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Tire-Pavement Noise Measurement

Using Transfer Functions

S, SLUTSKY, I J. GREALY, and W. k. McSHANE

ADSTRACT

An Investigation of the use of transfer functions {n the measurcment of tire-

pavemant noise is reperted. A large varlety of tlre types and several pavement
types were studied, It waa found that all trapsfec functiona for automobile

tires that have been determinoed so far cluster into a band approximately 1 ABA
wide. Thia result makes lt posaible to predict wayside tire nolae levels from
on-board measurements, tharaby reducing the cost and complexity and increasing
the range of tire-pavement combinations that can be investigated in a modestly
hudgeted program., [t was also found that tesat tires sust be curoed before reli-
able on-hoard (near~field} maasurements can be expectad,

Summarized in this paper is a phave of tho work that
was carried out (and some of which is still in prog-
rens) in connaction with the measurement of tire-
pavement npoise attribhutable to automobiles, light
trucks, and heavy trucka. Of the results chtained
during this phase, the fellowing are included:

* Characterization of the tire-pavement coo~
ponunt of total vehicla nolae emlnsion

* Anposgment of the effacts of different ticre~
pavement combinatiohs

* Development of a measurement methodology that
may be mors cohveplent than thode currently available

In the following sections, some of the paat prac-
tices and their perceived shortcominga are discussed;
followed by an outline of the oh-board? methedology
used. Then, the tranafer functlon §dea, which is
required to extrapolate from on-board to the wayaide
impact location, ia discussed, Flnally, soma of the
repulta of the study are preoented,

BACKGROUND

The importance of tire polse as 4 source of automo-
tive vahicle noise emfammion has bean recognized for
Aome 30 years or more. Doth government and industey
have bean concerned with It as one of the currently
limiting elements in the control and reduction of
noine on and in the vicinity of our pation's highway
syatsm, Thus, [t Ip apparent that automobile noiae
enianion levels abave approximately 40 mph cannot be
significantly i{sproved by improvements In the vehlc-
ular engine aystem f{including easing, intake, ex-
haust, fan, and other auxiliary componenta) without
at the same time (or firat) addressing the tire as a
noine amisajon component,

On the other hand, it has alteady been noticed
that the range of tire nofse {keeplng pavement fixed)
<an be as much as 10 dBA for different tires. Con-
veraely, noige made by the same tires on dlfferent
Pavencnta has also besn found to differ by as much
aa 10 4BA (1-3). It must be added that these were
outer limits and that most varlations Eound were
smnller.

Early programs of tire nolme testing carcied out
by the Amerlcan Trucking Associatlons and by General
Hotors established the jfuportance of soma of the

basic parameters governing tire noise, auch as the
dependence on speed, tire tread paktern, and pave-
ment type. Since then, Increased attentioen haa been
given to prediction of the sound power output
anticipated for a given tire-pavement combinatipn.
It was found that *rank ardering of passenger tire
nolse can only be mada when referenced to a specific
idguntitiable surface” (4).

Thus, the rasult of recent years of affort (in
EBurope and Canada, as well ag Inp the United States)
haa boan to receqnize that the tire-pavement inter-
action mechanism is complex; that its dominant com=—
panents ckange algnificantly with tire type, pavement
type, and operating conditions and that many param-
etera play an lmportant role. Studies by Nilson (5)
and Sandbutg (6) are ospecially relovant in this
reqard,

A fucther d{fficulty encountered in the effort to
characterizo tire nolse is the lack of uniqueness of
the usual outdoor nolse test measurement procedures
of tires and diffi{culties in the indoor procedurss
as well, Thege dlfficulties are briefly roviewed In
the following subsectionn.

Waynide Meanurcments

Most moasurements have, until recently, been made
outdoors as coastby measurements (engine off) en
standard concrate by using the Socisty of Automotive
Engineora recomsended practice on Sound Level of
lighway Truck Tires (SAEIS7a).

Miller and Thrasher (1) npote that many uncer-—
taintles aroc prasent in the coastby technique. They
find (a) the use of fast reaponse increaned error;
(h) & change of 2 to 3 4PA with direction of travel;
(¢} 8ucceanive paasby variations on hot, cloudless
days of up to ) dBA in 1 ming {d) the occurrence of
after peak, that is, large preasure FEluctuations
experianced by the microphone 4 to 5 sec after vehi-
cle passby.

Large slte~to-site varlations of 5 to 7 dBA were
found for a given vehicle {0). variationm wore ap-
proximately 1 to 3 dDA at a given aite., It was found
that resulte showed a lack of reproducibility of an
absolute tire sound level among test sltes, and that
there existed too many variables of surface apd
anvitonment. It was further concluded that the



SAEJS7a coasthy noise test ia limlted because 1t is
not repeatable,

Neverthelesas, informal dlocuasions with tire
noigse groups from tire companiea and from FHWA aro
in agreement thnt care in observing stable micro-
weather conditiona ({unlform atr and ground tempera=
tura, and low wind apeeds) could favorably pffect
reproducibility of test reaults at a glven alte.

Indoor Roadwheel Meanurementsn

Indoor roadwheel moasurements of tire nolse are
widely discussed in the literature, and are partic-
ularly attractive to tiye companies an a means of
comparing tires under highly controlled and repro-
ducihle canditions, The facility im generally an
anecholc chamber with a roadwheel that has a large
diameter; this toadwhoel i coated with various
textured materiale to simulate road materials. It
wag found that a significant dedgree of care (and
expense) wal neceszary to test a varlety of road
sur facesn.

On«Board Measurements

The third principal method of tire noide measurement
is that achjeved by attaching the microphone to the
vehicle in the vicinity of one of the taest tires,
Flgure 1 shews a typical microphone locatien (9) an
uged in recent atudies (10,11}, A varlant of this
pracedure is the placement of the test tire and
mierophotte on a trailer pulled along at some dis-
tance from the tractor vehlele (12).

The goals of precislon apd Bpeed in measurement
of tire-pavement nolse led the authors te bose thelr

TIRE ROTATIONAL
DIRECTION

0 N
TRANSMITTLER
VICLE
DEHECTION

AT

1L
TEST SURFACK

-

Nt Wantlsergen ar s 5 lnoge g,

FIGURE ) Typical mounling of on-boaord micraphiane for
menurenment of tire nokse.
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procedure on the on-hoard measurement technique for
& number of reasonfis

* Noitar and Eherhardt found that the on-hoard
and far-fileld (50-ft} moasurements cocrelated very
wall [10), They alvo found that on-board ard labora=
tory roadwheel measurements correlated very weoll,
daapite the on-board mlcrophone experiencing wind
noise.

* The woapltal equiprent and operating cxponses
for nn on=boatd measurement program are modest com-
pared with the alternatlves.

* The on-board &ignal-to~noise ratlo is high.

* Tha signal 1is npot subject to microweather
instabilities,
* The test aite neod pot be rostricted to a

aingle otrip, but may be sampled from a large range
of pavement types.

The diffieulty caused by wind nolse on the onr=board
miceophone was solved (dewn to 200 H#} by construct-
ing a teardrop-shaped foam windacreea 7 in. wide and
16 in. long (sce Figure 2), simllar to the Resenheck,
HoCfman, and Wittwer design (12},

FIGURE 2 Windscreen used for on-board tire nolse
niesurenicnty,

The noise spectra ohtained with the windscrean
ahown In Flgure 2 for a vehicle speed of 55 mph is
presented in Figure 3. The firat set of data (solld
circlea) represents mensuroments made beshind a moving
tirer the other set (open circles} represents a
noncotating tire mounted on the reof of a vehicle,
reproducing the turbulent wake but ellminating the
tire-pavement poise. As can be seen from the plota,
a uvapacation of at least 5 dB exista between wind
noise and tire noise, down to a frequency of about
200 Nz, These results indicate that on~board, near-
tire measurements can ba made with good signal-to-
noiss catio, without masking wind nolae,

Transfer Punctiona

The methods used by Reitsr apd Eberhardt (10}, by
Plotkin, (9} and by lajek et al., {3} lnvolving the
measurement of the tire near £leld by wslng an on~
board microphone necded one further element to adapt
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them for use as wayside noise indicators--a rela-
tionship batween the wayside measyremant and the
on~hoard measurement {sse Figure 4).

A cerrection factor ar a &imple functlonal opera=
tion, which would yisld a prediction of the standard
50~£t waynjde sound presgure level, is peeded that
sould be pacformed on & pnoise measucement made on A
moving vehicle. The correction the authors were led
to is the arithmetic d{fference betwaen the on-board
measurement and that at a 50-ft wayside receptor,
L(50}. Thia correction ia labeled *®tranafer func-
tion* (TF) and it la defined operatiocnally az

TF = loqopoara = [L450)) ()

It is necessacry to cauticn that thia is not the
usual definition from linear syatem thecry [such ac
used in Relter and Eberhagdt (10)] inasmuch ae no
phase data {8 preserved. Rather, tha form of Equa-
tion 1 corresponds to the level differences deacyibed
by Relter and Eberhardt (10).

IR Ll | 12 Nl

Dnboard M!ci} g
Source Fa

R’y

Wayside Mic,
Note: Rjis the radial distance 10 the wayside raceiver,

FIGURE 4  Source-receiver geometry.

It was hypotheaized that the variation between
TF8 for various tire-pavement comblpaticns would
prove te he small comparod with the variatien in
gound eminsion strength between the combinationa, Tt
was hypothesized that at worst only a small number
of TP claspes might be required, perhaps 1 or 2 for
autemobile tires and a similar nember for light
truck tires and for heavy truck tires.

To Lnvestigate thig hypothesls and placa it on &
firm Eoundation, simultancoua on-board and wayside
measytaments had to be made, TF8 had to he deduced,
and their variability had to be studled, This in-
vestigation Involved 9 tire typos for Automobilen, 9
tire types for light trucks or vans, and 7 tlre types
Eor heavy trucks, as well as 4 differant pavement
atrips. Furthermore, because it was necessary to
ayold the orrors and uncertalnties due to pre-
viously noted micrometeorological instabllitles, the
moasurementa were carelad out under condltions of
low windspeed and nighttime hours between sunset and
suneisa.

EXPERIMENTAL CONFIGURATION

Inataad of following the usual order of presenta-
tion, that ia, atarting with the thecretical basfs
and fellowing with the procedure, that order will be
reversod in this paper: the experimental methedology
will be reviewsd and then the theoretical {deas,
alternativen, and questions will be discussed.

The instrumentatien cenfiguration was reported
previously (13) and ip shown again for convenience
in Pigures 5 apd 6, Figure 5 showa the tranait of a
test vehicle past a wayside mlcrophone at a per-
pendicular distance of 50 ft. Two tapeswitches placed
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oh the road pavement are spaced 200 £t apart and are
centered over the prerpendicular from the micrephona,
thereby furninhing a reproducihle roadway tost strip.
(Two additicnal tapeswitches placad 30 fEb apart
furnish an additional amalier pubBeckion usaful for
varifying wvehicle sapeed and poaition). Tha tape=
switches activate a trigger circuit fn the microcom-
puter incorporated within the {nstrument package,
which scans the third octave and A-welghted output
levels of an IVIE IE-30A sound level meter and third
actave analyzar. Tho signals (up to 30 discreate /3
octave banda) are digltized and recorded in the
microcomputer memory.

At the same time, the on-board microphone amignal
{4 monitored, amplified, and telemetered to the
woyside, where it 1s processed by a second [VIE
IE-30A s8oupd level meter to yileld correaponding
thlrd-octave and A-weighted data. The computer does
not cecord the two data sets simultansously; Instead,
it alternately makes one aweep ©Of IVIE 1 (waysida)
in about 11.5 28, waits for the timing clock of IVIE
2 {on=hoard signal) to reach {ts atarting posftion,
and then makes 5 sweep of the IVIE 2 data channels.
Becautte the two 1IVIEs are independent and unsyn-—
chroniged, the waiting time is between 0 and 11.5
ms. Thia sampling walting time between the two
sighala and the IVIE cutputs beipg zma-DC=logarithmie
procoased signals make {t impossible to use conven—
tional crosn-spectral data peoceasing  tachniques
such aa those described 1in Reiter and Eberhardt
(10}, On the other hand, the lcgarithmic data are
ptocessed at relativaly great speed and low cost.

When the test vehicle pasaes the ascond of the
principal (200~ft) tapeawitches, the data collectlon
stops, the computer cors memory e transfarred to
diskette, and the aystem becomes teady for the next
paaaby. About 20 passbya can be atored on ane
singla~gided, slngle-density floppy disk. Bach pass~
by at 55 mph consists of about 75 complete cycles of
op~board and wayside data, with each oycle contain-
ing 67 data polnts, The dlakettes accumulated aver
one collection seasion are then generally processed
autcmatically overnight,

ALTERNATIVE TF FORMULATIONS
Pour TP tormutation options have been identified:

L, Pilnd the maximus wayside A-~weighted level and
cortespondlng thitd octave levels, and subtrast them
from the on-boatd values for the same cycle aweep to
ohtain TF.

2. Pipnd the A-weighted and third octave levels
for each of the (approximatoly 75) time cycles,
corgect them to equivalent 50-ft values, subtract
cach of these from tha on-hoard values for the same
c¢yole, and averagae the corresponging differences to
chtain avarage TF.

3, ¥ind {edulvalent sound level) fotr the
passby For the A-woighted and third octave wayaide
data and subtract from the correaponding on-board
lng to obtain lyg TPs,

4. Pipd the average of che S50-ft corrected way-
glds data and the on-board data, and subtract to
obtain an averaga TP.

Pault wan Found with Optioen 1 bacause there was
much data in each passby, which together ghould be
more reliable thah the aingle data polnt. Optien 2
was found useful for analyeing directionality pat-
terns, but s more cumbergome than Options 3 and 4,
option ] ham the conceptual defect that it ap-
porently doet not give predictions for other wayside
distances. Option 4 appuara to be gqulte teasonable,
but it welghts socurce points closs to the raecelver

aqually with those at the beglaning and end of the
tent run. Problems with each of Options 1 to 4 led
to tha development of Option 5:

5. FPind the differance of the bL,, measured at
the wayalde recelver (Figure 2) during a pansby and
the L,y that would exist if the sources were omni-
direct?onl and with conatant sctrangth., This can be
expreased aa

I 10
TF* = 10 log /N L 10 ons /i {(05/R)) + X

< 10 tog 1N 1 1oMwlA0 {2)
where
Iggy = on+board sound pressurs level at time

ety
affaet distance from wayside miccophone

1]

° to centerline of lane,
R§ = radial dlatance from obaerver ta nolse
source,
K = constant, and
L¢i = noise level obaerved for wayside

recefver,

The constant K can be interpreted as depending on
the squared ratio of the on-board microphone to
source dlstance and the offget diatance B,. (Mote
information about X ls provided in the discusaion of
directionality that folleows.) Because the actuoal
functional form of K capnot be set down in a simpla
Eoem, it ls mecged Lh the overall tranafer funckion,

TF, with the result
10
I{lBi/ x (D&/Ri)
Lyi/ 10 m

TF = 10 log 1/N I 10
- 10 log /N E 10

Wowever, Igpy 1o extremely stable over a pansby
run, and the second term {8 recognized as the pasaby
Loge 80 that,

TF = Lop = Lgg — &
where

Lop = anboard sound pressure lavel,
4 = difference in vehjcle position from Lg,

and
-10 169 I/N & {DG/R{) = & = 10 log {1Ly/D,l
+ 1Ly/Pyt fare tan 1Ly/Dyl
+ are tan (Ly/Dyl] [4)

The right-hand side of Equation 4 i8 obtained by
allowing the sum on the left-hapd alde to approach an
integtal ia the limit of large N. For the trap di-
menaions uaed, Ly = Ly = 100 ft, O, = 50 ft, and & =
2.6 dB. Yt can ba ssen that Option 5 diffars from
Option 3 only by the factor 4, which is the game
for all runs with similar pavement length to offset
ratlo.

It should be noted that the T#s aa deflned above
ate for ona axle. Thae effect of adding a aecond
identical axle is that 1 48 ia added to the wayside
pasaby Lgq and nothing is added to Log. (The on-board
microphone only ssesa the rvearmost axla because of
ahielding proximity to the source.) Accordingly, the
cesulting two-axle TP 18 less by 3 dB. (The actual
reaults are for a tuo-axle TF.) The contributions of
two unequal axies must be found by decibel aubtrac+
tlon of the results from the homogenecus and mixed
cases. The enargy contributlon of nultiple axles is
Bimilarly obtained by suparposition.



AVERAGE TF FOR REPEATED PASSBYS

For each run, the data analysis procedure usged in-
volves ganerating a third octave array of wayslde
Lage of on-board [gp (arithmetic) average, and
of " the corresponding (two-axle) TF (as defined by
Equatien 3), These runs are repeated between 5 and
Lo times for aach comblnatipn of three condltlons:
tire-pavement, speed, and elther powered engine or
id1le engine (35 runa per tire-pavement comblnatian).

Quostion arlses about which la the mast appro-
priate procedure for averaging TFa. The procedura
that was firat choice, for simplicity and ease of
arror detecion, was to calculate the mean valua of
all tha TFa (in a given spectral band) as well as
the standard deviation, Any large standard deviation
would cull attantion to a suspicious run and cauase a
search for the on-~board or wayslde root of the
trouble. Obvicus errors (as distinet from posalble
random effacts) could theraby be aliminated.

Asguming now that the data contain only vatia-
tions that cappot be actributed to error of other-
wisg disccunted, considered should be overall average
TFa for runa ¢ » 1 to NR, defined by any one of the
following three alternative forms:

_ NR
TF = 1/RR | TP is}
£
wn  -TFe/10
TF = <10 log I/NR | 10 (6
r
g lop/10
TF =10 log 1/9R | 10
r
R .
- 10 log 1/NR | 10 (ELS0)1/10 M

3
where

NR = total number of test runs,
TF, = tranafer function for test run ¢, with ¢
varying from 1 to nr, and

ELSD = Lgg + & {6}

EL50 is leg corrected go that the receiver appears
te be at & coenstant dilstance of 50 ft during the
passby.

The meaning aof Equation 5 f8 obvious: it ls the
acithmetic average already discusapd previously.
gquaticn 7 represents the difference of the epergy
avaragea of all of the on~boacd averages and the
wayside ELSO values. Thus, given an on~board read-
ing, a most probable wayside prediction can be made.
Equation 6 repreaenta an average of the energy ratios
6f Igp and Typs

~TF, /10 wr  —TFc/10

10 w (e ox 208730y s00 % (1) T 10
r

= 10TE/L0 (10 /10 108730

where I, 1s the intensity at tha wayelde receivaer
and Iop 48 the on-board (ntensity. The mean TF
followa by taking logarithma,

Although Equatjons 5, 6, and 7 appear to be quite
different, the numerical values of tha rosulting TF
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are egual to within §.1 to 0.2 dB even for large
values of algma (2 or 2},

INSTANTANEQUS TFa

& metric of considerable interest is the radiatien
directionality, which reflects the influence of tire
carcaps  conesctruction and footprint slip-stick
mechanism. The pattecn of the instantaneous (timg-
evolving) TF is therefore of interest for the light
that 1t might shed on thia conatruction and this
nachanlsm.

The geometry of Figure 1 (neglecting ground ab-
sorptien for tha 50-£t wayside posltion) resulta in
the relatlon betwsen wayside intensity I, due to
the 4 tlren and on-board intensity Tppt

I, = Iop % (DG/RY) x K(b) &)

where K{B) dncludes a directlonality index and a
conatant factor depanding on the on~board microphone
pogition (angle and diatapce Erom the on~boacd source
tire) am well as on the wayside contributions of the
other tires. Por autombilee and vana, it is assumed
that directionality will not be affected much by the
presence of 4 tires inatead of 1, for 4 identical
tires {f the wheelbase 1s small compared with the
offsat distance D, = 50 ft, (Characteristics of
mixed tires would have to he determined by energy
aubtractlon.)
The instantaneous TF (for 4 tires) would be

TP = 10 log (1/K;} {10}

2 10 log tlop/Tyr) (MG/R)) {11
10

5 Lgp = 10 log [10‘””'/ x rnc',/n'lj] {12

where K; 1a the copatant energy term that Is a
Function ef time,

Pigure 7 shows a representation aof the Instan-
taneous TF plotted vorsus axial distance instead of
angle.

40
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3
g f 1584 data=1.7 dNA
K-}
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£ 8 o o ®
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Note; Tira definitions=T1 = hias rib, T2 = bias mud and snow, T4 = 8!
weathar radial, T = radial rily, T70 = radisl mud and snow, T8 “ radial rib.
Symbo! definitions=( = 1083 data, & = 1584 data,

FIGURE 7 tusiantoneoun tranafer fanction versus axial distance,




Slutsky et al.

FINDINGS

Ipitial Measurement Results

Computationa of the A-welghted TP for automchile,
Llighe~truck, and heavy-truck tlrea were carried out
for many tire pavement acts during apring, summer,
and fall 1983. The authors were surprised and disap-
pointed to £ind large spreads of about 6 to B dB [n
the TFa, Simllar large spreada wera found in the
en-board and wayside readings, with Little apparent
reason for the difference in op-board levals of
tires {(which were expected to be aimilar) and with
equally unoxpected reversal of the hoifse ranklngs.
Many hypotheaes were exploced, from the effect of
strong directicnality patte¢ns to the apeecial tough-
nesa (hardness) of some of the rubber compasitions.

Later Measurement Resulta

puring winter 198} and early aspring 1983-1884, the
tires were all stored in a truck where they experi-
enced many aignificant changas in temperature and
humidity, (This was in contrast to spring 1983 whan
excess tlven E£illed the 1aboratory to the point of
impasaibility.) As soon as the spring ralps ocased,
the Ipvestlgatlon proceeded on the offect of tire
noise directionality by repeating the automobile
tire on=board/waysida test procedute but with the
microphone fin three different positions: succes-
sively behind the tire (as before), at 45 degrees
(halfway hetween the wheal axis and the previoua
trailing position), and at the 90-degree position on
the wheel axis.

It was Bomevhat surprisming to f£ind that the on-
boatrd microphone readings changed with angular posi-
tion by at moat 3 dBA (Bee Plgure Bc). Also, it was
pugzling to find that the TFa for esath of the micro-
phona positiona now formed a tight {1 dDA) cluster
at a value identical to that of the tire that had
proviously been considaered to by most questicnabla,
Upan inveatigation, 1t waa found that tha tire eet
in question had beer the only one purchaged locallyy
its wrapping was old and Faded, apd its apparent
initial age and exposure contrasted dramatically
with these of the other tires that had arrived hot
from the manufacturers' baklng ovens. (The atrong
odor of rubbar had bean evidont to anyono pasaing
near the laboratory.)

Converaations with polymor chemists and polymer
engineers at the Polytechnic Institute of New York
and then with people at tire companies verifjed the
hypothesis that aging for L year would produce large
changes in the physical proparties of rubher tires,
and, indeesd, that some operators of heavy eguipment
regularly aged thelr off=-the-rcad tirea to toughen
them for the hard usage that was antialpated.

Examlnation of the data for both perioda revealed
that the change In the ?Fs was due to a change in
tho on«board A-weighted lavel with relatively amall
{less than 2 d4BA} changes [n the wayside A-walghted
lavel, as can be Seep in Table 1, (Note that all of
the truns shown ln Tahle ! wure tested on tha pave-
ment type P2, dense graded asphalt overlay.) Further-
Fore, a deneral ¢lockwise rotatlon of the spectral
¢urve about tha middle of the range (1,000 Hz) was
obsetved having tha effect of increasing the low
frequencies, decreasing the high frequencies, and
leaving the A-welghted sum relatively unaffected.
Figure 9 shows a typlcal axampla of this behavior.

The new A-weighted woyaide and TF walues for the
automobile and van tires tested arc given in Table 2.

Transfer Functions

A partial summary @f the results to date of TFs for
various tire types and several pavaments is given in
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TAHLE 1 Summary of Olwerved Wayside and On-Buunl Levels
for 1983 Meamareencnts versus 184 Measureinents nt 55 mph
Comsthy

1433 1984
Tire Type Wayskle  Up Board Wayside 0o Boand
Uias it 0.4 4l 721 12,8
ias mud and spow 1.3 96,5 74.6 1042
All weather radal 6.6 4.7 7.3 1009
Radlal rib 0.4 96,1 69, LI
Radial mud and snuw (X} 5.0 0.4 {00.6
Hadial 7ite .0 Tog.t Tl 100.1

Table 2, Note that for each vehicle class there {8 a
well-definaed range of TFs that vary only slightly
from pavement to pavement.

However, thora is a signiffcapnt variation of the
TF from one vehlcle olpsa to another. Tha largest
values are found for automeblles: values Ffor vans
rank next and those for trucks are lowest, These
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FIGURE 9 Cotnparison of 1983 and 1984 measurements of
sutotobile tire nolve bevls,

TAHLE 2 Sunmmary of Typical
Transfer Functions

Transfer
Tiee Type Funetion
Autamobile
Bias rib 0.8
Héas mud and anow 9.7
All woather radial 9.4
Radial rib 0
Radial mud and snow 302
Radiat mud and snow 2.3
Radial rid o0
Van
Bias mud and snow 25,1
Bias rib 25,5
Blas rib .6
Rudial rib 4.5
differences appear reagonable for the following
reasonat

« The fractional contributlon of the on-board
measured tire to the total level measured at the
waymide dectsases for the van and teuck because of
tha increased viaibillty of the tires on the opposlte
aide of the vehicle.

¢« In addition to the offect of increased visi-
bility, the truck also has more tiras.

* To malntain reasonable and safe geometric
configuration of the mictophone and tire, the dis-
tance Erowm the microphone to the tice pateh tralling
adge increases from automoblle to van to truck.
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Note that the full cange of avallable automohile
tlren were tasted on one of the test pavements to bo
absolutely cortain of the validity of the bounded TF
repnlts.

To further validate the concluslons of Elghtly
bounded variatlon, a subset of pavemenlis and tires
was chosen to represont the avallable runge of pave-
nents and tirea. This need for limiting the number
af tire—pavement cases was a cohsequence of the
inability of uslng the fnitial, extenalve measura-
ments from the uncucred tires. The overall reliabllity
of these TFa is confirmed by the inner conalatency
of the data,

Purther reason for confidence ln the data is the
reproducihility of the individual on-board and way-
alde data from which the TPa are deduced. Typical
data outputa are givan in Tables 3, 4, and 5 for
on=hoard, wayside, and transfer function levels,
reapectively, Thesa tables are (or a aeries of pass-
bya and coastbys of a single tire-pavement combina-
tion at two Apeeds. Data are cutput in third octave
bands as wall as A=-welghted levela, Note that the
var {atlons from run to run ara very small,

Usa of TFa

one of tha lmportant applications of the foreqoing
resylts is the remarkabla facility with which it {s
possible to make reliakle wayaside predictions for
varfous tlre-pavement combinations by using the
on-board over-the-road measurement sysatem. In con-
nection with the research effort, Lt was posaible to
cpllect an extenslve tire-pavement nolae data base,
Table 6 shows a typlcal aampling from that data base
for a nubsat of the tires and pavements measured. It
can be neen in the table that thare la a range of
about & to 8 dBA from the quietest to the loudeat
combinations encountered, Such a data base would be
of walue for predicting the tlrea-pavemsnt nolse
component to ba anticipated by the particular mix in
a3 given reglon and for assessing teasonable pavemant
choican,

CONCLUSIONS

The following conclusions can be drawn from the
foregoing diacussions

1. Wayside computerizad data acguisition allows
great flexibility in application of and ln choosing
vacietion of data interpretation,

2. On-board methods allow acquiasition of tipe-
pavenent nolse datn basea at minimal cost,

3, TPs ware found to be unique Ffor esach vehicle
typa and are therefore appropriate for measucement
programs. Rellability {8 eguivalent o that of
existing srandard wayslde measutesment methods as
ardiparily employed,
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TALRLE 3 Summardes of Multiple Data Jiuns for On-loard Levels

Test Run No, (48)

173 Qctave Avg ol

Band el e C4 el Test Runs Sigwa
20002 H6,7 B9 H7,3 74 87.3 43
25007 BS54 RS6 85,6 85,9 R5.6 NL]
JISHZ Hs,? .12 #6.9 B54 H63 A5
400 HZ H52 k6.2 5.2 84,9 H5.4 Y
o011z LLE] 84,5 88.1 48,7 BH.4 g2
63017 24,1 94.8 94,2 939 94,3 R
sobnz 9 91,7 v|,7 9p2 91,7 29
1K 92,2 928 9.9 924 92,3 .23
125K 98 977 94,2 v,2 9% 2
1.6K 917 97.5 91.9 91.3 97.6 22
2K 954 94.8 95.6 04,7 95,1 [
5K 90,4 an.s a0.8 0.4 90,5 16
LISK 56,5 k6.4 56,5 86,4 K6.5 0%
4K sh8 B1.6 LING HL6 8§L7 08
5K 76,5 76,3 76.5 763 764 |
JBIK 729 124 129 729 139 M
A-We 104, 104.1 104.4 104, 104,2 W3

Nofs: Taul runs were muda on May 9, 1984, using vehlcles with tire types | {blas rib) and 2 (blsa
mud snit skow), Vehiclas wars trevelling n) 53 mph,

TABLE 4 Swamaries of Multiple Data tuns for Wayaside Levels

Test Run No, {4}

143 Octave Avgal
and ce2 oCl [Aa) ccy Test Rune Sigms
200 HZ 63, 615 3.6 6L6 63 A5
50 HE 6.6 61,2 6.7 6.9 62,4 32
kIR 60.6 6l 60,6 60 60,6 39
400 HZ, 5.8 52.6 511 513% i1.5 ]
500 HZ 392 58.4 59.6 59.3 59,0 A4
630 H2 64,2 63,7 64,7 639 64,1 38
s00 HZ 65.2 65,3 64,2 64.9 65,2 15
1K 654 65,7 68,2 65,1 65.4 2
115K 61,7 6.4 &61.6 61.8 HE
L6 K 67,1 46,8 67 66,7 67 23
2K 63,3 61,2 6.6 63,3 63,4 BE
25K 60,7 &0.4 0.4 60.4 0,7 .le
ENEY 582 574 S8l 57.8 L] 8
4K 359 54,4 §5.4 55.3 35,1 .54
5K 59 24 114 53,1 53,2 S
53K 56 50.2 it 50.7 0.9 51
. Awe M7 .5 .6 44 T4.6 .1

Nate: Tent tuna were mece on May 9, (984, uslag vehiclen wiih tire typos 1 (blas £id) end 3 (biss
prud and snow) Vehlcler wers cravalling 5t 53 mph,

TABLES Summarica of Mubtipde Data Ruas for Tranefer Function level

Test Rua No. {dB)

113 Octave Argal
Hand R+ o ey CcC4 cCs Teat Runs Sigms
00 HL 235 254 7 4.8 44 T8
50 HZ 2.8 234 1.9 4 233 A%
EiLNIA 5.1 249 6.3 26,4 1%.7 68
400 HZ 7.4 28.6 28,1 7.4 219 51
S00 HZ 9.2 3n,| pLE 9.4 .3 457
~sdonz 9.9 YR 9.5 30 Jo.) .59
| DO HZ 6.4 264 26,5 26.3 26,5 .19
K 6.8 26,8 26,7 7.2 69 49
125K 0 EL] 304 30.6 3a.2 26
1L6K 0.4 30,7 30.9 30.6 0.7 J8
1K hry | 318 k¥ 34 J)B 29
23K 29.7 29,7 30 30 299 .15
315K 28,3 28,6 .4 8.6 5 A3
4K 259 M2 26 263 264 A8
5K 2.6 21.9 2.1 23.2 22.2 A6
63K 21.3 22,6 2.4 222 22 A8
AWy 9.6 29.8 291 29.7 .7 .08

Hole: Todl rune wars made oh May 9, 1984, uaing vehicias with tiry iypes ) (blaa b} and 1 (b
mud pad ghow)  Vehitlea wies tavalling of 55 mph,
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TABLE 6 Typical On-Board Noise Levels GIBA) for Varions
Tire-I"avement Combinationn

Pavement Types

' 12 ¥ 4
Tiee Type ('cch i) (hGALY (OGA)
lilas rih 102.4% LU 99,3 URA
1hiax mud and snow 1oX4 101.4 100.6 1019
All weaiber radial 100.6 kLR ng.L 6.4
Randial rib 1004 Y89 9.7 174
tadial med and snow 1007 0.4 wn.9 94,4
Radlal rih 1004 8.7 9.4 91,9
Rias wsud and mow 7.1 NS.6 6.4 95,1
Hias rik 4.0 us.R 96.1 4.6
Blas riks 984 95,8 94.4 4.0
Radial vib 99,2 a4 6.4 4,4

Notetr PCC = portlani cepend concrere, DGA » denue graded asphall, NGAO &
denve gradad asphali iverday, and OGA R apen graded swphslt,

complishments related to the design of the hardware
and software syastems presentad here, Appreciation Ia
also axtended to Michael Leopard, Nassy Srour, and
Horace Patterson for thelr assistance [n the data
collection efforts. Special appreciation 18 expresaed
for the camments of our reviocwers.
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An Application of Artificial Intelligence in

Highway Noise Analysis

ROSWELL A. HARRIS, LOUIS F. COHN, and WILLIAM BOWLDY

ABSTRACT

The highway noise abatement Program in the United States is still in the devel-
opmental stage, which la demonstrated by only 29 states having constructed one
or more nolse barriers to date. Explored in this paper is a method of making
the expertise in highway nolse analysis and control easlly accesaible to high=
way notne analysts. This relatively new activity in artiffecfal intelligence ia
Known as an expert system. A general discussion of export nysteme is presented,
followed by a discussion of a specific prototype system currently under dovel=-

opment at vanderbilt Univeralty,

Efforta to mitigate highwny nolse impacts are selll
in the developmental stage In this country (1),
After more than a decade of federal involwvement and
tha conatruction of more than 200 linear miles of
noise barriers, only 29 scates have constructed mora
than one noise barrier (2). Moreover, 1t was noted
in a 1980 report by the National Cooparative Highway
Rasearch Program that 85 percent of the almost 190
linear miles of barriers had bean conatructed in
only 9 sgtatea, with 39 parcent in only 1 satate,
talifornis (3). Howover, ap the concept of mitigat-
ing highway noine impacts bocomes moto fully lnte-
grated Inte the projeck development process, it can
ha expected that many more atates will develop bar-
riet construction ptograms,

After a highway nolae impact has been f[dentified
in accordance with FHWA, 0.5, Department eof Trana-
portation regulaticna {4), the noine analyst must
sariously consider mitlgation measures, Informatlon
ahould be gathered frem many different sources and
then fntegrated through a series of mathematfcal and
physical steps to form a basis from which to recom-
mend abatement alternatives to administeators in tho
highway agency. Much of thin information ia straight=-
forward and available from convenlent sourcaesy fot
example, horizontal apnd vertical alignmant of the
raadway many already have bean determined and be
avallaple from the appropeiate design affice. How-
svar, other informatlion is 1ess eavident and may
requicre spacial knowledge or ilmsight; for examplae,
the corridor under davelopment may be In the vicinity
of an upcaming zonlhg modification that may slgnifi-
cantly alter existing land psaé. Unleas the analyst
in ahle to consider auch an cventuality, a selected
nolpe abatement measure may bacome inapprepriate,

After the noise analyala has been complated,
there is likely to be an array of abatement optlens
from which to choosa. To convince the decision maker
that an abatament measura {m cost-affective and
necessary, lt is ossentlal that the analyst bhs able
to assign a priority for all aof the optiens in a
corgect and conmsistent manner, Without this abllity,
it is possible that an agency will either make the
wrong decialon or no dacialon at all,

To alleviate this prablem, the analyst must be
able to uae the expertise of other profesaicnals in
the £inld. How can thia be accomplished most effi-
ciently? Making expertise from a domain-specific
area widely available and then easlly accessing that
expertise 1a a relatlvely new activity In the field

of arcificial intelligence (ATI}. The mechanlam by
which thin concept is hecoming a reality is known aa
the expert system (5). A general dlscussion of ex-
pert syatems will be presented in this paper, fol-
lowed by a dincussion of u prototype expert asyatem,
CHINA-1 {Computerized HIghway HNoise Analyst), ocur=
rently under development by the Transportation Re-
seacch Group at Vanderbilt Univeraity. Flnally, the
utility of the prototype aystem will be demonstrated
by uelng an example pcoblem.

EXPERT SYSTEMS

An expart system may be definsd as an intelligent
computer progeam that uses khawledge and iInference
procedures to Bolve complax problema that are dif-
ficult enough to require significant human expertise.
Both the knowledge and inference procedures may he
viewed ap a model of the expartine of human experto
in thelr fleld (5},

The export system ls typically made up of three
primacy components [sea Flgure 1 (8))1

* A knowledge base contalnlng the domaln-spe-
cific facts and heuristica associated with a par-
ticular field

* A rule interpreter, or inforence engina, that
can utllize the Knowledga bage in the sclution of a
problen

¢ A global data bass, or work space, that main-
eains the status and input data for the current
problem,

Each of thase componants will be discussed further,

The knowledge base of an expert ayatem ts made up
af two typas ©f knowledqge: Facts and heuristlics,
Facts consist of general knowledge that i{ncludec the
published definitions and theories found {n the
texthooka and referencea within the damaln of astudy.
However, expertine In a speclalty usually involves
knowledge that is not In the published literature.
This private knowledge consists of rules of thumb
that characterlze expert-level declalon making and
han hecome kpown as heuristics (5). For example, the
expart in highway noisa knows that line-of-sight
break with truck exhausts will improve the percap=-
tion ©f barrier performance, ragardless of predic-
tlon tesults, Thus, he may, as a rule of thumb, make
certain that such lines of sight are broken where
necessary.,
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FIGURRE 1 Generic expert system,

The rule interprmter, or infarence engine, may be
demscribed as a type of reasoning mechanism that is
capable of applying the heuristics or rulea in the
knowledge base to the facts about a specific problem
{5,7). The performance of an expert aystem is pri~-
marily a function of the nimo and quality of its
knowledge base, not of {ts particular inference
engine. Severnl Inference engines are avallable as
skmlatal atructures that iay be modified to fit the
apecific neads of & now syatem {(5,8,9). As an option,
the engine could be constructed from acratch by
using one of the standard Al programsing languagos.

The final major component of an expert ayatem ia
the global data base, or work space, Thia is a vork-~
ing memory that containz Information that collec-
tively describeg the specific problem and maintains
a current asassament of that problem.

The computer languags LISP (LISt Processing) is
chooen for most work in Al because of ita ability to
sanily manlpulate symbols [5). A program written in
LISP uses aymbolic expressions to work with data and
proceduces, juat an humans work with pencil, paper,
and words {10}. A symbol manipulation progeam is
able to recognize certain aymbolic expresalons, tear
old onea apart, and aasemble naw ones, For example,
it can interprot a conversational English question
from a usar by tearing the sentence apart and recog-
nixing predefined technical terma, pronouns, oOr
aynonyms.

In LIgpP, the function te ba performed is always
given first, followed by the data with which the
function is to work. These data are known as the
atguments of the function. In tho exanple below, tha
tunction BSETQ asaigna to the expression VANDERDILY
the value of tha liat (A BOUTIIERN UNIVERSITY).

(BETQ VANDERBILT *{A HOUTHERN UNIVERSITY))

In responae to the usar typing the expression
"VANDERBILT", a compiled LISP environment will reply
with the liot "A BOUTIEAN UNIVERSITY™, Likewise, in
a LISP program, any time the exprension "VANDERDILT®
is encountarad, the 1list “A SOUMERH UNIVERSITY"
will be returned. A list 18 defined as an expresaion
snclosed by parenthesss. ‘The individual pleces of
that liat ars known as elapents. In the example just
given, "A SOUTHENN UNIVERSITY® is a list and each
word in an elemunt of that list.

The expert oyston differs from conventionsl
puter progrekd in saveral ways ({8). Becaupe both
functions and datn written in LISP have the gpame
Eorm, the systom can be more eosily modifisd Ly users

com=-

not very familiar with conventional programming tech-
niques, In a conventional program, the datn relative
to a glven problem and the methods of ucilixing that
data are intectwined so that it 1a often difficult
to change the pregeam. On the other hand, an ewxpert
syatem is usually characteriied by a clear sepaca-
tion of general Kknowledge, information about a spe-
cific prcblemn, and tho method of applying the general
knowledga to the problem. The program itself is only
an intarpreter and the syatem can be eaally modified
by addlng or subtcacting rules to the knowledge
base. Thus, the expert ayatem is not ntatic; rather,
lt can be Baid that it learns.

The task of gathering knowledge and assemblipg it
in program form is referred to as knowledge acquisi-
tion (5). Becauso the performance of tha axpert
ayatem la dependent on the completaness of the
knowledge base, this task is key to the develoment
of an acceptable system. Sources of knowledge in-
clude human experts, textbooks, journal articlen,
data bases, and personal ewxperience. Bacause knowl-
edge acquisition ln an ilterative process, commitment
from an articulate expert is important. It s almo
important that the expert systom builder be skilled
in the interrogation of the expert to effectively
assemble the knowledga base, Faedback from the ex-
pert about the performance of the ayatem each time a
rules in modifjied, added, or subtracted ia essential.
As more and more heurlstics are added to the knowl-
edge base, the aystem will approach {and possibly
exceed) the compatence of a human expert (f).

Decaune of the alze and cooplexity of thia knowl-
edge base, the development of a prototype ia an
important f£irst atep in conatructing an espert, sys-
tem. Thin prototype is designed to address a sub~
problew within the overall problem area. Through
exporinentation and revisjons, the prototype will
bacome the model from which the final expert system
will be conatcucted. The remaindec of this paper
will focus on the prototype aystem, CUINA-1l, cur-
rantly under development at Vanderbilt Univoraity.

CIITRA-1

CHIRA-1 ig written in UCI LIBP (11) and is inctalled
on the Vapderbilt Univeraity DBCaystem 1059 maln-
frame computec. Actess to CHINA-1L 18 through a Macro
Intarpreted Command (MIC) file (12).

CHIRA-1 is designed to first classify highway
nolse-related iapacta based on existing and future
noise levelr suppllied by the user. This heuristic ia
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baged on past oxperienco of the authors and others
f131,14) and is meant to illustrate the use of
heuristies In thia context. Then, reading a €Elle
produced by a modifled version of OPTIMA, CHINA-1
identifies those barcfer secgments over which the
maximum or minimum sound energy is passing, and
makes recoMmendations on how the barrfer may be
modified to best reach the design goals specified by
the user. How a user might utilize CHINA-]1 on »a
hypothetical problem fs described in detall ip the
following paragraphs.

A fundamental guastion in any highway nolse anal-
vals 18 whether an {mpact actually exista. The anawer
to thias gueation often dictates the typa of abate-
ment considered, or just as important, {f any con-
slderation will be glven to reducing highway noime
lovels. CHINA=1 was pregrammed te perform thls task
bagad on criterla established by the user and illus=~
trates how the knowledge base cen be easlly medi-
fied, Only exterlor activity for mingle-family remi~
dences will be considered in this prototype systam,
However, this feature will adeguately demenatrate
the feaslbility of expanding the basic concept of
building such a model.

In makipg this impact determination, federal
regulations require that an approach that conaiders
absolute nolse levels, as well as the increase over
existing noise levels, be utilized [4). A number of
proceduras are avallable that recommend ways to
addreas thie requirement (13,14). A method has been
devised for CHINA-1 that will classify nolse-related
impacts as none, modarate, or savere, op the basis
of two rulesa. Considared in the first rule [r the
difference betwaen the predicted noise level and a
criterion levol built into the model; the criterion
level is displayed early in the process and the user
ia given the opportunity to changs lt, Cansidered in
tha second rule la the amount of increase between
existing and predicted noise levels, Figure 2 ghows
the resulting matrix of impact zonea.

To illustrate the use of thls prototype system
and the concept of using expert systems fn thie
area, an intecaction with CHINA-L 1s described in
the following paragrapha. In conjunction with the
nacrative, the reader's attention is also directed
to Pigure 3}, which presents the actual sesasion with
CHINA-L,
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It is ansumed that the user has an iden about
what the existing and future nolso levels are at the
receptor of intarest. CHINA~L uses thia information
in determining the degres of impact for a given
receiver. Aftor inltially deciding nokt te select the
barcies denlgn foature, rthe user inputs this data to
the work space through response to the next two
queations asked by the program. Any time the uaer
wants to end the session, he only has to type 'BYE'.

CHINA-1 then requests the user to clansify the
land use at tho site that fa under study., hs men-
tioned earlier, abatement strategy can be influenced
by land-use type, but for the purpose of the proto-
type model only singlo-family residences will be
connidored., The user {s allowed to sclect between
residentlial and public land use only to demonatrate
the feasibility of optlonas at this poipt. IE the
land-use type is misspelled, CHINA~1 aake the usner
te check the apelling,

The design criterion used in classifylng the
noise~related impsct {s displayed next, and the user
is given the option of changing {t, If the criterion
is ghanged, the new level is diasplayed to verlfy
that the change was as the user wanted. Then,
CHINA~1 repeats the land-usg type being cansidered,
agaln to verify it [p as the user intended 1t ko be,

CHINA=1 now haa enpcugh Information to rank the
noise-related imppck. Por the purpose of demenatrat-
ing the pcototype model, a menyt is provided at this
point, llating the options available. The user may
select the cptien he desires by asking CHINA=1 the
question in conclse conversational English., If
CIlINA~]1 does not recognize the request aa stated, it
will amk the user to rephrase the question. CHINA-1
in designed to recognize a user's question ln sevaral
differant waya, For exampls, te find out the cdegres
of impact at a particular receptor, the usfsr may
8imply type "CLASSIFY IMPACT", or he may usé "RANK"
or "RATEM us synonyma for classify. CHINA~1 looke
for caortain key words, such as "BARRIER DESIGN",
which may be contalned 1n any order within the
wper'n questien.

Becausa the nolse barrier is the most commen
method of noiae abatement in this country {(3), it
was decided that a primary function of an expert
pystem in this domain should be the acoustic deslgn
of these structures, The uper may accesa thig Ffaa-
kure In two ways: hy gelng dlrectly to the barrier
denign feature at the beginnipg of the program, by-
pasging tha impact classificatlon, eor by proceeding
through the impact classification.

At this point, CHINA-Ll notifies the user that he
must have already run the FORTRAN programs STAMINA
2,0/0PTIMA (15}, STAMINA la the basic tool for cal-
culating nolse levels at a given location based on
unigue roadway geomgtrles and traffie charactoris-
tles. OPTIMA then allews the user to fnelect certain
combinations of barrier tonfigurations for cheosing
the one combination that provides the most noise
abatement in the most cost-efficlent manner,

The human expert followas a certain thought pro-
cess in this optimization task. CHIBA-1 is deslgned
te emulste that thought process. Efforts to Ilntegrate
CHINA-1 with OTPIMA at thia point {n the barrier
dealgn proceas ate atill under development. In the
interim, a FORTRAN subroutine has heep developed for
uee In OPTIMA that croates a file containing all
pertlnent data, CHINA-l reada the data from that
flle, recommenda ways to change the barrier configu-
ration to reach the optimum design, and prints out a
summary of all data relative to a partlcular barcier
dealgn and impact statua.

the initial barrier configuration 18 usually an
gducated dquess by the uper bas¢d on past pxperience,
ite uses the Information provided by OPTIMA to change
hatriar heighta or location, of both, in an attempt
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to obtain the maximum noise reduction for the least
amount of manay. In this exampls, the user hegan the
analysis with a barrier of a constant l0-ft helght,
CHINA-1 noted that the lmpact was satill severe and
went on to guggest raising barcler section 2 to
further reduce npoise levels becaude the maximum
noige contribution was coming from that section. In
this prototype system, the model only considers that
barrier sagment contributing tha maximum or minimum
noinse lavel at a given receiver, Suhsequent wark has
led to the development of a heuristic that considera
not only the maximum and mipimum contributions, hut
also other significant or ineignificant contribu-
tions at all affected recelvera., This heuristic, in
its fipnal form, will allow the system to emulate
mora closely the human expert's thought procass,

In this example, the uber made the puggeatad
changes, re-ran OPTIMA, and than executed CHINA-1
agaln. This time, he chose to go directly to the
barrier design option. CHINA=1 then requests the
oxlseing nolge level at the recelver and petforms
the same analysis aes praviously dascribed, and again
makes the appropriate suggestion,

This exanpls only pressnts one i{teration af tha
process. A8 lt now exlats, thies is a asomewhat com-
plex procedure, but it does demonstrate the Eeaal-
bility of emulating the thought proceass 0f a human
axpert with machine reasoning as the user attempts
to optimlze a nolese barrier design., In addition,
this prototype syatem adequately demenstrates the
utility of a computer program that contalns expert
advice on a complex task.

CONCLUSION

A primary purpose of the prototype Bystom at Vander=
bilt University {a to demonstrate the fensibflity of
constructing an eoxpanded expert aystem that would
synthesize the knowledge and exparience of leading
expects in the fleld of hlghway nclse analysia and
abatement, This concept can provide the engineer,
who has the fundamantal training required for highway
noise analyais, with easy access to the experience
of recoqnized experts in the fleld. This capability
has tho potential to enable the most inexperienced
highway nolas analyst to deslgn effective, cost-af-
ficlent nolae-abatement plans.

Plannad énhancements of this concept, which are
curcently under development, call for the Integra-
tlon of the FORTRAN program OPTIMA into a LISP an-
viconment. The next generation of CHINA will be able
to exacute OPTIMA at the option of the user, analyze
the results of an initial deslgn chosen by the user,
and then recommend ways to improve that denlgn hased
on deslgn goala specified by the user. With the
expart knowledge oncoded in the expert system, the
CHINA model will be able to consistently design the
optimum bareier directly from within the expert
system,

Thie prototype system, in fts present sastage of
davelopment, also demonatrates the potential that
exists for applying artlficinl intelligence technol-
ogy to other disciplines of transportation engl-
nearing, For example, an expert system could aid in
accident reconstruction, alrport noise managoment,
transit route malntenance, or traffic managament on
an urban street system. The potential is also cbvious
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for using oxpert systems to provide a tutorilal for
educating users in the use of complex models.
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The Effects of Traffic Sound and Its Reduction on

House Prices

DANA B KAMERUD and CALVIN R, von RUSECK

ABSTRACT

Sales historles of two residentlal neighborhoods bordering on an Tnterstate
highway were examined o determine the effect af traffic sound redustlon on
house prices. Sound levels were reduced in one of the noighborhooads by bullding
a barrier aleng the highway, The second neinghborhood, which remained unshielded,
secrved as 4 comparison area, Before the barrier was huilt in the firat nelgh-
bothead, sound levels in both nelqhborhoods were detormined primarily by
proximity to the highway. Analysis of house prices showed that, in the absence
of shielding, houses nearest the highway sold for lees than equivalent houses
farther away. The magnitude of this highway-proximity effect, measured in per=
cant of house value per decihel of sound gradient, was consistent with similar
estimates previously reported In the literaturo. The proximity affect on prices
appears to have persiated long after the barrier was bullt, Hence, although the
hateler reduced the level of traffic sound and annoyance in the ghielded neigh-
borhood, there was no evidence that these beneflts were capitalized into higher
house prices. The results of this atudy Lhorefore suqgest chat hedonle price
reqreangions (which are not hased on trum treatment-control data) may overesti-
mate the potential ecanomie benefits of eraffic pound reduction.

One way to estimate the potential benefits from
traffic sound reduction Is to determine the relatjon
hetween traffle sound and rosjdential properey
prlees, Many analysts view traffic sound an an en-
vironmental pollutant that <an depress property
values, Adsuming that purchasers of propsrty exposed
to traffic noise trade off annoyance for lower
prices, then the difference hetwssn the price of a
house in a nolsy environment and tho price of a
comparable house in a quieter area is a moasure of
the value of nolae.

Seyvaral studles have sought to eatimate the value
of noise, Nelson (1) recently roviewed 9 empirical
studies covering 14 housling sites in Canada and the
United States. Among othar findlngs, weach study
reported some type of property price-reduction rate
{or depreciation rats), that ia, for each Aecibel
increase in oubdoor sound level a corcesponding
property price reductlon was apecified, Decause some
of the studles used different measures of price
reduction, HNalson axpressed all price changes in
parcentage terms. 8imilarly, becausa ths studies
used various measures of sound Intonsity, he con-~
verted the sound lptensity measures te the LEQ
ascale, (LEQ stands for equivalent gound level, &
measure widaly used for deascribing time-varying
environmental noise.) In this way, he was able to
compare the % atudies on the Dhasis of their eatl-
mates of the Noise Depraciation Senaltivity Index
{NDSI), which specifies the percentage decrease fn
the value of A& resldence that would resule from &
l-decibel {dB} lncrease in LEQ.

Nelson'e review “suggests noias discounts fn tha
range 0.16% to 0,63% per decibel, with a mean of
0,40t (1,p 129}, A similar NPST estimate of 0.5
percent par decibel was produced in a more cacent
study nat included In Nelson's raview (2,p.540}.
Another tecent study, which used a new data~analysis
technlque, alae found a noise affect on property
prices (3). Haence, the evidence suggests that traf-
fic acund can ecause a meagurable reduction in prop~
arty pricas,

In che research clted hare, the sound-level dlf-
ferences were asspciated with diatance from a sound
Source rather than with any action to reduce sound,
Yet, as Taylor st al. (2) have noted, homeowners
would algo be expected to experience monetary henes
fits ln the form of higher property prices if traf-
fic sound levels were reduced, Accordingly, this
study was undertaken to Investigate whother home-
cwners regeive monatary benefits from higher prop-
erty prices when traffic sound levels are decreased
ln a reaidential area. The sound-level reductions in
this atudy ware cbtained by constructing an earth
herm bhetween the homes and the sound mource, an
Intaratate highway,

HISTORY AND GEOGRAPHY QF STUNY AREA

During the sumner of 1973, a qroup of resldents from
the Troy Meadows and Lakewood subdivisions of Troy,
Michigan, petitloned thelr colty government to reduce
traftlc mound and other annoyances associated with
naarby Interstate Route 75 (I-75), These homeowners
rgquested constructlon of a palr of earth berms to
ahield their houses from roadway~related distuc~
bances, Because the hames in Troy Meadowa and Lake-
wood were built several years after the construction
of 1-7%, the Troy clty officers and Michigan state
highway authorities declded that the bezms should be
paid for by the residentas who wero affected, After a
lengthy public debate about the project and its
costs, & harm to shield Troy Meadows was completed
in tha asummer of L974. Lokewoad residentas, howeyer,
abandoned plana to build a berm in thelr subdivision,

A before-and-after study was copducted to measure
sound levela, anncyance, homeowner willingness to
pay for nolee reductfen, and percefved benefits
derived from the Troy Meadows berm (4), In thin
paper, some of these measurements will bs combined
with data on real estate transactions that have
taken place Ln the twd subdivisions From the time of
thelr initial development through May 1980,
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Figures 1 and 2 ave maps of Troy Meadows and
Lakewoord that show the location of housesa and streects
relative to I=75%, In both figures, individual hcmes
are labaled by house row number, The two subdivie
aions Lin directly enst of I-75 and are separatad by
Wattles Road, which spana the highway with an over-
pass., The prevailing wind ip this reglon ia from
went to east acroAas I-75. RBecausa the land In rela-
Lively flat apd open, thers ware no natural barrisra
to Impeds the trapnsmission of traffic sound, Each of
the two asubdivislons will be discusased Furthos.

Teoy Meadows ts » ralatively affluent nelghbor-
hood with paved atreets and attractive tall treern.
It wag doveloped between 1971 and 1973, and contains
65 well-maintained houses aligned In § rows approxi-
mately parallel to the highway. The near lane of
I-75 i8 W m from the abutting property line of the
clopest home fp Row 1 and 230 = from the farthest
house Iln Row 5, All of the houses except two have
twa stories and most contain 204 te 214 m* (2,200
to 2,300 f£t') of livipng apace, The majorlty of
homes face either directly toward or directly away
from I-75,

Lakewood, a somewhat less affluent subdivisian,
was daveloped between 1968 and 1971. The homes in
this subdivision form 12 rows roughly parallel to
I~75, although they actually face sida atreatn per—
pendicular to I-75) some of these streets are atill
unpaved. Forty-seven of the 68 houaes in Lakewood
are single-story houses and 21 are two-stoty houses,
and moat have 121 to 158 m* (1,300 o 1,700 £t*)
of living space. The near lane of I-75 is 55 m from
the c¢logest house in Row 1 and 425 m from the far=
thest houst In Row 12, All of the backyards have
soma direct view of the highway. Characteristics of
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typlecal Troy Headaws and Lakewood houses are sum-
marized in Table 1.

At this locatien, I-75 is a limited-acceas di=-
vided highway with three lanea In each directian. In
1973, it handled approximately 49,000 vehicles dur-
ing an average 24=hr period, By 1975, traffic volume
had incressed to 59,000 vehicles/day. Trucks of all
winds account for about 20 pergent of the traffic at
times other than those of maXimum use, and heavy
trucks may copstituke as muth as L0 percent of the
tatal mid-morning trafflc. Traffie flew occasionally
excesds 3,000 wvehicles/hr in one direction during
the morning and evening rush houra.

TROY MEADOWS EARTH BERM

The homeowners who circulated peticlons protesting
nolee and oth&r annoyances were tamiliar with traf-
Fic sound~teduction metheds. They detarmined that
earth berms would he the most cost-affective and
aeathetically acceptable sound barriers for the
regloh. Conatruction of two geparate berms was
originally propesed because the ovorpasd embapkment
at Wattles Rond divides the I-75 right-of=-way be-
twoen the two subdivisions. ARs Indicated, plans to
bulld a berm on the Lakewood side of Wattles Road
were abandoned hefore construgtion could bagin.
Figure 3 is a photograph of the Troy Meadows herm
taken from the averpass spanning I-75 at Wattles
Road. The berm is 610 m long angd 3.4 m high relative
to the pavement surface op I=75 and cost 41,700 to
conetruct in 1974, Table 2 gives the payment schedule
for recovery of construction coats. These varlable
payrents were asgigned by the Troy city asssdsor and
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TABLE T Typical Haming Charaeleristlcs

Troy Mesdaws

Lukewaod

Typst Twoestory houses One-and lwo—;mry hanes
Size 204 to 214 ¥ (2,200 t0 2,300 t?) 121 10 L5H m?* (1,300 10 1,700 ft%)
Qrientation Pace directly toward or away from [-78 - Face al a right angle 10 .75

Date built 1971 ta 1973

1968 10 1971

could be financed over an ll=yr period at an interest
rate of 8 percent.

Lffects of Berm on Sound Levels and Homeowners®

Parceptions of Effects

The results of the before~and-after atudy (4) are
summarized hera, Az ls suggested ip items J and 4 In
pacticular, the berm might be expected to hava a
positive impact on the future roesals values of the
homes bensfiting from ft.

1. Originally, significant annoyancea Frem traf-
£{c nolse was confined primarily to Rowe 1 and 2 In
Troy Meadows and to Rews 1 to 4 in Lakewood; hoth of
these areas ware exposed to an LEQ (24 hr) greator
than 60 dB. Moreover, willingness to pay for the
berms was concentrated ln these high-annoyance areas,
In other parts of the subdivislons, LEQ (24 hr} was

less than 60 dB and willingneas to pay for the berms
tended to be low.

2. The barm reduced sound levels in Troy Meadows
by & to 7 dB at the property line of houscs in Row
1, where backyards abut the highway rlght-cf-way. At
this property line, maximum LEQ (lhe) aAound levels
ware decreaped from 71 to 65 dB, and LEQ (24 hr)
levels were reduced from 67 to 61 dB, The reductien
in Row 2 was astimated to be hetween 5 and 6 dB.
aftor Inatallation of the berm, houses Lln Rowa 1 and
2 of Troy Meadows wers exposed to an LEQ (24 hr} of
60 dB or less,

3, Annoyance tatings Iin ftowa 1 and 2 of Troy
Meadows decreased hy a large and statistfcally sig-
nificant amount, Bo that with the berm in place the
annoyanse ratings in all rows were comparatively low
and at approximately the same level.

4. The Troy Meadewa homeowners who perceived
that they were recelving major henefits fzom the
barm lived primacily in Rows 1 and 2, They believed
that they had recelved thelr meney's worth from the
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TARLE 2 Payment Schedule Tor Trey Mealows
Farth Berin

Row | 2 3 3 5
Paymeni {3} 1,017 814 610 407 3
No. of housex 16 15 19 11 1

borm, while persons In Rows 3 through 5 congidered
the benafits of the berm to be worth less than thair
asgosged payment,

%, The berm reduced by one-half or more perceived
loudness of trafflc sound in Rows ! and 2 of Troy
Meadows, but in Rowa 3 to 5 there was little change
in porcelved loudnens. Noise reduction was the prin-
cipal benefit experienced in Rows 1 and 2, while
elsewhere residenta percelved there to be greater
benefits from visual shislding than from noilne re-
dugtion. These wisual benefits included improved
appearance of the nelghborhood, greater privacy, and
elimination of the "viswal naise® of aecing passing
vehicles.

f. TDinadvantages nssociated with the berm ip-
cluded weeds, uvnattractive ground cover, and annoy-
ing sounds from motorblkes whose rlders were at-
tracted to the berm, In addition, a Ffew residents
conplained apout not beling able to see traffic on
the highway,

ANALYZING REAL ESTATE DATA

Real estate transactions from the firat new homes
sales through March 1960 were analyzed to determine
how prices ln the two subdivisions were affected by
highway proximity and the berm, For each house, the
geographie loecation, size (ft?}, and sales hinstory
{date and price of initlal sale and any resales)
waerg included in the data base. However, other at-

prices~=such as decor,
awimming pools, and
this

affacting house
cenditioning,
not observed. For
reason, comparlsons have been made between groups of

tributes
condition, alr
built={n appllances--were

hoypes rather than between individuval houses, al-
though it has been assumed that the unchaerved at-
tributes did not wvary aystematically between the
groups being compared.

Note that, in general, the prices in two different
real estate transactions sre not directly comparable,
Firat, the houses may be of differont sizes, and
using cost/ft* only partially corrects for slze
because a large house le generally cheaper per Et?
than a 8mall house that ls otherwise similar. Thus, a
comparinon of the deslrabllity of two locations using
copt/€t? would be blased [f one of the locations
had larger heousea than the other. Second, two houses
af the same alze could differ in decor, appliances,
and other attribhytes, Based on the apparent homo-
genelty of the houses at these altes, however, it
appears reasonable to  assuma that the unobaerved
ateributas do not vary systematically with location
in a given subdivision. rlnally, two transactions
with different daten of sale require adjustmenta for
inflation before a valid price comparinon can ba
mada,

The problems of comparing two different real
eatate transactlons can be handled hy treating the
variable PRICE as a Ffunctlon of the explanatory
variables SIZE, DATE, LOCATION, and FERROR using a
dlfferent function for each subdivision. Here, SIZE
{a the aguare footoge of the house, DATE and PRICE
rafer to the amount that the house would sall for at
a given time, and LCCATION Is a proxy for distance
from the highway. The ERRCR varjable tepresents the
unobagrved differences betweon transactisna, imelud-
ing the possible physical differences already maen-
ticned, the denives and bargaining abilities of
buyers and 8ellers, the ipput of agepts and ap-
prainern, and any other influences on the nale price
that are not abserved In this data bage,

In the caleulations in this paper, log{PRICE)
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rather than PRICE itself will be used as the depen-
dept variahle. This has three advantaqes. Firat, if
two differently priced houses were subljest to the
same, posalbly time-varying, rate of price approcia-
tion {such as during a poriod of inflation), the
dellar gap between the prices would [nceease but the
gap hetweon their log prices would not change. Sec—
ond, one of the simplest models for the affegt of
PRICE on BATE 15 that of exponential growth, under
which leg(PRICE) 1o & linear function of DATE. Fi-
nally, differences in log prices can easily be re-
expressed as percantage price differences.

Ta bsummarize, log{PRICE) will be modeled a3z a
lineac function of cthe explanatory vavlables, The
tesulcing regreasion coefficlents can be interpreted
in a way that relntes thn explanatory variables to
parcentage price differencea; for example, if the
coefficient for highway proximity was x units/m,
asach additional metar of distance would increase
prlces by l00[expix)=-1] percent. Furthermore, if it
was known that traffic sound decreased at about y dB
of LEQ per extra moter of distance, it could be
egtimated that the NDSY (discussed by Nelson (1))
equala  L00[exp(x}=~l)/y percent/dB at this site.
Estimating the regression coafficlents and thelr
standard errors requires that the standard assump—
tions of regression analysis be made. Also, the data
base will be conaidered an If it were a random sam-
ple from some superpopulation of houses,

There {s one final asaumption made in the cal-
culations in this paper unrelated to those discussed
fn the preceding paragraph. Since some resale buy-
ors may have taken over the liability of paying the
annual assessments Eor constructior of the berm,
their willingnesa to pay might not have been ac=
curately represented by the priceas they pafd, Hote,
howsver, that the aspessments {(nhown in Table 2) are
probably teo small to be significant, eapocially If
paid monthly along with a mortgage payment. Also,
unless the assessment effect varies syatematically
with location, {t will not hias the analysia.

CONPIRMATORY FINDINGS OF PROXIMITY EFFECTS

As noted iln the opening section, the evidence (n the
literature suggeats that people will pay extca to
locata away from a highway abutting thelr neighboc—
hood. The disadvantage of highway proximity la
usually ldentifiad with traffic noise, although
vigual and other atimuli are alao involved, Traffiec
sound differentiale pufficiently large to cause
diffarences in reported annoyance were obsarved in
the two unshielded situations, that la, in Lakawnod
and In Troy Meadows bafora the berm was conatructed.
Therefore, these unshieldsd altuatjons should be
examined to determine whether proximity-induced
traffic mAound differencen aFfected real astate
prices.

In the Lakewond mubdivinion, after excluding one
exceptionally large house and one exceptionally
amall house, there remaln §7 houses In the data
base; these houses cange in gize from 1,300 to 1,920
ft}. All of these except thrae were built during
the period 1968-197). Recall that in Lakewood thers
ace many rows (12) with only a few houses (3 to 6)
in each row, The larde numher of rows makes it rea~
sonable to treat ROW as an intarval-scale explana-
tory variable,

The medal

log (PRICE) = A + (B} {DATE) % {C) (ROW)
+ (D) (SIZE) 1)

has heen estimated for the houses in the Lakewood
subdiviejon (57 inltial sales plus 32 resales). The
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Fit is quite good (R® = 0,924), and all thres
explanatory variahles are significant at tha 1 per~
cant significance level, indicating thes oxistence of
a proxlmity effect, The parameter values and thalr
standard arrers (in parentheses) arey A = 10,053
{0,047}, B = 0,066 (0.002) per year, ¢ = 0.00766
(Q,00198) per rew, and D = 0.00016 {0,00003) per
Etf, It is implied by thame estimates that a 1
percant increase in size ylelded roughly a 0.25 per-
cent increase ln the price of an average Lakewoad
homa, that prices were increasing at about 6.8 per-
cent/yr during the perlod 1968 to 1977, and that
prices increased hy 0,77 percent (standard eccor =
0.20 percent) per row as one procepds away from the
highway., This last valus makes tho expectad price of
4 house located in the center of Lakewood Aubdivi-
silon about 5 percent higher than it would he 1f it
wete located in Row 1,

turing the reascarch for what aventually became
tha Troy Meadows berm effectiveness ptudy (4) » souna
contours were obtalned for Lakewood as well, When
the gound difference between Fow 1 and the mlddle of
the subdivision is comvined with the 5 percent price
difference estimated in the preceding paragraph, on
NDSI of roughly 0.4 percent/dB is obtalned for Lake-
wood, This 1s In agreement with the NDSI westimates
cited in Nelaon (1) and Taylor et al, (2).

A proxlmity nffect in the nelghboring Troy Meadows
subdivision during thn unshlelded pre-borm pericd
waa also looked for, Because 47 of the 65 houses in
Troy Meadows are of the same style apd oize (2,262
£t'} and are scattered among all five rows, one
can control for houss mize by restricting attention
to these comparable houses, In this group, there
were 47 initial purchases during a 2-yr period from
1871 to 1973, and only 8 reaalea befora the berm was
built; therefore, little ls lost by ignoring the
regples and restricting attention to tha 47 lnitia)
sale transactlons. Hopce, it is the macket for new,
nearly {dentical houses that 18 being examined.

The observed prices wers lowest [n Row 1, highese
in Row S5, and took intermediate {and essentially
equal) values in Rows 2 to 4. The houses were built
during a 2-yr perlod and, generally speaking, Rows 1
and 4 were s0ld first, followed by Rows 2, 2, and 5,
raspectively. In a linear cegression of leg{PRICE)
on ROW and DATE, both explanatory variables were
significant, 80 there does appenr to be a proximity
effect in Troy Msadows., Recall that, while the dis-
tance of one row from the highway is a small ilncraw-
ment in Lakewood, in Troy Meadowa there are only
fiva rows with many houses In aeach row (meo Plgure
1)+ This means that it would be more appropriate to
uae a dummy-variable approach to represent tha row
effact in Troy Meadows,

The following otatistical model was fit to the 47
data pointe:

log{PRICE) = A + [B) (DATE} + CaRy + CyRty
+ C4Ry + CgRg 2}

where C; 1s the premium In 109(PRICE] that Row i
commands over Row 1, and Ry = L if the house lm In
Row | and By = 0 otherwise. The cstimates of C,
suggeat that there wers really only three price
levela: Row 1 was cheapest, Rows 2 to 4 wera sold at
intormediate prices, and Roew 5 was the most expen~
alve,
The following reduced model

1og(FRICE) = A + (B} (DATE) + Cp34Rp34 *+ CgRs ()

slightly higher corrected RY  {0.724
versus 0.716). Its paramater cetimatea apd thelr
standard errors (in parentheses) arer A = 10.659
{¢.018), B = 0,019 (0.010) per year, Cz3q = 0.039

proyides a
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{0,00%) between Row 1 and Rows 2 to 4, and Cg =
0.088 {0.013) hetween Row 1 and Row S,

Are these values reascnable? It is suggested by
the DATE coefficient that price lncreases for these
new homes ware 1,9 percent annually (around 1972),
This figure appearas slightly low, which perhaps 1is
dug to the short time period covered by the mample.
A low figure would also result 1f the beat housas
sold first, ¥f the bullders increased their pricen
at all ic was dona only occaslonally, not contin-
uoualy. The estimated premium From Row 1 &0 Raws 2-4
is 4 peccent, apd from Rows 2-4 to Row S it 18 an
additional 5 percent, While the latter difference
probably has more to do with the presence of larger
lsts and culede-zacs than it does with highway
proximity, it i{s suggested by the former diffarence
that buyers of houses in Row 1 received discountn of
about 4 percent (atandayd error = 1 percent) as
compensation for having thelr backyarde adjoin the
highway. Taylor et al, (2,p.53)} havs aleo reported
gome evidence of a flirat-row discount,

The percentaga discounts ceported for Troy Meadows
ara glmilar to those reported for Lakewood, Because
the sound-level differepce betwoon Rows 1 and 1 was
about 7 @8 (67 dB versus &0 dB) belore the barm was
built, tha NDSI eatimate is 0.6 percent per docibel
for Troy Meadows, llence, the analyses of Lakewood
apd of Troy Meadows bofore the berm was built bath
suppatt the premise that highway proximity affects
housing prices in the manner deacribed by Nelson (1).

DOES TRAFFIC SOUND REDUCTION CONFER ECOHOMIC
BENEFITS?

It tp suggested by the evidence relating real estate
values to sound levela that traffic saund abatement
would confer mopnaetary benafits on some homeownera by
inereasing thelr property values, However, all aush
evidence is oesaentially cross-secticnal rather than
the result of a before-and-aftor study of property
values befora traffic oound abatoment versus values
of theme same propertles after abatement. Taylor et
al, (2) mtate that thes “gtudy of the effect of bar-
rier conatrugtion on house prices is {thus] an im-
portant topic for ingquiry.* The study presanted here
i8; to the knowledge of the authors, the first such
before=-and-after atudy. 1t should be noted that only
a aingle site will be raported on and that tha find-
inga may not hold in general.

Recall that the Troy Meadows earth berm was built
batween 2 traffic sound source and an existing resi-
dentinl neighborhood, that it reduced sound levels
in Rowa 1 and 2 (previously the high-annoyance area}
balow the previcusly observed LBQ = £0 4B annoyAnce
threghold, and that it reduced annoyanca ratinge in
Rows 1 and 2 to emsentially tho pame low lavel aa in
Rows 3 to 5, Note alac that a price gradient with
respact to distance from the highway exiated in Troy
Meadows bafore the berm was bullt, (A price gradlent
in the nearby Lakew>od nsighborhood paraietad over
time, 8o the price gradients are not meraly artifacts
of the developers' [nitial prices.) If sound-level
dlfferences due to traffic gound reduction confer tha
asame economic benefits as do acund-level diffsrences
dus to distance from the highway, then ft would be
expected that the Troy Meadows earth berm would
eliminate, or at leagt reduce, the price premium for
dintance from the highway. It might alsc be poasible
to detect a house=price increase {n Rows 1 and 2
coincident with the constzuction of the berm.

To teat the hypotheala that traffic-sound abate-
ment would confar monetary benafits on somea home-
ownecs by increasing their property values, methods
discusged in the preceding section will be uased to
look for proximity effacts in Troy Meadows during
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the past-berm perled. Post-berm resales of houses
with 2,262 Et? ocourred hetween mid-1975 and early
1980 and were apread among Rows 1 {7 ronulas), 2 (9
rasalea), 4 (4 rasalos), and 5 (4 resales), The full
model, which £s Equatfon 2 with C3 get to 0, re-
vealed no statistically significant difference he-
tween Oy and C5, The redused model with Rown 4

and § pooled la
1og (PRICE) = A + {B) (DATE) + CaRy + CygRys (N

This model gave an equally good Fip (R} = 0.92)
and produced the following estimatea {and standard
errors)t A = 10,206 (0,070}, B = 0.127 {0,008), C3
= 0,041 (8.030}, and Cyg = 0.089% {0.031).

The figures in the preceding parageaph augdest
that in poat-berm Troy Meadows, Row 2 mold for a 4
percent (standard error & 1 percent}) premium aver
Row 1, while Rows 4 and § Bold at & 9 parcent {stan=-
dard error * 3 percent} premium over Row L. Tha DATE
coefflclent suggescs an annual appreclation rate of
13.5 percent, which reflecta the satpong market for
these housea in the late 19705, Although these pra-
mium eatimates are somewhat imprecise, they imply
that proximity to the highway continued to akfect
prices even after the harm was built, Tndeed, thelr
aimilarity to their pra-berm counterparts indlcates
that the berm did little to reduce the eximting
price differentiala between rows, Apparently, any
effect of the berm on prices was too small to be
detected in the praosocnce of other variation.

SUMMARY

The tesearch reported Iin this paper concerns the
effects of traffic sound and its reduction on houso
pricas. It contains comparative analysea of two
adjacent sites bordered on one alde hy an Interstate
freeway. It differs from other such Inventigations
in that the sound differentials arose not only from
differencas In proximity to the highway, but aleo
from the construction of an sarth berm shielding one
of the 8icen,

The data are consistent with the generally ac-
cepted idea that, in the abmence of shlelding,
proximlty to a highway tends to reduce house prices,
It is ouggested by thim idea that a bharrier would
confer economic bensfits (highar resple prices)
along with {t& acoustlc and visual benetits. Accord-
ingly, a test of this hypothasis was performed.
However, no significant prilce effects ware found
asrociatad with a demonatrably effective earth hecm,
which restdents willingly pald to consttuct. This
ralses doubts about the use of hedonic real estate
price modeles to quantify the henefits of sound re-
duction because these modaels are generally nat based
on true trestmant-gontrol data. It may be that mound
differantials are capitalized into house prices
differently depending on whether they arise from
diatance, from barrlers, or from quieter traffic
streams. To resolve this issue would require larger
pamples, perhsps analyzed with Palmquist's repeat-
sale technique (3).
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The One-Minute Leq Measurement Method

CHRISTOFHER W. MENGE

ABSTRACT

A nolse measurement methad for energy-average sound level [Lyg) that provides
mote [lexibility and information than most methods fn uwae today is diocussed.

The one-minute Loy measuremsnt method conalats of a aerles of I,

maaARur e~

ments, each ane minute in duration. This method requires an integrating sound
level meter ot portable noise monitor, Limitations of other commonly usad methe

oda and advantages of the one=-minute method are dliscuased,

Laq method's use is presented,

A method for the short-term measurement of the
enargy-average sound level ({lpq) of environmental
naise 1s deacribed. This method wees curcently
available integrating sound level metors (5LMs} or
portable nolse monitors, It consists of dividing tha
meapuremant perded lnto a seriea of one-minute
intervals, (A snimilar measurement technique has been
deseribed in Sirleys and Commiag {1}.] lTny 18
meagured and recorded each minute and observa‘aion
of significant noise events are made. The overall
measutement peried can be of any duration but s
usually one hour or less snd always conaists of
cuntiguous one-minute intervals. Overall Lag I8
determined by caloulation of the ensrgy average of
the valid one-minute lLeg,8.

Thea advantagea of the one-minute lgg Meadure=
ment mathod over more commanly used methods, such as
the check=-pff method and continuous-monitoring
method, include increasad flexihillity, complete
sampling of the sound level, and diagnostic capabil-
ities for contributions from various nolse ascurces.
In the follewing sectiona, limitations of theas
commonly used metheds are discussed further and
examplea are presanted.

LIMITATICHS OP COMMONLY USED METHODS
Check-OfFf Mathod

The check-off method (2,3) for measuring environ-
mantal noise levels has been in use for many years.
Originally duvoloped for atatistical sampling of
noise levels with hand-held 5IMa, thls method re-~
quired reading the SIM instaptaneously every 10 soc
and checking off a box correasponding to the observed

An example of the

level on a data sheet, therehy creating a distribu-
tion of check marks. Statistical desacriptera, such
a8 Lige Lggs and Lgp, can readily be determined Efrom
such a distribution. Ly, can also be determined,
typically by uaing a pclentific calculator, Statis-
tical tests are then performed to determine the
precision with which the descriptor is known, De-
sceibed in "Fundamentals and Abatement of Highway
Traffjo Neisa" are the procedure and the tests for
determining Lyg In detail (2).
Although the checke-mark method {a a relatively
atraightfarward procedure, it has aome limitaticnas

* The method is a ¢oarse sampling eof the sound
level {one aample svery 5 or 10 sec), and therefore
fairly long measurement periods are often required
befare Ly1g or Lay can be determined with reasonable
conffdence. Determining confl{dence {ntervals on Leg
requires soma calculation and the intervals are often
quite large.

* ‘The mathod is subject to reading error.

* Significant loud eventa cAn be missed during
attengater awitching. This problem ia particularly
gsignificant whan using the mathod to determine Lo+
bLgg 18 critically depandent on maxima and, if one or
mogu high=lavel samples are missed, Lgq could be
significantly underestimated.

* The measurement enginear's attention fa often
strongly fecused on the mechanicas of performing the
method properly and Llictle tlme ie avallable for
note-taking about noise sources, important events,
or traffic conditions.

* Two individuals are reguired if almultaneous
traffic counts are to be made even on a roadway
having only a mederate level of traffic,
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Continuous-Monitoring Method

Over tha past saveral years, portable nolas monitor=-
ing aystems {and, mere ctecently, Integrating 5LMs)
have been tsed aignificantly often for making short=
teem environmental noise meaauremsnts. MWest noise
monitors {or SLM8) sample the sound level essentially
cantinuounly; sampling rate and detector time con-
stant are ususlly set to avold misaing any lovel
variation, At the epd af a selectad time pericd, the
monitor prints or displays the Bound level descrip~
tars for the previcus sample perlod, For shert-term
measurements, monitoring {8 commonly performed for
asample per{oda panging from 10 to 60 min,

Using monitores for making sound level measure-
ments is much lees arduous than using the check-oftf
mathod and freea the englnecr to observe algniflcant
eventa, llowevar, uaing sample pericds of 10 to 60
min substantially reducea the flexibility and amount
of information that la available when using shorter
sample periods or the check-off mathod, as <an be
saeén in the followiny two examples.

* Example li Many common nolse events cannot ba
conveniently excluded, Significant nolse svents such
ag construction cperstions, barking degs, volces, or
particularly noisy vehicles nearby may be conaidared
atypical of avarage conditions, Such events may
contribute Algnificantly to the measured Ly, but,
with some monitors, cannot be excluded frem the
measurement. Although aome meanitors or SLMs have
standby or pause switches that enable the sngineer
fto avoid an upwanted event, Rmany avents such as
shouts or deg barks are too gudden to exclude. An
soon as an uawanted noige event oceurs, the valldity
of the Ly, for that sample period bhecomen ques-
tlonable. Typically, the engilneer will be upaware of
the extent to which the period Lg, 18 affected.
The englneer restarts the nmeasuremant perjod after
guch an intrusion, discarding perhaps many minutes
of otherwlss useful nelse data,

* Example 2: Tralfic nolse on roadways that are
upder atudy vannot be separated from total ambient
nolse. Prequently, traffic npolse measurements are
compared with predicted nolse levels. These compari-
sons are most appropriate if the measured nolae
levals are exclusivaly due to traffic noise., How-
ever, with a continuous poniter accumulating data
for the entire measurement period, slgnificant events
auch as alrcraft overflightsa, rallroad pasabys, and
nearby inonproject) traffic cannot be sepacated out.
If they are excluded through the use <[ a pause
awiteh, the engineer loses Information about tatal

noise levels.

SUMMARY OF THE ONE~MINUTE Log HEASUREMENT METHOD

The one-minute L,y measurement mathod requirea the
vee af an integrating SLM or & portable nolse moni-
toring system. Tha BLM or monitotr is set to operato
for cne-minute intervals, if it is so oquipped, It
the fnatrument must be manually reset, this ig done
ohoce per Minute, lgy can be recorded manually or
printad, depending on the capabilities of the {n~
atrument.

buting each one-minute Interval, the engineer iao
free to note aevents that may influence L,. For
getieral environmental nolse measurement surveys,
notes about specific nolze events during each minute
can prove valusble for later determination of over-
all coptrolling nolae sources, For traffic noise
maasurements, vehicle counts are often valuable,
Counts of heavy and medium trucks can often be kept
and automoblile counts can somatimes be made for
modecate- or low=volume roadways. (For automobile
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combined with noting thae
is gon-

counts, a hand counter
cumulative automobila count each minute
venient,)

At the end of the measurement parlod, the L
for the entire period is caleculated by ugping Equa~
tion l:

N
LogiP) = 10 10g  (1/N) 111 10 {[“‘hq“”m} {1

whera

Lag(P) = the Ly, for the measurement pariod,
N » the number of minutes or ons-minute Lo %
to be included in the paciod beqr and
{Lagli = the ith one~minute Log.

An example of a field data sheet used for thim meth-
od is given In Figure L.
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FIGURE Y Fxample of field data sheet used in {he
ong-minnte Ly, inranirement method,

Taral Longth of Sample Period

The duration of tha aample peried necaessary to falely
ropresent the ope-hour L,, variea accordipg to the
natture of the noise gources and the distance of the
obsorver from them. In general, a minimum of 15 to
20 min is recommended. Longer periods are advimable
LE somewhat intermittent noime Bources are present.
Also, 1f the varlation among the one-mipute Lyas
ia more than a few decibels, then longer samp
periods will lmprove the represencativeness of the
measurenent,

A programmable naclentific calculator can he am-
ployed in the f£ield to provide additional informa-
tion to the moasurement engineer. The calculator can
be programmed to display the cumulative Lo, i
each ong-minute Lag I8 entered at the and of 'each
minute, The minute-to-minute change in the cumula~
tive Lgy can then be used as a guide to the engi-
neer to Indlcate when the measurement period might
be satopped, When ths minute~to-minute cumulative
Lag becomos a relatlvely constant value, the engi-
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near may conaider ending the measurement period. Thia
procodure requires time, howsver, and (s difficult
to etploy L{f traffic counts are desired.

WHY ONE MINUTE?

The one-minute interval for Lag was arrived at
through experimsntation with many’ measurement meth-—
odas and interval durations as well as many hours of
fleld experlience with short-term nolse measutements.
One minute 18 long epough to free the englneer
for cbmservation tor a reasonablo length of time; at
the Bape time, the one-minute period is mhort enough
50 that Indlvidual intsrval samples of Lao that
contaln contrihutlions $rom unwantad or atypical
noise sources can be separated out or eliminated
witheut a significant loss of wvaluable measurement
time. Also, the number of interval Iy, values that
must ba energy averaged to obtain the period Lug is
not excassive (for short-term meAsurament perlods).

ADVANTAGES OF THE OHE-MIKUTE Leq MEASUREMENT
METHOD

The majer advantages of the onp-minute lg, mea-—
surement method are efficlency and information, This
mathod allows the englneer to gfficiently obtain
useful and complete measurement data.

Because the one=minute Lgg measurement mothod
allowa the saparation ot excluaion of individual
cne=minute Lgqh, the engineer can perform moasure-
rents at less=than-ideal locatlons and stlll obtain
uzeful data. Uspally, measurement of traffic-only
Lag and total ambient l.,i can ba obtained at the
anﬁne time, along with a ﬁlultnnmun traffle eounta.
The engineor only has to note the cne-minute periods
during which noise sources other than traffic ap-
parently contributed to Lag- {(He can do thie by
listening and estimating the aignificance of other
sourcea, or by 8 combination of listening and ob-
serving how the Ly, for that minute comparea with
the foregoing 6:) Then, thone minutes are in-~
cluded only in tha calculation aof the perjed [,
for total nolse. L,, for traffic noise is calcu-
lated axcluding thoee minutea influenced by nontrat-
fic nolpe, If simultaneous traffic counts were made,
they can be used to compare a prediction method with
the measured Lo, for traffic only.

Another advantage of the one-minute maa~
surement muthod la that there are inexpenslbe in-
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tograting SLMs available with which one can use tha
mothed {such as Bruel & Kjaer Models 2225 and 2226) .
until recantly, the only methodn avallable for moa-
suring Ly, with inexpepnive instrumentation have
been relatively tedious hand-sampling methuds (3)
using standard SLMs. Thasa methods are susceptible
to operator error and have relativaly complex pro-
cedures far determining confldence intervals.

The ore«mihute Lgg measurement method doesn't
invelve a vampling of 1—.hu gound level; rather, it is
effectively a continuous {ntagration (depending on
the cireuit design). 'Therefore, suanple hlas is
limited or ,onexiatent and no econfidence Interval
calenlations baped on a Eampling nead be applied.
Although recording Ly, and resetting an SLM re-—
quires a brief pause, ﬁ:hia paune can be kepl shore
with practice. The potential measurement error
therefore approaches the esrrer in tha instrument
itself; this orror is usually published with the
instrument speclficationa.

Bome portable polse monltoring syatems can be net
up to operate automatlically in the one-minute L,
mede  (such as Digital Accustics 607, DBN 614) an
can be used to advantage with the L., measurement
mathod. Although such monltorlng systems are more
cumpbersome than integrating SLMs, their automatic
operation and data recording features free the angi-
naar from the recording and resetting taaka.
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Community Involvement in the Noise Barrier
Selection Process: A Case Study

WIN LINDEMAN

ADBSTRACT

In response to a community requast,

the Florida Department of Transpartation

copducted a survey to determine {F a highway nclas barrfer should be constructed
in the Maximo Moorings subdivialon of St. Petershorg, Based on thia ourvey and
the tesulting public workshops, a noise barrier was designed and erccted that
racelved a groat deal of public acceptanse. The procedures used in achisving

this acceptance ara identiffed.

In 1856, the Plorida Department of Transportation
[FDOT) requested that Interatate 4 be extended from
the weat aide of Tampa to the nporth silde of St.
Petershurg. After 10 ysars of study and a change of
deslgnation from I-4 to I=-75 to I-275, a corridor
routing from Tampa through St Peterdburg wan deter-
mined a8 shown in Figure 1. Part of thla corridor
would invelve an interchange at 54th Avenue South in
the vicinity of the Maximo Moorings subdivision. ha
time and circumatances would show, environmental
concerns by people In this subdivislon would lead to
one Of the most Intenalve and poaltive community
involvement progtams related to nofse in thae hiatory
of FDOT.

ORIGINAL ASSESSMERT

In compliance with the National Environmantal Pelicy
Rot of 1969 and ralated federal guidelines, an En-
vironmental Impact Statument was completed and ap-
proved by FHWA, U.B. Department of TPranspertaticn,
in 1972. The neolse portion of this document con-~
sisted of a statemant (1) that

there will be some increase ot nolse in the
northern half ¢f the project due to the
retentlon of U.S, 19 and llst Stroet paral~
lel to it, In the southern half of the proj~
ect: the lincrease in nolse level will he

FIGURE 1 Lacation map of 1-275 corridor route,
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insignificant due to the rapid, non-atop

nature of the traffic flow.

The proximity of the I-275 interchange to Sd4th
Avenue South and the Maxima Meorings subdiviaion ia
shown in Figure 2, As I-275 progressed southward
fraom Tampa, growing controversy surrounded the con-

FIGURE 2 Interchange aren of Maximo Moorings anel 54th
Avenun South,

struction of this urban freeway. As reported in a
previcus study (2}, this controversy was wideapraad
and often focusad on percelved alr and noise Impacts
of the projecta. The development of seven noise
barriers along the route of I-275 through the down-
town atea of St. Petersburg did nothing to diminish
the attention focysed an noise control.

DESIGN CHANGES AND REEVALUATIOH

Aftetr Several years of prelliminary design concepts
and redesigns, the construction of the Interstate ip
the vicinity of the 54th Avenue South interchange
bocame an appronching reality, A recvaluation of the
impast of the design changes was made by FROT'a
Bureau of Environment, pursuant to the requirements
of Volume 7, Chaptar 7, Section 2 of the Faderal-nld
Highway Program Manual (FHPM 7=7-2} as it existed In
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1980 (3). Thin recvaluation included an update of
the previous neisa assesament conducted for the
original Environmental Impact Statement. This noisa
asgessment was conducted 1in accordance with the
dictates of FHPM 7=-7-3 addresslng highway traffic
neise analyals and abatement conalderationa. The
nolse nessessment, summarized in the reevaluation,
identificd three locations where nolse abatement was
considered appropriate and feasible. One of those
lecations was along the necth side af S54th Avenun
South hetween 37th and 41lst Streets South, Thia
location was adjacent to a portion of Maximo Moor=
ings, a singla-family subdivislon, which ls also the
home of a number of citizens concerned about the
anvironmental impacts of the construction of I1-275
through the St. Petersburg area. The roavaluation
noted {4) that "pricr to the employment of any
abatement techniques, an attitude agurvey will be
conducted to obtain the viewpeint of nearby reai-
dents to determine 1f they Ffavor abatement and, 1f
8o, what type they would desire.”

CITIZEN IRITIATIVE

conatruction on that portion of I=27% Involving the
Maximo Moorings subdivision began during January
1982, At a public involvement menting in early May
1982, a Maximo Moorings resident inquired about the
status of the public attitude survay regarding nolse
abatement in the Maxime Moorings subdivision, Be=
cause tha study area had heon broken down into two
construction projects, the original intent of FDOT
was to conduct the attitude surveys just before the
letting of the final project, which was located just
douth of 54th Avenue South. Becaune of continued de-
aign modifications and other controversy, tha let-
ting of the f£inal job was further delayed, thareby
postponing the attitude surveys.

A RESPONSIVE FROT

Dacause the request for the survey was made in good
taith, FDOT's response was to conduct a apecial
survey of the Maximo Mecrings suhdivision and delay
the others untll the design was finallzed in the
southernmost project. With the asslstance of the
Bureau of Right-of-Way, a list of all ownets af
property directly abutting the project along 54th
Avenue South was made. A lotter was writtan by the
Bureau of Envircnment to each property owner on Jung
21, 1982, that explained that a recant nofse analy=-
ala had shown the need for nolae reduction. Discussed
in the lettor were the dimensions of rhe proposed
abatemant wall and the need for input from the prop-
arty owners. In additien, the letter lndicated that
a8 telephone survey would be conducted by the Bureau
of Environment during the week of June 28, 19682. Ar
acheduled, a tolephene survey was conducted on June
28 and 29, This survey wag successful In reaching
all but one of the residents and that individual was
finally contacted early in July after he returned
from an extended vacation. A copy of the question-
naire and a gummary of the results can be found in
Pigure 3.

After the telephone survey was conducted, a date
was set for an informational workshop at a nearby
motel, The time and day of the week gelected for this
workshop was a remult of Input gathered during the
telephone survey. Two weeks before the workshop, a
letter wag sent to each property owner, Indicating
what would be dlscupsed and soliciting their at-
tendance,
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Bata - Juno 26-30, 1982 TELEPHONE SURVEY QUESTIONNAIRE

Introduction - Good Day. My name {s Win Lindeman with the Florida De-
partment of Transpartation, On June Zlat, I wrote yoau o lettar telling

you about the possible uaa of barriar walla to raduce the future noisn
1 levela frow 1-275 and S4th Street. If this im a convenient time, T would
! 1ike to ask you 4 fow questions rogarding this matter and then I'11 try to
! antwer any quastions you might hava.

1. Do you [sal nolse is currently a problep In your neighbarhood?
Yan - 11 No -2 Don't know = @

2. If yen, what types of noiso do you notice &nd how does it affect yau?
Ptle Driving = 3 Motorcycles ~ & Trucks - 6 Trafflc - 6

3. Hew would you rate the present noise lavals from Skth Avenue?
Vaty Annoying - 9 A Little Annaying = 3 Nor At All Anneying -t

&, At what time of dsy does the traffic nolae seem to be the loudest or

most annoying?

Midnight to 7:00 AM - 0 7:00 AH to 7:00 PH - 8 7:00 te Midnight - Q

5, Do you think a properly designad wall along 54th Avenua can effoectiva-~

ly reduce traffic noisa?

You « 7 No =2 [Don't Know = 4

6. Do you think road ysers tax monoy should bo spent to redyce traffic

noisa?

Yes - 10 Ne -3 Don'c Know = &

¥, If a barrier wall la conatructed, vhich of tha fallowing material

types would you prafes?

Concrata Bloek - 1 (1f stucco)
Pracast Cancrete - 5  Othar - &
Cast=in-Place Concrate + 1

Wood - 2 Matal - 0

Eacthern Berm and Vegetdtion = 2

Vegatarive Scrpan - 2

#. What color (s) wall would you prefer?

Whita = ) Grean - 1 Beige - 6

Gray = 1

9, Would you prafer a vegetative scrasn to a solid wall?

Yer « 6 No =7 Don't Know = 0

10, Would you ba willing to relesase your potential access directly to S4th
Avenua to allow the conatruction of a barrier wall on state-owned

right=of-way?

Yes = 12 No =0 Don't Know = 1

Porsonal Data
. Sax of Raspondant
Mala - 7 Femala « 6

™

b, Langth of Residapca (in yeara)

Rangs - 2.5 to 25
Masan = 10,8

c. Beat Time For A Public Workshep

3 7:30 PM, Tuesday or Thursday

i d, Name

i'*. o, Addrass

; FIGURE 3 Telephone aurvey questionnaice and smmary of cesilts,

i

i PIRST WORKBHOP wore asked to make several decisions about noise
; abatement,

\ The first workahop wae held July 15, 1982, at the

4 pite identified [n the announcement that had been

3 mailed praviauely. hfter an Introduction of the FDOY conditions of Nolse Abatemant

and PHWA represontatives and tha reaidents as well,
the homeowners (11 of 13 were pressnt) were glven a
brief presentation on the history of the prohlam and
the magnltude of the situation, the conditions of
nolam abstemont, potantial sclutions and possibla
barrier materimls, and the results of the telaphona
survey. Through the use of a tape zecording and
socund level meters, the realdents were ahle to hear
the existing nolee levels and what thoae levels were
predicted to be like in the future when the Inter-
state was completed. In that way, tha residents
could discern the Increase of tha nofisa over time
and decide for themselves whethar the impact was
accaptable, At the end of the workshop, the citizens

At the beginning of the workshop, representatives of
both FDOT and FHWA astablished the basic conditions
under which the construction of a bareler for nolme
abatement would take place, Including the premise
that no additional clght-of-way wowld be purchased
by FDOT, If aagsements of any klnd could not ba oh=
taihed free-of-charge, this wauld be groupds Ffor
discoptipuing the purauit of buildirg the wall. Ob-
taining easements free-of-charge was the most impor-
tant condition related to the project hecause access
zights were going to be requlired no matter what type
of barrler waas Belected. It was alfo noted that cost
was not going te be an {mmediate conaldaration bue
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wan going to bo an ltem to be dealt with Lf a pre-
liminary design was chosen that appeared to ha cost
prohibitive.

Two other condltions for the diascussion of abate-
ment conpiderations were:; that an earthen Lerm not
be conaldercd a viable altarnative because of limlted
tight-of-way, and that the barrler had to be batween
6 and 14 ft high. Those limlts wero based on the re—
sults of the computer noise analyses [(using STAMINA
2.0) that indicated that a heilght lower than 6 ft
would not glve any noticeable reduction in noise and
one more than 14 Et would not provide a slgnificant
decrease in nolse lavels compared with the signifi-
cant lnecrease in cost, The aply other major point was
that any nbatement device would be placed as glose
ta tho existing right-cf~way line as posaihle, which
would maximize the barrier's effectiveness and also
reduce the need for aigniffcant ueility relecation,

Potential Solutiona to Nolse Level Prohlem

Three potential soluti{one to the increase in traffic
noise levels were presented at the workshop: barrier
walla, vegetativa acreens, and no abatement at all,
By uvelng a alide representipng the reduction of
noise levels for barcier walla of inoreasing height
at the rightrof-way line (see Figure 4), the resi-
denta were able to discern the lavel of nolse reduc-
tion available for any given helght boetween 6 and 14
ft. A discussion wan alao held about the effect that
placing “"wings™ on the barrier would have in in~
creasing its effectiveness. As explained to thao
residenta, these wings are extenoions of the wall
that ara directed back taward the cammunity at an
angle that would reduce the amount of nofae that can

-
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FIGURE 4 Noise barrier reduction guide,
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leak arsund the ends. Also explained to the rosidents
was that the effectivensas of the barriaer at either
end would he significantly reduced without uasing
theae winga even though they would most 1ikely
require dopation of a right-of-way,

After the reduction in effectivencrs as a result
of not walng wingn was highlighted, the discusaien
moved ta the effectivencas of vegetstion A8 a pource
of nolse abatement. The resldents were told that
within the limited apace available, a thick planting
of vagetation might be able to reduce nolse levels
by 3 decibelo. This discussion alse included the
congept ©f paychological enhancement, which is the
notion that Lf people do not ase the mource of nolan
1t dossn't bather them as much.

Finally, by using slides, broshures, photogeaph
collections, literature, and actual samples, a broad
apectrum of nolse barrier wall designs and materials
was presented for conaidecatlon.

Results of Telephane Survey and Discusaion

After the discussion of barriar materials, the re-
aults of the telephone survey wetrs announced, These
results were basically already known by the resldentn
as a result of internal discussions and took 1llttle
time to cover. The amnouneing of the suevey resultae
was followed by an cpen discussion of the pros and
cons of a poise barrier, including puch tapice as
the Impacts on view, light, air, privacy, graffici,
Litter, maintenance, access, and aesthetics, The
ronldents wore informed that the time for a deciaion
about nolse abatement was rapidly approaching and
that thelr consolidated cplnlon and recommendation
were needed; the mecting was adjourned for about 30
minutes to give the resildents an opportunity to
review the displays and literature on noise harriers
and te discuss this information with their friends
and relatives. They also were able to talk with FHWA
and FROT permonnel to solicit reaponses to unanswered
questions and to clarlfy any other matters that had
come up,

Decisions by Citizena About Holse Abatament

When the workshop reconvened, the residents were
asked to make four decislons about nolse abatement.
the firat decisfon made by the residents wan
whather, baazed on the {nformation presented, they
atil)l wanced a barrier. Three resldents said no and
offered varying rteasene for this declaiont one was
wortiod about the collectlon of exhauat fumea behind
the wall and the impact thls might have an her 11}
huasbandy the other two preferred the open yiew of
the traffic and other activitiss that take place
bayond thelr property lines. Bacaude the latter two
reaidonts lived on the castern end of the project
ares, it was stated that the barrier could easily be
shortened to accommodate their wishes, Complying
with the other resident's request was more difficult
to addreas hecause phe was locatad hetween residants
who wanted the barrler. After an explanatlion of the
impagt such an opening in the barrler would have on
both cost and effectiveness, she relented, largely
due to neighborhood pressure and lack of a strong
convictlon that fumes would gather In guantities
that could cause serious health effects. [The death
of her huaband preceded the conatructlon of any
barriar and therefore her concern became moot,)

The second decl[sion the resldents made wapg about
the desired helght of the bhatrier, as well aas che
lavel of attenuation they were willing to accept.
After considorable debate over the merite of varying
helohta, a barrier 8 £t high was selected. Because
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the terraln varied leas than a foot from on¢ and to
the othar, a uniform helght was desired, nlthough A
vacfation in helght would have been acceptable to
FIWA and FDOT. Tho reosidents conaidered an 8-~ft
barrier a reasonable coppromise between nolae reduc-
tion and other factors puch as view, light, and alr
flow.

Third, the residenta declded that the material
for the barrier would be concreta bleck that would
be built on a footing and foature a cap and pilaster
design similar to that shown in Figure 5, They wanted
a stucco-type finish (raferred to by FDOT as Class 5

] 11— — -y -

FIGURE S Drawing of original noise harrier deaign.

finish} in 2 heige color with the alternating panels
having a red-brick veneer on the resldential slde of
the barrier. The aide facing the highway would be
finlshed in the game belge Clase 5 Finish without
the red-brick veneer.

The Ffourth declaion Ffacing the residenta was
whethear to use wings on the barrier. To increaas the
effectivenens of the barrier, both affacted property
owners expressed a willingness to dopate the right-
of«way necassary for erecting the wings on each end;
this gesture typifies the overall spirit of coopera-
tion that the reasidents brought to this workshop.
The owners wete Informed again that to increaass
effectiveneas and minimize disruption to utilities,
the batrier would be placed as close to the right=-
of-way line as passible and that this would require
consatruction and maintenance easements as well as
accean righte, as described oarller,

Finally, tha repidents ware Informed that many
hurdles ware still to be ovarceme, hut the Informa~
tion gathered as a result of the firat workshop was
consldered vital and would put FDCT and PHWA on a
clearly defined path toward nolse abatement. With
that qualifier placed on the avening's activitles,
the wotkshop waa adjourned,

FDCT TAKES CHARGR

Based on the input from the workshop and subseguent
contacts with the homeowners fn the project area,
FpOT iniciated an engineering sugvey, a utility
lacation asgsessment, and a right-of-way title search
to determine property houndarfes, deed reatrictions,
and other items that could affect the abatement
project, However, by August 1982, tha wheels of
progreds were starting to bog down: the wtility
assosamant located & tranaformer pad that would have
to be relocated and & sanitacy sewer line that was
directly below the proposed wall location. Manhole
locations ware noted and the problem was directed to
the deaign staff. By uwaing some croative engineer=
ing, it wan decided that the wall could atill be
buile at the right-of-way line by relocating the
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trangformer pad slightly and by lncorporating the
manhole inlats for the sanltary aower line into the
footing itmelf,

By mid-September 1982, FDOT had requested formal
cencurrence from FIMA on the copstruction of the
barrier wall along 54th Avenue South., In this re-
quest, FDOT noted that Lf tho donation of right=-of~
waY ©Of construction easements wag withheld for any
reason, lt was thelr intantion to abandon the con-
cept of the abatement wall, FIWA concurrence for tha
conatruction of the proposed wall at a cost of ap-
proximately 75,000 was raceived in late September
1982. PDOT requested faderal funds to inftiates title
wearchea and to de the final dealgn englnearing
work. This reguest for federal participation was
granted in early October 1982 and the wall was back
on track once again.

CHANGING VIEWPOINTS

puring the paried of conductling title asarchen and
subsequent negotiations with the property ownars to
obtain construction easements and acceas rights, one
of the regidents decided to refuse to grant a cen-
struction easement. His reassning centered on the
close proximity of hls swimming peol to the right-
of-way lipe-~=he felt that tho construction activity
wonld or could damage his pool, and he did not want
the masa and Inconvenience of the wall=-huilding
operation, However, it was still his desire to have
tha wall buflt te protect him from the nolse as well
as to protect his pelghbora.

The FOOT engineer in charge of the preliminary
dealgn aspects of the wall mat with the various
propetty owWwners on site to Bolleit inpnt and attempt
to ldantify a workable compromise. Warking through
the president of the Maximo Moorings civie Associa-
tion, the enginear contipued his effort to either
pursuade the reluctant owner to changa his mind or
to deviso a reasonable alternative. After recelving
a bprief education from the Bureau of Eavironment
atnff on nolse barrier materials and their many pros
and cona, the engineer pet about trying to £ind one
that would £it the needs of thls project.

The FDOT deslgn enginasr, based on his study of
bacrier materials, believed that the use of precast
concrete might be a workable compromime, He cen-~
tacted representatives of the Reinforced Eacth com=
pany and the Easl-Set Company and roquested addi-
tional informaticen and a set of preliminary design
concepts from each bhased on Informatlion that he
furnlshed to them. These design concepts were ro-
turned apd Subsequently submitted to the contractot
working on the interchange. The contragtor then
submitted a preliminary bid estimate on all throe
alternatives (the two designs sent in by the private
companiea and the original concrete block wall de=-
sign). Because the preliminary gstimates were all
coneldered within anp acceptable range, FIIWA approvad
the use of any of the options, depanding oh the
input of the local reaidents.

Raged on the results of the design angineer's
efforta, a second workshop was considered necossary.
The Purpose ©of this workahop was te recongicder the
options available concerning the location, desian,
and finishes of the wall and to sign construction
eagoments and related documentn, The resldents were
notified by majil that the pecond workshop would be
held &t the same locatlon as the EL{r8k one. To en-
couragn nttendance, the Maximo Moarings civic As-
soclation was almso requested to actively solicit
comments and suggestlons and to ateend the workshop
for the purpose of providing additional input. Repre-
sentatives of tha precaat induatry were invited to
make presentations on their wvarious barrier wall
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materials, While the workshop was being prepared,
FpaT made a decislon that 1f the wnll was te be
built, an attempt would he made to construct [t
through & supplemental agreement wlth the peime
contractnr for the interchange.

SECOND WORKSIHOP

At the second workshop, hold in May 1983, allghtly
more than half of the property owners wero pregsent,
along with other members of the Maximo Moorings
Clvic Association, FPDOT ataff, and a representative
of the Reinforced Earth Company. The design engineer
in charge of the project explained the nature of the
peoblem, which centered on the conatructlon easgment
difficulties associated with the conventional hlock
wall design, He offered theee alternative design
concaeptat the conventienal block wall and two pre=
cast wall designs--Sierra Wall and FANWALL., He ex-
plained that a precast wall could probably resolve
the dilemma that was facing the reaidonts and FROT
becanae 1t could ba placed near the right-of-way
line without any need For censtruction activities on
the residentinl side of the wall fn moer locatiens.
Because precast walls do not require a poured foot-
ing and all of the attendant eonstruction activitles,
the homeownars weuld net have to worry about damage
to their pools, vards, and other £ixtures, The repre=-
sentative of the Reinforced Earth Company mada a pra-
sentation on one of his company's products, FANWALL.
Obgerving a series of alides and handouts showing
the wall and its alignment, the realdents lsatned
how this wall ¢ould be placed along the project with-
out removal of utilicies, fences, or anything clscu
through careful deaign. After explaining how the uge
of this type of yproduct would eliminate the need for
a conatruction eanement from most property owners,
and how 1t would reduce the length of consktruction
time frem 3 months to 2 weeks, the residents ware
much mora receptive te this type of product,

A lengthy discusaien then enauged about the ap-
pearance of the wall, By popular acclaim, the resi-
dentn opted for the FANWALL product with a mason-cut
atone finish on the side facing them. They wanted {t
to be colered a desert-nand belge and irdicated no
concern for the general appearance on the highway
aida. In addition, It waa suqgested and agreed on
that a raked f£inish on the highway side might dis-
courage graffiti.

The residents present were also given a legal
document to sign that indicated that they had glven
up access tights directly to 54th Avenue South (which
no one currently used) and all rights of light, alr,
and view ko a helght not to exceed 10 £t above nat=-
ural ground, They also were to adree to allow FDOT a
perpetual easement for the purpese of malntaining
the wally; this agreement also apelled ont the righta
of the property owner te connect fencing to the
completed wall and to have any damage to vegetation
or improvements arisings out of the construction of
the wall repaired by FDOT without any cast to the
homeowner. After FDOT legal and right-of-way staff
reviewed tha agreement with residents, the property
cwners welé encodraged to take (e home, atudy it,
pregent it to their lawyer (if desired), saignm lt,
and return it peomptly to FDOT., To aid in this ef-
Fort, FPQT right-of-way agents were ansigned to the
task of contacting each property owner to asnist
them in completing the lndenture.

FINAL DESIGN AND PROCESSING

While the right-of=-way documents were being pro-
cegped, the effort to complete the design of the
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wall continued, The FANWALL Corporatlon was asked to
prepara a flnal wall dealgn that would incorporate
the decisjons made at the aAecond workshop, and this
design wis Submitted to the contractor. The econ-
tractor then submitted a prilce quotatlon to FROTr
however, thie guotation was conziderably higher than
FpoT'a estimates,

After negotiation, the contractor agubmitted &
eevised price quote within FDOT's oestimated range
and on Navember 8, 1983, a supplemental ageecment
betwsen FDOT and the contractor wap slgned. This
conteact called for the projest to he complated in
14 working doys, After the contract was gigned, the
FANWALL Corporation located a form-liner In the
pattern selected, secured A precasting contractor,
and began the process of casting the barcier wall
panels (65 4n all). The precasting operation took
approximately 1 1/2 months to complate. During that
interval, the resldents were kept lInformed of the
wall'a progress through lecters and telephohe calla
to key homeowners and by personal contact with FpoT
congtruction personnel.

CONSTRUCTICN PROCESS

Prier to the beginning of the noine barrier's in=
stallation, the property owners were contacted by
FLOT personnel and advimsed that construction would
begin on ar about March 12, 1984. They were Inforned
that if they wanted existing fences removed by the
coptractor, they were to make thls request known ko
FDOT conatructlien personnel, On March A, 1984, the
contractor hegan removing fences and preparing the
base for the lInstallation of the noloe wall, The
actual inscallatlon began March 13 and waa completed
Marsh 20, 19843 during the process of the wall's
conatrustion, no significant problems occurred. The

final appearance of the wall ie8 shown ln Plqure 6.
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FIGURFE 6 Mhotograph of nobe barder wall after construetion,

COMMUNXTY REACTION

A gurvey was formulated and distributed to the rani-
denta to determine thelr level of satisfaction or
dissatiafaction with FBEOT regarding the noilse abatg-
ment wall. A copy of the aurvey farm akd the resulte
are given in Flgure 7.

The survey form was hand-delivered to each avail-
able resident, including those adjacent to the wall
on the eastern end wha electod not to have the wall
{n front of thelr property. After a brief explana-
tion of the purpose of the survey, 1t was left with
the resident to £ill out with the understanding that
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Name

ST. PETERSBURG POST-BARRIER CONSTRUCTION SURVEY
54TH AVENVE SOUTH STATE JOB NO. !5190+1421

Date_Aprl] 23-25, 1984

Address

Intro- Hy name is Win Lindoman with the Flerida Department of Transport-
atien, ! am copducring 4 follow-up survey regarding vour feel-
ings about nolse abatemant aleng 53th Avenua Seuth,

s

Waere you satisfiled with the i{nfarmacion
copcerning tho noiss barrier thac was
avallable prior to the Department of
Transpartation decision to construct it?

(chack one)

Did you agree with the Department of
Transportation decisien ta construct
& nelse barrier at thav time?

(check one)

Was the barrier efficiently constructed
50 that it caused the least possible
disruption to tha dresa?

(check ona)

Is the barriar effectivo in reducing
traffic nolsa in your yard?

{chack one)

Are you satisfied with the general
appearance of the noise barrier?

(cheek ane)

In your cpinien, has the cuustructien
of the nolse barrier sffacted tha
valus of your proparcy?

{check one)

Indicate whethar you have expariencad any
of tha follewing froguantly mentioned
benafits of reduced traffic noise since
the conscruction wAs completod?

(eheck one or more)

Indicace whather you have sxparianced

any of the following fraquently mentioned
non-noise related banafits since Che
copstruction was completed,

(ehock one or moTe)

_2 Vary Saripified

.1 _Somawhat Satisfisd

—_Noither Syrisfied
Nor Dissatisfied

1 Somewhat Dissatisfied

__Vary Dissatisfiod

1 Yes
2%
__llad No Opinian

|_Somewhat Efficiant
_} Noither Efficisnt
Nor Inefficiant
_Somawhat [nefficient

_Yory Inafficient

_7 Vary Efficient

2 Vary Effactlve
Somewhat Effective
“TKeither Effective
Nor Ilneffective
___Jomeshat Ineffective
— Vary Inuffective

6 Very Satisfisd
_1 Scmewhat Satisf{ied
_2.Naither Satisfied

Ner Dissazisfled
. Somewhst Dissatisfiud
_ Vory Dissatis{ied

Ineraased Value

Greatly

Increasad Valug

Semawhat

Noither Increasad Ner

Decreasad Value

__Decraased Value
Somewhat

_._Dacraasad Valua
Graatly

Jdo
A
B

1 Don’t Know

4 Conversasion s
Easlar

1 lmproved Slesping
Condjtions

L Mera Relaxing
Environmeat

4 Open Windews Fair
waather

3_Use Yard Mora

__Cthar,

_._Nhona

A_Cluanar Alr

6 _lmproved Privacy

A Improvad View

__Lawn/Shrubs Grow
Batcer

1 _Sanse Of Ruralness

Ocher,

_1 Kona

FIGURRE 7 Survey questionnaite after consteuction of wall and sommary of resalts,
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9, Indicate whethez you have aexperienzed
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.2 _Croates Closed-in

any of the follewing frequently menticned Fasling

disadvantages &f noisa barriers since

the construction was completad.

(chack cne or mora)

10, In your cpinien, do the benefits of

_! Destroys Araa En-
vironment

2 Limlcs/Rastrices View

T Hore Yard Maintensnce

I\«'i:uul Eyssars; Un-
sightly

—0Other,

4_Nona

5 _Vary Beneficial

constructing noisa barriers ocutwaigh _2_Somawhat Beneficial

the dizadvantages?

(chack onu)

1| _Neither Banaficial
Nor Disadvantagecus

| _Somewhat Disadvantag-
eous

__Vary Disadvantageous

TE you hava any additional cemments of suggestions about eithar the
nnide barriar program or craffic noise reduction in genaral, please
feal frea to include them here. Thank you, Your help is sincaraly

appreclatad,

FIGURE 7 vontinied,

the form would be pleked up later the same day or on
the following day. Oply two residants failed to £il1
out the survey Form. One of the two had moved eut of
the nelghborhood and the other declinad to complete
the aurvey despite several attempta te molicit her
inpat.

As noted previcusly, the results of the poat-con-
struction survey ate givepn in FPigure 7. As expected,
the resulta indicated & high degres of aatisfaction
with the way PFDOT presented the Enformation concern=
ing thea noime wall and with the declalon te bulld
it. Conslderable satisfaction with the method af
conatruction was 8lso shown. However, the effac-
tiveness of the barrier at reducing the traffic
nolsa level was net rated as high as might have been
hoped for. Because the height of the wall was ge-
lacted by the raegidents, their expressed willingneas
during the firat workshop to forego raductlon in ul-
factivenesa in favor of a lowar wall may have led to
the modest degree of effectivenesa percelved. Con-
cernlng appearance of the wall, respondents generally
said they wete "very aatiafisd™ {(recall that the
residents also had the oppertunity to select the
appsarance thetaelves).

The maat Freguently noted effect on the value of
the property waa that the nolse barrier probably
increased it somewhat, The major benefita of having
the wall were found to be A more relaxing environ-
mant, eanler conversation and aleep, and more op=
portunicties to anjoy open windows. QOther benefits
raceiving high ratinga were fimproved privacy and
cleaner alr, Bsveral resldents mentioned that a
disadvantage of the wall was that it created a
closad=ip fasling snd limited their wview, In the
final analysis, most of the residents found the wall
to be "vary heneficial.*

Saversl residepts took the time to write addi=-
tional comments that expressed thaelr feelings more
adequately than they were able to by using the sur-
vey form. One resident noted that he appreciated the
concern and courtesy of FDOT staff, but wished that
the wall had been put up before tha beginning of the
general construction activitiea. Another resident

noted the efficlency and cooparativeneas of the
contractor's staff, even though she felt ashe was
going to get more sod fnstalled than was placed. Two
residents noted that the wall waa vary effectiva at
atopping trash and dust from the highway littering
thair yards. Another resident noted that during the
applicacion of the Clamas 5 £inlsh on the highway
gide, somo overapray was found on hls patfo furni-
ture and in the peolr neverthelesa, he atated that
the wall had a very pomitive impact on their prop-
orty. Two of the residenta whe did not faver the
wall but went along with it commented on the need to
be good nelghbors and how they would learn to live
with the nholae barrier,

CONCLUSIONS

Based on the results of the FPOT aeffort to jnvolve
the commynity in decision making about a nolse bar-
rier, three concluslons can be stated with some
level of confidence. First, early public involvement
can overcome minor ircitationa during the construc=
tfon phase. Second, copening lines of communication
in the decision-making procens can greatly enhance
the acceptability of the noiss barrier after the
installation ls complete. PFinally, even though all
efforts are reasonably expended, total satisfaction
with this process 1is highly unlikely. To enhance
satisfaction, it Ia atrongly suggested that the
bacrier be bBullt ezrly in the roadway construction
process to help reduce the impact of construction
nolse and dust.
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Comparison of Noise Barrier Insertion-Loss

Methodologies

WIN LINDEMAN

ABSTRACYT

Fleld measurements were conducted before and after the construction of a noise

barrier {pn St. Paterabury, Plorida.

These nolae measurements wele made to

determine the effectiveness of the barrler by the use of a propomed standard
methodology for determining insertion loss, Two methods were used: direct and
indirect measured. A computer prediction was alao conductod for comparative
purposaea, Clope correlation was found betwesn the two methods and tha computer
pradiction, A recommendation was made to use the computer prediction technique
in most instances und the direct mathod [n thoae cases in which public interest

in the barrier is high,

The objegtives of the rasearch study weroe (a} to
provide the Florids Depactment of fTransportation
(FDOT) with information about the effectiveness of a
noise barrier wall built aleng 54th Avenue South in
Bt. Petersburg and (b) to provide the American Na-
tlonal Standards ({ANS) Working Group 8S12-6 with
information on the effectivensss of thelr proposed
Standard Method for Determining Inmertlon Loss of
Outdoor Holse Barriers (l).

8TUDY LOCATION

Te achleve the objectives seated in the preceding
paragraph, a before-and-atter pmeries of field
measuraments was planned to determine the insertion
loss from the canstruction of a highway nelee bar-
rier wall. The pite aelected for the field measuce-
ments was located aleng S4th Avenue South in St
patersburg, Florlda. This state highway runs east
and wekt and serves as the major access route to the
beaches of southern Pipellas County (#ee Pigura 1),

The existing level of roadway traffic {s being in-=
creased n8 & result of an lnterchange with Interatate
275 as it prograsses southward through St. Peters-
burg., The roadway ls bordered on the north hy a
residential neighborhood known as Haximo Moorings
betwean 37th Streat Scuth and 4lat Straet South. On
the asuth aide of thla roadway 1a an open area where
a clty wastewater treatment plant and Eckerd College
are located., The Maxime Moorings neighborhood was
salocted begause of the impending conetruction of a
nolse barcier wall at this location and the availa-
bility of an existing roadway for before~and-after
measutemants, In addition, the avallability of three
vacant lots on which direct before~and-after mea-
surcments could be conducted and an eguivalent aite
within 650 £t of the direct sits location enhanced
the deairability of this locatfon for this type of
study. The physiecal terrain fs flat and, on flrat
agpossmant, met all of the apparent requirements for
the ANS study. The homas along the roadway aro all
single story, single FEamily dwellings that have
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backyards faclng 54th Avenue Scuth. Prafiles of the
two measurement nites are shown in Flqures 2 and 3.

BEFORE~-AND-AFTER STUDIES

The before study waa conducted on March B, 1984,
aftar an effort in February that waso aborted when
weathor prohiblted completion of any nolse measure-
menté. Two locationa along 54th Avenue South were
nelected for the Eield measurements, as shown in
Figure 1: Site 1 was selected as the direct-method
location for the behind-the-wall atudy; at the name
kima, Site 2 was chosen as an equivalent site loca-
tion, Selection of two sites would provide the work-
ing group with a comparison of two different £ield
measurement techniques at one time.

Site 1, chosen because 1t was In the center of
three vagant lots and had no activities, was moni-
tored from two pointa: one wan at a point equivalent
to the edge of the future wall whlle the other was
loceted behind the future barrier, 20 ft north of
the flrat point and perpendicular to 54th Avenue
South. The ground cover was grass and low weeds,
typical of that found in thlo part of Florida, mak=-
ing &ite 1 a soft plte. This determlnation was borne
out by comparison of the results of the field mea-
aurements and computer predictions. Several mature
plnes and other trees exist on the lots hut were not
located withln the line of sight of tha roadway, The
measurement equipment was set up as a reference
microphone (Microphane 1) and a receiver micraphono
(Microphone 2).

At Slte 2, two microphanes were set up in a hack-
yard just east of the proposed barrier wall., Thin
location was chosen for two rearons: the ground
cover wag also grasa with no asignificant treee in
the direct line of sight, and the traffic patterns
wera thought to be nearly {deptical to those found
at Site 1, the direct measurement Bite, Une varia-
tion hotween the sites wadg that the roadway narrowed
from threo lanss to two lanas betwgen the two sites
FIGURE 1 Interchange atea of Maxini Moorings and 51 and that the Interstate off-ramp sorved as an carthen
Avenun Soutl, herm blocking traffic noise Erom the far lanea (east-
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bound) . Puring fleld meagucrements, very little traf-
fic wan noted in the trapsition lane. The reference
microphone, Microphone 3, was set up exactly in line
with Microphone 1 at the sama distance from the
roadway.

Traffic counts wete kept during aach recording
pariod, which lasted 20 min. The aspeedn were deter=
mined by using & radar gun that wasd callbrated be-
fore and after each Atudy. The tesults af this ef-
fort are given in Table 1. Climatic conditions were
automatically cecorded. During the before studies,
temperatute vacied from 60 to 68 °P while winds wern
steady at 5 mph out of the weat-northwest to north-
wast direction; in the after ntudy, temperature
varied betwean 75 and 78 *F while winds were out of

ths west-northwast and northwest from & to & 1/2
mph. The sky was ¢lear during both studlea.

At Microphonas 2 and 3, the noiaec levels were re-
corded manually by the check~off method approved by
FHWA, U.S. Departmant of Transportation (21, FEach
gsaries OfF readings copalsted of one reading taken
every 10 sec until 100 readings wete recorded, Thia
produced an L1} level (within a 35 percent cenfidence
level) that was converted to Leg, uaing all 100 read-
ings, by a computer progeam developed for that pur-—
poAd, Each pound level merer (SIM) was callbrated
I{mmediately hefore and after each run and the dif-
ference waa noted,

At Microphones 1 and 4, the SIMs were Bat to
record A continuous 20-min sample and then display

TABLE 1 Tralfie Data for AN Roceivers on All Sites

Westhaund Traffic on S4th Avenue South

Cazs Medium Tracks Heavy Trucks

No. of Specd No. of

Specd No, of Speed

Ruh No. Vehigles  (mph) Vehicles (mph) Vehicles {mph)

Before

1 2H0 41 2 40 1] J{0i]
2 331 41 1 40 | <0
3 27 41 4 40 4] 00
4 179 41 2 40 0 o0
Afler

1 342 39 il 35 k] 35
1 264 a0 4 1o 7 n
k) 50 39 ] kL] 5 A
4 253 4] 9 36 $ 35
5 14 40 8 7 7 a7

Noje! Theso dala wego rocorded un Thursday, March B, | 984, and Tussday, April 34, 1954,
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the Leq for the time perlod selected, It was the
intention of the research team to conduct 4 runa at
each locatiocn, but fit scon became evident that thls
wag not golng to be feasible, On arrival at the
measurement sites, which had been ldentlfied during
the abcrted February attempt, it wan df{scovered that
the contractor for the barrler wall inatallation was
in the area and was preparing a base for the wall,
Thls contractor was remcving a small amount (gener=
ally less than 3 in.) of topaoil aleng the line of
the wall by uming a Gradall; this meant that tha
readinga had to he delayad untll the work was com=
plated In tho vicinity of the measurement locatiens,
hEter completion of the base work in the vicinity of
Slte 1, a pailr of noise measurements were taken,
Site 2 could not be measured simultaneously becausa
the Gradall had moved in front of that location and
therefore dominated the nolse levels at that point,
sven though it could no longer be detected at Site 1.

The ambiont conditions for Runs 1 and 2 were
determined to be the lowest actual reading during
the monitoring period hecause this ocourred in the
absence of traffic In each case. (It is poasible
that the use of the L90 or an average of the lowest
actual readings mensured in the abeence of traffic
would make a more repressntative amblent detarmina=
tion.) By tho time the first two runa had been made,
the workera had completed their site preparation
work and left the atea. After their departure,
another set of noise measurements was attompted at
both sites and all four microphone locations., The
tresulty of the total effort can be found in Table 2.

Consteucetion of the nolpe barrisr wall was com-
plete@ in Maech 19864 and the after condition mea-
surements werc scheduled to ba made during the week
of April 23. The precast concrete wall was 8 ft abova
ground leavel at moot locations axcept at the far
western end where a alight grade cedused the effec-
tive height to about 7 £t, The monitoring tock place
on a Tuesday with the sky completely free of clouds
and & temperature of 78 *F. Because of man-power con-
ditions and the exparionce of the praviocua measure-—
ment effort, the lnatrumentation was shifted around,
Pive runs were successfully completed op April 24,
1984, and the results ate given in Table 3.

IRSTRUMENTATION OF FOUR MICROFHONES

Throughout the studies, Microphone )1 lastrumentation
consisted of a General Radle (GR) Model 1988 Type 1
SIM with a 1/2=in. GR Model 1560-P42 microphone and
preamplifiar connacted by a 30-ft cable. The micro=-
phone was mounted 13 £t ln the air on a mast and

TABLE 2 Hesulla of Noise Headings at Microphones 1 10 4
on All Runs

Meusured
Mrasured Ambient
Micraphone  Run Leg Ley
No, No. Time of Readings (diA} {484)
! t 4:55-8:15 pam, 64,1 49
s ] 582 44
| 2 64,5 50
2 2 59,1 50
1 k] 63.1 48
¥ 3 YA 48
3 3 6.6 50
4 3 -2 50
1 4 6:30-6:50 p.m, -® 48
2 q 6:30-6:50 putn, ELE] 48
3 4 6:30-6:50 p.m. 64,0 49
4 4 6:30-6:50 p.m, -* a9

Motz These data wers colteciod on Masch 8, 1984, a8 bol b sies.
*Dala not ¢ollected dur ta equipmen) Eailuze,
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TABLE S Resalts of Noise lteadtngn ab Micropliones 1 1o 4 on

Runa 1 to &

Measured
Measuged Ambient

Micraphone Hun Ley leq
No, Nu, Time of Readings {dA) {dbA)
] 1 12:20-12:50 p.m, 65.4 £3

2 1 1130-12:5 4o 41

3 | £2:30-12:50 paw, 66.7 53

4 1 [2:30-1:50 p.m. 7] 47

3 . 12:55-1215 p.m. 67,1 51

2 2 12:550:15 pom, 5.6 48

3 M [FREOHEN NN 2.2 51

4 2 1551 65,3 EL]

| 3 65.5 5l

? 3 53,2 449

3 k] fif| 51

+ k] 0.2 49

1 4 5.9 49

M 4 55,2 6

3 4 .8 44

4 4 6l.l 49

) 5 66.9 H

2 h] 544 49

3 5 674 51

4 5 A6 pm, a2.4 49

Hote: Thew data wers collacted nn Apeil 34, 1984, a8 binh sltes,

topped with a windscreen. A GR Model 1562-A Bound
Loevel Calibrator was used to calibrate the mater
bafore and atfter each eet of readingsm,

Microphone 2 instrumentation QAuring the before
study consiated of a GR Model 1933 Type 1 SLM with a
l«{n, GR Model 196) microphone connected by a lo-ft
cable. The mlcrophcne was topped with a windscraen
and mounted on a triped § £t above ground level. An
LK Systems 10 audlo timer was used to indicate tha
passage of 10 sec through a set of headphones and a
GR Model 1567 SLM Calibrator was used to callbrate
the system. In the after study, this syotem was
replaced with one similar to Microphohe 1 except
that no cable was uaed and the mlicrophone was main~
tainod at 5 ft. In addition to the noise monltoring
equipmant, traffic data were gatherad using radar
and traffic counters while materclegical data were
gathered using a portable weather station located 20
fe waat of Microphone 2 en & mast 13 Et high,

The equipment usad at Microphone 3 in the before
study consfsted of a Bruel & Kjaer {(B&K) Model 2209
Type 1 SIM with A& l-in. D&K Model 4145 microphone
attached by a l0-f£t cable, The microphone was mounted
to a mast 13 £t aboveground and topped with a wind-
ocreen and a BuR Madel 4210 SLM Calibratot was used
te calibrate the system. In the after study, the
gystem consisted of a Gt Model 1933 Type 1 SLM and a
l-in, GR Model 1961 microphons attached to a 30 ft
cable. A windscreen topped the microphone and the
ayatem wag calibrated using a GR Model 1567 5LM
Calibrator.

Microphone 4 was mset back 20 £t porth of Micro—
phone 3 and ip line with Microphone 2, which was the
equivalent alte recelver position; the equipment
uaed varied in the bofaore and after studies, The
aystem used in the before atudy was identical to the
syatem used at Microphone 2 Ln the after condition.
The system used in thu after study was similar to
that used at Microphone 3 in the before study except
that no cahle was uped and the height was malntalneq
at 5 £t aboveground.

ACCUSTICAL DATA
Direet Mathod

The field measurements allowad for the analysis of
the insertion loss by using the draft mathodology
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developed by Lthe working group., To compare the re-
Bults effactively, each palr of appropelate recelvers
had ta be matched to tha proper data. Table 4 qlves
the adjusted source lavel information at the refer-
ence microphone (Microphone 1) at Slte 1 fn the
ktefore study. Tt should be noted that the source in
Run 4 is not caleulated) thls resulted from hattery
fallure midway through the run at this microphone.
The results of the before study at Mlcrophone 2,
located 20 ft north of Microphone 1, are qgiven in
Table B, This recelver (Microphona 2] was located in
the behind-the=wall poaltion Cor analyslis by the
direct measurement methodology. The after-barrier
rasults at theme two microphone lecations are givan

a7

in Tablos 6 and 7. Table 8 glves the calculations
for tha insection loss based on the direct method
test, The mean wadjusted ilnsertion loss was detor-
mined to he 7.5 dBA,

Indirect Measured Method

The indirect measured method using an equivalent
alte was also employed to determine the mean inser-
tion lose for the barrier, Table 9 givas the ad-
justed soorce level at tha reference microphono
{Hicrophone 3} during the before-wall condition,
Table 10 shows that, hecause of a moter malfunction

TARLE 4 Adjusteal Souree Leved Caleulations at Site 1, Mierphone 1-Before

Stuily
Run |Hosaurad Levels|Calibration |Lavels Adjusted[Scurca Wnblent|Adjusted
Ambiont [Snurcel Adjustment  |for Calibraticnjleval Adjust-| Source
= - Jrent Lavel at]
End-Start)/2 |Ambiant|Source [Ambieny the
laval Raceiver
(Ba)= J(BS)= [{bé)» (Bo)=
(31} (B2) (8K} (BY=B3)|(B2-BY)| (R5-B4) (A7} [(B5+HT)
1 49 64.2 114 - 114=p 49 64,2 15,2 a Al 2
2 50 64.5 [114 = 114=0 50 64.5 14,5 G 64.5
3 (3] 43,1 [114 - 114m0 48 63,1 15.1 0 63,1
W | as - - 48 . . . .

MNate: Standard deviation = 0.8 These data were collected on March B, 1984; the source was

traffic noite from 64th Avenue South,

TABLE & Adjusted Souren Level Calealations at Site 1, Microplione 3—Refore

Study

[funTHeasured Lavols[Calibration |lavels Adjustod|Seuzee [Amblentfrdjustad

Azhinnt|Source|Adjustment  |for Calibratjon|Laval (Adjust=| Source

- mant Lovel at

Eud=Start}/2 |Ambiont |Source |Ambieny the
Loval Recaivear
(34)= [(B5)}= |{Bé)m (pd)=
[CEM] (BZ) {B3) {A1-B1){B2-B2) | (B5-B4Y (B7) {B5+B7)

1 49 58,2 | 114-114=0 49
2 50 39,1 | 114=-114=0 50
3 4“8 §7.7 | 114-114=0 48
&4 46 3,8 | 114=114=0 45

8.2 9.2 -0.6 57.8
9.1 9.1 0.6 58.5%
5N 2.7 «0.4 §71.3

8.8 |l0.8 0.0 8.8

Note: Standard deviaton = 0.8, Theie data wera collacted on March 8, FB84; tha source was

tratlic nalie fram B4th Avenue Sauth,
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TAILE 6 Adjusted Soneee Level Caleulations at Site 1, Microphone 1-After

Study
[un [Heaanred lovals|Calibration {Levals Adlusted|Source Mabianc|Adjustad
Arbient | Source| Adjustmant fur Calibration|Leval QAdjust-] Source
= . hant Luovel at
End=Start)/2 |Ambient |Source [Ambiant the
Leval Rocoiver|
(Ad)m | (AS)=  |(AE)= (AL }=
(A1) {A2) (A3) (A1-43) | (AZ-A3) | (A5-A4)| (A7) TLASHAT)
1 51 65.4 114-114x0 51 65.4 12,4 0 65,4
2 51 67.1 1l4-~114x0 51 67.1 16,1 1] 67.1
3 51 65.5 | 1l4=114sD 51 65.5 | 14.5 0 65.5
4 49 65.9 1lar114=0 49 65.9 16.9 1] 65.9
3 51 66.9 | 1le-114=0 51 66.9 | 15.9 0 66,9

Note; Standard deviation = 1,3, Thesa dala were collected on April 24, 1984; the source wai
traftic nolsa from B#th Avenue South,

TABLE 7 Adjusted Suurce Lovel Caleulotions at Site 1, Microphone 2—After

Study
Rup [Measured Lovals|Callbration| Levels Adjusted|Souree poblent|Adjustad
Ambient |Source]Adjustment | fer Calibration|level WMAdjust«| Source
= - nent level at
End-5tart )/3 Ambien:|Source Aabimnt the
Taval Rocoiver
(AG)s | (AS)=  |(A6)= (AG)=
{Al) (A2) (A3) (AL-A3) | (AZ-AD) F(AS-AGY (A7) [{AS+AT)
1 A7 54,0 | 114=t14m0 47 54.0 7.0 -1.0 | 53.0
2 44 54,6 | 114+114m0 48 54,8 a,6 -1.0 | 53.8
3 49 53,2 | 114=1)4m0 4% 53.2 4.2 =2.2 | 51.0
% 46 55.2 114+13420 46 55,2 9.2 «0,6 | 54.6
3 49 54,4 | 1¥4-lbe=0 4y 54,4 5.5 «1.7 | 52.%

Mote: Standard tleviation = 1,2, These data were collected on April 24, 1984, 1he saurce was
trathic naise from 54th Avenue South,
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TABLE B Calealations for Tnsertion Loss Based on Diepct Mothod Teal at Siie |

BEFORE 3/B/84 AFTER  &/24/84

Run Adjusted |Adjusted|Rnfora [Adjusted [Adjssied|After [Insartion

[/ Euuue Sourca |Diftar-|Source Source |Differ-]loss=fafors
Lavol at |Loval at|oncn Lovel at [Leve! at[ance Nifference -
flafarance |Racaiver Raforence |Heceiver Aftar Diffar+
nce slice
(1} {2} (H= (4) (5) [cé)= (1)=(5-3)

(1-3) {4=5)

HIC 1 MIc 2 HiC 1 MIC 2

H 6h.2 57.6 6.6 65.4 53.0 12.4 6,2

H 64 .5 58.5 6.0 67.1 53,6 11.5 15

a 63.1 57.13 5,8 65.5 1.0 14,5 4.7

A - 58.8 . 65.9 54.6 11.3 -

H - . 66,9 52.7 14.2 -

es
Note: Far betore study, standacd davistion » 0.2; tor altar stidy, wandard devistion = 1,2;

fLw

18,

TABLE 9 Adjusted Source |evel Calenlatinns at Site 2, Microphone J-Before

Study
W Maasured Lovels|Calibration | Lavels Adjusted [Source JAmbiont|Adjustod]
Ambiant|Saurce |Adjustmant | for Calibration (Level [Adjust-| Souree
L] ant Loval a1
End-Stars)/2 Amhienc[Sourco [Ambient the
laval Rocoiver]
(B4)= [(BS)= ((B6)w (Ba)=
(8l1) {B2) (83) (B1-D3) | (B2-B3) [(R5+B4)| (BT} [(BS+R7)
1
2
3 50 62.6 94=9% = 0 50 2.6 13.6 ¢.0 62.6
& 49 64,0 9404 = 0 &9 64.0 15.0 0.0 64.0

Mate: Standarddeviation = 0.6, These riata ware collacted on March 8, 1884; the scurce was
traftic nolsa from B4th Avenue South,

39
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TABLE 10 Adjusted Soures Level Caletilationn st Sito 2, Mierophone 4=lefore

Study

Amhlant [Source|Ad justment

lI&un Measurod Lavels|Calibration | Levals Adjusted Four:u Ambient| Adjustad

for Calibration [Lavel JAdjust-] Sowrce

a - mant Lavol at
End=Start)/3| Ambient|Saurca MAmbleny the
Feval Recaiven
(B4)= |{BS)= l(B6)= (BA)=
(B1) ) [§:23] (Bl«B3)|(B2=B3) [(B5~B&)| (B7) | (BS+B7}

2
3 50 a
] 44 a

Note: Theie ddata wers calleerac on March 8, 1884, 1he souics wa traftic from S4th Avenue

South,

3Pata fagt due ta mallunction of the Leq Meter,

TABLE 11 Adjunted Source Lovel Caleulationn at Site 2, Mierophone 3—After

Studly
Run |Heasured Levels|Calibration [Levels Adjuscaed ’Snurcn lamb (ent| Ad Jusead
Apbient [Source|Adjuntmant | for Calibracion {Level jAdjust+ Source
= - ant lavel at
End-Stazt) /2| Ambient [Source |Amhien the
Leyal Recelver,
(ad)m  H(AS)™ (A& (A8)=
(A1) (A2) (Ad) (AL-A3)|(A2-AD) [(ASA4Y (A7} | (AS+AT)
1 33 66,7 | 1l4-114m0 33 66.7 13,7 [} 66.7
4 51 12.2 Ll4=1t4u0 51 2.2 2.2 0 2.2
3 51 66,1 § thh-1)4=D 13] 66.1 15.1 a 66,1
] 49 8.5 | 1l4~1]4nD 49 668.4 19.8 0 t8.8
5 51 67.4 | 1lé-1]1awd 51 6.4 16.4 0 67.4

Nots: Stancared deviation = 1,]. These data were colluctod op Aprid 24, 1084; the source was

tratfic trom 54th Avenuas South,

that went undetected during the sampling perlods, no
data were obtalned at tha receiver position {Micro-
phone 4} during the before-wall testing, After the
wall wias constructed, the site was once agaln studied
at Microphones 1 and 43 the results of this study are
given In Tables 11 and 12, To determine the moan in-
sortion loms by the eguivalent alte method, a c¢om-
parigson of the after conditions at Microphones 3 and

4 must be made, At the same timo, a comparison of
Microphones 1 and 2 needs to be made to Qetarmine 1f
anything unusual appears to have occurced between
tha two referance locations. Table 13 glvas a com—
parison of rasults of Mlcrophonea 3 and 4 and also
shows the mean inasertlon leas determination for the
barrier based on the difference betwean Microphones
3 and 4 and Microphones 1 and 2. The mean insertion
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TANLE 12 Adjusted Sanrce Level Calenltations at Site 2, Microphone 4— Aflter

Sty

Run [Haasured Lavels|Calibration

Ambient|Source| Ad justmant

Lavals Adjumced [Source JAmhient, Adju!tndl

for Calibration fevel |Adjust-| Source

(A1) | (a2) (LR

= - monE Lavel at
End-Start)/2| Ambient |Source [Ambient the
Laval Rncawur‘
(Ak)m | (AS)m  |(AB)= (A8)=

[AY-A3)[(A2-AD) [(AS-ARY] (A7) | (AS+AT)

1 47 61,2 9494 = 0

&R 65.3 4+94 = O

W N

49 60.2 94«96 = 0
4 [1] £1.1 94rPh m
5 & 62,4 =94 = O

&7 61.2 14,2 o 61,2
48 65,3 17.3 Q 65.3
49 60,2 11.2 0 60.2
4h 61,1 15,1 1] 61.1
49 6.4 3.4 [} 62.4

Neta: Standard deviation = 1,2, Thess data wers cotlected on Aprit 24, 1884; the tource war

tratfic from Bath Avenue South,

TAILE 13 Caleulations lizsed on Indirect Measured Method

AFTER &4/24/84 AFTER  4/24/84
Run Udjusted [Adjusted|Differ-lAdjusted |Adjusted|Differ-| Inssrcicn
# [fource Source atice | Source Saurce 4ance Lozs
laval at |Level at Lavel at (Leval at
Reference |Recaivar Raferance |[Receiver
pnca
(1 2) {(3)= (&) (5) |(&)= (7)m(6=3}
{1-2) [4=5)
HIC 3 HIC & MIC 1 KIC 2
=
i 66.7 61,2 5.5 65.4 53.0 12,4 6.9
2 72.2 a5.3 6.9 67.1 5.6 13.5 8.6
3 66,1 k0.2 5.9 65.5 1.0 4.5 a.6
4 68.5 60,2 1.7 65.9 54,8 11,3 3.6
5 67.4 52,4 5.0 6.9 52.7 14.2 9.2
b=«

Nota: For columar {1), {2}, and (3}, standard daviation = 1.0; fur eolumns (4], 1B), and (&),

standayd deviation = 1.2; JL = 7.0,

loss detormined by using this method was 7.0 dBA
comparad with 7.5 dBA determined by using the direct
method.

Anplysia of the data from Microphones 1 apd 3
I{ndicates that the traffic characteristlcs were not
ns similar a8 originally presumed, eapecially during

the after~wall study, It is difficule to explain
this diffarence axcept to note that in ssveral in=
atances at Site 2 heavy trucka passed by in an ac~
caleration mode and sat uJnusually high measured
peaks that skewed the Leq at this location., By the
timg these trucka reached Site 1, soma 650 ft down
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TABLE 14 STAMINA 2.0 Preclietion Resulta

Belare Leg Alter Ly

Run Measured Predicted Difference Measured Tredicted Nilferenco
Micraphone |
| 642 638 0.3 65.4 5.8 04
b 64,5 050 0.5 6.1 65.6 1.5
3 a3l G4l L0 685 65,4 o4
+ 659 5.0 Q.0
3 66.9 6.2 0.7
Standard Deviation 03 04
Micraphone 2
| 54,2 619 a7 54.0 56,9 9
3 59,1 a2 kR 4.6 5T.4 1R
3 s, 6.1 44 532 566 34
4 54.8 G1LA 340 §5.2 514 b
5 $4.4 §R.4 7
Standard Deviation 0.5 0.5
Microphone 3
1 66.7 45,4 a9
2 2.2 65,4 6.6
a 62,6 641 1.5 6.} 65,1 1.0
q 64.0 614 0.2 LR 65.1 bR
5 h14 66,2 [
Stumlard Devintion 07 2
Micruphane 4
| 6t,2 6).4 22
3 753 61,3 2.0
3 612 62.7 25
4 a1l 3.6 2.5
5 624 LER ]
Standard Deviation 12}
Nuts; litsnk space Indicaten luck of datn.

the rond, they apparently were not in th is Bkrong RESULTS

acepleration mode, A variation in the volume of
trucks {heavy and madium) wat alao noted betwaeen tho
before study and the after study. It should be noted
that the bias far the two methods was found to be
identical.

Computer Prediction

For comparative putposes, the fleld data ware loaded
into the STAMINA 2.0 computer pradictlon program. A
valldation of the bofore~and-after £ield measure-
ments was made at all four microphone locations,
Computer predictiocn results are glven ln Table 14j
these results wore genecated by wsing tha traffic
data given in Table 1, Table 15 glves the resulks of
the ingertion loss bamed on a computer prediction
uaing the STAMINA 2,0 program. The mean Lneertlan
losa i shown to be 6,1 dBA,

TABLE 15 Results of Mean lisertion Loss
Determined by Using STAMINA 2,0
Computer Prediction Irogram

itun Withaut Wish

Na, Barrier Rarrier Difference
1 63.4 6.0 (%]

2 63.3 574 5.9

3 62,7 36.6 a,]

4 4.6 57.4 .2

) 534 58.1 5.4

Note: Withuut berdder, inean = 347 will bareier, mean =
97,35 meap hortlon bose * o,

A comparison of the mesn inmertion loss as deter-
mined by the computer prediction pregram was mada
with the resules of the twe draft methodologles,
Aased on the results, there appsars to be a mean
difference of 0,9 dBA betwsen the results of uaing
the inpdlrect measurad methed and the computer pre-
dictions. As noted carliar, the dlfferenca hotwean
the direct and fndirect measurad mathods could prob-
ably ba explained hased on the apparent diffarence
in the aource strangth betwean the two points and
the change in total truck volume; the acceleration
of haavy trucks was lsolated as the probable cause
of this phencmenon, The diffarepca between the com=
puter predictiona and the results of uaing the direct
method ls not easy to isolate, It would appear that
the truck volume may be the cause of the diffarence,
but it is difffcult to conclude this with any degree
of certalnty.

SUMMARY AND RECOMMENDATIONG

In summation, the methodologies found in the draft
standard  (direct and fndirect measured) aro all
usablr; however, trom the satandpoint of trafflc
noize and highway agoncies, use of computer predic-
tlops 1s recommended, Thls recommendation 1is based
on manpower requiraments, equipment needs, and rela-
tive accuracy of the varlous methods compared to the
asturacy naeds of the agendy, Use of the (ndirect
meagurad method le Btpongly discoutaged because of
the vaat number of varlables that can occur that are
Aiffleult to guantify. Although not employed during
this research efforc, tha indirect predicted method
would appear to he preferable te the indirect mea-
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sured methed. baing the direct mothod {8 suggested
for those locatlens where public Invelvement has
been high and the possibllity of coptroversy has
sucfaced. This method would glve greater credonce to
tho abjlity of the barrier ownar to accurately
anticipate harcier effectivenass,
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Airport Noise Monitoring Systems in

North America

CLIFFORD R. BRAGDON

ABSTRACT

Alrport neise is a recognized by-product of a transpoertation-based economy.
Because the numbar of alrports, alrcraft, and £1light operations over adjagent
alrport communitlas are essential to the economic hase, noise manltoring ays=
tems are belng installed by airport proprietors. Currently, there are 25 ayo-
tems in operation at alrperts In Narth America (two additional airports are in
the process of bidding on and inatallation of noise mopitering ayetems). They
have been installed for a varlety of reasona and purposes, Including compliance
with enacted regulations or standards. Theaa airport noltic systems conaist of
four baslc componenta: remote monitoring atation, central processing station,
noftware, and accempories. Tt Ia apticipated that the pumber of such systoms
will i{neresse more rapidly In the future, partially due to available federal
funding under Federal Aviation Regulations (FAR) part 150r Alrport Noise and

Land Use Planning.

Alr transportation im a major component of the na~
tional transportation syatem, The Fedaral Aviation
Adminfstration (FAA) . U.B. Department of Transporta-
tion, estimates that there are noarly 15,040 alrperts
{towered and nontowered} in the United States. These
afrports operate civil aly fleeta of approximataly
195,008 aircraft throughout the United States, gen-
erating nearly 8 million flight operations annually.

AMthough alrceaft opetatlons are bhenefigial o
the economic base of the United States, there ara
cartain impacts associated with such operations. NDue
to the rapld growth af alrports and the adjacent
alrport communities, aleng with inoreasing numbers
of jet-engined aircraft that operate durlng a 24=hr
poriod, potential nolse Impact conditfons often
exist in repidential areas near alrports.

Many technlques are being used to address thia
potential problem through source controls ({i.e.,
engine poise suppression, new generaticn alrcraft)
as well am recelver controls (i.e., bullding codes,
land using planning) at the L[ederal level, primarily

through the Fan. Such noise-related FAA activities
include Federal Aviation Rogulations (FAR) Part 363
Holge Certlfication, PAR Part 91: General Operations
and Filght Rules, and FAR Part 150¢ Alrport Nolsa
and Land Uso Planning {1}. Some state and municipal
governments are also taking certain steps to tontral
alrport-related noise by using the regulatory and
plansing process [2-4). An  increcasingly common
approach as part of the overall management of
alrport poise ls the establishment af a parmanent
alrport noinse monitoring systenm.

HISTORY

The acoustical monicoeing of alrport nolse on a
permanent and continuous basis 18 a relatively new
phencmenon 1in the United States, Historically, the
first such system was installed by the Port Authority
of New York in 14967, and was used Inftially at John
F. Kennody Internatlonal Aleport (§}. Simllar systems

N
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were subsequontly installed at LaGuardla Interna-
tional Alrport and Mewark International Alrport by
the Port Authority of New York. The lmpotus for this
inserumentation system wns the establishment of a
maxlmum peak noise-lavel requirement Eor alrcratc
operating in a takecff mode., Such a noise standard
was devoloped by the Port Authority of New York in
part due to concarnp about alrport noise raised by
neighboring municipalities. A peak nolse-lavel
threashold was eotablished for alrcraft takeoff pur-
poses;y it was equivalent to 104 dbA.

Inglewood, Californla, was the first nunicipality
to have a permanent nolse abatement program, begin-
ning in 1969 (5). This city waa specifically con-
cerned about the problem of flyover nolss associatad
with Loa Apgeles International Alrpotrt. In responme
to thia problem, a series of three fixed monitoring
atations wae erected in Inglewood by using telephone
poles with monitoes connected by land lines to a
central receiver system, located at City Hall. This
noise abatement program alsc uged a mobile van fer
observing alrcraft flyover noise at locatjons
throughout the community. Thea Nolre Abatement Office
devaloped both a fixed and mobile nolse monitering
progean,

Othar than these afforts by MNew York Port Au-
thority and Inglewocd, California, there was little
activity concerning noise abatement until the early
19708 when the Californla Departmant of Aeronautics
astablished an Airport Noise Standard in their Ad-
ninisrrative Code (6). Tiese provisiona, enacted in
1973, required a conptinuous monitoring pystem for
nolae when the composite noise exposure lavel (CNEL)
exceeded a certain annual level alopg with a daily
single avent nolse expoaure level (SENEL). Beginning
in 1975, several airports began to establish noise
menitoering programs te determine compliance with
thia code.

CUARENT STATUS OF NOISE MONITORING SYSTEMS

Intersst has grown steadily since the {nitiml system
far airport nolme monitoring was installed in 1367,
currently, there are 25 airporta in Morth hAmerlca
that oparate parmsanent nolae monitoring systems [two
additional airports ate In the proceas of bidding on
and insztailation of nolse menitoring systems (see
Table 1}). A large number of alr cacrier aliperts
have been roquired by state law in California to
install noiee monitating systems.

All existing airports that have monitoring ays=-
tems are civilian based, These systems generally
apply to alr carriers, as oppoged to genaral-avia-
tion alrports. The largest concentration of these
afrports {91 percant] are situated in the United
States, Neatly one-half of these instrumented air-
ports (42 percent} are located in Callifornia, while
the remaining 58 percent are distributed throughout
10 states and the District of Columbin.

within California, these monitoring systema are
located ptimarlly in the Los Angaelea (7 syatems) and
the San Prapcisco (4 systema) metropolitan areas,
New York, with four systema, and Washington, 0.C.,
with two systems, a&re the only other metropolitan
ateas with multiple nolse monitoring aystems in
place. The Port Authority of Hew York and New Jarsey
ia in the procesa of replacing their original system
inatalled during the 1960a, It should become totally
opsrational before the end of 1986 {7).

Currently, there are thres companies that manu-
factura equipment Eor measuring noilse on a continuous
basis at a flxed airport location: Tracer, Metro-
ponics, and Brasl & Kiner Inatruments. Often the
manufacturer will ipstall a system after an inde-
pendent acoustical study ls prepared by a consultant
for a specific airport proprietor.
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"ABRLE 1 Alrport Noise Monitoring Systems in North
Ameriea

Gieographic Location Airport

Califarnin
[Burhank Hushank Airpenl
Long Beach Lang Beach Inlernational Alrpart
Los Argeles Lo Anpeles Fnlernational Alrport
Ontario Ontario Internatiosal Alrport

Orange Couaty Airport
San Dicga Alrport
San Francisco Internalianal Ajrpart

Orangs Counly
San Diego County
San anclsco

San Joie San ase International Airport

Santa Ctara County Reld-Rillview Airport

Santy Monjca Sanla Monlca Municipal Adrport

Tormnee Toriance Municipal Aizpori
Florida

Wesl Palm Drach Palm Beach tniernational Airpor®
Mawait

Hoensluly Honolulu [nternatianal Airpert
Mamsachuserrs

Boston floslan Logan Intersational Adrport
Minnesola

Minneapolis Mirncupnlis-St. Faul International Aimport
Missouri

st. Louls St. Louis Lambert International Alrpon
New Jersey

Newnrk Newazk Internations] Airport
New Yark

New York John F, Kennedy Internativnal Airpost

New York LaGuardla [aternatianal Alrpart

White Flaing West Chester County Afrport
Chio

Cleveland Cleveland-Hopkins Airport
Virginja

[lamipton NASA lLangley Airport
Washingien

Seatile Seatile-Tacoma [uterpational Alrport

Wuhington National Airport
Dulles Imernationa) Airport

Washingien, D.C.

Canada
Edmunton, Alberta
Tatonto, Ontario

Edmunton Mrpurl"
‘Toronta International Airport

"Asar b 1985, a apecificstion d han bean prapaeed Tar bldding o
somirucilon of ai &irpoel nole mosilosng syatem in West Falm Beach.

PAs af Decomber 1955, blix have hean fecelved and » canirasd Rns heen awaried
forg inatallalion of @ perwnancnl airgart nolse maeslieting sprleim in Ldmunton.

COMPONENTS OF A NOISE MONITORING SYSTEM

There are threes baslc eguipment components of an
airport noise monitoring system: the remote monltor-—
ing =stations, central processing station, and asa-
sogiated software. Sometimes there is also a fourth
component to a system, accessories. Each of these
coppononts will be discusaed further,

Remota Monitoring Stations

Remote monitoring statlons are fixed atations that
physically measure airborne-gencrated nolse. They
consist of a microphone or hydrophene connected to a
fleld equipment enclosure with microphone power, and
single preprocessing and data transmission capa-
bility.

They are ugually placed high above the ground,
often roof-mounted, The total number of stations
will vary according to three ltems; the specific
airport, complexity of the alrport layout, and as-
sociated lmpact on land use, The total number of
nolse monitoring atatlone per airport, based on the
list of airports glven in Table 1, rapges from B to
26, Currently, the makimum number of stationo for a
glven airport {8 26 because the printout area of the
data printed ie restcicted. The average number of
sltea for all airport systems in place ip 13,

Key factors to be conaideced in the performance
characteriatice of the fleld equipment include en—
vironmental protection from precipitation, wind
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turbulence, extreme temperature variation, dynamic
range of equipment, tranamission of slgnal for pro-
cessing central and tanote ecalibration, and constant
power aupply,

Cantral Precessing Station

The central proceasing station teceives all of the
input data feem the remste monitering atations, The
pripeipal equipment at thia locatfon is A computer
for central processing that receives, analyzes, and
stores data transmitted from the fleld. In additien
to the computer, there ia accessory eguipment that
includes & visual diaplay unit (CRT} and a high-speed
printer.

Storage capacity will be easential for malntain-
ing & data file; however, ita size [capacity} is
semawhat dependent on the Intended wase of the sys-
tem, ineludlng the data deslred to he dlsplayed.

Conaideration ahould be glven to several factora
in lecating the contral processing atation:

Accessibility

Amblent temperature

Storage of data tapes, diskettea, and discs
Ergonomics of user or users

Conveniance of locatian

Security and safety

Ease of service and installation of equipmeat
Protection against elactrical Interference
{e.q., power surge}

Sofeware

Software refers to the programming packaga designed
to process, analyze, and graphically portray the
mopitored noise and related information. Several
Pactora are lImportant 1n selecting the software,
including:

+ Saftware language

* Program or iser frlendly

¢ Expandabillity of software programming

¢+ Flexibility in the software

* Software te expedite report preparation, in-
cluding data summaries and special atudies

+ Simultaneous procesaing without interruption

* All key noise metrics and descriptors, bath
curcent and future

+ Base of medification

¢ Scftware decumontatien

Soveral of the recently installed aystems provide
a graphic calor dloplay in real time of the moniter-
ing locat{ona on the CRT. This is used to assist the
airport personnel responaible for the nolse program,
tather than the public~at-large.

hocegsories

Cortaln accessory elements that ecan improve the
potential nolse monitoring system aro often found at
alrports.

Map Dlsplay

Many afrports maintain an electronic map at the
installation, which glves a graphlc display of the
monitored nolse levels, often in real time, At cer-
taln aicports, these mapitored alroraft opecations
are shown with colered lights Indicating the degree
of compliance. For example, a flashing red light

A5

indlcates exceedance of lovel of permissible take-off
nolse and a flashing green 1light Indicates come-
pliance., Such maps are situated in varieus lecations
ranging from public access areas to worker or alr-
port employee areas.

The San Jose Alrport was one of tha [firet air=
porka to use a map diaplay. Measuring approximately
4 x 4 £t, thia dlaplay 18 located in the main termi-
nal area to give maxlmum public exposure, Varicua
maps are lncorporated inte cach aleport diasplay.
Some dizplays also lpgorparate an acrial moafac of
the alrport community, while othera rely en a land-
use base map. The average cost for auch a map dis-
play ia §10,000 to $12,000,

ARTS Data (Afrcraft Radar Tracking Syatem IITa)

Several airports have integrated Flight eoperation
data, avallable through ARTS (Alrsraft Radar Track-
ing System), with the ailrport noise aystem; the
purposes are to assist in idantifying speclfic time,
flight-track characteristica, as well as alreceaft
and airline operator. ARTS {m needed for air traffic
conttel. MRTS=IIIA praovides a contiruous surveillance
of ajrcraft activity in their assiqned airspace
every 4 sec, Only two alrporta pow directly use the
radar system as pact of a nolese monltoring program.
Washington Natiopal Alpport and Dulles International
Arporty both of these alrports wre operated by the
PAA,. Cleveland, Ohlo, and the Port Authority of New
York and New Jerscy are in the proceas of Inatalling
the necessary electronles ta provide the ARTI-IIIA
Information for thelr rveapective nolse programa,
fiowevar, reccrding of each alrcrafr operation will
not occur tn real time, but will he delayed for 15
to 30 daya becacos the FAA must keep all ARTS data
for 2 weeka in came there is an alrcraft aceident,
The amount of data genarated by thig ayetem s aig-
aificant (e.g., up to 15 reels of tape per day}.
Theratore, to aveld excessive storage and handling
requirements, a select smmple would be the mpoat
desirable approach, Automatiec ailrcraft detectlon,
ceunting, and alrcraft identificatiocn have been
censiderad impoctant noisa management tools at sev-
aral alr carrier alrports.

PURPOSE OF ESTABLISHING NOISE MONITORING PROGRAMS

Alrport noise menltaring pregeams have been estabe
lished for a variety of reasons, It 18 important
that airports analyze the advantages and disadvan-
tages of eatablishing a program of thls type bhefore
proceeding.

Baped on the purpose of msyatema already installed
at alrports throughout the Unlted States, collective
purposes of establishing a nolse moniteeing program
are tot

* apsess alterpative Fflight procedures for
nolse control

+ nagist ln the investlgation of apocific pub-
lic Lpnguiries and complaints

+ Instill public confidence that alrport-re-
lated nojse is belpg monitered to proteat the pub-
lic's interent

« validate nolsa modellng efforts at the ale~
port over An extended perlod of time {e.g., L year}

+ Ageiat In addressing lapd-use planning and
polpe-impact i{sgues

« Indicate official concern for slrpert nolsa
by the Jurisdiction and [ts governing body

* Detect upusual flight events

+ Bducate airplape plleta, airlines, the ale-
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port proprietor, and the publlc about altport noine
and ita charactecistics

* Obtain valid statistical data using an objee-
tive and sclentiflc remource

* ApplY research tools to aesist the alrport in
performing certain tasks, as required or mandated

* Rssesa compliance with some velantary eor
mandatory noise level, established by a governmental
entity

CONCLUSION

Intetest in establishing a npoise monltoring syatum
at alrports is Increasing. ftoday, there are 25 ays-
tems in place, primarlly Installed at commercial air
carrier alrporta. Threo such systems ara cperated by
the federal government, including two in Washington,
D.C., &nd one in Langley, wvirginla [NASA). Throe
aystems have been installed thls past year (West
Chester, New York; St. Louis, Mismouri; and Cleve-
land; 0hin) for a variety of reasonn and purposes,
Some of the earlfer systems are pow belng upgradaed
to reflect the state of tha art (e.q,, Port Author-
ity of New York and New Jarsey)., Decause of the
growth of aviation and the proximity of communities
to alrporta, which cesulted in potential land-upsa
incompatikility, and because of the FAA Part 150
Program {B8), the demand for euch systoms in predicted
te lncrease. Several afrport operators are in the
process of receiving or have already regeived federal
support on a matching bawis (80 to 20 percent)
through the FAA to obtain an airport noise monitor-
ing system, Buch systems generally range in cosat
from $250,000 to 31,000,000, depending on equipment
aspacifications,
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A Disaggregate Noise Interference Model for
Estimating Airport Noise Impact

ALBERT T. STODBDARD 11 and GORDON P, FISHER

ABSTRACT

Airport nolse is a major problem facing the air transport {pdustry, The nolge
intrusion on nearby communitien not only leads to hard feelings but has also
regultad in court actfon, forcing airport operators to pay large sums and to
alter airport operatlons. To evaluate noime mitlgation measures, a means of
eatimating the change in impact that will occur because of this mitlgation
measure is required. However, existing measures of alrport noise impact are
inndequate, Presonted In thls paper is a new, improved method of measuring
nolse impact and of eatimating tha changes that will pesult from nolsae
mitigation efforts. Pravious methods have been based on the notion of human
annoyance. [lowever, nelse per se is not annoyingy rather, it becomes annoying
when it interferes with human activitles. Therefore, this atudy bases the
prediction of noine impact on activity interference. Decause of the large
candom element ln Individual response to alrcraft noise, reaidentlial inter~
ference {s estimated by uming a probabllistic model., A residential model fn
developad from the concept of household loss of utility due to increased nolae,
Comparisons of aggregate predictiona show the model that was calibrated hy
using disaggregate data to be more reliable in predicting total impact than

ware ather models,

one of the most Important problema facing the air
tranaport industry today ia the disturbance of people
by alreraft noise in the vicinity of airports. Sev=-
eral means of quantifying and predicting ths impact
of noise have been propouwed; however, none have been
shown to be hlghly reliable. In this study, the
problem is approached from a new standpoint, which
has been shown by Stoddard (1) to be an impravement
ovar other poanible means of predicting lmpact. A
mathemasical rolaticnohip botwean residential activ-
ity Enterference and noise in developed baered on
microecanomic theory., A blpary logit model, esti-
mated by using dfaagyreqate data, Is proposed for
predicting the noisa impact that resulea from air-
craft operationa.

DASIS FOR THE MODEL

The Interference of alrcraft nolse with residentlal
activities la approached from the standpoint of the
aconemie wtility derived from a cesidenca by a
household or family unit. Loncaster (2} viewed gooda
as having no utility themselves; rather, the attri-
butes represented by the good provide utility. In
this view, household utllity can be defined as a
function of the utllity provided by each of the
attributes, Microeconomic theory holds that a housa=
hold may be expected to maximize its utility, sub-
ject to some budget constcaint, In selecting a real-
dance, the household maximlzes utility by considering
all of the attributes; it pays a macket price re=-
flecting that utility, The problem may be constrained
by asauming that, after a residence is chooen, Iin-
come and prices remain constant as an ilncrease in
noise axposure 18 introduced, This assupption may be
expected to hold only in the shert run, until market
conditions begin to refloct this change in the at-
tributes of a residence. In the short run, then, the
impact of nofse las a change in the utiliry expeci-

enced by the househeld. It is net necensary to Know
the total utlliey of the househald; rather, it im
aufficlent to know anly the amount of chhnge in that
ucility.

It is necessary to identify thone attributes that
may be affected by nolse eaxposure. Qulet s one
actrihute that {8 directly affected, Rylander et al.
{3} found that there ie a strong relationship betwean
social clasa and noise Impact, gsoclal class being a
combinatlion of lncome group, realdential neighbor-
hood,; occupaticn, family relationships, and other
characteristica. As in Rylander's work, social class
iz often represented by inceme group. Socloeconomic
¢haracteristics othar than social class do nat show
as strong A relatlonship. Other attrlbutes of resi~
dentlal cholce ara not expected to change as a result
of the noisa intruslon. Thus, the utillty functlon
of ipterest containa two Endependent varlables: the
change in quiet and the social class of the house-
hold, The change in quiet may be estimated by mea=
aurlng the netfse intcusicn and assuming that ambiant
nolae levels do not change, The nolsc charactariatics
that muat be accounted far are noise level, frequency
diatributien, and numbor of eventn. The average of
singla=event sound exposure levels (3ELs} ls used to
represent the nolpe because the measure lncorporates
nolae level, frequency componenta, and duration.
Soelal class is represented by household income
relative te the mean household income in the stan-
dard metropelitan stat{stical area (5MSA).

If a relationship betwasn actlivity fnterference
Ls known and chamge in utflity can be satimated,
thop residential {mpact may bhe measured. Aotivity
interference must be datermined from the subjective
reaponses of lpdlyiduals, for exampla as reported hy
Tragar (4) and Rylander at al. (3). In these sut-
veya, respondents indicated on a semantic S8cals
which activitien are disturbed by noise and what
level of disturbance they experience. Interference
may be asaid to ocour when the value reported by a
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respondent {3 above a glven threshold, or intee=~
ference level, on tho aematle aecals, Interferoncoe

therefore may be represented as a binary varlable,
occuceing for reapondents who creport values abova
the throsheld and not below, Griffiths and DeLauzun
{S) reported that the variance in respense la cdue ag
wuch to randomness as to other Factors) thereforn
the utility fupction muat include a random term, The
random alement ia Included because of sampling er-
rora and incorrect model specification., Factors that
have a causal relationshlp to noime interforence hut
that are not included in the model aloo appear aG
random erroes when the individual variance is exa~
mined, ‘The Pprobabllity of there being reaidentlal
interferenca is equal to the probabillty of the
obsetved utility being reduced by the introduction
of neisa.

A pathematical relationship for activity inter-
ference in terms of cthe utility function is needed.
The Lorm af the relationship now depends on assump~
tions ahout the distribucions of the error terms,
Griffichs and DeLauzun (5} could not reject, on the
basia of their data, the hypothesis that nolse an~
noyance distributions are normal, IE it is assumed
that the distributions are multlvariate normal, a
probit modal resulta; Lf the ercor terme are assumed
to bo independently and [dentically distributed [n a
Welbull disteibution, the modal takes the logit form
{6-9). However, use of the loglt model when the
ercar  terms ara not Weihull distributed can glve
arronpecun eatimates of probabilities. Note that both
Flnney (7) and Daly (10} have found that thece are
not significant differences between the 1logit and
probit models. Moreover, Daly statea that a logit
model is preaferred, particularly bacause of con-
venlence in estimation.

On the strength of these arguments, a loglt modalb
waa used to represent the relationship between the
change in utility due to nolae and residential
activity interference. The binary feem of the medel
then ig

P(I}) w 1/(1 + @7 Y)

where P{I} is the probability of interference and U
is a tunction reprosenting a change in utilblty.

Nata for eetimating this function were ohtalned
from the Pracor study, which contains information on
activity interference, socloeconomic characteristles,
and noise levels {4}, Thio atudy differs from others
ln that it addressed activity [nterference cather
than gencral annoyance, an important distinction.

For this study, Boston was chosen as the source
of data in devaloping s medel of activity inter-
tarance, It is a Phase IT clty in the Tracor data
set, comprising 1,166 respondents, The Logan Intor=
national Alrport Qffice of Noise Ahatament worked to
decrease the noiso impact during the period from
1976 to 1980 and kept records of those afforts. The
intention to ute the proposed model in a case study
nade it denirable to eatimate the caefficlonts of
the model for the sity selected for the capo study,
floston provided the best posalbility because it was
surveysd an part of the 7PTracor study and records
were avallable about operational changes directed at
noise impact reduction. Problems associated with the
transferabilicy of model parametars between cltlen
are thus avoided and only the problems of temparal
transfarabllity need be acceunted for.

DEVELOPMENT AND "PESTING OF THE MODEL
Regidential Activitiea

A review of the literature and the foregoing remacks
on nencesidentfal activity interference make clear
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that some activitlen ara much more likely to suffor
interfarence from aircraft noise than are others.
The More susceptible activities lhvolve some form of
awditory communlcatlen, for example, speech or audlo
transmissien, The Tracor study ldencified 13 acparata
activitien and npgked respondents if they were ever
disturbud by aipcraft noige while engaged in these
activitios and, if 30, how much they were bothered.
The rosponse to how much bother occurred was baged
on a pemantic scale ranging from "not bhothered at
all" to "extremely bothered”, representad numorically
from 0 to 4.

The 13 activities adiressed in the Tracor ques-

tionnaira weros

. Relaxing or resting inalde,

. HRelaxing or resatlng outalds,
Young children sleeping,

Cenversation,*

Talephone conversation,*

Golng to slecp,

. Llatoning to records or tapas,*
8, Llstening to radio or television,*
3. wWatehing telovialon,*

10. Reading ar concentraking,

1l. Late sleep,

12. Eating, and
13, Other aculvitiea,

. o4 .

~ o o W

Those nctivitles dencted by * were consldered to he
thore most susceptible to nolase interference.

fkaclatieal Tests

Pour statimtical tests were used to assess the qual-
ity of the mathematical relatlonship between activity
interfoerence and noise intrusion. The Elrat test was
the Likelihoed-ratio test evaluated for the prior
probapilities, which gives an indication ef the
statistical slgnlficance of the model. The second
test was the likelihood-ratic ilndex suagested by
McFadden (11l), which indicates the goodnens of fit
af the model. The predictive success index, also
suggested by McFadden, was uased to show how well the
madel predicted the proper outcome, The Einal test
Waa a t-test on the coefficlent of each Independent
variable to doterminv the gigniflcapce of that vari-
ahle in the model,

Independant Variables

The explanatory varlables used in the interference
model {nitially ware the average SEL per event, tho
number of nolce ovents, and the coclal clasa of the
respondents. It wap necespaly to estimate the values
of each,

In the Tracor data set, noise ia reported as the
peak percelved nolse level (PNL), Hawever, thls form
was hot aultable for the present purpose and had to
he converted inte SEL., SEL was caleculated by con=
verting peak PNL to peak dBA sound level and then
ostimating SEL. The average SEL walue used as the
varlable In the model was obtalned by taking the
welghted average of the SEL values of all aircraft
typas for both arrivals and departuces.

The numbers of flights for the majer alrcraft
types are reported In the Treeor data, Flights,
idoanttEied an arrivals or departures on different
runwaya, are thoae that may be heard at the location
of the rosldence. They are also broken down into day
and night £Lights, The vaciable used in the model is
the number of operations that weuld he discernibla
at the residence location during the tlme peried
baing modaled,
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1t {5 now hecessney to address the varjable noclal
claas, which s represented herc by Llncomd qroup of
the respondent, as reported in the Tracor survey.
Tha model was {nitlally ostimated by megmenting the
data Get by lncome groups and estimating noparate
modals for each group. The income groups wero deter=
mined by the ratlo of lncome to the mesn income of
the commupity; mean annual househeld income for
Noaton in 1970 was §10,400 (12). Theee groupings worn
selected for model development: 0 to $3,99%, $4,000
to §10,000, and more than $10,000., Thene qroupings
wore selected because they were combinations of the
grospings in the data and could be related to the
logal mean income. The mean income for the neighbor-
hooda surveyed was below that of the SMSA; approxi-
mately 30 percent of the respondents wore above the
$10,000 income level,

Nther socloaconomic wvariables were inventiqated
to datarmine thelr suitability for usa in the medel,
liome ownership was considered because it has a rala-
tionahip to Boclal class and might have a relation=-
ship to nolse interference, For example, those who
own homed have a vested interest in the comnmunity
and In thelr property and thus would be congerned (€
they percelved an intrualon by aircraft noime. Rent-
erg, however, are much more free to move to other
locatjons 1f they are bothered and are less likely
to be concerned than owners about possible decrease
in property valua resulting from nolse.

1t may alse be important to econsider alr condi-
tlontng because the amount of externally generated
noisq that is perceived [nslde a house [o masked by
air conditfoning nolse and attenuated by closed
windows. Heuseholds with alr conditiening con-
saquantly could be expected to be less affected by
nolse than thase without air conditioning.,

Bducation level gerves as anothar ponsible aur-
cogate for social class mnd 18 highly coerelated
with {ncome, Cost of housing also is a measute of
social atatus and reflests the nature of the par-
tleular neighborhood. Those who are willing to pay
more for housing would be expocted to value a quist
nelghborhood more than those whe pay less. Thia
variable includes rent payments and cquivalent market
rente for homeowners.

Age la another possible variable to use in the
model. Although no other reseacchers have found a
astretg telationship bhetween age and nolse inter-
ference, it appeared useful to examine it. The
ahortecoming in uaslng age as a variable is that, as
peeple become more appreclative of quiet In older
aga, they aloo suffer the affects of hearing loas
due to long-term niise exposure {13,14).

The final seciceconomic characteristic considered
for inclusion in the model was duratlon of realdence
in ths neighborhood, Thore ls some suggestlon that
pergons who have tesided In a neighborhead with a
high noise level for a long time are those who ara
least bothored. Some may learn to live with the
noige, whereas othersa, who are more disturbed by the
noise, tend to move away aver axtended periods of
time. Independently, nolse {intrusion may not be
sufficient to prompt pecpla to move, but may be one
factor that spura the move,

To determine the beast variable for inclusion in
the model from among these posaibllities, a stepwisa
eatimation procedure was used that added the mest
aignificant varieble at each atep until all signifi-
cant variables were included. Of the possihle vari-
ablea, the only onee sfgnificant at the 95 percent
level werae nolse lavel, number of flights, and home
owpatship. The parameters were ootimated for the
cthreo major Income groups and the results are glven
in Table 1. Note that tha model for the loweat in-
cote group does not meat aven the weak likelihood-
ratle test. The other two income-group models, while
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PABLE 1 Statistival Testrof Parame per
Estimatbom by neome Grouping

Bncoine Groap .
[} v it u

[N M
nag|
08K

A,008
0,14t
[IREX

0 ter 4,999 4.
4,000 10 9,500 12,02
Maore thas 10,000 Jo, K0

Nuler \J 3,009 ~ 8,04

markedly betker, are not satisfactory when tested by
using the likelihood-ratio index and the success
index, For those in tho lowest {pcome 4greup, theru
apparently are nignificant Ffactora other than the
characteristlecs of the noise {tself that Influencn
the amount of interference that occurs.

Doependent Variable

A summation of the reported deqrees of dieturbance
of various activitias might be taken to glve more
wolght to these oxtremely dAlsturbed Ln many activ-
ities than to those only moderately diarurbed in a
fow actlvities. Conversely, it ls alasc posaihle o
count, permens who report any disturbance in  any
activity ({for example, in 8peclfic activitiea such
as conversing or watching television) mere heavily
than those who are highly disturbed in many active
ities. That ls to say, small amounts of disturbance
in a small number of activities may be more {mpor=~
tapt. In aelocting a dependent varlable, therefora,
several possibilities ex{st.

Rather than counting interference on the basia of
repregentative activities, all responses to level of
dlaturbance for all activities were summed, Different
dlsceimination points were tested along with dif-
farent activitles variously walghted., It is realized
that the asejection of a discrimination point Is
arbitrary, 8o it was teated as part of the fipal
aatimation to detarmine the senaltivity of the point
at which interference {s defined to cocur.

Utilicy Funetion

It was decided to test twe different torms of the
uvtllity function in developing the model, a linecar
form and a log-linear form. The linear function was
chosen hecause 1t {s commonly uand and is a simple
Form. Tha log=linear foem was tested hecause previous
resoacchers have used the logarithm of Elights, as
in the day~night average sound lavel {Ldn). The form
exhibiting the ntrongest relatlonshlp to the data
would be used in the final medal,

Time-of-pay Weighting

An important igsue related to nolse impact ia time-
of-day welghting. It has been polated out that
welghtings currently in use are based on some
arbitrary asasumptions and that research E£indings
have since refuted the valldity of those asaumptions
{15-18}. ‘The Tracor data on Boston shew that people
who report dlsturbance are most likely to report
awareness of alrceaft in the evening. It ia posslble
that this evening disturbance occurs hecause more
flights take place during this time poriod, or mora
poople are at home then, or peopls are endaged in
activitiea chat are more llxely to ho disturbed by
noise.

The operations at fogan International Meport
were checked to determine the number of operations
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FIGURE 1 Comparison of wimber of flights and level of
dlisturbanee,

during the ovening time parled. Figura 1 shown the
peepertion of populatvion Alaturbed each time peried
and the number of aireccaft cperatfons taking place
during each hour of the day. Slighely more than one
quarter of the daily f£lights occurred during the
E-hour period frem 6:0C p.m, to midnight, the time
period that differed algnificantly in tho portion of
the population dlsturbed, Approximately 80 percent
raported mome disturbance during the ovening and
only about 20 percent during othsr time petiods.
While ehe most aircraft actlvity oceccurred during the
3 houra preceding 6 p.m., thea leval of disturbapnca
was only melightly higher than during other time
periods, The evenling period for many families gon-
erally is a time for more quiet activities that are
sensitive to noige; It is the prime viewing periecd
for teolevislon, the time for reading, and the time
when families may gather for suppet and conversa=
tion, It ia alao the time period when moat people
have returned home from their places of employment.

the principzl reasons for the increased level of
diaskurbance during the evening are the presence of
mote people and graater participation in nolsa-aen-
sitive aotivities. It is important to note that
level of disturbance during the night is no higher
than level of disturbance during the day, contrary
to night-weighting schemes such as Ldn. In view of
theas f£indings, two genaral models were adopted, one
for the day and evening pericds and another for the
night perled,

RESULTS

With the general forms of the models established, it
was pecesgary to define more fully the dependent and
{ndependent wvatlables and the associated utllity
functionso,

The statistical weaknesas of the disrggregate
models called for £further testing, Although tha
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logit formulation itself did not exhiblt a natrong
atatistical relatioaship, the modela would he of
value if |t could be shown that tha relationship was
stronger than in previous formulations. The approach
was to compare the model with a similar model that

wag estlmated by using aggregated data and then to
make comparisons ©f the total levels of interference
predleted by varioun models with that interference
reparted in the survey data,

The two lInterference models that exhibited tha
hest characteriatics are shown ip Tablge 2, The
parameters are the coefficients for a linear ntility

TABLE 2 Parumeler Values for Eslimation of Final
Mool

Day-livening Night
t t
Lonstand ~9.01417 ~B44  -K.o030 “6,22
SELAVG 0,07662 = b4 0,n5786 N
Flighs 0.Q01n08 4,11 0. 16l14 A0
Owper 28929 241 0.28165 19

Nole: 1, < 05 « L9h,

function in the loglt model., Because the statlstical
tests of the madel were not definitive, the param-
etees were also estimated by using 1linear least-
squaces on the transformed function. The data were
aggregatad by nolte level in SEL for the estimation.
Tha madel uslng the aggregate estimation progedure
had an Re=mquare value of 0.92 for the transformed
function. The corcelation betwsen the predictive
tesults of the disaggregate and the aggregate models
was 0,92,

Agqgregate predictions wera made by using the
disaggregate model; the rasults wera compared with
the aggrequie lmpact reported In the data because
although the disaggregate modeal did not meet all
statiatical teats, the predictiens were highly cor-
related with those of a model that was estimated by
uslng aggregated data, The model uaing aggrogate
data was able to meet relevant mtatistical teosts.
Moreover, the closeness with which the model was
able to replicate the Impact on the survey sample
would indicate the usefulness of the model,

Two predictive teats were performed, the resultn
of which are given in Table 3, The spame approach was
uned for each teat, although the flrat test used
data only from Bosaton, whereas the second test uned
suryey daca from citicm other than Dosten. Two dif-
ferent cases were explored as part of each testr
these cases differed in that the survey data wao
first consideted as a population to be medaled and
then am a representative sample of the population.

Flest Tesb

In the Firat case of the Ffirst test, the survey
sample was agsumad to be the afEfected population.
The actual number of persons experisncing inter=
ference was compared wlith the number predicted by
uaing the model with data for each census track. The
predjction was made by calculating the probabllity
of {interference for homagwnere and renters and
multiplying theme figures by tha number of each, Tha
Ewo groupd wers then added to Jdotermine the total
number of peopla affacted. buring the evening pariod
from 6100 p.m. to midnight, the actual number of
pecsons  expariencing {nterfarence waa 403 wheraas
the madel predicted that 180 persons would be af-
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TABLE 3 Coanparlson of Predictions Using the Model anil Survey Dota:
Number of Persons U'redicted To B Disturhed

Noston New York Miami

Survey Model

Survey Muide) Survey LIHR

Case | {Comparison to Number in Sarvey)

Nay 59 281 KRk} 2t L1 Ik
Evenitg 403 kL) Snit 504 114 HI?
Kight (EH 126 02 165 138 L1
Case 2 (Peedictions for 'opulation)

Doy 331,000 L RHI] 110,700 grlo0 33,600 40,400
Evening 47,000 Hh, 600 ) Non 148,900 43,300 63,60
Nighy 22,700 34,000 el 0 &9, 00 3600 J5, 400

fectud, a Adifference of leas than 6 petcent. The
numher of persons experlencing interference during
the day was eavimated by taking the proportion of
the residentinl population present durlng the day
and the number of Fflights oceurring during the
perfod Erom 7100 a.m. to 6:00 p.m., and by using tha
model that had been eatimated for the evenlng period,
Daged on the data, 259 persons experlenced inter-
ference whereas the model predicted that 2Bl persons
would be affocted, & difference of B parcent. An
attempt was made to make a similar prediction for
the night peried, but the model greatly overpre-
dicted the npumber of people affected. As has been
neted, Ollechead {l8) reported that people aro less
gensitive to noise when sleeping than when engaged
in wakeful activities; therefore, n separate model
was estimated for the entire population by using
repartad night interference. The prediction was that
126 porpone would be disturbed during the night
compared with the actual number reported, which was
145,

The second case of the first test conslderad the
sutvey data ae a sample of the population in the
area; for each census tract the proportioan of the
sample experiencing interferance wam used to esti-
mate the number of resldents whe were Adlsturbed, The
model was used to esti{mate the Interfarenca by using
the same population figures; thess population data
warce taken from the 1970 census for the <ensus tracts
included in the aurvey {20). In thls case, the num-
bera of owners and renters were determined by using
the avezage occupancy for owner-occupled housing
units and the number of those units in each census
tract.

The impact was estimated only for those tracts
having survoy data and not for the entire area arcund
the airport., Pased on the survey, the number of per~
sons affected during the evening ia #7,000 whareas
the model predicted 96,600 peraons, a difference of
11 peteent. Although the difference {8 greater In
this case than In the firat case, one would expect a
atirvey to contain sampling eprors, The 95 percant
confidence interval for the prediction based on the
survey data ig from 21,900 to 152,200, The sample of
1,166 persons is lesp than 0.5 percent of the total
population of 335,524, Tha sams tests were petformed
for the day and night periods, For the night perlod,
the prediction based on the survey was 27,700 with a
95 percent confidenca interval from 0 tao 70,000
whereas the model predicted 34,600, By using the
model, the number of persons disturbed during tha
day was estimated to be 68,600 whareas by using the
survey data tho number was 53,000, with a 95 percont
confidenca interval from 0 to 106,200. In every
casa, the model results were well within the con-
fidence Interval of the prediction based on the
findings of the survey.

Second Tegt

A second test was made using the medel and data from
both New York clty and Miami. As In the first case
of the first teat, the survey was treated as a com-
pleke population. Based on the data, the peried
impact during the evaning in New York City was 560
peracns whereas the model predicted that 504 persons
would be affacted, a di{fference of 10 pestcent. The
other rasults of using New York City data ware com-—
parable to the [findings obtalned from usipng the
Bogton data. lowever, the resultn obhtained by using
the Miami data wore not as good as those of the
other two citiss., In each time period, tha differ-~
ence between the Burvey results and the podel pra-
diction was qreatast for M{ami., Interestingly, tho
night period exhibited the highoat reported lavel of
Empact for Miami, directly opponite from the results
of the other two citien and not the remults that one
would expect. Thus, the nolee sensitlvity of resai-
dents around the Mlami airport appears to be highes
at night than during any other time period; this
raises guestlons about the trannferabllity of the
model to all cities, although the model may he
transferable in some cases, ag exhibited by the New
York results. Howaver, even though the reaults are
slgnificantly worse for Miam{, the model prediections
are still withip the 95 percent confldence interval
of the survey predictlona,

The aensitlvity of the model to selecting a point
on the summatlon ©f the acmantic scale cfeuponses was
teated. The defipition of the occurrepce of Inter~
farence wag adjusted up and down Frem the acigqinal
point of 20 out of a poasible 50. The modal param=-
atars were estimated by uaing the new definftlons of
interference and were tested. This alteration, how-
ever, did not change the model's statiatical signifi-
cance. The original definition was retained because
it wap based on a rensonable amount of intetference
being reported before an observation was counted an
experiencing interference.

The model was alse compared with some of the
impact models that have been proposed by othera. The
medale used for compariscn were the eone developad by
Schultz (21}, the ona used in ALAMO (22}, and the
ona developed by Hall {23}. All three of thase
models ate based on nolse expobure measured in Ldn
and acre full-day modeld. Each predicta the parcant-
age of the population that will he highly annoyed,

Schultz's model was published f£irst and was
daveloped by using both traffic and airccaft noise.
It is estimated strictly on aggregate data by using
the proportion of the population highly annoyed at
each nolse expasure level. Because thiz model ls a
Eunction of Ldn, it ls a £ull-day model incerparat-
ing & welghting for the night period, Using this
mndel, ope can derive the prediction for BDoston:



53,700 persons, This Function predicts a much lower
flgure than is obtalned from the data or by using
the eatlmated disaggregatn medel. A major reagon Eor
this dlffarence im that Schultz considered only those
personc who respended at the upper end of thila scaln
when asked a question about how much they were an-
noyed by nojne. The model and the ‘Tracor survey
address activity interference that im expected to
ogeur before an individeal becomes highly annoynd.
Kryter's crfiticism of Schultz'a wark suggests that
the functlon predicts wvaluea that are too low for
alreraft nolse {12).

The nolac annoyance function used in the ALAMOD
model developed by NASA 1s a tranaformation of
Schultz's function, The Function i normalized to
unity at 75 tdn. Hewever, the use of 75 Ldn to yield
100 parcent of the population is arbitrary and may
he expected to overpredict the number of pecple
highly annoyed at all but the loweat levels of ex-
posure, This is fndeed the cage when comparing the
nelse weighting functien in ALAMO with the model
that has heon developed here. The prediction using
the ALAMO functien ia that 145,900 percons will be
highly annoyed. This pradiction {s substantially
higher than the one based on activity interference,
although activity interference genorally cccurs be-
fore aomeone becomas highly annoyed. Those persona
eXpoped bto lavels higher than 75 Ldn are welghted by
a factor greater than )} when actually indications
are that a certailn proportion are not annoysd at
high expasure levels,

The function developed by Hall fs similar to the
other two in that 1t predicts the percantage of the
pepulation that ia highly annoyed as a function of
axposure in Ldn. Thia functlon, like the ALAMQ func-
tion, predicta numbers of persons highly annoyed
wall above the number pradicted as exporiencing
activity interference, The wvalue praedicted in the
Bosten test case was £47,400 highly annoyed peraons.

The larqe discrepancies botween the models all
purperting to predict the percentage of population
highly annoyed {ndicates the poor basis for these
modals, Because substantial intecferopnce may take
place befote a paraon Lo highly annoyed, using a
meanure of parpona highly annoyed am an indication
of impact mlspes a large portion of the actual im=
pact that oscurs in the form of interference with
home activicies. On the athar hand, {t la arqued by
eome that the numher of persons annoyed that ara pot
included in the prediction {which is based on the
nunber highly annoyed} ls proportional ta the share
included, Bo that ths models are of value in esti-
mating Impact, The rationale for this argument is
the relative stability of agqregate proportiane of
respondenkts raporting annoyance at  the various
levels., A hettor argument can he made for a negative
cotrelation between the various degrees of annoyance
because each reppondent ia limited to a Bingle re-
sponga. The thooretical basio far the functions io
weak in that impact occurs wlth {ntecference and
annoyance is a reaction to or manifestation of that
interfazence,

The digsaggregate model was selected for use in
predicting residential impact. this model moets
gseveral statiatical tests and the resulta are highly
corralated with those of the aggregake model. The
dlmsaggregate model prediction compares favorahly
both to the data aam a population and to the predic-
tion based on the data as a survey sample.

Indlvidual variance

The difficulty in obtaining a good medel £it ia best
explained by observing plots of the summed responses
to degree of disturbance against the Independent
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variables of noise level and number of £lighta.
Flgures 2 and 3 show individual respopses. Although
a trend is present and meets eeatintical testn for
slonificant varlahlea, it is clear that the indlvid=
val variance In reaponse is too large to ho accounted
for in the model. Griffiths and DeoLauzun (5) reparted
the appareht randomness fn response, noting that the
individual variance was duo as much to randemness as
to any characteristics of the individuals.

It was thin rapdomnesa that led to the use of a
legit model in thia research, but it is apparent
that tho eandom element ls of such magnitude that a
logit formylation is unable to account for all of
lt, It i# likely that this randomness could bhe re-~
duced by the use of indapendent variables similar to
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Stoddard and Fisher

those used 1in the Tracor cepork. These variables
included pecaonality traita such as Ffear of alreraft
erashing, susceptibility to noise, noise adaptabil-
ity, and helicf in misfeasance on the pact of the
altport operator, Because thase variables are combi-
nationa of subjective respunses, it 18 impoasible to
agtimate these variables for any population without
sonducting & sucvey. There i8 no advantage in using
a model 1f a new survey ino required For every use.

1t was Initlally hypotheslzed that tha incorpora-
tion of socioveconamic characteristics would allow
the development of a model that would reduce tha
random element to an acceptable level., This hypoth-
esis was rejected, but it waa found that the random
effacts are nignificantly reduced during aggreda~
tion; for that reason the aggregate predictions are
reasonably good, The offects of aggredating the data
are shown In Plgure 4, and a trend le evident after
the loss of most individual variance. It is signifi-
cant to note that a disaggregate model hy ltself
will pot provide a good fit, but =sohe aggregaclon
must take place to reduce the individual variance.
This finding holds with that of Hall and Taylor (24),
who reported that rellability for individuals helng
resurveyed about nolee annoyance was vory poar, but
that the aggregate percentages of persons annoyed
were very reliable.
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Residentinl Impact Prediction

The model that has been developad predicts the prob-
ability of interference occurring for a particular
average SEL and number of flights based on home
ownorship. The probabillty of interference occurcing
is multiplied by the number of people in the same
situation to determine the number of people af-
fectad, To estimate the actual Llmpact, the amount of
time that this interferance occurs must beo ipcorpo=
tated, This calculation is made by taking the TA7S=--
the amount of times that the lavel 75 dDA is exceeded
during each time period (day, eveaing, and night)--
and multiplying it by the number of peopls affected
during gach period. The basis for selecting the ThTS
haa boen described slsewhere {1). In the Boston test

cane mentlonod previously, the Impact wan oatimated
to be 19,800 persen-hours/day. The same calculation
using the survey data as a populatlcn sample esti-
mates the Impact te be 44,500 peraon-hours/day. The
total number of pecson-houra for all Impacted census
tracts and time periodas ls the measure of the roal-
denclal impact from the airport noise.

SUMMARY

Tha methodology for developing a mode! of resi-
dentlal activity Impact due to alrcraft noise has
been described. The model is based on the concept of
the leas of utility to a household as a result of a
change ip the attributes of the residential loca-
tion, The primary residentlal attribute affected by
alrcratt nalse i8 quiet in the neighborhood.

Based on economie theory, A mathematical rela-
tionship for activity interference in terms of the
utility function was devaloped. The form of that
ralationship was a loolt model that {ncludes a
random element, an {mportant consideration in model-
ing afrport noise impact. The data used for calibra-
tion of the model were described and the proceduran
usad in developing the model were explained. Socio-
economle characeeristics of the survey sample wero
explorad to determine algnificant relationships be-
tween theae characteristica and noise Intarference;
the only characterlstic that was found to be sig-
niflcant was home awnership.

Bacaune the individual variance in response to
alrcratt nolse was so high, a dinaggregate model
that met all statistical tests could not be daval-
cped., A similar medel eatimated by using asgregate
data was found to be statistically slgnificant.

Total impact predictions ware used to datermine
the usefulpess of the modal ln gredieting impact.
The rodel was able to provide predictions within 10
percent of that reported in survey data, The inter-
ferance model predictions were olso compared with
the predictions of other impact models based on
annoyance and were found to be more relliable, The
procedure for calculating the reeidential impact
using the interferenca model was described and an
example provided. Tha medel of residential noigs
interference is more raliable than other procedures
that have baen developed in the past, It canpot,
however, be used in any location without consfdera-
tion of the characteristica of the community being
analyzed and the posalble pead for recalibrating the
todel parsmheters.
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Design of Acoustical Insulation for Existing
Residences in the Vicinity of
San Jose Municipal Airport

C. MICHAEL HOGAN and JORGEN RAVNRKILDE

ABSTRACT

Thuy vicinity of the San Jose Municipal Adrport includes a large number of resi-
dences that lie in land-use 2zones that are acoustically incompatible with
Callfornia astate requirements. Analyzed in the current study was a sample of 10
croeldences of varlous ages, locationn, and atructure types within this fncom-
patible residencial class. Retrofit designe were devaloped for each structure
to reduce Intarior sound levsls, based on simultanesus indoor-outdeor sound
leval measurements and on Architectural acoustical analysis of the steuctura.
Follow=up sound level measSurements were conducted ko establieh the success of
original acoustical predictions for interior sound levels.
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The logaticn of the San Jose Alrport has many ndvan=
tages for providing commercial and general aviation
aservices to the San Jose metropelitan aresa. In the
midst of the urban area, the alrport is conveplent
to major economio and employment centers in Santa
Clara County apd lndustrial areas in San Jose, Santa
Clara, and Sunnyvale aa well as the San Jose down—
town core area, and 1s a aignifieant attraction to
private investment and develaopment in these centoers.
The alrpore ls also centrally located for the popu-
lation in the south San Francisco Day area, the area
that provides the bulk of the airport's users.

However, tha central Llocation of the airport,
surrounded by uschan development, alsc involves im=
pacta that oxtend beyond Lts boundariea. The nolac
produced by alrcraft affecta the living enpvironment
close to the alrport,

STATEMENT OF PURPOSE OF THE AIRPORT VICINITY PLAN

The purpese of the Alrport vielplty Plan of July 15,
1980, is the achlievement and maintenance of compat{=
bility between the alrport and its environs through
1997, the planning horizon of the Alrport Tevelep-
mant Plan. Specifically, the objective of the plan
is to eatablish a realiatic program that

¢ perpits parsons who live, work, and own prop-
erty near the alrport to enjoy a maximum amount of
freedom from noise and other impacts generated by
the operation of the alrport

* Recognizes the wital aervice provided hy the
alrpoct and the nesd to maintain the level of oper-
ations necessary to aatlsfy existing and foture
aviatien requitements of the community

* protects the public invemtment 1In the air-
poct, a facility for whlch there s no feasiblo
replacement

+ Complies wlth afrport nolse standards man-
dated by the state of Callfornia

¢ Complies with the operational and safaty
requirements of the Federal Aviation Administration
(FAR}, U.S, Department of Transportation regulatlons

DACRGROUND

Sgudy Ares

The boundaries of the study area for the purpcfies of
noise compatibility planning are an appreximation of
tha projected 65 community nolse equivalent level
{CNEL) contout for the year 1997, developed an part
of the Alrpart Master Plan 5Study., The projected
contours are based an the following:

* A projected aleeraft mix, and levels and
hours of operations for air carrier aircraft

+ mypical fllght paths and aircraft departere
profiles (l.e., gross takeoff welght} in current
aperationgd and assumed arrivel profiles, each of
which varies by type of aircrafe

+ The assumption that all air carrier alrcraft
will bs new models ot will be retrofitted tn comply
with the nolse emiasion requiremente of Federal
Aviation Regulations {PAR) Part 36t HNolae Caerkifi-
cation

The study area ia charactorized hy a diverpity of
land uges. Commercial uses fpclude npeighbarhocd
retall outlets and major regional centers, including
downtown San Jore and the Great America Theme Paek,
Industrial land uses include small, older establish-
ments such as machine and welding shops as well as
large, modarn facilities devoted to alectronles
manufacture and research and development, Publioc and
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quasi=publie usew ipclude neighborhood schools and
chueches as well a8 reglonal facilities such as
Agnews State Hospieal and the Clty of San Jose,
County of Santa Clara Civic Center. Kesidential land
unes ineluda alngle family, duplux, townhouae, and
multifamily dwellings, ranging in age from recsntly
conntructed to over 50 years old.

Neisa

A substancial bedy of sclentific evldence documents
the effects of very high levels of nalse on human
health and wall being, both phyaleal and psychelogi-
cal, There is also documontation of tha effects of
noise on leval of annoyance and interference with
daily living., The problem is particularly serious in
urban areas Burrounding major metropolitan aicperts,
auch as San Jose Alrport, where tha arrival and
departute of Jjet aiccraft cause nolae Impacts in the
airport environs,.

The responme to the problem af alrport-related
nelse Is twofold: {a) reduction of nofsme at ite
gourge and (b} resolving or preventing land-use
incompatibilities around the alrport. It 1z the
latter approach that {a addressed in the Santa Clara
County Adrport Land Use Commiasion's Land Use Plan
Eor Area Surrounding Banta Clara County Alrports (1),

California State Noise Law

The cholce ©f 65 CNEL as the bouadary for the vicin-
ity 18 based primarily on the provisions of the
California Airport Nolse Stapdarda. These nolse
standards require that by Janpuary 1, 1986, all land
uses around airports that are aubject ta nolse levals
of 6% CNEL or above be compatible with the noise
envitonment generated by alpport operatlons. Bchools
and residential land uses are defined as wsually
incompatible with airport noise above 63 CNEL. How-
ever, thege uses are compatlble under the followlng
clroumatancest

+ Subject te an avigation easement for noise

* Highrise apartments with acoustical treatment
to achlove maximum interior nolse level of 45 CNEL

* Any existing crenldential unit subject to
nofse levels of 65 to BO CNEL as long as acoustical
treatment of the structure provides an  interlor
nolse level that does not exceed 45 CNEL

Commercial, industrial, agrleoultural, and other
opon~gpace uses are deemed compatible with alcport
noise.

Federal and California Sound Leve)l Standards

The California Alrport Noise Standards form the
basis of the nolse atandards in this vicinity Plan,
in which the primary focus Is on schools apd res{-
dencea, In the vicinlty of San Jose hlrport, the
following nolse compatibility scandacds will apply,

* Exterfor nolse lavela below 65 CHEL are ac-
ceptable for any land use.

+ Exlsting and new schools and resldences are
compatible with exterior nolse levals of 65 to 76
CNEL 1f a maximum interlor noise level of 45 CHEL is
achiaved through acoustical treatmept.

* Schools and resldences are not compatibla
with exterior nolse levels in oxcess of 76 CNEL,
reqardless of Interlor neise levels,

* Existing commercial, industrial, and open
apace uges are compatible with noise levels in ex-
cean of 65 CNEL,



568

* New indupkrial and commereinl uses are com-
patible with oxterior nolse lovels In excens of 65
CNEL if a makimum interior nolse level of 55 CNEL £n
achieved through acoustical treatment. A higher
interior noise lavel |s accoptable If it is demon-
atrated that the Inherent noise characterlstica of
the particelar use boing proposed would exceed 55
CNEL irrespective of exterior nolee levels.

The maximum exterler noioc leval for achools and
ceaidences la 15 CHEL hecausa General Plan nolae
standards in both San Jose and Santa Clara idenktify
thias level as the maximum noise level in conformance
with the U,5. Environmental Protection Agency hear=
ing loar criterfa, The allowance in the Califernia
Miport Hoine Standards for exclusive reliance on
avigation eagements was not incorporatad in the
nofse standards of this plan. While they may elimi-
nate an alrpert’s legal liability for nolsa resulte
tng from aircraft ovarflight and may also serve as a
coneumer protection device far prospestive purchasars
of polre-impacted properties, avigation easements
clearly de not provide actual relief from noise.

The noise criteria for Interior spaces are hased
solaly on a CNEL measurement rather than on a
single-event criteria as has been adopted by the
Land Use Commisalon of the Santa Clara County Afr-
pott, There are several reasons why aingle-svent
criteria were not used in this plan. Firat, the most
reatrictive single~-avent criteria are to protect the
Aaleeping environment; yet current and projected atr-
craft oparations during the time period from 11 p.m.
to 7 a.m., the hours typlcally devoted to sleep, con-
stitute a negligible partion of the total operations
in a 24-hour day at San Jose Mupicipal Alrport.
Second, achleving compliance with aingle-event cri-
teria ias not at all practical. For remedial sound
attepuation of exleting achool and residential
structures, aingla-~event criterla are virtually
{mposaible to meat. For sound attenuation in new
censtructien, aingle-evant critaria can be achieved,
but only with conaiderahta additicnal expense, The
intent of this plan was that atandardized construc-
tion methods and matecials could be identified to
maet noime criteria rather than having to rely on
sound meter testing iIn each project. Third, the air
carrier alreraft of the future will be guieter than
those presently in operation at San Jose Alrport,
With tha likelihood that aircraft noise cmissions
will be reduced even below the requirements of FAR

TADLE T Final Selection of Residenves in the Pilot Program

Tranaportation Research Record 1433

Part 36, it makea little practical sense to rely on
the neise characteristics of aircraft from the po-
riod before FAR Part 36 to develop land-una compati-
bility criteria,

Pinally, lt should be noted that the nolae stan-
dards in the Alrport Vicinity Plan have bgen deval=
oped with practicality and othar goals in mind rather
than in an abatract, theoretical way. The chalce of
interior noise atandarda using CNEL rcather than
single-cvent ratings ia ome example of Keeping nolse
tn sontext, balansing protection from neolse against
other conaiderations. A second such example l8 using
the 65-CNEL contour as the boundary of the vieinity.
Aircraft nolse does not cease to be a concern out-
side the 65-CHEL contour; rather, this nolse contour
defines the extent of the most critical impact area.
The noise stpndards do not appear to take into
sccount impacts on outdoor activitios, oftan an
inteqral component of the residential environment,
Although the effecta of nolse on autdoor activities
were not ignored, 1t was judged that the disadvan-~
tagas in the vicinity for outdoor activitles typi-
cally sssociated with residences are outwelighed by
the advantages of houging in the vicinity, including
proximity to employment centers and the housing
price advantaqa of some older nelghborhoods.

NOISE INSULATION STUDY

Ten residences were selected soc that divarse mlitua=
tiongd in the airport vicinity could be sampled, The
final selection of the 10 residencea for the pilot
Noige Insulatlon Study reported in this paper was
evaluated by esing the follewing eriteriaq

* Spatial discribution around the San Jose
Alrport

* Location within the 1997 nolae contours

* Location according to the main adrcraft ap-
proach and take-off pattern

* Variety of builaing structures

The 10 residences selected, including a brief da-
scrlption of the structures, are presented in Table
1,

Piva of the 10 homes are located northwest of the
airport, 1 of the homes are located east of the
airport, and 2 nf the homes are located southwest af
the airport. Filve of the 1) homea are exposed to

Residence
Na, Subazea  City Hrief Deseription ef Strueture Defore Soundpronfing
1 i Santa Clary Bitnmen shingle rool; shingle-stuceo exteriar walls; double-hung snd side-hung wood windows; sing!c glass;
woad paneled Jdoors, no weather steipplng; sheetragk ceilings: no Insulation
1 ac Santa Clera Waood shake roof; stncea extesior walls doubleshung wood and sluminum slide windows; single glass: wood
doors; no weather stipping; plasterboard ceilings; no Insulatjon
3 kEY Santa Clara Waad shake roof; stuece exterior walls; alumioue sliding windows andd deors; single glasy; muain doar - solid
wand; weather stripplng; sheetrock cellings: 6 in. of inulation in atlic
4 kii} Sunta Clara Asbestus shingle toof; stucco exterior walls, one wall waod siding; sluminum sliding windows; single
ulazing; entrance door~1,254n. wood with wrnament gluss; no weather stripping; plasterboard ceiting;
1+, insulation in attlc
5 an Santo Clura Wood shingle soof; sruceo exterior walli; afuminum liding windows und doors; single glazing; wood entrance
donr with glass; weather steipping; plasiesboard ceiling; insutation én attic
6 40 Sun Jose Targraper 1oof; wood slding exterior walbs; aluminuz slidiag windows and doors; singlo glass; wood door; so
weathet stripplng; exposed heams on ceiling
7 40 Soes Jose Bitwinen shingle roaf; stucca exierior walls; aleminum double-hung windows; aluminum sliding door with
single glazing; paneled woad doars; no weather stripping; pl heard ceiling; 2in, insulation In anic
8 4l San Jose Bitumen shingle roof; stucco exterior walls; double-hung wood windows; alwsinym sliding door; wood
exterier doars; minor weathes stripping: plasterboard celing; no lnsulaiion
9 68 San lose Wood shingle raof; stucco exictior walls; side-hung wood windows; single gloss: paneled waod daor; no
weather siripping; plastered ceilings; 2= to 3+n. Insulasion o atiie
10 [1:] San Jase Weod shingle rool; stueen exteriar wells; doublehung woed, wond-framed-fixed and slamisum-framed-

Geln, insulatian (n attic

sliding windows; single ghazing; paneled woad dosr; no weather strlpping; plastered shectiock ceilings;




Hiogan and Ravnkilda

operational alreraft nolee levels from 65 to 70
CNEL, and the remaining 5 homes are exposed to nelae
levela from ?* ta 75 CHEL, The 10 homes cepresent a
varlety of common building &tructures, which are
typlcal of residential structures in the vicinity of
San Josa Alrport,

Sound Reduction Measurementsn

The initial ncund measuring preqran was performed
duzring the week of January 19-23, 1982, The meanure-
ments were performed almultaneously indoors and
outdoors for each resfdence, during a minimum time
of 1 hr. The cutdoor microphone was placed in front
of that aide of tha realdence facling the alrport or
the typical flight path. The microphone was located
6 ft above the ground and 6 £t from any object. The
indoor microphone was located in a room (preferably
a bedroom) with an exterior wall and a window faclng
the alrport or tha typleal flight path, Tn two canes,
the kitchen waa sclected an the interlor microphone
pobition because the badroems were located on the

apposite side of the house.

Care was taken to ansure that all doors and
windows wete clased during the period of measure-
ment, and that household appliances, ventilatien,
and heating aystems wers lnoperable and would pot
affect the interlor sound level. During the sound
measuremants, the dimenalons of the housse, doors,
windows, and so forth were measured, and a descrip-
tion ralated to existing weather stripping, cuulking,
and insulation Ln exterior walls and attic was pte-
pared. The sound lnsulation performances for each of
the 10 structures were calcelated and compared wlth
the actual measured sound i{nsulatien. Table 2 pre-
sents the rosults of the measured and calculated
aound insulation of the realdences.

TABLE 2 Summiey of Seinsd Measuarements and
Calenlation

Measused Difference of Enlsting
Outdoor-to-lndoor diiA fealeulaped)
————— i —tn 5ic
Reshlence ] h —_—
Na, (LIm {legd < d
| 12.2 1.8 1.7 17.7
2 16.5 | 7.0 15.0 1.0
3 17,5 173 14.2 6.3
4 14.0 14.7 170 19.5
5 LG8 16,2 1.0 k4.5
6 140 td.1 1.7 154
? 19.0 .2 16.5 o
B 13.2 13.1 13.0 16
9 19.0 113 14.0 0
10 16,7 1.8 150 17.0
Nutei In Column o, LID s the A-swebghted sound leyet, whish v encessdnd
10 percent oved the sturation of 1he monitoting. o Colomn 1, Loy b the
A-welghted avezage sanesd Jovel, which repesen s 1he avery gy con

Jai) af tli sound vather than 1he sverage soumd pressuru Iev
STC, wund aranenadiinen clase, i she calculaled average & srdiction
of the Jusse, Bncluding rouf-celling, oxderivr walis, wind md duors,
I Colume dy STC §a the valenlated sound iedustinn of the wakt faving the
wirpurt ar [he flight patiemn.

Two aets of caleculations ware performed for each
residence, The firat calculation conaldered the
sound  insutation of the total buildlng envelope,
{Table 2, Column c), and the aecond calculation took
only the exterlor wnll facing the alrport or the
flight path, inte consideration {Table 2, Column d),
A relatively low calculated value of the buillding
envelope indicatea low insulation of the roof-cell-
ing assembly,

§7

ltgeommendations of Propased Improvements

As discussed previously, the purpose of the Nolas
Insulation Study was to demonstrate a cast-effectiva
aolution for reducing the interier nalso level in
renidencen. Therefore, the candidate Improvements
included accesaible companents, materials, and math~
ods normally available on the macket. Improvements
that wore accaptable to the homeownars and the
bullding authorities and at the same time repre-
sonted a reduction ln energy consumptlon for house
hoeatina were lnatalled.

Each residence was evaluatad in a nondestructive
way. Information about the design of exterior walls
and the amount of thermal fnsulatlon was, In many
cases, egtimated based on infoemstion from the home-
owner and possible visual inspection becauns datailed
building plane did not exist, The current homeowner
wag often not the first owner of the residence, and
thus the informatfen was approximate, The attic
spuce was not always accessible; therafore, tha
amount of insulaticn In cthe attlc, in many casas,
was estimated based op homeowner i{nformatlon, The
quality of the residence, the maintenance conditlon,
ant possible alr leaks around windaw and door frames
were avaluated carefully.

Based on the above lnfornation and astimates, tha
sound insulation performance of each building com-
bonent was adjusted accerding to the actual condi-
tions in the residence. This adjustment roquired
experience and knowledge of ehe sound lnsulation
performance cf the wide range of bullding materxiala
and componants, as well as of the changes in the
characteristics of the aound reduction Erequency
range due to varying amounts of insulatlon in ex-
torior walls and atties, air leake around windows
and doora, and the possibllities of other sound
tranemission pachs,

The hasic data for a wide range of building com=-
ponenta are qgeperated as laboratory easurements,
which are available ln reference literature, Many of
those measuremsnts are rated according te the sound
transmission clase (5TC) refarence conteur, which
ylelds a single number rating for the building come
ponent. Thera are, howover, signiflcant differences
in the results of the sound ingulation measurements
hetwaen the laboratory measurements, which are per-
formed under carefully controlled conditiens, and
the fleld measurements, which include all pesslhle
scund transmimelon paths, Differences of 3 to § AR
for building components from the laboratory messure-
ment to the field mecasurement are not uncommon, and
additional differences due to other {(multiple) trans~
mission paths In the actual bullding structure are
almoat always present and must aloo be considered.

The adjusted STC values for the various bullding
components ware used for computing the existling
sound insulation of each resldence, The computaticns
were performed as the composite transmission tuss of
the building structure or the partial building struc-
turs, Based cn the sound reduction measurements of
each residence, a correction Ffastor for the coal-
tulation program was derived for each individual
residence. Thias correction factor would take the
following lnto congideration:

¢+ Varying angles of incidence of tha sound from
the nolse source {afreraft)

* Tha whole building envelope not being exposed
to an equal level of sound cnargy hecause of direc-
tional characteristica of tha mound

* Bound transmission paths that can not be cor-
rected without major reconstructfon of the residence

The correction factor for each individual residence
was applied durlng the computations of the proposed
improvements.
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In most cames, it will be found that the windows
in older residential structures often ropresent the
highest transmisaion loss in the bullding structure.
The exterior doors will often be the second-ranking
componenta, closaly followed by uninsulated atties.
When energy-conserving aspects are Included, the
improvenents of tha insulation of the attle should
initially be considered in the computations.

In one casa, the reaidence featured & peaked
opan~beam celling and no insulation. An additional
and insulated roof (consktructed over the existing
roof] was recommended., In the remaining cases, addi-
tional insulatlon to a minimum thickness of 5§ {n,
was recommended, Standard, sclid core doors with a
perimeter seal and without m mail alot would provide
a reduction In sound equivalent to 20 STC. All door
and window frames should be sealed betwsan the frame
and exterior wall eo prevent afr leaks, The madifi~
cations for each home are demcrlbed In Appendix B of
Architectural Specificntions for the Reprepentative
Reatdances (2). A summary of the proposed Improve-
menta Ls given In Table 3.

At this point it should be stressed that the
Holse Insulation Study intends to include accessiblao
standard compenente, materialts, and msthoda, and to
avold recommendations of sophlsticated and expepsive
measures. Accoptable recommendations include thermal
insulation of a minimum thickness that can satisfy
eneargy consarvation requirementa, and a maximum
thicknesa limitod by the apace in the bullding com-
ponent. Replacement of existing extorior windows,
doors, and glazed areas with new doors, windows, and
glazing each with a atandacd STC rating are also
acceptable recommendations.
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Sound Reduction Mpamurampnts After Improvements

The aound reduction measuring program of the 10
homes wag performed during the week of July 11-15,
1983, The mlerophone positiona used ware exactly the
same as initially Installed in wach residencs, Tha
resulta pof the round seductian measurements are
presepted in Table 4.

As stated previously, the goal of the HNoise In-
aylation Study wan to demopstrate that {nterior
neise in resldential atructures can he reduced to or
below 45 CREL as required by the atate of Callfornin
hy using cost-affective and encrgy-effective mathods,
In addition, the technical objective was to demon~-
strate that predictions of the interier sound level
atter improvements could be achlieved by meeting a
desired goal,

CONSTRUCTION PROBLEMS

The improvements of the residences were carrfed out
by a conttactor and craftamen without previous
special acoustical tralning and with commarcially
avallable materials and compenents. The improve-
ments, however, demanded good craftemanship and
attention to details so that the improvaments would
be acoustically effective. Tha improvements were
carrled'aut in inhabitated reaidences,

The improvements of the heomes were congidered
almast ams remodeling af homes. Two major areas of
concern were found during this project, Firat, plan-
ning of the work by ome contractor in a small number
of distinctively different homes distributed over a

TABLE 3 Summary of Proposed) Improvements

Iedictenl
Exterior Do Sound Indoor
Residence CNEL Windows Replaced Reduction CNEL
Nao, in 1997 ltaof Allerations Replaced (8TC) (§TC) {ull)
1 TI More than S«in. Insubation 2 X 7 44
2 kR More than Gein, Insulation 26 a 27 45
3 67 Nane 6 0 25 42
4 73 More ihan 5-in, insulation 26 20 e 45
H 74 Ware than S-in. insulation 26 L] k] 46
[ (9 Addiliesal roof (Insutated} 26 20 23 46
7 T None i i} 26 45
B 68 More than 4-in. insulation 26 pJi] 23 EL]
9 67 More than $-in, insutation 26 0 26 41
e ] Nong ] 0 4] +1

Noter Dala are from Pargd Mateles (19833

TABLE 4 Reselts of Sound Reduction Measarements Related to 1997

CNEL
Exjerfor Sound Reduction  Dueviation from interlor

Residence CNEL Caleulsted  Measured Colenlared CNEL
No., in 1937 (di) (4B CNEL! in 1997

| 71 n ] -2 46

2 72 27 W +2 43

3 67 a3 i + 4]

4 kXl 28 19 +l 44

H T4 I8 28 [¢] 46

6 69 3 5 +2 44

7 1t ! k) + LE)

B ] 23 19 -4 4P

9 67 26 26 0 al

10 68 25 a2 -3 46*

Nore: 1348 are fram Faeth Metlce (1983)

2+« ynaca atienuallon than Unlgned;=* leas attenuatlon than designed,

DEssimated 45 CREL in bedsoum,
“Elmared 43 CNEL in hedraom,
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relatively large area appears to be very difficult,
In inkabited realdences, it is nocessary to minimize
the inconvenience to the homeowner hy compressing
the time of construction in each home., The work
ideally should be exccuted continuously er should he
executed by appeintment to minimize diaruptions to
the family's routine. The second area of concern was
that acoustical modificationa invelve unusual
ctaftsmanshlp requirements and attentien to details.
Sevepral of the homeownees had complained about plan=
ning procedures, fallure to set up work appeintments
with homeownesa, and failure ta Keep work appolnt-
ments. For the continuation of the Noise Insulation
Study, the Eollowing two measurea are racommended,

* Each neighbothood should be aubdivided into
groups ©f residences of similar design and strue-
turas to ald in planning work and ordering materials.

* The acocustical modifications of residencea
should be performed on a large encugh scale to uti=~
lize the services of a large contracting organi-
zation.

BEVALUATION OF RESULTS

From a technical polnt of view, the Nelse Insulation
Btudy wan wvery successful. A deviatlion of plus or
minus 2 4B from the Aeslqn goal 18 acoeptabls, glven
skate-of-the-art data for acountleal performance of
bullding componentd, realistle craftamanghlp atan-
dards, and round-off effecta. From this point of
view, aight of the tep residences met the techpleal
cbjective prediction range but two realdences did
nokt meat the design goal. From the Brapdpoint of
sound level standards, six of the residences achleved
45 CNEL or below, three residences achleved 46 CNEL,
and one resijdence achieved 49 CNEL, The four resi=-
dencea that did not meet the 45 CNEL are discussed
next.

in Realdence No. 1, the interior sound level
ropulted In 46 CNEL, An examination of the windown
tevealed that the rscommended weather stripping had
not been installed, leaving airgaps around window
sashes, The i{natallation of tha recommonded weather
stripping would have increamed the sound insulation
by 2 to 3 48, thereby raducing CNEL to bslow 45,

In Residence No, 5§, the Interlor sound lavel
rapulted in 46 CNEL, 1 dB above the design gonl, but
meating the deaigned CNEL. A comparison was performed
between Rasidence No. 5 and Residence No. 4, The two
residences are almost idaentical acoustically, and
the B7C recommendations for the two residences are
identical, Two different window types were installed.
In Reaidence No. 4, the axiasting windown remained in
placge and additicnal interlor storm windowa, which
accotding to Earth FMetrics recommendations ahould
ptovide 26 STC, were Inatalled, In Residence No. §,
the existing windows were replaced hy new aluminum
aliding windows, which according to Barth Metrlea
recommendations should also provide 26 8PC. The
tesults of the sound measurements indicated that the
installation of additional interior storm windows
was 4 batter solution than the replacement of the
windows, Therafore, it appeara that the windows
installed in residemce No. 5§ did not provide the
required 26 BTC. Based on the comparisen of thesec
two reaidences, It a8 enphasized that only window
and glass aliding-door components with documented
sound reduction data should be usged,

£9

Moreover, the inatallation of additlonal stocm
windows In Remidence No. 4 resulted in less expensze
than replacement of existing windews In Residepse
No, 5, This Indlcates that in the continuation of
the Nolse Simulation Study, actione to be consldered
are (a) Belecting groups of tegidences of npimilar
house type, (b)) developing a nolse remedy packago
that will meet the deaired goal, and (e) offecing
thia package to tha homeowner.

In Resldence No., B, the Interlor assund level
vesulted {n 4% CNEL, 4 dB abeve the deslgn goal and
4 dB above the desalgned CNEL; the major cause waa as
fellowa, The outdoor patie Is located along the
exterior wall facing the airport, The roof over thie
patio la suppoerted by poste along the outside cdqa
and attached to & 2 X 4-in, wood plate, which ls
nounted to the exterlor wally this roof contalna
epproximately 100 ft*® of E£lberglass material,
Adrerafi-genernted vibratlons of the patioc roof are
transmitted to the dinterfor through the buflding
structure, repressnting the major sound transmission
path and limiting the installed socund {nsulation
featutes, {The sound transmission path from the
patio roof to the interior of the residonce could he
aliminated by dQetaching the patio roof from tha
building structure and supporting the roof on sopa~
rate posts along the exterlor wall,) PFurtharmote,
the {nterior microphone was located in tha kitchen,
where the reverberation time normally 1s somewhat
longar; thle results in a alightly lower sound ra-
duction because calculations of the interlior gound
layel generated by exterior nofse sources indicate
varlatlons in the interior sound level, depending on
the reverberation time in the raceiving room. Within
a range from 0.8 sec (typical for kitchema) to 0,3
sec (typlcal for bedrooma), the sound level will
vary 4 di,

The location and orientation of Res{dence No, 10
did not leave many optionas for the positions of the
exterlor and interior microphonea, To avoid the
shielding effect of the adjacent resldence, the
exterior microphona was located outside the kitechen
{Windows € and 7}. Because all bedrooms ware located
an the opposlte gida of the residence [away From the
flight path), only the Kitchen could be used for tha
locatfon of the fnterior microphone. As noted pre-
viously, reverbaration time in kitchens is normally
gomawhat higher than in living rooms and bedronma,
which contaln more absorbent materials such as car-
reting and upholstered furnitute, As a result, the
interior aound level generated by exterior noise
aocurces 1s 2 to 4 dB higher in kitchens than in
lving rooms and bedrooms, This matter has baen
dinscuased for Residence No. B,
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California Vehicle Noise Emission Levels

RUDOLF W. HENDRIKS

ABSTRACT

The Federal Ald Highway Progecam Manual (FHPM) 7-7-3 directs atate highway
agencies to analyze traffic noise impacts and abatement measures for federal
and fedaral-ald highways. The directive requires nolse prediction methods to be
congiatent with Faderal Highway Administration (FHWA) RD-77-108 procedures,
using either natieonal reference encrgy moan omisslen levels as o function of
speed or reference enargy mean emipsion levels determined by methodologles
described in the FIWA report Sound Procedures for Measuring Highway Hoise
{FIWA-DP-45-1ft} . ‘The Califoenla Department of ‘Pransportation recognized the
need for developing Califernia wvehicle aofse reference energy mean emission
levels, Crlterla, mothods, and analyses usad to develop these emiasion levels
are prasented En this paper, More than 1,000 poise measurements were made of
autoamobiles, medium trucks, and heavy trucks as defined [n the PIIWA repart FIfWA
Highway Traffic Nolse Predlction Model (FHWA-RD-77-10B}. The measurements,
taken at 16 sltes in Califormia, included vehicles traveling at constant speeds
from lesa than 25 mph to greater than 65 mph on level roads. Mlicrophonea worae
set up at 25-, 50-, and l00-ft dlatances and at helghts of 5 and 30 ft. The
rasulta show automobile levels 8.8 to 1,0 dDA higher than national levels at 31
and 62 mph respectively (the current range of speeds for national levels),
Medium apd heavy trucka were leas than 0.5 to wsbout 3 dBA lower than natlenal
levels at 31 apd 62 mph, Further analyses indicated that at 50 ft the effocts
of terraln type, wind speeds of 12 mwph or leas, and wind direction could bo
ignored without introducing errora of mare than 1 dBA. The study alsc §ndicated
that the three vehicle groupn adequately represented the California vehicle

population and that geographical differences could be ignored.

The nolsa abatement procedurus CEor Federal and
federal=ald highway projects are governed by the
Pedaral Atd Highway Program Manual {FHPHM) 7-7-3 (1].
This directive reguiras state hilghway agencles to
detormine and analyze eapestad traffic noiso lmpacts
and alterpative nolse abatement measures £or miti-
gating thagse lmpacks.

As part of the traffic noise impact analyals
under FHPM 7~7=3, prediction of future traffic nolae
is reguired. Any predictlon method may be used to
aatisfy this regulremsnt L[ it generally meets the
follewing two conditlions:

1., Consistency with the FIWA highway traffic
nolae predictlon model (FiIWMA RD-77-108 {2)].

2. The prediction method uses elther the na-
tional reference ecnergy meuan emission levals as a
funation of ppead {1,2) or refarence enarqy mean
emisaion levela datermined by the methodology de-
sogibed in the FHWA report Sound Procedures for
Measuring Highway Noime [FlA-DP=-45-1R {31)].

Since 1578, the California Department of Trans-
portation (Caltrans) has used the national reference
energy mean emission laevels as a functlon of speced.
These nolne emission levels were hased on FHWA's
Updata of TSC Highway Traéfic Noise Predfction Code
[FIlWA RD=77-19 (4)] (automcbilesa), ané¢ Statiscical
Analysis of FHWA Trafifio Nolse Data [RDP-78-64 (S5)],
which presented statinstical analyses on truck data
gathared in the 1975 four-atate nolae ilnventery (6).
pEide from Catlforpnia not being among the four
states, it 1s reasonable to ansume that vehilcle
noige cmission levals may have changed slnce 1975,
Hew truck nolpe emlssions regulatiens have changed
and compact encrgy-ufficient autocmobiles have becomn
more popular since the first energy crisis in 1973-

1974, The need for a Callfernia vehicle noise emia-
alon atudy was therefore recegnlzad.

A 198) barrier evaluationa study by the Office of
Transportation Laboratory at Caltrans {(2), which
cempared before-and-after bareier measured neise
levals with thosa pruodicted by FIWA methods [FHWA-
RD=77=108 (2)], concluded that the latter methoda
tended to predict values that ware an average of 13
to 4 dBA highar than those measured at 11 bharrtier
sites throughout California., The study recommended
furcher investigacion to examine the validity of
using the natlonal emiasion levels iIn California.
The recommendation was followed up, and the results
are presented in this paper.

Tha primasy objective of this study was te develop
Chlifornla vehicle noise refercnce energy mean emils-
nlon levels within a epeed range of 25 to &5 mph for
uge in Callfornia highway nolse studies complying
with the FHPM 7-7-3 requirements, The methods and
criteria used to accomplish the primary objective
are consistent with FHWA-DP-45-1R {3} and FHWA-
OEP/HEV-78-1 {B}.

There werae also some eccondary objectives in this
atudy;

* Verification of the inference from tho Eour-
state study that vehiclea Ln California can be cate-
gorized into three acoustic source groups to repre-~
sent the stata's entire vehlcle population withoue
introducing significant errors In noise predictions,

* Examination of the effectes of hard and saft
site characteristics on noise emlssion levels mea-
sured at the referapce distance of S0 ft.

* Examination of geographical differencea in
vehicle emisslon levels for two regions in Califor-
nia, denlgnated as Northern Callfornta and Southern
California,
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* Examination of the cffect of wind on emisalon
level moamuromonts,

A total of 16 sites were selected for this atudy, 8
in Northern California and 8 in Bouthern California.
Each vehicle group was ahout equally represented in
the northern and southern portions of tho state,

The pumber of vehicles meanured was 3,045, Bo-
caune of atringent contamination control and other
rejection criteria, 2,734 events were actually used
to determine emisaion levels, Of these, 46,2 percent
wara automobiles, 11,6 percent ware madium trucks,
and 42.2 percent were heavy trucks [as defined in
FIWA-RD~77-108 {2}]. Reference energy mean emlssion
levels that weras spead depepndant were developad for
nach of the thres vehicle groups for constant speeds
from 25 mph to 65 mph on laovel roads.

The sacondary objectives were attained by mea=~
surements usipg up tp 5 microphones at distances
ranglnyg from 25 to 100 ft from the centerline of
vehicle travel and at helghtas of 5 ft and 10 ft,

No frequency spectra were measured, nor wWas any
attempt made ko verlfy vehicle noise centrold helghta
as reported in PHWA-ID-77-108 (2). Alsa, no comparl-
sons Of affects of pavement types were mader rather.
such comparisonas should be the subject of a separate
research project, Pavements at all sites conformed
to requiremante sat by FHWA-DP-45-1R {3} and FiiWA-
OEP/HEV-78-1 {8) .,

INSTRIUMERTATION

All sound leval meters (SLMs) uged in this study met
the requirements of Typo [ preclsion SLM per the
1983 Specification for Sound Level Metera {(5l.4) of
the American Naticnal Standards Inetitute. The SIMa
ware connocted to a data logger specifieally designed
for the California Transportation Laboratory.

The dJdata logger has 16 channesls that may be
selectively activated to recefve wp to 16 p.C. ouk=
put slqnals Erom HLMa, These mlgnala are then con=
verted by ths data logger's microprocessor ipte
continuous, tlme-varylng noise sigpala that are
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digitally digplayed and updated at shoct time inter-
valas depending on the slow &r fast reaponse settings,
The data logger has two mode settlngs: atandhy and
sampling, Tn the sampling moda, the data logger
ptores one sample per activated channel per s8ecend
in the microprocesasor. The stared values nre nsed at
the end of each sampling pericd te derlve nolee
descriptors and statistical values, At the end of
each noise maasurement period, the data logger prints
out the chanpel number, date, site number, time sam-
pling began, time sampling ended, nushar of samplos
loat (due to editing during measurement), Lyqe Lige
Lgpe a histogram of noise levels versus parcent fre-
guency, standard deviations, skewness, and kurtosla,
for each channel.

The data logger also has the capability of mea-
suring maximum noise levels in elther the atandby or
sampling mode while a peak button is prosped. When
the button 18 raleased, the maximum noise lovel
raceived by each channel while the peak button was
deprasged ts printed with the date, ailte aumbar,
time, and elapsed time of a aindle event, The data
logger was used in this mode during the California
vehlcle nolse emlsslon levels study.

Flgure 1 shows the neise inatrumentation, typleal
setup, and Bite crosa-sectlon criteria. AlL instru-
ments ware fleld calibrated as a system before and
after each measuring poriod in additicn to tho semi-
annual ealibrations by the Transportation Laboratery,
which hag tacilitiea and inatrumenta for performing
SLM  calibrations using two laboratory standard
microphones calibrated every 6 months by the Wational
Bucress of Standardes in Washingten, D.C. Wind speeds
and directiona were measured with a portable anemom=-
cter mounted on a 7=ft high standard. Vehicle speeds
were measured with a radar gun.

SITES

The physical ecritaria for nltes used In this study
were in conformance with emimaion level site crlterin
aget forth by FHWA OEP/HEV-1d=1 (8) and FIIWA-DP-45~1R
{3}. Cross-gectlonal and layout criteria are shown

.

VEHICLE 1 TRAVEL

LIy HL]
SOUND EVEL METEN N PANK 453 MIC.
DATA LOGOIN

(cusTom BxT| reeeem BIC. EXTENSION CABLE

WAN 2308
m ORAPMIC LEVEL AECORDER —— CQANIAL CABLE

GLR

FIGURE 1 Naise instenmentation, typical seiup, and site cross-section eriteria,
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Polni of Vahicle Possby
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FIGURE 2 Typical site layout and microphions location

in Flgures 1 and 2. Ip addition to these criterla,
tha following two gensgal requirements ware atrived
for during the site selection process:

1. Adeguate representation of hard and soft
aites as defined {n FHWA RD-77=-108 (2), Of the 16
aites used In this atudy, 5 were consldered hard
sites and 11 were considered soft.

2. Adequats gecgraphlcal and speed reprasenta-
tions. Becavse of California's diversi{ty in traffic,
Lt was opted to take fewer samples at many sites
rather than many samples at few sites. In California,
the PHWA highway traffic noise prediction modael in
uaed predominantly with higher spesd trafffc in
urbatt  and auburban regiona. Adequate high~specd
representatjon of automobiles and heavy trucka was
obtained by sampling npear high-population denaitien
of the atate as well as near Interastate highwaye

(Figure 1),

OREGON

Los Angelss

_SITEA/,
_SITES \sreie
San Diego MEXICO

FIGURE 3 Site locations.
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@
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Nineteen sites (Nos, 1-19) were selected origin-
ally. For various reasons, two sites [Nos. 4 and 13)
wers later rajected and one (No. B} was naver mea-—
sured due to adverae weather copditions. To avoid
confusion and maintain c¢orrelation with the original
data, the remaining sites were not repumbersd.

FI1ELD MEASUREMENTS

Genezral Approash

Fiecld measurcments conaiatod of three operations:
{a) wvehicle identification and speed measutements,
(b} A-welghted nolse measurements, and (c) metaoro—
logical measurements. The Firmt operation was par-
formed by a vehicle observar, and the last two oper~
atfons by an instrument operator. ALl measuremant
procadures and criteria reported in this mection
were consistent with PHWA=OER/IEV~78-1 {B) and FHWA-
NP-45-1R {3}.

Where apace and other conditions permitted the
use of fiva mlicrophones and SlMa, the typical miecra-
phone setup shown in Figure 1 was used t0 measure
kighest noise levels of indlvidual vehlclea. Theoe
ware agsumed ta octur when wehiglea crossed the
point clasest to the micrephonea.

Wipe sites (Nos. 1, 2, 5, 7, 11, 12, 15, 16, 17)
had tha typical netup, shown in Figure 1, although
site 5 had an exception. At this site, Microphones 4
and 5 were located 75 ft from the centerline of
traveled way {natead of the typical 100 ft, At each
of the seven remaining oites, the terraln did not
allow a #astup of flve nicrophones, so & setyp of
three microphones was used. Except for the elimina-
tion of Microphones 4 and 5, the microphone location
criteria and numbering convention for three mlcro=
phone setups were ldantical to those shown In Piqure
1. Sites 3, 6, 9, 10, 14, 10, and 19 had a three-
miceophone configuration.

Quality Control Criteria for Events

An event was defined as the sot of nnise, vehicle,
and  metecrological measurements during a  wvehlcle
passby. Each of the measured components compriasing
an ovent was evaluated for acceptance or rejection
according to Eive objective and subjective criteriar
nolse measurements, wvehicles, metecrological eri-
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teria, number of events accepted and rejectad, and
sample s8ize, Each of thess criteria wlll be dils-
cusaed further.

Noisa Meaaurements

Significant contamination of nolss moasuramente by
extrancous neoige sources was avolded by uaing throe
contamination control strategies: (a} selectiny
vehiclea that were adequately separated trom othar
vehloles, {b) analyzing tha graphic lavol recorder
{GLR) trace for compliance with valid-peak criteria,
and (e) nudlovisual obaervation by the radar abeerver
and instrumant operator.

Voahicle meparatlon criteria were developad from
twe common sgenatios, which are shown in Plgures 4
and 5. Pigura 4 shows two vehicles with equal noise
strengths and a background noise level (Lg) of 10
dBp balow the vekiclea' nolse emisnlon lavels {Lg)
mensured S0 ft frem the point of passby. The twoe
vehicles are separated by a minimum diatance =so that
the highent abserved noise level includas po moece
than 0.5 dPA contamination when Vehlcle 1 oresses
the point of passby. Dacause of the symmotrical
relationahip betweean the two nolse gources, the same
contamination is present whan Vehicle 2 ¢rosaes tha
volnt of pasaby. A GLR documenting the eavents would
produce a trace similar to the solid line ln Figure
4, dapicting the sum of Ly Vehlcle 1 + L; Vehicle 2 +

Minimom  Vahicts
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Lp. This scenario approximates the passing of two
automoblles without the presence of trucks and may
alsc ba applied consarvatively to the pasaing of twa
trucks, The minimum distance of 108 ft betwean the
vehictes provides a crlterion of separation when two
vehicles of equal nolge source are involved.

Because of uncercalnties in actual background
levels and because there wara usually nore than two
vehicles in the vieinity, tha minimum distance ori-
terion hetween the measpured vehicle and any other
vehicle of approximately equal source was set at 400
ft. A traffic cone placed 400 fe ahead aof the polnt
of passby alded the obssrver In estimating the mini-
mum distance eciterion ln the fleld.

Tha second scenario, shown En Flgure 5, involvea
two vehicles of unegqual source atrength. In this
scenario, the nolse source of one vehlcle is 10 dBA
higher than that of the cther vehicle. The background
noise i6 apesumed to be 10 dBA below the lower nolse
source. This scenarle approximates that af measuring
the nolse emission level of an autamcbile whila a
truck is approaching. In this case, the minimum
vehicle separation should be 985 ft, or approxi=
mately 1,000 ft, to avold contamination of more than
0.5 dpA,

The observer in the field had to estimate the
1,000-ft dinstance when the second scenarlio applied.
Usually, this did net present a problem. Most aute-
mobile maasuecements were taken when there were not
trucks in aight, In the cares when trucks wore preg-
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ent, the observer and inatrument operators mado
independant judgments about the measurement quality.
Because of probable presence of considerable ground
attapuation and aome atmospheric attenuatlon over a
1,000~ft distance (not included in the criterion cal=-
culation), this criteriopn was probably conservative.

Finally, & short discusslon about the reverse of
Sconario 2 (Flguee 5) should ho included. In this
peenaria, the louder wehicle is measured and the
quioter vehicle is in the vicipity. If the difference
betwean the sources la 10 APA or greater, no Aepara-
tion should he necessary when 2 vehicles are In-
volved, However, when the londer source is gurrounded
by several dquietar dourcea, contamination may aeill
occur. No crlteria were set to cover this siwuatlon,
but in general, trucks were not measured when suc-
rounded by mors than two or three automohiles in the
immediate wicinity. In most casss, krucks selected
for measuremant were adequately separatod from auto-
mobiles so that few judgments were necessary.

valld-peak criteria were developed to help deter-
mine whether background nolse contributed to the
highest observed noise level of aach event (vehiclo
passby)., These criterla were based on a GLR trace af
the ecvant, recorded 50 £t from the centerline of
vahicla travel at a microphone height of 5 ft
{Reference Microphone 2 locatlon).

To limit contamination to lems than 0.5 dbp, the
background noise levels should he at leant 10 dBA
lowet than the highest observed wvalue, which would
have beoen a convonlent criterion to use. Howover, a
pravious study by the Wew Jersey Dapartment of
Transpoctation (8) suggests that accepting only
peaks of 10 dBA or greater would introduce a hlas
toward noisier vehieles, This would be true espe-
cially if background noise were relatively high. The
New Jersey otudy used a time-and-fall criterlen of 6
dBA to prevent this bias, at the risk of salightly
contaminating the moasurement. For this remsen, the
california study used the same 6-dBA rise-and-fall
criterion for acceptance., In this atudy, a rise and
fall of & to 9 ABM was coded A& an evant of Quallity
13 a rise and fall of 10 dBA or greater wad coded aa
an event of Quality 2, Plgura 6 ahows the relation-—
ghips betwaen valid-pesk criterla, event quality
codes, and reaulting maximum contamination.

The fimal audlovisval contamipation control
strateqy consisted of an on-the-spet judqgment by the
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vehicle abservar or instrument oparator, or both, to
determine the gquality of an event. In thase in-
rtancos, judgments were made using ears and eyes.
Common examples includeds sudden rised in background
noise during measuremonts dus to aircraft, naearby
construction, or aporadic traffle on nearby frontage
roads or camps., When these rapld background nolae
increases colneided with wvehicle passhy measure-
ments, they aometimes blended In with GLR traces,
showing a valld peak, Contamination would have qone
undatected except for the alertness of the chaervers
during measursments.

Vahicles

The throe wehicle groups discussed in PHWA-RD«77-108
(2)=-automoblles, medium trucks, and heavy trucks--
ware also used throughout this stody. However, to
conflrm that vehicles can be placed ip these three
acoustic source groups, vehicles were {dentifled in
greater detail than were the FIWA groups. Automo=
biles were divided Inte compact and atandard cate-
gories, a division that was made subjectively In the
field by the observer. leavy trucks were categorized
by pumber of axles, The subdivisions resulted in
elght vehicle types, which are given in Table 1.

Rll events were identified In the fleld and re-
corded with the passby speeds in mph. Tha speedn
were maasured with a radar gun by the observer, be-
ginning at a point approximately 400 ft ahead of the
point of passhy and ending just beyond the point of
pasaby. The speed at the point of paasby was re-
corded. IE the spmed changad more than 3 mph in the
300-ft distance, the vehlicle was assumed to be ac-~
welerating or decelerating and the event was re-
jected, Because of its positlon, the cadar gun wa3s
usually not noticed by the drivers untll after the
point of passby, and thus few let up on the throttle.

Moteorologlecal Critoeria

one of the secondary chjectives of this project was
to attempt to isolate the effects of wind on vehicle
nolse emlesion messurements and nolse measuremants
in general. FUWA-OEP/IIEV-78-1 (8} and FHWA-DP-45-1R
{3} do not recommend taking nolse measurcments when
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TABLE 1 Yehicle Types
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Wehiche FHWA-RI-IT-108

Type Designalinn Pefinltion-Description Designation /2

a Counpact putomahile FFour cylinders; otherwise same ag Autemoble
FHWA sulamohiles

1 Stapdand sutamahile Six or eight cylinders; atherwise saze Aulemahbile
ax FIIWA automabilen

2 Medium truck Same as FHWA medivm trocks;ineludes Medinm ek
twn-axle, sixgire huses

J Three-axk {ruck Three uxles: olherwise sume as FFIWA leavy truck
leavy trucks

q4 Four-axle rruck Four axles; otherwise same as FITWA Heavy truck
lieavy trucks

5 Five-axle rruck Five axles; atherwise same as FHWA Heavy truck
lizavy 1rucks

6 Trucks with enore than five  More thaa flve axles; olherwis same ag Heavy Irgck

axles TTHWA heuvy tracks
7 Miscelluncous Vehicles nat covered under Types 0-6; NA

example: malgreycles

wind speeds exceed 12 mph. All measurements in this
otudy were made at wind Speeds below 10 knots {1l.5
mph) «

Wind mpeods and direction were measured with a
Balfort anemometer set on top of A atandard at a
height of 7 ft near the instrument operator and
chaecver at a distance of approximately 25 ft from
the centerline of the nearest roadway., The mgaaure-
ments were taken between measured events and during
gaps lnp traffic toe avoid turbulence from passing
vehicles. Wind spesds were measured to tho nearest 1
Kknot and then drouped inte three wind speed classes,
as follovwe:

Wind Center
Spaed Range Rangs speed
Class {knots) {mph) {mph}
0 0=2.5 0=3 a

3 2.5-5.5 3-6 4.5

6 5.5-10 6-12 9

The center speed was later used to compute cross—
wind components 98 degrees to the roadway, These
ware then categorized as followay & to 12 mph, 3 to
6 mph, =3 to +3 mph, =6 to =3 mph, and =12 to ~6&
mph, A positive wind blew from source to receiver,
and a hegative wind from receiver te source. Other
important spvizonment criterim were the 90 parcant
or greater telative humidity and wot pavement. No
moasstements were attemptod under either wopdition.

Number of Events Accepted and Rejected

The event data were recorded on four different types
of charts and sheets: (a) GLR chart (vehicle trace
at referance distanca), (b} vehicla obssrvation
sheat (vehicle {dentification and speed), (¢) data-
legger printout [maximum cbserved nolae levels at
each microphone), and (d) enviconmental and aite
data ahest (metsorological data), Data from sach of
these sources wore coded with either an event Quallty
1 ({accepted) or 00 (rejected). GLR data was caded
aither 2, 1 (accepted), or 0 (rejected), as discursed
previously. Thus, each event had Four quality codes,
Evehts with at least one @ code were called Quallty
0 eventa and were rejectad, for example, 1011, Events
with all quality 1 {1111} were deslgnated Quality 1
eventa and accepted for emlssion levels only, Events
with a GLR quality 2 (2111) were designated Quality
2 pvents, Of the 3,045 eventa measured at the refer—
enca microphone (Microphone 2}, 2,426 {79.7 percent)
wore Quality 2, 308 (19.1 percent) were Quallty 1,
and 311 (10.2 parcent) ware Quality 0 (rejocted).

Sample Size

The minimum requicred sample size for each vehicle
geoup was first estimated from methods described in
FHHA=OEP/UEV-78-1 (B) for a 95 percent confldence
interval of 2?1 dBA around the mean of each speed
¢laps, Table 3 qilves the apeed rlasses that were
deaigned for this purpose.

TABLE 2 Ranges of Speed Classes

Speed Speed] Ronge Speeds to

Clasy {fmph} Nearest 1 mph
0 <1450 <25
1 24.50-78.49 25-28
2 28,50-32,49 2932
J 32.50-36.49 33-36
4 36504049 31710
3 40,50=54.49 41=44
6 44.50-48,49 4548
7 48.50-52,49 44-52
# $2,50-56.49 53-56
9 56506049 £7-60
10 60.50-64.49 &1-64
1 »64.49 »od

After data had beon collected in each speed class,
the minimum required data for the confidence inter-
val of *1 dPA was calculated from

n o itz - B/l 1
where

t /201 = the amount of sample standard

deviations associated with (1.00 -

a) * 100 percent confidencae level

and n = 1 deqrees of freedom,

significance level (= 0,05},

the sample standard deviation,

4= (1, 00 = o} x 100 percent confldence
inearval (= *1 dBA},

tm e
aanm

Tahles 3 and ¢4 give the number of pointas sampled,
minimum pumber of points required, mean sGpeed, mean
enetgy nolse levels, mean holse levels, and standard
deviations for each speed clams. The statistics arse
shown for the 50-ft reference micraphone (Migcraphone
2) only. The total number of events sampled and
accepted was 2,734, and consleted of the following
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TABLE 3 Low-Speed Dats by Vehicle Gronp

Medium  Fleavy

Date hy Speed Class Autamnhitey Trucks Taucks

Class 0 {Jesa than 15 mph)

No. of polnts sampled i | 1
Minimum number of points iequired 533 L] 345
Mean speed (mph) 23100 13,00 21,00
Mean cncrgy nolse level (tHA) 60,55 63,30 76,68
Mean noise level (JBA) 5R.20 03,30 15,57
Standurd devlatlon mean dBA 5,37 0.00 4,32
Class 1 {25 10 28 mph)
No., of points sumpled G 7 1]
Minimum number of points requized 113 178 S0
Mean speed (niph) P 143 Al
Mean energy noise level {dBA) 63,90 74,37 7945
Muan nefse level {(dBA) 62.25 7.03 74.20
Standard deviation mean dBA 4,13 546 335

Class 2 {12 to 32 mph)
No, of points sampled

Mialmum pumber of points requised 25 4% a9
Mean speed {mpl) 57 050 30,54
Muan energy nalse level (d13A) 6344 7448 HO.55
Mean noise fevel (BA) 6175 1361 74.5%
Standard deviation mean dBA 240 185§ 3.49
Class 3 (33 to 36 mph)
No, of points ampled 46 20 40
Minimum number of polnts required 37 50 12
Mean gpeed (mph) 34,54 4.0 34.80
Mean energy nois level (BBA) 64,95 76.02 79.49
Mean noise level (dPA) £3.69 74.63 7R.87
Standard devindian mean dBA 3.03 ot ] .83
Class 4 (37 to 40 miph)
Na, of points sampled a3 15 34
Minimum pumber of points required 39 L1 22
Mean speed (mpl) 4,45 38.67 14,53
Mean cnergy niolie fevel (ABA) 66,86 76.71 A0.89
Mean noiss fevel (UHA) 65.68 75.58 #0.22
Srandard deviation mean UBA in 1.23 203
Class 5 (4] 1o 44 mph)
No. of paints sampled BE 16 44
Minimum number af palnts requiesd 34 31 20
Meun speed (mph) 41,65 4L 43.06
Mean encrgy noiso level (DAY 68.00 76,25 81,14
Mean neise level (DAY 66.70 7550 R1.17
Standard deviation mesn dffA .93 .62 226
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The anergy mean emisaion curves were expressed as
LOE(y) = A + 0,115(Sy)" + B log (spued,mph) (2)
whera

LOE¢iy = onergy mean emisslon level for vehielo
type 1,
A = constant in the reqression equation,
Sy = atandord error of y{dBA) on log X {mpend,
mph), and
Alope in the regression equation.

1t}

Figure 7 ahows a comparison of compact veraus
standard automobile mean amisslon curves. The curvaes
indicate that compact automohils (four-cylindet)
emission leovels are between 1,2 @BA (at 25 mph} and
1,5 dBA {at 65 mph} lownr than standard automobilea
{slx or eight cylinders). The reasons for thia d{f=-
faronce are unclear, but it Is suspected that the
compoct car Eleat consists of later model cars with
better mufflors than the standard car f£leet, fThe
difference, however, s not significant enough to
warrant soparate emimslon curves. Instend, compast
and standnrd curves wore combined,

Pigure B shows comparfsons of curves for three-,
four=, and Elve-axled trucks. Decause of close
agreemant between the curves for leavy trucks, one
combined curye was used to cepresent them. [(This
study therefore concurek with the orlginal FHWA find-
ings that all vehicles can be categorized in three
acoustic source groups (2).]

TABLE 4 High-Speed Data by Vehicle Group

Medium  Heavy

Trata by Spred Class Antamchiles Teucks Trucks

vehiclen: 1,282 agtomobilea, 317 medium trucks, and
1,154 heavy trucks. For automobilea and heavy trucka,
gufficiant amounts oOf data wore gathered in all
apead classes from 22 to 64 mph (except for automo-
biles in the 37 to 40 mph tange, of which thera were
alightly fewer than the minimum number required).
For medium trucks, the minimum amount of samples
raquired was reached far all speed classes ahcve 48
mph. Hecause of the deficlency in data at lower
ppeeds and to cover the desired range of 25 to 65
mph, curve-fitting methods wete employed with 95
percent confidonge intervals for the prediction
equation.

Use of this curve-fitting method should he re-
gtricted to normally (Gauvpslan) distributed data in
cach speed class for each vehicla group. Although
thia constealnt was never tested on the data in this
project, previous unpublinhed Caltrans studies aug-
gest that at constant apeeds, wvehicle nolse ap~
proaches a normal distribution.

MNALYEES AND RESULTH

Emission Lgvels by Vehisle Types

Refetence ehacyy mean emisaion curves as a fupction
of speed wers daveloped for all vehicle types shown
in Takle 1 axcept for Types 6 and 7. Type # waa not
inocluded because enly one event was observed; Type 7
vehicles (motorcycles and miscellanecus) were alao

very scarce.

Cass G (45 ta 44 mph)

Ni, of points sampled u2 19 17
Minlnmt namber of paisls required 3 59 25
Mean speed (mph) 46.66 46,12 46,22
Mean energy nobse level (dBAY 69,14 7596 K210
Mean noise Jevel {2A) fil 16 74,45 K1.16

Standard dovistion mean d1A P .66 .50
Class T {4910 52 mph)

No. of paints sampled 117 kM 106
Minimin number of puints required 36 13 7
Mean speed (mph) 50.73 50,69 §0.97
Mean energy noise lewe| (dBAY 7264 T8.44 82.64
Mean nobw leved (UBAY .2 7188 B4
Seundard deviation mean dBA 3.4 2,47 162
Class B (53 to 56 miph)
Na. of polnes sampled 258 9 233
Minigutm number of painis requind 38 ol H
Mean speed (mph) 54.57 54,58 54.60
Mean energy nofse level {(EHA) 7299 78,94 Hi.4v
Mzun nnise level (EHA) 72.0% .11 82,51
Siandard devigtion mean dlA .64 LM L1
Class # {57 10 60 mph)
No, af poinis sampled 21 74 300
Minimum number of poins required 31 23 k|
Mean speed (mpk) 5k.53 §H.45 $§.60
Mean encrgy noise fevel {dBA) 74.03 H0.78 83.99
Mean nofse level (1A ) 73.04 #0.11 #3.34
Standard deviation nicandBA kL A wnm
Class 10 (61 ta 64 mph)
Nao. of polnts saniged 320 44 212
Minirn numbet of points required 27 it ] 21
Mean apeed (mph) 6,35 62,07 62.12
Meun energy noise level (FIA) T4.88 B1.74 H5,2)
Mean nolse level {dBA) 7391 81.02 84,44
Sandard deviatian mean JPA .61 2,46 140
Class |} (more than 64 niph)
Nu. of points sampled 1ot L] 46
Minlmum nwmbser of points tequirml 35 L Hi
Mean speed {miphh 647.7¢ 67,38 66,76
Meun enesgy noise level (dBA) 76,07 81.24 £1.20
Muean roise Jevel (dIA)Y 749 81,10 85139
Standard devingios mean JHA .94 1. 4.60
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Flgure 9 shows a comparison of anergy mean emis=
aion lavels for automobiles, medlum trucks, and
heavy trucks in the California study with the same
threa vehicle groupa roported In FHWA-RD-77-108 (2).
The Califorpia automohlle curve im from 0.7 2BA (at
25 mph) to 1.0 dBA (at 65 mph) higher than the PHWA
automobile curve (projected up to 6% mph and down to
25 mph). The Californla medium=truck curve 18 from
0.3 dBA higher (at 25 mph) to 3.2 4BA lowar (at 65
mph) than the FHWA medium~truck curve. Approximately
the same is true for tha California heavy-truck
curve, which is from 0,7 dBA lower (at 25 mph) to
3.1 d8A lower {at &5 mph)} than the projected Filwh
heavy-truck curve,

The emisalon levels for the three vehicle groups
were also plotted by energy mean poise levels for
each spead c¢lass at 50 ft. Although these plota
deviated up to about 3 dBA from the regreasion lines
for automobiles and medium Erucks, the differencea
were not atatistically aignificant {(Student’s t-test.
n = 0.05), The heavy-truck plot, however, sheowed
statiatically significant deviations of 1.4 and 1.7
dBp above the regeession Llipe for speed classes 25
to 28 mph and 29 to 32 mph, reapectively (see Flgure
10) , deviations that may have been caused by in-~
creased nolse levela In lower gears., Becauss of the
importance of heavy-truck nelse emisaion levels in
predicting highway noise and designing nolse bar~
riers, further refinements in the curve aoppeared
Juatitiedq,

#lgure 11 shows the California wvehicle nolse
caference enargy mean emiasion levels, Including the
modified curve for heavy trucka. These curves are
recommended for use with traffic noise prediction
models ln California.

Hard Versus Soft Sites

Thera are soveral problema in comparing amlesion
lavela measurgd at one group of pites with those
from another group: (a) vehicle populations may be
different, (b) meteorcleglical conditions are prob-
ably not the same, and (c) the apusd dlatributlons
are llkely to be different., These problems were
reduced, Lf not eliminated, by normalizing the 5.u-fe

80
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SPEED (MPH)
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@ CALIFORNIA| LOE+5.2 +38.8 LOG (MPH)
No. of observaiions: 1263
Stderror yon LOGx:2.8!
r230.56; r«0.75

LOE=*35.3+256 LOG (MPH)|LOE=50.4+19.2 LOG (MPH)|
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Std. error y on LOGx: 2,83
tEx0.42: r =065

No. of abservalions: 1159
Std.error y on LOGx: 2.68
r220.29; r+0.53

FIGURE 9 Conparison of Califorsda versus FHWA energy mean regression lines,
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microphcnes of soft altas to those of hard sitea.
This was accomplished by satting the 25-ft micro-
phones agual and cerrecting up the S0-~ft microphones.
The underiying assumptions were that slte apd mete=
orolegical effects were nagligible near the nource.
Remalning differences could then be attributed to
differencea in vehicle populatiens., The normalizing
procesa eliminated these dlfforences, Variations {n
speed distributions were elimipated by comparing
only those speed classes with sufficlent data to
agsure 95 percent confldenca intervals of 1 dpa
around the maans.

Table 5 showa that for all wvehicle groups and
speed clagpes tested with a statistical t~test (20,
the effeces on measured nolse levels causad by hard
or soft aite characteristics were significant at the
50-ft reforence diatance at a helght of 5 £t, Thoae
diffarencas (maximum 2 dBA) appeared to dacreasa
with increasing source heighta, but appeared to be
insensitive to speed,

In reality, there are few true hard sites, where-
as vorlations in soft aites are almost endless., It
is therefore impractical to have separate emiasion
levels for hard sites apnd poft saltes, It appears
that Bite characterimtics will, in most cases, af-
fect noise predictions by no more than 0.B 4ARA when
using the Califarnia emlsésion curves,

Gaoqraphical Difforences

Table & shows a comparigon of omiasion lovels mea-
purad at 25 £t for Northern Callfornia and Southern
California by wvehicle group and speed classes with
sufficient data to ensure a 95 percent contidence
intorval of r1 dBA. As was disgussed previously,
at 25 [t the site and envircnmental effects could be
eliminated. 1In general, automobiles and mediunm
trucks tid not appear to be aignificantly different.
In the heavy-truck group, however, Northern Cali-
fornia trucks ware up to about 2 dBA nolmier. The
differsnces were atatistleally significane ({t-test,
a = 0,05), Between 49 and 64 mph; tha avarage
differance was #llghtly greater than 1 dBA. Using
the Califarnia heavy-truck emigalon curve would
probably result in maximum errors of 0.5 dBA due to
qeoyraphlc dlfferencen, Separate curves for Northern
California and Southern California would thereforo
not be justifled or practical,

Effects of Wind

The effects of wind on measuced nofsa levele wera
examined at 50 fe and 100 Et. After crosswind com=-

TABLE 5 Comparison of Yelicle Ewission Levels for [lard Sites Yeraus Solt Sites

Emergy Mean (dBA)

Normalized®

1ard Soft

Speed Sltes= Siles— Piffeeence  Swundand No, af Standard Ko, af t-fost
Vellcle Class Seh soh in dDA Devjation Olgervitions Deviation Obsetvations (o= 0.05
Typ¢ (mph) (X) g (v} (5¢) Ny (Sy) Ny} significant)
Autamobiles 5356 .2 741 2 e #4 23 174 Yes

17-60 74.8 2.4 20 i3 96 24 176 Yes

6l-64 76,1 T4 0 3.5 11 0 149 Yeu
Mediue triucks $T60 8.1 £0.2 19 2.0 23 T2 55 Yeu
Heavy trucks 49-52 8249 4.3 1.6 2.5 46 7 (1] Yus

$3-56 839 415 14 2.9 lol L7 152 Yus

5760 h4,B .1 1.2 2.4 123 a1 177 Yus

61-64 B5.7 44,1 1.6 23 H1 2.4 131 Yes

Note: Spewd classes with sufficiant data enly.

YNoemulizads 15Tt mieraphone of solt dhies wan wat equal o 358 micruphone of hard sites and 56-fr mlcrphone was corrested with ssime carrection,
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TABLE 6 Comparison «f ¥ehicke Emission Levels for Nerthern California an? Southeen California

Tnergy Mean (I BA)

Narthern Souitheen
Speed Callfornia Califorpia Difference Standapd No, of Standard No, of Lfest
Vehicle Class Sltvs=25 11 Sltes--25 0 In 4B Deviation Crbservelinns Deviatinn Dhseritions (o= 0,05
Type (mph} (X) Yy (X-Y) i5,) (N} (5} N slgaificant)
Automebiles 45-18 74,7 5.4 1.3 22 29 45 47 Yes
53.56 .5 0.5 0 23 17 160 w0 No
$T60 50.5 80.7 «0.2 14 32 129 134 No
61-64 £1.5 8.2 03 23 kN 96 19 Na
»64 Rl.A 83.3 Il 1.8 3.2 4| 62 Nn
Medium trucks 53.56 B5.6 84,7 0.9 nl kN 13 34 Na
5§60 87,6 6.9 0.7 2.5 2.2 it 46 Nn
licavy trucks 49.52 89,5 57,4 .t 17 24 63 41 Yex
53-56 0.1 28,9 1.2 2.5 21 11 114 Yru
£7.60 90.8 49,7 1.1 23 ol 1344 178 Yes
61-64 91,4 L5 ~0.1 kN 2.6 [ 142 No
Nates Sproed classen with suiflclent dain only,
ponents (90 degrees to the roadway) had been cal- biles, 0.3 higher to 1.2 dBA lower for madfun
culated and categorized as previously diacussed, trucks, and from 0.8 dBA higher (at 25 mph, after

anpociated noise data at 50 £t and 100 ft were nor-
malized using the 25-ft microphone data. Wind ef-
facts at 25 ft were judged to be amall and therefore
neglectad. Tables 7 and & give comparinons of op-
posite crosawinds at 50 Fft, firat usaing all altes
{Table 7), then uaing soft gitea only (Table 8).
Table 9 showa the cofparison using data from all
five microphone mites at loo ft,

find effects were expacted to be greatest for
soft sites, longer distapces, and lower nolse
fourced. As the tables indicate, however, no alg-
nificant changes could be detected &t 50 ft. At 100
ft, thete was a saignificant difference Ip the auto-
mobile data when opposits winds batween nogative and
poaltive wind spesds of 6 to 12 mph were sompared.

BUMMARY

The California vehicle noime reference energy emim-
sion lavels are 0.7 to 1.0 dBA higher for automo-

reEinement) to 3.1 dBA lower {at 65 mph) than FHWA
{2) emission levels {projected down to 25 mph and up
to 65 mph), For average traffic mixes and at-grada
highways, noise predictiona made with Callfornia
emisalon levels will be about 2 dBA lower than those
made with the FNWA levels. The PHWA categorization
of vehicle noise sources {nto three groups appears to
also be valld for use in California. Although thare
are aignificant diEferences of up to 2 48A in noise
levels at 50 £t for hard aites and soft sitea, the
California curve wlll cause max{mum ercors of no
mote than about 0.8 dBA due to site characteristics.
Si{milarly, geographle diffsrences will cause maximum
doviations of 0.5 dPA. The effects of wind spoed and
direction on noise maapsurementa at 50 ft£ may he
lgnored If wipd speads are 12 mph or lesa. The cur-
rant practice Pf increasing iruck emisaion levels to
87 ABA for apeeds bhelow 31 mph (2) {a centradicted
by the data In this study for constant speeda From
25 mph to 31 mph.

TABLE 7 Comparison of Wind: +6 mph to +12 mph Versus -6 mph to <12 mph at AN Sites, 50 0t (Microphoae 2}

Energy Mean (dHA)

Speed  Wind; +6 mph Wind: =1 2mph  Difference  Stamdard Na, of Standard Na, of Ilest
Class (o +12mph t+6 mp)* i dliA Ievintion Obervations Neviarion Uhservalions {a= 005
Vehlele Type (mph)  (X) Y} xY) () N} (5,) {Ny} sgnificant)
Awtomobli¢s Al .1 73.9 0.2 4.4 L] 4.2 1 No
Medium trucks All 413 §4.7 K 1.3 3 4.0 26 No
Jleavy trucks All 819 43 =04 i} 48 35 52 Na
*asn micrephana for =6 mph 00 =1F mph was sat oqual 1 3300 niceophons for ¢ mph 1o 412 mph and 50 1) mierophond wai carreceed wlih sumie cotrestlon,
TABLE 8 Comparison of Wind: +6 mwph 1o +12 mph Yeruus -6 mph to <12 saph at Soft Sites, 50 §t (Mierophone 2)
Energy Mean (dBAY
Speed  Wind; +6 mph Wind: =12 mph  tifference  Standard No, of Slandard No, of f=test
Class  to +12 mph =6 mpl" IndhA Deviation Observations Deviatian Olwservations (o= 0.05
Vehicte Typo imph) (X} "} (X% (54) (N,) 5) (Ny) significant}
Automobiles All 60,1 £9.6 -0,3 1.1 ? 25 EL No
Medizm trucka® All 6.5 71.0 -0.5 kR 8 i 7 No
Ueavy trucks All il LX) «0.3 25 1 44 7 Nn

'1I-l'| acraphians fay -6 mph fa «12 mph was set equal 1o 38-0 mlceophoas for +6 mah e «12 mphand 5006 ilcrophand was coreected with same cotregtlun.

hllﬂ.‘lum af insulficient data, #3 mph e 48 mph wis wied for medium rencks,
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TABLE 9 Comparison of Wind: +6 mph 10 +12 mph Versus -6 mph to <12 mph ol Sites with Five Microphones, 100 11 (Mierophone 4)

Encrgy Mean (¢BA)

Speed  Windi +6 mph Winl: =12 mph  Difference  Stasdard No, of Standard Na, af fotest

Class (o +12 mph ta -6 mpht igdBA Deviatinn Ohservations Deviation Ohservations {a=0.08
Vehicle Typo (mphy (X} (Y} 1X:¥) 5 Ny} (8y) Ny significant)
Aulemoblles All &H.4 65.0 34 A4 17 2.5 44 Yus
Medium trucks All 16,7 754 1.3 1.2 3 36 7 No
Heavy trucks AN 77.9 T8 1 21 a4t 4.7 7 No

a1 2501 miczaphinne foe -6 mph 10«12 mph equal tir 288 miceaplions for +6 mph 16 +13 mph and copeciad 190-1f micrephcne wilh apne carreetinon,
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Are Stringent Emission Standards for
Heavy-Duty Trucks Worth the Cost?

Co Lo SARICKS and M. K. SINGU

ABSTRACT

A study sponsored at Argonne National Laboratory (ANL} hy the U.S. Department
of Energy's Office of Environmental Apalysis investigated the cosata, henefits,
and cost-effectiveness of requiring heavy-duty trucka to meet gadeous and
particulate emimsion standards suggested or proposed by the U.5. Enviropmental
Protection Agency (EPA) in 198). The EPA and engine and truck manufacturers
disagree aver the feanibllity of achieving these standards and the skpenditure
required. Moreover, EPA apparently did not include explicit computation of fuel
ecopomy loeses in Lts draft regulatary analyses. The resulting ineremental
tcoats, prasumably pasaed en to truck buyers bath at time of sale and during the
vehicle's lifetime, could be considerable. The greatest varlation in cost esti-
mates 1s related to trap oxidizer technology for heavy-duty diesel patticulate
control. Although the ANL study arrived at a quantitative estimate af cest~
effectiveness in §/ton of pollutant removed, the valuos are dlstributed aver a
wide range that reflects the continulng unresolved disagreements in control
costs, The study also focused more specifically on the likely air quality hene-
£itr of the suggeated standards In a caso-study urkan area with a history of
nonattainment. While the proposed NQ, otandard would result {n a 45 percent
ceduction in total NOy loading from the current standard, the corresponding
reduction of short-term MO, exposure in prototyplcal urban corridors of high
heavy-truck vehicle-miles traveled would not exceed 35 percent. The resulting

health benaflta are unknewn,

Section 202{a){3) {A)(ii}={iil} of the Clean Alcr Act
as Amonded 1977 stands as one of the slgnal mani-
festutions of the egalitarian philosophy of the
fromers of the mob{le-source-related Eacets of this
historic legislation: what applies to cars will also
apply (albeit with some delay) to trucks. Mandated
in Subsection 202¢a) {3} {A) (11} were exhaust emisalon
standardn for the mo-called Set IT pollutanta that

+ + + En the case of hydrocarbons and carhon
menoxide . . . require a reduction of at
least 90 percent, and , , ., in the case of
oxides of nitrogen . . .+ require a reduction
of at least 75 percent, from the averaye of
the actually measured emlssions from heavy-
duty gasoline~fueled wvehicles or en=
glnes « . . manufactured during the haseline
model year (of 1973),

Thess reduction targets, for trucks ratesd at gross
welghta of 8,500 lb and above, wore to be met no
later than the 1983 and 1985 modul years, respec~
tively. Moreover, the potential hazard posad by the
particulate emiasions from dieael-fueled wvehicles
did not essape the notice of the Congress, which In
202(a) (3) (A} [1il} ealled for exhaust particulate
standardse after model year 1981 that raflect

« + « the graatest degroe of emission reduce
tion achievahle through the application of
technology which the Adminiatrator deter-
ninee will be available for the model year
to which such standards apply, giving ap-
proprlate conafdaration to the cost . . .

Thus the parcentage reduction requirements for oex~
haust pollutants from heavy-duty trucks were brought

into lina with thosa for automobilea, The baais for
particulate reduction was to be the best control
technology reascnably available.

That the NO, and particulate requirements in
particular might turn out to be irreconcilable did
not at that time occur to or influence the Con-
gresf=-it was s8till the era of technology forcing.
Nevertheless, thea lssue dié not ateain much promi-
nenca untll EPA lssued a Hotice of Proposed Rulemak—
ing (NPRM} for the heavy-duty engine particulate
emisslon standard on January 7, 1901, and an Advance
Notice of Propesed Rulemaking [ANPRM) for the NO,
exhasst emissfon limlitation on January 19 of that
same year (1,2), Each of these notices assigned
numerical wvalues to amlssion reductions previocusly
expreased as a petcentage difference From a baselinn,
The actual proposed value for KOy lm the ANPRM did
not represent a 7% percent reduction from the cal-~
cuylated basgeline of 6.8 grams per hrake-horsepower
hour {9/bhph) en the EPA ateady-state test ({a value
that would have been 1.7 y/bhph}, but rather a com=
promise value of 4.0 g/bhph. EPA conamideced thim to
ba the loweot exhaust rate achievable by trucks
using either (a) heavy-duty gasoline enginea (HDGEa)
without the requirement of control through unprovan
catalyst devices, or (b} heavy~duty diesel engines
(WPDEs) without slgnificant lcsses in fusl asconomy.
The particulate standard of 0.25 g/bhph, applicable
to all heavy=duty trucka but requiring control
equipment only for HDDEB, was believed to tefleat
the best achigvable parformance of teap oxidizars
(the apparent contral technology of cholce).

Taspite this somewhat more lanient lnterpretatlion
by EPA of the intent of the Congress, vehicle and
engine manufacturara expreased dismay, In public
teatimony and comments submitted to the publie docket
on thase proposals, the manufacturers {ndicated that



m

= Trap oxidizer technology for dlesel wvehiclen
was not near the degrea of durabillty and vellabillty
necaesgary for HDDE appllcation,

* Evan under an HOOE parcticulate atandard of
0.6 to 0.7 g/khph, roughly the average level then
being achleved by new |IDDEa, tha lowast controlled
noncatalyst (certifiable) emisalon lavel for HO,
that ia achievable without signiflcant fuel occonomy
and other emisslen trade-offs wan not below about
5,0 g/bhph.

* Any tequirement for HO, centrol to a lavel
of 4.0 g/bhph or below would result {n both subatan=-
tinl fuel conaumption pepalties in all heavy-duty
trucks and, for HDGE, a substantial Ipcrease in
emissions of HC, which were also to be the subject
of rulemaking {3-10).

Thug, the battle lines were drawn.

In an effort to clarify many of the salient issues
asaoclated with theae standards, the Center for
Transportation Reasarch at Argonne National Labora-
tory (ANL) (Argonne, Illinois) conducted independent
analysss of (A} the technoloyleal issuen associated
with achieving the standardas, (b) the cost and cost-
affactiveness of the atandards, and (¢} the potential
benefita of a 0.25-g/bhph particulate standard at
the naticnal level and a 4.0-g9/bhph No, atandard
at both the national and local (aite-specific) level.
The standards were assumed to be in effact with the
19BE model year. Results of these analyses are pre-
nented in this papert for a mora detalled diascua-
glen, oee Singh and Baricks (11).

TECANGLOGICAL ISSUES

Hoavy-puty Dissel Engines

To meet the proposed KO, and particulate stan-
dards, signlficant changes in HOBE emisnion comtrol
technelogy will be reguired. HDDEa genarally d&o not
employ emlssion control systems to comply with
axisting federal emission standards, although emle-
alon requirements are taken into conslderation in
HDPE depign (12 and July 1983 letter and comments
from N.C, Dowdall of Caterpillar Tractor Co. to M.K-
8ingh}, The ramas of N0, enmiselons feom current
production HDDER cutside California im 6 to 10 g/bhph
op tha ateady-state cycle {11), Tha range of partic-
ulate emiassfons from national current production
angines 1s 0,3 te 0.8 g/bhph, but the raee ganecally
avucages about 0.6 g/bhph,

Technolagies upder conaideration to control HODE
NO, to 4.0 g/bhpn include injection timing retac-
dation, aftercooling, exhaust aas recirculation
{EGR) ; eleatronic engine control, turbocompounding,
and modification of englne desion (e.q,, modifica-
tiona to the compresslen ratio, combustion chamber
shape, and spray tlp denign). Hot all of these tech-
nologlea work edqually well on all diessl cngines and
thetafora a variety of emission control aystems is
likely. Further, some of these technologles require
additional davelopment before they can be employed.
while fnjection timing retardatlon, aftercooling,
and turbocharging are assantially developed tech-
nologies, development lp atlll under way on EGR and
electronic englne controls, Many manufacturers
anticipate that slactronic engine controla {e.q., to
provide more flexible and precise timing of fusl
injection) will ke avallable later in this decade
{14) . In coptrast, conaiderable debate exista within
the industry concerning the feaslbility of uslng EGR
to reduce NO; rcubstantially, However, the Hational
Research Council (NRC), 1n an assessment of tech-
nolegles available for NOy control, estimated that
EGR would be avallable by 1990, aeepuming une of
electronic controts {13).
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TARLE b Trade-fs Detween NO, Emirsions anel

Particulate Emissions, Mydracarbon Fmissiona, and

Fuel Commmption ¢1.1)

Emissians (g/bhph) Fuged
Congnmption

RO, Partivulates? Mydrodathons  Penally (9)

A 0.4-0.5 0608 3]

[ n5-0.7 7-1 4 2.5

4 0.4-1.0 0817 7-12

a N - 15-20

Nk Dats arg fad Jow-mil #lidlon levets, ni meazurad by the
durks, Dala on NO, emivsians ind Fael cansisng-
Jyatale (eBl procodure; for tis pueposd, tho
WD Jrats w0 disumed Fquivalent.
SPanlculate Hap not Included.

Unknawa; o few dain are svailabte 10 porenll realintic eanlanaton,

Associated with many of these NO, control tech-
nologles are trade-offs in fuel econcmy and hydro-
carbon emisalone. Table 1 gilves hydrocarben and
particulate emission levals and fuel consumption
penaltics that should ba achievable in tho mid-1980s
at varlous HNO, emisslon levels, Theoe catimates
wete doveloped in the NRC atudy (13) and are gener-
ally supported by the manufactureras (3-6). Only
low-mileage tArgets are giyven ih the table, and thus
the estimates do not acceunt for deterloration in
emissions control With imcreasing uwee, Inaufficient
information ls avallable for determining the appro-
priate standard. I appropriate deterloration fae-
tors and margins to accommodate engine-to-engine
varjabllity {based on data from current production
engines} are assumed, the standards that could be
meot would be 1.2 to 1,4 timas the low-mlleage values
given In the tabla, Only midest additional MOy
coptrol can be achieved without fuel ecopamy penal-
tles or HC and particulate emisslon Leveles higher
than thoge currently belng achieved (13). In other
words, a 4,0-g/bhph NQ, =standard could not be
achieved for HODEB without (a) particulate traps to
meet the 0.25-g/bhph particulate standard, (b) risk-
ing excesdence of the 1/3-g/bhph IC standard, and
(¢} a 8substantial fuel economy penalty. Finally,
there ure no data that show the technical feasibil~
ity of achieving the 1.7-g/bhph RO, standard {(13}.

unlike the case for NO, control, only one major
technolegy is anticipated for particulate control: a
trap to intercept particulates in the exhaust, Traps
are undergoing intensive development for light-duty
dieral engines {LDDEn}, and RPA asmsumed that a trap
oxidizer with an afflolency of 60 percent would be
available for UDDES to meaet the 0.2%-g/bhph atandard.
The NRC ptudy indicated that HNODE traps could be
roady Dy 1990 (13). However, the feasibility of such
HDDE traps in the near future ls serlously questloped
by the manufacturars, Decause many HDDEs are turho-
chacged and are desigred (for durabllity reasens) to
have a lower exhaust temperatuce than that of LDDEs,
the exhaust does not reach the temperatures required
by the trops for self-cleaning {3,8). Furthermore,
the maximum exhaust flow of an HODE ia much greator
than that of ap LDDE; the traps for HDDEs therefore
muBt ba much larger than these for LDDEs to ensure
that undue lncreases In back pressure do not occur
13,8}, Uso of auxiliary heating for regensration of
large trapa 18 conasidared very difficult for HNDER}
it is complicated by the npead to apply heat avenly
over a large surface (3,B}.

Heavy-Duty Gasoline Enqines

The major control problems for HDGES are related to
HC and €O enmip=lons, Howaever, aome changes in emis-
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alon coptrols in these englnes can alse be antici-
pated to meet tho NO, standard. (Control of par-
tleulates is not a concern with NDGEa.) HO, levela
from current HDGE4 are above the 4.0-g/bhph standard
on the EPA tranaient test cycle, Englne modifications
and EGR will prebably ho uned for NO, eonkrol in
all NDGEs. MHowaver, these technologles have also
beon suggested for HC and CO control in HDGEs, and
trade~pffs In control of the three pollutants exlsat.
Pucthermora, some of thease technologles will affect
fuel gconomy, Por example, ln several tests by manu-
facturers, EGR led to HC levels at or ahove 1.0
g9/bhph {the standard for HDGEs is currently 1.9
g/bhph on the Motor Vehicle Manufacturers Assocla-
tien test eycle} and fuel economy lossas of 6 to &
percant as low-mileage NG, targets of 3,0 and 3.3
9/bhph were approached or achieved, or both (6,8} .
The NRC study copcluded that with both EGR and engine
calibration, WNO, 1levels of 3.0 g/bhph could he
achleved in vehicles with new engines, but with a 21
to 6 percent less in fuel economy {(13}.

Comments

The manufacturers of HDDEs and IIDGEs percelve greater
difficulty in achieving the proposed NO, and pacr-
ticylate standards than doss EPA, EPA has been more
optimistic than the manufactucers about development
of amipsion contrcl technologles, partleularly par=-
tloulate trapm) EPA did not copsider in its regula-
tory analysls the potential for increased HC omls—
slans associated with NO; control, and did not
estimate the fuel economy loss assoclated with HOy
contrel. The manufacturers, concerned with fuel
economy and emissions trade-offs and davelopmental
problems, have proposed that the NOx and particu~
late standards for HDGER be substantially higher
than EPA has proposed, that is, 6 to 10.7 g/bhph for
NO, and 0.6 to 0.8 g/bhph for particulates {3,4,6,
9,10 and letter with comments from J. Feiten of G.M.

to M.K. Singh).

BENEFITS, COSTS, AND COST-EFFECTIVERESS OF
STRINGENT NO, AND PARTICULATE CONTROL

Enlsnions Reduction
Estimated total NOy and pacticulate emissions
attributable to heavy-duty trucke in 1980 (base~-
line), 1988 (first year of stringent standard), and
1995 (majority of fleet covered) under alternative
NO, standards are given in Table 2, Implementation
of tha 4.0-g/bhph NO, standard would reault in a
45 percent reduction in NOy emiasions ln 1596 feom
those that would occur under the current 10.7-g9/bhph
standard, If this 10.7-9/bhph standard remains in
offoect, NO, emissions attributable to heavy-duty
trucks will increase by more than 50 parcent bhetween
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1980 and 1995, If the lower standard ia implemented,
N, emisslons from trucks will be roduced by 16
percent, Implementation of the 0.25-g/bhph particy=
late standard would aimilarly lead to a auhatantial
reductien in particulate emissions from what would
otherwise ocour by 1995. Even with the atandard,
particulate emissions from DDEas will increase
alightly by 1995,

Emission factors for WOy in g/mi used to deval=
op these totpls are g9iven In Table 3. Thay ara based
on EPA's MODILE2.5 emission factors (15,16), which
take into account assumptions about the age diatri-
hution of the fleet, mileage driven per yenac, ambhlent
atmospheri¢ conditions, sperd of operation, ana
changes In emission contral performance over time,
Emigsion factors for particulates used to develop
Tabla 2 are 2.0 g/mi (no contrel) and 0.7 g/mi (con-
trolled to 0,25 4/bhph) (17). Pruck VMT used in the
decivation of 'Table 2 values are glven Table 4,
Manufacturer welghtclasa sizes progress from Class
II8 (Trucks of 8,501 to 10,000 1lb gross vehicle
welght) to Class VIII {all trucks of 33,000 !b gross
vehicle weight and above}. The WVMT figures are
derived from froight projectiona developed by ANL
(M, Millar, uppublished {nformation, 1963}, Further
documentation of the derivation of Tablea 2-4 s
provided by Singh and Saricks (L1},

cost and Cost-gffectiveness of NO, Control

Eatimates of per-vehlcle capltal costs and lifotime
costs per mile increase In fuel conaumption asnso-
clated with RO, control are given in Tables 5 and
6. The estimates are basfcally from EPA and NRC
reports) manufacturers' cost estimates for NO,
control aystems are generally not avallable (13,22).
Within the HDD and HDG eruck categories, capltal
costs and fuel penalties are not expected to vary
with vehicle plze (welght), Variation doem nccur In
the lifetime cost ostimates for increasea In fuol
consumption because of differences in lifatime vehi-
cle-miles travaled [VMT} and vehlclo fuel aconomy.
ANL, in its atudy of the cost and benefits of
atringent NO, contrel, independently evalunted the
lifetime costas (both capital and oparating) for
heavy-duty trucke produced under a 4.0-g/bhph NO,
atandard beginning in 1988, EPA's capltal cost eati-
mata for WA, eontrel in NDD trucks was asaumed,
although modi{fied to assign 50 percent instead of
100 percent of the cost of elestronic anglne con~
trols to emisslon controla) in addition, General
Motor's (GM's) capltal and malntenance cost estimate
for PG trucks was assumod at face valus. A range of
lifetime fuel penpalties was assumed for HDD and HDG
trucks to reflest the greatest ranges shown in these
tables, Lifetime costs per l%/mi incrense in fuel
conaumption were determined to be lower than thoae
in the NAC atudy due to lower lifetima mileage aa~
sumptions in the ANL study and differencea in naa~

TABLE 2 Estimated Tatal NO, and Pavticulate Emnissions from Deavy-Baty Teuchs Unider Alternative

Stundards for 1900, 1948, and 1995

Partlculates NO,

No Standatd Q.28 gibhph 10,7 gfvhph 4.0 gfbhph
Vehicle
Type 1980 1988 1998 1988 1995 1980 1588 1948 14988 1998
1D 0,142 0.186 0.233 0.1n 0.148 1.h0G 2115 264 1.658 1499
nnG -4 - - - - 0,537 0.545 0.616 0.453 0.2
Tatal 0,142 Q.66 0213 a7l 0.148 1143 2660 3260 1 LROI

Note: Patears In 10" shart 1oy,
S iriusily no particulates ars smilted Teein HDGT,
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TABLED Fleet Average NO,
Emnigalon Factora for HIND awl 11DG
Trucks by Year Unider Allernative
Standards {11,15,16)

Emission Factors (g/mi) by

Year
Vehicle ——
Tyne 19s0 1944 1595

Standard; 10.7 g/bhph

AlLFIRD 210
AlLIDG 978

i
[E3 %]

i .70
M 1131

o

Standard: 4.0g/bliph

AN 2270 1179 1287
ARTIDG .78 LRH 5.54

TABLE 4 Heavy-Duty Truck YMT by Class
Size, Fuel Typo, ol Year (11, 18-20)

VMT{L0") by Year

Manufacturer
Weight Class 1950 1988 1995

Vehicle Type: HDD

T 0 0923 1135
-V 0.244 1.039 2.495
vI 3.067 10.016 16,546
Vil 4.042 4,816 54609
ViI 56,841 61.737 74.ERR
Tatal 64,108 84531 105.673
Vehicle Type: 1IDG

1] 19868 25,505 27.608
1] 3.ne 5.56% 6.676
Iv-v 3.m 1.71% 0,352
vi 19,701 16,537 14.101
VIl 1,793 0.717 0,353
Vi 1,557 4675 0.307
Talal 49,843 50,378 49,197

Nalst Dala sre also from M, Millar, ANL, 1283 wapuhlished Ia-
fotmatlon,

TABLE S Estimaled Cost per M Truck to Meet 4.0/ 5hph
NO, Standard

Lifetime Coat
Lifethne ol a "yml

Capital} Fuel Inereuse in Total
Manufactsrer Mainienunce Penally Fuel Con- Lifetime
Weight Class Cosl" (3) (%) sumptian ($) Cast($)
s NA NA NA NA
1-v NA NA on” NA
Vi NA NA 32 NA
VIV NA NA 1151k NA
All 7335 1,eno¢ 1-12:". 754¢ Na
=14

Nate: Asaumos 1,3-g/bhph 1C standard and 14, 5-5{bhph CO 2landand.

W here applicabls nd avalisble,

¢ NRE {131 year of coul dats in unknown,

dl"uhl Motur Ca, {33} ¢ost duts are given In $1920,

.l:nmr and Enviconmandal Asalysis 17 2); east data e glven In $3%41,
Fatd Motor Ca, {21,

Juimed fuel sconomies and prlce of fuel., The repults
of this analysls on a lifotime cost increass (d/ml)
basis are glven in Table 7. Lifet{me comt tncreases,
which are largely due to fuel consumption increases,
are higher on a per=mile basism For larger trucks in
both HDD and HDG cateqgories. Lifetime cost [pcreasas
are larger far HDD trucks than for !IDG trucka.

AHL estimated the ovarall goat-effectivenass of
the 4,0-g/bhph NO, standacd by using these 1ife-
time cost lncroases, estimatsa for VMT by trucks
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TARLE 6 Estimated Cost per HDG Trech ta Meat 4.0-g0hph
NO, Standard

Litetime Cost

Lifetime of o Ifmi Total

Capitalf Fuel Increase in Liferime
Manufacturer Maintenance 'enalty Fuel Consumpe  Cost
Welght Class Cast® {$) (2] tian {$) (5
1 NA NA NA NA
ut NA NA 58P NA
-y NA NA 258" NA
V! NA NA 2930 NA
Vil NA NA 550" NA
vht NA NA 550" NA
Al 70°; sube 308 1504 12008

stantially less

thup 279

Nolg: Assuttied (x) for Clasa [IB-A1L, 1.3-g/bhpl 11E apd ES. S-a/bhph CO standard, mnd
(h) for Clans 1V-¥[11, 2.5.g/hhph HC standard and 40.0-g/bhph Ct} standaed,

Phere applicatio andt wvaltabla,
NRE (1,215 your uf codt data s unkavwn,
gtieneral Motors (4,
EPA 12305 comt d

s e given In $1980.
Furd Motor Ca, (31},

TABLE 7 Lifetie Cost Increasea
Becaune of NO, Control to 4,0

w/hlph

Cust Increases (£/ini) by

Vehlele Type
Manufacturer e———
Weight Class Hm G
uu 1.2-1.9 0.4+1.1
-y 1724 O.6-1.5
Vi 1.3-3.0 0.8-1.9
vil 1.7-3.1 0.9-2.4
vin 1.8-3.4 1.0-2.5

mesting the 4.0~-g/bhph NO, atandard in 1988 and
1995, and the ANL estimates of total NQ, removal
that wure dues to thia standard; these results are
given in Table 8. The total cost of NO, control,
total WO, raduction, and cont/ton reduced is greater
for HOD trucks than for IDG trucka. However, {f the
higher lifetime cost estimates for HDG trucks and
the lowar lffetime cost estimates for HDD trucks
ware the mora accurate estipates, respectively,
coat/ton removed could be higher for HDG trucks in
both years,

Cast and Cost=Effactiveness of Particulate
Control

Conelderable difference exiats between EPA and dome
manufacturers over the costa of partlculate teaps.
EPA estimated that the rotall price of each IbD
teuck would increase by $527 to $650 {§ 1980) be-
cause of the particulate trap (17). Alternatively,
Caterpillar Tractor Company catimated the cest of
the trap to be at least $2,000, and GM from £2,000
to 43,500 (3 1982) (3,8). Thia wide variation {s not
aasy to explain, but may in part reflect diffarent
assumptions regarding reseacch and devalopment coats.
Further, EPA expects malntenance costs to be raeduced
with use of a trap, while cCaterpillar doos nok
(3,22}, Pinally, EPA does not project fue!l economy
losg with traps, while the manufacturers project ak
least & 1 percept loas,

Because of this wide variation In cost astimates,
ANL assumed In lts study a range of costs reflecting
EPA's estimates at the low end and Caterpillac'e and
GM's at the high end., Table 9 gives theaec assump-
tions and the resulting cost/mile. By using thesa
reaulta, together with estimates of VMT driven by
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7%

TARLE B Cost-Effectiveness of NO, Contral to 4,0 gfbhph

NO,, Benefit

Tatal Cust for NO,

{10% 10ns} Removal {$10%) CostfTan (3198 2)
Vehicle
Type 1984 FETH] 1988 1995 19RB 1995
1no 0.437 [BEL] IRE-152  1,047-1,945 411470 Yrd-1,699
HpG 0.092 'KIE} 2740 107-505 203-150 627,604

Tatal 0,549 1459 E R b

1,248-2450 Jaz-my K53-1,679

TABLE 9 AN Cost Estimates per §111) Truck to Achieve 0.25-g/hph

Partienlate Standard

Liferime
Caprital Lifetime Mainteraney Cosl

Manufucitrer Cost Fuel Cost Savingd Net Cost® Increase
Weight Class (%) ) %) (5) (¢/mi}
113} 530-645  0-104 0-1c38 231-149 0.21-0,68
m 519645 0«175 0-308 231-820 0,21-0.74
w 539-2.000 O-175 0-304 =178 0.21-1.98
v 617-2,000 0-175 0-402 252175 0.20-1.94
v A)7-1,500 0-355 0-402 5-3455 0,12-2.08
Vil 663-3,500 0-370 0438 225-3870  0.12-2.09
v 655-1,500 0-662 G-519 Edé-4,162  0.05-1.44

Nate: Coite are pxpieised in 51907,

"Capital cout + HFetina fuel cort - maintenanco savings,

trucks meeting the #.25-g/bhph atandard and the ANL
estinatea of total particulate removed because of
the otandard, ANL also estimated the overall cost-
affectivaneas of the proposed particulate standard.
The estimated cost/ton of particulate removed ranges
Erom B427=$1,059 [n 1988 to $461-$10,778 In 199S.
The high estlmates are 6 to 14 times s high as the
cocreaponding estlmates for MO, control presentad
previoualy.

Sumnary) Cost of NO. and Particulate Cantroel

Eatimates of the cost-affectiveneas of total poten~
tial additional emiselon control (particulates and
NGy combined) Efor hoth HDD trucka and HRG trucks
are 9iven in Table l0. Emission=control costp for
HOD trucks are algnificantly higher than those for
HRG trucks, although additional costs will be as-
sociated with HC and CO control [from HDG trucks,
Over the life of a Clasp IIB or Claes ITI HDG truck,
EPA eatimates that these costs will range from 3400
to B200/ton {21), Although these Flgures are not
directly additive to those {n Table 10, it ls clear
that when all centrol coats are combined, the cost/
ton of emlsaian removal from the HDD Eleet {a greater
than that from the HOG fleat.

TRUCKS AND AIR QUALITY [N CITIES: A CASE STUDY

Raw estimates of total emigaslons reduction, as pre-
sented previously, have little to do with the primary
purpose of Aair quality atandards, that is, the pro-

tection of public health. To focun more selectively
on the effectiveness of emismion controls on heavy=
duty trucks in reduelng tha threat to publlc health
ropresented by ambient poliutants, the Impact of
theas controls on reducing ambient No, in two
high=volume traffle corridors was evaluated. Disper-—
slon of NO; In thass corrfdors was simulated and
potential exponure to NO, was evaluated.

Traffic Corridoca

The choice of prototypical trusk trafflc coreidora
for a comparative alr quality analysis was govarped
by availability of data and proximity of the research
team to candidate sites, On both counts, loctationn
in the Chicage standard metropolitan statiatlcal
atea proved Buperior to othar alternatives. Chlcago
has long bean a hub of national fralght movemant,
with extenslve Inter- and I[ntramodal cargo tranafat
occurring around the clock. According to D.A, Zavat-
tero, baseline (1975) data on heavy-duly truck move-
mants in the Chicago area had baen obtained from the
Chfeage Area Transportatfon Study (CATS) (personal
communfeaticn, September 19%83), tegether with fore-
cants of local heavy freight activity chat included
identificatian and targeting of roadway corcidors
where oxtesnslve movement of commercial goode |a
expected in the future (24}. The researchers' loca-
tion in relacion to these corridors facilitated
field surveillance of candidate locations and £inal
pelection of those that appoared to be both repre-
sentative and of interest because of the presence of
sensltive receptors. An exprersway corridor and an

TABLE 10 Cont-Effectivencss of Particulate Control to 0,25 gfbbph and NO, Control to 4.0

w/hhph
Particulste Control K1, Cantzol Total
Vehicle
Type 1948 1495 1988 1995 1984 19495
nnn 427-1@,592 461-10,774 411-770 914-1,609  A38-11,362 1,578-12,477
libG NA NA 91-750 (27-1,408 291-750 627-1,008

Note1 Coslear® enpresseid in $fron removed ; NA = nor applieable,
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arterial corridor that contalns a major intermection
were chosen for microscale alr quality simulation.

The central feature of the expraessway corridor im
an olevated, wmile~long sogment of urban freeway
constructed to Interatate syatem stapdards. (The
segment 18 actually a link of the Interstate npat-
work.) Three lanes of traffic in each direction are
gopatated by a median at least 15 £t wide; allgnment
ia roughly west-soythwest to cast-northeast, Tha
corrldor itself is largely industrial, but the frea-
way passes over Burface streects along whlich commer-
clal and industrial premises house employees thraugh-
out the workday; the closest escablishment ip a8
lateral maters from the edge of the froeway (25).
Humerous heavy-truck trips orlginate and terminate
in this corridor daily.

The arterlal corridor is functionally linked to
the expressway corridor with respect to tho origin-
destipnation points for much of the heavy-duty truck
traffic; many of Chicago's intergity truck freight
terminals {important break=-in-bulk pointa) are north
of this corridor. Considerable truck craffic lIs
channeled along the corridor between thase terminals
and the heavy-industry districts of western and
southeastern Chicago, A Xkey intersectlion in this
corridor is heavily used by commercial traffic turn-
ing east toward destinatlions in Bouthern and south-
eastern Chlcago and north toward tha truck terminals
and expresswny eystem. Thls Interaection histori-
cally hap experienced high volumes of heavy-truck
movement, and thase are expected to continue.

Dispsrsion Ahalysis

The CALINE-3 model, developed by the Califarnia
Department of Transportation and endorsed by EPA for
micrescale aimulation, was used {n the dispersion
analysia. Decause NO, disperaion was to be simu-
lated, the molecular welght of the pollutant spécies
(hard-coded for CO) was changed from 28 to 46 (NO,
as NG,} hefore source cempilation. The result did
not take into account the reactiviey of NO, species,
but sarried the assumption that chemical reduction of
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NO; has a neqliglble effect in the catimation of
ahert-term {<1 hr) concentrations Erom local emig=
slon Bources.

The baselina truck network asaignment performed
by CATS {(for which link and turn valumes were gra=-
clously provided to the ANL ceaearchera) had gener-
atad heavy-truck €£low volumes for che ntudy corri-
dors; these ware converted te percantages of averago
daily trafflc based on total treffic data (25). The
repulta were used to waeight the heavy-duty portion
of tha 1987 and 1992 time-of=-day VMT fractions used
by the Illinvis EPA in ita 1982 NGy analysis (26}.
It was assumed that 1987 splits would ceasonably
approximate the 1986 aimulated dietribution and that
1932 aplits would serva as a reasonable aurtogate
for 1995, The sum of the relavant VMT fractions for
arterials or freeways in each year (for both DG and
RDD trucks) was multiplied by a factor that made it
equivalent to the appropriate value above; all frac=-
tions were then renormalized to reflect the revised
heavy truck share, Offepeak splits ware used because
of the hilgher truck share of aff-peak volume. Table
11 presents a summary of the almulation tnputs used
by MOBILE2,5 and CALINE-3.

Results: Hourly Exponures for Worst=Cape Conditions

For the case in which current heayy-duty emission
standards are retained through 1995, short~term
{hourly average) NQy cxposures undergo no Bignifi~
cant reductlon throughout the poriod Ln the arterial
carridor, Exposures to total NOy, apecies in the
roadway itself in 1988 range from about 220 wg/m
{250 £t from the intorsection) to 425 pg/m' (in A ve-
hicle actually stopped at the intersection), while
axposure at the sensjtive-receptor distance E£rom the
rondway can reach as high ag 400 pg/m' near the in-
terection. By 1995, the corraspendilng roadway con=
centration range is 225 to 440 pg/m', and sensitivo-
receptor expoaure is up to 415 ug/m', (Note that NOp
ageounts for 30 to 70 percant of total HOy.)

Under the same set of heavy-duty standards, the
expressway cotrldor experiences a madest lmprovement

"ABLE 11 Fanission sl Dispersion Model Inpute

Inpur Feeeway Corridor Artetial Corridor
Road atbinuth (degrees) T0 Link A: 180
Link D: 90
Link lengih ()} 1700 Link A: 000
Link I3: 300
Wind uzimuth (legrees) 185 120
Wind speed (mfs) 1S i
Stability class 11 {uetn) D turbsnd
Mixing height (m) 1500 1500
Mixingcedl width (m) 42 k1]
Background NO, (ppm) 0.04 (75 wgfm®) 0.03 (6 ugfm®)
Surface roughness, settling velocity, deposition velocily L0, a,00
Source hejght tm)
Above adway 0.6 0.6
Above datuin 5.8 0.h
Receptor beights (m) {above datum} 1.8 {on surface stieed b 1.8
110 {on vxpressway }
Ambient temperature (%)7) 54 54
Altitudle (1) 1,000 Lono
Kegion 49 stajes 49 statey
Cold-start pereentage 18.5 18.5
Compostte emission Tactor (g/ui) from MOBILE2.S
19848 current 5.6 38
1958 stringent LA 33
LG5 current £4 p
14495 siringent 34 [ R
Tleavy-disty truck traflic ms perecnlage of avenge daily 10.6 Link A: 11T
aftic Link B: 11,3
7,600 Link A: 2,500

lidicectional daysime of f-peak average ourly traffic
volunie

Link 13: 2,204
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in warst-case NO, from 1988 to 1995, but this lIs
duo primarily to reduction In HOp emiselons from
automobiles. In 1988, conditions appear to bo poten-
tially serious) exposures to total NO, species of
morg than 930 yg/m' in the roadway itself (a vehlcle
eccupant could he caught in this situation for 15 to
30 min, depending on traffic), with the sepsitlve-
regaptor location on the murface streot experiencing
up to 415 pg/m' as the l-hr average. DOy 1995, peak
axpogite has deelined to 500 pg/m' in the roadway and
405 yg/m*' at the recepter. It appears ln both cases
that the relatfvely high truck emlasions acro neutral-
izing the gains in air quality that otherwlse would
he achieved in thesa corridors by the curzent (or
impending} tighter controls on light-duty cars and
trucka.

Under the atringent (4.0-g/bhph) NQ, atandard
for heavy trucks commencing with the 19534 model
year, Bignificant reductions are seen in bath the
arterial and expressway corridec. By 1995, hourly
NO, exposures in excess of 280 ug/m* in tho artecial
corridor are confined to the roadway ltself, in the
immediate vicinlty of the intersection. Peak expo-
sures on the expressway hava fallen to about 600
ug/m' and to 200 pa/m' at the 8ensitive receptor.
Exposure levels under this atripngent standard repre=
sent A 21 to 35 parcent reduction in theme corclidors
by 1995 from expodure levels experienced updar the
10.7-g/bhph  atandard. IE high ROy exposure rlaks
exist today in these corridors, they should diminish
slgnificantly or (in the case of the arterial) vanish
by 1995 under stringont NO, control for heavy
trucks,

Table 12 presents the modaled concentrationa at
represantative receptor pointm in each corridor for
each year and each emission control stringency case,

Capar8tudy ConclusionA

Two general conclusions can reasonably be drawan from
the corridor analysis:

1, The cutrent standard (10.7 g/bhph} would, if
left In place, produce an apparent retention of
atatus quo conditions in each of the corridors. That
is, the reduced NOy, emiasslons of the Llight-duty
fleat will, over time, only balance the increased
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No, emlisslons from heavy-duty trucks bhecanss of
Lncreasad numbers of trucks and (possihly) deterio-
ration of emlssion contrel equipment, 1t should
therefore be concluded that, if there is a problem
today, it will pernlak into the future,

2, Stringent NOy, control standarde (4,0 g9/bhph)
for heavy-duty trucﬁn result in a algnificant not
improvement in the arterial corridor. Poteptial peak
NQ, exposures in the expresaway corridor are re-
duced but remain very high.

In addition, although WO, emisalona Erom heavy=-
duty vehicles have becn shown to be substantial, Lt
has not been eptablished how or whether this gancous
effluent 1s borne aleft to the uppar tropesphore.
Bechuse thess emisalons cannot be traced (with cur-
rent medaling processes) to a substantial distance
from their point of origin without consldarable
conjecture about thelr buoyancy, it ls not yet elear
what beneficial offect the atringent NO, control
atandards for heavy-duty truckse would actually have
in teducing acid presipitation precursor cmisajons,
or Lf such standards would aven constituta an effec-
tive ozone control strateqy.

CONCLUSIONS

The case for stringent emiasjon controla for heavy-
duty trucko le not well grounded in the argument of
improved atr quality, There are few aress today
exceeding the ambient WO, stondacd; retention of
the current heavy-duty truck emission atandard alone
would apparently lead to no net cdagradation of NOj.
Futthermore, any other grounds, such as reduction of
acld rain precureors, are only tenuous [f heavy-duty
vohicles are copnsldered in isolatlen. The costs of
stringent control are highy whatever justification=-
bayond the letter af the law-~is finally put forward,
the ultimate attributable costs of such controls ate
far from being a bacrgaln.
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Effect of a Noise Wall on Snow Accumulation and

Air Quality

J. KIRBY LIDMAN

ABSTRACT

A noise wall was investigated to assess [ts effect opn Bnow accumulation and alr
quality. Wind tuppel studies wore undertsken to evaluate {a) possible snow
accumulationa and (P} the disperalon of particulate concentrations (dust, amoke,
and lead particles) apd carbon monoxide. Full-seale monitoring of partlculate
concentratfons and carbon monexkide was performed both before and after the
nolae wall was constructed. The wind tunnal experiments for snow accumulation
ware conducted on a model wall lecated ln a flat, unobatructed area, A separated
flow zone eximted upwind of the wall and snow immediately began to accumulate
aver maoat of the geparated zone, Having the nolame wall in an aerodynamically
rough area, such aa In an urban area as this one was, subatantlally decreased
the amount of snow collected, compared with in the wind tunnel atudlea, because
of turbulence reducing the separation zone. The anow accumulation has not heen
algnificantly greatsr with the nolse wall in place than it was before construs-—
tion and has proven to be of no concern to date, Monitoring for particulate
concentrations has shown that the nolise wall has had a beneficial effect be-
cause the amount of materlal collected was reduced, With the nolse wall in
place, monitoring for carbon monoxide has Indicated that (a} for equivalent
emissions under conditions of high atmospheric stability and low wind speeda,
the carhon monexide levels would be lower; and (b} under candltions of 1low
atmospheric scapility and high wind speaeds, the carbop monoxide levels would be

higher than expected without the wall in place,

lowa's ficat Type II (retrofit) nolsa wall has been
offaective ag a traffic nolae acreen. llowever, at an
initial public information meating before construc-
t{on had taken placo, some concern was exprossed
about the effect that the proposod naisa wall would
have on show accumulstion and aic gquallty (L1}, An
assgsament of the affect of the noice wall on spow
accumulatisn and alr quality in the vicinity of the
wall 1s given In this paper.

Fiqure 1 im & map showing the location of the
projoct in relacion to the Des Moines metropolitan
area. A steel wall was constructed on the east aide
of the I-235 Freeway on a general north-gouth allgp~
ment between Eanton Boulevard and Quthris Avenus (n
Des Molnes. The wall consimtn of asteel H heams placed
at 16-ft intervals with 1l6-in. by 16-ft corrugated
interlocking &steel panels attached to the steel
beams by self-tapping scrowa. These pteel panels are
eoated with a pelyviaylflouride £ilm to make the
wall corrosion reslstant. The wall {s 1,455 m long
and varies ip height 4 to 5 m along the major por-
tion of lts length, At its nearest locations, the
wall in 1 to 2 m from the shouldor of the highwayr
therefore, a guardrail 1s required on the highway
aide of the wall, The backyards of numerous resi-
dences are adjacent to the wall,

Asrodynamics of a Wall

According to asrcdynamic theory, air flow near an
expoged wall on the downwind alde is aald to separate
and form aerodynamic eddies and cavitles that may
concentrate airborne material such as spow or pol-
lutants fip localized reglena, as Ahewn in Flgure 2.
on the upwind aide, a scparated zone also exiuts,

and material will tend to settle Iln this region. The
extent to which separatlon occura depends principally
on wind speed, wind direction, and tuehulence. On
the highway side of a wall, maving vehisles creato
air turbulepce, thoroughly mixing pollutants or
anow, or bath, with flewlng air and greatly reducing
the aepagatlon Zones., On the residential alde of the
wall, bulldings, vegetation, and other obstructions
to smoothly Elowfng air create turbulence, again
mixking any pollutants or onow, or hoth; with air
Elow and reducing the separation zones.

METHODOLOGY ¢ WIRD TUNNEL

A wind tunnel is a useful and convenient experimental
faciliey for providing any wind apeed and wind dl-
raction by retating a model of the objeet under
inyestlgation within the tunnel. The Iowa Department
of Transportatlen conatructed a model wall approxi-
mately 6.35 cm high, placed it on a turntable 76 cm
in diameter, and insatalled it in an fowa State Uni-
versity wind tunnel. Material representing snow or
amoke as poliutanta was Introduced near the medel
wall to permit vinualization of the air flow and the
patterns of drifting spow, A schematic of the wind
tunnal and model for the experiments is shown in
Figure 3.

WIND TUNNEL STUDIES OF THE EFFECT OF A SOLID WALL ON
ACCUMULATING SNOW

The model of the wall, as previously described,
apanned the entire wind tunne)l floor and thuas the
experiments represented a two-dimensional flow, that
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Location of Project

Das Moines

Meiropoitan Area

FIGURE 1 location of the noiw wall project.

Harizontal Velocily Profiles

Highway Wall
FIGURE 2 Velucity profiles, Note: Upwiril of wall, a favorable pressure
genilient exists and flow accelerates, Downwind, an advers pressute gradiont
existn during deceleration, Mlaw separaies ot 1op of wall, Tow reverses, aml
aercdynamic eddies are formed, Size of cavily is dependent on witnd speed amd
wind direction,

i8, the results were similar to the BRow accumula=
tions resulting from the central portlon of a very
1lang wall. The model olty was not used for those
expetriments, The wind direction was notmal to the
wall and wind speede for Bxperiment I wag 4.9 m/sec
and for Experiment 2 was 3.9 m/sea. Pull-scale wind
speeda would be threa times those values and corre=
spond to 32 mph and 24 mph, cespectively.

Hearly all of the anow accunulations were de-
posited on the windward (upwind) eide of the wall,
which {m typlcal of a eall =olid wall without a
bottom gap. Eventually, the apace to windward will
drift full to o windward drift length (normal to
wall) of approximately 10 times the wall height and
then the leeward (downwind) side will stact to col-~

Pcllutont Enirapment Cavity

lect drifted material, again eventually to a drift
length of 10 timas the wall height (James D. Iverson,
unpublished data, 10/2/79}). However, the experiments
were not continued long enough to accumulate much
lagward drift., Flgures 4 and 5 show the timewlae
accumulation of drift area in plan. A separated flow
exists upwind of the wall and imnediately mataerial
starts to acoumilate over mont of the separated
zone, demansbtrated by the sharp increase {n plan
area for early time in Plgure 4, hs shown in Flgure
4, material accumulates more rapldly for the higher
wind cpeeda.

Figure 5 showa the accumulated upwind drift acea
an & function of dimensionless time. Hote that the
data Erom the two different wind speeds effectively
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Model of barrier
on turntable

Modai ity to create
typical urban turbulence

FIGURFE. 3 Schematic of wind tunnel and mode! for experiments.
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FIGURE 4 Timewise accumnlation of driftares in plan,

collapse into one curve. The ratios of full=scale to
model time for the two experiments are predicted to
be 9,93 for Run 5-23=1 and 10,04 for Run 5-23=2.
Thus, Run 5-23~1 corresponda to a full-acala storm
with wind speeds of 32 mph lasting 5 hr, 18 min and
Rup 5<23-2 corresponds to a storm with wind speeds
of 24 mph lasting 6 hr, 22 min.

Although the experimentn were not continued until
equlliberium drift capacity, a slgnificant amount of
drifted material was accumulated upwind of the wall,
as shown ln Flgure 6. The experiments corraspond to
a wall located in a flat uncbstructad area. Placing
the wall in the middle of an aerodynamically rough
area would decrease the amount of matarial ace
cumulated,

CORCLUSIONS OF THE EFFECT OF A SOLID WALL ON
ACCUMULATING SNOW

‘fhe wall is lecated in a relatively flat urban area
conalating of many buildings and a significant amount
of vegatation, including many trees of subatantial
Blze. Snow accumulations have not been a concern Ln
the 4 years aince constructlon of the wall., Ap-
parently, the turbulence created by thes merodynamic
roughness of the area and the meving vehicles on the
freeway have pravented any substantial drifting, as
might he expected from the resultn obtained from the
wind tunpel experiments. A number of anow storms
have occurred in the Des Moines area since construc~
tion of the wall, although probably nat of the in-
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FIGURE 5 Accubulaied spwind drifl grea aa a function of disensionless time,

tanalty modeled in the wind tunmel. The wind tunnel
tysulta should probably be consldered a consarvative
basaline estimate of what could be pomsible under
extrema conditlons.

HIND TURNEL STUDIES OF THE EFFECT OF A BOLID WALL ON
AIR QUALITY

The model of the wall was placed in the wind tunnel,
an shown in Flgure ). Smoke was introduced into the
tunnel near the medel to permit visualization ot tha
flow) qualitative testing was then performed at
varlous speeds and wind directions. [(Models of
buildings were located within the tunnel upwind of
the wall to create turbulence that Ls found in a
typical urban situatlion.) A number of photographso
were takeny examples are Bhown in Plgures 7-10. In
genetal, the flow patterns as depicted in‘ Figure 2
wore contipmed, that 18, aerpcdynamic eaddles or
vorticea and cavities are present downwind of a wall
under certain conditions; therefore, entrapment and
concenteatlion of pellutants near walls are a distinct
posslbility, eapeacially for certain wind speeds and
wind directiona,

AIR=QUALITY MONITORING

Becausp the wind tunnel studies indicated a ponsi-
bility of incremsed alr pollutant concentraticns
when the wall was in place and because of the con-
carn hrought out at the inltial public information
meeting that tha wall would have an adverse effect
on gensral air movements and dispersion of exhuust
emimsaions from the 1-235 Preeway, a small-scale ce-
seacch project was proposed to monitor the air
quality before and after construction and to eval-
uate the results.

Thae primary alr pollutants from the fnternal
combuotion angine are carbon monoxida, hydrocarbons,

oxide of nitregen, lead, and othar pacticulates-—
primarily dust and smoke. A stoady stream of maving
vehlcles on a highway constitute a line mource of
these pollutants. The air turbulence created Ly the
moving vehicles thoroughly mixes the pollutants with
alr. The reglon whera this occurs §a called the
mixing cell, the limits of which are defined and
confirmed by studies to be appraximately twice the
height of the average vehicle in the vahicla mix
{approximately 4 m), the width of the highway, In-
cluding medians up to 9 m wide, and 3 m on each side
of the highway to account for horlzontal turbulence;
the amhient poltutant level is excluded. The unlform
well-mixed pollutant soutce contathed in the mixing
cell {s then dispersed downwind, This definition of
the mixing cell ip shown in Figure 1l for a typical
carhon monoxide concantration lavel pattern.

Monitoring for wcarbon mopoxide entailed the use
of four pertable carbop monoxide monltors calibrated
vuaing the Pes Molnas nondlepersive infrared monitor-
ing unit. A meteorological bivane was used far wind
spaed and wind direction. Strip-chart recarding
lnstruments waern interfaced with the monitore and a
climate-controlled traller was used to house tha
instrumentation,

Progongatruction menitoring for carbon monoxlde
began on July 1, 1979. The climate~controlled trailar
was pasitioned near the midpoint of the proposed
noise wall location. The intakes, cannected to the
monitoring units with polyvinyl tubing, were located
at the right-of-way fence-~the proposed lecatlon of
the wall--and at digtances of 5, 15, and 23 m from
the fence at a height of 2 m,

In addition to carbon monoxlde disparsion, par-
ticulata {dust, smoke, and lead particles) concen=-
trations ariaing from the fraeway wete alsc of con-
carn in relation to the affects of the noise wall.
This type of pollutant was measured by two high~vol-
ume samplera, an ipstrument that draws a 24~-hr sam-—
Ple of known volume through a filter of predetetminad
wielght. The amount of particulates retained on this




FIGURE 6 Significant amount of drifted materia

B,

Paceumnlated upwind of wall,
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FIGURE T Plate No, 13 General view of model wall on turniable,
Note: Shrobbery can be seen in froni (upwinil) of wall and Mlow ju
N degrees wilh respect (o wall, ack sirips in fronl of andd belint
walt were placed on turntable 16 enhance flow visualizntion after il
was fonml that it waa diffienlt 1o see smoke over {he while
tuenlahle,

e T, ‘,‘E

FIGURE & Plite No, 20 View of molel wall and tietalle from
Lup viewing wimlow, Note: Flaw is froms Tower sight corner to
upper lefl corner and Is approxiinately A5 degrees with respect to
wall. HMlocks in lower right corner are part of malel vity. A sitde
virwing window can be seen in the upper right.

filter was converted to the concentration per cuble
meter of air. One sampler was located 5 m from the
right-of=-way fence and a secopd one 15 m from the
right-of-way fence.

‘The meteorological bivane to measure wind opead
and wind directlon was calibrated and inkerfaced
with a strip chart recorder for continuous monitor-
ing. Hourly mateorological data for the monitoring
por lod were also obtailned from the Hational Weather
Service located at the Des Moines Municipal Airport,
This latter information was to he used as n check on
the study-site wind data apd a backup source for
these data If the gtudyesite data ipstrumentation
failed, These data were used to determine the degreoe
of correlation between the measured traffic-related
pollutant levels apd the wind parameters at the
study site, Traffic data were obtained for 1-21%
during the menitoring peried.
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FIGURE S Mate No, 3 General view of model wall, showing tults
of yarn atlached o top of wall with tape 1o further enhanee Tow
sisunlization, Note: Part of madel city can be seencin the upper
left corner,

FIGURE 10 Plate No. 51 General view of mods wall showing
pellutant enteapment eavity, Note: Flow is left ta right al
approximately A5 degrees witly seapect to wall, Pollitant
etrtrapment eavily can be seen as & white eloul near renter of
photogeaph and just dewnwing of wall, Random mation, sortices,
neredynamie ecilivs, anc flow reversal are tlicated by e wispa of
sioke inenvity, Alsve mnl downwind of eavily, smoke (seen as
lean dlomzr than in cavity} is moving uniformily.

The monitoring units were in continucus operation
from July 1 to October L, 1979. Conatruction of the
noise wall began in May 1980 and was cempleted in
July 1980, Air quality monitoring was resumed in
July 1980 and cantinued through September with the
noise wall in place. Intakes for the carbon monoxide
monitoring system were located on the hlghway side
of the nolse wall and at dlstances of 5, 15, and 23
m from the resldential side of the wall at a height
of 2 m, similar to the preconastruction layout.
Meteorological inatrumentation was agaln put in
service, and a now series of particulate samples was
integrated with the national total auspended par-
ticulate (TSP) mopitoring schedules.,

It acon became apparent that both the 15-m carbon
monoxida monltor and the 23-m monitor were measurcing
identical and very low conceptratlons, Connequently,
the 15-m intake was eliminated and the 23=-m unit
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FIGURE 11 Typical pattern of carbon monoxide eoncenteation level,

continued to measuze what were copmldersd background
carbon monoxide levals for the study area, Traffic
data for I-235 and hourly materoleogical data for the
monitoring period were obtained Ffrom the National
Wenther Service as they ware for the preconstruction
period.

STATISTICAL ANALYSIS OF AIR-QUALITY DRTA

Table 1 gives the TSP monitoring data for the pre-
copstruction and postconstruction study pericds. Ao
ahown,; the mean TSP at 5 m from the wall was found
to be 82 wmicrograms/m' before construction and 79
micrograma/m'* after construction, which {2 not a
aignificant diffuerenca, However, at 15 m from the
wall the mean TSP was 78 micrograme/m' before
construction and 65 micrograms/m' after construce
tion. A statistical analysis of the data indicates a
aignificant difference Efor the ratfes of the S5~m
values over the 15-m values for TSP before consbruc-
tion and after construction. The average ratio of
the 5-m walues over the 15-m values for the 1979
preconstruction monitoring pericd was found to be
1.07, and the average ratlo of the 5-m valuss over
the 15=m values for 1980 [or tha postconatruction
pecricd) was found to be 1.22. Thus, the @ifference
in the average ratios for the two years 18 0,15, At
the 95 parcent confidence level, the range in 0,13,
apd the upper-level difference s 0.28 and the
lower-level differsnce is 0,02. Thie implies a bepe-
ficial effect of the wall in retarding the disper-
sjon of particulates from the highway to the east-
8ide reaidential atea. The monitor farthest from the
wall, the high~volume sampler 15 m from the wall and
nearest the residencea, shows 4 somewhat lowsr sea-
sonal average copcantratlon with the wall in place.
The lndications are that a portion of the transpor-
tation~related particulate matter £rom the I[-235
Freoway quickly sattles near the residential side ot
the wall, ica further tranaport being limited to a
degrea by the effect of the wall on alr movements.

A summacry of the observations for carbon monoxide
by wind direction ls given {n Tables 2~5. A statipg-
tical matreix 18 given for 1979 and Mopiter 2, the
monitor 5 m from the tlght-of-way fence ot tha wall
{Table 2} for 1979 and Monitor 4, the monitor 23 m

fzom the right-of-way fence or the wall ([Table 1)
for 1980 and Manltor 2 {Table 4); and for 1980 and
Monitor 4 (Table 5). The frequency and tha ovarall
percent of the specific occurrence for wind direc-
tion and a given carbon monoxide range of values are
given. The intake for Monitor 1, located at the
tight~of~way Eence in 1979 and at the top of the
wall on the highway sida in 1980, does not provide
ugsaful information for comparigon becauss of the

TABLE 1 T8I Monitering Data for Freconstruetion ami
Poateonstmuction Study Periodu

TSP Concengration tmicmsranm‘m")

S from L5 m fram
PPate Collected Kight-of-Way Wil Right-of-WayWall
070874 6 7
T34 74 54 4
07=20:79 LES 121
1#7-26.7 #7 L1
08-01-79 5] a7
08-07- 113 102
Q81379 [[+4] 07
[RLAD] 42 51
0R-23.79 UM 70
08-25-79 ] 63
D4-31.79 [iL] i)
0%-06-19 m bh
09 [ 279 3 4
0Y- 1§74 128 124
09-14-74 b 7}
04-310-7% K7 L]
10-0-4.71 67 57
(Wall construeied June 1980)  Mean = 82 Mean = T8
G7-26-80 44 15
08.0]-40 TH 67
080780 E0 67
QH-13-80 5u 51
08-19-80 TH 62
08-25.50 96 R3
04-31.80 by 4
De-06-80 ak 57
04-12.80 a6 71
09-15-K0 i 57
4-24-50 89 71
09-30-#0 6 85
10-D6-Bf 115 12
[h] 280 5 7}

Mean = 7Y Mean =65
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TABLE 2 Averye Carhon Manuxide al Manitor 2 (ppm) and
Average Wind Dieection per Hour
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TABLE 4 Avergge Carhon Monoxide at Monitor 2 (ppan ) and
Averago Wind Direetion per Hour

Wind lizecrjon

Mg at

Wind Direction

Avg at

Mopitar 2 East West Calm Tatal® Manitor 2 Fast West Calm Total*

Ota l ppra dip 1 ppm
Frequency 492 L] 146 1,394 Frequency 8 LT 36 1,056
Percent 3398 134 540 51.68 I'ereent 50,96 1028 L1 05,47
Ruow pereent 6341 25,75 1044 How percent T7.H4 14,75 34l
Columa pereent $7.03 43,01 48,03 Column percent 71,92 5238 03

2 ppm X ppm
Frequency 568 il tun 1,055 Frequency 37 [ XR] h] kR
Percent 21.00 14.00 392 34,00 Percem 14,69 8,15 149 T4
Raw percent £3,44 36T 190.05 Row pezeenl 60,15 3370 6.09
Collnn peteent 36,32 45.52 3487 Column pereent 0,73 A549 26,00

3 ppm 3 ppin
Frequency -] 87 40 16 Frequency 0 15 [ 117
Percent 3m in | BF] T.99 TPeecent 4.4 L7 (IR d] 7,15
Roew percent 41,20 40,28 14,52 Row fiercent 59,83 m.9] 10L26
Caluma percent 560 10,39 [EREN Cotutun pereent fl2 926 1304

d4to 5 ppin +ta 5 ppm
Frefquency 3] 9 12 16 Frequency 13 b 15 35
Fercent 0,58 0,33 044 (1] Percent 081 041 0,93 117
Row percent 41,467 15,00 33,33 Row pepcent 7,14 20,00 41,80
Calumn pereent 0,98 108 398 Colump percent L4 1.&S 16,30

Total* >6 prm
Freéquency 1,564 437 304 2,708 lrequency i 5 5 11
Tercent 5742 30.94 1L 100,00 P'ercent 0,06 0.3 031 0,68

Row percent 42,09 45,45 45,45

Nota: 4079 date. - Cu‘tunm pescent o,0% 1.42 543

1, atal

Soane Intaks off hy .01 dug 1 dounding Frequeney 1,143 37K 92 1613

Percent 70,56 1343 50 100,00

TABLE3 Average Catbon Monaoxile al Mouitor 4 (ppam) and
Average Winl Direction per Hlour

Wind Direction

Avg

Monitor 4 East Wesl Calin Total®

Ora | ppm
Frequency 1304 620 ot AR
T'eraunt 48,70 23,04 7448 19.26
Raw percent 61,94 902 9,44
Colutiin percent #4.50 ™ 646,12

2 pmn
FFrequency 4 [y TI 482
Tercent 7,97 36 nn 17,54
Row pecenl 44,40 EIRT 15,15
Column percent L1.82 .38 .0

3ppa
Frequency 0 [ 8 64
Percent 0.4 0,60 104 LW
Row percent .25 25,00 43,75
Column percent t,2u 192 121

+ta 5 ppm
Frequency 6 3 1 §]
'ezcent 0.22 0.1 .07 0.4
Row percent 54,58 7.7 15,18
Coalumn percent 0,39 016 &,66

‘Tatar®
Frequency 1,548 814 04 640
I'ercent 57,63 31,05 11,32 100,00

Nijgz {979 data,

"Snsma totals off by 0,03 due Kt found{Ag.

changa in positiop of the intake. Therafore, Monlter
2 information, where the intake [s located 5 o from
the wall or 5 m from the right-pf-way fence in the
preconftruction phase, {8 the one chosen for the
cempacison study, Alse, the intakes of the monltors
ara downwind from the I=-235 Precway only for west
winda, Therefore, only west winds are considered in
the following Analyses.

In comparing 1979 and 1980 data tor Moniter 2
{Tables 2 and 4} for west winds, it can be seen that
the percentages tend to be lowsr for the lower carbon
monoxide tanges in 1979 compared with those in 1980,

Note: 1080 data.

YS5amp totats off by 0.8 du to rouniding,

TABLE 5 Average Cachon Monoxide at Monilor -+
Avorage Wins Direction per Hour

(o) mud

Wind Direction

Avg at

Maniior 4 Fast West Catm Total*

Qto [ ppm
Frequency 0% 29 54 1374
Perceat 61,69 20,40 1.8 #5,43
Raw pereent 70 1348 392
Calumn percent K7.08 87,04 58,70

2 opm
FFrequency 123 23 22 16K
Percent 163 1.43 1.36 10,42
Row pereent 7h21 13.6% 131
Column prreent 10,76 .08 23191

3 ppm
Frequeney L] & 1 RE]
P'ercent 1,02 050 0,74 2,36
Row pereent 47,37 205 11,54
Column pezeent 1,57 an 13,04

A e § ppm
Frequency 7 13 4 24
Percent 0443 0.81 0,25 1.4%
How perceny 29,17 417 6,67
Citluthin percent 0.6l 344 4,35

=6 ppm
Frequency q 5 0 5
Iegeent 0.04) 3 0,00 (1L}
Raw pereent .00 100.00 0.00
Caltumn pereent (1K) .32 0,00

Tatal®
Frequency 1,143 78 43 1,613
lrerevnt 70.86 2343 5.70 100,00

Note: §940 dats,
aine 1o1ali off by 4,01 dyr tnraunding,

and highar for the higher carbon monoxide ranges.
For exampla, in 1979 43,0l percent of the weat winda
are in the 0 to ) parts per million (ppm} range, and
in 1980 52,38 parcent of the weat winds ara fn tha 0
to 1 ppm range. Howaver, fin 1979 45.52 percent of
the west windas are in the 2 ppm range, whereas in
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1980 only 35,19 peccent of the west winds are ip the
2 ppm range, This tends to indicate that the wall
may have a bepeficial effect and may lower the carhon
monoxide levele, Monitor 4 levela (Tables 3 and §)
are all osomewhat lower than Menltor 2 levels, which
in to be expected. Also, eaat winds for both monitors
in both years tend to result in higher peccentagea
For the lower carbop monaxide levels, which again is
to be expected.

Dats collectad from the Wational Weather Service
and data from the meteorological bivana were used to
calculate the Btability clams for each hour of carbon
monoxide lewvsls obtained Erom Mopitor 2, and the
data on wind speed and wind direction obtained from
the meteorological bivane were combined with the
determined stability clasg in a statistical analysis.
It wag assumed that the following fis true:

c0 = fynction {T, E.P., Usim, 5.C,)
wherae

€0 = carbon monoxide (ppm),
T = traffic (vehiclesshr),
E.F, = emission factor (g/vehicle-mile),
¢ = angle {degrees botween wind direction
and highway alignment),
Uslng = crosswind speed (mph), and
§.C. = atabllity class,

Tha emission fnctors for 1979 and 1980 were com-
prated; by using the data obtained from this atudy,
the tollowing ware obtained for west winda only, For
the preconstruction yeat of 1979,

€O » 1.03 + 000015 ({E,F.} {1) [Using) <033 5,0.+374 (1)
and for tha postconatruction year of 1980,
€O # 1.14 + 0000257 (E.P.} (T} (Using}+67/5.c.-99  (2)

It ia observad that in 1979 carbon monoxide levals
were largely dependent on emission factors and traf-
fic, In 1980, with the wall in place, cathon nonoxide
levels were significantly affected by stability class
and the ctosswind speed as wall. It ls ipteresting
to note that the lower the wind spead and the higher
the atabllity class (more stable conditicns), the
lower aré the carbon menoxlde levels. This is con-
trary to the usual catbon monexide line scurce mod-
ald, which suggents that for low wind speeds apd
atable meateorological conditions, the wall contains
the miking cell on the highway side, With higher
wind speeds and unatable conditions, the wall {8 not
as effective in containing the pollutants en the
highway slde.

Adauming the Eirst term In each of the aguations
15 a background of ambient carbon monoxide level and
equating the sscond tarma, the interscctions of the
1979 and 1980 carbon monaxide level plots can be
found for a given stabllity class or a given Usim,
Por comparison, equivalent emisslons are assumed for
1979 and 19680, making the product of E.F. and T for
1979 equal to the product of E.F. and T for 1980,
and the effect of only the wall is thus obtailned,
The tesult of the Intersections can then be plotted
as shown in Pigure 12,
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CONCLUSIONS OF THE EFFECT OF A S0LID WALL ON
AIR QUALITY

The total suspendaed particulate monltoring data has
auggested that the wall has had a baneficial affect
in retarding the transportation-related particulate
mattar from the I-23% Freeway. The extent to which
this may occur cannot be quantified for a aolid wall
in gensral, The statlstical sampla was emall, and it
was not pesalble to correlate partinent meteococlogi-
cal data on a continwous hasis., Heverthelesm, suf-
ficlent data is avallable for a qualitative asaess~
ment, and it appsars that a benafit is realized from
pregence of a wall,

Figura 12, developed from the carbon monoxide
monltoring data, clearly Indicates that as the
nstmospharic atability is increased or the cragswind
speed 1s reduced beyond a cactaln level for wask
winda and equivalent amissiona, or both, the garbonh
monoxide levels are lower when the noise wall is in
place. This would indicate that the wall im contain-

18 =
17 =
16 =
15
14 =
13 =
Wall
12 - Rasults
in
114 Greater CO Lovels
T 10 =
E
. 5 -
B
£
s b
=3
7 -
6 95%
Agymplotic
5 Confidence
-1 tnierval
4 =
3
" wall
2 Raesulls
in
1 = Less CO Lovets
e 1T T T T
1 2 3 4 § 6 7

Stability Class
Incieasing Stanihty ————@n
Note: Critlcal erosswind components versus stability
class of CO levels obtained at Monitor 2; west winds;
equivalent emissions,

FIGURE 12 Effect of noise wall on air quality,
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ing the mixing ooll on the highway stde under the
conditions of law wind speed and high atmospherie
stability, Conversely, as the atmoepheric stability
is decreased or tha crosnswind speed is ipcrensed
beyond a certain level for weat winds and equivalent
emisaiona, or both, the ocarbon monoxide lavels are
higher when the noime wall is in placa. This sug~
qeata that a higher~than-expected concentration of
curbon menoxide i occurring near the wall because
of asrodynamic entrapment,
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Caltrans Experiences with Earthborne Vibration

MAS HATANO uad RUDOLE W, HENDRIKS

ABSTRACT

An overview of vihration lnvestigatlons performed by the California Department
of Transportation since 1958 is presented. These Inveatigatlons involved moa-
surement of earthborne vibrations induced by highway vehicles, conatruction
aquipment, and train passbys, All of the investigations Indicated viheation
levaln balow the criterion established for architectyral damage (plaster ctack-
ing) . However, pile driving and pavement breaking were potential problems and
monltoring was suggested for these situations. Two case studies are also pre-
aented, one on a train passing near a machine shop and a second on a new freea-

way alignment near a manufacturing plant,

gince 1958, the Callfornia Department of Transporta-
tion (Caltrans) hap conducted more than 40 investi-
gationa of earthborne vibrationa induced by con-
struction equipment, highway wehicles, and train
panghys. All of thass inveatigations were parformed
hecanne of complaipts ot concerna ahout advorse
impacts on activities inmlda bulldings or damage to
buildings. Barthborne vibrations arc caused by con-
struction activities from plle driving, pavement
breaking, and moving construction equipment. Vibra=
tions genarated by highway truck traffic hecome »a
problem when the pavement €5 rough ({pothales) or
because of stepped jolats. Train passbys also creata
aackhhorne vibrations.

Progented in this paper are some of the funda-
mentala of earthborne wibrations, guidelines for
apsessing thelr impact, Caltrans exporiances aver 26
yeara, and soma case historiaa.

FUNDAMENTALS OF EARTHBORNE VIBRATIONS

Earthhorne vibratiens are mainly From P-waves {com-
peession), S-wavea (shear), and Ralelgh waves (&ur~
face). Tha Raleigh waves are ganerally the preblem
and Are used by Caltrans in its studles,

Peak particle veloclty within tho cange of normal
carthborne vibratlons correlates best with acchitec-
tural damage and iptruasfon, whereas scceleration and
displacement do not. Therefore, the peak particle

velocity (in in./sec) is uysed as the descriptor faor
Caltrans atudlea, Parctlele velocity ia Eurthar de-
Eined to mean the vertical velocity at which the
soil particlea or other materlals vihrate locally ae
opposed to the propagation velocity of vibrations.
The latter is the speed at which vibrations travel
through the ground away from the acurce,

GUIDELINES POR ASSESSING IMPACT OF EARTIIBORNE
VIBRATIONS

No goingle standard existg for assessing the level at
which earthhorne vibrations will cause anpnoyante to
people, cause architectyral damage (planter crack-
ing), or be dlaruptive to precialon operations,
llowever, Tahle 1 Bshows guidelina vyelocities ({in
in./sect from wvarious sources. Caltrans uses the
quidelinas eatablished by Whiffin and Lecnard @f the
Road Research Laboratory in England (1).

Instrumentation

The followlng insttuments were uased to collect wvi-
bration data:

4 pelsmometers (Kinemetrics Rangar 85-1)

1 signal cenditicner (Kinemetrics SC-1)

1 qgraphic level recorder (Clavite Brush
16-2300-00), oaclllograph
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TABLE 1 Seleeted Yibration Criteria

B9

Minor Architecturak
Architectural Bamag. Likely,

Threshold of Damage Struclurab Datnage
Reference or Authorily Tered ption Annoyangg Risk Level Risk Level Remarks
Whiffen and Lennard (7] {used by Caltransh 00390188 (peak) L0984 (peak) J96R (prak) L3937..5905 (peak) I-'ol: curilllnunu:
vibrations
FIIWA-RINIE- 166 () 0054 (RM3) 0106 (RMS) Y67 (RMS) A1 8O He For
(,0077 peak) (,0433 peak) (,136H peak) contlaunus
vibrations
Commltice on llearing, Hioacoustics, and N040-,005] (RM5)} D056-0110 {RMS) B 1o 80 Itz for
ljomechanics Assembly for Bebuvioral and (.0057-.0721 peak) (00790156 peak) cantinuouy
Socla) Sclences () Nepending en time of day vihrations
Tureau af Mines {4} 2.0 (peak) 5.4 {pruk) Sinple eventy
Single blast Single blasi
ANSI S 3.29 (1983) 0039 RMS .0039-0156 (RMS) 1o B0 1z for
5 31801979} {,0055 peak) (.0035-0221 peak) cantinuous
vihrations

Yor sensitive persant
0078 RMS

(.0110 peak)

Far average persons

Nojat Valocitley glven In g heies welt d Fram prhes o N

The equipment im calibrated uaing a shake table as
shown in tha schematlo In fiqure 1.

CALTRANS EXPERIENCES

The Caltrans Tranapattakjon Laboratory (Teansbtab)
haa performed investigaticns throughout california
involving the following mituationa:

¢ Private residences
Manufacturing plants
Aeroapace companien
Machine shops

Art gallery

Movie atudio
Computer company
Hiatoric aite

Plle driving
Pavement breaking

L I R

Of the more than 40 lnvestigations, all have been
resolved. Two cases went to trial with no monetary
award in one caso apd 3 $£25,000 judgmant agalnat
Caltrans ln the second., The second involved highway
vibcations that affected a machine shop.

Measurements of Vibrations Induced by

Highway Vahicles

Highway vehiclea that induced earthborne vibratlons
were trucks, buses, and a Caltrans lowboy. The weight
of the lowhoy was 9,560 lb {(front axle 1}, 24,380 1b
{tractor axle 2 and 3), and 35,160 lb {trailer axle
4 and 5)t the total welght was 69,100 lb, On occa-
aicn, a loaded dump truck (50,000 1lk) wag run over 2
®x t-in. hoards placed on the pavemant and apaced at

GRAPHIC LEVEL
SEIRMORETEN RECOADEN
——

Tl
..E\_:"m ThME N £lEML

CONDITIONER
FIGURE 1 Schematic of calibration setup,

25-ft intervals to minulate a worat-case situation.
Moasucenments were taken ovar a broad apectrum of
highway structures, cuts, filla, and level sectiona
of highway., The Bsoil type cavered a wide range of
geolegic formetions,

Flgure 2 shows the data from the measuremonts,
all of which were all helow the architectural damaga
level of 1968 in./sec,

Maasurements of Vibration Tnduced by construction
Equipment

Flgure 1 shows a plot of earthbotns vibrations in-
duced by highway construction equipment versus vare
lous distances from that equipment. The latgest
vibrationn were caused by an EMSCO pavement-breaking
machine, Velocities of 2.88 and ,275 in./sec werae
recordad at distances of 10 and 1B ft; theae were
the highest valocities measured in tho mote than 406
studles to date. Vibrations from a Caterpillar N8
and D9, CQaterpillar earthmaver, Euclld eacthmaver,
and drilling piles were all below the architectural
damage level of .1968 in./sec, In genaral, 1t appsars
that the earthborne wvibrationa from construction
equipment wara not high enough to cause architesctural

ARCHITECTUAAL DAMAGE LEVEL
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FIGURE 2 Measurements of vilrationa inducenl by
lighway traffic,
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FIGURE 3 Measurcments of vibrutions induced by
conlrection equipment,

damage. Jlowaver, vibrations from pavement-breaking
and pile-driving machines are poteptially damagling
and should be carefully monitorod when working cloae
to sensitive receptors.

Measurements of Vibrationa Induced by Trains

Ploure 4 showa & Rlot of earthborne vibrations iln-
duced by traln passbys veraus vatious diatances from
those passbys. All of the vibtatlon levels were below
the architectural damage lavel of .1968 {n./sec,

In-House Vibrations

Rormal activities associated with llving fn and
maintaining a home give rise to vibratlons that are,
in some instapnces, capable of caueipg minor damage
to plaster walls and ceilinga in localized sectlonm
of the building., Vibration levels of various actlve
itiea measured in reosidences are shown in the fol-
lowing tabla,

valociey
hckiviky {in./sec)
Washer and dcyer .004 to .DOS
HWalking .008 to .187
Noor ¢loslng .010 to .056
Jumping <219 to 5.000

All of the wvibratlon levels except jumping arce

J0
’IIEHITECTUHMI AGE LEVEL
M————— = e

I TR ENEL & e b @

4

006 PERZERTICN

VELOCITY, (IN.JSEC.)

'Wll § 10 00
DISTAMCE - FEET
FIGURE 4 Measurements of vibeations induced
by trains.
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within the range of measurements of earthborne wvi-
brations induced by transportation vehiclen., Jumping
in a room generaces vibrations that are potentially
damaging; however, thea large amplitude vibrations
rosulting from Jjumping are localized and generally
do not affect the entlre building as earthborna
vibrations de. Thusa, although the potential for
causing vihrations 1s present, it is confined to a
cmall specific area and tha probability of damage ia
therefore raoduced,

Barthborne vibrations appear to be an improbable
cause of architectural damage. For residential con-
gtruction, the oracking of plaster walls, caellings,
and exterior stucco Lo generally caused by Founda-
tion sattlemant, alterpate shrinking, expanslon due
to mojsture and temperature, and sarthquakes.

CASE STUPY l: VIBRATION STUDY AT KAISER

On Decamber 23, 1980, vibration meapurements were
made at tha Kajser Aerospace and Electronics Com=
pany, located in §an Leandro, California {Flgure §).
A railroad drill track was to be relocated close to
the Kalser Acrospace Bullding. The initial study in
1978 indicated that earthborne vibrations from trains
running on the proposed railroad track would bho
insufficlant to adversely affect Kalser's precision
machining operations for the aerospace Indumtry. The
rallroad track was consktrutted late in 1980,

A _::EDNIII “E]“

BUILDING WALL™~,
R

L

FEngE="

S

FIGURE 5 Flin of Kaler plant.

On November 14, 1980, Kalser Aerospace approved
the Specliications for Machine vibration Study, an
in-hauss plan Eor evaluating effacts of ttaina opet~
ating on the adjacent railroad tracks. This plan
Ilneludad things such as ipatrumentation, machining
spectflecationa, and astual cuts on materials while
the train was operating on the tracks, Follow-up
measurements of vibracions were made on December 23,
1980, to evaluate whether Kaiser's concern about
earthborne vibrationa induced by trains running on
this track was valid.

Caltrans perscnnel observed Kalwer's operations
but could not detackt any adverse offecte from train
operation. Flgure 1 showe the distances and loca-
tiong of the Tranaslab scismometers that ware ured to
measure eacthborpe wibrations from the train to
Machine 186 and Machine 553, Measuremonts were made
while the machines were makipng cuts without the
teains, with the trains running 5 to 10 mph, and
during a coupling operation (Table 2). The train
conslated of one locomotlve and £ive fully loaded
cars.

aAnalysisa of the data ipndicated cthat eacthbhorne
vibrations from tha train te Machlne 386 and Machine
553 were aslightly lower than reperted during the
first gstudy. The cepclusions during the first and
current study indicate that earthborne vibratlons
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TARLE 2 Kuiser Aerotech Summary of Vibrations

T'euk Vertical Yelacity (in. fsec)

Machine 553 Machine 356

Inslde Ouiside  Inside Ongsldde

Machine cul only

Train and maching cut, sieady speed
Train and machine <ut, caupling
Ambient, na train machiee idling, no cut

0028 0016 Dp54 D04s
06 (M55 0195 0117
0134 0369 0170 0312
0011 s Do11 012

Notv: Méasurctnents wers made on Decombrd 33, 195,

from the traln are insufficlent to adverssly affect
Kaiser'm machining operation.

CASE STUnY I: VIBRATION STUOY AT WESTERN GEAR
CORPORATION

Case Study 2 was parformed in response to concerns
exptrensad by aofficials at Western Gear Corporation,
Lynwood, Calfloenia, that wvibrations originating
from equipment and teafflc during and after con=-
struction of Route 105 might disrupt the plant's
precision machining cperationg (Piqure 6}.

On March 28, 1984, vibration measurementa ware
taken ipnaide the operations building of Westorn Gear
Corporation and at an outaide test area approximately
0.4 mile acuth of Imperial Hlghway along Alameds
Street. At the outslde test site, vibrations were
ganerated by a fully loaded water truck ({(approxi-
mataly 25 ton gross vehicle weight) Ariving at 3%
mph acroas five wooden 2 ¥ 4~in. boarda spaced 25 £t
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FIGURF ¢ Plan of Western Gear Corparation.
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FIGURE 7 Plan of meusicetmend site,

apart to simulate ceonstructien activicy, During the
runs, vibrations wete measured at seven locations to
a distance of 100 ft from the test truck, Tigure 7
ahows a plan of the measurement site and Plguee 8
gives tha wvibration fleld teat data., Attenuation
ratios were caleylated from the measurements and
conbined with freeway and conatruction data measured
in previous Caltrans studies (Flgqure 9). This Linfor-
mation was used to astimate maximum ewpected vibra-
tions at Western Gear Corporation ducing and after
copatructlon of Route 105. These wvibrations were
comparad with measured exlating vibrations made on
tha Wastern Gear Premisas (Figure 10}.
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Prom the measureamenta, it can be concluded:

¢ Vibratiopns induced by traffic on Route 105
will be far bealow vibratlons currently edperienced
inaide tha machine operations bullding.

» Vibrations induced hy construction aguipment
almo will genarally he lower thapn the aexisting
vibraticns inside the bullding. Howaver, Iif plle
drivara or pavement breakers are going to be used
near Wesatern Gear Corporation, vibratlion manitering
at lesa senaltive locations firat is recommended for
dotermining if the vibration levels will be accept=
able for Western Geat operations.

CONCLUSIONS

1. Earthborne vibrations induced by highway
traffic, construction equipment, and train passbys
are helow the architectural damage level of ,1968
in. /eec.

2, Earthborna vibcations cause annoyance EtoQ
occuypants of residences, This generally occurs when
occupants are sleeping or engaged Lpn a quiet activity
such as readipg with nothing elmse going on (washer,
dryer, eto.)

3, Pavement=breaking machines produce vibrations
exceeding the architectural Adamage level of L1968
in./gac. Plactetion needs to be applied whan uasd
close to senaltive raceptora. Although data on pile
dtiving wete not collected in asufficient numbers, Lt
in believed that this can also be & problem.
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4. 1In-house actlvities often create lacger
bullding vibeations than those saused by earthborne
vibrations,
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Making the Environmental Process Work:

The Trenton Complex

THOMAS L. WECK, JOUN A, HOTOPP. A BROOK CROSSAN, and HOWARD ZAHN

ARSTRACT

The Environmental Impact Statoment on the Trenton Complex lilghway Systam is o
clapsic example of how, through extansive and meaningful coordination, a highly
complex and controveraial highway preject can move thteugh the procese of the
Natlonal Environmental Policy Act (NEPA) to implementation with the full sup-
pork of all review agencies as well as those that lsaue permita, Throughout the
NEPA process, the Trenton Complex racelved broad-hased public support while
simultaneoualy being shadowed by well-defined and intricately interrsitated
envirenmental concerns--mainly those related to cultural resources and
watlands. The challenge wam to mlnimize or elimipate thesge and other environ-
mehtal problems while simultaneously wmaintaining public support, keeping
construction coat down, minimizing delays, and rofraining from creating new
environmental problems as a result of resolving ex{sting ones, What finally
evolved during the coordination process was an Inguanious compromise, carefully
integrated with the deslgn efforts, which resulted in substantial cost savings
while simultanecusly protecting otherwiss adversely impacted archaeoiogical
ragourcas and wetlands areas, Many review agenclea such as the Advieory Couneil
on Hietoric Preaservatlion have roferred to the Trenton Complex project as a
tentbook case of how environmental studies on tranaportation and other devel=-
opment projecta should be carried out, This praise illustrates that the toam
concept used far this project, with all participants pulling togather toward a
cammon goal, can succead even {n projects a3 environmentally challenging as the

Trenton Complex,

Completion of the final linka of the I-155/I-~295, NJ
29, NJ 129 ayatem near Trenton, New Jersey ({commonly
refarred to as the Trenton Complax project), has
lopng besn a top-priority {item for the New Jersey
Department of Transportation {NJDOT) and FHWA. With-
cut the Trenton Complex project, the partially com-
pletad Interstate highway and freeway system In and
around Trenton coQuld nok mest the Interatate and
regional transportation needs for which it wan de-
signed {Pigure 1), Without the Trenton Complex proj-
ect, local roads would have to continue gerving
Interstate and reglopal traffic movements and, as a
raault, would continue experlencing severe conges=-
tion and ligh numbers of traffic accidents. Clogged
vroadn In the Trenton area would continue to act as
an impediment to the economle revitalization plans
of the cley,

PROJECT DEVELOPMENT

Planning for the highway project proposed for Trenton
began in the late 19508. During the ensuing years,
numeroun conflgurations of roadway linka were con-
asldered with several dl[fferent propoaals reaching
advanced levela of planaing and design, Public hear-
ings were held in the early 19608 and alignment
approvals were obtalned in the mld-1960s8, Final
design waB completed and certaln proparty acquini-
tions, relocatione, and clearlngs were accomplished
in the lata 1960m, before enactment of the Natlonal
Environmental Poliey Act (NEPA) In 1969,

With the enactment af REPA, the proposed project
underwant review to check for compliance with the
new law. Comprehensive environmental atudies hagan
in 1974, leading to a Draft Enviconmental impact

Statement (FIS) immwed in 1976. After extensive
consultation and coordinatlion with review agencies
and affected communities, the Final EIS was approved
in 1981. This document included commitments For new
Einal Qesign for almest the entire project, In ac-—
crrdance with the Final RIS, comprehensive mitlga-
tlion programs have been or will bhe implemented, and
the entice project is currently in various atages of
Einal design, construction, or both,

QVERVIEW OF ENVIRONMENTAL ISSUES

The Tranton Complex project was characterfzed by a
large number of potenclally sovere adverse impacts
far which creative solutlons and mitigation measuraes
had to be developed before approval for praceedlng
with construction, These potential impacts included;

* Infringsment of the highway on majnr portions
of the Abbett Farm National Historic Landmark, one
of the most significapt and valuable atchaecclogical
resoyrces in the easters part of the Unlted Statas,
and loss of portions of other archaeological dis-
tricta and aites.

* Infringement on saignificant portions of the
Crosswicks Creck Watlands system, censidered one of
the most waluable wotlands in the Upper Delaware
Eatuarine System,

* The taking of 7 park and recreptiopal facil=
itles in Trenton.

* Signlficant aeathetic impact through loss of
more than 75 mature ahade trees along a principal
urban street.

» Significant nolse Impasta to reaidential
areans adjacent to the roadway,
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LEGEND:
INTERSTATE ROUTES
AUTHORITY CONTROLLED ROADS

FIGURE T Regionul highway systems,

Because the project involved conatruction of rela=-
tively shart links (each hetween 1 and 6 miles long)
to an otherwiss completed Interstate highway and
freeway system, there were po easy solutions to
cthese environmental problems, such as might have
been entailed in a8 major shift or roadway allgnment

ROUTE NUMBERS
OPEAATING 3TATE HIGHWAYY

ROUTES UNDER CONITHNUCTION
OR CONSIDERATION

CONHECTING AOADS

{Flgure 2). Horeover, potential mitigation measures
to address cone environmenkal lsaue had te be con-
sldered in terma of their own porsible adverse of-
fect on other environmental issues. For example, in
the major {interchange area between the I1-1%5 and
I1-295 linka, a =shift of the alignment away from
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prime archaeoloqgical resources within the Abbott
Faem Natlenal Historie Landmack <ould result {n the
taking of more weklands and vice versa.

As A result of the complexity of Intercelatlon-
shipa among environmental issued, & wide range of
alternatives ware posited and examined In the prep-
acation of the nraft EIS. These alterpatlves in-
eluded 11 system conflgurations for the 6 major
links of the project, 5 location alternatives for 1
link, and a8 total of 13 dosign altecrnatives tor 2
links and the major I-195/1-295 interchange. In
combination, this array of alternntivea resulted in
125 separate and discrete deslgn=locatfon alterna=-
tives for the entire project. It was only through
continual coordination and consultation with federal,
reglonal, stakte, county, and municipal agencies—-both
during the environmental satudies and throughowt the
Rubsequent mitigation programs--that censensus was
raached that bath satisfied the ragiocnal transporta-
tion needs apd protected and preserved to the maximum
extent possible Important enviconmental features and
resources In the project area.

The extensive coordinntion for the Trenton Complex
project can be convenlently divided into two basic
Etageas

Stage I: Consultation during the preparation of
the Draft EIS and Fipal EIS

Stage II:1 Consultation after aopproval aof the
Final BIS in 1981 on the majar mitiga-
tion programs for the Abbott Parm HNa-
tional Historic Landmark and the Croas-
wicks Creck Wetlands system

M gunmary of Stages I and IT and 2 more detailed
description of Stage Il are presented in the follow-
ing Sectionas. This focus has been ssledted hecause

* The archaeologlcal impacts and the wetlands
impacta presented the greatast obstacles to the
implementation of the hlghway project.

* archaeological [eatures and wetlapnds  re-
pources waere spatially fuaed, thareby creating addi-
tional impedimoncts to developlng an environmentally
acceptable mitigation program,

* The archaenlegical and wetlands mitigatien
program developed was one of the most comprehensive
ever undeccaken for a highway project.

* The success of tha archasological apd wet-
lands mitigation program han heen halled as a clas-
alc example of how the needa for both transportation
improvement and enviranmental protection can he met
degpite formidable challenges and conotrainta.

STAGE I:; CONSULTATION DURING PREPARATION OF NRAFT
AND PINAL EISs

Abbott Farm National Hipterie Landmark

Background

The Ahpott Farm Watlonal MHistoric Landmark is a
2,000=acre site Jppated generally southeast of
Trenton and includes both wetlands and upland ter-
tace areas. The Abbott Farm area wae first brought
to prominence through the work of Dr. ©.C. Abbott in
the late nineteenth century. His theortes about the
aptiquity of man in the Kew World, based an resparch
in the Trenten area, suvhsequently Inspired a number
of professional excavatlons in and around Abbott
Farm during the past 100 years.

Abbett's ploneering efforts and subsequent exca=
vatiens have made the Abbott Farm slte one of the
bagt known areas of prehistorie habltatlon along the
eastern aeaboard of thoe United Statea. Archaeologleal
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evidence haa beon undersenzed for the entire known
span of human occupation 1ia the New World ranging
fram Palec-Indian (about 10,000 B.C.) through late
Waodland f(about 1400 A.D.). In addicion, Abbott Farm
contalned f{wmportant historlc altes from the elgh=-
teenth and ninetecnth centuries. Ironlcally, daapite
it national prominence, the ocultural resources
within the Abbott Farm HNational Histerie Landmark
had never bheen definitely detormined hefore the
Trenton Complex project.

Tmpactn

The original desaign of the Trenton Complex projoct
during the 19608 was completed hafora Abbott Parm
was declared a natfonal historic landmark. The
ariginal desiqn would have resulted In loBs of ap~
proximately 400 acros of tha landmark and an inde-
tepminate losa of cultural resources, As part of the
Draft EIS, in consultatlon with the State Historis
Preservation Officer (5HPO), the Advisory Council on
litetorin Premervation (Advisory Council) and the
V.5, Department of the Interior, it was agreed that
extensive archaeological Investigations would be
performed to identify the degrée of potentlal [mpact
of tho proposed roadway project on Abbott Farm and
othaer nearby cultural resource sites. Ap a result, a
Phase 1 Archaevlogical Investigation, consilating
primarily of a aurface reconnalasance with minimal
subsurface teating, waa carried out for the paten-
tially affected portions of the landmark. These
atudles were Aufficient for determining a reasonable
and prudent alterpative that achieved a 33 percent
reduction in areal loss compared with that of the
original altecpativer however, many questions about
the full impact of encroachment on buried archaeo-
logical resourced in the Ahhott Parm district and
adjacent historic arcas wera atill left unanswered,
puring negotfations with the BSHPO, thae Advismory
Council, and the U.S. Department of the Interlor, a
compromise was rvached whereby Lt was agreed that:

1. Based on the Phpae I nstudies of the Drafe
EIS, NJDOT and FIiWA would be allowed to proceed to a
decision on alignment approval.

2. In return, NIDOT firmly committed to puraue
more detalled Phase IT atudies, and based on those
Eurther atudies, to prepare a comprehensive mitlga=-
tion plan before construstion In the areas in which
cultural resources woilld be affocted,

Within the scope of this comprehensive mitigation
plan, HIOOT alea committed to conducting specifle
archaeological studies in the I-195/1-295 interchange
area and surrounding areas of alignment te determine
if access to signiflcant culturnl resources would ba
prasecved by placing addltional portions of the high-
way dystem or interchange on gtructures rather than
embankmant. This ¢ompromise was put In the form of a
Procesn Memorandum of Agreement amany the Advisory
Council, the BHPO, NIDOT, and FUWA. This agreensnt
easentially allowsd the project to procesd Lo ap-
proval and final dasign without Further delay while
at the same time {t provided for necesaary protec-
tion of Abbott Parm,

The Crosawick Crock Wetlands

Background

All but a small amount of the tidal marshland once
present along the Delaware River Estuary north of
Philadelphla has been replaced by development, Of
the marshland remaining, the Croaswicke Creck HWet-
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landa ia the largeat aingle tract, covering approxi-
mately 2,900 azras of ti{dal and nontidal areas. Al~
though nokt an undinturbed area, the Crosawicka Creek
Woetlande is still an extremely valuable component of
the Upper Pelawaro Estuatine System. It functions aa
a source of food organisms for lts own food weh and
far those of the estvary and beyond, aa a breeding
and nursery area for resident and migratory fish,
and as a habitat for a varicty of birds, including
some that are <onaldersd threatened or endangered
(chiefly the Oapry and the Bald Eaagle).

Impacts

The ippacts of the proposed roadway project on the
tidal portions of tha Crosswicks Creck Watlanda wern
analyzed by using two criterlon: the firat crlterion
wad a measure of actual areal loss rpesulting frem
the project and the second criterjon was a determl-
natlon of functional wvalue Lloss assoclated with
actual areal loss. A grid structure was sauparimposed
over the wetlands and each cell (approximately 50
acrea) of the grid was evaluated on the basls of
chatacteristice auch as the actual amount of tidal
watland it contailpad, tho type and condition of
vegetation, and the extent of tidal circulaclion
[Pigure 1), Thia grid system was designed to provide
a rapld means of agsessing the impact of construc-
tioh on the single mest Important attrlbute of the
Crosawicka Creek Wetlande--its ablility to centinua
functioning a8 & producti{ve tidal wetlande, Impacts
on tidal portions and on terreatrizl habltat were
analyzed separately to avoid uhdue complication of
tha gerid=-saystem analysia,.

Under the dealgn roncept prepared in the early
19608 for the highway project, copstruction of the
Trenten Complex project would have resulted in a
loss of 40 acres of tldal wetlands and a [functional
value lo#s of 1l percent., Working in clome coordina=-
tion with the New Jersey Depactment of Environmental
Protection (NJDEP) and the U.3. Department of the
Interior, a proposed mitigation scheme was developed
that reduoced the areal loss to only 1 acre of tidal
wotlandas and the functional less to only ! percent.
This mitigaticn program included the following three
major steps:

1. Allgnmant of one eof the $-295 linka was
ghifted out of the Crosawlcks Creek Wetlande on an
upland area kKnrown am Duck Taland. In the original
design in the 19408, the wetlands aligament had been
salected for consttuction to preserve the Duck Island
aroa for future industrial develepment, The shift in
alignment to the Duck Island alternative resulted in
an estimated aavinge of 420 millien In econatruction
cost of the highway. Extensive multidisciplinary
conrdination was neceasary in asseasing this align=
mont shift te ensura that intact cultural resources
wauld not be adversely affected by this action.

2. A commitment was made to conatruct the major
1-195/1-295 interchange on a structurs over the 24
acres of tidal wetlands In the Interchange azea.
This would result in only 1 acre of deaignated wet-
lands beipng lost, with 23 acres of designated wek-
lapds #panned by structure, In the Final EIS, this
derign was eatimated to cost an additcional 660 mil-
lion mere than the original deslgn concept of em~
bankment copatruction for the entire intecrchange.

3, The 1-195 route link crosses a wetland or
tidal flat at the confluence of Crosawicks CroeX and
the Delaware River. If the roadway link ware built
on an embankment over the tidal flat, 8.8 acren of
watlands would- be f£illed, A commitment was mado hy
NJXIT to undertake a gtudy of the feasibility of
creating compensatory wetlands in the project area

a7

to replace the 8,8 acres that would be lost if the
road link ware bullt on an embankment over the tidal
£lat. Based on the rosults of thia study, a decialon
would be made to build elther the extended brldge
atternutive ar the short brldge alternative with
compenantory watland replacement. The cost of the
firat alternative would add at leaat an additional
$7.0 million to the construction cost of the project.

park and Recreatfonal Facility Impacts

Background

The northarn and western corridote of the Trenton
Complex project pass through a section of the urbap
core of Prenton. The land uae mix Iin this Apection of
the city consista of densely settled neighborhooday
a key industrial employment conter; and municipal
facilicfes such as parks, recreatlonal facilities,
and a large cemetary. Most of the nelghborhoods are
ethnle communities, =nome with a lepg hilstory of
community cohasion and atability,

Impacts

Recavse of exlating dense development patterna, it
was impossible to locate the new highway linka with-
out affedeing exlsting park and recreational facil-
itiesa, Extensive deslygn and locatien studles were
updartaken to minimize the level of {mpact. Some of
theae studies were undertaken lIn the 19608, before
the beginning of the atudles for ths Draft EIS,
Where fmpacks wera unavoidable, extensive consulting
and negotlatlons wore undertaken wilth the manicipal-
itles of Trenton, Hamilton, and Derdentown as wall
a8 the Mercer County Parks Commission and NJDEP to
reach mutually agrecable resolutfions concerning
mitigation, A8 a result of thase extensive efforts,

agreement was reached on the micigation proqgram,
which included the following:
¢ Conatruction of naw ball parks and play-

grounds in the name nelghborhood areas as tho Flve
sach facilities lost as a reawlt of the project.

* The building of an additienal playground in
the project urea.

¢ The upgrading of a bhall
tacted by the projest,

* Modification of the alignment adjacent to the
proposed Delaware Raritan Canal State Park to allow
for towpath actlvity, a rcenlc cverlook, and in-
creased pedeatrian access to the proposed new park.

field nlightly af-

Through  these  edtepalve mitigatlen commitments,
agreement was reached with all of the munlicipalities
and sgencles concorned and the Sectlon 4(f) plan
(Department of Trangportation Act of 1968) was
approved,

hesthetic Impact

lackground

Lamberton Fleld fs a 6-acre linear walkway that ia
tree-lined and unpaved, located in Trenton alang tha
eantern bank of the Dalaware River. The most impor-
tant characterlstic of the field ia the larde number
of matute Aycamore trees. There are 118 guch trees,
mest ©f them forming two parallel rowa along the
fleld. Thean trees contribute slgnificantly to the
aenthetic secting of the aren and to the scenic view
of the Delaware River Erom residences along Lamber-
tafh Streoct.
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Impacts

The orlglnal design of the ¥J 29 link of the Trenton
Complex project would have necesaltated the romoval
of mors than 75 of the 11B syscamoee trecs in Lamber-
ton Field. Moreover, the profile of the roadway
woitld also have acted as an aenthetic bacrier to
viewsheds along tha Delaware River. Ams part of the
atudies undertaken for the Draft EIS, extensive
consultationa were held with the city of Trenten and
NJDEP to develop an alternative scheme for mitigat-
ing this potentially significant adversa Impact. As
a4 result of thase consultations, a new alignment was
developed that required the romoval of less than 50
trees, and the roadway immediately adjacent to the
river was redesigned with a depressed profile there-
by making it barely visible from the Lamberton Street
rasidences. Coupled with olimination of the severe
traffic congestion along Lamberton Strect that would
reswlt from tha construction of the Trenton Complex
project, this new scheme--developed through the
consultation procesg~~snsured that the aesthetfe
gatting for the residenta of Lamberton Street would,
on balance, be improved by the projoct.

Nojse Impacts
Background

The existing noime levela in the area of the Trenton
Complex project were thass characteristic of urban-
auburban maettings. As 1la true with most such net-
tings, the predominant background nolee was created
by vehicular traffic. The L10 noise level in the
project area averaged 65 dB except In thoae areas of
high traffic volume and traffic congestion, wherae
levels in excess of 70 dB, and ln soma inastances B0
dB, occurred,

Impacta

A8 a result of the Trenton Complex project, 1t was
determined that nolse levels would ba substantially
reduced along exiating roadways Efrom which traffic
would be diverted, There would, however, be signifi-
cant nolas {mpacta to ahout 200 dwelling units aleng
the new alignment., In accordance with FHEWA proce-
dures, nolse abatement measures were Inveatigatud
as part of the Draft EIS, Aesthetically plessaing
noise baryriers were found to he feaslble along all
nolau-impacted asectijons of the roadway with the
exception of the NJ 29 link where, bhecause of engi-
nearing constraints, the noise barrler would hava
alae resulted in an unattractive visual obstruction
of the Delaware River viewsheds currently atforded
the nelghborhoods along the propossd NJ 29 route.
Adverse npolse lmpacts would occur te 40 resldences
aleng NI 2% and would result in an increase in noise
level from 3 to 5 dBA higher than current levela.
Becnuse existing noise levels were already at or
abave the 70-dBA deslgn nolse level, this 3= to
5~dBA fnormase in nefse due to the bullding of the
new alignment was determined to be an adverse impacty
however, in reality this level of increase is only
alightly higher than the threshold of nolase increase
perceptible by the human ear.

RIDOT consulted with reaidents along Route 29 and
with the city of Trenton to datermine thair prefar-
ences with respect to the nolse harcler. Becauss af
the visual obstruction that would have resulted from
the barrlier and because actual noise levels would
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only rise alightly above current levels, both the
affected neighborheods and the city of feepton op-
posed conatructfon of any noise barriers. M8 a re-
sult, NIDOT ohtained approval from FHWA for an mx-
caption to the design nolse levels in this area. In
all other areas where adverae noloe impacts would
accur, aesthetically pleasinhg nofde barrlers were
designed as part of the project.

STAGE II; CONSULTATION AFTER APPROVAL OF THE FINAL
EIS IN 1981t ARCHAEOLOGICAL AND CULTURAL RESOURCES

Mitigation of Abbott Farm National Histnric Landmark

With tha publication of the Final BIS in 1981 apd
approeval of the proposed Interstate complex the same
year by FHWA, the question of the archaeocloglcal
capources within the allgnments assumed critical
importance. Archaeological studies in support of the
Draft EIS (1976) indicated that the rlght-of-way
purchased by MNJDOT for the project would signifi-
canktly affect the Abbott Parm National Illistoric
Landmark. The historle archaeclogical atudles aleo
located a number of hiatorlc properties comprising a
mill, early cesidences, industrial remalns, and
portiona of the Delaware River and Raritan Canal
that appeared to be In the impact areas (Plgure 4).

A Bubatantial number of the sitesa initlally re-
viewed by the HKeeper of the HNational Reglater were
located within portions of the right-of-way that lay
outside of the boundaries of Abbott Farm National
ltistoric Landmark. Responding to quentions ralsed hy
tha keeper of the Hational Register for thesa mites
was seen as cruclally impartant for the planning of
Phase II testing to be coordinated with enginerring
design, and was structured to collect the necassary
informatinn in the mame nequence na in the plannad
construction sachedule. By providing archasological
information early in the Ffinal design phasa, it was
anticlpated that cultural resource concernsa could he
incorporated into thoe final deslgna, therchy reduc-
ing the adverse impact te archaeoleglcal sites and
minimizing the requirements for data recovery. Con-
comitant with Phase II testing for Daetermination of
Eligibiiity was tha requirement to conduct archaco=
logical tenting to develop mitigatian plana for
sites already determined ellglble for the National
Reglater.

With construetfon planned to begin In 1983, there
wafg enormeus preasaute to complete thae Phase II akud-
ias, mitigation plans, and the actual archaeological
mitigation. Assembling the required documentation,
securing the reviews, responding to questions, and
obtaining the necessary state and fedaral approvals
within the compreased time frame required extremely
close and contlnual cecordination of the copsultant
team, NJIBCT, FHWA, tha SHPO, the National Register,
and the Advisery Council,

Phage IT Testing and Mitigation Plannings 1981 ke

19382

The proposed highway complex was divided into 7
gections for archaeological teating and mitlgation
planning. Three cloacly related prehistoric archaso-
logical mites {the Shady Brook Complex) were located
on the northernmost aectlon of I-29%, This saction
wasd #cheduled for construction {n fall 1983, From an
archaeological perspective, the Shady Brock Complex
was conoidered to be an outlier site because it was
located more than 1 mile northeast of the maln
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complex of sites in the Abbott Parm HNatlonal Hia-
torie Landmark.

Conaultations with the SHPC and representatlves
of the Advisary Councll resulted én the declalon to
break out this section of the project as a aeparato
compliange action., Allewing tha Phase II research,
report, Determination of Eligqibllity, and mitigation
te proceed |ndepandently of the remainder of the
project provided the necessary lead time for the
Bhady Brook Complex to be mitlgated with{n the tight
deaign and conatruction schedulo while the remainder
of the Phase II atydies ware being conducted, Phase
II testing of this site began 1in June 1981y the
raport of the testing, Determination of Eligibility,
and mitigation plan were prapared during the winter
and all npecespary approvals were In place by May
1982; mitigation fleldwerk was copducted and the
site released for construction on achedule in Auguat
1982,

Succaesatul completion of all requirements for the
Shady Brook Complex In advance provided an invaluable
preview of the challenges and requirements for the
remainder of the prejeset. Moreover, the data re-
covered provided an advance look at the types and
quantities of artifacts that could be expocted from
the remaipder of the sltes ln the ecorridors and
provided an oppertunity to test the pro-fileld
hypotheses baing developed for the large-acale miti-
gatlon. The Shady Drook Complex also allowed a com-
plete run-thtough, on a manageable mecale, of all
phases of analysis, laboratory work, graphics, and
report productlon.

Immediately following the copnclusion of Phage IX
testing at the Shady Brook Complex, two additional
fleld crews woere brought in to begin testing sites
alony the rlghta=-nf-way on the remainder of tho
Trenton Complex., At the peak of Phase Il testing,
crew size numbered more than 50 persona woerking on
three sites simultaneously. The wark involved close
coordination among prehistoric and histarle archae-
ologiats, informant Intarviewers, an arcchitectural
historian, a hlatorian, and musoum researchers work=
tng with the collectlons Efrom the Works Progreas
administration axcavations en Abbolt Parm.

As test{ng progressed, however, it became clear
that the majority of the prehistoric cultural pate-
rinls wmeatrered throughout the corridors lacked
integrity, having been disturbed by more than 100
yoars of plewlng, ecomion, and land medifications
agsociated with resldential conatruction. Resulta of
the extensive testing rovealed % prehistoric sites
within tha I-195 corridor that would require mitiga-
tion befors construction (Figure §). Prehistoric
archaeclogical materlals from the remainder of this
6,000-ft sagment were determined to bo in a contaxt
too disturbed to provide datd useful for understand-
ing the prahistory of the area,

The Black's Creek Prehistorie Archeological dia-
telet was Ipltially viewed aa a manageable problem
becaunae the two sites had been determined aligible
for the National Reglster and teating was designed
anly to eatablish the basls for mitigation, As test-
{ng progressed, however, it bocame apparent that
both mites were badly disturhed and that no [ntact
aite areaa had survived within the proposed right-
of-vay (Flqure 6}-—-the only site fragment that was
intact was losated on & bluff edge well outnlde of
the right-af-way. Tharefore, NJDOT, 1in consultation
with FPHWA, the SHPO, and the Advipory Council, medi-
fled the original evaluation of the significance of
the Black's Creek Pistrict, and recommepded no miti-
gation and a reevaluation of lts Natlonal Reglster

1a1

status. This obviated the nead for what would have
been a major archaeologlcal excavation affort.

Work in the Wetlanda Tnterchange began during
late fall 1982, This Interchange, comprising ap=~
proximately 80 acres, was inltially thought to cen-
sist of a alngle majer prehistorlc alte partially
bifurcated by the wetlands, Intensive testing
throughout the 80-acre area located two major
archasological concentrations (Fiquee 7): ane site
conaisted of a linear confiqguration more than 2,000
Et lopd and waa parrow, avaraging less than 100 ft
wlde; the second site was located on a major wotland
£lnger immedlately adjacent to an area excavated in
the late 18000, Doth of these sites, although of
immenae acientifie importance ; wera  clearly
definahle and wers much more limleted in area than
postulated in the 1976 report. A number of amaller
disturbed sites were I[nvestigated on the remaining
watlands fingera.

While testing the water power canal and Industrial
foundations on the Route 29 #segment, the crew en-
countered an  {ntact prehistoric component deeply
burled beneath the terrace. Tha survival of prohla-
toric materials in a heavily uvsed ipdustrial ané
residential area was considared so signiflgant that
the Advisery Council and the SHPD met wlkh FIMWA and
NJIPOT representatives to evaluate options for tha
site, This diasovery ef a prehistoric component
demonstcated that extansive testing would be required
to detarmine the extent of the prehistorlc materials
present and to develop a mitigation plan senaitive
to the needs of bhoth prehiastoric and historle re-
sources, However, the duration of testing for pre-
historlc resources would require significantly more
time than was avallable lf construction daelays on
other sections wefe to bes aveided, Conaultation
regultad in the deglaion to break out the Hew Jersey
Route 29 segment of ths project as a separate com-
pliance action to allow the remainder of the project
to mave aheady this segmant is sachedulad to be com=
pleted Last (pbout 1990), allowing adequate time for
testing and mltigation planning without jeopardlzing
the temainder of the project,

A review of the Fflaldwork results Jdemonstrated
that designing a workable mitigation of prehiatoric
regources tn the Trenten Complex could bhe accom=
plished in an archaeologlsally sound and cose-
of fectiva manner. To collect the necesaary aite
data, slightly more than 3,000 posthole-size windows
and 200 2.5 x 2.5-m units and 13 backhoe trenchee
had been excavated within the 13 miles of highway
carrldar, Por the firat time, NIDOT, FHWA, the SHPO,
and the Adviscory Councll had an accurate assssament
of the size, depth, and nature of the cultural
resolrces located threughout the highway eoercidora
in the fTrenton Complex, Thede data and reports
clearly revealed that the impact on cultural
resources, although substantial, could be mitigated
by carefyl excavation planning and through coerdi-
nation with engineering deslgn,

Review and Mitigation Plannings 1983

During development of the rfeports, constant coordl-
nation was malntained with NJDOT archaeclogists,
FHWA, the SHPO, and the Advisary Councll archpeal-
ogista, Thair interastion wasa bensficlal becaupe It
kept all parties Wworking at 4 good pace as the anal-
yeils proceeded. Advance raeviews also provided valu-
able feedback and removed the alement of potential
surprises Ip the documents as they were balng devel-
cped. By maintaining complete familiacity with the
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study threughout, review time for the massive quan-
tity of documents was minimized, which allowed for a
quick turnaround time after they were aubmitted.

After the determination was made of those slites
#ligible for the Natlenal Regleter, all proposed
mitigation plans wers Bubhmitted to the Advisory
Couneil for raview. The formal review required less
thap 2 months becauss of the continuing coordination
throughaut the project. A Memerandum of Agresmont
(MOA) was coordinated among all parties ({the Advisory
Council, FHWA, NJDOT, the SHPD), with every recom=
mendasion in the mitigation plan being evaluated
bafore it was ingluded {n the MOA.

puging thes review and development of the MOA,
mitigation planning for the I-135 segment was (ni=
tinted. This asegment was dealgnated for letting of
thoe construction contract in late fall 1983 and for
construction in spring 1984. To complete the excava-
tion of 4 prehistoric and 1 multicomponent (prehis-
toric and historxle) eite within the time frame re-
maining, 3 of the sitas had to he under excavatlon
aimultaneoyaly, This level of excavation reguired a
targe number of archasologints to be in the f£leld
and an increase in laboratory sataff. By beginning
planning for this segment duripng the raview, start-up
time wan reduced to less than 1 week.

Aftar completion of the MOA, it was decided that
an official signing ceresmony would be held at the
Advigory Council in Washington, D.C., with gepresen~
tation from the SHPO, FHWA, HNJIDOT, the oconsulting
£irm, and the Advimory Council., ©On September 28,
1983, the MON was siqgned with all parties present,

an unprecedented ¢ooperative effort that saved 2 to
] months over the normal proceds of routing, review,
and signature by cach agency.

Mitigations 1983 to 1984

Within 1 weck of the signing of the MOA, fleldwork
began on khe I-195 eegment. Approximately 40 archae-
clogists and support parsonnel were involved in this
work. Excavation of the Gropps Lake prehlatoric salte
wag tho mast complex, involving conatruetion of a
half-mile access road and removal of 3 to 5§ ft of
overburden with a draglipe. Preservati{on In this
alte was excellent because of tha overburden placed
in the oarly 1800a, Nearths, projectile pointa,
tools, lithic debitage, and a large pottery collec-
tion were recovered Erom the nlte. Most Impartane,
the si{te contained datable organlec remains, a racity
in upland archaeological eites,

The historic house foundation at the Carnoy Rogne
alte yielded a major ceramle collection that will
contribute to the undoratsnding of early historie
settlement and trade patterna throughout the Balawaro
Valley, The prehistoric component also provided a
major collection af materials that are undergolng
anulysis and interpretation,

Fieldwork coptlnued until January 1984, In the
last months, work was cenducted in heated gheltera
hecause of bitter winter conditiona, Completion of
the fleldwork on the I-195 aegment ahead of con-
atruction removad the last potential impediment te
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complaetion of the entire Tranton Complex within the
original schedule, The deslgn and letting sequence
for the remaining sections is such that excavatlona
will be completed a minimum of 1 to 4 years ahoad of
construction,

STAGE I3 CONSULTATION APTER APPROVAL QF THE PINAL
EI5 IN 1981--WETLANDS AND ECOLOGY

The Mudflat

The purposes of the aspeclal studles of the (Cross-
wicks Creek crossing (Figure 8} wers fourfold,

Firat, the functicnal characteristics, both
acological and hydrologic, and the uniguenesg of the
watland area at the mouth of the Creek (kmnown as the
Mudflat) were documented so that the feaslbility of
replacing the affected area coeuld be determined for
both land area and functional walue,

8 d, an a t was undertaken for two
propesed bridge echemes: conetructing the shore
bridge and embankment and constructing the extended
bridge. Implielt in the comparisen of these two
schames was the undarstanding that implementing the
shott-br idge-and—ambankment alternative would result
in the loass of a greater percentage of the Mudflat
area than would fmplementing the extended-bridge
alternative, OFf additional concetn with this ahort-
bridge-and-embankment alterpative was thea offect it
would have on the physical tidal flow regimes In
Croaawicks Creak; that fa, whether tha additicnal
constriction at the mouth of the Creek, due to an
extension of the embankment into the channel, would
cause aignificant adverse hackwater impacts,

Third, having determined the Ffunctlenal charac-
taristics and phyaical acreage of the Mudflat, other
areas In the Cromswicks Creek study aresm were eval-
vated to determine thelr potential as replacement
wetlond areas, A plan was then proposed tn create
sultable wetland acreage,

Pourth, preliminary engineering was conducted on
the two bridge schemes for coat comparison, In addi-
tion, information was genarated on locatlon of the
embankment for the hydrauliec modeling, construction
methods {te assess the length of construetion}, and
the asascciated impacts to the wetland area,

Both quantitatlve and qualitative studles of tho
biolegical and acolegical values of the Mudflat were
undertaken, Officials from NIDOQT, FHWA, NIDEP, U.5,.
Flgh apnd Wildllfe Servica, U.S5. Army Corps of Engl-
neers, U.8, Environmental Protection Agency, Delaware
River basin Commission, and the U.5, Coast Guard paer-
ticipated from the outset with the consultant in
theae flald studies iIn rveview and advisory capac-
itiea. This participation facilitated the formal ra-
viaw process later in assecsing the feanibility of
caplacement alternatives. In the field studies, the
flora and fauna present (macrophytes, algae, inver-
tebrates, and fish) were documented. The Importance
of the habitat and food chain production were
studied, as well aa the Mudflat’'s role In erosion
control, flood medaration, recreation, and
aesthetica,

Bassd on the various investigations arnd studies
performed, NJDOT, FHWA, U.S. Fish and wWildii{e Ser-
vice, and U.5. Army Corps of Englnecrs concurred in
the finding that the Mudflat Functions asi

« An  active, healthy, and productive watlapd
component of the Croanwicks Creek astuarine syatem,

* A buffer between the waters of the Delaware
River und Crosawlcks Creek, attenvating both wave
eperdy and tidal currents.

* A nourlshment center for fish becauge of its
rich macrofnvertebrate fauna and plankeonie flora.

Lo

* An important hahitat area for fish, oape-
clally aa a nursecy acea for Immature Speciea (basa,
pickerel, herrilng) and as a feeding area for adults
{ineluding the shortnosed stuzgeon, an endangersd
species).

+ A feeding and resting alte for many specles
of waterfowl and aeabirds,

* A Algnificant area in primary productivicy
and nutelent cyecling; however, because af ita size,
thlis area is not a cruclal component of the overall
capaclty of the Croaswicka Creek wetlanda system for
these blelogical activities.

+ A modecating force againat adverse effecta of
flcoding.

The key element of the hydeelogic studies was to
decument whethar the Mudflat c¢ould be partially
fllled without causing backwater effacts upatream
from the ecmbankment., The Efrat phase of the determi-
nation of the Crosawicks CreeX hydrolegle chatae-
teristics involved data ceollection and review. All
availahlo medela and supporting data describing the
hydraulle and hydrelogic chacactecistics of Crops-
wick Creek were aought. Direct contact was made with
the appropriate technical and management personnal
at the Natlonal Ocoanic and Atmospheric Administra-
tien, the U,5, Geologleal Survey, the Federal Emer-
gency Management Adminiatration, WNIDEP, and the
Delawate River Basin Commission,

Information existed on the nontidal portion of
Crosawlcke Creck and on tides in the Delaware River
9 niles downgtream from the mouth of Crosswicks
Creek, Unfortunately, no information about the
cyclical pature of the tides at the cenfluence of
Crosswicks Creek and the Delaware River was
available.

Because of the influence of weriands and nontidal
inflow in the Crosswicks Creek basin, hourly eleva-
tiops at the mouth of the Creek could not be inters
polated from other Dalaware River staticns, To aug=
ment the information available, it whs necessary to
collect fleld data concerning floodplain and river
profiles, stream flows, and veloclties, The locatlon
and extent of this supplemental data collection was
closely coordinatad with NIpOT,

Based an a raview of the ecologlcal and hydro=
logical values and characteristics of the Mudflat,
it wam decided~-in consultation with NIDPOT, NJDEP,
PHWA, and the UG.8, Flah and Wildlife Servige--that
any proposed replacement acreage had to natiasfy two
general criteria:

1. The acceage had te be located, to tho extent
possible, elther within or adiacent to the area of
the Crosswicks Creak mouth.

2, peplacement of the acreage had to at least
maintain and, at hest, cnhance and improve the over-
all ecclegical function of the Crosswicks Creek
eatuaring system.

The short-beridge~and-embankment alterpative re-
quired 7.4 acees of the Mudflat, 0.2 acres of the
sandbaz, and 1.7 aecres of open water, totaling 9.3
actes of wetlands. It waa determined, in consulta-
tion with the resource agenciea, that the recom-
mended raplacement acreage ghould be in thls same
general range, depanding on the site, Thiz amount of
acreage, sultably located and properly vegetated,
would result ln replacement of the hahitat elements
lost in the Mudflat, and with the adoptlen of cer-
tain schemes, would increane the nutrient cyeling
and primary productivity of the overall syatem,

Based on 8 review of aerial and topoqraphic map-
ping and on-site ficld investldqatiens, varicus sltes
were primarily screened as potential areas far wet-
land replacement activities in coordination with



loé

i

CERENDLH
FOP: 4

FLOOD TIDE

River

FIGURE & Sty aren of Crosswicks Creck Wetlanda replacement.




weck et al.

NIDOT. Although the Crosswicks Creek eatuarine aya-
tem £ia large, the focus for replacement sites was
localized within an approximately 4,000-ft radius of
the Mudflat. The major purpofie of this focus waa the
deaire to position tha replacement site ans near as
posaible to the Crasswlcks Creek and Delawara River
confluenca, In this manner, it hecame mora feasible
for a replacemapt site to function as a buffer ba-
twean the two water hodies, thus duplicating & sig-
nificant functicnal characteristic of the Mudflat,

The following gquidelines, jointly develeped in
consultation with NIDOP, FHWA, and the U.3. Fish and
wildlife Service, were conasidared in determinlng the
ovarall sultability of the replacement oltea:

« The nite saelected would, cptimally, have a
low current ecological value that would clearly
benefit from conversion to wetlanda. Currently
developed areas were axoluded.

¢ It was nhecsssary that the site be subject to
tidal action and not require addltional periodic
maintenance to provide adeguata water clrculation.
Howaver, it was recognlzed that initisl excavatien
or Fill might he required to render a site ascept=
able for emsrgent wetland vegetation to thrive.

* 5ites located within the boundaries of the
Abbott Parm HNational MHistoric district would be
avoided. 'the location of potentlial aites was coordi-
nated with the archaeological team performing the
ongoing inveetigaticena, and the probability of im=
pacts on cultural rescurces was noted.

Four potential aites ware {identitied, After
soordinntion with NIDOT, one Site was selected and a
watlands replacement acheme developed, which in-
cluded a grading plan showing the £inal elevation in
the site, numbat of plants, amount of fertilizer,
and eastimated cost of planting the vegetation,

Preliminary engineering was performed to estimate
construction costs of the two Crosswicks Creek
crossings alternatives, It was estimated that the
extended-bridge alternative would coat F24 million.
The  Bhort-pridge~and=-embapkment alternative was
egtimatad to gost $17 millien, including the B3
million estimated coot of wetland creation, making a
$7 million coat difference between the two alterpa-
tives. The ultimate decision about which alternative
will be selected for construction is recognized to
be one reguiring high=level consultation and coordi-
nation among concernod agencies, with consideration
given to the cited technical hackground.

HWetlsnds Intecchange

Purther atudies in the ¥=195/1-295 interchangye area
wore more stralghtforward, but no less important in
mipnimizing the ceat of construckion. There had been
a commitment in the EIS not to flll any tidal wet-
landa in the interchange; that is, any tidal wet-
lands would be spanned by structure (Flgure 9). As
the project proceeded furthst into design, twe things
became clear; one, the amount of the interchange to
he builk on & structure was significant; and two,
the mapping of the tida) wetlands was not of suf-
f£iclent detail and accuracy to propeose and evaluate
design medifications.

Thup, & supatantial amount of gupplemental field
work was conducted by the consultant and NJDOT biol-
oglsts to stake tho boundarien of tidal and nantidal
wetlands. Slopes throughout the watlando area wers
slight; therefore, it was important to be (n the
£leld at high tide to obeserve the areas of lpunda-
tion and cotrelata the type and density of vegeta«
tion in the tidal areas. Survey crews then followed
to map the boundarles exactly, After this ipforma-

L07

tion had been mapped, the consultant's enhgineers
were able to make alight shifts In the lecation and
shape of the Wetlands Interchange that ohviated the
need for moat of the canstrustien en ekructure
orlginally anticipated.

SUMMARY AND CONCLUSION

A mitigation program of the magnitude of the Trenton
Complex-=which involves adhering to tight deadlines,
coordinating wmultidisciplinary atudles of ecology,
cultural resources, and engineeriny, and working in
harmopy with the funding and review agencies—treated
A series of challenglng management problems. Fram
the viewpoint of the cultuyral resources and wat-
lands, four key prohlema exiated: ensuring the qual-
ity of work, coordinating with the review agenciesa,
incorperating study findings inte the engineering
design in a cost-effective manner, and keeping the
project en schedule,

Hodification of engineering deslgn to preserve
pricelesa cultural rescurces and critically important
wetlands proved difficult oh the “Trenton Complex
project because the right-af-way had been purchased
almost 20 years previcusly and engincering was locked
{n, HNeverthelesa, through extensive coordination of
the wetlands ard archaeologleal Investigations with
angineeting deslgn consldervatlens, creative mitiga-
tion programs were developed to protect these en-
vironmental resources without compromising englneer=
ing design requirementas an example of thia was the
Watlanda Interchange. At the time the Final EIS war
approved in 1981, NJDOT and FEWA had agraed to build
the entire interchange on a structure to minimize
Impacts ©n cultural rescurces and wetlands., Tight
deffnition of wetlands, combined with accurate map~
ping of the archaeoleqical aites, allowed the engl-
nears to alightly rotate tha interchange configura-
tion to avoid ar minimize the impact on cultural
rosources and wetlands, Through this modification in
alignment--a direct result of coordination of the
disciplines~-0 percent of the structure ecould be
built on £111, resulting in a savings of §40 million
compared with the original EIS deaign concept.

Many review agencies, such as the Advisery Coun-
cil, ruferred ta tha Trentopn Complex project as &
textbook case of how environmental studies on trans=-
portation and other development projects should be
carcfed out, This praise illustrates that the team
concept used for this project, in which all par-
ticlpants pulled together towatd a common goal, can
succeed, even in the cass of projects as challenging
as the Trenton Complex.

The Trenton Complex Interatate highway project
might easily have gone uncompleted, had {t not been
for the enormous publie need that otherwise might
have gone unaatisfied and the perseverance of proj-
«ct Bpongors to see¢ thia need fulfilled. Throughout
the NEPA procese, this project enjoyed broad-based
public support while simultansously being ahadowed
by well-defined and intricotely interrelated environ-
mental concerha--mainly those related to cultural
resources and wetlands.

Faced with & range of comments from gevernmental
agencles, comments that covered the spectrum Erom
gapnacal acceptance and support for the project teo
disbeliel that it would ever be approved and expres-—
slon of unalterable opposition, NIJDOT and FHWA had
to geparate the legitimate losues from the rhetoric.
Thi{s was accomplished by d¢ivicding the concerna into
logical categories, {ncluding lmpacta on cultural
raesources, ecological impacts, as well as other
environmental impacts; coordinating aa appropriate
on a centinuing basfs:r and aeeking solutiens for
valid concerns, Extensive alternative locations and
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design treatments, and combinationa thereof, were
studied aa means to this end. The challenge was to
minimize or eliminate problems whila simultaneously
malntaining public support, keeping construction
costs down, minimizing delay, and refraining Erom
creating new envirenmental problems as a result of
resolving existing ones,

In the final analysis, the culkural rescurces and
ecological iassues would be the most challenging to
resolve, not only becauge of thelr tndlvidual sig-

nificance but alao because of the potential for the
solytions rolated to one adversely affocting the
other, thereby lncreasing coats, Through the process
of coordination an lngenious compromiame evalved,
carefully integrated with the desian efforta, which
resulted in substantial cost savings while asimul-
taneously protacting archaeological and wetland
areas that were otherwise adversely affected.
particns of the Trenton Complex are now undar
construction, another contract is scon to be let,
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and several other portions are in the advanced stages
of deaign. Even though the Final EIS has been ap-
preved, the MOA migned, and saevaral construstlien
permite granted, the environmental work continues
and will coptfnue into the Ffuture. In the early
19708, approval of a Final RIS was viewed as the end
of thoe NEPA process. liowover, the Trenton Complex
projest, pechaps more thap any othee, has demon=
strated that although approval of the Final EIS
ylelds the decision about locatfon, environmental
work must continue during tho design process to meet
apecific environmental peeda such as fulfllling the
requirements of tho MCA, and to provide solutions to
environmental problems that arlse during the process
of securlng construction parmits, The realization
that approval of a Final EIS is not the end of the
NEPA process and that environmental work must con-
tinue during the final deaign phase has davaloped
over an extended period of time and has not come
without soma fruatratlons. Ahead lie substantial
amounts of work in completing archasslegical in-
vestigations to galn ultimate acceptance; additional
work has to be completed on wotlands mitigatien, In-
cluding major decisions ahout project design and
methoda of construction to secure heeded constructlon
petmits. Even now, almost 15 years after NEPA and
almost $§ years after Final EIS approval, expendi-
tures of time and cost for environmental mitigation
and coordination are substantial. Although much of
this was unforsseen in the beginning, it has became
clearer over time--partieularly os new and unfore-
seen issues arose and new regulations were Intro~
duced during the approval proceas-=that Final EIS
appeoval ls not the ond of enyirenmental involvemant
for the project, but cather the beginning of a new
and more issue-ralated cnviconmental phase demanding
more and better coordination than previously.

The Trenton Complex haa evolvad dramatically
during the years aince ensctment of NEPA {n 1965, In
many ways and by nearly any atandard, the ‘“frenton
Complex project has been improved for those who will
live within its proximity and for mankind in general,
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ag a resylt of the environmental coordination pro-
ceps. 1t must be remembered, howasver, that [t did
net. come without substantial costs In manpowet and
monoy {nvested Iin studies and that 1t did nok coma
without postpening other needed tranaportation ime
provementa for the many years during the proceas.
Perhapas ane of the dgreatest benefits of the en-
vironmental coordlnation carried out on the Trenton
Complex projost is that it haa been a learning ax-
perience for all those who have boen assoclated with
it during the past 15 yeara, During thome years, as
the NEPA procesa itself matured, so did those who
worked with It and served it, Many who orlginally
thought the Trenton Complex should not and could not
be built have, through the axtensive coordination
efforca, vome to helieva thia project is beonoeflicial
net only to regliopal and local needd, but also to
environmental prenervation and onhancement. Stafg
members from NIDOT and FHWA who once aat acrosm the
table from representatives of envirenmental agencies
oppased to the project have long since reconcilad
their diffecrences and cemented relatlonships that
will gerve to expedite future projects. This recon-
cilfation reaulted from considerable discussion and
coordipation among the interescted communitiea and
agencies, leading to a mutual understapnding and
veApect for the varlous posltions taken op the many
sensltive environmenta! issues lnvelved In  the
Trenton Complex project, The Trenton Complex being
bullt in a manner more environmentally compatible
than some ever bolieved pogsible la perhaps reward
anough for the yeamra of effert apent. For soma of
those who worked on the project, however, the learn=-
ing experience with raspect to coordination and
reconciliation of differences ameng those who hold
diffarent views is perhaps even more satisfying.

Publication of this paper sponsored by Committee on
Environmental Analysis in Tranaportation.



The Transportatioh Rorearch Board Is a unit of the Na-
tiona! Research Councll, which sorves the Natienal Acad-
emy of Sciences und the Natienal Academy of Engineering,
The Board’s purpose is to stimulate research concerning the
naturg and performance of transportation systems, to dis-
seminate the information produced by the research, and to
oncourage the opplication of appropriate rasearch findings,
The Board’s program is carrigd out by more than 270
comimittees, task forces, and panels composed of more than
3,300 administrators, engineers, social scientists, attorneys,
educators, and othors concarned with transportation; they
serve without compensation. The program is supported by
state transportation and highway departments, the modal
administrations of the U.S, Department of Transportation,
the Association of American Railroads, tha National High-
way Traffic Safety Administration, and other organizations
snd individuals interestud in the devalopment of transpor-
tation,

The National Research Council was established by the
National Academy of Sciences In 1918 to associate the
hroad ecommunity of science and technology with the
Acadamy’s purposes of furthering knowledge and of
advising the federal government. The Council operates in
accordance with general policies determined by the Acad-
emy under the authority of its congressional charter of
1863, which estabilished the Academy as a private, non-
profit, self-governing membership corporation, The Council
Is the principal aperating agency of both the National
Acadomy of Sciences and the National Academy of Engi-
nearing in the conduct of their services to the government,

e public, and the scientific and enginaering communities.

It is administered Jointly by both Academies and the
Institute of Medicine, The National Academy of Sciences
was established in 1863 by Act of Congress as a private,
nonprofit, setf-governing membarship carporation for the
furthorance of sclence and tschnology, required to advise
the federal government upon request within its fields of
competenca, Under its corporate charter, the Academy
established tho National Academy of Engineering in 1964
and the Instituta of Medicine In 1970,

Tha following acronyms are usad without definition in
Record papors:

AASHO

Amarican Astociation of State Highway
Officials

AASHTO American Association of State Highway

ASCE
ASME
ASTM
FAA
FHWA
FRA
IEEE

ITE
NCHRP

NCTRP
NHTSA
SAE

TRB
UMTA

and Transportation Officlels (formarly
AASHO)

Amarican Society of Civil Englneen

Amaricen Society of Mochanical Enginaers

American Society for Testing and Matarisls

Fedaral Aviation Administration

Fedoral Highway Administeation

Fedarsi Railroad Administration

Institute of Electrical and Electronics
Engincars

Institute of Transpartation Enginsors

National Cooperative Highway Rassarch
Pragram

Nationai Cooperstive Transit Rosearch and
Development Program

National Highway Traffic Safaty
Administration

Society of Automotive Engineers

Teansportation Ressarch Board

Urban Mass Transpartation Administration
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