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ABSTRACT

The California Department of Transportation (Caitrans) is required by standards to
predict noise levels for proposed federal aid highway projects. For these predictions
Caltrans uses national vehicle noise reference emission levels, which are based on
1975 data collected in North Carolina, Florida, Washington, and Colorado._ In 1982,
Caltrans initiated a study in response to the need for California data, This report
presents criteria, methods and analyses used to develop California vehicle noise
emission levels for level roads and heavy truck emission levels on grades.

More than 3000 noise and environmental measurements were made at Sixteen level road
sites in California., Included were automobiles and medium and heavy trucks traveling
at constant speeds between 25 and 65 mph. Microphones were located at distances of
25, 50 and 100 feet, and at heights of 5 and 10 feet. Nearly 1800 measurements were
made of heavy truck noise at constant up hill speeds from 10 to 65 mph at six road
sites ranging in grade from +3% to +7%.

Analyses of data show that California automobile noise is 0.8 to 1.0 dBA higher than
national levels. In contrast, medium and heavy trucks noise is 0.5 to 3 dBA Tower
than the national Tevels. The study also indicated that the three vehicle groups

~adequately represented the California vehicle gopu1at1on and geographical differences

may be ignored. Effects of opﬁos1te winds of less than 12 mph, and terrain cover
introduced errors of no more t 1 dBA at the 50-foot reference distance. For +3% to
+7% grade, heavy truck noise showed no grade dependency. Speed dependency was best
expressed as a second order poiynomial.
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I. ‘INTRODUCTION

This is the final report presenting the results of the
California Vehicle Noise (Calveno) Reference Energy Mean
Emission Levels study for level roads and heavy trucks on
yrades. An interim report by the same title and author was
published in August 1984(1). It covered the development of
speed-dependent vehicle noise emission levels om level
roads only.,

This final report includes both the interim report and the
additional information concerning noise levels of heavy
trucks traveling uphill on grades of +3% to +7%.

Backyround

The noise abatement procedures for Federal or Federal Aid
highway projects are governed by the Federal Aid Highway
Program Manual (FHPM) 7-7-3(2). This directive requires
state highway agencies to determine and .analyze expected
traffic noise impacts and alternative noise abatement
measures to mitigate these impacts.

As part of the traffic noise imbact analysis under FHPM
7-7-3, prediction of future traffic noise is required, Any
prediction method may be used to satisfy this requirement
if it generally meets the following two conditions:

1. The method must be consistent with the FHWA Highway
Traffic Noise Prediction Model, Report No., FHWA
RD-77-108(3).

2 The prediction method must use either the National
Reference Energy Mean Emission Levels as a function of
speed(2,3) or reference energy mean emission levels deter-
mined by the methodoloyy described in FHWA-DP-45 1R(4).
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“'since 1978, the California Department of Transportation
(Caltrans) has used the National Reference Energy Mean
Emission Levels as a function of speed for noise predic-
tions for Fedérdl or Federal Aid hiyghway projects. These
noise emission levels were based on FHNA-RD-77-19(§)
(autos), and FHWA-RD-78-64(6) which presented statistical
ana]yses_dn truck data gathered in the 1975 Four-State
Noise Inventory(7). California was not among the four
states in the study. It was also reasonable to assume that
vehicle noise emission levels may have changed since 1975,
due to new truck noise emissions regulations and the recent
popularity of compact, energy efficient automobiles. For
these reasons, Caltrans recognized the need for a
California vehicle noise emission study.

A 1981 Caltrans 'barrier evaluation study(8) comparing
before and after barrier measured noise levels with those
predicted by FHWA-RD-77-108(3) methods concluded that the
latter tended to predict average values of 3 to 4 dBA
higher than those measured at eieven barrier sites through-
out California. That study recommended further investiga-
tion to examine the validity of using the national emission
levels in Ca]ifornia. The recommendation was followed up,
and the results were presentéd in the interim report(l).

The Calveno curves have since been approved by the FHWA and
and are now-used in Caiifornia for noise studies required
by FHPM 7-7-3. These levels, however, are valid for level
roadways only. “They are not suited for grades.

To compensate for this deficiency, the FHWA model allows

for an uphill grade correction to be applied to heavy truck
emission levels. Two methods for calculating grade correc-
tions were presented(3). The first, "NCHRP Report 117
Method," involves the addition of a yrade dependent, speed-
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independent constdnt to the noise level based on total
truck volume. The second, "NCHRP Report 174 Method," is a
grade- and speed-dependent equation which calculates noise
adjustments for ygrades as a function of speed, to be
applied to uphill trucks only. FHWA RD-77-108(3) recom-
mends that the corrections of NCHRP 117 be used on the
uphill heavy truck noise levels only. The FHWA Level 2
Highway Traffic Noise Prediction Model, computer versions
STAMINAL and STAMINA2, as well as the Caltrans computer
versions SOUNDS3and SOUND32 essentially use this
recommended procedure.

During the Calveno 1e§e1 road measurements, a limited
amount of measurements were made on three different uphill
grades. Preliminary analyses of these grade data strongly
suggested that the recommended procedures for dealing with
grades(3) are not correct. An extension to the research
project was requested and approved, to measure and analyze
heavy truck noise emission levels on uphill grades. . This
resulted in a heavy truck speed-dependent enérgy mean
emission level curve for grades of +3% to +7%. This curve,
presented in Chapter XI, should be used for uphill heavy
truck traffic traveling at sustained speeds only (i.e.,

far enough up the grade after decelerating from 55 mph to
"crawl" speed). Ideally, the curve should be integrated
over typical truck speed distributions associated with each
percentage increment of grade.

Chapter XI includes observed speed distributions and
compares them with previously reported typical speed-
distributions on grades in California. It also includes
suggested heavy truck noise emission values for each
percentage increment of grades from +3% to +7%. These were
based on intregration over observed truck speed distribu-
tions which proved to be fairly typical. The values may be
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used as ﬁdéféu1fm values when detailed truck speed
distributions are not readily available,

Objectives

The original objective of this study was to develop
California Vehicle Noise Reference Energy Mean Emission
l.evels for use ih California highway noise studies com-
plying with the FHPM 7-7-3 requirements. The methods and
criteria used té accomplish the primary objective are
consistent withxFHwA;DP-451R(i) and FHWA-OEP/HEV-78-1(9).
The orignai objéctive was later expanded to include uphill
heavy truck noise emission levels on grades up to +7%.

There were somé”secdndary objectives in this study:

°Verification?of the inference from the four-state study
that vehicles in California can be categorized in three
acoustic source groups to represent the State's entire

vehicle popu1atﬁon without introducing significant errors
in noise predictions. '

°Examining the effécts of hard and soft site characteris-
tics (as defined by FHWA RD-77-108(3)) on noise emission
Tevels measured at a 50-foot reference distance.

°Studying near and far field (defined in FHWA RD-77-
108(3)) single €vent drop-off rates as a function of
distance and vehicle graoup.

°Examining geographical differences in vehicle emission

levels for two regions in Catifornia, representing northern
and southern California,
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®Examining the effects of wind on emission Tevel
measurements,

Work Plan

A total of sixteen sites were selected for the original
objective, eight in mortnern California and eight in the
southern part of the state. Each vehicle ygroup was about
equally represented in the northern and southern portions
of the state,

The number of vehicle passby events measured was 3045,
Because of stringent contamination control and other rejec-
tion criteria, 2734 events were actually used to determine
emission levels. Of these, 46.2% were automobiles, 11.5%
medium trucks and 42,2% heavy trucks (as defined in FHWA-
RD-77-108{3)). Speed=dependent reférence eneryy mean emis-
sion levels were developed for each of the three venicle
groups for constant speeds from 25 mph to 65 mph on level
roads. These emission curves are presenﬁed in Chapter XI
of this report.

Six additional sites were selected later for the grade
emission levels. These sites were é]ong grades ranging
from +3% to +7%. A total of 1907 heavy truck measurements
were made of which 1770 were acceptable. These were yused
to determine the grade emission levels at sustained speeds
of 10 mph to 64 mph., The yrade emission levels are also
presented in Chapter XI.

The secondary objectives were attained by measurements
using up to 5 microphones at distahces ranging fraom 25 tao
100 feet from the centerline of vehicle travel and at
heiyhts of 5 feet and 10 feet,



R

A1l noise measurements were made on the A-weighted scale.
No frequency spectra were measured, nor was any attempt
made to verify vehicle noise centroid heights as reported
in FHWA-RD-77-108(3). No measurements were made on the
downhill side of the roadway. This was not included in the
objectives, ‘




IT. CONCLUSIONS

California Emission Levels - Level Roads (Calveno

Automobiles., The California reference energy mean emission
levels are from 0.8 dBA at 31 mph to 1.0 dBA at 60 mph higher
than the national reference mean energy emission levels.

Medium Trucks. The Ca1if0rnia tevels are from 0.5 dBA at
31 mph to 2.9 dBA at 60 mph lower than FHWA (national) levels,

Heavy Trucks. _The California levels are from 0.2 dBA higher
at 31 mph to 2.8 dBA lower at 60 mph than FHWA levels.

Because of the importahce of heavy truck volumes in noise
predictions, the net effect of the above three findings is a
lower predicted noise level of about 2 dBA for average traffic
mixes,

California Heavy-Truck-On-Grade Emission Levels {Caigrade)

Grade Dependency. For a given speed or speed class, no
direct grade dependency could be detected in the meaéured noise
levels for the range of grédes studied (+3% to +7%). This
paradox can probably best be explained by the following.
Sustained uphill truck speed is governed by both grade and load.
Trucks traveling at the same maximum sustained speed must carry

Tighter loads on steeper grades and heavier loads on lesser
grades. For a particu]aé speed, the probable increase in noise
level due to a steeper grade will be offset by the lighter loads
prevalent at that speed. The degree to which load and speed
offset each other could not be determined experimentally because
the truck weights were not known.
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" “Speed Dapendency. Although noise emission levels of heavy

trucks lumbering up-grade were apparently not grade dependent,
they displayed a definite speed dependency. A second ordar
polynomial curve {(noise energy vs. logjg speed) provided the
best fit with data collected at each gfade site.

Uphill Heavy Truck Speed Distributions. As was expected, a
variety of truck speeds was observed at each grade site, Unlike
truck speeds on level roads which were largely unaffected by

loads at cruise speeds, the uphill heavy trucks were strongly
‘affected by loadind, creatihg wide ranges of observed truck
“speeds. ‘Average speeds'decreased as the percentage of grade
increased. The observed speed distributions generally appeared
to fit typical distributioné‘of,trucks on grades in
Caiiforn%a(lg).

On-Grade Reference Energy Mean Emission Levels. Because of

~the observed lack of a direct, dependency on grade, one speed
dependent heavy'truck noise emission curve, valid for +3% to +7%
grades, was developed (see ChapterlXI). The effects of grade
and load are'impliéit in the estimated truck speed assigned by
the user. \Using typical average speeds for grades of +3% to +7%
in 1% increments, a cdmparison was made between the California
Heavy-Truck-On-Grade Noise (Calgrade) Reference Energy Mean
Emission Levels and the NCRHP 117 grade corrections applied to
Ca1veno'heavy truck curve. For grades of +3% to +5% Calgrade is
higher by 1.6 dBA at +3% to 0.5 dBA at +5%; for grades of +6%
and +7% Calgrade is lower by 0.8 dBA at +6% to 2.6 dBA at +7%.
Ideaily, the Calgrade curve should be integrated over an entire
truck speed distribution, rather than using the average speed,
since Calgrade is a second-order polynomial with a "sag" at
about 25 mph "and hfgh values at 10 mph and 65 mph, Using
typical speed distﬁibutions,.predictions based on average speeds
will generally be from 0.1 to 0.5 dBA laower than those based on
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integration of the entire speed distribution. Default values
including these integrations are given in Chapter XI.

Acoustic Source Groups

California vehicles can.be categorized in three acoustic source
groups: autos, medium trucks and heavy trucks, using the same
definitions as in FHWA RD-77-108(2).

Hard vs. Soft Sites

The difference in noise Tevels between hard and soft site
characteristics at 50 feet from the centerline of vehicle
travel, averaged 2.0 dBA for autos, 1.9 dBA for medium trucks
and 1.6 dBA for heavy trucks. Because of the many variations in
site characteristics encountered in the sixteen measuring sites,
the California emission levels provide a balance between hard
and soft site noise levels at 50 feet that guarantees accuracies
of well within +1 dBA for all but the most extreme site
conditions.

Near and Far Field Noise Drop-0ff Rates

In both near {less thah 50 feet) and far (50 feet or greater)
fields, site characteristics had an effect on the single event
drop-off rates.

On hard sites, the near field drop-off rates were reduced to an
average of 5.2 dBA per doubling of distance (DD), probably due
to point source degradation close to the vehicles,

In the far field, the average hard site single event drop-off

rates were 5,9 dBA/DD for the Jow microphones (5-foot high) and
5.2 dBA/DD for the high microphones (10-foot high). The latter
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{expécted!%.o dBA/DD point source drop-off

deviation from the
rate was probably due to greater exposure to reflections from
the roadway.

On soft sites, the'hear field point source degradation effects
on drop-off rates was more than offset by excess ground attenua-
tion. The drop off rates averaged 7.0 dBA/DD at a height of 5
feet. '

In the far field, the average soft site drop-off rate for single
events was 7.9 dBA at 5-foot heights and 6.8 dBA at 10 feet,
indicating that soft site characteristics still affect noise
‘levels at 10 feet above the ground,

Geographical Diffeﬁences

There -appeared to be no differences between northern and
southern California for autos and medium trucks. Heavy trucks
appearéd to be Touder in Northern California by up to 2 dBA.
The California emiS%iOn curve for heavy trucks, however, pro-
vides a balance guaranteeing accuracies within +1 dBA in most
locations in California,

Wind

For winds of 12 mpﬁ or less, direction had no apparent effect on
measurements at 50 feet., For opposite cross wind (90° to road-
way) directions with speeds between 6-12 mph there appeared to
be a statistically ‘significant difference at 100 feet of 3 dBA
in noise levels geﬁerafed by autos. This difference could have
been caused by wind directidn, site variation, or both. It was
not passible to sepafate jndividual contributions by each. No
differences were detected for medium and heavy trucks at 100
feet,
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ITT. RECOMMENDATIONS

This report makes the following recommendations:

°The California Vehicle Noise (Calveno) Reference Energy Mean
Emission Levels should bé used in California for highway noise
predictions in new studies effective as soon as possible after
FHWA approval,

°Computer programs should have an option for either National
or California emission levels to allow completion of studies
dlready in progress.

The above recommendations were implemented after FHWA approval

of the interim report{l) and have been in use 'since March 1985
in California.

°The California Heavy-Truck-On-Grade Noise (Calgrade) emission
levels should be implemented for use in California as soon as
possible after FHWA approval. Calgrade should be used for
uphill heavy trucks, on grades ranging from +3% to +7%, at free
flowing sustained speeds. For grades less then 3%, straight-
tine interpolation between Tevel and 3% noise emission values
is recommended.

°California vehicle noise emission levels should be updated
periodically to account for changes in vehicle fleets, These
update efforts do not have to be as extensive as those presented
in this report. '

°Further research is recommended in line source drop-off rates
as a function of distance, height, terrain, wind speed and wind
direction, These variables have a significant effect on noise
measurements and prediction results.
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Iv. IMPLEMENTATION

In March 1985, following approval ‘of the interim report(l) by
the FHWA, the California Vehicle Noise (Calveno) Reference
Energy Mean Emission Levels presented in Chapter XI of this
report were programmed into all Caltrans computer versions of
the FHWA Highway Traffic Noise Prediction Model (FHWA-RD-77-
108). The National Reference Energy Mean Emission Levels will
remain available to allow completion of noise studies already in
progress.

A memorandum was sent to all Caltrans districts advising
concerned environmental and project development personnel of the
changes. ‘

Immediately following FHWA approval of this final report and/or
the California Heavy~-Truck-On-Grade Noise (Calgrade) Reference
Energy Mean Emission Levels presented in Chapter XI of this
report, Calgrade will be programmed into all Caltrans computer
versions of the FHWA Highway Traffic Noise Prediction Model
(FHWA-RD-77-108).

A memorandum will be sent to all Caltrans districts advising
concerned environmental and project development personnel of the
changes.
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Y. BENEFITS

Calveno

Af the outset of this study, benefits could not be estimated 1in
terms of dollar savings. There were three possible outcomes for
the California emission level results. First, the Tevels could
have been the same as the natibnaT emission levels. 1In this
case, the benefit would have been the reassurance that the
levels used for noise prediction and barrier design were
accurate,

A second outcome could have been that the California emission
levels were higher than the national leveis. There would not
have been any benefit to Caltrans or FHWA in this outcome, at
least not directly translatable into doliars. Higher predicted
noise levels would result in higher barriers and greater costs.
Affected residents, however, would benefit from additional noise
reductions.

The third outcome, lower California emission levels, would
obviously translate directly into dollar savings for Caltrans
and FHWA resulting from reduced mitigation measures:

The benefit common to all three outcomes is the improved
accuracy of the model, thereby assuring both increased con-
fidence in the model results, and a higher level of service to
the public.

As the conclusions indicate, the third outcome - that of lower

California truck emission levels than national Jevels -
occurred.



?.

ZHT% is, thé?e?bré,’%bt.enti5w1y fair to credit the benefit in
barrier savings to the design of this study. The benefits,
however, may be viewed as incidental to the search for increased

accuracy in the model.

-For average traffit mixes and spééds of 55 mph predicted noise
levels should be épproximaté1y 1 to 2 dBA lower using the
California emission lTevels. To translate this into dollar
savings, several ftems need to be considered. Firstiy, retrofit
barriers for exisfing‘freeways will not be affected by the lower
emission levels, due to the current Caltrans practice of
calibrating the model with existing noise measurements.

SeéondTy, Caltrans Noise Barrier Design Informatjon Buliletin No.
58(11) requires a barrier Tine-of-sight (LOS) break between an
1t.5-foot truck st%ck and 5-foot receiver. The actual height of
the LOS break depends on the roadway-barrier-receiver geometry.
For average, at-grade highway conditions, the break height lies
between 8 and 10 feet. '

Finally, the acouspicaT barrier design also depends on traffic
mix and geometry. '

For future'barriePS'a1ong proposed new highway alignments where
model  calibration is not possible, barrier cost savings using
California emission levels could result in savings of $200,000
per mile for at-grade sections. The estimate is based on
‘typical traffic miges at 55 mph, at-grade section, barrier to
equivalent noise source distance of 50 feet and barrier to
receiver distance of 50 feet. A noise wall designed to be 13
feet high with national emission levels could be reduced to
approximately 10 feet usfng California emission levels to
achieve the same predicted noise level behind the barrier. In
some marginal cases it is possib]e that a barrier might be
entirely eliminated.



Higher predictions of 1 to 2 dBA with nmational emission levels
are consistent with average overpredictions of 3 to 4 dBA
reported in a previous Caltrans study(8).

Calgrade

For speed distributions associated with 6% to 7% grade, noise
predictions using Calgrade will generally be up to 2.6 dBA lower
than those based on Calveno with NCHRP 117 grade corrections,
Noise barrier designs based on the Calgrade predictions would be
about 1 foot lower if the barrier were located on the uphill-
bound side of +6% to+7% grades resulting in a saving of approxi-
mately $50,000/mile. On the other hand, Calgrade would result
in an increase of approximately the same amount for +3% to +5Y%
grades. It may, therefore, be conciuded that no significant
cost savings or increases will be realized from implementing the
Calgrade curve,

The true benefit in this case is the increased accuracy and
greater confidence in predictions, resulting in more reliable
noise barrier design procedures,






VI. INSTRUMENTATION

A1l sound level meters (SLM) used in this study met the
requirements of Type I Precision SLM per ANSI S1.4, 1983
(12). The SLM were connected to a datalogger specifically
designed for the California Transportation Laboratory.

The datalogger has sixteen channels which may be selec-
tively activated to receive up to sixteen DC output signals
from SLM. The signals are then converted by the data-
logger's microprocessor into continuous, time-varying noise
signals which are digitally displayed and updated at short
time intervals depending on the "slow" or "fast" response
settinygs. The datalogger has two mode settings: "“standby"
and "sampling®., In the "sampling" mode the datalogger
stores one sample per activated channel per second in the
microprocessor, The stored values are used at the end of
each sampling period to derive noise descriptors and
statistical values. During sampling, an "omit sample"
button may be depressed to exclude any noise contamination
such as barking dogs, sirens or aircraft noise.

At the end of each noise measurement period, the dataloegger
prints out the channel number, date, site number, time
sampliing started, time sampling ended, number of samples
‘lost (due to "editing" during measurement), qu, L10s

Lsg, @ histoyram of noise leveis vs percent frequency,
standard deviations, skewness, and kurtosis for each
channel.

The datalogyer alsc has the capability to measure maximum
noise levels in either standby or sampling mode while a
"peak" button is pressed., Upon release of the button, the
maXximum noise level received by each channel while the peak
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“button was depEéﬁéed, is printed with the date, site
number, time, and elapsed time of the single event. The
datalogger was used in this mode during this study.

A 50-foot reference microphone (mic 2) and SLM were also
connected to a’graphic level recorder (GLR). The GLR was
used as a "valid peak" evaluation tool as will be discussed
in the Field Measurements chapter,

Table VI-1 lists the instruments used in this study.
Figure VI-1 shows the instrument setup.

Table VI-1
INSTRUMENTS USED IN THIS STUDY

- Sound Level Metérs'
5-Brué1 & Kjaer  Type 2218 Precision SLM

Microphones

5 Bruel & Kjaer Type 4165 1/2" Microphones

Graphic Level Recorders

1 Bruel & Kjaer Type 2306 Portable GLR

Calibrators

1 Bruel & Kjaer  Type 4230 1000 Hz, 94 dB Calibrator

Noise Data Acquisition System

1l ea. Datalogyer Microcomputer made to specifications
prepared by the Transportation Laboratory; the unit
was manufactured by James Cox & Sons, Inc.,, Colfax,
California, and Walt Winter of Enyineeriny Logic,
Sacramento, Catifornia.

Miscellaneous

1 ea. Range Master 715 {radar gun); Decatur Electronics,
Inc. Wind Measuring Instrument; Belfort Instument
Company
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}he SLMMdafalddaef systeﬁ‘was”ca1ibratEd before and after
each measuring befiod at each site by a field calibrator.
The calibrator was periodically calibrated at the Caltrans
Transportatfon Laboratory (TransLab) in Sacramento.

TransLab has the facilities and instruments for performing
sound equipment calibrations traceable to the National
Bureau of Standards in Washington, D.C., via two 8ruel and
Kjaer 4160 one- jnch laboratory standard microphones, These
microphones are sent atternately to NBS every six months to
insure the ava11ab111ty of a recently calibrated standard
microphone at the TransLab.
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VITI. SITES

Site Selection and General Requirements

A1l selected sites for this study were in conformance with
emission Tevel site criteria set forth by FHNA-OEP/HEV-?S-i
(9) and FHWA-DP-45-1R(4). 1In addition to these physical
criteria, the following general requirements were strived
for during the selection process:

1. Adequate representation of hard and soft sites as
defined by FHWA-RD-77-108(3).

2. Adequate geographical representation of vehicles.
3. Adequate speed representation,

With the exception of requirements 1 and 2, the six grade
sites followed the same c¢riteria and requirements described
above. A1l grade sites consisted of compacted, uniformly
graded dirt. They were judged to have site characteristics
of some what less reflectivity than hard sites. They were
typically large emeryency turnouts. All grade sites were
located atong major interstate or state freeways. Traffic
moved at free flowing speeds averaging 55 to 60 mph on the
level approaches to the grades. The sites were located far
enough uphill to allow truck speeds to decelerate to a
sustained "crawl" speed determined mainly by load and
grade. Distances from the bottom of the grade to the site
ranged from 1 mile for the 7% grade to 2 miles for the 3%
yrade. There were no other constraints on truck speeds
such as lane merging, restrictive speed limits, or roadway
conétruction.
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‘These site critéria and requirements will be discussed in
- greater detail.” '

Physical Criteria. The following physical criteria were
imposed on the sites:

1. The site shé]] beIOpEn without obstacles or large
reflecting surfﬁces within 100 feet of either the vehicle
-path or microphone positions.

2. The ground Qurface at the microphones shall be no more
than 2 feet above or below the roadway elevation or the
plane of pavement (if the cross slope, crown or
supere]evation-js significant).

3. The ground surface elevations along a line perpendic-
ular to the roadway and passing through all microphones
shall not vary more than 2 feet parallel to the plane of
pavement.

4, The ground ﬁithin the measurement area may be hard or
soft as defined. in FHWA-RD-77-108(3).

5. The roadway pavement shall be either concrete or
asphalt concrete, dry, and in good condition.

6. The site shall not be near other significant noise
sources such as heavily travelled frontage roads, ramps,
construction, aircraft, etc.

7. The site shall not be near intersections, lane mergings

or any other features that would cause traffic to slow down
or speed up. Traffic hds to pass at constant speed.
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8. Other criteria are discussed in Chapter VIII, Field
Measurement Methodology, under Typical Instrument Set Ups.

Hard and Soft Site Representation. Of the sixteen level
sites selected, five were considered hard sites {sites 2,
9, 11, 12, 14), and eleven soft (sites 1, 3, 5, 6, 7, 10,
15, 16, 17, 18, 19). The effects of hard vs, soft sites on
noise levels measured at 50-foot reference distance will be
discussed in Chapter X, Data Analysis and Results.

Geographical Representation. California is a Targe and
diverse state with many different types of traffic. Truck
traffic, for example, consists of various types: inter-
state, urban industrial, rural agricultural, etc. In order
to get representative samples of the state's traffic, a few
samples were taken at many sites rather than the opposite.

In California, the FHWA Highway Traffic Noise Prediction
Model is used mainly with higher speed traffic in urban and
suburban regions, Geographical representation was there-
fore concentrated on these regions. Adequate high speed
representation of automobiles and heavy trucks was obtained
by sampling in the following areas:

1. Sacramento and vicinity.
2. San Francisco Bay area,.
Los Angeles/Ventura area.
4, San Diego and vicinity.
5. San Bernardino/Riverside area.

Site selection was limited to the outskirts of the above
urban regions to avoid congested traffic conditions.

Low speed traffic and all medium trucks were not neces-
sarily represented geographically because of the relative
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difficulty in obtaining enough samples. Low constant speed
traffic was generally difficult to find. Medium trucks
were also relatively scarce,

Site Locations and Descriptions

Selected noise sites were numbered sequentially, in the
order of measurement. A total of nineteen level sites were
originally sé1ected. However, three sites - sites 4, 8 and
13 - were not used., Site 4 was a Caltrans test site at the
California Highway Patrol Academy. Some limited passby
noise measuremeﬁts were made for another research project
at this site, uging a medium truck and auto at various
speeds. It was‘decided not to include the data in this
study because. the single medium truck and auto were not
representative df the California vehicle poputlation.

The sequential number at site 8 was assigned just before
measurement. Because of adverse weather conditions, no
measurements were made at site 8. Subsegquent measurement
attempts*weke also foiled by inclement weather.

Measurements were made at site 13 in the Mojave Desert.
Later it was discovered that the roadway is on a 3% grade.
This fact went unnoticed at first because the entire desert
floor in the aréa is along an average 3% inciine. Profile
elevations taken after the noise measurements exposed the
gradieat. |

A1th0ugh'sites ﬁ, 8 and 13 were eliminated, the remaining
sites were not renumbered to avoid confusion and maintain
‘correlation with the original data. In addition te the
sequential numbérs, the sites were also given names,

VvIiI-4



The six grade sites were numbered 20, 21, 22, 23, 23A and
238, The respective grade percentages were: 6.0%, 7.0%,
3.0%, 4.5%, 5.6%, and 4.2%.

General site locations are shown in Figure VII-1, followed
by detailed lTocation descriptions in Table VII-1, Cross
sections, layouts and area maps are shown in Appendix A,
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VIIT. FIELD MEASUREMENTS

General Approach

In the interest of safety, at least 2 persons were required
to perform field measurements near the highways. Appendix
B covers the general safety rules followed during
measurements.

The field measurements consisted of three operations:

1) vehicle jdentification and speed measurements,

2) A-weighted noise measurements, and 3) meteorological
measurements. The first operation was performed by a
vehicle observer, the last two operations by an instrument
operator. A1l measurement procedures and criteria reported
in this chapter were consistent with FHWA-OEP/HEV-78-1(9)
and FHWA-DP-45-1R(4).

The following sections discuss the instrument setups,
measurement procedures and criteria used in this study.

Typical Instrument Setups

Where space and other conditions permitted the use of five
mic's and SLM's, the typical microphone setup shown in
Figure VIII-1l, was used to measure highest noise levels of
individual vehicles. These were assumed to occur when
vehicles crossed the point closest to the mic's, called the
"Point of (Vehicle) Passby". Figure VIII-1 also shows
typical site cross section and setup criteria, including a
mic numbering convention used throughout the study, dis-
tances from the centerline of vehicle travel and mic height
criteria. Mic height criteria were obviously linked to
cross section criteria discussed in the preceding chapter.
Nine level sites (WNos. 1, 2, 5, 7, 11, 12, 15, 16, 17} had
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the typical setup shown in Figure VIII-1, Of these, there
was one exception, site 5. At this site, mics 4 and 5 were
located 75 feet from the centeriine of traveled way,
instead of the typical 100 feet.

At each of the seven remaining Tevel sites, the terrain did
not aliow a setup of five mic's. At these 1oca£ions a |
setup of three mic's was used. Except for the elimination
of mic's 4 and 5, the mic location criteria and numbering
convention for three m{c setups were identical to those
shown in Figure VIII-1, Sites 3, 6, 9, 10, 14, 18 and 19
had a three mic configuration;

0f the six grade sites, four {Nos. 20 thru 23) had the
three mic setup. Two of the sites (Nos. 23A and 23B) used
only the reference mic at 50 feet, The latter two sites
were selected for confirmation of data when preliminary
analyses revealed the lack of grade dependency at sites 20
through 23, '

Figure VIII-2 shows a typical site layout with mic clear-
ances for 3 and 5 mic setups. Actual mic heights, dis-
tances, site cross sections , and layouts at each site are
illustrated in Appendix B.

The typical setup of five mic's was designed to:

°Include site and setup criteria set forth by FHWA-OEP/
HEV-78-1(9).

°Include the 50-foot reference distance for energy mean
emission Tevel determination(g,g).
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°Include a 100-foot distance to measure noise drop-off
rate as a function of site type {(hard site vs soft site),
and wind direction, ' '

®Include average mic heights of 5 and 10 feet at both the
50- and 100-foot distances, to investigate ground
attenuation.

The three mic setups at four grade sites were designed to
ensure that the grade sites all had the same ground char-
acteristics. This was checked by comparing noise level
differences between mic 1 and 2, and mic 1 and 3.

Except for the elimination of the 100-foot distance (mic 4
and 5}, the above items also apply to the three mic

"setups.

Event Quality and Contamination Control

"In this report, an event is defined as the set of vehicle,
noise, and environmental measurements of a vehicle passby.
One of the most challenging problems in measuring vehicle
noise emission levels was to insure that measurements were
not significantly contaminated by background noise. For
the purposes of this report,'background noise is defined as
the combined noise level of all on and off highway noise
sources received by a microphone during a vehicle passby
(event), excluding the vehicle passing by and in some
instances, such as vehicle separation criteria (discussed
in the next section), another designated vehicle. Con-
tamination was especially difficult to avoid for autos
because of their relatively high volumes and Tow noise
emission levels compared to trucfs.
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The qua11ty'of'%ﬁe sihg]é?paSSDy events was maintained by
using three noijse contamfnation control strategies:

1) selecting vehicles thét were adequately separated from
other vehicles, 2) analyzing the GLR trace for compliance
with "valid peak" criteria, and‘3) audio-visual observation
by the radar observer and instrument operator. Strategies
number 1 and 3 were enforced in the field at the time of
the measurements. Determination of "valid peaks" was done
later in the office. The three strategies will be
discussed in defai] in the following three sections.

Vehicle Separat%on Criteria. Figures VIII-3 through VIII-6
show a progressive development of the minimum vehicle
separation c¢riteria used during field measurements.

When a vehic]e’approaches the point of passby at a constant
speed, the observed noise level at a microphone is related
to the vehicle.position as follows:

/[y 2 2
Axi +Do

Li’ Lo - 20 ‘log _____ﬁ;____ Eigure VIII-3)

where: Liiis the noise Tevel at vehicle position Xj.
Lo  is the nighest observed noise level at
-vehicle position Xg, the point of passby.
AXj is the distance between position Xi and X,.
Dg is the distance from microphone to X,.

This relationship is based on two assumptions: 1) the
vehicle is a point source, and 2) there is no ground
attenuyation of the noise.

Figure VIII-4 is a plot of relative noise levels (L,=20 dBA)

vs AXj for the case of Dy=50 feet. Note that this plot
is representative of a point source traveling at a constant
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Figure VIII-3, Vehicle noise level as a function
of vehicle position.
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speed, with the microphone positioned 50 feet from the
centerline of travel. Thié distance coincides with the
reference distance of 15 meters for the National Reference
Energy Mean Emission Levels per FHWA-RD-77-108(3).

The noise level vs vehicle position plot {n Figure VIII-4
was used in determining the minimum separétion distances
between two vehicles in two scenarios approximating condi-
tions (Figures VIII-5 and VIiI-G). The first scenario
(Figure VIII-5), illustrates two vehicles with equal noise
source strengths, and a "background" noise level (Lg) of
Lo-10 dBA. The two vehicles are separated by a minimum
distance so that the highest observed noise level includes
no more than 0.5 dBA contamination when vehicle 1 crosses
the point of passby. Because of the symmetrical relation-
ship between the two noise sources, the same cohtamination
is present when vehicle 2 crosses the point of passby. A
GLR documenting the events would produce a trace similar to
the solid Tine in Figure VIII-5 depicting the sum ofHLi
vehicle 1 + Ly vehicle 2 + Lg. This scenario approxi-
mates the passing of two autos without the presence of
trucks, and may also be applied conservatively to the
passing of two trucks. The minimum distance of 308 feet
between the vehicles provides a criterion of separation
when two vehicles of equal noise source are involved.

Because of uncertainties in actual background levels, and
the'fact that usually more than two vehicles were in the
vicinity, the minimum distance criterion between the
measured vehicle and any other vehicle of approximately
equal source was set at 400 feet. A traffic cone placed
400°' ahead of the point of passby aided the observer in
estimating the minimum distance criterion in the field.
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‘The second sceng%fog shogh 1h Figure VIII-6 invelves two
vehicles of unequal source strength. In this scenario, the
noise source of one vehicle is 10 dBA higher than that of
the other vehicle. The background noise is assumed to be
10 dBA below the lower noise source. This scenario
approximates that of measuring the noise emission level of
an auto while a truck is approaching. In this case, the

" minimum vehicle separaton should be 985 feet, or approxi-
mately 1000 feet, to avoid contamination of more than 0.5
dBA. '

The observer in the field had to estimate the 1000-foot
distance when the second .scenario applied. Usually this
did not present ‘a problem. Most auto measurements were
taken when there were no trucks in sight. 1In the cases
where trucks were present, the observer and instrument
operators made independent judgements -as to the measurement
quality. Becauée of the probabie presence of considerable
ground attentua#ion and some atmospheric attenuation over a
10004qut distance (not included in the criterion
calculation), this criterion was probably conservative.

Findally, a short discussion about the reverse of scenario 2
(Figure VIII-G):should be included. In this scenario the
louder vehicle is measured and the quieter vehicle is in
the vicinity. 1If the difference between the sources is 10
dBA or greater,kno separation should be necessary when two
vehicles are involved. However, when the louder source is
surrounded by several quieter sources, contamination may
still occur. NO criteria were set td cover this situation,
but in general, trucks were not measured with more than two
or three autos in the immediate vicinity. In most cases,
trucks selected for measurement were adequately separated
from autos so fhat few Jjudgments were necessary.
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The vehicle separation criteria used for the field measure-
ments were all for the 50-foot microphone positions, ‘
Examination of Figures VIII-3 through VIII-6 indicate that
these criteria will always satisfy the 25-foot, but not the
100-foot mic positions. However, mics 4 and 5 were not
used for emission level measurements. The purpose of the
100- foot noise measurements was to determine the effects
of terrain and wind. Other criteria were used to evaluate
the quality of those measurements at the 100-foot distance
as shall be discussed in the next section,

Valid Peak Criteria. Due to uncertainties in background
noise levels (defined in the previous section) at the time
of measurement, vehicle separation criteria by themselves

were not sufficient insurance against contamination.

Valid peak criteria were developed to help determine
whether background noise contributed to the highest obser-
ved noise level of each event {(vehicle passby). These
criteria were based on a GLR trace of the event, recorded
at 50 feet from the centerline of vehicle travel at a mic’
height of 5 feet (Ref mic 2 location).

In order to 1imit contamination to less than 0.5 dBA, the
background noise levels should be at least 10 dBA lower
than the highest observed value. This would have been a
convenient criterion to use. A study by the New Jersey
Department of Transportation(l3), however, suggests that
accepting only peaks of 10 dBA or greater would introduce a
bias toward noisier vehicles. This is especially true when
background noise is relatively high. The New Jersey study
used a rise and fall criterion of 6 dBA to prevent this
bias, at the risk of slightly contaminating the
measurement.
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Figure ViII-? sﬁows GLR traces of four passby scenarios and
their associated valid peak criteria. Scenario "a" illus-
trates a single vehicle passby at 54.5 mph (80 feet/sec),
with a background noise level of 30 dBA or more below its
noise emission level, Ly, of 84 dBA. This trace is
unaltered by any background noise. Scenario "b" depicts
the same single‘évent with a steady background noise level
of Lo - 10 dBA. Note that the highest observed noise
level, Lpax, s 84.4 dBA and the measurement is
contaminated by Lpax - Lg = 0.4 dBA.

‘Scenarios “a" and "b" comprise "event quality 2". Quality
2 events represent the least contaminated events. They
were used for all analyses, including those made for the
100 ft mic's. The criterion for quality 2 events is a peak
that rises 10 dEA or more above the background noise level,
measured by a SLM and GLR at a 50 ft distance and 5 ft mic
height. - -

Scenario."c" shows contamination caused by a relatively
steady background noise of Lo - 5 dBA. The contamination
is 1,2 dBA above the background. Scenario "d" illustrates
the trace of two vehicles of equal source strength, at the
minmum separatidn distance discussed in the previous
section. A stgédy background noise level of Ly - 10 dBA

is assumed. As shown in Figure VIII-5, the peaks are
separated by a 6 dBA valley, and contamination is 0.5 dBA.
Scenarios "c" and "d" were grouped into "quality 1" events.
These events were used only for emission levels analyses up
to and including the 50-foot microphones. Quality 1 events
were not used td analyze the noise levels measured at the
100-foot distance. The criterion for quality 1 events is a
peak that rises 6-9 dBA above the background. Note that
minimum vehicle separation criteria are under no
circumstances in conflict with the quality 1 criterion.
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Peaks that rose less than 6 dBA above background were coded
event "quality 0" and later ignored in computer analyses,

Audio-Visual Observation. The preceding two methods of
controlling noise measurement contamination - the vehicle
separation and valid peak criteria - were objective crite-
ria that required a minimum amount of judgment., Rigid
compliance with the criteria appeared to be sufficient
insurance against contamination in most cases. In some

instances, however, it was necessary to apply subjective,
on-the-spot judgment to determine the quality of an event,.
In these instances, judgments were made through audio-
visual observations, i.e., using ears and eyes. Common
examples 1nc1ud§d: sudden rises in background noise during
measurements, due to aircraft, nearby construction,
sporadic traffic. on nearby frontage roads or ramps. When
these rapid background noise increases coincided with
vehicle passby measurements; they sometimes blended in with
GLR traces, and showed valid peaks. Contamination would
have gone undetected except for the alertness of the
observers during measurements.

Other Event Criieria. In addition to the three contamina-
tion control strategies described in the previous sections,

there were other factors governing rejection or acceptance
of events, These included, but were not necessarily
limited to: <change of speed during passby, sudden change
in environmental conditions (e.g., wind gusts), unusual
vehicles, and measurement errors, Criteria for some of
these factors will be discussed in the vehicle criteria,
environmental cfiteria, and measurement procedure
sections.

Number of Events Accepted and Rejected. When an approach-
ing vehicle waé'judged to be a Tikely event, measurement
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began and a éequentia] number was assigned to the event.
After the vehicle had passed, an evaiuation was made using
all previously described criteria. The data were recorded,
whether the event was rejected or not. If rejected, the
reason for rejection was_coded on either the GLR trace,
vehicle observation sheet, data logger printout or environ-
mental data sheet. A rejection on one or more ¢f these "
four data sources was treated as an event qua11ty "0" and
the event was iynored in later computer analyses. If the
event was accepted it was given a quality 1, except in the
valid peak evaluation, where it was assigned either a
quality 1 or 2 as previously discussed., For convenience,
combinations of qualities 0,1 and 2 and 0, 1 will be called
~event quality 0, (e.g., 2011 = 0Q}, the combination 2111
will be referred to as quality 2, and the remaining
combination 1111 will be called quality 1.

Of the total of 3045 vehicles measured at mic 2 (50 ft
reference mic), on level roadways, the following statistics

were derived by quality:

Quality 2 events - 2426 or 79.7% (Accepted)

Quality 1 events - 308 or 10.1% (Accepted)

Quality "0" events - 311 or 10.2% (Rejected)
* .

0f the above 2734 accepted events, 88.7% were quality 2 and
11.3% quaiity 1.

Of the total of 1905 heavy trucks measured at mic 2 (50 ft
reference mic), on grades, the following statistics were
derived by quality:

Quality 2 events - 1474 or 77.4% (Accepted)
Quality 1 events -~ 295 or 15.5% (Accepted)
Quality 0 events - 136 or 7.1% (Rejected)

Of the above 1769 accepted events, 83.3% were quality 2 and
16,7% quality 1.
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“Sample Size’

For the purpoées of determining the sample sizes required
for each major vehicle group considered for emission level
curves, the following criteria were set:

1. Total speed range from 25 mph to.65 mph.

2. Subdivisioniof the 40 mph range into equal sized inter-
vals (speed classes) small enough to insure that any noise
value a]oh§ the curve inside the speed class is within *1
dBA from the mean noise value in that speed class.

3. 95% conf1dence 1nterva1 for the mean of each speed
class of 1 dBA.

The National Reference Energy Mean Emission Level curves
(Figure VIII-8) per FHWA-RD-77-108(3) were examined to
estimate the speed class size necessary to satisfy above
criterion No. 2, Due to its steep slope, the lower end of
the automobile Eurve was selected to represent the greatest
change in noise'leve1s with speed., From 50 km/hr to 56.5
km/hr, the FHUWA auto emission levels increase 2. 0 dBA, or

+1 dBA from the mean level at the 53.25 km/hr center point.
A 6.5 km/hr (4 mph) interval would therefore satisfy
criterion 2. ' ' '

The following speed c]asges were designed to cover the
entire range of desired speeds for level roads:
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