qs thus probuble
that mitny airports would not have the reseurces w soumd-
proof or compensate all the residents in areas considered
umacceptable (usually above 63 L), There would be o need
for staggering the expenses sccording o the severity of the
problen and the resources available for noise mitigation.

(&

THE BEN-GURION AIRPORT EXPERIENCE

Ben-Gurion Airpert. [srael’s miin international wirport.
recently adopted this approach, The irport is located at the
center of the country, surrounded Dy bith urban and rural
communities. It is near major trmsportation arteries, and is




Friteton

thus expected o remaln Istael’s nain civitian airport in the
future. Currently it has wo intersecting runwiys. To allow
the airport to fultill its role in the future, « third runway was
proposed, Discassions repgirding it hegan in the e J920s as
pirt of o Nutional Masterplan for ssirports, Commugiitics under
the approach 1 the propused runway oposed it vigorously,
By 1984 discussions reached o deadlovk. To break out of the
deadlocek, the National Manning Board establisbed an ad-hoe
committee, headed by the Esvironmental Protection Service,
Lo propase & poise ihatement phion. A sumber of runway use
patterns were discussed, including an “open V' pattern and
arnaise sharing” formuda. No agreement wis reachal regard-
ing the best runway use palierny o7 i noise eXposure map.
Finalty a “flexible plan™ was aclopied whereby the Aispor
Authority would not be limited as 1o the runwiny use pattern,
but would have to trea residences where nonitured noise
exceeded certain levels. Tn addition. i nwise zone and accom-
punying building limitations were agreed upon,

The eriterin for treatment have three tiers, Immediaie treat
ment is preseribed when poise exceeds 72 L. I1 the measured

“naise inoany vear eseeded 70 4. but was below 731,
treatment wiks required unless the airport minaged o reduce
the naise to levels below 68 L, o7 the succeeding 3 years
{thut is, if the noise exeeeds 68 L., in any one of the following
§ years treatment would be required}, i areas exposed o
manitored noise levels between 68 L, and 7 £, trestment
would be required unless noise is reduced 1o levels below 63
L s, within 3 years. This staggering of treatment reguirements
assures that the airport will Jave 3 continuing incentive to
aperate in g noisessensitive manner. 1t also assures that the
priorities for noise treatment will be bused on noise exposure.
Thus the residents subject 1o the highest noise exposure levels
will be treated first. Furthermore, the S-vear intervil between
the time a residence is exposed 1o pojss levels between 68 £,
and 70 L, and the rime the airpoert is required to reat it
allows long-term improvements in noise emissions at the source
1o reduce the noise at the margins, thus saving costs,

The L, measurement used in these provisions is hased on
the noisiest 6 menths of a year, Thus a full vear of monitoring
is required before treatment can be mandated. This should
prevent aberrant patterns from unduby influencing the noise
exposure uitp on which treatmeat decisions ire made, The
prablem with this approach is thut no aceountis taken of peak
noise levels.

In addition a noise exposure map will be prepared, as a
base for noise-retated zoning. This map will be based on the
Airport Authority’s Seyear forecasts. Beciuse exaet futnre
runwity wse pitterns are unknown, the estimates for ranway
use will be weighted by 3.5 per runway. The noise contours
thus will be clearly excessive, ensuring that residences will
not encraich onareas that may be subject to high noise Jevels
in the future. This high weighting is made possible by the
high degree of government control over bind in Israe), Most
of the lands affected by noise from Ben-Gurion Airport are
owned by the Israci Land Authority, a povernment entity,
Consequently, the excessive building limitations do not require
almost any compensation.

The noise zone is divided into four noise exposure areas.
Berween 60 and 63 L, all activities will be permitted, How-
ever, noise-sensitive uses will be required 1o be soundproofed
at the developer's expense, Between 63 and 75 L, no new
residential development will be approved. Improvements of

eaisting besidences witl e allowed only with sowrdproofing,
Nosensitive activities will be allowed if Jevels exeeed 73 4,
Noasensitive activities, such as industey, would be alliwed
oaly with noise treatment, Variances from these regulations
vin be approved andy by a special committee that will derer-
mine the conditions. if any, under which such varinnees may
be granted.

These provisions will ensure that the airport will ot be
fareedd o teearany new developnients. The inefficieney ciused
by residential encroachment is thus avoided.

CONCLUSIONS

This paper suggests an apprch 1o airport nnise mitigating
tased on eurrent moise maps, By ensuring thit noise abate-
ment expenditures are o fusction of actual exposure rder
than forecisted exposure. this approich provides s more cost-
effective abutement strategy than current policies, which hase
recepror-oriented mitigation measures on forecasted poise
exposure maps, This paper his shown such forecists 10 be
inherently uncertain, By relating airport actions to noise
abitement expendiures, this approieh also provides airports
with in economic incentive 1o determine runwiy use patemms
and operating procedures su as o MiNImIiz naise expusure.
Beciuse this incentive system is bised on costs of poise mit-
igation, it may be more equitable than an incentive system
Tised o0 the cost of litigation,

A number of practicad issues have to be addressed before
such an approach cun be implemented, They include the
determination of the tme spin over which noise modeling
and mensurements have to be conducted before action s
undertaken: the rekuionship with noisesbased zoning; the
determination of priaritics in treating residences exposed 10
woise devels considered unaeceptable: and 1he provision of
continuing incemtives for airperts to limiy noise exposure,

At Ben-Gurion Airport in [srael, where such an approach
has been adopted, o number of measures are used to address
these issues, Multiticred criteria tor treating residences pro-
vide both it measure to determine trearment priorities and
contipuing incentive for airporls e operate in i noise-sensitive
manner, Only the residences affected by the highest levels of
noise will be treared immediately, Residences in lower tiers
will be sreated only if noise is not reduced over a specified
period of time, The time spin of noise measurements should
be approximately o year to prevent aberrant patterns from
unduly uffecting treatment decisions. Some account, however,
should be taken also for peak noises. Zoning is based on
forecasted noise maps, Variations from such zoning should
be conditioned on soundproofing ut the developer's expense.

Both this approach and the often suggested noise fees may
improve noise ubatement efficiency, This approach, however,
may be easier to implement beciause it does not require estis
miting damage functions or future abawement costs. By
improving efficiency, it enhances the competitive position of
the sirport, Furthermore, it shifts the focus of publie debare
from the assumptions undeclying the noise exposure map o
the criteria for noise abatement action, reducing community
opposition 1o much-needed infrustructure improvements. This
approach thus may hold some promise adso for airports in the
United States,
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Procedures For Evaluating Planned
Development During The Noise

Study Process

JEFFREY FoRrcE AND STEVEN . HocHMAN

The Federaf Highway Administration's Procedures for Abatement
af Hlighway Traffic Noive and Construetion Noise requires that the
New Jursey Department of Transpurinlon (NJDOT) Buresu of
Envirmmental Analysls (BEA) anatyze expeeted pubwe impacts und
uhatement measures for undeveloped lunds for which devetopment
is planned, deslgned, and programmed. To satisly federal reguire-
oienls to evaluute endeveloped lond on which development iy
Plunnvd, while also minimizing discoptions in the rosdway desipgn
process, u procedure was inltiated to muintaln thorough, early,
und perlodic conrdination with affected municlpalitles during the
nolse stedy process, This procedure includes the identieation of
propused restdentll developments daring the preparation of the
Finul Noise Study (FNSy and befure completion of roadway con-
struction, Genveally, early detection of propused residential devel
upments eliminates prohlems for NJDOT-Duesign Units und the
NJDOT-BEA Nobse Group caused by the recoanmendation of bag-
riers (or previously unkaown housing developisients after npproval
of the FNS. Delecting propused ceskdential developments late in
{he design study phase could pissibly lead to delays in the npproval
of the FNS or to u slgnifleant redesign of the project.

The FHWA Federal Highway Program Manual, Volume 7,
Chapter 7. Section 3 (F1IPM 7-7.3) Procedires for Abatement
of Highway Traffic Noise und Constirection Nedse, requires
that the New Jerey Depariment of Transportation (NJDOT)
Bureau of Environmental Analysis (BEA) analyze expected
noise impucts and abatement measures for undeveloped tands
adjucent to praposed ropdway improvements on which devel-
opment is plunned,
Specifically, FHPM 7-7-3 says the following:

“The traffic noise analysis shall include the following for
cuch aliermative under detailed study:

1) identification of existing activities. developed tands, and
undeveloped lunds for which development is planned, Jesigned
und programmued, which may be affected by puise fram the
highway

2 examination and evaluation of uhernative noise abiles
went meisures for redueing or eliminating the noise impacts.™

The FHPM 7:7-3 ulso states:

“The plans and specifications will not be approved by the
FHWA unless those noise abatement measires Which are rea-
sanable and feasible are incorporaed imo the plans and spec-
ifications to reduce or eliminate the poise impacts on existing
activities, developed lands of undeveloped Tands for which
development is planned. desipned and programmed,”

New Jersey Depariment of Transportation, Bureau of Envisanmental
Anulysis, 1035 Parkway Avenue CN 60, E & O Building, $th Flowr,
Trenlon, N.J. 18623,

This paper provides i detaled discission of the need for
New Jersey toimplement the policy statement in FHIMM
7-T-3 regarding impacts on undeveloped liindy for which devel-
opments are planned, designed ansd programamed. ™ Al dis-
cussed are the procedures set forth o evalume undeveloped
lands adjacent 10 proposed roqdway improvements on which
development is planned. Finally, the effectiveness amd Llim-
tations assucknted with the procedures will be examined,

IMPLEMENTATION OF PROCEDURES TO
EVALUATE UNDEVELOPED LAND DURING
THE NOISE STUDY PROCESS

The procedures o evaluate undeveloped kand during the noise
sty process were developed to maintain thorough, carly,
and periadic coordimation with affected muntipalitios o iden-
tify propuosed restdential developments early in the noise study
process. Generally, enrly detection of proposed residential
developments eliminates problems for Besign Units and the
BEA Nais¢ Group caused by the recommendation of bilrriers
for previously unknuwn housing developments after the
approval of the Final Nuise Study (FNS), Detection of pro-
posed residentin) developments Jute in the design study phase
could passibly lead to a delay in the approval of the FNS or
10 a significant redesign of the project,

One such example of the detection of a proposed resideatial
developmuent tate in the design process is West Park Estares
in Ocean Township, Monmouth County, New Jersey, West
Park Estates is & 495-unit townhouse development in which
75 units would be affected by the proposed extension of Ri,NJ
18. The Noise Group did not detect this preposed residential
development until after a public meeting with Ocean Town-
ship was held in October 1986, The purpese of the public
meeting wus to recommend noise abatement 1o 1he mayor
and council and request any necessary easements for devel-
opments previously detected, As o result of this late detection,
submission of the FNS§ wis delayed (1), The contraet modi-
fication requesting the censultant w look at noise mitigation
for West Park Estates, the preparation of the noise mitigation
report, and the review by the BEA Noise Group all delayed
the completion of the FNS by approsimately | year.

Also related to the need for tharough, early and perialic
coordination with uffected municipalities is the dynnmie of
development presently accurring in New Jersey. This growth
is exemplified by the increase in population and the number
of building permils authorized between 1980 and 1986 (2, 3.




The State oF New Jessey experienced i popalation inerease
of 234,989 persons (L3 pereent). Tlus increase caincided with
the awthorization of 237,759 dwelling units during e siame
time period {see Figure 1)

Atvinereise in the autharizition of bailding permits is also
appireat v municipalities where transportation improve-
merts are propesed, The rapid develnpment in these munic-
inititis his prompred the BEA-Noise Group w investige
possible noise mitigation measures 1o redies impeets resul-
ing from these transports Hon improvement projects, A lew
municipalities undergoing rapid residentiol growth Giathor-
ized building permits) between LUSH and 1980 include: Mi.
Laurel Township, Burlington County { + 740 percent), Ber-
mands Township, Somerset County ( + 68.0 perent). South
Brunswick Township, Middlesex County [+ 35,0 pereent) amd
Tinton Fulls Borough, Moanmouth County ( + 310 percent)
{see Figure 1).

Growth in New Jersey can be attributed wou nstueal pop.
udation increase, net positive migration, mansformation from
it predominantly Mue-collar stte o an office-employmen,
serviceoriented, high-techndlogy state, and s improved
transportation network.

I, Naturitl populition increase. Between 1980 and 1956
there was i et positive populition inerease (births exceeding
deaths) off 190,06 persans,

2. Net positive migration. Spillover growth zones are
enceuntered within New Jersey, The Meadowlinds in the
noethof the state and the Cherey [l area to the south share
this churacteristic beciuse of the influence of New York and
Philadelphia. respectively, They provide lund. relatively lower
tax rates, and most important, excellent hghwiy aceess,

L Transformation 1o an office-employment.  service-
oriented, high-technelogy state, New Jeesey®s population has
shifted from o highly centratized industrial society to o dis-
persed, exurban post-industrinl eri,

4. Improved transportation netaork. These chinges in New
Jersey are lurgely the result of national highway development,
and particularly., the development of circumberential highways
(). The rise of the regional highway system with major inter-
sections creates o ring of industrial and commerenth devels
opment in the metropolitan areus structured on the new high-
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witys, Mijor highwiy development in New Jersev oceurred
Late and is a direct cause of the stne's laek af vitality in the
s, With the new mvatrix of trmsportinion set in place,
sibstantial growtly in New Jersey is antivipated. This growtls
is expected to accur in virious prowth comdors throughout
the state (73, Many of these pagallel highway corridors include
REL-287 ( Edlison Township through Morriseown ): Re4-78 (from
Berkeley Heights in Uninn County to Clinton Township in
Humerdan County )z and RUESOS Ganden State Parkway
nexes (Fromm Papsippany=Tmy Fills to Livingston and Saddle
Brosak),

MUNICIPAL LAND USE LAW OF NI DMLULY
AND VTS RELATIONSHIP TO FHIPM 7.7.)

The MLUL (Chapter 291, L 19751 wiy the culmination of
amwre than decade-lonyg effors to revise sl streamline the
uninregrited sections of law dealing with the varioos aspeets
of land use regulation—planing. 2oning, amd subdivision
vontrol in the State of New Jeney (6).

A few goals af the act arg w

& Encourage musicipal action to guide the appropriaie use
or development of all lands in this state, in o manner it
will promete the public lwalth, safety, morals. and general
welfare.

& LEnsure than the development of individual municipalities
dues not contlict with the deselopment and geovral welfure
of peighboring municipadities, the county, and the state as o
whole,

® Promote the establishiment of approprione population
densities and concentrations thit will contribute 1o the well-
heing of persons, neighborhoods, communitivs, and regions
and preservation of the environment.,

& Promote the conservation of open space and valuable
naturl resources and prevent wrban sprawl and degriadiion
of the environment through impraper use of land., jind

¢ Encourage coordination of the various public and private
procedures and petivities shaping land development with a
view o fessening the cosl of such development and 1w the
mure efficient use of lind,

NEW JERSEY

MT LAUREL

BEAMNARDS

S BRAUNSWICK

TiMTON FALLS

0% 20%

S0 80% B0

Bl FERCEMN T INCREASE

SOURCE: RESIDENTIAL SUILDING PERMITS

FIGURE 1 Growth In housing 1980- 1946,
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The MLUL has strengthened the role of municipi| planaing
tn ensure the prudent use of [and and the protestion of the
eaviconment, This law also provides municipal planning boards
with the power ta review snd approve site plan or subdivision
applications, or bot),

Contained within the MLUL are the procedures for sub-
division and site plan review and approvil A subdivision is
the division of 3 kot trct. or pisree] af lend into 1o or more
Iots, tracts, parcels, or ather divisions of land for sale or
development (e, g, , residentiul single-family sutwlivisions con-
tining individual Jots). A site plast is 2 development of one
or nune oty (¢, wnliomse, apariment compleses, com-
mercial, and industrial development).

The process involves three stages of approval, including:
() Preapplication Sketeh Pla-Concept Review, (b} Prefing-
inary Plit Approval, and () Final Plat Approval, Below is a
brief deseription of each stage of approval und any time limits
associated with them.

Preapplication Sketeh Plal Stuge

This is the initial plan for the development of i parcel of lind.
Although sketeh plats are norspecifically diseussed in the aet,
many municipal planning boards will reywest them.

Nutable information required for this stage inclades:

I, Survey of the site on which the proposed developnient
is proposed, with dimensions.

2. Significant horticultural or physical site characteristics,
including streams, stunds of trees, swampy or high water table
areas, ravines, rocks, and so forth,

3. Location and use of existing structures on the site and on
adiacent property within 200 {t of boundaries, with dimensions,

4. Existing and proposed vehicular and pedestrian cir-
culation systems on the site including streets, parking
wrens, driveways, walks. and so on, with street names and
dimensions.

5. Topagraphy of the site {(where slope of site is less than
5 percent ese 2-ft contours, where greater use 10t intervals),

Preliminury Plat or Plun Stage {Site Plun or Major
Subdivision, three or more los)

This is the first official stage of approval and contains more
detailed information, Preliminary approval freezes the pen-
eral terms and conditions for a 3-year period during which
the applicant may file for final approval, The applicant may
submit all or part of the preliminary plan for final approval
within that time frame; however, an extension of up to 2 years
may be granted.

Information required for this stuge includes everything
required at the preapplication stage ptus information on all
proposed sethacks.

Final Plat Approval (Site Plun or Major
Subdivision)

The finul stage should almost be uutomatic, provided that the
applicant has made the necessary chunges required under pre-

liminary approval. No changes o zoning could oceur for a
periond of 2 years after the date of final approval, as long as
the applicant has recorcded the plan within the time period
peovided in the local ordinanee, Anapplicant may be granted
i Deyestr extension not b exeeed three extensions prive o
recerding: or, s i eondition of final plat approvid, the plan-
sing hourd shall require the furnishing of a performance and
nintenince guaraates for improvements, including strects,
grading, paving, eurbs, sidewalks, ntilities, and so forth,
The final plat map should contain the tflowing intorma-
tion: bluck and ot aumbers, municipal boundary lines. nat
uril amd artificial wilereourses, streams. shorelines, witer
houndaries and eneroachnent lines, monuments, name of
map. municipalivy and county, date of survey, aml sa torth,
The MLUL does mit address or regulate the events that
veeur followiag approval and recording of the final plat.
Two types of development approvids need to he cmsidered:

I Site Plan, The plan would include fotand buildings (e.g..
apartments and some townhouse developments).

2. Subdivision Plat, If the swbdivider is aba the builder,
the plan would include lots and buildings {e.g., single-family
and some townhouse developmentsds i the subdivider i nol
the builder, the plan would show lots without buildings,

A development that is “planned. designed and programmed,”
as nated in FHPM 7-2.3, would appear w be equivatent to
prefiminary site plaw/subdivision plat approvil because o devel-
oper has expeaded much time and money in developing plans
wge of municipal approval, Also, as stated previously,
finul plar approval is almost automatie pending resolution of
mreliminary plan review comments,

In some cases, however, the constraction of howses may
not oceur immediately, In subdivisions with a residential clus-
ter of less than 30 acres, or a conventioni] subdivision of less
than 150 uceres, no chinges in zoning eould oceur for i 2-veur
perind following final approvul. Therefore, it is sssumed that
the developer would act to construct before the 2 years expire,
Huowever, on larger subdivisions, the municipality may grant
rights longer than 2 years.

With regard to a subdivider who is not the builder, con-
struction of homes may not oceur for several years following
final subdivision plat approval.

The BEA-Socioeconomic Group reeently completed a sur-
vey 10 determine the typicul time frame for u proposed devel-
opment to advanee from the preapplication sketeh pla stage,
through the preliminary site plan/subdivision approval stuge
to the final site plun/subdivision approval and then ta con-
struction, This survey was conducted for the 10 municipalities
within the proposed Route NI-92 corridor in centra) New
Jersey (7). The Route NJ-92 project consists of constructing
an approximately 13-mi-long interconnecting roadway link
between US-206 north of Princeton and Route NJ-33 east of
Hightstown. For the 1 municipalities surveyed, the average
time for the development approval pracess to advance from
the preapplication sketeh plat approval w construction is 1
year {see Table 1) This time frame would be typical for a
development with no upusual problems,

It is therefore critical to maintain close coordination with
municipalities throughout the development of the FNS in order
for developments receiving approvals to by addressed in the
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TARLE 1 ROUTE NIN2 CORRITION MLUNICLPAL
SURVEY: MUNICIPAL APPROVAL PROCESS

Time (rom Freapplicaton

Munivipielity T Construction
Cranhary Township 1 year

Sa. Branswick Township | sear

East Windsar Tawnship I vear

Franklin “Tuwnsbip ! year
Jamesburg Borough 2 muiths

Monre Township H=15 months
Mainsbaore Tawnship 8= dtbmonahs
Wost Windsor Township S months- 1 year
Princeton Township f=4 manths
Mantgomery Township I vear

Sorasr: Mamwipal plvnmg oards

FNS. A procedure needs 1o be duveloped 1o eviliiny noise
impacts on these developmens.

PROCEDURES TO EVALUATE NOISE
INBPACTS ON DEVELOPMENTS THAT ARE
PLANNED, BESIGNED AND PROGRAMMED

Concern over matntining close coondination with munici-
palities arose during discussions between the BEA and the
Design Units. These diseussions focused on when to address
noise impacts on undeveluped lands where development is
planned, in order o minimize distuprion in tie design process.
The concern of the Design Units is that pew barriers might
be recommended (beciuse of new housing developisents) after
FNS approval, when the Jocation and heights of noise barriers
are known, These new developments cause problems for Design
because they require madificitions in design plans,

Asaresult of these discussions, u procedure wis developed
by the Noise Task Foree {composed of Design and Epviron-
mentil persanned) to alleviate such problems, The Noise Task
Foree proposed that the FNS be completed before Phase {1
of the design process and sny noise burriers recommended in
this study be included in the Phase 11 plans. {Phase 11 s the
compiction of graphical development of the 3 scule design
pluns.} This proposul assumes that BEA reeeives the critival
cross-sections, plin sheets and profiles needed for the prep-
aration of the FNS by this phase.

Assuming completion of the FNS by Phase 11, Design has
derermined thit an 18-month time frame is needed to advance
the project throngh final design (Phases B, 0D and [V) and
1o submit Plans, Specifications and Estimates (PS&EY 10 FEWA
foragrproval, 1vis thus possible that a residentiaf development
could go from the preapplication stage to construction within
this 18-muonth fime frame (based on BEA's survey, the
approximate time frame to go from the preapplication stise
10 construction is 1 yeuar).

A mechanism is needed 1o ensure that. during and at the
completion of the FNS (Phase [I), courdination with the
municipalities regarding new developments continues period-
ically up to the PS&E stage.

Following discussions between NIDOT and FHWA, a pro-
cedure wits developed for meeting the federal mandate to eval-
uite noise impacts on developments that ure “planned, designed,
und programmed,” while minimizing disruptions in the design
pracess. The FHWA concurred with the BEA S privr assessment
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that preliminary site plansubdivision approval woukd be cquive
alent to planned, designed, and programmed ™ and that there-
fore those develpaiens should be included in the proposed
procedure (8.

The following procedure wis proposed snd jmplemented
(4, Figure 2 adso dllnsteites this provess,

1. At the vutset of the FNS, the BEA Sociveconomic Group
will forward a letter 1o those municipilities mteeted by pro-
posed highway improvenent projects W determine which
developments have received, or are shout o receive, prelim-
inary site planssubdivision approval,

2, Ifa development receives such an approval and is atfected
by the praposed roadway improvement, the assiption wonld
then he made thin tus development wouid go to canstraction
within the neat year (hised on BEA s survey). This new devel
oprnent would then be evitlated on the basis of site plan.
subdivision information available from the affected munici-
patlity. and the noise results and uny barricr recommendations
ineluded in the FNS,

3. Just before the campletion af the FNS, the BEA.
Sociveconnmic Group will check (via telephone caliy with
these municipalities o gpdate the status of these and any new
developments,

4. On conpletion of the FNS, o cover letter amd i copy o
the FNS would be sent to ol municipalities affected by the
proposed sction. The FNS is sent w municipalities to inform
them that futtire devetopment located adjacent o the roadway
may experience traffic noise if located within the reas deline
vated in the FNS.

The cover letter alsa indicutes whether the use of abatement
measures {noise birriers) woubd be costeificient and wonld
etfectively reduee nuise. Finally, the cover letter requests that
all municipalities affected by the proposed action exereise
prudent planning regarding the approval of any new residen-
til developments adjacent to the proposed improvements.

DEVELOPMENT STAGE QF FNS

e g g
‘Pre-FNS Letter “Evaluation . [Update Status

|

FNS COMPLETED
4

"FNS sent to municipalities

!

POSTFNS /PRE.P S L E

5 . g

12 month check "6 month check

FIGURE 2 Procedures to evaluate planied develepiments.
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These procedures are consistent with the goals of the
Municipal Land Use Liw “to epcourage municipal action 1o
guide the approprinte use or development ol Lids in this
state, in i munner w hich will promore the public heafth, safery
and generil welfare,” Municipalities, therefore, are given the
responsibility (o employ sound planning technigues through
their suhdivision and site plan review provess, Approving res-
idential develupments wdjacent to existing or proposed stite
highwiys withour adeguate buffers would not appear w he
in ahe best interest ol the publie,

5. Twelve months before PSKE approval (approximately
b months fallowing FNS approval) the BEA-Socioecononic
Graup would sepdanother letter (o the affected municipalitios
enquiring whether any developments bave receised prelimi-
nary or final site plan/subdivision approval. if such approval
has heen granzedd 1o & develapment. the BEA-Nuise Group
wonld hegin @ nobe analysis, and any nitgion measures
would have 1o be incorporated into the project plans efore
PS&E approvil by FI{WA,

. A similar letter would be sent w the affected munici-
palities & months before PS&E; if needed. appropriate noise
analysis and mitigation measures would need to be analyzed
betare PS&E approval, This f-month cheek would be the final
check by NJIDOT on the status of proposed developments
before PS&E approval by FIIWA,

Throughout this period, extending from before the com-
pletion of the FNS 1o PSEE approval, the FITWA and the
BEA-Noise Group would be kept updated with the infor-
mation obtained from the affected municipalities through the
use of the Residentind Development Check for Final Nodise
Stiddies Charr prepared by the BEA-Saciocconomic Group
(1M (see Figure X.) This churt contains the status of all manic-

“ipatl correspondence regitrding residential developnient clieeks

for those projects requiring an FNS, [tis npdited monthly or
us needed,

EFFECTIVENESS AND LIMITATIONS
ASSOCIATED WITH THE PROCEDURES TO
EVALUATE NOISE IMBACTS ON
DEVELOPMENTS

Generally, the procedures implemented to detect praposed
residential developments early in the design study phase have
worked very well, The periodic checks with municipalities
affected by proposed highway improvements have detected
numerous develapments, unknown previously to the NJDOT,
that arein the early plinning stages and that will require noise-
mitigation assessments. It is this type of early detection that
minimizes distuptions in the design process and prevents delays
in and subsequent addendums to the FNS.

Limitations to implementing these procedures also exist.
however, Many municipalities, for example, lack adequare
staff and reply late or do not reply at ull, Many municipitl
replies lack elear and concise information and do not contain
all of the information requested, such as pluns shawing loca-
tion of proposed buildings in relation 1o the proposed roadway
improvements, Therefore, subsequent checks are required.
Finally, it is often difficult te contact knowledgeable municipal
officials when conducting periodic checks,

A TYPICAL PROJECT

i

!
| PROJECT LIMITS | wonsco. |
'Rt NJ 24 | AL 14287 1o | Hanover, i
-Sec. 98, 10H| Columbia Tpk. | Fiorham Pi. |
! I Morris Twp.

, i ! Morris Co. f
i 7 i
;LAND USE | MILESTONES E PRE. FNS i
: |
2/87 { BE - C . Nolification |
. ' FNS - 5/89 | 9/87 5/88 ;
PHZ - C ; Replies
PH3 - 1/89 ' Hanover
. PR4 - 3/89 | 10/87, 5/88
i Fiorham Pk.
| ' 12/87, 5788
: I Merris
5 187, 5088
7 q i
POSTFNS | PREP S 4 €| !
i
|

FIGURE 3 Residentinl check Tor final noise studivs,

CONCLUSIONS

This paper has addressed the issue, “How does the NJIDOT
satisfy the federal requirement to evaluie undeveloped fand
on which development is planned while also minimizing dis-
ruptions in the roadway design process?™

Int addressing this question, the state's growth trends and
Lind use powers were researched, New Jersey has undergone
tremendous residential growth B cersain areas, and a need
existed to conrdinate effectively with municipiities that have
the power to approve development,

Also, discussions were held with involved FHWA and
NIDOT personne) to arrive ata plan that would be compatible
with bath the federal program and NIDOT Design pro-
cedures, During these discussions it was determined that
residentinl developments reeeiving preliminary site plaw/
subdivision approval fall within the federal mandate of
rplanned, designed and programmed’ and therefore eannot
e ignored in the noise study process,

The procedure for evaluating planned development during
the noise study process is a workable and concise plan. It
implements the federal requirement by maintaining close and
continuous coordination with municipalities to track new
developments. As a resalt, delays to the design process because
uf new noise wall analysis and design are minimized.
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Automated Light Rail Transit (ALRT)
in Vancouver, Canada: Measured and
Perceived Noise Impacts

V. SETTY PENDPAKUR AND HuGgH McLEAN

‘This paper analyzes the wayside nolse impat of the Anemated
Light Rail Transit (ALRT Y in the Broadway Statlen und Nooalmo
Station areas of Vuncouver, Conuda, The vesearch objective was
twoluld: to estuhlish o relutionshlp between noise levels und the
distunce o the ALRT goideway, and 1o relate resldents’ noise
perceptlons to the meusured noise. In April 1986, nolse mosore-
mments and o survey of resldents® perceplions were undertuken hy
the Schodd of Comvmupity aud Reglonal Planalng, Universily of
Rritish Colunthia, Using this hase dato, the M-hr 4, was ealen-
futed, The abulysis indicutes Weat the relationship betseen nolse
and distance is semblogarlibmle, An L,, of 55 4B or more, after
adjustments to the 2:hr £, bused on eriteria for previous com-
iunity exposure to ALRT noise and buckground noise in the
neighburhood, defines the zone of high lmpact, T'he distance rom
the ALIRY guideway a2 which aolse levels are unacceptuble conges
Troem 20 (o 200 1. The Vuncouser ALIRT system was planned and
builé on the basks thut wnly thuse properties wiihin the ALRT right
of wuy were to be acguived und nolse impacts were it importunt,
The experience since 1986 undl this research indicale Lhul nolse
impucts are important and should he mitlgated. It Is possible 1o
ustablish measured zones of high Impact. Planning goals must
necessarily Include the preservation of enviroimental quallty, Pre-
vention und mitigution of negative Impacts must be part of the
systemt’s planning,

Vancouver is Canada's third largest metropolitan area, with
14 municipatities and a total popalation of (.4 million in [986.
As early as 1970, rapid transit was promoted as an effective
safution to transporfation problems (/). The Greater Van-
couver Regional District (GYRD) and the City of Vancouver
produced plans for rapid transit systems with appropriate
technology aver the following 12 years. but neither group had
the legal authority, taxavion powers, or the finances to build
a regional rapid transit system (2.3,4).

The turning point was 1982, when the provincial govern-
ment announced that Viincouver would be the host ity for
o [986 World's Fair with “TRANSPORTATION" is its theme.,
The fair, at first called “Transpo "86." was later named *Expo
'86."" In conjunetion with Expo "8, it was decided 1o build o
fully sutomated and elevated light rail transitsystiem (ALRT).
The planning, design and construction of the ALRT svstem
was subsequently taken out of the hands of local/regional
authorities and became the sole responsibility of 4 provingial
crown corporation/agency called B.C, Transit, This sgency is
now responsible for all public transitin British Columbia. The

University of British Columbia, Yancouver V6T IW3, Canada.

system, us built, is showa in Figure 1 anderground withio
the central business district, and the remainder is generally
onan elevated gaideway, with some segments at ground fevel
ar iscut,

STUDY AREA

The study covers the Broadway Station and the Namaimo
Station areas, as shown in Figure 2. In the viginity of the
Broadway Station is o mix of upartments, duplexes and single-
family residences, with commereiul activity along Broadway
wnd Commercial Drive, South and east along the ALRT line
towird the Nunaimo Station, the neighhorhood consists pri-
marily of single-family dwellings.

The decision by B.C. Transit. in 1482, to construet an ele-
vated transit guideway parallel 1o Commercial Drive and
through a residential neighborhood sparked local protest and
contraversy, B.C, Transit contended that this was the only
practical rowte and that the suggested alternutives were un-
economical, Local residents and the ety of Vancouver
demanded that o cut-and-cover tupnel be constructed umder
Commerciad Drive 1o avoid the demolition of homes and
numerous other negative community impacts including noiss
(5). The additional SI4 million reguired for o tunnel, however,
was not acceprahle to B.C, Transit, ind construction began
in carly 1984 without local approvad ind amid much contro-
versy, The ALRT svstem was in full operation by January
1986, in time for Expo ‘86, which opened in May 1986,

MEASURED AND PERCEIVED NOISE
IMIPACTS

Reseurch Gouls

The research goals were to caleutate the 24-hr L, based on
wayside ALRT noise and ambient buckground noise fevels.
to establish a relationship between ALRT noise and distance
from the guideway, to delingate zones of high and low impact,
and 10 analyze residents’ pereeptions of noise based on 1hese
zones of impact.

The zone of high impact is defined as the aren in which
ALRT outdoor noise levels are unaceeptable. Canada Mort-
gage and Housing Corporation (CMHC) guidelines specify a
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2dehr £, of 55 dB or more as umcceptable jn i residential
arva (63, The zone of low impaet is the rentainder of the study
arei, in which the 24-hr £, wis Tess than 33403,

In arder torelate noise l2vels 1o ferceptions, an adjustment
wits miade 10 the L, on the basis of LS. Environmental
Protection Agency (EPA) eriteria for previous commumity
exprosurye and noise levels meisueed in alsence of the intrad-
ing naise (7). This adjustment applies only o relating the
measuged noise 1 perceptions, Tt wis not used in the analysis
W the retutionship belween nobe and distance.

The EPA wdjustments applicable to the study area were
+ 5B forarcas with no prior expericnee with intruding noise,
and i correction for outdoor noise Jevels in the absence of
intruding noiser zero dB for an urban residential community
not adjacent o heavily taseled yoinds. or =3 dB for w noisy
wrban community near relatively buisy roaus (7). I iy recog-
nized that EPA adjustments apply to L, measurements.
However, there is onty a 3-dB3 difference between L, and
L if the ALRT system does not operate between LI a.m.
and 6,00 am,, and s half the frequency between 6,00 0.,
and 7.0k aom., and midnight and 3100w, (8).

Theoreticn) Aspects

Miny factors contribute e the environmental quality of i
neighborhood. Among the negaive impacts of the ALRT,
noiser s the most easily identifiable and quantifiable, Often
the benefits of improved ecessibility on the regional scale
lake precedence over negative impacts imposed at the neigh-
Borhood level, The responsible autheritivs are all too often
unaware of, o ignore, local impicts whether they be mei.
sured or perceived.

ALRT naise is generally produced by wheel-rait interaction
and the electric motor. T can be intensified by wheel squeal
around sharp curves and an elevated guideway, often the
result of design constraints (8.9, 1), Noise fram elevited transit
structures is also a function of train speed and length, distance
from the track ta the receiver, shielding, air and ground atien-
uition. structure type, wnd vehicle and track condition,

The perceived noise impact depends on whether residents
consider the source us an intrusion, and whether their behav-
for is disrupted or enhinced (/4). Responses to questions on
rapid transit, in particular, depend on the noise magnitede as
a function of frequeney and time, sociceconomic conditions,
the type of activity interfered with, past experiences and emo-
tional associxtions with similar naises, individual sensitiviey,
and the 1ype of question used in the survey {12,13,14.15),

Reseureh Methods

The ALRT noise Jeve] forecasts for 1956 were obtained from
i copsultant’s report itnd the municipality's expectations ( 16.47),
The consultant study wis done in 1943 und combined the
measurements of ALRT pass-by noise taken wt the ALRT
Development Center in Ringston, Ontario; background noise
wits mensured al three residential sites in the study area.
The East Vancouver Neighborhoods Study surveyed resi-
dents near the ALRT line during the ALRT construction,
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between May and August of [984 (78), Residenis were quer-
ied o0 the ALRT influence on tuture neighborbood noise
ad neighborhood character, Sociveconomic charicreristios
were Doted, Noopoise measurements, however, sere tiken
in this stady, The ALRT system was completed and hecane
apertional in January 1986,

T April 1986, s measurements and @ perception survey
of residents were undertaken by the School of Community
and Regiomal Plapning at the University af British Columbia
(V. 8 Pendukar ot al., "ALRT Nuoise Measarements in the
Broadway Station Area,” unpublished, [957). Forty residen-
fiad sites between the Brosubway and Nanaimo Stations were
chosen it random, The distanee Trom the gaideway forsussess
and noise measurements varied from 200 we 3200 1 fapprosi-
mately one short block ). The s-weighted naise measureiments
were divided into an indoor 15-min L, peak indeor and
untdoor level, amd ambient indoor amd outdoor fevels, For
both the peak indoor and oaeloor levels, four to six mea-
sirements were taken 1o abtiin an average level

Anocther set of measurements were GIKSH on crossstreels
b Sirtiereevals, upr ta 200 £t from the ALRT puidewity, These
measurements were af single-event masimi and ambicit noise
levelds, They were taken at 70 sites. Together. outdoor pojse
meisurements were performed at a 1otal of 116 sjes.

The L., valuey were measured with o Metrosonies Ml
M/ i3 - 306 Metrofogger, and single-event level were
measured with two Bruel and Kjzer Model 2206 Precisinn
Sound Level Meters, Each device wis calibrated 1o 92,5 JBA.

As apart of the pereeption survey, the residents were isked
whether the ALRT noise eould e heard indoors, and i so,
in which rooms it could be heird. They were then asked if
the noise affected their sleeping patterns, They were nked
to rink ALRT noise with all other neighborboad noises, and
ta rate the overall noisiness of the neighborhood.,

Analysis

All singhe-event noise measurements amd the hiackground poise
were converted 1o 24-he L, levels, This convention wins based
on the following formuli (&):

L., = L,+ Wlog (nf) = 49

wherg

n = number of trains per hour for the L time periond,
{ = tength of 2 train in meters, and
L, = the maximum A-weighted sound tevel for train
pass-by.

The background noise wis converied to & 24-hr L, using o
maode| developed by Barron and Associates (293, The model
assumes that the noise fevels are at maximum from 6.:.m. 10
6 p.nt., dropping from 6 p.m. W midnight and lowest from
midnight to 6 a.m. Exumples applicable to the study area age
60 dB, 54 dB and 48 U8B for the three periods respectively,
The relationship of ALRT neise gnd distance from the
guidewny wus computed by using regression analysis, Those
sites where background noise contributes more to the 2M4-hr
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L., thin the ALRT pass-hy nodse are excluded. reducing the
total number of sites fram L6 w 43,

Environmental factors such as the height of the ALRT
sidewiay, shiclding iand reflection of noise. sod topography,
cach hive any intluence on the M-hr £, L 1t is not within the
seope of this study, however, 1o assess the relitive significince
ol these Twtors. Similarly, osher noise sources such s rattic
are considered here as part of the bickground £, The rel-
ative significanee of each of these bits ot heen studied here,

A zone of high impact is hised on o 24he £, of 33 dBA
v muse, Adjustments were made to the 24hr £, dor previons
community exposure and ickground noeise for all 19586 eise
mesurenents, The previous studies provide noise measures
ments and foreeasts, bt differ somewlhat in the perception
questionmiire, Therefore, they are anidveed separately and
Nt cambined with the 1980 measurements,

The two importiint perceptions from the 1984 East Van-
couver Neighbarhoods Study are the anticipated efivet of the
ALRT on neighborhoeud noise levels and neighborhood elise-
acter, Residants were asked to rate the effect as better, no
change or worse, These were anadyvzed together with o setof
other pereeptions, such as the factor liked hestor leastin the
neighborhoad, the inticipated changes in the area including
rafficon Jocal streets, anc the quality of public transit service.
The croms-tabulation procedure was used 10 obtain the asso-
ciation letween nominal varisbles, and the nonparumetric
procedure aleulited the Kendall Tau-b values for i bivariate
anulysis of ordinad variables,

Data from the [986 Noise Perception Survey were coded
on i weighted seale of 1 1o 3 for statistical anatysis, The three
main categories were: Perceived Extent of ALRT Nuoise,
Noisiness of the Neighbourhood, and Rank of ALRT Nuise
with Other Noise Sources, The coding system is shown in
Table 1.

These pereeptions were analyzed with the adjusted 24-Ir
Ly A1 3 0F the d) residential sites, background naoise was a
preter contributor to the 2M4-hr L, than the ALRT piss-by.
These sites were, therefore, excluded from the anilysis of
perceptions.

RESEARCH FINDINGS

The outdoor 24:hr L, at the 40 residential sites are shown in
Tuble 2, Similar data for street Jevel [ociations are shown in
Table 2, The site locations in relation to the ALRT guideway
are shown in Figures 3, 4. 5 and 6. Data in Tables 2 and 3.
and in Figures 3 and 4 indicate that there are many sites in
the study area where ALRT nobe fevels exeeed aceeptable
CMHC standards,

Background noise, predominantly roid traffic. contributes
more 1o the 24-hr L,, than the ALRT along three strevts:
East 1th Avenue, Victoria Drive and Nanaimo Street {see
Figures 3 and 4). Virtually all the other figures show that
noise decreases to varying degrees with greater distance from
the ALRT guideway. The average L, at cach of the MMt
intervals are: 38 dB, 54 dB, 53 dB and 30 dB. This is similar
to the 1983 forecasts ({6).

Between the Broadway Station and Hodl Streer (Maps Ja
and 3b) except for East 15th Avenue, the 4, exceeds 55 dB
up to 200 ft from the guideway. Along the west side of the
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TARLE 1 FERUEPTION ANALYSIS: CODING
SYRTEM

Seale

Clulegory Originl Recmled

Prereeped extent of ALRT None

Niirmil o inpiict

|
Naive heand only outside 2
Heard in one faom 3 2
Heard i - oae room 4 3
Hueard everywhere 5 |
Sleeping puitern atfected h B

Nuisiawews of seighborhiwd

Quive ! |
Fairly wusiel 2 2
Moerstely gt ] i
Naisy 4 4
Very Nony hi bl

Iank of ALRT mavise with other mvse soarees

ALRT s nuisiest 1 3
ALRT s sevond nuisiest 2 4
ALRT is thind moisicst 3 Ri
ALRT is tourth nuoisiest 4 2
ALRT v titth nvisiest 3 |

guidewiay, the noise from and road 1raffic on Commercial
Drive limits the inpact of ALRT noise.

Berween Hull Sreet und the Nimaimo Stution, the impacts
differ in intensity and distance. To the north of the guideway,
ALRT noise exeeeds 35 B only at 30t while at greater
distances, the noise levels are acceptable. On this side, the
topography drops significantly moving away from the guide-
way, To the sowh of the goideway, the roise levels eweed
35 dB up 1o 130 £t This higher level may result from more
open space ind a grndual incline moving away from the goide-
wiy,

The regression amlysis shows a mirked correlition between
noise and the Jog of distanee (r = —0L723, p < L0001, with
over half of the observed variance explained by the model
(7 = 10,323, The 24&:hr L, drops by 15 dB from 20 ftw 320
f1. The equation representing the complete stusdy irea is:

Noise = 7994 — 12,45 log{ Distsnce measured in 18,

The seattergram is shown in Figure 3.

The distange from the guideway s divided into three sep-
ments, where the fisst segment is approsinuitely ess than two-
thirds of the wheel track spacing. and the third segment is
approximitely more than two-thirds of the train tength (464,
This would divide the distapce from the guideway at points
of 26 ft and 92 11, In the first and third segments. the noise
represents i line source and in the middle segment. it resem-
bles a paint source (14),

The correlation und slope for the first segment is not com-
putable because all the three points are af the same distance
from the guideway, In the second segment, r = — 0,34 with
asignificance of (.02, and 15 pereent of the vartance is explained
by the model (r* = (L 152). In the third segment. r = =601,
with o significance of 0LUMK, and 36 percent of the varianee




TARLE 2 OUTDONR 24-1IOUR L, AT RESIDENTIAL SITES

ALAT FASS.aY DUTDODA a4 HACKGAOUND dBA
SURVEY| AVERAGE rusi 2440 L aq|SINGLE-EVENT |24-HOUM L #q{TOTAL J4-HDUN L 4
site LSS by
o1 (T} " 8 0.0 Iy 4
o2 %0 7 83 0.0 « 84
01 7.3 " L1 8.0 L1 %
o 5.0 1] L .0 [t} 53
o T4 13 LY 50.0 o 82
o8 11 3] 33 o 'H] a5
ar T3l 12 %0 4.0 4 i1
o &% ¢ .7 4 Qo n a“
[+ ] T d " 43 4 0 ay %0
10 (L] 0 E1] [T 87 "
" (LY 10 58 56 s 54 L1 ]
[} 76 & " 13 o L1 .8
12 1N} " ' 8.6 5 [e5])
14 71 T 82 L1 -] 1] [s7)
193 (3] a? [11 1.3 1§ 1)
" 148 " 3 1.0 %2 87
3] 1% 4 1Y Lt st o 51 £1]
1] [T [T} [+ $1.0 49 (7]
o [T} £5 9 "o “” 46
0 [T} [1 2 a0 " a4
n (LY ' [1] o 1 [
2 80 ? 1 38 810 " 53
) 7 " [ 4o a L9
0 [T 1 "% o T 1}
HL] 723 2] 81 YR ) ]l a4
FL ] 3.7 [ 2] “3 8 0 41 [s0]
n kI " 94 54 0 L1 L1
H " 1] 4 "o a .
] LN 73 51 “no 4 82
10 s L}l E] 3.0 a8 LH]
n 0o (1] .1 "o " a“
22 76 2 1% % a0 4 34
13 [T (1] I no E1 a
T 8.1 11 87 5.0 92 L]
L] 1m.e " st ("N} 'L L1
F1 .0 " a“ 8.0 F] [s8]
17 1.8 (1] } 1 “.0 [ }] laa)
1] 73.4 13 [ .8 " 82
18 LEN) " LY a1 " 82
40 18.2 11 (1] [T Y 82 *"

Source; Calculated from 1948 UBC $Study
Mote: Grackats | ] Indicats thet the Dickground

F4-nour | G than tha ALRT pass-Dy,

naise lava) contributes more t0 \he




Y I
R R
g \_“* Py
Ol i

‘. ~
PR A "

S BROADWAT |
ETATION Clane.

]

ELph el —Aoa by~ S

_ a0

—

e ey e

R e e LS S Seinlie

i YICTORIA DR

o —— k)
T7T
VR, -y

THIRTEENTH &

|
I
L
L
.
S
. |
= I
=

CLAAR PiRs

COMMERC 1AL DN
[}

VICTONIA DA,

RIGHTERNTH AVE,
e =

s wm L] C TG
] o W
Nor: 1. All noise levels are measurad in dB(AL 2. Heacken indicaie that
background noise exceeds ALRT pass-by level. 3. ¢ refers to noise measurements
a1 residential sis.
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is expluined (r2 = (L361) The null hypothesis of no difference
between the two slopes {i.e.. B -8, = 0} was tested, The 95
percent confidence interval was calculated as 0904 < 8,-8,
< 2.397, resulting in rejection of the null hypothesis,

The study iarea is also divided into two sections: from the
Broadway Station to Hull Street, and from Hull Street to the
Nanaimo Station. For the former, there is i strong corretation
(r = —(L833, p <. 0U01), and vver 69 percent of the observed
variance is explained (#* = 0.694). For the latter, the cor-
relation is significant (r = =1.733, p < D.0001), but less of
the observed variance is explained (r* = 0L338),
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The adjusted M-br L, of 35 dB defines the zme of high
impact (Figures fuand 7). For calendating the adjusted 24-hr
L., between the Braadway Station and TRull Street, aoadjust-
ment wiss made. The community bid no priorexperience with
the nuoise, which justifies the addition of 508 tothe 4,5 m
the siume time, 1his is o very noisy arban residential communin
which. under EPA eriteria, wonld reduee the L, v 3 dB.

From Hull Street to the Nanaima Station, 5 dB s added
to the L. because there wits o priog expostere to the noise
it that time: turthermore, itis s ueban residential community
net immediately adjiscent toany arteeial streets,

The nonparametric il vsis oF residents” pereeplions shows
that for the complete stidy are s the ALRT noise incresised.
the residenty tended to rate the neighbothood s noisy (0 -
03703, Sie (.002), Between these twar sitiables, howeser,
neither correlation wis signilicant in the two 2oues. For the
ALRT naise and the perceived extent of ALRT naise. none
ol the correlitions wis statisticaliy significant. For the idjusted
L., el renking of ALRT noise with athers sources, there is
a patern of ranking the ALRT i the first ar second largest
contrilrator 10 neighborhood soise, regardles of the adjusted
2dehr £.,,. This results in poor correlations for the studs area
as o whale, and in cich zone of Bt

For the perceived extent of ALRT noise, in the zone ot
high impact, there s L oeise in 23 where the naise is heard
anly outside (538 JBY, and Eese where it is beard inonly one
rooim of the dwelling (36 dB), One ase ¢laimed tuit the noise
wats heurd in more thin one room at 71 JB. These three cises
supeest i lack of empliasis on the impact, There ane 1w cises
at 55 dB where noise is cliimed o atfect sleeping patteras.
Based on CMIIC standirds, those two cuses suggestian exiig-
gerited sensitivity on the part of the respondents. These
TESPUNSES #T¢ 101 consistent with measered noise impicts.

Of the 12 cases in the zone of low impact, 3 claim thay the
ALRT affects sleeping patterns at an L, of S0dB. 51 dB,
and 53 B, One case af §1 dB. two cases ar 33 dB amd one
ease at 54 .dB claim that the ALRT nuise is beard everywhere
in the residence. Itappeirs that in this 2one, these seven cises
dur nat represent responses consisient wish other studies. The
location of these seven cases does sot indicite that such o
response is the result of 4 guiet Jocation, Four of the seven
iises e from the noisier ared, between the Broadway Station
and Hull Street. '

For the analysis of the discrepuncies berween the two zones
of impact. the variable “noisiness of the neighborhood™ pre.
sents similar findings 1o those for the “perceived extent of
ALRT noise.™ In the zone of high impact. the frequencies
show than there are oaly 3 cises out of 23 where the wwise
impiet is underrated by the respondent: at 37 413 there is one
case claiming the neighborhood is “yuiet.” while at 58 JdB
and 61 B, one case Tor each elaims “same noises,” The
remainder of cases appear to be consitent with the measured
noise impaet based on CMHC standards,

In the zone of low impict, 5§ cses out of 12 do nat appear
to be representative of the measured noise, At 40 B and
dB. there is one case for cach where the neighborhood is
juddged as “fairly poisy,”™ and one case at 30 JB and 1wo
51dB where the judgement is “noisy,” These five cises may
aceount far the poor Taub correlation in this 2one,

The compurison between the two zones of imgrict indicates
that there is a greater proportion of cuses i the zose of fow
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FIGURE 4 Total 24-hr L,

impact where the perceptions are not representative of (he
adjusted 24-hr L. The perceived nolsiness of the neighbor-
hoaod is a slightly more accurate indicator of the measured
noise impact than the perceived extent of ALRT noise,

For the complete study areq, those houscholds with four
or more occupants tend to claim that ALRT noise affects
sleep, Also, those with four or mare occupants and those
having lived in the study area longer than 10 years rank the
ALRT as one of the largest contributors of all sources. In the
high-impacy zone, those in single-family dwellings and those
having resided in the area 2 years or more generally perceive
that the ALRT noise affects sleep patterns. Those with four
or mare persans in the household tend to rank the ALRT as
the greatest contributor. In the zone of low impact, those with

- E °
NoTe: 1. All noiss levels are mesrured in dB{A). 2. Drackets indicste that background noise exceeds ALRT pass-by level,

i longer residency, at least 10 yeurs, rank ALRT noise as the
greatest contributor and evaluate the noisiness of the neigh-
borhaod as “'noisy™ or “very poisy."”

The pre-ALRT perceptions measured in the 1984 East Vin.
couver Neighborhoods Study alse reveal some varision
between the iwo zones of impact, For the complote study
area, 42,1 percent believed that the ALRT would have no
cffect on neighborhood neise levels, und 38.2 percent gave o
negitive outlook. In the zone of high impact, 48.5 percent
were neutrul, and 33.3 percent had a negative outlook. In the
zane of low impact, 41.3 pereent were neutral, 38.Y percent
were negative, and 6.9 percent were positive in their outlook,

In the zone of high impact, there was no evident association
between a negative cutlook on the effect of the ALRT on
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neighborhooad noise and oae single factor liked or disliked in
the neighborhood, [n the zone of low impaet, however, o
negautive autribute associated with i negative response to future
ALRT noise was traffic noise (26 percent).

In the zone of low impact, those having a negative attitude
toward the ALRT's effect on future neighbarhood noise levels
also hud a negative outlook toward its effect an neighborhood
character (0,224, Sig .001), Fusthermore, those anticipating
higher noise levels noted a problemt of noisy neighbours (U, 1750,
Sig .003),

al

For the complete stady arcs, o neutral response teaded o
come from those frequently at home. such as homenuitkers,
the reticed and the anemploved, as well ay from blue-collar
workers, White-collar workers tended 10 have o negtive
response. A neutral response spplicd o age groups over 4
vears, while a negative response was evident frem the 1wo
youngest age groups, (0--29 and 30— years, I the zone of
high impaet, there was o tendency for those knowing more
than five people on the block and those owning the residence
to anticipite o nepative effect from ALRT noise, while
nenteal respense wis attributed 1o those 0ot owning the res-
idence. 1o the zone of low impaet, those whe have o white-
callar job were more likely to anticipate higher noise levebs,
anul those remaining s home tended o give o neutral response.

CONCLUSIONS

The research underlving this paper has heen neither exluws-
tive nor covered all enviromnentid factors, Nevertheless, the
following conclusions can be drawa:

1. Vancowver's ALRT system produees noise Jevels that
exceed the acceptable community environmental standirds
estiiblished by the CMHC (24-hr £, > 55 dBA).

2. In general, the ALRT noise levels decrease with distunce
from the ALRT guidewsy. The 24-hr L., decreises [5 dBA
from 20 fe to 320 ft distance from the ALRT guideway.

3. Even though several factors influencing noise impact
{gwideway geometries, housing structure difterentials, sacio-
eeonomic and demogruphic differentiads of respondents) were
not studied in detail, the anilyses indicate thie the relationship
between ALRT noise and distance from the guideway in the
sty area is semitogarithmic. For this particular stwdy, the
retationship is:

Noise = 7949 = 12.25 |og{ Distance in )

4. 1t is pessible to define zones of high impact where the
noise levels are expected trexeeed community envirenmental
stundards.,

5. Within the zones of high impact (24-hr L, = 35 dBA).
the perceived noise levels are consistent with the measured
noise levels,

6, Within the zones of Jow impact (24-hr L, < 35 dBA).
the perceived noise levels are substantindly higher thang meas
sured noise levels, This perception is more pronounced in
larger households.

PLANNING IMPLICATIONS

Unlike the mandatory requirements in the United States
regarding environmental impact statements, information dis-
semination and public participation, the transit authorities in
British Columbia are not required to publish environmental
impuet statements. Furthermore, the B.C. Transit Act states
that neither B.C. Transit nor the Province of British Columbia
is legally obligated to compensate the residents, so long as
their property was not acquired hy expropriation or otherwise,
In the case of Vancouver's ALRT, B.C, Transit decided that
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DISTANCE FROM GUIDEWAY

STREET SO FT {15 9 MJ[100 FF. (21 © M)[190 FT. (46 % M} 200 FT. {62.0 M)
E. 1tth 62 [§4] is2] {13
E. 12tn €0 58 57 L} ]
E 12tn &0 L1 %6 LX]
E 14th 49 56 5% 33
E. 15t LT 54 52 80
FINDLAY 59 8 [sa) 83
VICTORIA DR N [64]) LY.] %9 87
L 5n 89 a8 54
MULL=VICTORLA [39) [s9) (59} ILL))
MARSHALL [48) [a7) [} 46
GLENGYLE 52 56 L1 54
LAXKEwQOOD 87 LF] 43 44
SIDNEY 6% 37 56 a7
VANNESS Eadt of Lakswona &0 . .- .-
VAMNESS wast of Gladstons 87 - .- --
GLADSTONE N of Guideusy 84 4n 48 [4at1)
GLADSTONE S. aof Guideway 48 a4 {55} a7
WALKER EY] 83 EH 50
VANNESS Emast of Glagitone 64 - .- --
VANNESS waat of Brant &) .- - --
BRANT 54 L) a4 [60)
NAWAIMO N. of Guiosway 163} 162} [61] [63)

Source: Calcuistad from 1908 UBC Study

Note. Brackets [ ]

indicats that backgraund noies contributas

mare ta tha 2d-hour L eq than the ALRT pasa-by.

it will ot acquire or exprapriate any properties that are not
within the right of way, Neither were any noise mitigation
measures undertaken. Furthermore, “the B.C. Transit Act
protects the governmeni from claims of injurious iffection
arising from the transit systems™ (19).

Some governmental agencivs are recogniziag the fact tha
negative environmental impacts hiave negative impacts on
propesty values. The British Columbia Assessment Authority,
which establishes the base values of real estte property for
taxation purposes, decided in 1987 to reduce the property
vitlues within 300-600 feet of the elevated or ut-grade guide-
way throughout tiie metropolitan are. These reduetions ranged
from 15 percent 1o 20 percent of the total vajue. The Ombuds-
man of British Columbia, appointed by the Legislature. is an
independent guardian of the public trust, The ombudsmin fa
a recent study of the negative environmental impacts of the
ALRT has recommended that the government compensate
affected property owners (20).

This research has established that there are zoney of ligh
impact adjacent to the ALRT guideway where nuise levels
exceed accepted community standards. Although furiher
research is necessary 1o delineate clearly the extent of impict
zones throughout the sysfem ireit, proper mitigation measuses
appear 1o be warranted.

The extent of the lhgh-impact zone depends upon geo-
metrics, hund use, community exposure t neise amd the socio-
economic charaeteristics of 1he residents. In the low-impact
zope where the noise perceptions ire exaggerated, it is nec-
essitry lo provide for an open transportation planning pracess
in which cifizens can leam, understand and apprecine the
noise measurements and merhods used.

These research findings can be used for forecasting the
extent of the high-impact and low-impacet noise zones, They
must, of course, be moadified by further research including a
discriminant analysis of other geometric, operational, topo-
graphical factors and perception related variahles. Successful
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transportation planning and implementation depend on the
planner’s uniderstanding the citizens and their concerns. and
respecting long-term environmental quality.
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Noise Investigation of the
Pennsylvania Turnpike Widening

JAMES J. SCHUSTER AND MICHAEL K. WonNg

The existing Four-lane Deluware River Exiemion of (he P'ennsy -
vititia Turnplke reaching from Vulley Forge to the Delawure River
traverses Lhe most devefoped region in the state, The pet effect of
proweh uver 30 years Is congesthon and traffic-generated nlwe, At
present, the tuenpike is w four-lane, controlled-access highway with
LTt shoulders atong its length aml o Y010 medinn with gulde eail.
The project descrlbed in this puper involves the instullation of
extensive nolse wall burriers und the widening of the furnplke
six lunes, A wtal of 57 noise receptor polnts were analyzed, The
2006 destgn year L,, aolse tevel for the nodsiest hour of cuch recep-
tor was predicted by means of the culibruted STAMINA 240/
OPTIMA computer program, This provided the Individual aoise
contributions of the Pennsylvanls Turnpike, vurious arterinls und
locy! ronds, and the logarithmic addition of all roadway noise to
provide u totob noise level ub cach eeceplor site, An inspection of
the duta ylelded the followlog: the predicted nobse levels eacecded
estubilshed noise abatement celierls at 16 sites, und noise miti-
Rution In the Torm of noise bucrier walls wos equired, The loca-
tiun, ditnensions und cost of the harckers were deteemined ulong
with the predicted seductlon and noise levels, An after study was
Tuter completed that conpared ncisal with predicted und existing
noise levels, The decreuse raoged from 2.9 dBA to 1L dBA,

The existing four-lane Deliware River Extension (1-276) of
the Pepnsylvunia Turapike reaching from Valley Forge to the
Deluware River traverses the mast developed region in the
state. Since the opening of this section of the turnpike in
1954, heavy residential, commercial and ofiice development
has taken place ulong this corridor. The net wffect of this
growth is that congestion is comman along this section of the
turnpike.

The Pennsylvania Turnpike Commission compluted the
widening to six lanes of certain sections of the Pennsylvania
Turnpike on tand it already owned {1.2). The design con-
straint of no new right of way applied to all construction
clements including noise barrier placement. The westernmost
section is the subject of this report. The project site is [ociated
in Montgomery County between the communities of Cold
Point and Fort Wishington. Financing for the construction is
from the tolls generated by the commission. which is naot
required to conform to the various design standards of the
Pennsylvania Department of Transportation.

The turnpike wus 4 four-lane, controlled-access highway
with 10-ft (3,U5-m} shoulders along its length and a 10-ft
{3.05-m) median with guide rail, Widening of this section of
the ternpike to six fanes with 1 2-ft (3.66-m) usable shoulders
and a 10-ft (3,05-m) maximum, 4t (1.22-m) minimum median
with concrete barrier along the center of the median would

1. 1. Schusier, Depuntment of Civil Engineering, Villanova Univer-
sity, Villanova, Pu. 19085, M. K. Wang. Valley Forge Laboratories,
Inc., Devon, Pa. 19333,

provide for the safe and efficient low ol tragfic now and in
the futare. relieving the congestion prablem,

NOISE STUDY —=BEFORYE
Purpase

The purpose of this study is 1o investigate and desceibe existing
and future nokse levels on bath the Pennsylvania Turnpike
and Jocal raads in the vicinity of the study section.

Under the seope of this study, ambient noise conditions are
described, including recent poise mejsurements of the come
munities adjacent to the Pennsylvinia Turapike and varicus
local roads, Noise impacts are anulvzed for hotls the existing
and predicted (design year 2006) conditions. From this anad-
ysis noise mitigation recommendations are developed. These
recammendations are made after integration of geometric design
with design optimization and value engineering. invobyement
of the community, and coordination with the design of adja-
cent sections.

Methodalogy

The existing noise results were obtained by fiell meastre-
ments and determination of representative levels by analogy
with similur sites (3.4). Predicted naise results were obtiined
by computer modeling of traffie, geometry and site conditions,
Prediction of the 2006 (1he design vear) noise levels that would
result from the widening of the Pennsylvania Turnpike wis
made by means of a noise program based on the methods
detailed inthe Federad Highway Administration repost, FHIWA.
RD-77-UI8, FHWA Highway Traffic Noise Predicrion Maodel:
Highway Noise (5). The FHWA's computer program, STAM-
INA L0 (an acronym for Standard Method in Noise Analysis,
version .00, which ts in concert with Federal-Aid Highway
Program Munual, Volume 7, Chaprer 7, Scetion 3 (FIHPM
7-7-3) of the Federal Higbway Adminiseration, U.S, Depart.
ment of Trinsportation, was run on an 1BM Computer 3UK1
and Included all pecessiry adjustments relating 1o distance,
gradient, highway section characteristics, vertical height, flow
conditions, ground and shielding effects, and height adjust-
menis for receivers, autos and trucks (6,7).

Traffic

Turnpike traffic is the principul source of noise in the com-
munity, The existing peak hour one-directional traffic volume
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ot this tumnpike section is L0600 vehicles distributed over wo
lanes. Field aoise measitrements aud 2-hour truek clisiti-
cation cownts indicated i the noisiest time period wis between
00 pam and 3:00 . and that the traffic during this time
does not viry beciiuse of the consistent malure of thie come-
muter work-to-honse trip, Simultaneows recording of traftic
and nuise levels wis, therefore. not considercd necessary,
This exising volume esceeds the Level of Serviee (1.0%) €
service volumes aceording to the Highway Capacity Marmial,
ancd indicates operation st an witacceptshle peak hoar fevel
of service. A s volume. the turnpike wis operating at LOS
iZ beciune the valume to capacity (170 ratio was compauied
at .98 at LOS E. Theretore, the proposed widening to sis
lanes was needad to improve the level of serviee,

The peak hour one-directional tratfic volume in 2006, the
design year, is estimited o be 3430 vehicles, Becanse this
projected volume s less than the Level of Serviee C service
volume. the proposed widening of this turnpike section
three lanes in each direction will provide an adeguate Level
af Sepvice for the design vear 20016 traffic conditions,

Bredicted Nolse Levels and Impucis

A totad of 37 receplor points, ineluding 18 monitoring sites,
25 analysis points and |4 supplemetary anvsis poinrs were
devised and identified.

The design year L, noise level of each receptor was pre-
dicted by means of the calibrated STAMINA 240 computer
program. Calibration was achizved by compiring existing field
noise measurements with predicted noise levels, using existing
traffie and model input parameters, Tabular values for the
notsiest hour yiekl the individual noise comributions of the
Pennsylvania Turnpike., various arteriafs and local roads, and
the logarithmic addition of all rowdway noise 10 provide a
total noise Jevel at cach recepror site. An inspection of the
data yields the foliowing observations:

L. There s maximum inerease of 0.7 dBAin L, between
the existing and design year conditions at two sites, The aver-
age increase is 0.4 dBA at a distainee of 30U ft (91 m) from
the near lane of the turnpike.

2. For 16 sites the aoise level during the noisiest hour for
the 2006 design year meets or exceeds the Penasylvania Tumn-
pike Commission Naise Abatement Criterin, which specify
65,5 dBA. The highest level is 71.3 dBA, an increase of 0.4
dBA from the existing 700-dBA noise level. This level is
sttributabde mainly to the elevated position of this receptor
above the twmpike and the lack of patural sound protection
from the twrnpike noise,

Mitigation Measures

Because of the limited right of way along the Pennsylvania
Turnpike, one mitigation measure, noise hurrier walls, is most
effective for this project, Through consideration of the views
expressed by the community, the needs of the turnpike main-
tenance policy and aesthetics, a system of precast concrete
planks with exposed agpregate surfaces setbetween posts was
selected. The planks were approximately 12 ft 3in. by 4 fi
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by fin, (3.7 m by 1.2 m by (15 m) with a density of 1560 )by
1 (2400 kg'm')

The total predicted 20060 design veir naise levelsat Joreeep-
tor sites indicate the need for autigaion mepsires. Nowse it
U5 ol the sites cinn be etfectively mitigated duoggh the nse of
nevise Darrier walls, The noise at one site can be mitigated
throngh o combimittion earth berm noise wall design.

A deseription of tre nuise barrier focazions aned noise mi-
igation effectiveness follows, [Jetermination of aetoal costs
wis ot possible because of the vantractor's hid price: how-
ever, the estimate wis approsingtely $2500° (8200 w7,

Lacation A

This barrier will provide noise protection for jeeepror sites
located an the south side of the teenpike. The proposed wall
witl be 14 70 (4,27 m) high and will provide o1 feast i 33 BA
reduction to the alfected receprors.

Lovation B

This 14-f1 (4.27-m) noise will. locisted alony the north side
of the tuenpike amd spanning 31 tarnpike bridee structare, will
provide noise shicdding on the north side of the turnmke. The
f.4-dBA reduction will bring the projected noise level under
the Pennsylvania Turnpike Commission’s 63, 5-dBA noise tesel
criterivn,

Location C

This noise will will be IO fu (303 m) long and will consist
of a poise wall on earth berm design with a ol height of
18 ft (5,49 m), The aoise barrier will be situated on the
south side of the turnpike. Noise mitigation will be 0.8 di3AL
thus bringing the receprors under the 63.5-0BA noise level
criterion.

Location )

This naise mitigation wall, 750 1 (229 m) long and 10 1o I8
ft (488 ter 5,49 m) high, will be sisated atong the north side
uf the turnpike. The noise reduction will be 4.9 dBA.

Locution £

The proposed noise wall a1 thes heeation, 3,600 Tt {1099 m)
long amlb 8 10 I8 ft (2,44 10 599 @) high, will provide miti-
gation to the community south of the turnpike, Far all recep-
tars affected. the predicied noise will be reduced 1o a fevel
helow the 653.5 dBA criterivn.

Locarion F
This noise abatement structure. 1,700 {1 {336 m} long and

14 1o 16 ft (4.27 to 488 m) high, is tocated along the narth
side of the turnpike. All projected npoise levels at the aftected
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communities will be reduced to g fevel below the 63,5
criterion,

Location €

The proposed noise mitigation wall at this location will shield
receptar sites and the conununity located north of the turn-
pike. This 830-ft- { 233-m) Jlong and W-t- (3.05-m1 bigh barrier
witll will recuce the noise in this community to a level below
the 0635 dBA criterion.

NOISE STUDY —AFTER
Purpose

A noise study was undertaken after the turnpike widening
project, including the deseribed noise wills, to verify the poise
levels predicted before construction. This task was prompted
by requests af those property owners who were not affected
by the mitigation measures and desired an extension ol the
newly canstructed noise barriers,

Methodalugy

Naise monitoring was conducted at 20 noise sites in the same
vicinity. of the Pennsylvaniu Turmpike previously deseribed.
These noise sites included ¥ primary sites and 12 secondary
sites, The primiry sites are residences of those who have filed
complaints ane the 12 secondary sites were chosen so that the
63,5-dBA (L.,) noise contour tould be established on both
sides of the study section as a result af the ficld monitoring,

The noise monitoring procedures and techniques conform
to the guidelines detailed in the FHWA Report, Sound Pro-
ceelures for Measuring Highway Noise: Final Reporr (FHWA-
DP-45-1R), and were conducted again during the noisiest time
period betweep 34K pum. and 300 pm. (8). A type | Broel
and Kjaer Integrating Noise Meter (Model 2230} and Cali-
brator (Model 4230 were used, Both the neise meter and
calibrator were factory cilibrated before the field monitoring,

Results

The noise monitoring results reveal a decrease in noise level
after the installation of noise walls. The deerease ranges from
2.9dBA 1o 13.0 dBA and closely matches the predicied levels,
adjusted for current traffic, before the installation of the
barriers.

None of the noise levels at the eight primary sites exceed
the Peansylvania Turnpike Commission’s noise abatement

27

criterion of 63.5 dBA. Only one secondary site indicates o
noisiest hour noise expasure of 66,2 dBA. This is attributable
to the site's close proximity o a local road,

CONCLUSIONS

The methods employed in ambient noise monitoring, predic-
tion, and mitigation design in the form of noise walls appear
ta be reasonably accurate, as demomstrated by a suhsequent
nokse verification stady following construction. This project
invalved noise impacts created by o high-speed, high-volume
radwiny,
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Airport Air Pollutant Inventories:

Pitfalls and Tools

RoGer L. Wayson anp WiLrtaat BowLisy

This paper presents u deseription of cotnmon problems (pitfalisy
andd theie solutions that oceds during assessment of towl air pole
futand load Troon airport operationy, Avaitable coapaiter lonls are
brielly discussed. Discussed in detail iy the use and development
of u microcomputer spreadsiest for conducting elTicient emission
inventories and the use uf this spresdsheet as wn effective planiing
toul,

Airports can be g significant Lol air pollution sonree amd
shiould be included in any local emission inventary, The
requirements brought about by State Implementation Pls
(SIPs) and federal environmental assessments (£) aho make
entission reporting n necessity, To prepire an emission inven.
tory the wir quality analvst must have adequate wols and
methods to accomplish an accurate. comprehensive sudy.

Untit recently, these tools and methodologies were con-
fined to AP-42 (2} and 5 series of individual reports (4,4,5,01.
Mobhile sources aceessing the airport required further refer-
ences. The six major souree Types at airports Glireralt, support
vehieles, statiopary suurces. fueling operations. fuel storage,
and mator vehieles) had no overall docuntentation or meth-
odology. This has led to certain problem areas, Accardingly,
the authors” experiences showed that evaluation Trom airpon
taaieport varied greatly in method amd accuracy. Tnuddition,
outdited emission factors and incorrectly estimated times-in-
mode led to inaceurate analysis,

This paper will report on the use of & microcamputer
spreadsheet as an effective 100! and provide methodologies
to help the airport and air-quality analysts to avoud “falling
into the common pitfalls™ associated with aicpart air pollutan
emission inventories,

THE EMISSION INVENTORY CONCEPT

The inventory of emissions permits a review of the 1otalamount
of pollutants emitted from i facitity for o particular wnit of
time, To be consistent with local methodotogies. usually the
number of tons per vear for maost of the “criteria®™ pollutants
listed in the National Ambient Air Quality Standards (NAAQS)
are reporfed, These eriteria pollutants include carban men-
exide, nitrogen oxides, sulfur oxides, hydrocarbons, and par-
ticulate matter, Notably, this list excludes lead {emitted in
such small quantities from airport sources because of 1he use
of low-fead or lead-free fuel that the results may be considered
insignificant) and ozone (a secondary pollutan).

Depurtment of Civil and Environmental Engineering, Vanderbilt
University, Nashville, Tean. 37235,

The emission inventory may be sufficient to substantiate
that there will be e significant impact. Aveordingly ., mieny
Arport air quality environmenti assessments may not reyuire
suy impaet analysis, the oext step bevond the emission inven-
tary, Although an emission insentory cannor be wed o directly
demonstrate compliance with the NAAQS, the Federal A
tion Administration {(FAA)Y requires the inventory as i first
step to determine whether dispersion modeling is needed (1),
Alsa, emission inventories are usetl 1o denwenstrate consist-
eney with the SIP By showing that the wotal pulltant load for
i airport will ot exeead the amounts planned for in the S1P.
A direet compurison of emission inventories. preseat to future.
is abo wsually adequate to evaduate the future seenarion for
complinnce with the SIP and the impaet on the SH ol futare
seeniarios. assuming thit the SIP does not change,

The inventory permits trend assessment of sy proposed
project in three distinet ways, First, the inventory can be used
to compare future project alternatives, The relative merits of
cach seepario, including the existiog cuse amd the Jo-nothing
alternative, can be assessed. Second, the inventory can be
used 1o compare fiture emissions 1o existing fotals, (o help
analyze the effects of planned changes, Third, a comparison
of project emissions 1o the total cownty inventory can be made.
This permits an assessment of the relation between the pro-
posed praject and other najor sources in the area, @ very
wsetul planning ool

Adrporr sources may by separated into six distinet groups:
{ay aireratts (b) ground support equipments {¢) stitionary
sources (i,e., bailers, hearing plimts, ere.): (d) motor vehicles:
(e} fuel stopage: and, (F} fueling operations, Most large air
ports will ave @l of the sis groups Hsted above, Stationary
sources do not exist at all airpors, however, and some airports
iy have ather types of sources. Therefore, care should be
taken to jdentity all sources ag the start of the evaluation.

COMMON PITFALLS

Associated with each of the six source areas are problems ur
cpitfalls™ that the air quality analvst must overcome. The
following discussions, for each source, are methodologies that
may be used to overcome the common pitfalls.

Alreralt
Lrge Commercivl Alrcraft

Dt on the number of aireraft operations, airesalt type. and
runwialy tse must be aecurately known, The collection of this
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data may involve consulting several sources, One complici-
tion that may be encountered & 1t each airerift 1ype may
he eyquipped with several ditferent engines, aecording to year
of manufacture, retrofitting, ol eustomer preference, e is
not apparent whivh engine is i ese, and mostoflen a review
ol published sourees and discussions with the airerafl manu-
facturers, airlines. airpore, und the FAA are required to deter-
miae engine epes for cach sireraft model. (A starting point
far engine tvpe for cach mandel of aireraft may be found in
the periodical, Avierion Week wrd Spucer Technotugy (7). 1
severill engines #ie used by rlines for o particular mode] of
aircrafl, effores should be made to find percentuges of cich
engine type. 1 this information cannot be quantified, the
predominant type should be selected, When ne one tvpe dom-
inates, the engine with the greatest smount of emissions should
be asswmed. In this wiy, the analysis is conservative and may
overpredict. but not uncerpredict, emisstans,

Selection of the wrong engine type can lewd o large errors
in the emission inventory, The common DCY aircraft ills.
trates this point, Many engine types are possible for this air-
eraft (inctuding the stretch desien, DCY-80, commonly referred
to a the MDED), Table 1 shows the emissions, by moile, for
four common engine types used in the DCY series. A review
of this table shows the large differences that may oceur in
estimations from the various engine types, For example, tor
the erucial idle madde at airports, NO, could be overestimated
by a factor of 5.6 the older JTSD-7 engine were assumed
rithet than the JTRD-9 or by 4.4 if selected over the JTSD-
09, Figure 1 graphically shows the difference in carbon mon-
oxide ¢missions for the four types of engines commonly used
in DCYs. The new D980 series shows marked improvement,

Al the engine type for each alreraftis determined, emis-
sion rates for each are required. Emission rates for cach engine
type are i function of sircraflt mode (idle. approach, climbout,
and rakeoffy, time-in-mode, and fitel use, Each variable must

TABLE I COMPARISON OF ENGINE TYPES: DCY
AIRCRAFT

De9-s@ oeg-38 pLo-rese oC3-80
MOpE JTEO-3T Jrag-9 JT80-7 1TEp=20%
[OLE

FUEL USE 521,68 475.2 464,48 469,1

co 1.7 16.4 16.5 6.6

hex 1.8 1.1 7.9 1.6

he 4.6 4.8 4.9 1.9

S0x 2.8 a.5 8.5 2.5
TAKEQFF

FuEL USE 4527.9 J744.0 3578,7 4287.6

co 1.2 4.6 5.3 4.4

HOX g1.9 74 9.5 97.8

h 8.2 1.8 1.4 1.5

§0x 4.5 1.7 *.§ 4.3
cuimgout

FUEL VSE 3sea. 8 30564 292e,7 3528.1

to 1.6 5 5.8 E.0

NOX 58,0 434 18.2 B7.2

nt 2.2 [ 1.5 t.8

50x 3.6 A 2.9 3.8
APPROALH

FUEL WSE 1275.9 1a72.9 1330.2 12931

co LI 1.1 10.8 5.7

NOX 8.8 B.t 13,9 1,4

HE 9.6 1.§ 1.6 2

Sox 1.3 1.1 1.0 1.3

deuatt: <THD-17 data fiom AP42; 4.5 atrers {rom FAA
cartLficition data.
bafe; Vaiuok are showt I sg/ne,

hal

he quantificd. The EPA tists emission factors, per mode, for
many types of aireraft i its publication AP-422).

Unforiomitely, AP-42 has por been upslated for adrerahy
since February 1980, Sinee that e, mannfacturers have
madde large sricles in producing mare efficient, cleisner engines,
To overcome this difficulty, the FAA staff in Washingon
{Nichalis Krull, AGE-301 offers assistince by providing sesults
from engine certification testing, The staff encowriges the ose
ol these lactors where appropriate. FAN eentification dati,
however, ase only available Tor fuel wse vates, hydrociesons,
ciarban monoxide and aitrogen osides, s wetl as asmoke
number, Particulivte and sulfor oxide dita are ant included.

Sulfur oxides may by estimated heeattse sulfur axides ¢mis-
sions from gircrft are o direet function of the sulfur conent
uf the fuel, Jet fuel is highly refined and contsins very sinal|
amounts of sulfur, The method used by the EPA in AP-42 s
to multiply fuel usage rites by 0401 (0, pereent) o deter-
mine & conservative SO, emission Gctor, This method may
be wsed to supplement the certificaion data,

Particulate emission factors are not soeasily predicred. Par-
ticulate emissions are not only s fanction of fuel 1y but ol
af engine efficiency, mode. and combustion chamber design,
Particulate envissions are thus very ditficult to quantily with-
Ut extensive festing. As a firdt approsimation, Al'-42 values
iy b wesedd for similar engine types with simitar smoke sum-
bers when only certification data are svailable,

Table 2 summarizes newer aircraft emission factors devel
aped from FAA certification dara for Lirge commercil air-
craft, This list may be used to supplement the values found
in AP-42, [t also should be noted that the certifieation i
are in g/kg, hut the AP-42 dity wre in Ibs/r o kAir.

Time-in-mode duta alw need to be determined. Specifi-
cally, the landingtakeotf (LTQ) eycle methodaology witkin
AP2 may lead 1o large errors beciuse of the differences that
occur at individual airports, Indeed, the suthors found a very
significant overprediction of emissions during initiab investi-
gations of the Nashville and Los Angeles airports when LTO
cycle divte was used. For example, the LTO cycle given by
AP-42 contains 26 min for taxi/idle (in and out) for commer-
ciul aircraft. Measurements made over many days at Nashville
International Airport showed that the idle/taxi tine was vp-
ically anly 17 min. Accordingly, if the LTO cycle from Al
42 had been used at the Nashville airport, the idle/taxi time
error could have resulted in an overprediction by a factor of
greater than L5 while the aireraft was on the ground. It is
impuortang that the time-in-mode for idleftaxi be determined
an i case-by-case hasis for each airport, beciuse these times
change considerably from airport 10 airport, From o combi-
nation of the taxi and push-back times and the given runway
use scheme, weighted average idleitaxi times can be derived
for operations on cach runway for individual airports, These
tlimes can then be combined on the basis of the anawl per-
centage of use of each runway strategy. Care should be taken
during peak periods to allow for additional time caused hy
queue lines, After all times-in-mode are determined, @ new
LTO cycle could be defiped for each runway usage. or indis
vidual times-in-mode could be used and the results sumnted,
For example, each aircraft type and ditferent congourse use
could have different times.

To determine times-in-mode when an aircraft is in the air,
a 3.000-ft {912 m) inversion height and average mixing height
above the gronnd is usually # good assumption (all emissions
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TABLE 2 FAA EMISSION INDEN*

AN

TanEwFF

CLWBIUT

Fuel TFlav Emisstons (g/kg) Soeke
Epgice Moda (kg/s0c) HC co L Ho.*
WmaT Tdla . 1450 .90 P UL Ry
Takeof? 1.5920 0,06 G421 32,90
Flizbout 1.3200 0,07 0,44 26,30
Approach 0. 4080 0,20 .2 10,80
LFi=H0A Idle 0. 1500 6,29 18,20 1. 40 €
Takeoff 2.1450 .29 1,00 19,80
Climbout 1. 2950 0,29 I.10 25,60
Approach 0,6150 0,47 310 10,20
JTED-209 Idle £.130 4,01 14,10 1.50
Taksof? L. 1910 0,35 103 22.80 110
Clinbaue ¢, 5828 0,50 L.40 19,00
Approach 0.3592 1,69 4,37 8,80
RB211~535C Idle 0. 000 [19-13 6,40 J.310
Takeof £ 1,A040 0,27 1,37 31,7%
€limbout 1.4740 0,13 I.00 26,59 14,87
Approach 0,5440 0,15 2.2 9,85
CPNS6-3-B1 Idle 60,1210 1,81 3l.co 3,90
Takaaof{ 1,0200 0.04 f.50 18.50
Climboue 0.80[0 0,05 4.90 1&,00 4,00
Approach 0,3280 ¢.10 150 B.L0
JTED=21TR  Idla 0,550 0,95 9.43 L0
Takeoff 1,4170 0.21 0.85 25,30
Climboue 1,100 0.27 1,03 £7.60 19.60
Approach 0,3755 0.3 2,56 4.40
Jrép=1 ldle 0,129 1C.60 J5.50 17.10
Takeoff c.9802 0.40 1.0 .n
Climbout a.8112 0,50 2,00 5.55 12,10
Appraach Q,286¢ 1.60 10.50 13.50
JTiD-9 Idle 90,1320 10,00 34.50 2,90
Takaotf 1,0400 0,47 1.24 17,92
Climbout 0,849 0,47 1,66 14,21 23,00
Approach 0,2980 .73 9,43 5,86
ALFS02R5 Idla 0.0408 5.9 40,9 3,78
Takacts 0,3581 0,08 0,10 t3,53 16.90
Climbayt 0,2955 0,03 0.25 14,36
Appraach  0,103% 0,22 1,10 13,53

*From FAA centificatian daw.
*wlaimun,
Not given
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released within 3,000 4t (912 my of ground fevel are consid-
ered ), This sssumpeion is consistent with AP-32, and airborne
times shown by AP-42 may be used.

Suvaller Afreraft aned Miliceey Operaiions

Emissions for general aviation airceaft, commuters, and mil-
itary aireraft may be computed by assuming that the AP-42
landingAakeoffieveles are applicable for generalized types.
This approach is suggested Decinse of the large differences
inidle times that could oceur because of irresular operations
and the wsually Targe aumber of different types of general
aviation aireraft, This assumption may or may not be appro-
priate for all nirports, The selection of thuse aireraft should
tollow the conservative procedure of selecting “dirty” eagines
when one type of aircrat does st dominate.,

It should be noted that small aircratt emissions may be o
significant contributor to the overall emissions depending un
the airport operating characteristics. Accordingly, generali-
zation af spxdl wireraft could lead to errors in the predicied
emissions. Each analyst should decide if a generalization of
small aireraft is adequate or it & more detailed survey of small
wircralt is reguired. Onee again AP-42 emission fsetars will
nead 10 be supplemented with cenification dati because AP-
42 lists anly four geperal iviation piston airerft types, four
smaller wrboprop types and five business juets,

Ground Support Equipment Emissivns

If no detailed information on ground support equipment used
at an airport is readily availuble, o methodotogy presented by
FAA (3} may be used. The FAA report lists usiage times for
each service vehiele per aircraft type. Aireraft may need 1o
be generalized into sizes to estimate support vehicle needs
because no list of aircraftis avaitable (3). The time per aireraft
can be meltiplicd by the total number of operations during
the time period under consideration, to estimate the total time
for alt operations, Next, the rate of fuel consumption may be
used to determine toeal fuel use. From the total fuel use i is
possible, using the given emission tactors (3), to calenlate the
emissions for each ground service vehicle.

For this analysis, it is important to determine whether the
service vehicles use gasoline or diesel fuel. Selection of the
wrong fuel type can eaose a significant error {poliutants other
than the eriterii pollutants may also be a concern here). For
example, if gasoline vehicles are assumed, when in fact most
are diesel, curbon monoxide will be overestimated by a factor
of 6,7, hydrocarbons by a facter of 7.5, and nitrogen oxides,
particalates, and sulfur oxides underestimated by factors of
2.7, 6.3, and 4.8 respectively,

Central Utllty Plant ( Boiler or Heat Generation
Plant Emissions)

Stationary sources oceur st many airports but are often over.
looked in emission inventories, Care should be taken to assess
the stationary sources that are present, their full use and any
expected future changes,

¥

AP provides procedures for estisating statinnary source
emissions, The analyst, however, most detenmine Tuture
requirements and be caretul when estinioing fumee cmissions
1o ensures () that an unresl future deaand is ot put on
existing Jocilities (i new facilities will be requiresd these sources
should be included); and, (hi thar future fuel use ind contrals
on emissions are considered.

Maolor Vehicles

When predicting emissions from motor vehicles aceessing an
airport, two philosophies exisg:

| Einissions from maotar vehicles shouldd only be comid-
ered when the vehicles cater wirport property and become
part of the aiFport sourees: or,

2. Emissions from msor veicles should be comsisddered when
the vehicles start their journey o the airport becaoase the
enlire tripis airport related.

For county inventaries, coordination is needed to select
stritegy 1o ensure thit emissions are not counted twice,

If the entire vehicle trip to the airport s comsideredd, o
methodologies are available to the anadyst, The fiest method
is o conduct surveys of vehieles arriving a1 the wirpon o
collect sufficient dati so thit tolsl trip emissions can be doter-
mined, The other methodology would involve wsing one of
several aviilable trip generation medels o determine zonal
attractions for airpart traffic, and from this caleulate vehicke
miles traveied and total emissions.

If only on-airport aperations ire considered., motor vehicle
emissions will geacrally be smaller than aireraft emisions.
This 3s an important consideration for the uanatyst during any
planning process

The data for on-tirport vehicle operation are asually availile
for parking ots and toop road use from the lcal sirport suthor-
ity Again, AP-42 values may be used or, if more accusicy is
needed, available computer progrums such as MOBILE.3 (8)
should be used.

il specific statistical data of vehicle types using the airpost
ure lucking, then nutional average emission fictors should he
used, According 1o an EPA document (Y) for large arban
areas, the national average specific percentages of velicle
types is BO.3 percent amtemohiles, .6 percent light trucks,
4.5 percent heavy gasoling trucks, 3.1 percent heavy diesel
trucks, and 0.5 percent motoreyeles, The national averages
also assuime 20.6 percent of the motor vehicles are uperating
in a cold condition and that 79.4 percent of the inotor vehicles
arc aperating in 4 stahilized condition with 27.3 pereent having
sturted haot,

These percentages may overpredict the amount of heavy
trucks using the airport, which may cause a slight overpre-
diction of ¢missions. Overprediction, however, is desirable
for a first stage environmentul assessment because if no probs
lem exists when overestimations are used. then none would
exist in 4 more precisely modeled situation, If problems do
oceur because of motor vehicle emissions. the analyst should
strive 1o better define the motor vehicle traffic amd mix.

Another pitfall that may oceur at airports involves the method
used to predict emissions from idling motor velicles aecessing
the airport. This problem becomes more complex when pre-
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dicting future emissions. The weighted ivernge of vehicle types
Cioe., taxi, lima, private anto) may be wsed o provide o reps
resentitive idle time for passenger arrivaland Jepartare, This
allaws i efficient analysis becinese e weighted idle time
iy be meltiplicd hy the number ol sehicles fur o il ddle
timwe at the terminal, This makes the effeels of changes in
passenger wage on al pallnant load easity quantifiable,
The analyst should sikso be caretul, ow ever, 1o eapsider idle
tiantes i parking Tots, at toll gates, @i, The equation used for
weighted idle time would hy;

Lo = VIV £ N 00+ X + - - Xy in

where

o = ol idle time for molor vehieles i minuies
* oewmher of arriving vehiclessyear,
proportion of taxis,
= verage ki adle times inominutes,
A = proportion of privite autes,
I, = average privite awo idie tines in minutes,
X, = proportion of limuos,

Ty = wverage fimo idfe time in minutes.
X, = proportion of ath vehicle vpe,

f, = wverage idle time of sth vehicle type, and

==
o4

N+ XN+ +-0+ X =10

This produees total idle times for the analyzed situation in min/
year. OF course to use this method. composite emission factors
must also be deteravined in the same wiy mathematically:

EFu = NJEFY + XLEF) + NEF) + - - X.(EF) ()

where
EF,, = composite emission factor, all vehicle tvpes.
££F, = average emission factor for idling taxis,
£F, = average emission factor for idling iutos,
EF, = average emission factor for idling limos. and

EF, = uverage emission factor for §1th vehicle tvpe.
S ¥

Then the product of ¢, will yield the total yearly pallatant
load. In this form, planning and estimating future emissions
becomes i simple sk,

Fuel Storage

When liguid fuel is stored. releases of hydrocarbons ta the
atmosphere are inevitable. At any airport, the fuel storuge
methods must be determined,

The EPA has developed complex equations to estimate the
hydrocashan releases associated with breathing losses (L)
and working losses (L) for several tank types and includes
them in AP-42. Each variable in these equations must be
determined on the basis of data provided by the airpont or
estimated from existing information,

Breathing loss emissions are cuused by vapor expansion and
contraction from chunges in temperature snd barometric pres-
sure, The AP-42 report does not provide a clear methodolopy
to be used at airports when the tanks are underground.
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The average ambicnt diurmad tempersture change (A7) for
underground tanks is u direct function of the change in ol
temperatufe. tean he assumed thist the feel temperture is
apprasimately at ground emperature feseept when fuel is
first addded 1o the tank) Temperature information may be
found in the U8 Department of Agriculture (USDA) Soil
Conservittion Service sail survey reports, The mean annual
soil temperature for much of the United States miy be esti-
mated by wdding 1LE*F (1°C) ta the meiwn annnal sir temper-
ature, Alsa, for soil depths ereater than 0.4 in, (00 em).
divrnal changes are very small, Therefore, it can be ganmaed
that the fuel temperatuse in underground tanks is equal 10
the average ground temperature, and remains relatively stable
throughout the day Gssuned (LOTF chiange ), This teehnigue
iy be used at ;most sites.

Warking lasses are caused by fitling and empiving the tanks.
Vapors ire expelled when the Jiquidd level is ineressed; vmis-
sions also oeeur when the liguid tevelis drawn down, because
air is drivwn it the tank and gaseaus expansion aceurs,

The average space height must be estimited o predict
warking fosses, |1 aceurare data are not availuble, this can be
dane by the simplifving isumption tat rinks are nearly driviged
before the delivery of new (uel, This conservarive assamptivon
could thea he extended to the carallary that on the average,
the tanks are one-half full and the jverige vapor space height
is one-hadf the tank depth.

The paint tactor allows for additionad beating of durker
tanks, For underground tanks this factor is inappropriste and
should be se1 10 1.0,

The turnover factor can be estimated by assuming all tanks
receive equal use, Then the tarpovers per vear conld be esti-
mited by:

Turnovers pur year

= [annual throughput)lttank cipacity) {3

The toral annuad throughput for vach fuel type is usually accus
rately known,

For future seenirios. fuel use must be estimated. A con-
servative extimition e be determined by muliplying the
rtio of the aumber of fuelspecific pperations in the future
compared W the existing case, For example, if wirerait oper-
ations are estimated o double by some future dite, then it
can e assumed that fuel use will abso double. A hetter esti-
mation cisn be made if the future Beet mix is Knewi with some
degree of certainty, and it the pumber of aperations are known,
Projected fuel loadings could then be multiplicd by the num-
ber of expected future operations to determine total airper
fueling vperations, Each of these methods allows the turn.
avers per year to be estimated for the fupsre case. From the
estimated turnovers for each study year, a table provided in
AP-42 is used to determine the turnover factor.

Once all the variables are quantified. the eyuations could
be simplified for general use. Qnly selected variables need be
changed {i.e., tank quantity or dismeter) 1o determine the
cHfeets on emissions. This permits i very quick reestimation
to examine various scemmios. The amalyst should also be awire
of tank age and the method of fuel transfer, Tank age would
be important if leaks oecurred at the seals, The method of
transfer could resull jn fugitive hydrocarbon releases and is
discussed in the next section,
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Vapor reeovery systems are being used much more fre-
yuently than in the past sometimes as a requirement, Hosed,
the recovery efticiency should be determined and the final
results corrected.

FUELING OPERATIONS

Fugitive hydracarbons sre s releised during the transfer
of fuel. The EPA has developed emission factors dised o
the torl amunit of (uel transferred aod has published these
Factors in AP-12,

The number of transfers must be determined o estimate
the emissions, The anmalyst shoukl determine how fueling oper-
attiuns are dome it the airport under study (e, by trucks, pit
hydrants. or ather methods) because this will affect the num-
ber of tuel transfers. For example, if ruck fucling is used.
fuel is transferred from tanks to the truck wnd then w the
adreralt (three tranaters); however, if pit hvdrants ibre used,
fuel is only transferred 1o the aircralt from o pipeline {on
transfer). From the number of fuel transfers, wtad hydrocar-
han releases from fueling operations may be estimated, Care
should alser be tiken 1o determing how the tanks are filled,

To estimpie the hydrocarbon emissions from fueling oper-
wtions, the pumber of gatlons transferred per vear are mui-
tiplivd by the AP-42 emission factor, Emission fictors are
availuble for JP-4, divsel fuel, gasolipe, and (00 L.E, (low
Jead) aviation fuel. Hydrocarbon releases caused by auto.
mabile fueling are generally sialler in eomparison o the
other fugling operition releases for any lirge airport because
of the smaller volume actually pumped. Accordingly, these
are sometimes eliminited from the analysis, Care should be
tuken to ensure that this is o valid simplification by reviewing
totpl service vehicle and surtomobile fueling amounts,

EMISSION INVENTORY TOOLS

Procedures and tools have existed for some time for the con-
duct of simort air quality studies, These procedures (2.3.4,5.6)
are informative and very useful. Unfortunately, no overall,
comprehensive guide hus bewen publisiied describing the entire
emission inventory process at airports, Accordingly, il of the
steps needed to carry i comprehensive emissions study through
to completion are not exactly clear,

FAA MODELS

Adding to the confusion was o general lick of comprehensive
computer tools specifically designed for emission inventories,
The lack of computer tools forced manual caleulations, adding
further chance for errors, The Airport Vicinity Air Pollution
Model (AVAP) (70) has been available since 1973 and Jid
combine ull the sources in a single model, However, AVAP
was designed for dispersion modeling and so requires exten-
sive data input in a tedious fixed-field format (main-frame
based). Anp emission inventory could be prepared using the
output file. but only after extensive manwal computations,
which leads to the manual method problems noted above.
Additionally, AVAP does not have updared emission factors
for newer aircraft, Hence, although AVAP s a useful dis-

i

persion mekdeling toof, Qi is not o useful entission inveatory
tonl,

FAA releused o model catled the Emission and Dispersing
Modeling System (EDMS) (£1) in December [985. Phis model
is microcomputer based and has all components of dirport
emissions in asingle model. FAASclose deadings with airports
Jed o this responsive model, which clintinazed most of the
problems of AVAT amd allowed aeeess 1o asst airpart aper-
aors hecanse of the microcomputer base, Further releses in
1988 provided refinemuents and i more extensive dieta base.
The primary vutput ¢f this model iy an emission inventory in
a directly usuble form. Adthough the title implies that dia-
persion madeting is accomplished, at this time the medel-
output is o completed entission igventory and aninput file for
dispeerston madeling.

Beciune EIDNS is ulimately mesnt e be o disprersicn piodel,
fowever, it als requires extensive inputting of Jdat tfor
example, the sample problem requires 123 steps). Fortu-
nately, this data is reguested in o user-friendly, sereen-prampred
furmat. Much of the input is required for the ereation of the
dispersion modeling input fite. This input file is directly com-
patihle with the dispersion models contained in the Usees’
Netwark tor Applied Modeling of Air Pollution tUNAMAP}
syslem: (PointeArea-Line) (PAL) (120 HIWAY2 (41); and.
CRETER (£4), Quick analyses, as for planting, are not eisily
accomplished with ELDMS. As e manual saggests, “An
experienced user should be able to process the example prob-
lemin less than 3 i, " The authors required i yuick, eificient
wity to comprare multiple strategies and operations at the dir-
porls. Ultimittely, a methodology and series of microcom-
puter spreadshects were developed 1o permit quick caleuly-
tions of emissions and eusy revision of emission input data
{15). The ubility to quickly revise and recaleulate wis espes
cially useful for studying the various project alternatives under
consideration.

DEVELOPMENT OF TIE SPREADSHEET

Ta permit the calculation of emissions easily wnd quickly,
LOTUS 1-2-3 spreadsheets were developed. Originally, sep-
arate spreadsheet files were created for each source, Each
spreadsheet contained 2 series of templates that allowed casy.
user-friendly sereen input, eisily changed caleuiation shects,
and s summary fable as the Jast template, Manual cideulations
were performed 1o validate euch spreadsheet.

The eoneept behind these templates was simple and effi-
cient {detailed progrimming of the spreadshect is not deseribed
and the reader is referred 10 the LOTUS user manual (16).
Anavto-execute macro command places the user at the inpur
sereen at the beginning of the program. The initial use of the
spreadsheet begins with all data ranges zero or hlank and are
shown as unprotected fields. User-fricndly prompts such s
“enter title™ would be shown, but protected. In this way, only
duta entry ficlds may be changed and they are highlighted by
being shown in a different calor (for PCs so equipped). If
more thap one page of data entry is required, the user is
advised to use the “page down' key 1o advance to the next
data input sereen, When all required data is input, the pro-
gram prompts the user to review the data by scrolling, to
change the dita as needed, or 1o calculate the answer. Cal-
culation is contrelled by invoking a bidden macro command
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that caleulates, first by setting variables as needed (for exam-
pley the Gt that the year of analysis causes a signiticant
chinge in motor vehicle emission factors is sceonnted for by
macra nanipulation of the data in the spreadsheet). Nest,
caleulations are performed Tased oo appropriate equations,
Figure 2 slows an expmple of an aircraft caleulation wemplae,
The sereen is then phiced at the cells containing o sumniry
sheet, OF course, it the wser wishes, chinges may be macle
data manually and manual updates used 1o cieleulie. Screen
locigion may alse be accamplished manuilly. This procedure,
however. would eliminate a key element of the spreadshees
process, manipulation of the data to insure peoper caleualas
tions,

Once a complete series of initial spresdsheet files (lor each
souree) was ereated, the entire series wis combined amd inte-
grited into a sipgle spreadsheet. Data input wirs prompied
by three input sereens. Figure 3 shows o typical input screen,
Caleulations for all sources are based on these input sereens
and tabulated in an overall summary table. Variables (input
dati) are shiared a5 needed for each source cateulation, Inpu
dataare alostored for review and/or changes by siply serall-
ing ta the correct input sereen, Accordingly, ondy the affected
spreadsheet cells wonld need w0 be changed 1o study each
project alternative, For example. 1o study the effects of chunges
tor the fleet mix, only the wirerift opesitions need to be changed,
The variubles for ather sources may ibvo be easily changed,
hawever, by simply scrolling to the desired inpur sheet, After
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the new data for different altermtives are enlered, o simple
“recalenlate™ macro commund i used to revise the caleuls
tions for all pollutants and 2l aireralt in a minter of seeonds,
and plee the screen ot the sumnuery table. Figure 4 shows o
typical swnnnary Gikle,

The completed, overall spreadsheet was designed as the
individual sheets in three stages: input templates, caleubstion
templates ind summary template, Figuee § shows graphically
the coneept behind the programming of individual templates
for cach somree, In the overall spreadsheet, subtotal summary
templates were alse included to allow the user e look ot the
elanges in total emission load for planning of 5 single source.
Also, maere comminids were wsed Tor overadl control as weli
as for data manipulations, For example, key stroke sequences
were coded into o macro command that enabled the muove-
muent of dara blocks in the motor sehicle section, which aliowed
correct emission factors 1o be used for sear of analysis,

This technigque used a vehicle ape and mileage weighting
distrihution, based on the national averages, According to the
selected year, vehicle usige factors conld *slide” to the seppro-
priate cells to atlow calenlation of an averall composite enis-
sion factor for each vehicle tape, This follows the methodology
of AP-42 (2). This caleulation technique was the sime as
shown in Equistions ©oand 2.

Subsequent uses of the spreadsheet are very bt beciuse
the user may store the results of previous calenfation sections
under different file numes. Then, as changes oceur, the user

AIRCRAFTI 727-20Q ENGINE TYPE:
YEART

FUEL USE TIME/QPER.
MORE (LB/HA} [LILE

JT80=17 3 ENGINES A1)
1986

Lo TaT, TIKE TOTAL FUEL
PER YR, (hRS)  LSED (LB}

IDLE a1 12,681
TAKEOFF 9938 Q.53
CLimagur 7910 2,
APPROACH e 4.00

POLLUTANT  MODE RATE (EPA}

co CI0LE) 39,12
t TAKEQFF } £.93
(CLIMEQUT) 7.9¢
{APPRQACH] ot Biech

NOX {10LE k1]
(TAKEOFF } 2@2.60
tCLImgouT) 123.48
1AFPROACH ) 19,23

HC (-CHd) (IDLE) 10,19
{TAKEQFF | Q.50
(ELIMBOUT) Q.42
VAPRROALH] 1,41

Sox {110LE? 1,15
{TAKEQFF } 9.98
(CLIMBOUT) 7.9
(APPROACH) 2.81

SPN (IDLE) 0.38
{ TAKEOFF } 3,79
(CLIMBOUT) 2.60
{APPROACH » 1.58

EMISSTON EMISSIONS  TOTAL

44421 93315 12736264,
) 192 3315962.2
i) 1628 12883425,
3421 236} 83atE40.3

PEA mODE  EMISS.
1295075 13682
el
JEESR
179725

133508 1123234
23846y
BOC9G4
172363

gxamn 267942
Ses
1958
12827

5ee 127571
11748
38652
24964

Qa2 40458
4355

12704

13326 i

FIGURE 2 Aircrult emissions culculatlon spreadsheet bused on AP-42

cdssion fuclprs,




PLEASE ENTER YEAR OF AKALYSLS: r986 PAGE A2

tased s 240 aCOMREACIAL ATRCRAFT INPUTs 10 sreanar
PLEASE ENTER THE LT CYCLES AND TIME N MOOE FOR EACH AIRCRAFT TYPE

AIRCAAFY 1 1LT0'S sTIAE IN MOOE (AUG. EVENT IN HIK, }e
TYPES PER DAY  TAXI/IDLE TAKECGFF  CLIMBOUT APFRDACK
ammstmESSAr samaudpEp aEbapae SAyEaases ssbeamue
B.% 16,22 2.82 2,20 4,20
2.4 15,4E @.52 2.0 4,20
121.7 12,61 0.93 7.8 420
14,7 12,51 0.53 .20 4.3
B737-300 14.4 12,81 8.5] 2,20 4.2
B747~100 11,8 16.22 2.6 2.9 &80
BT47-203 7.1 16,2 .82 2.22 4,20
B747-5P 3.6 16,22 @.83 2.20 4.00
B757-202 9,7 15,45 9.91 2.2 4,00
BIE7-202 18,4 18,2 e.42 2.2 4,00
BAeidg 35.8 15,61 .53 2.2 4.0

VWAV N\

evsonpereofUELING, STATIOHARY , AND POTOR-VEHICLES INFUTessresPAGE A=

ENTER
FUELING DATA usasnmans
EWTER NUMBER OF JP-4 Futi TANKE (M AIRRQRTI 23
ENTER AVG, DIAMETER OF ALL TANKS (FT)z R
ENTER THE EFFELTIVETEIT IF LAPOR RELQUERY 1511 LH
STATIONAAY EQURCE DATA (TWIN TURIINES)
ENTER FT3/102 OF AATURAL GA3 J3E] PER YEAR! 5137123
ENTER GALLONS OF DISTILLATE FUEL USED: STADER
ENTER THE PER CENT "Ev WE1EWT) OF SULFWUR [N FUEL: 8.0
MOTOR-VEHICLE DATA
ENTER AADT (VEW/DAY I EMPLOYEE: 45167 ALt OTWHER:  B300D
FOR "ALL DTWER-: ENTER %5 8BUS: 3.3 3 TRYCk: 2
ENTER TRIP LERGTH (N[, 13 ENPLOYEE: 0 ALL CTWER: i
ENTER DAILY AVG, PARKING LOT USAGE (VER/DAY): 34673
EMTER AVG, IDLE TIME AT TERMINAL (MIN): 4

L T T Ry e N T T e P Y TR T Y FY N Y

T0 CONPUTE RESULTS, PRESS ALT-A, TYPE ANALYSIS YEAR AND WIT ERTER.

FIGURE 3 Typical spreadshect input sereens,

v s 0SURMAAY OF RESULTSweeess

POLLUTANTS {TONS/YR)

S0URCE co HQX HE ox SPK
“ssnmaus [P P P YT I T LTI PPy
AIRCRAFT &,351,6 3 ,546.4 1,679.4 £92.4 197.2
GRD VEHICLES vrT,g §6.8 261.9 9.9 24
FUELING EVAP, == - 263.4 - it
STAT, SOURCES $.8 9.4 1,4 1.2 1.6
RTA-VERICLES 28,475,2 I .982.2 3.7a0.3 11,5 9t6.8

P LT T T PPy T P P T P P Y I T PP PP T PP P Y

TolALS 33,984,5 B,223.9 4.896.3 1.,Q4T.8 1,077.7

FIGURE 4 Summury page from spreadshect.
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TAXL TIRES

COMAMERCIAL
=== AIRCRAFT
FILLE

l UPDANED balA VARIAULES1
wostiopara | il a i
Ll o 0| B i
FINAL SUHMARY g G &E LN

=,

1
GENERAL AIRCRATY
WRATIO DAl AND FULIT ARY

TEE Ee
b

GROUND COUIPMERT, FUELING SAURCES, NOTAR
VEHICLES, AMD STATIONARY SOURLES

FIGURE § Conceptuul design of airport eanissiuns inventory
spreadsiweel methodslogy.

simply recalls the proper spreibheet, nukes the required
chuanges, and recaleulites, Many seenarias cun thus be eval-
wited quickly.

SUMMARY

This puper presents suggestions (o overcame common proth-
lems (pitfalls} and o computer methadology 1o estimate air
pollution emissions from airparts, The computer methodolugy
presented may be used at any airport. Table 2 presents emis-
sion factors from FAA certitication data that should save o
great deal of time atnd increase accuracy in futuee sudies,
Methedologivs for determining aireraft i time and amo-
mobile idle time have also been presented, This work should
heip ather nnalysts by saving considerable time and effort in
conducting similur analyses o allotv yuick efficient planning
methods dmk emission imventories,

A conservitive approach is suggested 1o ensure that aay
problem areas would be identified. For example. if the project
alternatives had shown great differences ar if noncomplianee
with the SIP had occurred. then o more detailed examination,
anil perhaps dispersion modeling, would de necessary,

A key fuctor in estimating emissions is the amount of tasi/
idle time required for the aireraft, Accordingly, great efior
should be made 1o quantify this factor, If the suggested AP
42 technigues are used alone, errors may oceur beciuse of
(a) outdauted emissions factorss and (b)Y excessive dle times
based on o very large, congested airport, Accordingly, the
methadolagy and emission factors of this paper are thought
to give imuch more reasonable results,

FAA eamputer teols available w the analyst are not meant
primarily for emission inventories and require extensive duti
input. The authors have found that the use of LOTUS 1-2-3
spreadsheet lemplates allows quick and efficient estimates of
changing criterin through data storage in input templates.
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Emission inventories may be campleted guickly and effi-
viently, Emision inventories cian be viduable planping tonls,
The computer methodology presented here for canducting an
emission inventory ilowed the future cases 1o be adequately
analvzed and wlso allowed the inventories 10 be inpuat far
project decision making, Although the results should not by

used to prediet imx

(dispersion medeling is reguired for

that), comparisens between project alternatives, changes from
existing emissions, and clinges in vountywide emissions nyy
all e stuelicd, The time required for such an analysis in the
future shoudd be redueel by using the infaomation collected
by e authors and the microcomputer pethodologies pre-
sented herein,
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Environmental Impact Analysis of
Transportation in a Rapidly
Developing Urban Area

P. A. KousHkt

The envieonmentul impact of transpartafiten sy stems on air quality
und noise levels is unulyzed Tor the rapldly develuping capital city
of Riyudh, Suudi Arahig. In addition (0 monitoring neise unil
carhon monoxilde during peaks and off-peuk hours at heavily tray.
eled arban arterials, physical, b wse, ralfie voltme, and trivel
speed dita were abw codlected ui study locutions, Findings Indi-
cuted that iraific-gencrated noise uml earbon monoxile wir pols
tution sere In excess of permissible standurds by o conslderahle
targing Both tralfic volwne and teaved speed demonstrated sige
iflcutil and positive correlutions with the varlous stutistical men-
sures of trulfic nodse, Teaflie yolume, wind velocily und teaflle
specd were alse significantly corrclated with carbon munovide
comeenteations. Bt appears thul ropid urbaniztlon, increased
muhillly wied the favoring of private trunsportulion modes by
responsibic sutheritivs have combined o croate w significont beg-
ative lmpact on the urbun environment, Finully, the polleles for
initigating the udverse effects of trafle nolse and air pellution In
developed notlons ore reviewed, and theie applicabillly (o the caw
of Sout Arabin is discussed.

" This paper reports on the findings of two reseireh projects

aimed at analyzing the environmental impacts of transpor-
tation in Riyadh, the rapidly developing capital of the King-
dom of Saudi Arabiu.

Over the lust two decades, the environmental impact of
transportation in urban areas has become i major public con-
cern in western industrialized nations and, as sucl, bas received
increased attention from federal, state and local governments,
the privine sector and the public, [n response to this growing
voncern, governments and authorities have committed con-
siderable resources to control these negative side-cffects of
transportation, and the end result has been successful to o
remarkable degree (1),

Alr and noise pollution constitute two of the most critical
areas of the environmental impact of transpostation. Through
multidimensional and concerted efforts to imprave environ-
mental quality. the governments of Western natiens have
established laws and regulations {2.3), Researchers hive iden-
tified sources of these pollutunts and have developed men-
surement methodelogies (4.5.6) and predictive models o
determine the future impacts of these substances (7.8,9), Fur-
thermore, they have examined the assumptions {I0) and relj-
abilities of these madels (17}, and established design methods
and expert systems for the mitigation of these substunces (12,17)
and for policy anaulysis (#4). Finally, they have addressed the

Civil Engineering Depariment. King Ssud University, P.O. Box 800,
Riyadh 11421, Saudi Arabia.

public’s atitudes towird (15.08) and responses to hese envi-
ronmental impacts of transport systeins (17.08,24),

In the Kingdom of Sandi Arabin and other nations of the
Persion Guif, the nite of socic-cconomic and infrastructuri)
development aver the last decade and a hall bas beea unpar-
alleled in the history of the modern world 20). Fram 1971
to 1987, this development has direetly affected urbvinization
anad mubility tresds in these natins, The popubiion of Rivadh
grew from 3S0000 1o 1.3 million (2703, The number of reg-
isteredd vehicles in the kingdom abso inereased more than 30
times during the same period (22). An aversge Saadi howse-
hold in Riyadh owns nearly two jutos and makes more than
eight vehicle trips per day for a total of nearly 90 km of trive]
{23). A majar arterial street in the city center may carry an
average daily traffic volume of well in excess of L3000 vehi-
cles per diy (vpd) (24). A large percentage of these diily
traffic volumes consists of station wigons, minibuses. buses
and heavy commercial vehicles (25), Despite these tremen-
dous increases in the size of the urban population, the vehicle
fleet and daily travel, recent rescirch concerning the envi-
ronmental impact of transportation in the kingdom is estremely
limited.

This paper presents the findings of two funded rescarch
projects designed to monitar and analyze traffic carbon mon-
oxide {CO) and noise pollution in Riyadh and to recommend
policies for mitigating the adverse effects of these pollutants.

The objectives of these studies were to: (3) monitor CO
und noise pellation levels in heavily-traveled arterial road-
ways in Riyadh; (by examine the copiributing power of (he
ciusal factors of traffic volume, speed and mix, roadway geo-
metrics and meteorofogical characteristics on these pollutant
levels; and (c) review ind recommend mitigation policies
applicable to urban areas of the kingdom.

EXPERIMENTAL DESIGN

Eight locations were selected for CO and noise monitoring,
These roadway sites were chosen on the basis of frequent site
visits und discussions with traffie officiuls. Location, land-use,
and physical data were collected, and traffic volume was mea-
sured continuously for a period of 2 weeks at exch location,
Traffic speed was also measured during 6 peak hours spread
over the study period (1985~ 1986). Table | presents a sum-
mury of the Jand use, physical, and traffic characteristics for
the study arterials,
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TABLE I LAND USE, PHYSICAL, AND TRAFFIC CHARACTERISTICS OF THE

STUDY ARTERIALS

Arterial Major
Toncway Lang Usp Width width

Approach Sidewalk Straeet Pesk=tour Peak=Hour Monltoring
Aspeat  Volum Speed

Type {n) {m}  Ratlo (vph) {kph) @ B

Al=llathn Comerelnl! 12,0 4.8 0.5 630 2.0 . .
Rastdentind

Al=Jamenh Gaov't/f 12.0 45 0.1 7124 1.5 .
Rosidentinl

Al-Wnshwm  Camercial! 12,0 5.0 5 i 51 17.0 . .
Renidentia)

Al-Matar Gov't/ 11.5 1.9 [} 2685 2 Y
Camrereinl

Al-Khlaeg Gov't/ Tl 1.5 (1] 4144 b .
Canmurelinl

Al=Aseer Husidentinl/ 7.5 4.5 u.8 ADZH 19,0 .
Canmercial

Al=Madinah Commercials 2.0 1 tad i o,
Raaidentini

Al-Scnaeiash Industrisl/ 12.4 2.0 01 4107 7.0 B

Camnerclal

Traffic noise was measured during 6 hr covering the morn-
ing and the evening peak periods and the off-peak hours at
ench location. Noise levels were recorded wt L-min intervils
using the Bruel and Kjier Sound Level Meter Type 2209 and

_ the Sound Frequency Filter Type 1606, These instruments

were calibrated before each monitoring perivd,

Carbon menoxide was mensured at each location during 6
peak hours spread over o 3-month period (October-December)
in each year. Concentration levels were recorded three times
at S-min intervals during peak hours. Concentrations of CO
were also monitored continuously for a period of 10-15 days
at cach arteriul, Ecolyzer Series 2000, together with Rusirak
Recorders Model 288, were used to monitor for CO, These
instruments were also calibruted before each mensurement
period.

TRAFFIC NOISE

Analysis of noise level measurements indicated that traffic
noise was quite high at all locations und during peak and off-
peak periods, Noise levels ranged mainly from the high 70s
to the low 90s, and their intensities differed from location 10
location,

A sample of the cumulative frequency distribution of noise
levels for the Al-Batha and the Al-Washem arterials is shown
in Figure 1. Noise levels in the Al-Batha site fluctuated from
i low of 8] dBA to u high of 96 dBA during peak and off-
peak periods. The values of Ly, Ly, and L. (the sound
pressure levels exceeded 10, 50, and 90 percent of the time,
tespectively) were 91.9, 86.8 and 83,1 dBA, respectively,

At the Al-Washem site, noise levels ranged from a low of
66 dBA to a high of 95 dBA. As shown in Figure |, this site
was considerably less noisy, in general, than the Al-Batha road-

way, The main reasan for the higher noise levels in Al-Bathil
wis the focation of a steel lyover constructed 10 permit through
truffic to bypass the signalized intersection with: Al-Khazzan
Streel. In addition to the reftective noise, the through traffic
over the flyover wavels at i high speed. even during Jaily
rush hours,

Asummary of the L. Lo, Lae L, (the equivadent sound
level, or the sound pressure fevel of a constant noise that
produces the same dmount 0f 4COUsSHC energy over i given
time period as the actual noise varying over time), Ly, (the
noise pollution level) and TAY {the traffic noise index) for
three monitoring periods and four study sites is presented in
Table 2, [t is important to note that traffie noise was generally

— Motning prak
v ¢ e A{LAT REOD '
- Evgning prak

NMOHS 1¥H1 < 3L 40 %

L]

1 ! 1
[ 1] L1 T i ) L}] LY ] L k] kL]

NOISE LEYEL (aBA)

FIGURE | Cunrwlalive disicibutlon of noise levels at Al-Buatho
and Al-Washem,

100




Roiishhi

n

TABLE 2 SAMPLE NCHSE LEVEL MEASURES AT MAIOR

ARTERIALS IN RIYADH

Study Monitoring Nelso fevel Measures (din)
S{te Tima Perjod
fs I. L L L ‘NI
10 50 9 e NP
‘brnfayg Ponk Y a7 LT ] 91 ik A
Al=lathi Off[-1enk a1 L] LE] LTH] Y Hf
Fvening Peak 42 H7 81 a1l ur H7
Morning Peuk A6 L1 Th H4 9 H4
Al=Wnshem  Off=ponk LK) ™ 72 1] ol L1t
lvening Penk  H3 ™ 4 R Hit 8%
toreing Ponk 87 g2 T8 H5 43 83
Al=Senaeinh OFf-penk #5 Hi T4 L}] # L&
Fvening Peak AT L1] 75 #5 % L]
\orning Penk 8% 85 Hn 9 ug A5
Al-KEhalepj  OFf=peak we 77 3 Hl LE] 77
Evening Peak A7 LH] M 85 4 43

very high during working honrs at all sites. This is clearly
evident from the values of the L., The L., ranged from a
low of 72 dBA {off-peak period) at the AlWishent site to a
high of 84 dBA during morning peak hours at the Al-Batha
locaticn,

The L., was also calewdated for each monitoring perind,
The resulting L, vales ranged from o low of 81 dBA at the
Al-Khaleej site 10 o high of 91 dBA at the Al-Batha location,
The L,, values remained nearly constant at all sites with the
exception of the Al-Khaleej location, where fluctuations of
truffic volumes between peak and off-peak hours were the
most prosrounced of all sites,

In terms of assessing the effects of noise on hwmans, L, is
one of the most important measures of environmental noise,
because experimental evidence supgests that it accurately
describes the onset and progression of hearing [oss. There is
also considerable evidence that L,, measures human annoy-
ance attributable 1o poise.

Alsopresentedin Table 2 is the ealculuted value of the Ly,
for each monitoring period, The Ly, values were generally
in the high 90s, indicating the "'noisiness” of major arteriul
roadways in Riyadh, The Lye was less than 90 dBA only
duting the off-peak hours it Al-Khalecj site,

The TN, which records the frequencies of intruding single-
event noises such as the sounds of sirens, horns and noises
from heavy trucks, again indicated that although the aoise
levels during any period of study were generally uniform, the
intreding single-event noises were sulficiently frequent to affect
the values of the Ly, (the highest-intensity noise levels), This
was particularly true at the Al-Khaleej rondway, which is
located next to the Military Hospital.

A comparative analysis of the TN/ and the L, noise levels
indicuted that the TAF values are mostly larger than the L,
levels, This reflecis the fact that although the noise levels
during any period of the day were generally constant, the
intruding single-event noises were sufficiently frequent to affect
the values of L, and consequently, the TN/

[t is of particular importance te note that in urban areas of
the Middle East in general and the Kingdom of Sutdi Arabia

i particulir, the fifestyle and the consequent variations in
travel bebavior assume a signiticantly Jifferent pattern than
those af urban areas in industrislized nations, Instead of the
twa typical daily rush hours (start and end of daily working
heurs) experienced in urbitn areus of Wesern nations, traftic
patterns on g given day follow four peak periods in the king.
dom's cities, The uswal murning peak is followed by an carly
afternoon (1:00) p.m. -0 p.m.) peak corresponding o the
closing down of commercial uctivitics and the end of the work-
ing day for government agencies and yducationuk institutions.
The third daily peak occurs ut 4:00 pon, =310 pan,, when
conunercial and privitessector institntions resume their sec-
ond (evening) working period. The Jast, and useally the heas-
iest, daily traffic peuk is around #:30 p.n.-%:00 p.m.. when
the daily working hours end. Clearly, this puttern of daily
travel significuntly affects the impact of transportation on (ke
urban environment,

Table 3 presents the results of the correlution analysis pers
formed on traffic volumes, trave] speeds and statistical mea-
sures of traffic noise, Both volume apd spzed of traftic dem-
onstrated a relatively high positive correlation with the statistical
measures of Ly, Law L and the L. The coefficient of
correlation between traffic volume apd speed, however, had
a negative sign, indicating & decrease in travel speed with un
inerease in traffic volume, as was expected.

TRAFFIC CARBON MONOXIDE

The peak hour distribution of carbon monoxide concentra-
tions indicated that the levels of CO air pollution st Y] sites
were generally above the standard limit. The Saudi Arubian
Air Quality Standards (SAAQS) limit the concentrations of
carbon manoxide to 33 ppm, for maximum |-hour exposures
and to 9 ppm for maximum 8-hour exposuses (26),

A typical distribution of carbon monoxide concentrations
during a peak hour for the two study periods is shown in
Figures 2 and 3 for the Al-Batha und the Al-Jameah roadways,
respectively, The CO levels represens the average Jevels of




A FRANSPORTANON RESEARCH RECORD 1240

TANLE 3 SIMPLE CORRELATION MATRIN

Variable
Ayl g,
Nariuhle [ [ [ [ val, b spead e
L, [RIETH 7 s e annd I
- LIRHK) ATS0 A7 4450 A743
[ [HLLLE R s 4175
JRELLT) A3N RN
Avpovid hr | £ty BRIt )
Avg.speed hr IRLLLH ;
- '
: ] six peak hour periods monitored wisch year. The coneentra- ;
toas ____ ::’.‘:nf:":::":" tions of CO incrensed slightly during the twae study perios. !
: |agg === Source Centerling This increise in COJevels was in line with the increase in the :
e T 00} = Sidewatt Limit IiAum_E]cr ufl vuh'iclc'e- in Rivadh (27), The CO Jevels decreased :
. a ook ,sq:'nmcum_t,\‘ _Wllh_lncrcming distance lrlnlu_tllg souree. !
2 - — fllc variations in the pcuk ‘huur CO distributinns are lﬂl:lllﬂ’\' :
¥ z 2 . attribugable o fAuctuations in tratfic volume and timings of
- = 70 o - traffic signah ot one end of the study seetions, The construe-
?5 tion of virrious urban roadw ays over the last deeade in general,
- z and thie of the ongoing north-south cross-town expressway
g in parrticular, hive resulied in numerons shert- and long-terms
¥ a8 tratfic detours, causing o shift in valume ot or in the vieinity
p =1 of the study Iocations, In addition, the timing of the isolated ]
% z srieffic signals throwghout the city is frequently mmual v adjusted !
o thy truffic officials) to accommaodate varialions in traffic
o volume attnbutable w detours or congestion during peak

houwrs, or both. Buth factors nsay affeet CO concentrations

TIME (Minute } significantly.
5 FIGURE 2 Peuk huur distribution of curbon Fm:mrsuf wind dircct_in_n and wlm:ilzv may :_|Im siynil‘u:c.-mtl,\-
4 muuuxid'v-cuncunlrnllum al Al-Batha, contribute 10 .lhcsc variations, f\_rln!_\'nls of wind data for _tln: :
i two study periods, for example. indicated that although wind
: velocity varied between 5.6 and 18,5 kinvhe o different mon-
= itoring days during the first study period, it changed from 1Y
1w 9.3 kmvhr in the second study perioad, The direction of wind
: was pever the same for any corresponding monitoring Jay
¥ 19y oo :f:::‘nﬁ'fj,';:'l’" during the two study perizds (28,290, Measurements af back- ;
‘:r ground CO levels at o farm 75 km from Rivadh indicated that
2 T 100+~ ragg = Sauree Cenlerting the 185 maximum 1-hr and 8-br concentrations were 2.4 and
& gl e Sidewall Limit 1.3 ppm, respectively.
3 g The result of two weeks of continuous muonitoring of CO
; :_3 0~ taken at o height of 3 m {sidewalk limit) at each study section
i 2 70 abso fndicated that the maximum B-hr siverage concentristion
; E of CO exceeded the standard limin by a substantisl margin at
: g 60 all locations. The B-hir levels in Al-Jumesh ranged frim 13 1o
i S 4o A ppm, for an average of 22 ppm. The CO mean 8-hr con-
; g centrations at Al-Batha and Al-Aseer were 21 and 14 ppm,
i z respectively.
! i} 10 The cumulative frequency distribution curves of contintous
i CO meusurements for the Al-Jamesh and Al-Aseer sections
' 0 are shown in Figure 4. These distributions indicate that the
10 CO concentrutions in Al-JTameah have, in generil, o higher
rrobability of exceeding a given level than those for e
°° AlsAscer roudway, especially at higher concentration levels,

For exumple, although the concentrations of CO at Al-Jameah
TIME {minute) exceeded 22 ppm 30 percent of the time, thase at the Al-
Aseer roadway were less than 15 ppmi. The difference in the

: FIGURE 3 Peak hour distributlon of carbon monoxide : i ML
daily CO concentration distriburions between the Al-Jameuh

concentrallons at Al-Jumesh,




Kiniexhki

and Al-Aseer roadways is coused mainly by two fictons: the
average daily traltic velume and the street aspeet ratio (the
rutio of buikding height to street width). The Al-Jameuh road-
way s it Ihor arteria) serving o viriety of commercial, edu-
eational, and residential lind uses, Tnaddition, it serves as a
link connecting the newly developed districes in the northeast
of the city to the CBD aren, As such, this arterinl roadway
moves large yolumes of tratfic throughout the day. Al-Aseer
Street, on the other hand, i o collector seeving 2 mainly
residential district with high vofumes of iraffic during tie daily
rush hours and Jow volunes of local traffic during off-peak
Tors, The street aspeet ratio for Al-Asver Street is abaeight
times higher than that of Al-Jameul Strevt (Table 1),

The mesn CO concentritions measwred during the [9R3
und 1986 study periods were subjected 1o & significance 1est
to determing whether the increases ar decreases in their levels
were statistically significant (30). As presemed in Table 4, the
ineTeases in source-centerline concentrations at Al-Batha and
Al-Jumeah, and the decrease in CO levels at Al-Ascer aver
the 2.year period were not significant at the Y35 percent sig-
nificance level (o = 0.03),

Analyses of correlations, pertformed to determine deprees
of linear ussocintion between CO levels and causal factors,

4

indicated that variables of teaffic volume, wind speed and
traffic speed demonsteated o significant correlation with the
tevels of CO concentrations. The coefficient af correlution
between the peak hour traffic volume and mean V-hoar €O
concentritions varied from i low of 39 at Al-Jumeah, to .6d
at Al-Batha, and 71 at the Al-Aseer arterial, Thuse for the
mean wind velocity were - 28, ~.da, and =32 for the
AlJamendh, Al-Batha, and Al-Aseer rowdways, respectively,
The correlation coeffivients bewween wralfic speed and CO
levels were - .21 for the Al-dJameah, — .30 for the Al-Batha,
and — .33 for the Al-Aseer arterial, The negative signs issos
cisted with these coeffickents conformed teexpectations, Both
traffic speed and wind velocity demunstrited o negative rela-
tionship with concentrations of CO, indicating & reduction in
CQ levels as the value of these variables increased (3],
The error jssociated with the sample mean of CO wis
caleulited and o mean confidence interval was constructed
using the CO sample size, the mean and the standard devii-
tion for cach sampling location. For exaumple, the errors usso-
ciated with the 1985 sample CO were = 1.7, =14, and =1.2
ppnyad Al-Bathi, Al-Jameah and Al-Aseer, respectively, The
true mean CO concentrations at Al-Batha, for example, fell
within a range of 39 10 62 ppm 95 pereent of the time. Because

100 =
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FIGURE 4 Cumulutive distribution of curbun monoxide concentrutions at

Al-Jumeal and Al-Aseer,

TABLE 4 TEST OF SIGNIFICANT DIFFERENCES IN MEAN CO

CONCENTRATIONS (1985- 1Y86) (31),

Arterial 1985 1946 Calculated Hypo. Tost
Roadwiy % Valus M=ty by
1] Ha 04 N
Hpoy ERFR Hymhgm i,
Al-Fatha 0.3 10,1 216 58.6 10,3 108 1.4 H = Rajected
Al=Jnmeph 48.4 8.4 216 54.8 A.1 108 23t H a Mejected
Al=Asgser 50,8 9.8 216 57.5 1.7 10R  ~l.6 H = Refanted

NoTe: 99 percant significance feval (6 = 03} wad,
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of the smiller simple size, the 1986 CO levels are character-
feed by slightly less acenrate sample means thin those of (YRS
at all study arterits.

MITIGATION POLICIES

Western develaped nations, through their pioneering in tech-
nological innovidions and utilizitions, hive provided the
developing nations with two valuable opportunities. The pre-
ventive apportinity is die opporeunity 1o learn from mistikes
wlinapproprisie policy decisivas concerning the idverse eifects
of imensive nse or misuse of fechpology, The option oppor-
unity is the oppartunity o choose (with ;misimun of resource
expenditures) from among a set of tested and eviluated mir-
igition policies, those thag are bestsuited W particulur socios
econemic awd poditical epvironment.

The widespread oceurrences of similar adverse environ-
mental impacts in many of the developing countries indicuty
that unfortunately. valuable advantages of the preventive
opportanity have yet to be realized by these nations. In spit
of severil decades of advanee warnings, similur mistakes are
heing repeated. The Kingdom has assumed a pioacering rote
in the region by taking steps o control the adverse eftects of
transportition on the environment,

Mitigation amd effective controb of the adverse effects of
tralfie noise and air pollution require approaches that in iy
respects nre complementury. A mitigation policy such as land
use control, traffic management, or transit promation that is
directed toward one type of pollution often minimizes the
negative impacts of the other,

Control approschies may be grouped into five categories:

1. Source emission centrol

2. Improved highway design noise barriers and vegetation
3. Land use congrol

4 Traffic management and transit prometion

5. Public education progeam

Source Emission Control

Source emission control requires the development of sehicles
that are quieter and emit less CO air pollution, Significant
progress has been made by vehicle manufacturers over the
last lecade to reduce bath vehicle naise and CO emissions,
and it continues to be made, The role of governments has
been o establish and enforce noise and CO emission stin-
durds. The kingdom has adopted the CO emission standards
of the United States and, through the establishment of the
Vehicle Inspection Program {now 2 years into operation),
enforces the 35 ppm, maximwmn 1-br concentration levels,
Similar efforts, however, are required 1o regulate levels of
noise and reduce high noise pollution levels al certain
locations.

tmproved Highway Design and Nolse Burriers
The Federal Highway Administration FHWA regulations for

mitigating traffic noise in the planning and design of highways
include adlequate noise uhatement measures fo comply with
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the standards, ind i greater agention o nojse impacts in
choosing the rosite amd fayvout of new roadways (42). The
regalations require that the following factors be comsidered
during the planning amd design phases of @ rosdwiy project:
identification of traflfic nuise impacts: examémtion of poten-
tial mitigation measures; incerposiation ol reasaniehhe and fod-
sible poise mitigation measures into the bighway projec: ad
conrdinawion with local officials to provide belpful information
un compatible lund use planning and controd,

Becanse roadwiy netwarks af most gjor urban sreas in
the Kingdom have been completed recently and very fow new
highwitys are being boile within populated areas (with the
exception of the north-soutl cross-town expresswviy in Rivadh).
the choiee of realigning or depressing the raadway is not
avitilable, The construction of noise barriers along the newly
enstructed urban expressways may, however, provide the
niost effective nteasure for reducing trffic noise aong these
corridors, where necessary.

Nuise barriers may also be constructed along the existing
steedl Ayovers and bridges within urban areas. These urban
roiidwary sections currently experience poise levels much in
excess of the permitted stupdards. Effective noise hurriers can
reduce noise fevels by W to 13 dB, thereby cutting the loud-
ness of roadway neise in half,

Land Use Control

Land use control is concerned primarily with establishing wnd
eaforcing regulations on land development so that noise-
sensitive kind uses are either prohibited nest o roadway.
or so that developments are planned, designed, amd con-
structed in o way that minimizes traftic noise impacts,

In developed nations, control of kind use development is
mainly the responsibility of tocal governments. In Samdi Ara-
bi, however, the unified central government struetire is best
suited to the applivation of this mitigation meinsure because
the bureaucracy and red pe involved in dealing with thou-
sunds of local governments is reduced.

Tralfic Management and Transit Promotion

Options in this category include the rerouting of heavy vehicle
traffic; the prohibition of trucks from certain streets andior
the assignment of a specific time period for their operation:
the evaluation of truffic signal tiniings and their coordination
to minimize frequent stops and stirts: the reduction of speed
limits, especially at locations with steel flyovers or bridyes:
the evaluation of one-way/two-way uperation to lessen inter-
ruptions caused by left-turning traffics the prohibition of
onsstreet parking to minimize flow interruptions; and the
establishment of a speciat lane far transit and high-occupaney
vehicles to reduce the volume of raffic in noise-impicted
areits,

Publle Education Program
in developing nuations, the level of public education and

awareness concerning the adverse effects of transportation on
the environment is very low. [nadequate and low-profile pub-
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lic vducation campaigns, o high mie of itliteracy (especially
amuong odder people), and a fairly recent expenience with teeh-
nology and mobility are among the factors contributing o this
deticiency. A comprehensive educational progriam should aim
ars improving driver behavior by discouraging 1he misuse of
horns: increasing public awireness of air and noise pollution
and its prevention: encourging daily wravel planning among
fumily members 1o reduce travel demind: and promoting transit
use aind high-neeupaney vehicle traved, The progeam should
inehade o coordipited effortamuong all involved igencies and
should extend 1o all segments of population,

SUMMARY AND CONCLUSIONS

The Ringdom of Suudi Arabia has recently experienced rates
of socigeeconomic and infrastructural growth unparalleled in
the history of the modern world. One particular result of
increasing affluence his been the drnmitic rise in the number
of vehicles and o corresponding increise in urbinizition and
urban mobility, These developments have. in turn, led to
noise and air impacts on the enviconment in the urban areas
of the kingdom,

This paper reports on the findings of rwo ongoing [nded
research projects undertaken to analyze the neise and air
impacts of transportation in Riyadh's urban environment. This
information provides the necessary basis for the developmem
of policy measures and actions required for the effective elle-
viation of the negative environmental impacts of urban
transportation.

The findings indicated that traffic-ge nerated noise and CO
air pollution at heavily traveled roadways in Riyadh were high
and excecded permissible standiirds by o considerable margin.

The sumple noise level measurements clearly showed thi
traffic noise intensity ranged from about 83 10 93 JBA, The
results of a cumulative frequency distribution of nnise levels
showed that the intensities of the highest 10 percent (L}
were very high at nearly all locations, The L, is mainly affected
by the frequency and the intensity of intruding single-even?
noises such us horns, sirens and heavy trucks,

The equivalent sound level (L) Tunged in volue from a
low of 81 dBA to a high of 91 dBA at the study sites, These
high L., values point 10 the noisiness of the urban environ-
ment at these locations, This statement is further supported
by high values of the traffic noise index and the naise pollution
level, Both traffic volume and traffic speed demonstrated sig-
nificant and positive correlations with various measures of
traffic noise.

The maximum 1-hr and 8-hr mean CO levels exceeded the
SAAQS of 35 and 9 ppm by a significknt margin at all loca-
tions. The maximum 1-br levels for the source centerline were
60, 40, and 31 ppm during 1985, and 39, 55, and 57 ppm
during 1986, for the Al-Batha, Al-Janteah, and Al-Aseer arte-
rials, The differences in mean CO levels for the two study
periods were not statistically significant at the 95 percent tevel
at either of the [ocations. The maximum 8-hr CO concentra-
tions during 1986 were 21 ppm at the Al-Batha, 22 ppm at
the Al-Jumeah, and 14 ppm at the Al-Aseer roadways. Only
about 1.5 ppm of these CO levels is contributed by sources
{background) other thun traffic in Riyadh,

Correlmtion analysis indicated that the variable of mean
peak hour volume showed the highest degree of lincar asso-
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ciation with traffic CO. This was follwed by wind velocity
and traffic speed.

Five groups of mitigation approaches currently practiced in
the developed nations are identified, These inclde source
emission control, improved Jighway design and noise g
riers, lund use controb, fratfic management and transit proe
matian, and public education progrims. The general appli-
cithility of these mitigation approiches s alse discussed.
Comprehensive and coordinated efforts will he sequired
to minimize the adverse impacts of urhin mability o the
enviromment,

Overall, it appears thet rapid urbanization, increased
mobility. and the favoring of privite transportition by respen-
sibrle autherities have combined to creute o signiticant negative
impact un the urban environment. As arhanization and auto
ownership inerease, the size and the complexity of the preh.
lems are likely to grow, Decision makers should nutke every
eifort to minimize these negative urban  tranyportition
by products,
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Impacts of the Greenhouse Effect on

Urban Transportation

WiLLiam A, Hyman, Tep R, MILLER, AND J. CHRISTOPHER W ALKER

Sciuntlsts suggest thal temperatures might eise 5°F (o PF over the
next LOW years, amd that the seu level could rise 2t ST response.
Temperature chunge imight reduce snow and ice control costs, show
roud and bridge deteriorution, and eventually veduce reguired
puverment thickness, The uncertuinty of future temperstures sug-
gests Increasing the sulery fuctor curremly designed Into expunsivn
Jjoinls on bridges shd major reads, and reexamining 1he heat tol-
crances of rallrowd tracks. A rising sew levet und the potentfal for
more inlense starins could reguice bridge vedesipn, better airport
drulnge, snd ralsing of low-lying streets near tdul waters, Retro-
fitting could be much more costly than chanpes made prospectively
during reconstruction, Deslpn stundards und sitlng ¢riteria should
be renssessed in Hght of lkely climale changes.

Two weather models developed for the Environmental Pro-
tection Agency (EPA) (1) sugpest that the earth could be 5°F
to 9°F warmer than today by X80, warming as much in 100
years as it did since the last glacial period 18,000 years ago,
The models suggest that since the Industrial Revolution began
in 1850, enough carbon dioxide and pollutants were bunked
in the armosphere to cause half that temperature rise. The
rest would result from projected emissions over the next cen-
tury. The emissions are raising the heat-retlectivity of the
atmosphere. making the eurth a considerably more powerfud
greenhouse. With an average temperature rise of 8°F. tem-
peratures would rise 16°F ag the poles, melting much ice, Sea
level could easily rise 2 to 5 ft by 2080. Other weather-related
effects might include increased evipotranspiration and storm
and hurricane intensity (2, 3).

The heat wave of 1988, although not related to the preen-
house effect, vividly ilfustrates some of the potential temper-
ature impacts. Hundred-depree weather distorted railroad
tracks, forcing Amtrak te cut speeds from 125 1o 80 mithr
between Washington and Philadelphia (+) and possibly caus-
ing several train wrecks, most notably one that injured [6(}
peeple on a Chicago-Seattle run (3). Across the Midwest,
record temperatures buckled highways (6). In the suburbs of
Washington, B.C., steel expansion joints bubbled along a 13-
mi streteh of 1-66 (7). In Manhattin, extreme heat exicer-
bated the effects of long-standing leaks in L6 mi of concrete-
sealed steam pipes that fie 11t below the streets, causing the
asphalt to soften. As vehicles kneaded the asphalt, thousunds
of hummocks lormed on city streets (8),

This article discusses the probable impucts of global climate
chuange on urban transportation systems in Miami and Cleve-
land, In Miami. sea level rise could require investment of
several hundred million doltars to raise streets and bridges
and improve airport drainage. Costs could be simnilar in other

The Urban Institute, 2100 M Street, NJW., Washingien, D.C. 20037

low=lving cities with tidal water(eonts, In Clevelend and other
inland or lake cities in cooler latitudes, the impact could be
pusitive, with savings in snow and jee eontrol costs, s welf
as in road construction apd maintenance costs, The clusing
section of this article suggests that engineering staudards related
to voadway, bridge. and rail design may need revision in
response to the potential for, and subsequently the reality of,
global climute change,

METHODS AND PRINCIPAL LIMITATIONS

This study was based on a eritical review of existing infri-
structure studies in Miami and Clevelund, discussiony ahout
likely impacts with local infrastructure experts, analyses
undertaken by these experts, and caleulations about probihle
impacts by the study authors, The analyses were preliminary.
They reveabed which infrastructure responaes 1o glohal eli-
mite change might be expenvive, but were not engineering
analyses of the most cost-gifeetive responses. Becinse detailed
analysis wils restricted to two cities, the study did not identily
the full range of impacts that could arise ictoss ghe country.

MIAMI

Miami is u hydrologic misterwork, i densely populated ares
hounded by water from below und on all sides, When the city
was first developed, the entire southern tip of Florida was o
mungrove swamp ealled the Everglides that often was awash
in fresh water. The initial settfement was buiit on local high
points of the Atlantic Coastal Ridge, 1010 23 1t above scit
fevel, and immediately udjucent to Biscayne Bay und the
Atlantic Ocean, Today, mest of Greater Miami is on lower
ground made habitable through drainage and reclamation (¥},

Just 7 few feet below Miami's surface lies the porous rock
of the Biscayne aquifer, which is one of the world's most
permeable. The seaward edge of the aquifer is MTooded with
salt water, Maps in the Dade County Comprehensive Plan
show that the height of the water table varies about 3 1t
between seasons, but always exceeds sea fevel in most of the
aquifer, In the wet season, she water table is close 1o the
surface except along the high points of the Atantic Ridge.

As sei level rises, the pressure of the seu witer will canse
the sea (o rush inte the aquifer below the surface and push
up the fresh water. A 3-ft rise in sea level waoukd cause rovghly
an equul rise in the water table,
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Streets und Highways

The City of Miami Department of Public Works reports 1ha
there are 756 mi of ground level streets within Miami. Lane
miles total roughly L300, A typieal city street consists of o
L3-in Tayer of asphalt constructed aver an 8in. limerock
Trsa, Beneath the bise §s o sabgrade, with its top 6 in. com-
pacted 104 minimum of 95 pereent of its maximum density.
IT the sei level and water table were 10 rise 2 10 5 ft, gjven
the annual fluctuations in the witer table and its prosimity
to the surface, the subgrade bise of many ity streets would
be subject to a certiain amount of saturation, This conld ciuse
complete structural filure if o heavy loud were e piss over
the surface. Tu prevent this, vulnerable streets would have
ta be rised,

The City of Miami Department of Public Works estimites
that approximiely M percent of street and highway mile-
e — 257 mi—is § ft or less above the water table (D, Bren-
ner. City of Miami Department of Public Works. persona
communication, April 1988.). Raising streets by 3 1t during
reconstruction, according to the Depariment of Public Warks,
would riise reconstruction cost from S130 1o $175inear 1t
with minimally improved tramsitions to adjacent properties,
The cost is modest because fill can be surface-mined on publiv
lands in the county.

The cost of reconstraecting the 257 mi o adjust for o 341
rise in sea level would be $237 million, Omitted from this cost
estimute are substamial privite costs that would be incurred
for better drainage. raising some yards (especially around
newer buildings where the structure itself alveady is raised),
raising lots at reconstruction, and pumping sewage from the
houses to the mains in some areas.

Although the average temperature in Miami could rise (rom
75°F 1o B°F, the incresse should have aepgligible impact on
streets und highways, beeiuse current asphalt pavement with-
stands substantial wmpe rature varjations, and pavement per-
formance should improve as reconstruction incarporates techs
nologicat changes.

Cuuseways and Lridges

The causewiys running from Miami ucrass Biscayne Bay to
Mizmi Beach are hetween 3 and 18 ft above sea level jnd
might risk structural weakening and failure, They would jlso
be vulnerable becuuse of the inereimsed size of hurricane storm
surges. These patentiial impacts could be avoided with recon-
struction over the next 100 years involving design feitures to
mitigate the effects of the sea level rise.

Except for steel drawbridges, most bridges in Miami are
constructed of conerete and steel and have a life expectuncy
of 50 years in a saline environment. Only those near the coast
have epoxy-coated reinforeing bars, a practice introduced in
1970 to fight corrasion. Without remedial action, the effects
of sea leve) rise might include

® Pavement failure in Jow-elevation bridge approaches,

® Erosion beneath low-lying bridge abutments and conse-
quent differential settlement, stresses, and strains,

® Potential lifting of corrugated steel and box culverts,

& Adrop in the elevation of protective fenders on the piers
over naviguble waters.
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& Reduced aceessibiliny 1o low-lying hridges ind ciseways,
inhibiting proper inspection and maintesinee,

o Reduced underclearances o navigalle waterways,

o [ncreased likelibood of flood backwatens, particalarly for
bridges over aonmvigahle waters, which often lave under-
cleanmees of 3106 1,

o Added shipping action of witves heneith some bridues,

Regardless of improvements over the nest 00 veirs, bridges
with piees and piles in both Biscayne Bay amd in rivers woull
experienee deeper seoming, but the decreased velogity in non-
storm conditions that resulls fron increased water depth woukl
antigate the problem, Scouring would increise if siozms beciune
more freguent or severe,

The projected temperniture inerease should pat cause bridge
expraion outside design fimits, Isereased humidity, howeser,
might aceelerate paint deterioration on steel bridges in saline
erviroaments.

Adrports

Miami Inteemational Airport is a major imternational bub,
Located in aorthwest Miami, its airficlds and aprons cover
TRy, Unlike the majority of major cammercial airports,
st of the sarface ared is asphalt pavement, The aprens ae
concrete, The asphalt varies in thickness from 2w 17 in.
depending on the bise, [ts extensive deinape system allows
storm mnolf to empty into ditches by the airficld. which in
wrn empty into the Blue Lagoon amd the Tamixmi Canal.
The groundwater elevation ranges from 2t 3 1t ranwas 9
o W)t and taxiways and aprons 8 w009 LA 300 ose in
groundwirter would not flood the pavement ar hise . but would
affect dravinage retenttor capacity and extiliraton during o
storm, I several large pumping stations were construgted o
draw down the aieport witer table at the onset of & storm,
acceptable aperating conditions could be maintained. Drain-
age interconnections and related improvements such as pump
stations, dikes and culverts might cost 330 million (R, Tripp,
written conumunication 1o the Urban tnstimne, HTowiod Needles
Tummen Bergendoff. 1988).

CLEVELAND

Cleveland coudd experience o marked change in climate over
the next century. EPA'S scenurios suggest that winter tem-
peratures could inerease 10°F, raising average temperitures
above freezing. Summertime increases could range from 7°F
to 12°F above the current 66°F average, Snowfall nught be
dramatically reduced, with average annual accumulations
declining from 50 in. to jbout 8 in.

Conditlons of Romds and Bridges

Like most cities, Cleveland maintains an extensive romd s
bridge network: it has sume 1,550 mi of road and 93 bridges
with a total surfoce urea of L8 million ft* (f0). By some
measures, Clevelund's road and bridge stock is in poorer cons
dition than is typical for ULS. cities, Among 34 cities with
road condition dati available for 1983, Cleveland ranked Yist
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in the percentage of road mileage rated as “"good™ (5.6 per-
cent) as opposedd te e’ (LS percenthor “poer” (2.7 per-
cent) (41

Similarly, the city's bridaes included en the federad bridge
inventory are in relidively poor coadition. Among 62 naajor
U.S. metropolitan arean in 1980, the Clevelind drea ranked
12k indts share of structurally deficient bridges: 23 percent
af the area’s 279 bridges it this cistegory. Among the 93
hridges for which the city has sole mainkenanee respansibility.
75 are structurally deficient by the FHWA definition (/1)

The detenorated state of the City's transportation intr-
structure s the combined product of eavironmental anc-
budgetary factoes (12, £3), Years of underfuncded capital pro-
prims amd deferred maintenance contributed to the newed for
major capiti) renewal, Nevertheless, engineers responsible
for roud and bridge desipgn atribute atarge share of the hlime
for poor rowd and pavement and bridge deck performance to
environmental factors. These dnclude moisture and temper-
ature ffects in the former cise and the use of salt in deiciag
effores in the fatter.

Low-Teteperature Elfects on Pavement

The maost serions low-temperature effect op fexible pavement
(e, asphilt) performance is frost heaving, which vecurs
when free water in the roadbed soil colleers and freezes to
form ice "kenses™ (4}, The aceumulation of thickness frum
these lenses causes localized heaving of the pavement surface
during extended frozen periods, The principal variuble affect-
ing the amount of heave that veeurs is the depth of frost
penetration. which is direetly correlated with the number ot
consecutive low-temperture days, The amount of heave, and
henee the potential loss in serviceability, also is affected by
the quality of drainage.

Currently, un average of 46 days annually hive maximum
temperatures below freezing, According 10 local highwiy
engineers interviewed for this report, these subfreczing days,
on averpge, produge about 3 to 6 deep (reezedthiw eveles
annuully, Under both climate change scenarios, the number
ol days below freezing, and hence the estimated number of
cycles, will decline dramaticatly over the coming century. One
seenario supgests a mean of 13 days annuvally with maximum
temperatures below freezing, roughly a quarter of the lota)
mean number of days curremly. 1f the pumber of days below
freezing are taken as a proxy of the number of freezefthaw
cycles ta be expected per year, 75 percent fewer days helow
freezing produces an estimated 1.5 deep freeze cyveles per
vear, City engincers estimated the corrent depth of frost pen-
etration for bare pavement at 4 ft, with good drainage, Ser-
viceability loss is estimated 10 be at most (.75 psi, about 15
percent of the total index range. With increased mezn tem-
peratures, and bised on 4 75 percent decrease in days below
freezing. a gain of 11 percent in psi (with a residual loss of 4
percent) is possible,

Frost heave is a very specific type of pavement damage
attributable to climate effects. More general analyses of esti-
mated stresses on pavement life using broad climatic regions
produce similar results, The Moisture Accelerated Distress
(MADY) index classifies subsoil and drainage types for geo.
graphic regions across the nation according to their potential
for abenting pavement distress™ attributable to environmen-
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il fuctors (133, Pavement distress is observalle inthe eracking
of flexible Clargely asphalt) or ngid eonerele pivements, frint
heive of flexible pavements, or joint failitre or spalling of
rigid pavements,

The MAD index is based an the interaciion of four factors:
temperiture, moisture, roadbed material, and drainage, The
last ew factors, as delined in the index. will be tigtle aftected
by climate change. City highwuay engineers rate the typical
stihgrade in Cleveland as *moderitely drained,” and the gran-
wlar fayeras U free draining.” Whilever improvement i drain-
age is attributabie o Luke level drop will not produce a shift
in hroad drainage categorics.

The temperature and moisture climges atributuble to glohal
clinuite warming might produce winter conditions in Cleve-
land roughly akin to those presiuling today in Nashville, Ten-
nessee (403, This would cquate to o change in temperaturs
zone. tor purpeses of calenlating the MAD index, resulting
in an approximate 7 percent decreise in potentind for mois-
lure-aceelerated dimage.

Ancther impict to be considered iy design requirements
for new or replacement road surfices, Until 1986, The Amer-
ican Association of State Highway and Trasportation Offi-
vials (AASHTO) defined o Regional Factor lor use in the
desipn of roadwiays using flesible pavements (17). This factor
essenthEUNY was @ summary meastire of sdverse weather con-
ditions, Tt was wsed to weight the aste-load factor used 10
determine asphalt pavement thickness, This factor rnged from
0.3 in the fur Southwest to g U.S. mean value of 1.7 1 &
masimum vatue of 3.5 in nosthern Minnesota. The Clevelamd
area value was |50 With an increase in mean temperature,
and using Nashville as Cleveland’s winter analogue, the value
for Cleveland would drop from 1.5 to LU, This change sug-
gosts & 7.5 pereent decline in the required thickpess of asplaldt
overlays in rosdway construction.

Maintenunce Costs

Roughly estimated, the amosunts 10 be saved in road and
bridge repidr costs as o result of decreased pavement amd
bridge deck stress are moedest, but nor negligible, Corrently,
Clevelund spends about $4.4 million per year on street repair,
including filling pothales, cracks, and other surface defeets.
Anadditional $100,000 is expected on bridge deck repair (1),
This amount is almost entirely devoted to routine pothole
repair, filting of joint and other surfuce cracks, and other
mainteniance activities associated with routine treatment of
ordinary surface wear and tear,

As seen in the preceding section, the chunge in the Present
Serviceability Index attributuble to frost heave is an estimated
7 percent, The estimated MAD index change, accounting for
all sources of moisture-aceelerated distress including frost heave,
is 11 percent. If these changes ure correlated with actual incis
dence of puvement damage, then s conservative estimate of
annual savings attributable 1o reduced damage frequency is
raughly M) percent or $490,000.

The city performs only emergency repair on bridges. City
engineers indicate that of an average annual bridge mainte-
nanee budpet of about $1 million, about 1) percent is expended
on the repair of bridge decks, the remainder supporting main-
tenance of lift bridge mechanisms (/2). Although some dete-
rioration of bridge decks can be attributed to the effects of
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temperature sind maistare alone, these effects are minimal
compared with the use of raad silis, Becsuse milder winters
mein sharply redueed snow susd ice conteol efforts, far less
corrosive sill will need 0 be spread an the area’s bridges,
Nevertheless, the authors judge thist neeligible cconemic ben-
ekt will he credited 1o this developmem becinse of improved
winter maintenance practices over time, Also, since 1970,
widespread use of eposve-coated reinforeing steed as o meins
of preventing contact between the bare steeland dejcing salts
should reduee eopgosive impacts long before milder winters
become the noom {19,

Cupital Costs

AASHTO design guidelines, including the regioml factors
usedd in the flesible puvement design equition, are o good
means of estimating changes in capital costs attributable o
climate change. The expeeted change in winter temperatures.
using an anilogue of Nashville, Tennessee, means a reduction
in the AASHTO Regional Factor from L5 w0 10, Each unit
change in the Regional Factor produces 4 13 percent change
in the structural number, and therefore th thickness, of tlex-
ible pavenent (7). For roadway construetion or reconstrue-
tion jubs, roughly 20 pereent of total construction costs are
attributable o pavement costs, OF this figure, &) percent of
costs are viriable with thickness. Therefore, 18 percent of
total construction costs are polentially affected by weather
(26 pegcent % TO pereent). Thus, & change in the Regivnal
Factor from 1.5 1o L0 on roadway reconstruction jobs means
a drop in toty] costs of approximately | percent,

Resurfacing jobs, however, contain o higher pereentage of
pavement costs to wotal job cost than do reconstruction jobs—
approximately 60 percent. Using the 70 percent of costs that
are variable with thickness, us before, 42 percent of totd
resurfacing costs can be viewed as weather influegpced, 1f o
(1.3 drop in the Regional Factor means a 7.5 percent change
in stractural number, then totil cost reductions on resurfacing
work are estimated at 3 pereent.
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Table 1 presents Clevelind’s road resurtacing amd recon-
struction ¢osts for [983-87 Assuming than the city's capital
investment levels by caregory chanpe propartionately over
time and that the climste-adjustment factors are approxi-
mately correct. i 3-vear estimated savings af about $1 pullion
cin he expeeted on i ol hudget of $76 million.

Snow and [ee Contral Costs

As in many other Nottheastern eities, snow rentovid aperi-
tiens in Clevehind seceive high prioriey from iy administra-
tors and agencies during the winter months. The Division of
Streets, responsihle bath for poadway maintemnes amd soow
remaovitl, maintains four stations throughour the city during
summer manths. Two are manaed o three shitts per iy, one
At twe shifts, and one at one shift. These sttions primarily
perform street sweeping and repair. During winter months,
however, six stations are activated, all manned at three shifts
per day and all engaged primarily in snow and ice removal.
Limited street repaies ure undertaken throughout the winter
onths, The perseanet used in city snow semoval opepistions
allre city emplovees and the egnipment consists of Division
of Streets vehicles,

Ordinarily, at the omet of snow or jce precipitation, the
city will salt streets using empluyees and equipment assigned
to their regular shifts. At this stuge. some 45 units will be
employed in salt spreading, 1F snow accumulates ut b in. b,
arif a 2-in. aceumulietion is reached. the seeond shift will be
cidled 4 hr early, while the first shift will be kept on 4 0ir
overtime, This brings total equipment on the road te 51 sal
and plow units, and 13 graders, Typically, for any storm hetween
Sand 1200 over a 12-he period, the ity will average 50 10
73 vehicles for the fiest 12 hryind 95 0 100 over the second
12 hr, In addition to drivers, foremen and mechinics respon-
sible for vehicle maintenunce work similir shift patterns,

The annual cost of removing snow consists pricipally of
labar costs aurititable o snow removal aetivity, and the cost
of expendable materials, sueh as silt, used in deicing, Table

TABLE | CLEVELAND ROAD RESURFACING AND RECONSTRUCTION

DUTLAYS [983-1957

Year Reconstruction Resurfacing Climaze-Savings
1983 $ 5,184 51,930 5110
1984 6,233 2,173 127
1965 5,334 2,391 124
198§ 26,544 2,166 X D]
1987 21,913 2, 166° 284
Total $65,208 510,832 5977

‘Estimated. Climate change savings are computed as 1 percent of
reconstruction costs, 3 percent of resurfacing cests,

HotE: Dollars ip thousands,

Source: <Compjiled by the Urban

Institute based on unpublished

macerial supplied by the City of Cleveland Budget 0ffice (1%37
figuresl and data from the Mayer's Estimates, 1983-1484,
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TABLE 2 SNOW AND ICE CONTROL COSTS

Yeur Cost 15, 0n thousands) Accumulation in.}
14980 34 W3
bS] 4.282 s
(20N Savdh 1.4
1983 EXI RER1)
usd 3.3 4
Seyr iverage AT 034

Sovrer: Oty af Cleseland Masors Estimates, vanods sairss amd LS,
Climatic Research Center.

2 presents Cleveland's annuitl snow removal budger fur recent
vears, amd the associated inches of accumulation. As the
table shows, remeval costs roughly trisek todal sccamulation.

The average amount of show accamulation projected for
Cleveland under each climate change scenario is about ¥ in,
per year, & mere 16 pereent of the current annual averige,
The winter compurable for the Clevelund area, Nashville,
Tennessee, registers average annual snow accumulation in
amounts roughly equal to those projected for Cleveland,
Nishyille snow remaoval costs from 1982 10 1987 awveruged
ubout S200.000 per year, Data from other cities confirm thay
Nushville's approximate level of expenditure is an appropriate
benchmark for iccumulation of that magnitede.

These diata imply that Cleveland's snow removal budpet
could deddine from its current unnual average of $4.6 million
paryeat 1o about S200,000 per year, The decline of 95 percent,
far an annual savings of $4.4 million. represents about 1.9
percent of the city’s 8235 million operating bodget,

Transil

The Greater Clevelund Regional Transit Authority (RTA)
operates 4 fleet of 1,022 vehicles carryving over 88 million
passengers per year. The fleet includes K15 buses, Y1 light
railcars, and 116 heavy rail cars,

Analysis does not suggest any significant impact on RTA
capital costs because of climate chunge. Neither the rail nor
the bus fleets now have special equipment mandated by snow
conditions that could be eliminated {and thus sive costs) in
subsequent replacements. Alf vehicles are equipped with heating
systems, which stitl will be needed as winters become milder,
All radl cars have two 7-ton air conditioning units. These
should huve adequate capacity to handle much longer hat
weather seasons and RTA staff suggest that, if anything, a
more regulir use would probubly improve their operation
buenuse lubricants would circulite more effectively,

None of the Clevelind buses are presently air conditioned,
50 equipment would probably have 1o be added in this cint-
egory at some time over the coming century. Given an esti-
mated average 10- to Meyear replacement cycle and consid-
ering the expected puce of temperature increases, however,
there would be no justification for aceelerating replacements
on these grownds idone, Also, the American Public Transit
Assaciation indicates that most buses now being sold are
eyuipped with air conditioning and that the percentage con-
tinues to increase. Price differentials for buses with and with-
out such equipment are alrendy small and are narrowing.
Therefore, it appears that adding air conditiening for Cleve-
lind area buses during regulir bus replacement cycles over

iy

the nest century would got have a poticenble effect on ol
capisal outlays,

Sinvilarly, altheugh climate change will adter RTA uperating
conts, our interviews sugrested that all effects will probably
Be goa small 1o warrnt quantitication. On the one hand,
heavy snow gecumulitions at present do crete probkems,
particuiarly for the rail systenn. Snowthakes that work their
way §nto power systens can produce "liashes” (shorts) tha
demobilize the equipment and vicld Targe repair bills, RTA
will be able 1o reduee allocations for snow cleariog amd other
outliys for prevention/earrection as snow diminishes i the
future. On the other hand, some inereise in fuel consamption
is likely to result from more Irequent use of air conditamning
eequipment. Radl widths alo may bive to be recluced stightly
v replacement to reduee the chanee that speeds mmight need
ta be restricted on very hot digs, [n relation to the overall
size of RTA'S $126 mitlion expense buaget for 1987, eftects
will he small,

IMPLICATHINS
Roads

For the mast part, temperure change could reduce the cost
of rozd construction and maintenance, Snow and ice contyol
costs will drop deamatically, In Clevelind the costs cauld drop
by U5 percent, almost $L5 million per vear, In cities like
Washington, B.C., they might drop to zero, A decrease in
deep freezes and freeze-thaw cycles also would mean fewer
potholes. Warmer temperitures and the improved drainage
resulting from higher evaporution rates could allow wse of
thinner subbases, bases and pavements in many areas. but
require ¢nhanced expansion capabilities, The savings in
Cleveland are likely 10 be 1 percent of road reconstraction
costs and 3 percent of resurfacing costs, about 320,000 per
year, plus 10 percent of maintenance conts, about $300.444)
per year. The reconstruction and resurfacing cost savings only
will be realized if pavement standards are adjusted 1 reflect
climatic conditions as they change.

Bridges

Sea level rise and increased storm intensity could require
many bridges o be upgraded, gither through retrofitting or
as part of normal reconstruction, and make it harder to defer
aeeded inprovements. The range of temperature Gecommo-
dated by expansion joinis also might need to be inereased in
SOMe Tens.

Muss Teanshl

The impacts on transit should be modest and largely concen-
trated on operating costs, In the North, buses and rail cars
could expericnce fewer snow-relited delays. Conversely, slight
increnses in fuel costs could result from increased use of air
conditioners. High-speed rail track also might need replace-
ment to accammodate hotter temperatures,
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TABLE 2 SNOW AND ICE CONTROL COSTS

Yeur Cost (5, in thoysaneds Aceumulation {in.)
lust) 3477 ki)
s} 4.282 nod
Jus2 3.4dn Joek
1U83 3.nh i
1U84 AR A
J-NT aneringe 4,571 nid

Sovrer: Ciy o Clevehind Alivor's Estimates. varons seirs: amd L8
Climabie Reswitredy Center,

2 presents Clevelunds annual snow removal budaet for reeent
yeirs, il the asseciated inchies of seeumulation. As the
tahle shows, removal costs roughly track total aeeumulition.

The average amount of snow gecumplation projected for
Cleveliond under cach clinsite change scenario iy about 8 in,
per yeur. i mere 16 pereent of the current annual average,
The winter comparable for the Cleveland area. Nishvilte,
Tennessee, registers average anmil spw iccumulation in
amourty roughly equal 1o those projected for Clevelund.
Nashville snow removal costs Trom LUS2 1o 1987 averiged
abont SMNLUK per year, Dati from other cities confirm tha
Nushville s approximate tevel of expenditure is an appropriste
benchmark for accumuliion of that magnitude,

These data imply that Cleveland’s snow removal hudget
conld decline from jis current annual average of $4.6 million
per year to about 200,000 prer vear. The decline of Y5 pereent,
fur an annuad savings of 844 million, represents about 1Y
percent of the ity’s 5233 million operating budyet.

Transit

The Greater Cleveland Regional Transit Authority (RTA)
operates i fleet of 1022 vehicles carrving aver 88 million
passengers per vear. The fleer includes 815 buses, 91 light
ritilears, and 116 heavy rail cars,

Annlysis does not suggest any significant impact on RTA
capital costs hecause of climate chanpge. Neither the rail nor
the bus tleets now have specinl equipment mandated by snow
conditions that could he eliminared (and thus save costs) in
subsequent replacements. All vehicles are equipped with heating
systems . which still will be needed as winters beeome milder,
All tail cars have two 7-ton air conditioning units, These
should have adequate capacity 1o handle much longer hot
weather sensons and RTA staff suggest thar, il anything, &
more regular use would probably improve their operation
pecause lubricants wonld circulate more effectively,

None of the Clevelund buses are presently air conditioned,
so equipment would probably have to be added in this cat-
egory at some time over the coming century. Given an esti-
mated sverage 10- to Meyear replacement cycle and consid-
ering the expected pace of temperature increases, however,
there would be no justification for accelerating replacements
on these grounds alone. Also. the American Public Transit
Association indicates thiat most buses now being sold are
equipped with air conditioning and that the percentage con-
tinues to increase, Price differentials for buses with and with-
out such equipment are already small and are narrowing,
Therefore. it appears that adding air conditioning for Cleve-
land area buses during regular bus replacement cycles over

1

the next century would not hive & noticeable effect on 1ol
capital wuatlivs,

Similarty. although climate change will alier RTA aperating
costs, our interviews snpgested that all effects witl probably
be oo smadl w warrant guasntification. On the one hand,
heavy snow accumulations at present do create probleas,
partieutarly for the rail system. Snowflikes thit work sheir
way into puswer systestes can praduce “flashes™ (shorsy thig
demobilize the equipment and yield Lirge repair bills, RTA
will be able t reduee wllocations for snow ¢learing and other
outlays for preventiopfeorrection is snow diminishies in e
future, On the other hand, some inerease in fuel consunptio
is likely 1o resalt from more freguent use of e conditioning
cyuipnment. Rail widths alse pray Five to be reduced slighdy
at replicement to reduce the chiance thit speeds might peed
tor be restricted on vers hot davs, In relition to the overatl
size of RTA' §126 million expense budget for 1957, effects
will be small.

IMPLICATIONS
Rouds

For the most pare, temperiture chinge could reduce the cost
of read construction and maintenance. Snow #nd ice control
costs witl drep dramaticatly. In Cleveland the costs conld drop
by 95 percent, almost $4.3 million per year, In cities like
Washingron, D.C.. they might drop (o gere. A decrvase in
deep freezes and freeze-thaw eveles also would mean fewer
potholes, Warmer temperatures and the improved drisinage
resulting from higher evaporation rates could atlow use of
thinner subbases, hases and pavements in many areis, but
require ephinced expansion capabilities, The savings in
Clevelund are likely to be | percent of road reconstruction
costs and 3 percent of resurfacing costs, about 3200000 per
year, plus 10 percent of maintenance costs, about $3K0,000)
per year, The reconstruction and resurfacing cost savings anly
will be realized i pavement standards are adjusted 1o reflect
climatic conditions as they change,

Bridjes

Sen level rise and increased storm intensity could require
many bridges 1o be upgraded, vither through retrofittiog or
as part of pprmal reconstruction, and make it harder o deier
needed improvements, The range of temperaure siccommao- -
dated by expansion joints also might need to be increased in
sOme areas,

Mass Tronsit

The impacts on transit shoujd be modest and largely concen-
trated on operating casts, In the North, buses and rail cars
could experience fewer snow-related delays, Conversely, slight
increuses in fuel costs could result from increased use of air
conditioners, High-speed rail truck also might need replace-
ment 1o accommodate hotier lemperatures,
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Alrports

Some airports might reed enhanced drainage capacity, Air
uperitions might face more swmmer distuptions because of
summer fog and thunderstorms. Conversely, winter disrup-
tions attributable to spew and ice cowld Jdrop substantially.

CONCLUSIONS

The uneertain, yet potentiably imminent impict of global ¢li-
e change already has increased the riskiness of infrastruce
tere investment. Application of design standards and extrap-
olation froa historical data might not s1ill provide reasonable
assurapee that expansion joints, bridge uaderclearanees, or
drainage will be adequate during a 20, 30+, or 100-vear design
life. The National Flood Insurince Program’s historicaily based
mups identifying the 100-year oodplsin and MXkyear food-
wiy might no fonger provide o retiable basis for roudway
siting, Because of increases in storm intensity that may accom-
pany climite change, historical data might nat be an adequarte
basis for decisions about the cost-effectiveness of wird shear
radar b airports, And migration in respanse to climate change
could eacically alter the population growth prajections under-
lying capacity decisions about highway and airport systems.

Corporate investment analysts bave developed methods,
including decision theory, portfolio analysis, and chance-con-
strained programming, (o guide decision making under uncer-
tuinty. Infrastructure analysts at ail levels of government might
he wise to adapt these methods 1o their work, Especially in
constal areus. the possibility of accelerating glohal climate
change soon muy require careful decisions abour how and
when to adapt the infrastructure. A strang emphasis on life-
cyele costing and the courage to make expensive upgrades
during reconstriction in anticipation of future changes could
provide large cost savings,

Growing uncertainty about future temperature, precipita-
tion, snd sen levels might dictate a reassessment of existing
stundards and safety factors for dritinage, flood protection,
facility siting, wnderclearances, thermal expansion capacity.,
and resistance to corrosion, Conversely, prompt detection of
lasting changes could allow adjustment of geographically based
standards—for example, on roadbed depth—and provide
significant savings.

AASHTO. the American Society of Civil Engineers (ASCE),
the American Society for Testing and Materials (ASTM) and
the Transportation Research Board (TRB) should consider
cducating their committees about global elimate change, The
decisions of these committees on when ind how to incorporate
climate change into their analyses and recommendations,
especially when the recommendations vary geographically,
could have major cost implications, The Strategic Highway
Research Program (SHRP) might be well advised to consider
climate change in developing 11s material and performance
specifications and pavement monitoring plans. As part of its
needs assessment process, FIIWA also might be wise to assess
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the potentinl impacts of global climate change on the Federal-
Aid Highway System, Raising bridges and inereasing thermat
expansion capacity prospectively during reconstruction might
be maore cust-uifective than risking scu level rise.
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Aerial Structure Noise Reduction
Effectiveness of Resilient Rail

Fasteners

James T, NELson

Resillent riid Msteners have recelved signlficant attentlon at the
New York City Teamit Authority (NYCTA) and the Washington
Meteopolitan Area Transit Authorily (WMATA) as & means for
veducing wayside nolse fram steel stringer and steel hox elevated
structures and groundhorne aoise fring stbyays, Noise and vibru-
tion duta collected w8 NYCTA and WMATA indlewte thut noise
und vibeation reductions wee geneeally smasll tnless very soft resil-
fent Fasteners are vsed. Yery soft fusteners proviiliog good low.
freguency performunce may exhibit peor isolutitn or amplify
structure vibration at frequencies ahove 200 1o 300 Hz because of
resonunges bn the elustomer pod or top Hute. Lahorutory tests of
tee Torward transfer impedance of resiliont ruil fusteaers indicute
that these secondary resonanee Frequencles are ahout G40 1o B
Hz far the softest Tasteners tested for the NYCTA und WMATA
systems. A Taboratoey test provedure has been deveboped into an
ucceplance test procedure Tor restlivnt Tasleners supplied te the
WMATA sysiem as noise-reducing fasteners For elther subway or
elevated siructure wse. This procedure represents u substuntial
chunpe Inneceptunce lest procedures thut huve hervtolere focused
on physieal properties reluted to stubility und salely of the fus.
fenrers, Duta are presented Hlustratiog measured nolse reductions
und luburatory test results,

Resilient rait fasteners have received significan stention for
controlling elevated structure noise and grousdborpe noise
and vibration from suhwiys, Easly werk included field ineu-
surements and eviduation of prototype fasteners for the San
Francisco Bay Area Rapid Transit System (BART) (/). Field
tests were conducted by the Torontoe Transit Commission (TTC)
at the Yonge Subway Northern Extension tunnels to deter-
mine the effect of fastener stiffness reduction on groundhorne
noise {2), The New York City Transit Autharity (NYCTA)
has completed testing and evaluation of several candidare rail
fusteners for use on steel elevated structures (3), There have
heen notable contributions in the area of precicting wiyside
noise and vibration. These include a review of various pre-
diction methods forstee! elevated struceure (), and s detailed
prediction method (3) that includes an effect artributable to
ratil fastener elastomer standing wave resonances,

“This paper discusses some of the noise control results obtained
at the Wushington Metropolitun Area Transit Authority
(WMATA) Metro with resilient direet fixation rail fasteners
at a section of a steel hox concrete deck perial structure,
Results for the NYCTA solid web steed stringer und wouod tie
deck elevuted structures (3) are not yet availuble for publi-
cation. A laboratory test procedure wus develeped for eval-

Wilsan, [hrig & Assaciates, Ine,, 3776 Broadway, Oukland, Cal
Y618,

wating the ettvetive stiffaess of resilient Gisteners tor fre-
quenvies extending up toat least 100 Tz, The procedure his
since heen devetoped into o laboritory acceptance fest for
procuremient of residient noise ruducing Bisteners it WAATA,
A discussion of the procedare is provided.

WAYSIDE NOISE AND VIBRATION FROM
ELEVATED STRUCTURES

Wayside 173 octive band noise levels measured an 1.5 ovabove
grade neir two elevated structures are presented in Figure 1
The first speetrum is of noise produced by WMATA Mot
trains traveling at approsiniately 60-70 km:hr on o concerete
deck steel box acnial structure with sound barrier wall. The
second is of wayside noise produced by 40 kenvhr Chicago
Transit Authority (CTA) 1riins on o waod tie deck solid web
stee] stringer elevated structure. Both spectri exhibit a gen-
eral roll-off gbove about 500 He. The noise from the CTA
structare exceeds that from the WMATA structure by 5 o
15 dB above |25 Hez, Below 63 [z, the radiation efficiency
aof the CTA solid web steel stringer decreases with decreasing
frequency, relative to that of the WMATA sieet bos, pros
ducing a Jurge disparity beiween low-frequency noise levels
for these twa basic structural configurations,

Our experience ot the NYCTA supgests that virtuslly the
entire spectrum shown for the CTA elevated structure is
attributable to stringer-ridiated noise, though Remington's
(1945} prediction moded suggests that the wood tie deck is
also a significant source, For solid web steel stringers, the
wayside s-weighted noise levels are determined by the broud
peak at about SO0 Elz, Resilicat rail fastenees selected for
reducing stringer vibration and radinted noise answeel elevated
structures must, therefore, be effective bevond 500 He, plac-
ing significant demands on fastener desipgn.

Figure 2 illustrates the vibration reduction effectiveness of
three relmtively soft resilient rail fasteners field tested at the
WAMATA system, These include the LORD #74, the Clouth
Cologne Egg, and the Advanced Track Dual-Stitfness Epg,
with dynamic stiffnesses of 18 MN/n1, 14 MN/m, and 9 MN/m,
respectively, The vibration reductions are relative to vibration
measured for the standard WMATA fastener, and were
obtained by measuring steel box girder vibrition at the bottom
and sides before and after installution of each of the fasteners,
The dati are thus good comparisons of fustener performance
in reducing structural vibration,
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FIGURE 2 Vibration reductions relative to standard
WMATA fastener,

The results given in Figure 2 indicate that all of the soft
fasteners produced significant vibration reductions fram 63
Hz 10 about 315 or 400 Hz; the DualStiffness Epg provided
the greatest vibration reduction. At 25 Hz, some amplification
of vibration with the Dunl-Stiffness Egg may occur relutive
to the standard WMATA fastener, Both the LORD 79 and
Clouth Egp give essentially similar results, The low-frequency
behavior of the various track fasteners is well predicted by a
model of an clastically supported rail and unsprung wheel set
mass with a prescribed wheelrail roughness (6),
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Litale or oo vibiration reductions were oblined s 300 Ez,
Because thisis an important frequencey for steel elevated strue-
tures, claricterizing fasteners ot these (requencies and
atsempting o uncerstand why a Gistener miay or ony aot e
effective a high frequencies i important,

LABORATORY TEST PROCEDURIS

A Biboratory test procedure has been developed tor studving
the high-frequency vibration isoltion eltectiveness of tesilient
ritil fisteners, The test determines the forwird iranster imped-
anee of @ fastencr under representitive static loads. The for-
wiird trnsfer impedanee is the ratio of the Fourier trimsloris
af the transmitted vertical foree fo the rail web vertical vehoc-
ity with baseplate blucked, The test. therefore, ineludes the
elfect of rail flange and fastence opeplate bending,

Figure 3 is b schematic of the 1ot apparatus, The machine
is supported on pneumatic springs, and weighs appraxinmately
680 k. The base is solid steel, weighing approxiniely 530
kg, and exhibits o fupdomental vibration mody at abour §200
Hz. The fastener is bolted to g 1L.%-cm thick aluminum plate
and placed an a flat Joad celd that integrates the transmitted
foree over the load cell area, A short seetion of rait iy placed
in the fastener, with an aceelerometer mounted in the plane
of the rail web. A second accelerometer is mounted heneath
the inertia base 10 provide an inertial referepee signal that
can be used to extend the low-frequency rapge of the test.
Stitic loads are applied to the el and fastener assembly with
paeumatic springs. The fastener's forward transfer impedance
is measured by tapping the top of the ruil and measuring the
transfer function between transmitted force and ridl web velocity
with a dual-channel Fast Fourier Transform (FFT) analyzer.
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FIGURE 3  Resllent ruil Fostener test apparaius,
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Forward transfer impedance functions for various fisteners
are presented in Figure 4. Represented are two WMATA
TW-1tprototype faste ners manufactured by Transit Products,
fnc, (TPL #Y and #10) and three “soft” fasteners: LORD
#79, Couth Cologne Egp, and the Advanced Track Dual-
Stiffness Ggp. The two WMATA TW- 1 prototype fasteners
are substantially stiffer thun the soft fasteners, as indicited
by their high trapsfer impediance magnitude fevels. The Dual-
Stiffness Egg ¢shibits the lowest dynamic stiffness over the
entire frequeney range shawn, consistent with the results of
Figure 2,

Most of the fasteners exhibit u spring-like characteristic up
10 about 200 or 300 He, The Dual-Stiffness Egg, however,
exhibits u resanance at about 10010 125 Hz, probably because
of the elastomer suspended beneath the top plate. Above 300
14z, the forward transfer impedance functions deviate signif-
icantly from n “spring-like characteristic, The TW-10 pro-
totypes exhibit resonance peaks at about 370 Hz and 600 Hz,
apd the remaining fasteners exhibit peaks at abowt 700 Ha.
The forward transter impedance of the Dual-Stiffoess Egg is
given in Figure 5 for a series of static loads, At low static
loud, the resonance frequency for the Dual-Stiffness Egg drops
significantly to about 630 Hz. This was observed for the Clouth
Egg also. At high static loads, the dynamic stiffness of the
Dual-Stiffness Egg rises, eventually exceeding those of the
LORD #79 and Clouth Fasteners.

The measured steel box girder vibration reductions itlus-
trated in Figure 2 are minimal at about 125 Hz, and some
amplification is evident at 500 Hz. The low isolation at 125
Hz observed for the Dual-Stiffness Egg may be related to the
resoninge at about 125 Hz observed in its forward transfer
impedance, The resonance at about 620 Hz observed for the
Clouth and Dual-Stiffness Epgs ot low static load may explain

KL

the slight amplification of structural vibretion at 3001z, More
testing is desirable ty verify these relationships,

FASTENER TOP PLATE BENDING

Figie 6 illustrates the thearetical Torward traasfer imped-
ances of two fasteners idealized as uniforny steel pliaes sup-
ported on elistic foundations. One of the ples is 1.27 em
thick. supported on an elastic fowadation giving a il static
stiffness of 23 MNim, The seeond curve is of it 1, 903-cm thick
stee] plate supported on an clastic foumdation giving a total
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static stitfness of 12.5 MN/m, Top-plate dimensions are 3,48
em by 17.78 em. The lower stiffness represented by the for-
wirrd transfer impedance of the “'yoft” fastener would not have
heen obtained above 300 Hz if the top plate thickness were
not increased, Withowt thickening the op plate, the peak in
the forward transfer impedince would have been about 550
Ha,

The rutio of dynamic-to-static stiffnesses of the fasteness
are also influenced by bending of the plate. At low (requen-
cies, top-plate bending reduces total fastener stiffaess relative
to that obtained by rigid bady deflection of the top plate. At
the resonunce frequency associated with the top-plate mass
on the elastomer, the top-plate motion is rigid, resulting in
increased dynamic stiffness retative to the low-frequency cise,
Thus. fasteners should be designed with as rigid a wp plate
a8 practicable to reduce the eatio of dynamic-to-static stiffness
at smdio frequencies, and maintain the frequency of the for-
ward transfer impedance peak as high as possible, preferably
about 1000 Hez. Rail flange stiffness contributes to top-plare
stifiness, and use of heavy rail should be favorable to light-
weight rail.

CONCLUSION

The experience gained at WMATA indicates that elevined
struciure noise oon be reduced by selecting resilient rail fas-
teners of stiffness 9 MN/m to 18 MN/m., Effective performunce
over the most significant frequency range of wayside noise,
however, requires that tep-plate bending resonance frequen-
cies be maintained ns high as possible, preferably in excess
of 1000 Hz, Stiffening the top plates will also lower the ratie
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of dynamic-t-static stiffness, desirable for elevated structure
nuise conteol,
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