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Systematic, well-designed research provides the most ef-
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their state universities and others. However, the accelerat-
ing growth of highway transportation develops increasingly
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Transportation.
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research agencies are selected from those that have sub-
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its Highway Research Board.

The needs for highway research are many, and the
National Cooperative Highway Research Program can
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transportation problems of mutual concern to many re-
sponsible. groups. The program, however, is intended to
complement rather than to substitute for or duplicate other
highway research programs.
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FOREWORD
By Staff
Highway Research Board

This report will be of interest to highway engineers and other students of noise
impact related to highway design. Its significance lies in the evaluation and
modificaticn of noise control prediction procedures outlined in NCHRP Report 117,
“Highway Noise—A Design Guide for Highway Engineers.” The modified pro-
cedures offer a means of evaluating the noise reduction qualities of roadside
barriers, elevated and depressed highway sections, and roadside structures.

The project on which this report is based is the third in a series of studies
conducted by Bolt Beranek and Newman under contract to the NCHRP. Earlier
projects were reported in NCHRP Report 78, “Highway Noise—Measurement,
Simulation, and Mixed Reactions,” and NCHRP Report 117, “Highway Noise—
A Design Guide for Highway Engineers.” In the present project, the objectives
were to evaluate by field studies the noise-reducing characteristics of various
noise-control constructions and thereby to confirm or modify prediction proce-
dures that had been based primarily on model and theoretical studies.

The report describes the selection of sites used in field evaluations, the tech-
niques used in the collection and reduction of noise data, and the analyses designed
to assess the parameters that might influence the effectiveness of different noise-
reducing measures. These parameters, which were measured at each site simul-
taneously with the acoustic characteristics, included traffic volumes, speeds, truck/
automobile mix, and prevailing environmental conditions of a terrain and meteoro-
logical nature. Thus, in addition to providing an opportunity for comparing ob-
served versus predicted characteristics of noise-reduction measures, the field data
collection served to demonstrate further that the modified design guides could be
employed for the most part without concern for variations in these parameters.

"The report concludes with recommendations for additional research into
highway -noise problems and presents detailed appendices that incorporate the
modified procedures to be employed in design evaluation (Appendix C). Con-
tinuation of the highway noise research developed from this and the previous
studies is expected to examine noise sources, noise control measures, and their
economics, and to develop improved recommendations for highway noise level
criteria.
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SUMMARY

HIGHWAY NOISE

A FIELD EVALUATION OF
TRAFFIC NOISE
REDUCTION MEASURES

A study completed in 1970 resulted in a Design Guide document (NCHRP Report
117) that sets forth systematic procedures for the calculation of highway noise
levels. The various noise prediction techniques presented in that Design Guide were
derived from a vast assortment of theoretical and empirical information. Hence, it is
appropriate that key procedures in the Design Guide be evaluated using actual field
data for selected highway configurations under various normal traffic and environ-
mental conditions. Of special interest are the procedures for predicting the noise
reduction available from different highway noise shielding techniques. The ultimate
goal is to validate the Design Guide procedures and, if necessary, modify them to
more accurately reflect the results of actual field measurements. Such was the pur-
pose of the study reported herein.

The study considered four basic highway noise reduction constructions: (1)
roadside barriers, (2) elevated highway sections, (3) depressed highway sections,
and (4) roadside structures. To minimize the number of variables to be evaluated,
strict criteria were imposed on the selection of the test sites. After a thorough
search in 30 states, 6 test sites were selected for field evaluation. Of these sites,
three were located in California, two in Minnesota, and one in Michigan. They con-
sisted of one roadside barrier case, two elevated highway cases, one depressed high-
way case, and two cases involving roadside structures.

For each selected test site, a comprehensive measurement plan was developed.
The measurement program was designed to fully describe the acoustic characteristics
of each site, and to assess the contribution of traffic and environmental parameters
to the over-all noise reduction characteristics of each highway geometry. Acoustic
measurements were taken at various distances from the roadway and at different
heights above the ground to obtain a spatial description of the sites. Simultaneous
measurements of traffic volume, traffic speed, and truck mix, as well as measure-
ments of the prevailing environmental conditions, were made during each test. The
measurements were obtained under as many different traffic conditions as possible.

The noise data acquired in the field were reduced statistically in terms of the L,
and L;, noise level descriptors used in the Design Guide so that a direct comparison
could be made between actual field conditions and prediction techniques. The
measured data were then converted to excess noise reductions at various locations
(distances from the roadway and heights above the ground) by subtracting shielded
L;o levels from estimated free-field L, levels. Measured data were compared to
predicted noise reductions using various noise prediction techniques. Emphasis was
placed on the procedures of the Design Guide and those of a more recent method
for predicting barrier attenuation where the traffic noise is assumed to be a line



of incoherent sources. The agreement between measured and predicted results
was assessed in terms of various statistical parameters (e.g., average discrepancy,
standard deviation of the discrepancy).

For the roadside barrier, clevated highway, and depressed highway configura-
tions, the results of the evaluation indicate that the Design Guide procedures tend
to underpredict the noise reductions at locations involving small path length differ-
ences (i.e., the difference between the direct path between source and receiver and
the shortest path over the barrier), and overpredict the noise reductions at loca-
tions distant from the roadway when the intervening terrain is free of ground cover.
The first problem is due to deficiencies in the basic barrier attenuation model im-
plemented by the Design Guide; the second is associated with the fixed free-field
propagation loss factor of 4.5 dB decrease per doubling of distance assumed by the
Design Guide. There is also a tendency for the Design Guide procedures to under-
predict the noise reduction for truck traffic.

Based on the foregoing observations, the Design Guide procedures for predicting
noise reductions due to roadside barriers and elevated and depressed highway con-
figurations were modified in three ways: (1) the basic barrier attenuation model in
the Design Guide was replaced by a more recently derived Line Source Model; (2)
the free-field loss factor of 4.5 dBA per doubling of distance was replaced by a fac-
tor more appropriate for the type of ground cover at the test sites; and (3) the
noise reduction adjustment for trucks was altered to yield more realistic corrections
from the viewpoint of the Line Source Model. New predictions were then made
using the modified procedures, and the results were compared to the measured
noise reduction data as before. The results confirm that the modifications eliminate
nearly all of the previously observed discrepancies.

For the case of roadside structures, the results of the evaluation indicate that the
Design Guide underpredicts the noise reductions due to a single row of structures
(one-story houses), but overpredicts for multiple rows of structures. A modified
version of the Line Source Model, applied successfully to other noise reduction
configurations, was found to provide more accurate noise reduction predictions for
roadside structures as well. However, proper application of the model to this case
requires unduly elaborate calculations as a result of the intermittent nature of the
shielding provided by roadside structures.

The results reveal no direct evidence of a significant influence of traffic and
environmental factors (other than truck mix) on the accuracy of the Design Guide
noise reduction predictions. Specifically, the accuracy of the predictions appears
to be independent of traffic volume and speed, as well as temperature and small
amounts of wind (less than 8 mph). However, there is reason to believe that wind
could strongly influence the noise reduction performance of various noise control
configurations under certain conditions.

The results of the study indicate that modifications of the Design Guide proce-
dures are needed for all four highway configurations to improve the accuracy of the
noise reduction predictions. The necessary modifications are presented in the form
of new noise reduction calculation procedures for inclusion in the Design Guide.
These modifications should greatly increase the utility of the Design Guide as a
tool for highway engineers.

The study also produced considerable data for highway traffic noise that might
be useful in other studies of this general subject.



CHAPTER ONE

INTRODUCTION AND RESEARCH APPROACH

STATEMENT OF PROBLEM

Traffic noise generated on modern highways is a major
source of environmental noise pollution. There are urgent
needs not only for realistic highway noise standards, but
also for engineering tools that can be implemented by high-
way designers to control this form of noise pollution. In
a recent study, NCHRP Report 117 (1), of which this
project is a continuation, systematic procedures for the
calculation of highway noise levels were presented in the
form of a Design Guide for highway noise prediction.

The methods specified in the Design Guide represent a
good first step toward the solution of traffic noise problems.
They allow a highway engineer to predict the expected
noise levels for particular highway configurations, and to
assess the changes in noise levels due to modifications of
highway geometry. However, because the Design Guide
methods were based in part on theoretical model studies
involving many simplifying assumptions, it was apparent
that a detailed investigation of certain noise-control mea-
sures under field conditions was necessary. Specifically,
additional verification of the procedures recommended for
calculating the noise reduction characteristics of highway
barriers and elevated or depressed highway -configurations
was believed to be in order.

Several theoretical and empirical methods previously
have been proposed for calculating how barriers reduce the
sound level from a point source (2, 3, 4, 5, 6, 7). How-
ever, the applicability of these methods to field situations
is questionable because an actual highway entails a source
that is distributed over the roadway geometry. Further-
more, the spectrum varies widely both in frequency and
in time. In developing the Design Guide, a limited field
measurement program was conducted to verify theoretical
predictions. As a result of this program, procedures were
modified to account for an extended noise source. More
recently, a further refined model for predicting barrier
noise reductions has been suggested (8) where the noise
source is modified to represent an incoherent line source.
However, various traffic characteristics and environmental
conditions that influence the noise reduction provided by
a barrier or elevated/depressed roadway configuration re-
main only partially understood. Additional field data under
actual highway conditions are still necessary to evaluate the
applicability of these results.

Another form of traffic noise control involves the use of
roadside structures. For example, commercial or industrial
buildings adjoining a highway or housing activities that are
not sensitive to high noise levels can be used effectively as
a shield to protect a more distant residential community.
Such construction can be an effective means of noise con-
trol for existing roadways where land use next to the road-
way permits such development, or where a rebuilding pro-

gram is contemplated. A British study (/0) on the subject
was published in October 1971. Further, when one is pre-
dicting noise levels due to a proposed highway, it is im-
portant to know the amount of excess noise reduction
afforded to the rest of the community by the first few rows
of houses. At present, only limited data are available,
collected primarily in previous studies under this project
(1, 9). However, these prediction procedures require re-
finement if the method is to be widely used as an effective
means of highway noise control. A field evaluation pro-
gram to determine the efficiency of this noise reduction
source was therefore required. Also, the high cost of im-
plementing such traffic noise reduction measures, either in
existing roadways or in future designs, demanded a more
accurate assessment of their noise reduction characteristics.

OBJECTIVES

In view of the limited prior field data, and the need for
more accurate prediction techniques for the noise reduc-
tion performance of various highway constructions, the
objectives of this study were to:

1. Review and analyze the present state of the art in the
prediction of acoustic performance for various noise re-
duction constructions. The constructions to be considered
included (a) roadside barriers, (b) elevated highway sec-
tions, (c¢) depressed highway sections, and (d) roadside
structures.

2. Locate operational examples of typical constructions
and conduct a data acquisition program to collect field
noise reduction measurements.

3. Interpret the field data in terms of the parameters
that modify the noise reduction effectiveness of each
construction.

4, Relate the foregoing information to current predic-
tion techniques, and validate or modify the current pro-
cedures in NCHRP Report 117 (1).

5. Prepare, when appropriate, corrected noise predic-
tion procedures for the various constructions in a form that
can be incorporated into NCHRP Report 117.

ORGANIZATION OF REPORT

This report is organized in accordance with the chrono-
logical conduct of the research effort. Chapter One in-
cludes a statement of the basic research approach, followed
by a discussion of the criteria for selecting measurement
sites. (The sites are described in Appendix F.) Measure-
ment procedures at each site, and data reduction programs,
are discussed. _

Chapter Two deals with the findings of the research pro-
gram. The noise reduction characteristics measured for the
four basic highway geometries are discussed and evaluated



in comparison to the analytical model used in NCHRP
Report 117, and other models. The influence of various
parameters, both traffic and environmental, on the noise
reduction characteristics of the test sites is discussed.

Modifications to present prediction techniques suggested
by the results of the present study are discussed in Chapter
Three. Emphasis is placed on upgrading the procedures in
NCHRP Report 117.

The study conclusions, based on a comparative analysis
of the findings and suggestions for future research, appear
in Chapter Four. The Appendices contain associated
information developed during this study.

RESEARCH APPROACH

The basic goal of this project was to quantify and evaluate
the effects of various highway geometries on highway noise
reduction under field conditions. The initial task was to
define, locate, and select the basic highway geometries to
be evaluated. Four different configurations were chosen:
(1) elevated highways; (2) depressed highways; (3) road-
side barriers or earth berms; and (4) roadside structures.
After an intensive search of existing configurations through-
out the United States, six test sites were selected for
acoustical evaluation.

The next step was to design a measurement program for
each test site that would be capable of collecting data to
support an adequate site description in acoustic terms.
This was followed by the data acquisition program in which
the sites were evaluated. The maximal number of traffic
conditions were measured and recorded within the time
constraints for the field evaluation of each site. Although
the study goal was to evaluate each site under a broad
range of traffic conditions (i.e., high and low traffic vol-
umes, different truck-to-auto mixes, etc.), data collection
was necessarily confined to conditions found at each site.

The last step was reduction and evaluation of the field
data in terms of the traffic, environmental, and geometric
parameters of interest. This was logically followed by
evaluation of field data against other models (i.e., NCHRP
Report 117) to determine agreement and upgrade the
current procedures as necessary.

LOCATION AND SELECTION OF FIELD TEST SITES

Two basic approaches were available to the field evaluation
program required by this project. The first approach con-
sists of actually creating a test site at which a comprehen-
sive measurement program can be conducted. For example,
in the case of a barrier, a test wall could be built to con-
form exactly with desired geometric characteristics. More-
over, the test wall could be located in an area where all the
desired traffic conditions exist. The parameters of the wall
could then be changed at will by increasing its height or
length, or by treating it with an acoustically absorbent
material. .

The second approach relies on evaluating existing field
situations. This approach demands the identification of
suitable configurations for evaluation. Because the param-
eters of the barrier (in this case) cannot.be varied,
several field situations must be found and evaluated to

obtain data over the desired range of configuration param-
eters for that purpose. Because of the restrictions im-
posed by the funds allotted for this program, the latter
approach was used.

The field survey approach presents a number of practical
difficulties. First, a successful field evaluation program
requires that each test site be of uniform geometry for a
considerable distance—a situation difficult to find in prac-
tice. For example, the requirements of the elevated high-
way section were a constant elevation over the surrounding
terrain (within =10 percent of height) for at least 3,500 ft.
It further requires that the terrain next to the highway be
reasonably flat and void of any structures or noise sources
that might otherwise interfere with the field measurements,
These requirements are necessary to minimize the number
of variables inherent in the description of the site geometry
and to achieve the desired simple line noise source. In
addition, traffic requirements must be considered. The pro-
gram plan called for a range of traffic conditions where the
vehicle volume and truck-to-automobile ratio varied.

All these requirements were summarized in a memoran-
dum that was sent to 30 state highway departments. An
attached cover letter explained the purpose of the study
and requested the departments’ assistance in locating such
sites throughout their state’s highway network.* Approxi-
mately 75 percent of the states responded to the inquiry.
However, only eight states were successful in locating high-
way sites that met the required criteria. (See Table 1).

From the preliminary analysis of the suggested sites, 15
were selected for on-the-spot evaluation. Field trips were
made to the sites in California, Iowa, Minnesota, and
Louisiana. Six primary sites were selected on the basis of
the field trips:

California—roadside barrier.
California—elevated highway configuration.
California—elevated highway configuration.
Minnesota—depressed highway configuration.
Minnesota—roadside structures.
Michigan—roadside structures.

AN A PN~

In addition, four secondary sites were selected. Although
these sites do not meet all the requirements specified in the
memorandum, they contain a number of features that were
of interest in this project:

7. Jowa—elevated highway configuration. '

8. Iowa—roadside structures,

9. Minnesota—depressed highway configuration.
10. California~—roadside structures.

The objective was to fully evaluate all six primary sites,
with measurements undertaken at the secondary sites only
as budget and schedule permitted.

" DATA ACQUISITION PROGRAM

The data acquisition program was intended to permit eval-
uation of the effects of as many highway variables on noise
as possible. Some of the factors that affect noise levels are

* An expanded version of the field site and traffic condition require-
ments appears in Appendix E.



inherent in the geometry of the test site. For example, an
elevated highway cross-section can be represented by the
roadway width, elevation over the surrounding terrain or
receiver location, distance between roadway and receiver,
etc. The primary objective was to evaluate the effects of
these constant geometric factors on highway noise. How-
ever, two other groups of factors must be considered in
fully describing a highway noise situation: (1) traffic
parameters, and (2) effects of weather and ground
conditions.

The description of traffic parameters is essential to the
understanding of traffic noise data. Such variables as vehi-
cle volume, truck-to-automobile mix ratio, and average
traffic speed on the roadway must be known before mean-
ingful interpretation of noise data is possible.

The propagation of traffic noise is influenced by terrain
conditions, wind conditions, temperature gradients, and
humidity. The effect of the ground plane on sound propa-
gation, especially for receiver locations close to the ground,
also should be considered.

The objective of the measurement program was thus to
identify the contributions of these three major groups of
factors to the over-all noise reduction characteristics of
each test site. To satisfy this objective, measurements were
made, as discussed in the following.

First, variables such as height and distance from source
to the receiver were considered. Noise measurements were
acquired at various distances from the highway (up to 600
ft from the near lane in some instances) and at different
altitudes (up to 25 ft over surrounding terrain). This was
done to obtain a spatial description of the noise field.
Typically, four monitoring stations were used simultane-
ously, with 10-min tape recordings obtained at each
location.

Second, traffic data were acquired simultaneously with
noise measurements. Three variables measured were aver-
age speed, traffic volume, and truck mix (T/A) ratio.
Speed measurements were obtained by sequential photo-
graphs of the traffic, taken at a 250-millisec framing rate.
Traffic volume information was obtained in the field by
counting both automobiles and trucks during the tape-
recording period.

Third, careful measurements of weather conditions were
obtained approximately every one-half hour during the
tape-recording periods. Temperature, humidity, wind in-
tensity, and wind direction were recorded. Instrumentation
and measurement techniques used for both acoustic and
nonacoustic data are described in Appendix A.

In Appendix F each test site is described with respect to
measurement locations, traffic conditions, and the data
acquisition process.

DATA REDUCTION PROGRAM
Noise Data—Statistical Analysis

One of the main tasks of the data reduction program was
the statistical analysis of the acoustic data tape recorded
in the field. This was done by first reducing each data
sample in terms of the “A-weighted” sound pressure levels.
Then, the data were analyzed by passing each sample
through a “statistical distribution analyzer.” A computer

TABLE 1
RESPONSE TO INQUIRY FORMS

NO. OF SITES IDENTIFIED, BY TYPE

ROADSIDE
STATE DEPRESSED ELEVATED BARRIER STRUCTURE
California 1 2 1 2
Colorado -— — — 1
Iowa — 2 — 1
Illinois — 2 — 2
Louisiana — 1 —_ 1
Massachusetts — 1 — 1
Michigan 2 1 — 1
Minnesota 3 —_ — 1

program developed for this project was used to calculate
the statistical descriptors used in NCHRP Report 117, as
well as other measures of noise. The instrumentation and
data reduction techniques are described in Appendix A.
Figure 1 shows a sample of the resulting computer output.
These results were obtained for two data samples at Site'3
(San Diego Freeway). The particular station shown repre-
sents the “reference location”; i.e., the microphone loca-
tion near the highway with unobstructed view of the traffic
pattern. In addition to the L;, and L,, levels used in
NCHRP Report 117, the program calculates many other
descriptors of noise. For example, the NPL level corre-
sponds to the Noise Pollution Level, a descriptor (devel-
oped in Great Britain) that is gaining increasing acceptance
as a measure of subjective response to certain types of
noise.

For completeness, a summary of the noise data cor-
responding to L;, and L,, descriptors as well as the calcu-
lated value of NPL and TNI for each test site and sample
run are included in Appendix A (Tables A-1 through A-6).

The distribution of the L, levels in Figure 1 represents
the percentage of time a given noise level is exceeded over
the 10-min measurement period. NCHRP Report 78 (9)
assumes that traffic noise is normally distributed in time.
A plot of the L, noise level data for a particular set of
measurements on normal distribution paper shows that
this assumption is reasonable (Fig. 2). The data deviate
from the normality assumption below Ly, and above L.
However, within those limits (L,, > L, > Ly,) the results
are within 1.0 dB. This was found to be true for all plotted
data except Site 1, which is discussed later. In the plotted
case, the microphone was located 5 ft above the ground.

A straight line on this graph indicates that the data are
normal; the slope indicates the value of standard deviation.
If the test sample were of infinite length, the true mean
would correspond to the median or L,, value. For the
10-min sample used in these studies, the two numbers were
found to fall within 1.0 dB under normal-to-heavy traffic
flow conditions.

Site 1 was a very lightly traveled road. In such cases,
acoustic data (dBA) cannot be normally distributed be-
cause the background ambient noise truncates the lower
end of the distribution curve, causing a skewness toward



San Diego Frwy.

LISTING OF STATISTICAL ANALYSIS FOR SITE 3 LOCATION L\
Reference Location

SAMPLE NWMBER = 15 @ TIME = 0640 HRS.
MEAN = T73.67 (STe DEV = 2.552) ENERGY MEAN = 74.68
NPL = 81.21 NPL* = 80.32 TN = 65. 52
L 1 = 82, Hx*
L 3 = 80.70
L 5 = 19414
L 10 = T6.89%
L 20 = T4.91
L 30 = T4. 42
L 40 = 73.92
L SO = T3.43%
L 60 = 72.94
L 70 = 72.41
L 80 = 71.54
L 90 = 70.68%
L 95 = 70.24
L 97 = 70.07
L 99 = 68 .58

SAMPLE NUMBER

16 @ TIME = 0655 HRS.

MEAN = 73.01 ¢STe DEV = 2.186) ENERGY MEAN = 73.71
NPL = 79.31 NPL* = 78,43 NI = 60.99

Lot = BO.68*

L 3 = 78+ 58

L 5 = 77.26

L 10 = 7557

L 20 = 74.53

L 30 = 7396

L 40 = 73. 40

L 50 = 72.83*

L &0 = 72.25

L 70 = 71.64

L 80 = 71.04

L 90 = 70.43%

L 95 = 70.13

L %7 = 70.01

L 99 = 68 » 39

Figure 1. Statistical analysis of highway noise data, Site 3.

TABLE 2

the higher dBA values. This skewness is apparent in the
dBA distribution data for Site 1, particularly at Station A
(see Fig. A-9). The L;, data for Site 1, however, should
be acceptably reliable because the distribution is reasonably
well-behaved in the vicinity of the median level.

Traffic Volume and Mix Data

The traffic volume and truck mix ratio (T/A) data col-
lected during the noise measurement study were reduced as
shown in Table 2. The total volume (automobile volume
and truck volume) was computed in terms of an hourly
basis, and the truck-to-auto traffic mix ratio was reduced
to a percentage. The information is presented as a function
of all lanes, and for opposite traffic flows. Appendix A
gives these data for the other test sites.

Average Traffic Speed

Another computer program developed under this project
was used to analyze and obtain average traffic speed in-
formation. During each 10-min highway noise sample
a high-speed camera recorded the highway activity (four
exposures per second). The photographic data were then
reduced by projecting the film negative on a Grafacon
tablet connected to a PDP-8 computer. By selecting and
recording the location of a car or truck on two consecu-
tive frames, and by averaging this information over a
number of events, an accurate description of the average
speed in each traffic lane was obtained.

Figure 3 shows a sample computer output. Lanes 1
through 4 correspond to the near lanes from the measure-
ment position; lanes 5 through 8 correspond to the far
lanes. In each case an average speed over all four lanes
was computed. This information is summarized together
with the traffic volume data and given in Table 2 and in

TRAFFIC VOLUME AND AVERAGE SPEED CONDITIONS DURING NOISE MEASUREMENT PERIODS, SITE 2

ALL LANES (8) NEAR LANES (4) FAR LANEs (4)

VOLUME (VPH) AVG. VOLUME (VPH) AVG. VOLUME (VPH) AVG.

RUN T/A SPEED T/A  SPEED T/A SPEED

NO. TOTAL AUTO TRUCK (%) (MPH) TOTAL AUTO TRUCK (%) (MPH) TOTAL AUTO TRUCK (%) (MPH)
1 13,650 13,206 444 33 532 7590 7410 180 2.4 50.2 6060 5796 264 4.5 56.2
2 13,110 12,630 480 3.8 50.5 6210 6006 204 33 437 6900 6624 276 4.1 56.4
3 12,360 12,048 312 2.5 56.2 6540 6456 84 1.3 48.4 5820 5592 228 4.0 64.1
4 13,080 12,660 480 33 55.0 7230 7074 156 22 48.0 5850 5586 264 4.7 62.0
5 11,280 10,920 360 3.2 577 5970 5790 180 3.1 559 5310 5130 180 35 59.5
6 10,410 9,870 540 54 513 5220 4992 228 4.5 512 5190 4878 312 6.3 51.5
7 10,560 9,960 600 6.0 56.1 5640 5292 348 6.5 55.6 4920 4668 252 53 57.7
8 12,090 11,562 528 4.5 52.7 5640 5376 264 4.9 51.3 6450 6186 264 42 54.1
9 13,080 12,600 480 3.8 51.2 6450 6330 120 1.8 53.8 6630 6270 360 5.7 50.2
10 14,070 13,638 432 3.1 55.1 6900 6720 180 2.6 55.0 7170 6918 252 3.6 552
11 13,140 12,816 324 2.5 60.1 7440 7260 180 2.4 58.7 5700 5556 144 2.5 61.5
12 14,070 13,722 348 2.5 55.0 7230 7110 170 1.6 56.0 6840 6612 228 34 54.0
13 11,760 11,460 300 2.6 514 4080 3816 264 6.9 529 7680 7644 36 0.4 49.9
14 12,630 12,354 276 22 474 4680 4488 192 4.2 49.4 7950 7866 84 1.0 454
15 14,430 14,166 264 1.8 52.0 6330 6150 180 2.9 55.0 8100 8016 84 1.0 49.0
16 11,130 10,746 384 3.5 57.6 5040 4788 252 52 54.5 6090 5958 132 2.2 60.8
17 11,400 10,968 432 39 60.2 5070 4866 204 41 57.5 6330 6102 225 0.7 63.0
18 11,910 11,478 432 3.7 58.3 5730 5526 204 3.6 57.1 6180 5952 228 3.8 59.5
19 11,370 10,962 408 3.7 59.0 5760 5544 216 3.8 58.0 5610 5418 192 35 60.0
20 12,450 12,030 420 34 56.0 5730 5502 228 4.1 54.1 6720 6528 192 2.9 58.0
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AVERAGE TRAFFIC SPEED ANALYSIS

SITE #: 9 RUN #:3 3 DATE: 9-29~71 TIME: ©
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Figure 3. Sample of average traffic speed data analysis, Site 9.

Appendix A. Instrumentation and equipment, as well as
the procedures used in the reduction of the photographic
information, are described in Appendix A.

Weather Data Reduction

Weather data obtained in the field (temperature, wind in-
tensity and direction, and relative humidity) were sum-
marized and included in Appendix A.

CHAPTER TWO

FINDINGS

GENERAL DATA EVALUATION PROCEDURES

Of primary concern in this study are the effectiveness and
accuracy of procedures for predicting the noise reduction
due to various highway noise control measures, as pre-
sented in NCHRP Report 117, “Highway Noise—A Design
Guide for Highway Engineers” (1), referred to herein as
the Design Guide. To this end, extensive evaluations were
performed using the L, levels computed from the mea-
sured highway noise data, plus the supplemental traffic
flow and environmental data in Appendix A. The general
evaluation procedures were as follows.

The L,, noise levels computed from the measurements
at each test site were converted to excess noise reductions
at various locations (distances from the roadside and
heights above the ground) by subtracting the shielded L,
levels from estimated free-field Ly, levels. The free-field
L,, levels at the shielded locations were estimated by ex-
trapolating the L;, levels measured at free-field reference
stations (Station A) based on the free-field noise propaga-
tion rule of 15 log D (4.5 dB decrease per doubling of
distance), as suggested in the Design Guide. For this
purpose, the distance, D, from the source was measured



in terms of the “single-lane-equivalent” distance, Dy, as
shown in Figure 5 of the Design Guide. In an effort to
provide maximum accuracy in the free-field noise estimates,
equivalent distances were computed separately for the op-
posite traffic lanes and then combined to a single Dy after
weighting for the differences in traffic flow in the two
directions.

At each location where a measurement was obtained,
a noise reduction was predicted using the Design Guide
procedures. During the course of these predictions, it was
found that the curves for various types of roadway shield-
ing configurations (Figs. 9 through 11 of the Design
Guide) did not cover the full range of geometric parame-
ters associated with the available measurements. Hence,
all predictions were based on the underlying Design Curve
shown in Figure 8 of the Design Guide. A distinction
between trucks and automobiles was made in accordance
with Design Guide procedures. To hold computations to
a manageable level, however, the predicted noise reduc-
tions were calculated only for two or three representative
truck mix ratios at each site. Each measured noise reduc-
tion was then paired with the predicted noise reduction
having the closest truck mix ratio to the actual value
observed during that measurement.

After the data were reduced in a manner consistent with
Design Guide procedures to a form permitting direct com-
parisons of measured and predicted noise reductions at
specific locations, statistical studies were performed to as-
sess the agreement between measured and predicted results
in quantitative terms. These studies included assessments
of the sensitivity of the prediction accuracy to such vari-
ables as traffic speed, volume, truck mix, temperature, and
wind velocity. Based on the results of these assessments,
modifications to the Design Guide procedures were formu-
lated that hopefully would account for noted discrepancies.
The agreement between measured and predicted noise re-
ductions was then reassessed using the modified procedures.

DETAILED DATA EVALUATION PROCEDURES

The procedures used to evaluate the data represent con-
ventional techniques of statistical data analysis, as pre-
sented in any standard textbook dealing with engineering
statistics. The principal procedures are summarized here.

Average Discrepancy Studies

The simplest way to assess the agreement between mea-
sured and predicted noise reductions for each site is in
terms of the average value and standard deviation of the
discrepancies ‘at the various measurement locations. Spe-
cifically, denoting the noise reductions by

x; = predicted noise reduction at ith location, in
dBA; and

¥; = measured noise reduction at ith location, in
dBA;

(1)

the discrepancy between measured and predicted noise re-
duction at the ith location may be defined as

A=Y — X (2)

The average discrepancy for all n locations where mea-
sured and predicted noise reductions are available is then
given by

- 1w,
A:—’—{zi:lAi (3)

The standard deviation of the discrepancy may be ex-
pressed as :

L N
sz[n_lzmmi—m ] 4)

The average discrepancy, A, describes the overall bias (sys-
tematic error) in the predicted noise reductions relative to
the measured noise reductions. The standard deviation, s,
describes the scatter (random error) in the predictions
relative to the measurements. Ideally, if there were perfect
agreement between measured and predicted results, both
of these error terms would equal zero. In practice, there
will always be some random error due to measurement
system variabilities, if not prediction inaccuracies. This
suggests that both the A and s computed from a finite sam-
ple of n values of discrepancy will be random variables.
Of particular concern is the average discrepancy, A, which
usually will be nonzero even when the actual bias (the
average discrepancy computed over an infinite number of
locations) is zero. It is desirable to establish how large &
must be before it can be confidently stated that the actual
bias is not zero; i.e., what value of & constitutes a statisti-
cally significant difference from zero. This can be deter-
mined by applying a conventional null hypothesis test based
on a Student ¢ variable (17). If the test indicates the actual
bias is significantly different from zero, A can be used as
an estimate for the actual bias. Furthermore, if the sample
size is reasonably large (say, n > 30), A = s can be used
as an estimate for the interval that would include about
two-thirds of the individual discrepancies at all possible
locations.

Curve Fitting Studies

Even if the average discrepancy between measured and
predicted noise reductions at a given site were not signifi-
cantly different from zero, there could still be poor agree-
ment between measured and predicted results. For exam-
ple, the predicted noise reductions might be substantially
higher than the measured reductions at locations near the
roadside, but substantially lower at locations distant from
the roadside. Such a situation could produce a very small
average discrepancy in spite of the poor agreement between
measured and predicted results.

One method of evaluating this possibility is to empiri-
cally fit a straight line to the measured versus the predicted
noise reduction data, and then compare this line to the
results expected for an ideal relationship. Let x and y
denote predicted and measured noise reductions as defined
in Eq. 1. It follows that a linear relationship between the
predicted and measured results would be given by

y=a+ Bx (5)

in which a is the intercept of the line and 8 is the slope.



For an ideal relationship, measured and predicted noise
reductions at each location would be equal; , Yy =x,
meaning o =0 and B=1in Eq. 5.

Because of the scatter (random error) in the noise re-
duction data, it is clear that the individual noise reduction
pairs (x; y;) for the n different measurement locations
usually would not fall on a single straight line even if there
were a linear relationship between x and y. Hence, it is
necessary to fit a straight line to the data in some logical
manner. The usual procedure is to select the line that
minimizes the sum of the squared deviations of the mea-
sured noise reduction values y; from the line; i.e., to deter-
mine that line y = a + bx which makes

0= " (ri—a—bx)? (6)
a minimum. It is readily shown (I/2) that the values of
a and b that satisfy this requirement are given by

a=y— bx (7a)

b—Z*’:‘ yi(x; — X) (7b)

B Zii (x; —X)*

in which

= 2

The line defined by the intercept and slope of Eq. 7 is
called a least squares line.

Because the straight line defined by Eq. 7 is computed
from a finite sample of n paired values of predicted and
measured noise reduction, both intercept a and slope b are
random variables. Therefore, even if the actual intercept
and slope, o and 8 (computed over an infinite sample),
were zero and unity, respectively, the values of a and b
usually would be different from zero and unity. Again,
there is the problem of establishing how much a and b can
deviate from zero and unity, respectively, before the dif-
ference is considered statistically significant. The proce-
dures for making this decision are well defined (12).

Detailed Discrepancy Studies ‘

A third procedure to asscss the agreement between mea-
sured and predicted noise reductions for each site is to
evaluate the average discrepancies at various distances from
the roadside (computed by averaging over all heights at
each distance), as well as the average discrepancies at
various heights above the ground (computed by averaging
over all distances at each height). Again, because of finite
sample considerations, it is necessary to establish how much
variation in the average discrepancy at various distances or
heights would constitute a statistically significant difference.
Such a determination is readily provided by conventional
analysis of variance (AOV) procedures (13). If an AOV
test indicates that the average discrepancy between mea-
sured and predicted noise reductions varies significantly
with distance from the roadside and/or height above the
ground, the computed average discrepancies can be used
to assess the degree of variation.

Correlation Studies

The evaluation techniques discussed in the preceding sec-
tions are directed primarily at assessing the agreement of
measured and predicted noise reductions as a function of
site geometry. Beyond this is the need to assess agreement
as a function of traffic variables (volume, speed, and truck
mix ratio) as well as environmental- factors (wind velocity
and temperature). This can be accomplished by a correla-
tion study on pair values of the measured discrepancy
versus the traffic or environmental factor of interest.

For example, consider the possible relationship between
traffic volume and the accuracy of the Design Guide noise
reduction predictions. If the Design Guide has properly
accounted for the influence of traffic volume in arriving at
a predicted noise reduction, the discrepancies, A, between
predicted and measured noise reductions should not vary
significantly, on the average, with wide variations in traffic
volume (all other factors similar). In other words, if the
predictions correctly reflect the possible influence of traffic
volume, the discrepancies between measurements and pre-
dictions should be uncorrelated with the traffic volume
observed during each measurement.

The possible correlation between two factors (such as
traffic volume and discrepancy) may be defined in terms of
a single, real valued quantity called the correlation coeffi-
cient. To be specific, given a finite sample of paired ob-
servations, x;y;, i =1, 2, ., n, the correlation coefficient,
r, is computed by

r= (Swy/smsy) (8)
in which
Say = = 12 (x; — %) (y; — ¥) = sample covariance
of x and y;

Sy = |:n— 12 (x; — X)?2 :lz = sample standard de-

viation of x; and

s .
s, = [_’11—12;‘1 (y; — i){' © = sample standard de-

viation of y.

The value of the correlation coefficient defined in Eq. 8
is bounded by =1. A value at either extreme would indi-
cate a perfect linear dependence between the factors x and
y. On the other hand, a value of r = 0 would suggest that
the factors x and y are unrelated (or that any relation that
exists is highly nonlinear). Referring again to the example
of traffic volume versus noise reduction discrepancy, a
correlation coefficient of r =~ 0 would indicate that the
accuracy of the predictions is not influenced by traffic
volume. Because of finite sample considerations there is
a need to establish how far the coefficient r can deviate
from zero before the difference should be considered
statistically significant. Again, the procedures for making
this decision are well defined (12).
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EVALUATION OF DESIGN GUIDE PREDICTIONS

Agreement between the noise reductions measured at each
site and the noise reductions predicted by the Design Guide
was evaluated by the procedures outlined in the previous
section. The results of the evaluations for the various noise
shielding configurations offered by the six measurement
sites are summarized here, followed by a discussion of
traffic and environmental factors.

Roadside Barrier (Site 1)

The only site involving a roadside barrier configuration was
Site 1. The measured noise reductions based on the Ly,
levels and the corresponding Design Guide predictions for
the various locatidns at this site are given in Table B-1.
The evaluations of these data are summarized in Table 3
and shown in Figure 4,

Table 3 indicates that there is no significant difference,
on the average, between the measured and predicted noise
reductions (A = 1.10 dBA does not constitute a statistically
significant difference from zero for the sample size in ques-
tion). However, the least squares line for the measured
versus predicted results deviates significantly from an ideal

TABLE 3
RESULTS OF DESIGN GUIDE PREDICTIONS, SITE 1

RESULTS (dBA)

STATISTICAL PARAMETER DIFF. STATIST.

USED FOR ASSESSMENT COMPUTED  IDEAL SIGNIF.? *
Avg. discrepancy, & 1.10 0 no
Standard deviation, s 3.77 0 —
Least squares line
(Fig. 4):

Intercept 6.12 0 yes

Slope 0.29 1.0 yes
Range of A with:

Dist. from roadside 7.0 0 yes

Ht. above ground 9.7 0 —

® All difference tests performed at 1% level of significance.

TABLE 4
RESULTS OF DESIGN GUIDE PREDICTIONS, SITE 2

relationship (see Fig. 4). The average discrepancy varies
significantly with location, becoming increasingly worse as
the distance from the roadside decreases and the distance
above the ground increases.

Figure 4 shows that although the discrepancies appear
to be random, there is a consistent tendency toward under-
prediction at those locations that are 15 and 20 ft above
the ground; i.e., at the locations associated with the smallest
values of the path length difference parameter, § (defined
in App. D). This observation is important because it is at
these small values of & that the Design Guide predictions
differ most significantly from other noise reduction pre-
diction techniques, as summarized in Appendix D.

Elevated Highway Configuration (Sites 2 and 3)

Two sites involved an elevated highway configuration:
Site 2 and Site 3. The measured noise reductions based
on L;, levels and the corresponding Design Guide predic-
tions for the various locations at these two sites are given
in Table B-2. The evaluations of the data for Site 2 are
given in Table 4 and shown in Figure 5. Similar evalua-
tions for Site 3 are given in Table 5 and shown in Figure 6.

Table 4 indicates that there is a significant difference,
on the average, between measured and predicted noise
reductions at Site 2 (A= —1.33 dBA does constitute a
statistically significant difference from zero). Furthermore,
the least squares line differs significantly from the ideal
relationship, y = x (see Fig. 5), and there is a significant
difference in the average discrepancy at the various dis-
tances above the ground.

Table 5 indicates that the data for Site 3 reveal no sig-
nificant difference, on the average, between measured and
predicted noise reductions. The least squares line, how-
ever, deviates significantly from the ideal relationship,
y=x (see Fig. 6). As before, there is no significant
variation in the average discrepancy with distance from
the roadside, but a pronounced variation with height above
the ground. Specifically, there is a tendency toward under-
prediction at the higher measurement locations where the
value of the path length difference parameter, §, is small,
exactly as was observed for the roadside barrier case. This

TABLE 5
RESULTS OF DESIGN GUIDE PREDICTIONS, SITE 3

RESULTS (dBA)

STATISTICAL PARAMETER DIFF. STATIST.

RESULTS (dBA)

STATISTICAL PARAMETER DIFF. STATIST.

USED FOR ASSESSMENT COMPUTED  IDEAL SIGNIF.? * USED FOR ASSESSMENT COMPUTED  IDEAL SIGNIF.? ®
Avg. discrepancy, A —1.33 0 yes Avg. discrepancy, A 0.54 0 no
Standard deviation, s 2.33 0 — Standard deviation, s 2.78 0 —
Least squares line Least squares line
(Fig. 5): (Fig. 6):

Intercept —2.76 0 yes Intercept 1.60 0 yes

Slope 1.18 1.0 no Slope 0.44 1.0 yes
Range of A with: Range of A with:

Dist. from roadside 1.7 0 no Dist. from roadside 1.8 0 no

Ht. above ground 2.5 0 yes Ht. above ground 5.5 0 yes

2 All difference tests performed at 1% level of significance.

© # All difference tests performed at 1% level of significance.
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result is not pronounced in the data for Site 2 because the
measurement locations for that site were never higher than
15 ft.

Depressed Highway Configuration (Site 9)

The only site involving a depressed highway configuration
was Site 9. This site had certain undesirable features, the
most important being the presence of houses within 200 ft
of the roadside. This necessitated the use of a measurement
location that was actually positioned between houses, rais-
ing the possibility of additional noise reduction due to
structural shielding at this location.

The measured noise reductions based on L;, levels and
the corresponding Design Guide predictions for the various
locations are given in Table B-4. The evaluations of these
data are given in Table 6 and shown in Figure 7. Table 6
indicates that the noise reductions predicted by the Design
Guide are a full 3 dBA lower, on the average, than the
measured noise reductions. Correspondingly, the least
squares line, although it has the desired slope, is offset by
3dBA (see Fig. 7). The average discrepancy varies sig-
nificantly with location, becoming increasingly worse as the
distance from the roadside increases and as the distance
above the ground decreases.

The lack of agreement between measured and predicted
noise reductions for this site is disappointing, but not totally
surprising. Referring to Figure 7, the majority of the mea-
surement locations involved small values of the path length
difference parameter, 8, resulting in predicted noise reduc-
tions of zero. This appears to be causing a bias toward
underprediction, as observed in the data for Sites 1 and 3.
Furthermore, there also appears to be a tendency to under-
predict the noise reductions at the measurement points
most distant from the roadway; i.e., those locations be-
tween houses. The excessive measured noise reduction at
these distant locations is undoubtedly due to the additional
shielding provided by the surrounding houses.

Roadside Structures (Sites 5 and 6)

Two sites involved shielding by roadside structures: Site 5
and Site 6. The shielding roadside structures were rows of
houses situated parallel to the highway. The truck mix
ratios at both sites during the measurements were un-
usually high—more than 20 percent for many of the
measurements at Site 6.

The measured noise reductions based on L, levels, and
the corresponding Design Guide predictions for the various
locations at these two sites are given in Table B-3. The
evaluations of the data for Site 5 are given in Table 7 and
shown in Figure 8. Similar evaluations for Site 6 are given
in Table 8 and shown in Figure 9. Comparisons between
measured and predicted results are made only for loca-
tions 5 ft above the ground, because this is the only height
for which the Design Guide predictions are applicable. The
distance of the measurement location from the roadside is
identified in terms of the number of rows of intervening
houses, as well as in feet from the roadside.

Table 7 indicates there is no significant difference, on
the average, between the measured noise reductions and
those predicted by the Design Guide for Site 5. Further-
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TABLE 6
RESULTS OF DESIGN GUIDE PREDICTIONS, SITE 9

RESULTS (dBA)

STATISTICAL PARAMETER DIFF. STATIST.

USED FOR ASSESSMENT COMPUTED  IDEAL SIGNIF.? *
Avg. discrepancy, A 3.04 0 yes
Standard deviation, s 2.96 0 —
Least squares line
(Fig. 7):

Intercept 3.04 0 yes

Slope 1.00 1.0 no
Range of A with:

Dist. from roadside 2.9 0 yes

Ht. above ground 4.7 0 yes

a All difference tests performed at 1% level of significance.

TABLE 7
RESULTS OF DESIGN GUIDE PREDICTIONS, SITE 5

RESULTS (dBA)

STATISTICAL PARAMETER DIFF. STATIST.

USED FOR ASSESSMENT " COMPUTED IDEAL SIGNIE.? *
Avg. discrepancy, A 0.15 0 no
Standard deviation, s 1.95 0 —
Range of A with

dist. from roadside 2.8 0 no

a All difference tests performed at 1% level of significance.
b Insufficient data for a meaningful least squares fit.

TABLE 8
RESULTS OF DESIGN GUIDE PREDICTIONS, SITE 6

RESULTS (dBA)

STATISTICAL PARAMETER DIFF. STATIST.

USED FOR ASSESSMENT "  COMPUTED  IDEAL SIGNIF.? *
Avg. discrepancy, A 0.46 0 no
Standard deviation, s 3.18 0 —
Range of A with

dist. from roadside 6.0 0 yes

a All difference tests performed at 1% level of significance.
b Insufficient data for a meaningful least squares fit.

more, there is no significant difference in the average dis-
crepancy between measured and predicted results at the
various measurement locations. Although the data avail-
able for this site are not sufficient to permit a decisive
conclusion, the limited results do not reveal any significant
difference in the noise reductions at the locations between
houses compared to the locations at similar distances from
the roadside, but behind houses.

The results for Site 6 (Table 8) indicate that there is
again no significant difference, on the average, between
measured and predicted noise reductions. However, there
is a significant variation in the average discrepancy between
measured and predicted results with location. Specifically,
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the Design Guide appears to underpredict the noise reduc-
tions at the locations nearest the roadside, and overpredict
at those more distant from the roadside. Figure 9 shows
that this is because the measured noise reductions do not
vary significantly with location, whereas the predicted noise
reductions do. As with Site 5, the limited data available
for Site 6 do not reveal a significant difference for the
between-house results compared to the behind-house results
at similar distances from the roadside.

Influence of Traffic Parameters

Having assessed the agreement between the Design Guide
predictions and the measured noise reductions for various
site geometries and measurement locations, it is appropriate
to investigate the agreement as a function of variations in
critical traffic parameters. Of particular interest is the
possible influence of three traffic variables: (1) vehicle
volume, (2) vehicle speed, and (3) truck traffic mix ratio.
These parameters were measured and recorded for each
run at each site. The data are tabulated in Appendix A.

The analysis approach employed here involves a single-
variable correlation study, as discussed previously. Spe-
cifically, those data for the site that provided the maximum
spread in the traffic variable of interest were selected for
study. Measurement runs from that site were then chosen
to reflect the full range of the parameter of interest, while
reflecting only minor variations in other parameters that
might influence the predicted noise reductions. Where this
was not possible, runs were selected so that variations in
other parameters were balanced over the range of the
parameter of interest. Finally, the correlation coefficient
for the parameter of interest versus the discrepancy, A,
between measured and predicted noise reduction was com-
puted from the sample values. If the Design Guide has
properly accounted for that traffic parameter in question,
the correlation coefficient should not be significantly dif-
ferent from zero; i.e., there should be no relationship
between the value of the parameter of interest and the
discrepancy, A.

Before proceeding, two points should be emphasized.
First, the experimental approach in this study involved the
measurement of data for operational highway configura-
tions under normal traffic conditions, as opposed to con-
trived configurations with planned and controlled traffic
conditions. Hence, the data are far from ideal for a study
of traffic variables because the spread in values for any
given traffic variable is generally narrow. Second, traffic
variables would be expected to have a much stronger influ-
ence on the absolute value of the traffic noise than on the
noise reduction provided by a specific shielding configura-
tion. It follows that a critical assessment of how well the
Design Guide prediction procedures account for the vari-
ous different traffic parameters should be based on an
evaluation of predicted versus measured values of free-
field traffic noise. In this study, however, emphasis was on
the prediction of noise reductions provided by various
shielding configurations rather than the prediction of abso-
Iute noise levels. Hence, the free-field measurements re-
quired for a critical assessment were not included in the
data acquisition program.
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Traffic Volume

Only Site 3 provided data for a reasonable spread of ve-
hicle volume. Twelve runs at this site representing 36
measurements corresponding to traffic volumes of 2,520 to
7,750 vph were selected for analysis (Table 9). The ve-
hicle speeds for the various runs fall in the relatively nar-
row range of 65 =4 mph, which should acceptably sup-
press the possible influence of speed variations on the data.
The truck mix ratios are less than 1.8 percent for all but
two runs. For truck mix ratios of this magnitude, the
traffic noise is controlled by the automobile traffic, meaning
that the variation in the truck mix ratio from one run to.
the next should not have a significant influence on the
results. The selected runs include data at each measure-
ment location for three different traffic volumes: low, mod-
erate, and high. This was done to suppress the influence
of measurement location on the results.

In Table 9, the correlation coefficient for vehicle volume
versus the discrepancy between measured and predicted
noise reduction is r = 0.05. For the sample size of n = 36
paired values, a sample correlation coefficient of 0.05 does
not constitute a significant difference from zero. Hence,
there is no evidence to suggest that the accuracy of the
Design Guide noise reduction predictions is influenced by
traffic volume, at least for the site and range of vehicle
volumes considered. It appears reasonable to assume that
this conclusion can be extended to other sites and values of
traffic volume.

Vehicle Speed

None of the six measurement sites provided data covering
a sufficiently wide range of vehicle speeds for a meaningful
analysis. Correlation and other comparative analyses were
performed on limited data for Site 2, with negative results;
i.e., no significant correlation between vehicle speed and
noise reduction discrepancy was indicated. However, these
results must be considered inconclusive because of the
small sample size and the narrow range of values for the
speed variable in the analysis. .

Truck Mix Ratio

The data for Site 1 provided the best range of truck mix
ratios for a correlation study. Twelve runs at this site
representing 32 measurements corresponding to mix ratios
of 1.9 to 16.1 percent were selected for analysis (Table
10). The vehicle speeds for the various runs fall in the
relatively narrow range of 58.5 *3.5 mph, and most mea-
surement locations are represented for both low and high
values of the mix ra}tio. The favorable conclusion from
the previous study of vehicle volume dependence is used
to justify the assumption here that the variations in traffic
volume from one run to the next will not significantly
influence the results.

In Table 10, the correlation coefficient for truck mix
ratio versus discrepancy between measured and predicted
noise reduction is r = 0.55. For the sample size of n = 32
paired values, a sample correlation coefficient of 0.55 con-
stitutes a significant difference from zero (at the 1 percent
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TABLE 9

TRAFFIC VOLUME VS DISCREPANCY DATA FOR DESIGN GUIDE

NOISE REDUCTION PREDICTIONS, SITE 3

DISCREPANCY (dBA) AT

RANGE MIX VOL. VAR. DISTANCES FROM ROAD
OF RUN HT. SPEED RATIO (vePH)
VOL. NO. (FT) (MPH) (%) 125 250FT 500 FT
Low 10 i 67 1.7 2940 6.5 6.5 1.6
7 5 66 3.2 3090 2.3 0.6 —1.1
8 15 65 1.5 2520 0.3 —0.2 —13
9 25 60 1.4 2544 —3.9 —1.1 —0.7
Mid 14 1 65 0.4 6870 6.0 5.9 0.3
11 5 64 1.8 6000 4.8 4.3 0.4
12 15 69 0.4 6120 0.3 —1.2 —24
13 25 65 0.8 6090 —3.6 —1.2 —0.8
High 18 1 65 3.0 7750 4.2 2.5 —0.2
1 5 65 0.5 7404 4.8 4.3 0.4
2 15 63 1.0 7440 0.3 —1.2 —24
3 25 61 1.8 7440 —3.5 —1.0 —0.6

Sample correlation coeff. for vph vs AdBA—r=0.05.

TABLE 10

TRUCK MIX RATIO VS DISCREPANCY DATA FOR DESIGN GUIDE

NOISE REDUCTION PREDICTIONS, SITE 1

TRUCK DISCREPANCY (dBA) AT
RANGE MIX VAR. DISTANCES FROM ROAD
OF MIX RUN HT. SPEED VOLUME  RATIO
RATIO NoO. (FT) (MPH) (vPH) (%) 93 FT 143 FTr 243 FT
Low 4 2 59 432 5.8 —59 —5.2 —6.2
13 4 60 588 2.0 —6.6 —4.5 —43
12 6 62 618 1.9 —2.5 —24 —3.0
11 8 60 432 2.8 —1.9 —2.1 —34
10 10 62 456 2.7 —4.5 —51 —6.3
8 15 55 492 5.1 1.8 —0.4 —29
High 14 2 55 564 11.9 0.2 —0.5 —0.1
20 4 60 346 16.1 —0.2 —_— —_
2 6 57 348 16.0 —2.0 —1.6 —_
17 8 60 372 14.8 —0.5 —14 t—32
7 10 58 624 94 —0.8 —-0.7 —1.8
19 15 56 402 11.6 —0.3 0.4 —

Sample correlation coeff. for mix ratio vs AdBA—r=0.55.

level of significance). Hence, there is strong evidence to
suggest that the Design Guide noise reduction prediction
procedures do not properly account for trucks in the traffic
flow.

Influence of Environmental Parameters

During the measurement program, various environmental
parameters (including wind velocity and direction, air
temperature, and relative humidity) were measured and
recorded, as summarized in Appendix A. All measure-
ments were made during the late summer months, and
only when wind velocities were less than 15 mph to assure
proper operation of microphones and instrumentation.
Hence, the range of environmental factors during the mea-
surement program did not include extremes. For almost
all measurements, the wind velocity was less than 10 mph,

the air temperature was between 60° and 85°F, and the
relative humidity was between 40 and 90 percent. Under
these circumstances, major variations in the noise reduc-
tion measurements due to environmental factors would not
be expected. A review of the data for all sites confirms this
expectation.

As an illustration, consider the environmental factors
versus discrepancy data for Site 3 (Table 11). The data
include 18 measurements at 9 locations when wind velocity
was nil and the temperature was 62° to 70°F (Case A),
and 18 additional measurements at the same 9 locations
when average wind velocity was 4 to 8 mph and the
temperature was 82° to 85°F (Case B). The average
discrepancy between predicted and measured noise reduc-
tions for Case A is A= —0.34 dBA; the average discrep-
ancy for Case B is 0.07 dBA. This minor difference of



about 0.4 dBA is not statistically significant. Similar re-
sults were observed for the other sites.

‘'Wind can have a significant impact on the noise reduc-
tion provided by various shielding geometries under certain
conditions. In particular, a wind of more than 10 mph in
a direction parallel to the source-receiver axis will often
produce excessive attenuation at receivers upwind from
the source (I4). Such effects were not evident in this study
primarily because the necessary conditions were rarely
present during the measurements at the various sites.

EVALUATION OF PREDICTIONS BY MODIFIED
PROCEDURES

The results just presented reveal three significant deficien-
cies in the Design Guide procedures; i.e., the procedures:

1. Tend to underpredict the noise reduction afforded by
the various shielding configurations at those locations where
the value of the path length difference parameter, 8, is
small; i.e., § <O0.5.

2. Do not accurately account for the difference between
trucks and automobiles in the noise reduction prediction
procedures.

3. Overpredict, at least in some cases, the free-field noise
propagation losses due to ground attenuation.

The first two deficiencies are immediately apparent from
the various statistical studies. The third deficiency is sug-
gested by less obvious observations. Specifically, careful
inspection of the data reveals an underlying tendency to-
ward overprediction at the more distant locations from the
roadside. This tendency is obscured at first by the counter
trend toward underprediction due to the small values of &
associated with these same locations. An overprediction at
distance locations suggests that the measured noise reduc-
tions may be too low because of errors in the free-field
level estimates used to calculate the measured noise reduc-
tions. Attention is immediately drawn to the distance
relationship of 15 log D (a propagation loss of 4.5 dB per
doubling of distance) in the Design Guide, because this
factor is 50 percent higher than the distance relationship
of 10 log D (a loss of 3 dB per doubling of distance) that
arises from theoretical considerations; i.e., assuming a con-
tinuous line source, the spreading loss is controlled by
cylindrical divergence. The reason the Design Guide uses
15 log D rather than 10 log D is to allow for additional
losses due to ground attenuation. This may be appropriate
for sites with cultivated ground covers. Some of the sites
involved in this study, however, did not have such ground
covers. For example, surrounding terrain at both Sites 1
and 2 was freshly plowed farmland.

Based on the foregoing observations, the noise reduc-
tion data for representative sites were again evaluated with
three major changes in the Design Guide procedures. First,
the design curve for barrier attenuation (Fig. 8 of the De-
sign Guide) was replaced by the barrier attenuation model
for incoherent line sources proposed by Kurze and Ander-
son (8) and suggested in the handbook, Noise and Vibra-
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TABLE 11

ENVIRONMENTAL FACTORS VS DISCREPANCY DATA
FOR DESIGN GUIDE NOISE REDUCTION
PREDICTIONS, SITE 3

DISCREPANCY (dBA)
AT VAR. DISTANCES

WIND  AIR FROM ROAD

RUN HT. VEL." TEMP."
CASE No. (¢t) (MPH) (°F) 125Fr 250FT S500FT
A 7 5 nil 70 2.3 0.6 —1.1
g8 15 nil 70 03 —02 —13
9 25 nil 70 -39 1.1 —0.7
15 5 nil 62 32 1.5 —09
16 15 nil 63 —03 07 —02
17 25 nil 64 -35 —10 —06
B 1 5 8 83 4.8 43 0.4
2 15 8 83 0.3 —-12 24
3 25 7 83 —-36 —12 —08
6 5 8 84 4.8 4.3 0.4
5 15 6 85 03 —12 24
4 25 4 85 —-33 —15 08
Case A: A——0.34 dBA and s=1.73 dBA.
Case B: A=0.07 dBA and s=2.73 dBA.

a Measured 8 ft above the ground. Wind direction N or NNW (approx.
perpendicular to source-receiver axis).

tion Control (14). Details of this model, referred to herein
as the Line Source Model, are given in Appendix D. Sec-
ond, for the estimation of free-field noise levels needed to
arrive at measured noise reductions, the propagation loss
factor of 4.5 dB per doubling of distance, as assumed in the
Design Guide, was replaced by the simple line source di-
vergence factor of 3 dB per doubling of distance. Third,
no distinction between trucks and automobiles was intro-
duced into the noise reduction calculations. A possible
correction for trucks is discussed in a following section.

After the foregoing changes were introduced, the mea-
sured and predicted noise reductions were recomputed and
compared at various locations for three sites: Site 1—
roadside barrier configuration; Site 2—elevated highway
configuration; and Site 9—depressed highway configura-
tion. Site 3 (the second elevated highway site) was
omitted as redundant, and Sites 5 and 6 (the roadside
structures sites) were not considered because the Line
Source Model does not apply to this type of shielding.
Roadside structures are discussed later. To help suppress
extraneous errors in the evaluation, all measurement loca-
tions associated with negative values of the path length
difference parameter, § (locations above the line of sight
to the source), and all measurement locations more than
300 ft from the roadway were omitted. The first restric-
tion influenced data primarily at Site 9; the second applied
only to Site 2. The results of the evaluations follow.

Roadside Barrier (Site 1)

The measured noise reductions based on the L;, levels, and
the corresponding line source predictions for Site 1, are
given in Table B-5. Evaluations of these data are given
in Table 12 and shown in Figure 10.
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The results in Table 12 show that the agreement between
the measured noise reductions and those predicted by the
Line Source Model not only is superior to that provided
by the Design Guide predictions in Table 3, but also is
now very good in all categories of assessment. Specifically,
the discrepancy between measured and predicted results is
not statistically significant when considered as a function
of noise reduction magnitude, distance from the roadside,
or height above the ground. Furthermore, the standard
deviation of the discrepancy at individual locations is now
only 1.59 dBA, down sharply from the 3.77 dBA result for
the Design Guide predictions.

Elevated Highway Configuration (Site 2)

The measured noise reductions based on the Ly, levels, and
the corresponding line source predictions for Site 2, are
given in Table B-6. Evaluations of these data are given in
Table 13 and shown in Figure 11.

The results in Table 13 show that the line source pre-
dictions are in good agreement with the measurements in
all categories of assessment. This compares to significant
discrepancies in all but one category of assessment when
the Design Guide procedures were applied, as in Table 4
and Figure 5. Furthermore, the standard deviation of the
discrepancies at individual locations has been reduced from
2.33 dBA to 1.38 dBA.

Depressed Highway Configuration (Site 9)

The measured noise reductions based on the Ly, levels, and
the corresponding line source predictions for Site 9 are
given in Table B-7. Evaluations are given in Table 14 and
shown in Figure 12.

The results in Table 14 do reveal some physically small
but statistically significant discrepancies between measured
and predicted noise reductions for this site. That is, the
measured noise reductions exceed the line source predic-
tions by about 0.8 dBA on the average, and there is some
variation in the agreement with distance from the roadside.
However, the general agreement is far superior to that
achieved using the Design Guide procedures, as sum-
marized in Table 6. Furthermore, the standard deviation
of the discrepancies at individual locations has been re-
duced to only 1.16 dBA, as compared to 1.96 dBA for the
Design Guide predictions.

The remaining discrepancies between measured and pre-
dicted noise reductions at Site 9 might be due solely to an
error in the free-field propagation loss factor used to arrive
at the measured noise reductions. Unlike Sites 1 and 2, the
neighboring terrain for Site 9 was not bare ground. Except
for a street, the ground was well covered by grass and some
foliage. Hence, there was ground attenuation not ac-
counted for in the spreading loss factor of 3 dB per dou-
bling of distance. To investigate this possibility further,
the data were reanalyzed using a propagation loss factor
of 4.5 dB per doubling of distance, as suggested in the
Design Guide. This eliminated the two remaining signifi-
cant discrepancies.

The important conclusion here is that the free-field
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TABLE 12
RESULTS OF LINE SOURCE PREDICTIONS, SITE 1

RESULTS (dBA)

STATISTICAL PARAMETER DIFF. STATIST..

USED FOR ASSESSMENT COMPUTED IDEAL  SIGNIF.7*
Avg. discrepancy, A —0.18 0 no
Standard deviation, sa 1.59 0 —
Lease squares line
(Fig. 10):

Intercept —0.24 0 no

Slope 1.04 1.0 no
Range of A with:

Dist. from roadside 1.27 0 no

Ht. above ground 1.74 0 no

2 All difference tests performed at 1% level of significance.

TABLE 13
RESULTS OF LINE SOURCE PREDICTIONS, SITE 2

RESULTS (dBA)

STATISTICAL PARAMETER DIFF. STATIST.

USED FOR ASSESSMENT COMPUTED  IDEAL  SIGNIF.? *
Avg. discrepancy, A —0.32 0 no
Standard deviation, sa 1.38 0 _
Lease squares line
(Fig. 11):

Intercept —2.62 0 no

Slope 1.28 1.0 no
Range of A with:

Dist. from roadside 1.10 0 no

Ht. above ground 1.56 0 no

a All difference tests performed at 1% level of significance.

TABLE 14
RESULTS OF LINE SOURCE PREDICTIONS, SITE 9

RESULTS (dBA)

STATISTICAL PARAMETER DIFF. STATIST.
USED FOR ASSESSMENT COMPUTED IDEAL  SIGNIF.? *
Avg. discrepancy, A 0.84 0 yes
Standard deviation, sa 1.16 0 —
Lease squares line
(Fig. 12):

Intercept —0.19 0 no

Slope 1.12 1.0 no
Range of A with:

Dist. from roadside 2.7 0 yes

Ht. above ground 14 0 no

a All difference tests performed at 1% level of significance.

propagation loss is significantly influenced by the nature
of the ground cover. Furthermore, slight errors in the
assumed propagation loss factor will translate into major
errors in the noise levels predicted at distant locations. The
use of a constant value for this factor in the Design Guide
prediction procedures should be reconsidered.
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FURTHER STUDY OF TRUCK NOISE ATTENUATION

In the preceding evaluations, noise reductions for various
shielding configurations were predicted using the Line
Source Model in a way that did not distinguish between
trucks and automobiles. To be more specific, the noise
reductions were computed assuming the traffic noise source
was located at the level of the highway surface for all
vehicles. This is probably a reasonable assumption for
automobile traffic, where it is generally agreed that tire
noise is the predominant source. For the case of trucks,
however, many investigators believe the predominant
source of noise, at least at speeds below 50 mph, is the
exhaust stack that stands several feet above the highway
surface. It is for this reason that the Design Guide dif-
ferentiates between trucks and automobiles by assuming
a barrier will provide 5 dBA less attenuation for trucks
than for automobiles.

The correlation studies discussed earlier under “Influence
of Traffic Parameters” indicate that the Design Guide cor-
rection for the attenuation of truck noise by barriers is
generally excessive. On the other hand, some type of
correction for trucks undoubtedly is warranted. To fur-
ther investigate this issue, the correlation studies of dis-
crepancy between measured and predicted noise reduc-

tions versus truck mix ratio, as summarized in Table 10,
were repeated using the zero height line source predictions.
The analysis produced a sample correlation coefficient of
r=0.11, which is not a statistically significant difference
from zero for the sample size of n = 32. This result does
not necessarily mean that the shielding efficiency for truck
noise is the same as for automobile noise. It means only
that any difference that may exist in the shielding efficiency
is not sufficient to be detected in the data for the shielding
configuration and traffic conditions represented by Site 1.

Roadside Barrier Data With Truck Correction

Given a barrier noise reduction prediction model like that
proposed by Kurze and Anderson (8), the logical way to
introduce an adjustment for trucks is to compute the path
length difference for trucks based on a line source located
at some reasonable distance above the highway surface.
This will provide a path length difference value for trucks
that is less than the value for automobiles and, hence,
produce a lower predicted attenuation for trucks, all other
things equal. The problem is to arrive at a meaningful
equivalent height for truck noise. Such an equivalent
height would undoubtedly be a function of the truck speed.
Specifically, at the higher speeds, where tire noise is sig-
nificant, one would expect the center of the noise source
to be closer to the highway surface than at lower speeds,
where exhaust stack noise predominates.

For the purposes of this investigation, a conservative
estimate of 8 ft was assumed for the equivalent height of
truck noise. Using this height, the noise reductions at
Site 1 (the roadside barrier configuration) were re-
computed (see Table B-8). These noise reduction pre-
dictions required independent estimations of the truck and
automobile traffic noise, and the separate calculation of
noise levels at the shielded locations due to each type of
traffic. The truck and automobile traffic noise estimates -
were made using the procedures of the Design Guide. The
resulting agreement between the measured noise reductions
and those predicted with the Line Source Model, assuming
the truck noise source to be 8 ft above the highway surface
and the automobile noise source to be on the highway
surface, are summarized in Table 15.

A comparison of the results in Table 15 with those
computed previously with no adjustment for trucks in
Table 12 shows that the 8-ft source height correction for
trucks has no significant impact on agreement between
measured and predicted results at Site 1. A correlation
analysis of the discrepancy between measured and pre-
dicted results versus the truck mix ratio (see Table 10)
yielded a sample correlation coefficient of r = 0.35, as
compared to r = 0.11 for the uncorrected case. However,
this value of r is still not quite high enough to constitute
a statistically significant difference from zero for the sam-
ple size of n =32. Hence, the results must be considered
inconclusive, except to the extent that they demonstrate
that an adjustment for trucks based on an assumed noise
source height of up to 8 ft above the highway surface might
be acceptable.

The noise reductions computed at a given location for
a source height of 8 ft (applicable to trucks) were rarely



more than 3 dBA less than those computed at the same
location for a source height of zero (applicable to auto-
mobiles). This is consistent with the results discussed pre-
viously, which suggest that the flat 5 dBA adjustment for
trucks, as currently specified in the Design Guide, is ex-
cessive. However, the Line Source Model can produce
widely different noise reduction predictions for trucks and
automobiles under certain conditions not represented in the
data for Site 1. Specifically, as the path length difference
parameter, 8, passes from positive to negative values, the
noise reduction predicted by the Kurze and Anderson
model drops sharply from about 7 dBA to 0 dBA. With
this in mind, consider the hypothetical case of a 5-ft-high
observer shielded from highway noise by a 5-ft-high barrier.
If the source height for truck noise is more than 5 ft high
the observer would enjoy little or no protection from the
barrier because the barrier is below his line-of-sight to the
noise source. However, the tire noise from automobiles
will still be reduced by more than 7 dBA because the
barrier blocks his line-of-sight to this noise source.

Other Truck Noise Data

In 1971, the California Department of Highways (CDH)
performed experiments at Site 1 to measure the noise re-
duction provided by the roadside barrier at that site, using
a single unmuffled diesel truck as the source. The truck
was driven repeatedly in both directions along the highway
past the roadside barrier. On each run, the maximum noise
levels in dBA were measured at equidistant locations on
both sides of the roadway to arrive at a free-field and a
shielded noise level. A measured noise reduction for each
run was established by the difference between free-field and
shielded data. The measurements were made at 80 ft and
60 ft from the center of the truck lane. The results are
given in Table 16 together with predicted noise reductions

at the two locations, assuming the height of the source-

above the highway surface is (1) O ft, and (2) 8 ft. Be-
cause the CDH measurements were based on maximum
levels during a single truck passage, they actually reflect the
barrier attenuation of a point source, rather than an in-
coherent line source. Hence, the predictions were arrived
at by using the point source equivalent of the Line Source
Model, as proposed by Maekawa (2, 3, I4) and outlined
in Appendix D.

In Table 16, the results at the 80-ft location show ex-
cellent agreement between the CDH measurements and the
predictions assuming an equivalent source height of 8 ft for
the truck noise. At the 160-ft location, however, the best
agreement is provided by the predictions assuming an
equivalent source height of O ft. Again, the results appear
to be inconclusive. The only proper way to resolve this
issue is to obtain additional barrier attenuation data for
trucks at locations near the line-of-sight to the truck.

FURTHER STUDY OF SHIELDING BY
ROADSIDE STRUCTURES

The Design Guide procedure for calculating the noise re-
duction due to roadside structures is straightforward: it
recommends 3 dBA of reduction for each row of structures
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TABLE 15

RESULTS OF LINE SOURCE PREDICTIONS WITH
TRUCK CORRECTION, SITE 1

RESULTS (dBA)

STATISTICAL PARAMETER DIFF. STATIST.

USED FOR ASSESSMENT COMPUTED  IDEAL SIGNIF.? *
Avg. discrepancy, A 0.47 0 no
Standard deviation, sa . 1.67 0 —
Lease squares line
(Fig. 10):

Intercept 0.46 0 no

Slope 1.00 1.0 no
Range of A with:

Dist. from roadside 1.09 0 no

Ht. above ground 1.49 0 no

a All difference tests performed at 1% level of significance.

TABLE 16

COMPARISON OF CDH MEASUREMENTS AND NOISE
REDUCTION PREDICTIONS, SITE 1

DIST. NOISE REDUCTION (dBA)

FROM
COURCE Av6. CDH POINT SOURCE PREDICTIONS
(FT) MEASUREMENTS 0 FT 8 FT
80 15.6 17 16
(n=20,5=1.6) (6=2.8) (6=2.0)
160 15.4 15 12
(n=10,5=1.6) (6=1.8) (6=0.65)

up to a maximum of three rows. The results discussed pre-
viously indicate that this simple procedure produces noise
reduction estimates of the right order of magnitude, but not
with the accuracy demonstrated by procedures applicable
to other types of shielding configurations. Hence, other
possible prediction techniques were sought.

One possibility was to predict the net noise reduction
provided by roadside structures using a Modified Line
Source Model (see Appendix D). Specifically, the con-
tinuous line of traffic extending approximately one mile
on each side of the receiver location was divided into 52
equally spaced increments. The reduction of noise from
each increment was then calculated by computing the path
length difference between that segment and the receiver,
taking into account the full geometric details of the inter-
vening structures. The shielded noise levels at the receiver
location due to each segment were then summed to arrive
at a total shielded noise level. The procedure requires
considerable computation, but produces reasonably ac-
curate predictions, as is demonstrated later herein.

Another technique involves an empirical model for noise
reduction due to roadside structures arising from studies
performed by the National Physical Laboratory in England
(10). Based on extensive measurements of actual traffic
noise, that study suggests that a good fit to noise reduction
data for roadside structures (houses) is provided by
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NR = (16.6 —0.21x) — (3.5 —0.1x)log,ey  (9)

in which  is the percentage of open area at the housing
frontage and y is the distance in meters behind the houses.
Eq. 9 applies to the reduction in L,, levels at a height of
1.2 m above the ground for the range of values, 0 < x < 30
and 1 <y < 100 m.

A direct comparison of Eq. 9 to the measured noise re-
ductions for roadside structures in this study (Sites 5 and

TABLE 17

PREDICTED AND MEASURED NOISE REDUCTIONS
FOR A SINGLE ROW OF HOUSES

NOISE REDUCTION

(dBA)
PREDICTION PROCEDURE HT. SITES  SITE6
Natl. Phys. Lab., Eq. 9 1.2m 10° 10*
Design Guide 5 ft 3 3
Modified Line Source Model S ft 4.4 5.5
Measured (avg.) 5 ft 4.0 5.8

(n=3) (n=4)

2 Approx. noise reduction for Lio levels.

6) is difficult because the values of p for the structures fall
above the maximum value of 30 stated for Eq. 9; ie.,
w = 40 for the houses at Site 5, and u = 37 for the houses
at Site 6. The closest comparison is provided by the result
of Eq. 9 at the upper limiting value of x = 30, which
corresponds to a predicted noise reduction of approxi-
mately 10 dBA at distances of 1 to 100 m behind the
houses. This approximate result is compared to the pre-
dictions of the Design Guide and the Modified Line Source
Model, as well as the measured noise reductions at Sites 5
and 6, in Table 17.

The results in Table 17 show that the modified line
source predictions produce the best agreement with the
measurements. The predictions of Eq. 9 provide the poor-
est agreement. Part of the discrepancy between Eq. 9 and
the measured results may be due to (1) the inappropriately
large values of u for the two sites considered, and (2) the
fact that Eq. 9 applies to L,, levels rather than L, levels
as used for the measurements and other predictions. How-
ever, it is believed that at least some of the discrepancy
reflects a failure of Eq. 9 to fit data for structures that are
significantly different from those used in its formulation;
i.e., Eq. 9 was empirically derived from noise reduction
data for closely spaced two-story homes. The Design Guide
does not consider the housing height in arriving at predic-
tions either, but the modified line source procedure does.

CHAPTER THREE

INTERPRETATIONS AND APPLICATIONS

The findings of this project provide considerable informa-
tion that can be applied directly to the highway noise con-
trol problem through suggested changes in the procedures
of the Design Guide (NCHRP Report 117) (I1). These
suggested changes are presented after a brief summary and
interpretation of the more pertinent results of the research.

SUMMARY OF RESULTS AND INTERPRETATIONS

The pertinent results of the research for various types of
highway noise shielding configurations are summarized in
the following. '

Roadside Barriers, and Elevated and Depressed Highways

A comparison of the Design Guide predictions with the
measured noise reductions for a roadside barrier configura-
tion, two elevated highway configurations, and a depressed
highway configuration reveals consistent discrepancies of
three types:

1. The Design Guide tends to underpredict noise reduc-

tions at locations where the value of the path length dif-
ference parameter, §, is small.

2. The Design Guide tends, at some sites, to overpredict
noise reductions at locations distant from the roadside.

3. The Design Guide tends, in most cases, to under-
predict the noise reduction for truck traffic as opposed to
automobile traffic (Table 10).

The first type of discrepancy is due to inadequacies in the

" basic barrier attenuation model assumed in the Design

Guide (see Fig. D-4). The second type of discrepancy
evolves from the free-field propagation loss rule of 4.5 dB
per doubling of distance assumed in the Design Guide.
This value is too large for level sites free of ground cover.
The third type of discrepancy results from what now ap-
pears to be the generally excessive assumption in the De-
signh Guide that shielding configurations of all types are
5 dBA less effective against truck noise than against
automobile noise.

To verify the source of these discrepancies, the data for
the sites in question were re-analyzed using a conventional



barrier attenuation model for incoherent line sources
(Fig. D-3), and the theoretical spreading loss factor for
line sources of 3 dB per doubling of distance. No adjust-
ment in the predicted noise reductions was introduced for
trucks. With these changes, the agreement between pre-
dicted and measured noise reductions was consistently
good. Only minor discrepancies were noted at a single
site, and those were easily explained by the influence of
ground cover attenuation at that site.

Roadside Structures

A comparison of the Design Guide predictions with the
measured noise reductions for two sites involving roadside

structures (one-story houses) indicates reasonable agree-.

ment on the average, but not in detail (Figs. 8 and 9). The
Design Guide underpredicts the measured noise reductions
behind one row of houses and overpredicts those behind
three rows of houses. A modified version of the Line
Source Model used for other shielding configurations might
provide more accurate predictions, but the required calcu-
lations can be exhausting because of the intermittent nature
of roadside structure shielding. It is believed that the De-
sign Guide procedures will suffice for this case if they are
modified to reduce the bias toward underprediction for a
single row of houses and overprediction for multiple rows
of houses.

Traffic Effects

A comparison of the Design Guide predictions with the
measured noise reductions for various traffic flow condi-
tions reveals no significant variation in the accuracy of the
noise reduction predictions with variations in traffic speed
or volume. On the other hand, a significant variation in
accuracy is revealed for varying truck mix ratios (Table
10). This variation can be suppressed to a statistically
insignificant level by an appropriate modification of the
Design Guide adjustment for truck traffic noise reduction.

Environmental Effects

A comparison of the Design ‘Guide predictions with the
measured noise reductions for various different environ-
mental conditions reveals no significant variation in the
accuracy of the noise reduction predictions with modest
changes in temperature and wind (Table 11). Most of the
data, however, were collected when wind velocities were
less than 8 mph and in a single direction. Data from other
sources (I4) indicate that wind can have a significant
impact on barrier noise reductions under certain condi-
tions: wind velocities of more than 10 mph can be ex-
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pected to reduce the actual noise reduction at locations
downwind from the highway, and to increase the actual
reduction at locations upwind from the highway.

SUGGESTED DESIGN GUIDE CHANGES

Based on the results of this project, the following specific
changes are suggested in the Design Guide procedures for
predicting the noise reduction provided by various highway
noise shielding configurations:

1. For roadside barriers, elevated highways, and de-
pressed highways, the noise reduction curves in Figures 8
through 11 of the Design Guide should be deleted and re-
placed by the single curve defining the attenuation of in-
coherent line sources by barriers, as suggested by Kurze and
Anderson (8, 14). However, the maximum noise reduction
should still be limited to 20 dBA, as detailed in Appendix C.

2. For roadside structures, the recommendation in the
Design Guide (p. 9) should be modified to specify 4.5 dBA
of noise reduction for the first row of structures, and
1.5 dBA of additional noise reduction for each additional
row of structures, up to a limit of 10 dBA total reduction.

3. The arbitrary adjustment of —5 dBA for the barrier
attenuation of truck noise, as specified in the Design Guide
(p. 5), should be reduced to an adjustment of —3 dBA,
as detailed in Appendix C.

Concerning the third change, a more accurate adjust-
ment for trucks would probably be provided by a pro-
cedure in which the noise reduction is computed assuming
the truck noise source is at some appropriate height above
the highway surface. However, attempts to define such an
appropriate height have been inconclusive. Furthermore,
an adjustment of this type would greatly complicate the
Design Guide procedures. The adjustment of —3 dBA
should suffice in most cases. :

Beyond these specific changes, it is suggested that a
more general change in the Design Guide procedures be
considered. The change relates to the coefficient of the
A log D term in the basic traffic noise prediction model
given in the Design Guide (Egs. 24 and 25). This co-
efficient is currently fixed at 4 = 15, which translates into
a propagation loss factor of 4.5 dBA per doubling of dis-
tance. Although a coefficient of 4 = 15 may be reasonable
for many situations in urban regions, it appears to be too
large for cases where the surrounding terrain is flat and
free of ground cover. Consideration should be given to
allowing a choice of values for A4, ranging from 4 =10
for bare level ground to A = 15 for cultivated land.
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CHAPTER FOUR

SUGGESTIONS FOR FUTURE RESEARCH

During the course of this project, various aspects of traffic
noise reduction were investigated. Central to this investi-
gation were the measurement and evaluation of the noise
reduction performance of various highway constructions
under field conditions, with the final objective being a re-
finement of the procedures of the Design Guide. As in any
application-oriented research, however, many questions
were raised during the course of the study. The following
paragraphs suggest some specific topics for future research
that resulted from this study, as well as some general topics
concerned with highway noise.

BASIC TRAFFIC NOISE MODEL

The measurements acquired during the study indicate that
the basic traffic noise model suggested in NCHRP Report
117 may not apply to all sections of the U.S. In particular,
there is evidence that truck noise varies widely in character
and magnitude from state to state. A noise survey of vari-
ous selected sections of the U.S. would serve to determine
this variability. With the benefit of appropriate adjustments
to the basic traffic noise model, better estimates for the
traffic noise for individual situations in different geographi-
cal locations would be obtained.

PROPAGATION OF TRAFFIC NOISE

The Design Guide procedures specify a noise propagation
in the free-field condition of 4% dB per doubling of dis-
tance. This estimate of highway noise propagation is too
arbitrary. To establish a moré appropriate estimate, how-
ever, additional studies of free-field noise propagation are
needed.

The propagation of highway noise is a function of many
variables; these can be grouped in three general categories:
(1) traffic conditions, (2) environmental conditions, and
(3) the geometrical description of the highway and sur-
rounding terrain. The first category relates to the assump-
tion of a line source. In most instances, the prevailing
traffic conditions are such that a line source exists. For
an average four-lane highway, this will be true when the
total traffic volume exceeds perhaps 1,000 vph. However,
in many instances when the traffic volumes are lower than
this figure, this line source assumption is not rigorously
correct. How traffic noise propagates with distance under
low traffic flow conditions must therefore be determined.
The second category involves the prediction of sound
propagation under various weather conditions. Such vari-
ables as temperature and wind gradients affect noise propa-
gation to a large degree and should be investigated. The
third category involves the description of the ground plane
between source and observer. Of special concern is the
propagation of traffic noise over terrain with different types

of ground cover. The final objective of the study should
be to derive an improved model of sound propagation near
highways.

HIGHWAY TRAFFIC NOISE CALCULATIONS

Actual application of the Design Guide in several express-
way design studies has provided insight into the problems
faced by designers for highways traversing established
urban areas where both noise levels and land use are criti-
cal. In such cases, noise contours rather than single point
noise level estimates are desirable. The large amount of
data handling necessary to develop contours suggests that
traffic noise calculations be computerized. Two distinct
levels of complexity for computer calculations are sug-
gested, to meet the widely varying needs of the highway
designer.

One immediate approach is a computer program in
which the Design Guide noise prediction methods can be
digitized. The design data given in the tables and graphs
would be stored in the computer, which would be used as
a “look-up” device and “bookkeeper” to add and tabulate
the various corrections for individual roadway elements,
and to' calculate the final estimated noise level.

The basic computer programming for such an approach
is straightforward. However, it is believed that the program
would be particularly useful if it were carefully prepared
for a variety of either time-sharing or remote-terminal
computers. Special emphasis should be given to developing
an easy-to-use program that could be executed by engineers
having access to a simple teletype input terminal.

Experience in estimating the noise environment for ex-
pressways and expressway interchanges in urban areas,
particularly those having irregular terrain, suggests that
application of the Design Guide procedures often requires
serious simplifications of highway design and terrain fea-
tures. Because of the complexity of the required calcula-
tions in such a situation, accompanied by the need for
relatively accurate estimation of noise levels at many
ground locations, a much more elaborate computer pro-
gram development is envisioned. Such an approach would
use a large-capacity, high-speed computer facility, and
would be used primarily for detailed design studies of
critical sections of expressway routes.

Rather than the approach adopted in the Design Guide,
the whole topographical situation for the proposed design
would be introduced into the computer storage. This could
be done by graphical tracing of the detailed topographical
maps developed for the expressway design. The ultimate
output of the program would be the calculation of the noise
levels for ground positions on a mesh or grid system. From
the output of the grid values, noise contours could be



readily drawn by hand. Simulation of the traffic noise
sources could be based on distribution of sources along
the actual roads or routes of interest. Time distribution
statistics might also be incorporated. For each computer
program, a user’s manual should be previded that includes
examples in sufficient detail to permit practical use of the
programs by designers not skilled in acoustics or computer
programming.

EFFECTS OF TIME-VARYING NOISE ON SPEECH,
SLEEP, AND ANNOYANCE

Considerable knowledge is available about the effects of
steady-state noise on speech intelligibility and the relative
annoyance of individual noise-producing events. How-
ever, the effects of time-varying noise and the multiplicity
of noise events have not been thoroughly investigated. For
example, accurate estimates can be made of the intelligi-
bility of speech in a given steady noise environment. Simi-
lar predictions can be obtained for slowly varying, non-
steady-state noise at various points in time. On the other
hand, there has been no investigation of the problem of an
individual’s over-all assessment of the environment if dif-
ferent amounts of speech interference or interruption are
present over long periods of time.

A person’s assessment of the noise environment when
the number of noise events is varied is also unknown. It
has been assumed that noisiness or annoyance varies in
proportion to the acoustical energy (i.e., 3 dB per dou-
bling) but it is difficult to demonstrate this in psychophysi-
cal tests.

A noise situation that continually reoccurs in traffic situa-
tions is the one in which a number of discrete noise events
intrude on a relatively high-state background noise level
(e.g., the presence of trucks on a busy freeway). This
situation is poorly understood from the standpoint of either
speech intelligibility or annoyance assessmente Other re-
lated problems exist that suggest the need for research to
appropriately extrapolate the current knowledge of the
effects of steady-state noise to nonsteady-state cases of
practical importance. Such areas of research would in-
clude judgment tests to determine the effects of: (1) varia-
tion in amplitude vs number of events; (2) variations in
the fluctuation of noise levels from long-term averages; and
(3) the combinations of steady-state and discrete noise
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events of varying dynamic range and frequency of
occurrence.

Additional areas of research involving speech inter-
ference should include tests to determine: (1) the effect
of the amount of interruption on a person’s assessment of
his environment; and (2) the effect of the rate of inter-
ruptions and whether the interruptions are random or

“periodic.

HIGHWAY NOISE PROBLEM

One of the most important aspects of highway noise is the
noise source. Therefore, there is a need to define the pres-
ent state of the art in the noise generation mechanisms and
control techniques for the individual components (e.g.,
engine exhaust, gears, tires) that make up the composite
noise produced by motor vehicles in use on public high-
ways. A better definition of the noise sources would con-
tribute greatly to the logical development of practical
noise-control measures in highway design. It would per-
mit a more accurate assessment of expected acoustical
performance, as well as the practical limitations of such
noise-control factors as geometry, road surface, land-
scaping, and barrier design. Also included here would be
an assessment of the ‘practicality of acoustical noise-control
measures that might be used at the community level beyond
the highway right-of-way. Such measures might include
proper zoning procedures near highways, the use of noise
screens for residential areas, and proper construction codes
and regulations for buildings near highways.

All such actions must be assessed from the point of view
of federal and local legislative action on both motor-
vehicle noise levels and acceptable noise levels in communi-
ties. Local or federal limitations on vehicle noise levels,
highway noise standards, community noise ordinances,
building codes, and any other identifiable legislative actions
must be considered. The economic effects for the various
noise control possibilities considered in the previous para-
graphs should be evaluated. A cost/benefit model should
be developed for assessing the practicality and effectiveness
of individual noise-control strategies and means for eval-
uating the cost/benefit relationships for mixed strategies
involved in source control, highway design, and community
control of land use.
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APPENDIX A
DATA ACQUISITION AND DATA REDUCTION

DATA ACQUISITION

Acoustic Instrumentation Acquisition

Figure A-1 is a block diagram of the acoustic instrumenta-
tion used to acquire noise data. Four identical sets of equip-
ment were used, one for each measurement station. The
instrumentation at each station consisted of a 1-in. micro-
phone with preamplifier and power supply units. All four
stations were centrally coordinated from a single location
where sound level meters and tape recorders were located
(Fig. A-2). Thus, all four stations could be controlled
simultaneously by one operator. A calibration signal was
recorded at the start of each tape. This procedure was
repeated at the end of each tape to detect potential changes
during the data acquisition period. Before each measure-
ment period, identification information was recorded on
the tape specifying the test site, date, time, run number,
measurement station and microphone evaluation, and the
sound level meter attenuator setting. Communication be-
tween stations and the central recording location was by
walkie-talkie radios or by hand signals when line-of-sight
was available. The microphones were attached to a 25-ft
stand (Fig. A-3); different microphone heights were

achieved by sliding the microphone attachment on the
stand.

Traffic Volume and T/A Mix Measurements

Highway noise levels are a function of the traffic condi-
tions that exist during the evaluation period. Therefore,
it is important to accurately measure traffic parameters
such as vehicle volume, truck-to-automobile (T/A) mix,
density of flow in each traffic direction, and average speed.
These measurements must reflect the prevailing conditions
on the roadway while the noise data are acquired. Figure
A-4 shows a typical case and the information acquired.
The upper part of the form contains the information neces-
sary to (1) identify the test site and measurement number,
and (2) compare traffic information with noise data.

The truck count was acquired by entering a bar in the
Field Count Form for each truck in each traffic lane as it
passed the measurement location. In Figure A-4 the test
site is a four-lane facility, two lanes in each direction.
Thus, the information in lanes 1 and 2 corresponds to
traffic flow closest to the observer (measurement station);
lanes 7 and 8 correspond to traffic flow farthest from the
observer. Total traffic flow in each direction was counted
by observing all vehicles passing the measurement station



and recording the information on field counters. Both total
traffic volume and truck count information were acquired
for the entire 10-min traffic noise data-recording period.
Estimates of hourly traffic volume and truck volume were
easily calculated from the data forms (Fig. A-4).

Average Traffic Speed Measurements

Average traffic speed on the roadway during the acoustic
data acquisition period was measured photographically. A
35-mm camera, equipped with a 28-mm wide-angle lens,
an automatic power pack attachment, and a 200-exposure
roll, was used. The camera was located about 50 to 100 ft
from the near lane (Fig. A-5). The exact distance de-
pended on the restrictions and geometry of each site. The
camera was oriented normal to and above the traffic stream
such that a clear view of all traffic lanes was available.
Data were acquired at a rate of four exposures per second
so that a measurement of the distance traveled by any
particular vehicle could be obtained from two consecutive
exposures. A number of targets were placed, generally on
the median fence, at 25-ft intervals in order to have a fixed
reference location and a known distance.

Before each data acquisition run, run number, site num-
ber, time, and date were recorded on a screen and photo-
graphed to provide a description of the data. During each
10-min data acquisition period a series of 6 to 10 ten-
exposure bursts were made, each sequence containing
photographic data on vehicle speed for each lane. The
distance between the camera location and all traffic lanes
was carefully measured to assure high accuracy in the
subsequent data reduction of the photographs.

Weather Data Acquisition

At approximately ¥2-hr intervals, information on weather
conditions was acquired and recorded on the form shown
in Figure A-4. Typically, wind intensity and direction,
temperature, and relative humidity were measured. When
appropriate and possible, temperature and wind gradient
data also were collected by measuring and recording these
parameters at two different heights (e.g., 5 and 25 ft above
the ground).

DATA REDUCTION

\

Noise Data Reduction: Instrumentation and Procedure

Noise data tapes recorded in the field were analyzed sta-
tistically to evaluate various noise measures used in high-
way noise description. This was done by first reducing each
data sample into A-weighted sound pressure levels, and
then sampling the dBA time history with a statistical dis-
tribution analyzer. Figure A-6 is a block diagram of the
instrumentation used.

Basically, the system consists of a tape recorder (nomi-
nally the same recorder used in the data acquisition por-
tion), a sound level meter to amplify the tape-recorded
data and apply the A-weighting network, and a level
recorder-statistical distribution analyzer combination to
sample the weighted signal in time by associating a noise
level range with each sample. The analyzer consisted of
an amplitude detector circuit divided into a number of
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Figure A-1. Block diagram of acoustical instrumentation used
in data acquisition program.

level increments or “windows.” Each “window” corre-
sponded to a range of 2.5 dB for current purposes. As the
signal was sampled in time, the analyzer determined the
“window” corresponding to the instantaneous noise level
in dBA, and associated that level with the corresponding
level range. Because the data were sampled at 0.3-sec
intervals, and each measurement run consisted of a 10-
min tape recording, 1,000 to 1,800 noise samples were
obtained in each case. The variability in sample number
was caused by editing out, in certain cases, those noise
data associated with such events as aircraft overflights or
local traffic. Figure A-7 shows the unsampled time history
record that also was produced by the analysis. The
amplifier-loudspeaker combination was used so that the
operator could listen to the voice track describing each
run, and edit the noise data when interference from other
sources was present. Because the tapes were calibrated in
the field by recording a known intensity signal at the be-
ginning and end of each tape, the analyzed signal could
be readily calibrated and associated with the correct noise
level.

A computer program calculated the statistical descrip-
tors used in NCHRP Report 117, as well as other measures
of noise. The sample listing of the output is shown in
Figure A-8. The output consists of the L, levels * in terms
of 15 percentiles. The most useful percentiles are obvi-
ously the L;, and L,, noise levels because they are used
in NCHRP Report 78 and NCHRP Report 117 for noise

* Ly is defined as the noise level, measured in dBA, that is exceeded
“x percent” of the time.
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calculations. The derivation of the descriptors is discussed
in those reports. Figures A-9 through A-14 show a sample
of the cumulative distribution for each test site evaluated
during the study. If the data points fall on a straight line
that would indicate a normal distribution of the traffic noise
levels.

The Noise Pollution Level (NPL) (73, 16) and Traffic
Noise Index (TNI) (I7) noise descriptors (Fig. A-8)
represent two measures of community noise developed in
England in recent years. Both NPL and TNI descriptors
use the basic L,,, L, and L, noise descriptors in two
terms. One term represents the equivalent continuous noise
level; the other represents the fluctuation in noise levels.
No further use of these descriptors is made in this report
because they were calculated for information only.

rﬂé = .

Figure A-2. Acoustical instrumentation; sound level meters and tape recorder units used at Site 6. (Courtesy of Michigan State Highway
Dept., Research Lab. Div.)

Noise Data Statistical Analysis Results

The results of the statistical analysis described in the pre-
vious section are summarized in Tables A-1 through A-6.
Each test site is identified by number and location. The
data are summarized in terms of microphone heights above
the ground plane, starting at the lowest height. Measure-
ment stations are identified by letter designations; their
horizontal distances from the near lane are noted in the
proper column. The noise descriptors include the L,, and
L., noise levels as well as the calculated NPL and TNI
values. In each case, the closest station to the roadside
(Station A) is listed first, all others following as a function
of distance from the highway.
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Traffic Volume and Traffic Mix Evaluation and Results

The traffic and truck count data were reduced by first
calculating the total vehicle volume and total truck volume
in terms of vehicles per hour. Each traffic flow direction
was computed separately for both truck and total vehicle
volume and summed to derive the total traffic flow past the
measurement station., Tables A-7 through A-12 sum-
marize the traffic data for the six test sites.
The information is presented in three categories:

® All lanes: Includes all traffic flowing past the ob-
server. The number in parentheses refers to the total
number of lanes.

e Near lanes: Includes the traffic flow direction closest
to the observer.

e Far lanes: Includes the traffic flow direction farthest
from the observer.

In all cases, T/A ratio or traffic mix was calculated in
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Figure A-3. Twenty-five-foot microphone stand; microphone at 25 ft. (Courtesy of Michigan State Highway Dept., Research Lab. Div.)

percentage as well. Average traffic speed is also sum-
marized in these tables. The procedures used in the
calculation of this variable are discussed in the following.

Average Traffic Speed Evaluation and Results

The photographic traffic data reduction system was de-
signed to permit efficient assessment of the parameters of
traffic flow at the noise measurement sites. This goal was
accomplished by automating the assessment procedures to
such an extent that a single semi-skilled operator could be
guided by computer to process the data in rote fashion,
without superfluous intermediate steps.

Data reduction was accomplished by a small digital com-
puter interfaced to a graphic input device. The computer
was a PDP-8; the input device was a Grafacon 1010A—
a 10-in. by 10-in. translucent epoxy tablet in which 1024
fine copper wires are embedded in both X and Y directions.
Rear projection of film strips of traffic conditions onto the
tablet was accomplished by means of a stand-mounted



TRAFFIC AND TRUCK VOLUME COUNT FORM HRB 3 -7/2
. _9-27-7
Site No.: S Route 35 W Run No.: / IE)ofe ) Bk 1 PC
Location : RICHFIELD MINN.  Time . _ 12 :20 Ref. Tape No.: S nar s —————
Lane | Count per 60 Truck Volume Estimate of Traffic Volume
No. Lane Count Time| per Hour 10 Minutes Hour! Traffic ‘
Count per Flow | e ¥ [Volume ATMOSPHERIC MEASUREMENTS
o b c b&c Direction actorl vph
1 32 & 192 Height | T Wind Wind Relative
g emp. in . s 10
2 12 € 72, 335 6 2010 Dir. Humidity
3 G / 65 Y- | SW q0
4 6 15 65 4 S 90
5 5 299 1794
6 6
7 5 6 30
8 26 6 1956
Total | 75 450 634 3804 Note : Stotons B U/ ‘c D" at 5.0 FT.
Observer :
®

FIELD COUNT FORM

10-Minute Somple.

VAN A TR ST YT

Near Lane

2 My

3

4

Median

5

6

7 m

Far Lane | MY MV NN MY N7

| e

Figure A-4. Traffic data acquisition form.

113



31

. N _ . ’
‘._ - / _— . HTwER it ‘II C- e \ *&m*“m

Figure A-5. Top: Lift and camera equipment, Site 6. Microphone location corresponds to Station A. Bottom: Relationship of camera to traffic.
(Courtesy of Michigan State Highway Dept., Research Lab. Div,)
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Kudelski B & K 2203 -

Nagra 11l | _p| Sound Level BaKZNS L

Tape Meter Recorder
Recorder l
Loud-. B & K 4420 Tabulation
i ‘ Statistical of
speaker Amplifier  1qg Disfrili:ulfcign Statistical
Analyzer Data

Figure A-6. Block diagram of acoustical instrumentation
used in data reduction.

mirror and projector combination. The operator sat facing
the tablet with film reels mounted above and behind the
tablet, within convenient reach. A special stylus was used
to indicate to the computer specific points on photographic
frames.

At the beginning of a data reduction session the operator
would load a long roll of 35-mm film composed of se-

Listing of

A-lLevel

IBM 360—50 SfClﬁSﬁCS
Computer and Noise
Measures

quential frames of traffic flow taken at 250-msec intervals.
The angle of acceptance of the lens, elevation of the camera
position, and distance to the nearest traffic lane were con-
trived to permit the operator to distinguish individual ve-

80 A
.,..wg. j\:_... I N
70 A S—
e
LY R —
[RON No. 15
IstaTioN'8
50

SPL (dBA)

RUN NO.15 |
STATION C

Figure A-7. “A-weighted” time history noise levels, Site 3.



hicles in as many as eight traffic lanes. Figure A-15 shows
equipment and a sample of the photographic data.

A short conversation with the software, conducted by
teletype, provided the program with the values of a few
parameters needed to process data from an individual site.
These parameters included the number of traffic lanes at
the site, the distance from the camera to each of the lanes,
and the number of vehicles in each lane.

The operator’s next task was to provide the software with
the information needed to calibrate the system. This was
accomplished by projecting a single frame of a series of
equidistantly spaced markers photographed at a known
distance with the camera lens combination employed in the
field. The operator indicated the calibration distance by
touching the stylus to two of the markers.

Throughout the ensuing data reduction, the operator’s
actions were guided by an oscilloscopic display to the side
of the tablet. The software instructed the operator in a
step-by-step fashion by displaying messages appropriate to
the sub-task at hand. For example, to commence data
entry the computer signaled “SELECT TRAFFIC LANE.” At
this point the operator would determine by visual examina-
tion of the projected frame which lane(s) contained ve-
hicles that could be tracked through a successive frame.
On receipt of traffic lane identification, the computer sig-
naled the operator to mark the position of a stationary
reference point in the current frame that could also be
located in the next frame. Once a reference point was
marked, the computer would request the operator to
indicate the vehicle’s position.

The computer then signaled the operator to advance the
film to the next frame and once again mark the positions
of the reference point and the vehicle. The absolute value
of the distance traveled by the vehicle with respect to the
stationary point in the 250 msec that elapsed between
successive frames thus determined the velocity of an in-
dividual vehicle. To lend added stability to the estimate
of velocity so derived, the operator was permitted to iden-
tify and track up to six vehicles in each lane. The multiple
estimates were averaged to arrive at an unbiased estimate
of the average speed in each lane.

Extensive editing facilities were incorporated into the
software system to give the operator as much flexibility
as necessary to cope with irregularities in the photographic
records. For example, if no vehicles could be found in a
particular lane, the program permitted a “no data” entry.
As a double check on the reasonableness of each individual
data entry, the program displayed the distance traveled by
the vehicle for confirmation by the operator. If the opera-
tor believed the distance was unreasonable (as, for ex-
ample, might be the case in a mis-identification of the
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San Diego Frwy:

LISTING OF STATISTICAL ANALYSIS FOR SITE 3 LOCATION 1
Reference Location

SAMPLE NUMBER = 15 @ TIME = 0640 HRS.
MEAN = 73.67 (ST, DEV = 2.552) ENERGY MEAN = 74.68
NPL = 81.21 NPL® = 80.32 NI = 65.52

L 1 = 82,4

L 3 = 80.70

L 5 = 79414

L 10 =  76.89%

L 20 = 74,91

L 30 = 74.42

L 40 = 73.92

L S0 = 73.43%

L 60 = 7294

L 70 = 72.a4l

L 80 = 71.54

L 90 =  70.63%

L 95 = 70.24

L 97 =  70.07

L 99 = 68.53
SAMPLE NWMBER = 16 @ TIME = 0655 HRS.
MEAN = 73.01 (ST. DEV = 2.186) ENERGY MEAN =z 73.71
NPL = 79.31 NPL = 78.43 NI = 60.99

L 1 = 80.68%

L 3 = 78.58

L s = 77.26

L 10 = 75457+

L 20 = 74.53

L 30 = 13.96

L 40 = 73.40

L so = 72.83%

L 60 = 72.25

L 70 = 71.64

L 80 = 71.04

L 90 = 70.43%

L 95 = 70413

L 97 = 70.01

L99 = 68,39

Figure A-8. Statistical analysis of highway noise data, Site 3.

vehicle in successive frames), he could re-enter the same
data.

At the conclusion of the data entry phase, a punched
paper tape containing the raw data was automatically pre-
pared. This tape provided hard copy of the basic data for
subsequent analysis by a FORTRAN program. (Fig. 15
shows the resulting computer output.) The average speed
information in each traffic flow direction and the average
speed for all lanes is summarized in Tables A-7 through
A-12.

Weather Data Reduction and Results

Weather data acquired during the test site evaluation in-
cluded temperature, wind speed and direction, and hu-
midity measurements. Temperature and wind gradient
information were also collected when possible by taking
temperature and wind data at two different heights above
the ground. The gradient information was not considered
accurate enough for purposes of this study and was there-
fore disregarded. Tables A-13 through A-18 give sum-
maries of the weather information for the six test sites.
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TABLE A-1
SUMMARY OF FIELD NOISE DATA STATISTICAL ANALYSIS RESULTS, SITE 1

MICROPHONE HEIGHT: 2.0 FEET MICROPHONE HEIGHT: 10.0 FEET

Run # Time  Station N.L. Dist Ljq  Lsg  NPL NI Run # Time  Station N.L. Dist Lpq  Lsg  NPL ™Y
1 13:16 A 43 71.3 64.1 77.7 66.8 7 9:03 A 43 74.3 64.6 81.7 78.3
1 13:16 B 93 54.2 47.6 62.0 55.1 7 g:03 B 93 57.7 52.9 63.7 53.9
1 13:16 c 143 So.4  47.5 S8.4 47.9 7 3:03 c 143 55.6 51.6 60.4  1B.5
1 13:16 D 243 52.2 47.2 59.1 47.3 7 9:03 D 243 54.1 50.2 57.5  43.6
§ 8:17 A 43 73.2 64,2 79.6 Th.4 10 10: 42 A 43 73.0 60.5 86.0 101.8
4 8:17 B 93 57.0 52.1 62.5 52.2 10 10:42 B 93 si.8 50.1 60.1  51.5
4 8:17 c 143 54,0 49.8 57.5 43.0 10 10: 42 c 143 53.6 49.6 58.0 47.3
u 8:17 D 243 52.4 49.6 55.4 36.3 10 10:42 D 243 51.8 48.3 56.0 41,1
14 11:37 A 13 73.0 64.2 719.7 13.6 15 13:09 A 43 72.8  64.3 8.4  72.6
14 11:37 B 93 55.4 48.3 63.3 S7.4 i 15 13:09 c 143 60.8 S4.3  77.T  Ti.4.
14 11:37 c 143 54h.1  47.%  60.9  55.7
14 11:37 D 243 52,0 45.7 64.2 14B.9 | 20 11:49 A 43 75.0  64.7 89.2  81.2

20 11:49 B 93 58.8 51.2 71.1  69.3
MICROPHONE HEIGHT: . 4.0 FEET io21 12:143 A 43 73.2  64.3 80.3  T4.4

Run # Time  Station N.L. Dist Lio  Lse  NPL_ INI 21 12:13 E 63 56.2 ° 49.4  64.1  62.2
13 11:27 A 43 73.6 65.2 79.9 75.3
3 13i%7 2 03 138 238 oy w22 13:14 A 43 71.2  64.2  77.8  66.1
3 et ° 13 23 289 5706 430 22 13:14 E 63 63.5 5h.2 B83.6  65.5
13 11:27 D 243 53.0 9.2 62.5 42.8

. MICROPHONE HEIGHT: 12.0 FEET
Rt . 3 2.8 &b 184 12-% | Run# Time  Station N.L. Dist Lie Lse NPL M
Loy 10:32 A 43 73.3  64.5 82.6 4.5
16 9:15 A 43 70.6 S4.7 83.6 93.7 i 9 10:32 B 93 58.8 -53.4 68.6 62.8
16 9:15 B 93 sy, b6.9 61.8 58.0 | g 30:32 c 143 58.9 53.0 68.9  63.9
16 9:15 c 143 53.3 46.9 59.5- 53.5 | 3 10:32 D 243 58.7 51.9 84.3 10b.9
16 9:15 D 243 54,2 46.9 60.5 56.8
v 18 10:06 A 3 72.3 64.2 82.5  70.8
20 11: 49 A 43 75.0 64.7 89.2 Bl.2 18 10:06 B 93 67.2 62.5 107.2 134.6
20 11: 49 B 93 57.1 49.2 69.6 66.8 18 10:06 c 143 59.8 51.7 69.3 67.4
18 10:06 D 243 59.8 53.0 68.1 64.3
21 12:43 A 43 73.2 64.3 80.3 Th.4
21 12:43 E 63 52.9 k5.8 59.6 52.4
|
|
! MICROPHONE HEIGHT: 15.0 FEET
MICROPHONE HEIGHT: 6.0 FEET :
Run # Time  Station N.L. Dist Lja_  Lso  NPL  INI | Run # Time  Station N.L. Dist Lyy  Lsp ~ NEL =~ INI
- - T 8 10:21 A 43 73.1 64.3 78.5 73.9
2 13:31 A [ 0. y, Wb . i
A O 3 oy W Sy op w2t s 3 s a3l sE 22
2 13:31 c 143 54.6 50.0 60.2 51.2 8 10:31 c 21 RS
5 8: A y .3 6h. . . ‘
2 &h s B3 g M e 1 w2 s b3 743 6L 836 78.6
5 8:33 c 143 228 u8.6 B86.6 Ab2 | 13 1022 5 183 e2.4 339 I8 118
5 8:33 D 243 51.6 48.7 54.1 38B.6 1 10.52 s 23 2 2% &1 270
12 11:17 A 43 72.2  64.2 79.2 70.2 23 13:38 4
12 1:17 B 93 s4.6 49.0 64.0 52.3 ‘3 A 3 72.3 64.3  77.9 70.6
12 11:17 c 113 52.5 48.4 62.5 4.3 23 13:38 E 63 60.1 54.4  66.7 60.1
12 11:17 D 213 52.5 47.5 60.4  46.T
i MICROPHONE HEIGHT: 20.0 FEET
P Biﬂ A & -2 §s-2 -8 gg:% | Run # Time  Station N.L. Dist Lip. Lse  NPL NI
{15 13:09 A 43 72.8 64.3 78.4 72.6
15 13:09 B 93 59.4 53.0 67.8 63.6
MICROPHONE HEIGHT: 8,0 FEET

Run # Time  Station N.L. Dist Lio  Lse  NPL_ ~ TINI 1 20 11:49 A 43 75.0 647 89.2 B81.2
3 13:47 A 43 65.1 64.0 73.1 57.8 [ P 11: 49 B 93 62.7 55.5 73.5 61.8
3 13:47 B 93 55.9 50.5 62.0 53.& I 5 1204

: ! 143 A 43 73.2 64.3 80.3 T74.4
3 13: 47 ¢ 143 59.9 5.0 710 68.5 | 33 12: 43 E 63 65.2 55.1 Th.1  T71.9
6 8:48 A 43 72.4 64,4 78.0 71.1
p S . : PSS P - 13:14 A 43 71.2  64.2 77.8 66.1
: 8 i P 133 gg; 39.u g ?'7% |22 13:14 E 63 64.6 55.5 72.8 69.2
6 8:48 P 243 52.0 487 55.1 0.8 | o3 13:38 a 43 72.3  64.3  77.4  70.6
11 10:57 A 43 71.6 57.5 84.8 96.6 | 23 13:38 E 63 65.9 57.0 Th.k -Th.O
11 10:57 B 93 53.7 48.9 57.9 47.5 |
11 10:57 c 143 52.5 48.8 57.2 43.5 |
11 10:57 D 243 51.4  47.8 55.1 40.1 |
17 9:32 A 43 72.9  64.3 81.6 72.8 |
17 9:32 B 93 58.1 50.8 68.8 66.2 |
17 9:32 c 113 Z7.9 50.9 67.2 64.9 |
17 9:32 D 213 58.3 50.7 67.0 65.0
23 13:38 A a3 72.3 64.3 77.4 70.6 '
z3 13:38 E 63 56.4  51.3 62.0 55.2.




TABLE A-3

38 SUMMARY OF FIELD NOISE DATA STATISTICAL
ANALYSIS RESULTS, SITE 3

! MICROPHONE HEIGHT: 1.0 FOOT

TABLE A-2 Run # Time Station N.L. Dist L, Ls,g NPL TNI
10 8:2 A 8 . 69.8 . 65.
SUMMARY OF FIELD NOISE DATA STATISTICAL 1 8ia2 5 105 B33 %8 W3 %3
ANALYSIS RESULTS, SITE 2 10 8:25 c 250 63.7 60.5 66.9 51.4
10 8:25 D 500 61.1 58.1 64.3 8.7
MICROPHONE HEIGHT: 1.0 FOOT .

Bun # Time  Station N.L. Dist Lyp Lsy  NPL NI oo A 23 B @0 835 &1
6 11:27 A 54 79.9 76.4 - - 14 11:27 c 250 64.7 61.5 68.9 52,7
6 11:27 B 125 60.2 56.9 64.7 U48.4 14 11:27 D 500 61.1 57.4 64.2 G9g,2
6 11:27 c 250 62.3 58.6 66.4 51,6
6 11:27 D 500 63.8 60.2 67.5 51,7 18 7:25 A 83 75.7 72.9 79.0 62.1

18 7:25 B 125 67.2  63.9 T1.1 56.5
12 16:09 A 54 79.2  76.4 - - 18 7:25 c 250 67.4 648.1 70.8 55.7

12 16:09 B 125 62.2 59.2 65.3 49.6 18 7:25 D 500 €4.8 61.6 67.7 52.0
12 16:09 c 250 64.6 61.6 67.6 52.2
12 16:09 D 500 66.8 63.8 69.5 54,2

MICROPHONE HEIGHT: §.0 FEET
Run # Time Station N.L. Dist Lyg  Lsg  NPL "INI
MICROPHONE HEIGHT: 5.0 FEET _

Run § Time . Station N.L. DIst Lyo  Lgo  NPL NI 3 R A lgg &3 87 s so-1
1 15:26 A 54 82.5 79.0 86.0 70.3 1 12:07 c 250 64,7 61.8 68.5 51.6
1 15:26 B 125 64.4 60.1 67.9 53.8 1 12:07 D 500 62.1 59.0 65.9 49.8
1 15:26 c 250 68.9 65.4 73.0 56.5
1 15:26 D 500 67.9 64.9 71.1 536 6 15:22 A 83 73.9 T70.7 77.7 62.2

6 15:22 B 125 67.0 62.8 72.9 58.0
5 11:10 A 54 81.6 76.9 - - 6 15:22 c 250 67.5 63.5 72.0 58.6
5 11:10 B 125 63.4 58.8 69.0 57.3 6 15:22 D 500 64.7 61.0 69.4 5h.9
5 11:10 [4 250 . 65.7 61.4 71.1 §9.7
5 11:10 D 500 67.9 63.3 73.1 64.7 7 7:34 A 33 73.8  69.7 79.4 69.7
7 7:34 B 125 63.1 59.4 6B.5 sl.9

11 15:54 A 54 78.5  75.3 - - 7 7:34 c 250 64.1 60.4 68.3 56.8

11 15:54 B 125 62.5 59.3 68.0 49.8 7 7:34 D 500 61.7 58.2 65.7 53.6

11 15:54 c 250 65.1  61.9 70.0 52.8

11 15:54 D 500 66.8 63.6 70.1 54,3 11 10:27 A 83 74.0 69.8 80.5 66.5

11 10:27 B 125 66.0 59.4. 78.4 65.0
11 10:27 c 250 68.1 61.6 76.7 67.0
MICROPHONE HEIGHT: 10.0 FEET 11 10:27 D 500 €5.7 59.1 72.5 64.9

Run # Time Station N.L. Dist Lig Lsg NPL TNI L " ) p
2 15: 42 A 54 83.3  79.3 B7.7 73.0 1 §: o A o2 Ly Ly B2 832
5 e B 1% &3 el 13 %8s 15 §:40 c 250 683 65.0 71.9 54}
2 152 p 500  68.2 65.h 71.2 33.7 B G0 D 000 G5 62.1 688 8.9
7 11:47 A 54 81.6 77.5 - -

7 11: 47 B 125 67.6 62.2 77.3 64.6 MICROPHONE HEIGHT: 15.0 FEET

7 11:47 c 250 66.6 62.9 71.1 55.9 Run # Time Station N.L. Dist Ly, Lsg NPL TNI

7 11: 47 D 500 67.0 63.7 69.8 55,2 5 12:19 A 83 73.0  70.2  76.3 58.7
X 2 12:19 B 125 64.8 61.9 68.0 49,2

o 13 8 Bs 6y B isa s 2 o e 3 85 g i

10 15:37 c 250 69.7 64.1 75.1 65.6 : . ' :

10 15:37 D 500 69.7 65.0 74.1 60.8 5 15:09 A 83 72,4 69.7 75.6 57.4

5 15:09 B 125 gg.g 22.6 ge.g Eé.g
5 15:09 c 250 . 2.3 7. .9
. MICROPHONE HEIGHT: 15,0 FEET :

Run # Time  Station N.L. DSt Lyo  Lse  NPL  TNI 5 15:09 D 500 61.8 59.0 6h.2 47.6
3 15:56 A 54 81.2 78.5 83.5 67.2 8 7:53 A 83 72.8 68.7 80.8 72.6
3 15:56 B 125 67.1 64.4 69.3 50.4 8 7:53 B 125 64.9 59.8 72.7 64.7
3 15:56 c 250 68.6 66.1 70.8 54,1 8 7:53 c 250 64.8 60.6 T71.5 59.7
3 15:56 D 500 67.3 64.5 69.9 51,3 8 7:53 D 500 61.7 57.9 66.8 5.4

12 10:55 A 83 72.8  70.3  76.7 60.3
MICROPHONE HEIGHT: 20.0 FEET 12 10:55 B 125 64.9 61.4 70.1 55.1

Run # Time Station N.L. Dist L, Lsg NPL TNI 12 10:55 c 250 64.8 61.7 69.4 50.9
Y lg:ll a 5“ 21'5 28-6 84.1 68.1 12 10:55 D 500 62.1 59.0 67.2 ’J9.‘J
I 16:11 B 125 9.7 7.2 71.9 52.7 .

4 16:11 c 250 69.8 67.9 71.9 52.4 1 g;gg A lgg- ggg ggg 133 g}(-g

§ 16:11 D 500 67.4 65.8 69.6 49.4 16 6255 ps 253 688 65:7 72:5 55:5

8 12:03 A 54 80.3  77.0 - _ 16 6:55 D 500 65.4 63.0 68.3 19.9
g 12:03 B 125 gg.g 23.7 g;.g gg.é
12:03 c 250 . 3.3 . .9

. MICROPHONE HEIGHT: 25.0 FEET

8 12:03 D 500 66.3 62.8 69.1 53.8 Run # Time  Station N.L. Dist Lao  Lsg  NPL  INI

9 15:20 A 54 80.5 77.3 - - 3 12:37 A 83 72.9 69.7 75.8 58.5

9 15:20 B 125, . 69.5 66.3 72.3 57.1 3 12:37 B 125 67.3 64.2 70.0 53.2

9 15:20 c 250 €8.8 66.1 71.0 54.8 3 12:37 ¢ 250 €5.5 62.3 67.9 50.9

9 15:20 D 500 69.0 66.3 T1.2 54,6 3 12:37 b 500 62.0 59.3 64.0 5.1

' ’ 4 14:53 A 83 73.1  69.7 T76.7 60.0

4 14:53 B 125 67.2 64.4 70.3 s52.7

4 14:53 c 250 64.9 62.6 67.6 18.5

4 14:53 D 500 61.9 59.4 63.6 444

9 8:04 A 83 72.3 68.3 82.2 68.4

9 8:04 B 125 66.4 62.4 76.6 60.0

9 8:04 [ 250 65.0 61.6 75.3 54,7

9 8:04 D 500 62.0 58.1 70.1 51.9

13 11:10 A 83 73.4 70.3 77.6 61.9

13 11:10 B 125 67.2 64.0 T1.7 56.1

13 11:10 4 250 66.3 63.3 69.7 53.3

13 11:10 D 500 62.2 59.4 65.0 45.8

17 7:10 A 83 77.3  72.7 81.7 68.3

17 7:10 B 125 73.5 67.6 77.7 67.7

17 7:10 c 250 71.7 66.8 75.5 62.6

17 7:10 D 500 67.4 63.2 71.0 57.6




TABLE A-4

SUMMARY OF FIELD NOISE DATA STATISTICAL
ANALYSIS RESULTS, SITE 5

39

MICROPHONE HEIGHT:

Run # Time Station N.L. Dist
1 12:22 A 75
1 12:22 B--H* 198
1 12:22 Cc-~H 330
1 12:22 D--H 539
8 8:09 A 75
8 8:09 B--H 198
8 8:09 c--H 330
8 8:09 D--H 539

MICROPHONE HEIGHT:

Run # Time Station N.L. Dist
2 12: 42 A 75
2 12:42 B--H 198
2 12:42 C~-H 330
2 12: 42 D-~H 539
7 15:00 A 75
7 15:00 B~-T#* 198
7 15:00 Cc--T 330
7 15:00 D-~-T 539
9 8:25 A 75
9 8:25 B--H 198
9 8:25 C--H 330
9 8:25 D--H 539
14 12:27 A 75
14 12:27 B--H 198
14 12:27 C'-H 365
14 12:27 D--H 539

MICROPHONE HEIGHT:

Run # Time Station N.L. Dist
10 8:48 A 75
10 8:48 B~-~H 198
10 8:48 C-~H 330
10 8:48 D--H 539
13 12:10 A 75
13 12:10 B-~H 198
13 12:10 C'-H 365
13 12:10 D--H 539

MICROPHONE HEIGHT:

Run # Time Station N.L. Dist
3 12:58 A 75
3 12:58 B--H 198
3 12:58 Cc--H 330
3 12:58 D-~H 539
6 14:42 A 75
6 14:42 B~-~T 198
6 14: 42 c--T 330
6 14:42 D--T 539

11 9:07 A 75
11 9:07 B-~-H 198
11 9:07 c--H 330
11 9:07 C--H 539
12 11:90 A 75
12 11:50 B--H 198
12 11:50 C'-H 365
12 11:50 D-~-H 539

MICROPHONE HEIGHT:

Run # Time Station N.L. Dist
L] 13:19 A 75
4 13:19 B--H 198
4 13:19 C--H 330
] 13:19 D--H 539
5 14:12 A 75
5 14:12 B--T 198
5 14:12 C--T 330
5 14:12 D--T 539

1.0 FOOT
1o Lso NPL TNI
79.6 76.0 82.9 69.3
68.5 64.0 72.6 61.3
63.3 60.6 65.7 48.8
58.0 54.3 62.8 44,2
79.4 76. 4 82.8 67.4
68.1 65.3 70.9 53.7
66.1 63.7 68.0 51.0
62.1 60.3 63.7 k4.2
5.0 FEET
Lyg Lsg NPL NI
79.1 75.7 82.7 68.2
69.4 66.2 73.0 58.7
64.3. 61.6 66.4 47.3
58.8 56.3 61.0 - 42.6
80.2 76.9 85.2 T70.2
68.9 65.6 72.4 57.7
66.1 62.7 69.7 53.8
57.3 55.6 59.8 39.5
80.3 77.2 84.7 70.0
71.2 68.2 7.4 59.4
65.9 63.8 68.1 h7.2
62.3 59.5 65.4 45.6
78.2 74.9 82.5 66.6
68.8 66.1 71.1 54.3
66.2 63.6 69.1 51.3
61.2 58.9 62.8 43.3
10.0 FEET
Lio  Lso ~ NPL  TNI
79.8 76.8 84.5 70.5
72.2  69.4 75.7 59.8
66.4 64.0 67.9 47.5
63.7 61.4 65.2 44,6
77.9 74.7 8lL.4  67.0
68.9 66.2 71.1  54.7
66.5 64.0 68.1 48.4
62.2 60.1 64.6 45.1
15.0 FEET
Lio Lso NPL INI
79.6 76.1 83.4 69.8
73.4  69.7 716.8 63.1
68.5 66.0 7i.1 Sh.4
62.3 60.4 64.8 L5.4
80.0 76.5 8u. 4 71.3
70.5 67.4 73.8 57.1
67.6 64.6 71.0 52.8
59.4 56.6 61.7 4y, 4
79.7 76.2 84.3 72.8
73.1  69.9 76.8 63.5
67.3 64.8 70.1 51.4
63.7 61.2 - z
79.9 75.9 85.6 76.0
72.0 68.3 75.7 62.2
68.8 65.9 7i.7 55.9
64.3 61.2 67.3 52.2
25.0 FEET
Lio_ Lse  NPL TNI
78.7 75.4 82.8 66.9
75.5 72.6 78.9 61.3
71.8 68.9 75.2  58.7
67.3 63.1 T1.1 57.8
79.8 716.4 83.7 69.8
7.0 70.8 77.0 62.3
70.7 68.3 73.0 55.7
64.2 61.7 65.8 6.5

# Wote: H stands for behind the structure and

.between the structures.

T stands for



TABLE A-5
SUMMARY OF FIELD NOISE DATA STATISTICAL ANALYSIS RESULTS, SITE 6

ot

MICROPHONE HEIGHT: 1.0 FOOT ) MICROPHONE HEIGHT: 15.0 FEET
Run # Time Station N.L. Dist Lio Lso NPL TNI Run # Time Station N.L. Dist Lo Lso NPL TN -
4 14:18 A 50 79.7 73.7 89.6 88.5 2 13:06 A 50 83.8 75.0 94.8 101.2
4 14:18 B--H# 188 67.1 61.3 75.5 69.4 2 13:06 °  B--H 188 73.2  66.4 B80.9 80.5
y 14:18 C~-H 323 64.4 58.3 71.8 65.6 2 13:06 C--H 328 68.5 62.5 T4.7 69.
4 14:18 D-~H b7y 60.0 53.6 67.0 60.0 2 13:06 D-~H by 63.0 58.7 68.4 58.
5 11:52 A 50 81.5 73.3  93.7 103.9 11 8: 45 A 50 84.2 75.1  95.1 97.
5 11:52 B--T# 188 65.4 59.6 74.1 70.1 11 8:45 B--H 188 72.4 65.1 81.9 77.6
5 11:52 Ce-T 328 60.1 55.7 66.2 57.8 11 8:45 Cc--H 328 68.3 62.1 75.7 68.7
5 11:52 D=~T U7y 58.4 54,1  63.2 51.4 11 8:45 D--H 474 64.6 59.3 71.3 61.2
7 6:50 A 50 84.3 77.2 94.8 95.6 12 9:03 A 50 82.0 74.3 93.0 94.1
7 6:50 B~--H 188 71.1  65.7 77.3 67.3 12 9:03 B--T 188 71.9  64.2 79.7 77.5
7 6:50 C-~H 328 69.0 64.7 74,4 61.8 %g 9:03 C~-T 13;'2/3 gg.g gg.g gg.g 2’6’
7 6:50 D--H b7y 64.7 62.0 - - 9:03 D--T . . .
8 7:0 A 50 84.4 76.5 93.7 95.7 17 11:09 A 50 82.4 74.9 93,0 95
8 7:03 B~=T 188 70.2  63.4 77.4 69.8 17 11:09 B"-H 168 72.0 65.6 80.6 81.
8 7:09 C-=T 328 65.4 61.2 70.5 57.3 17 11:09 C"-H 308 67.1 61.4 76.0 76.
8 7:09 D--T 474 64.3 60.7 69.0 54.3 17 11:09 D"-H is5y 63.7 58.6 70.3 €6.
15 10.-2g A gg 1633.0 73.; gg.g %.%
15 10:2 BU-H 1 7.3 59. : . MICROPHCME HEIGHT: 25.0 FEET
12 10:28 cuH ggﬁ gg; gg'g 8.3 gg:ﬁ Run # Time  Station N.L. Dist Ly Lse  NPL_ NI
| | S T B oE BB
. 3 13:49 B-~H 1 77.2 . . .
MICROPHONE HEIGHT: 5.0 FEET 3 13:49 C--H 328 72.6 67.6 80.1 72.4
Run # Time Station N.L. Dist Lio Lso NPL TNI 3 13: 49 D--H 474 €69.5 63.8 75.7 69.2
B | 12:19 A 50 84.5 76.7 94.1 96.1 . c an. .3 92.8 9k.5
1 12:19  B--H 188 71.5  66.3 79.0  72.0 1 9132 Boet 188 6.7 0.7 896 79.3
1 12:19 Cc--H 328 67.7 62.9 73.9 65.4 13 9:25 CenT 328 71.9  65.5 77.8 72.6
1 12:19  D~-H b7y 63.7 59.1 68.7  58.8 13 9:25  Den? b7y 68.4  62.1 7h.1  67.9
6 12: 46 A 50 79.5 71.9 92.2 95.3 14 o A 50 5.3  75.1 95.9 103.8
6 12:46  B--T 188 7.9 61.h 76.6  70.5 14 9112 Be-n 188 78.6 70.t 86.0 87.6
6 12:46 Cc--T 328 64,0 58.5 71.5 61.8 1k 9: 45 C--H 328 72.3 65.2 79.2 77.1
6 12: 46 D= 474 65.6 58.9 77.6 69.6 1y 9: 45 P--H U7y 67.5 61.9 73.9 67.2
9 7:27 A 50 83.0 76.2 92.2 -92.0 * Note: H stunds for behind the structure and T stands for
g ;;; g:’% ;gg ggg ggﬁ ;gﬁ ggg between the structures,
9 7:27  D--T w74 65.5 59.4 71.4  63.%
MICROPHONE HEIGHT: 10.0 FEET
Run # Time Station N.L. Dist Lig Lso NPL TNI
10 7:45 A 61.5 74.8 90.8 899
10 7:45 B=-H 65,1 62.1  73.9 67.4
10 7:45 C--H 62.4 57.9 66.9 53.5
10 7:45 D--H 59.6 56.3 64.0 47.2
16 10:47 A 50 84.4  75.8 9u.1 98.6
16 10: 47 B"-H 168 8.8 61.8 77.5 79-4
16 10: 47 cv-H 308 3.7 53.5 70.1 66.1
16 10.47 D"-H 450 58.8 54.5 63.7 53.7
18 11:36 A 50 82.0 74.0 92.1 94,2
18 11:36 B'-H 223 67.9 61.4 76,3 73.3
18 11:36 Cr'-H 363 64.8 58.5 71.6 68.5
18 11:36 D'-H 509 62.6 56.6 69.1 64.2




TABLE A-6
SUMMARY OF FIELD NOISE DATA STATISTICAL ANALYSIS RESULTS, SITE 9

MICROPHONE HEIGHT: 1.0 FOOT ' MICROPHONE HEIGHT: 10.0 FEET
Run # Timg Station N.L. Dist Lio Lsg NPL TNI Run # Time Station N.L. Dist Lio Lso NPL TNI
1 10:29 A 50 85.9 81.3 90.5 80.2 5 14:01 A 50 84.0 79.7 88.9 78.3
1 10:29 B 94 72.%  69.3 76.0 61.3 5 14:01 c 134 72.6 69.4 75.8 60.0
1 10:29 c 134 73.8 70.5 76.8 61.9 5 14:01 D 184 67.9 64,8 T71.1 5b.2
1 10:29 D 184 69.5 66.3 73.0 58.9 :
6 14:18 A 50 86.0 80.7 91.9 85.3
9 8:00 A 50 85.2 81.5 88.7 75.5 6 14:18 E 284 64.7 60.6 69.0 55.2
9 8:00 B 94 72.5 69.6 75.9 59.8
9 8:00 c 134 73.7 70.6 76.3 60.8 13 9:00 A 50 85.6 81.3 90.2 78.6
9 8:00 D 184 69.2 66.: 72.0 56.9 13 9:00 B 94 81.9 78.2 85.7 72.0
13 9:00 c 134 75.8 72.0 719.3 66.9
13 9:00 D 184 69.3 66.1 T2.4 57.7
- MICROPHONE HEIGHT: 2.5 FEET
Run #  Time Station N.L. Dist Lio Lso NPL TNI 14 10:24 A 50 85.9 80.8 92.5 87.0
> 11:47 A 50 85.5 80.6 0.3 B1.b 14 10:24 E 284 67.2 63.9 70.8 56.4
2 11:37 B 9111 74.0 29.6 78.2 gzg
2 11:47 c 13 73.3 9.5 77.1 .
. MICROPHONE HEIGHT: 15.0 FEET
2l P 184 68.8 64.0 72.3 5T.T |l gy y  pime  Station N.L. Dist Lio  Lse  NPL - INI
10 8:10 A 50 85.6 82.0 89.3 73.2 6 14:18 A 50 86.0 80.7 91.9 85.3
10 8:10 B 94 74,6 71.3 78.1 63.2 6 14:18 c 134 77.2 74,2 B0.9 65.7
10 8:10 C 134 73.5 70.3 76.5 60.1 6 14:18 D 184 70.0 67.0 74.6 58.3
10 8:10 D 184 69.5 66.4 72.8 57.8
7 14:50 A 50 g5.4 81.1 90.6 78.5
7 14:50 E 284 64.0 61.1 66.7 50.9
MICROPHONE HEIGHT: 5.0 FEET
Run # Time Station N.L. Dist 1ILip Lso NPL TNI 13 10:24 A 52 85.2 80.8 35.5 ?Z'S
124 c 13 79. 75.7 .5 .
3 12:09 A 50 85.4 B80.4 91.4 83.9 h 10:2
3] 1505 2 o e 139 834 72.9 14 10:24 D 184 73.2  69.3 77.8 67.1
3 12:09 c 13 T4.C 9.3 T79.3 70.2 15
. - 10: 48 A 50 86.0 80.8 - -
3 12:09 D 184 69.2 64.7 TH.1  63.1 15 10:48 E 284 6.4 65.5 72.3 58.8
5 14:01 A 50 gu.e  79.7 8%-9 78.3
5 14:01 F 284 62.0 59.0 6.8 H9.3 : MICROPHONE HEIGHT: 20.0 FEET
1 8:29 A 50 86.0 81.9 89.4 77.0 Run # Time Station N.L. Dist Lio  Lso  NPL NI
11 8:29 B 9y 79.3 176.0 82.9 68.7 7 14:50 A 50 85.4 81.1 - -
11 8:29 c 134 74.0 70.$ 76.9 62.1 7 14:50 [+ 134 79.7 16.6 82.9 68.1
11 8:29 D 184 69.5 66.7 72.4 56.6 7 14:50 D 184 71.8 69.0 74.4 58.6
12 8: k7 A 50 a5.35 £1.9 81.9 86.3 8 15:16 A 50 85.0 80.7 - -
1z 8: 45 B o4 79.% 15.6 83.6 70.5 8 15:16 E 284 6h.9 61.5 68.3 53.2
12 8:45 o 134 74,4 70.5 78.2 64.5
12 B:45 D 184 69.7 66.1 74.1 60.0 15 10: 48 A 50 g86.0 80.8 91.1 83.8
15 10: 48 c 134 80.9 77.2 84.7 T72.1
17 12:27 A 50 g84.4  79.3 90.3 B80.5 15 10: 48 D 184 74.5 70.9 78.6  65.3
17 - 12:27 e 284 64.3 61.5 66.3 48.5
17 12:27 F 284 54.8 52.0 57.6 39.0 16 11:17 A 50 85.8 81.0  90.3 79.9
_ 16 11:17 E 284 69.5 66.5 73.5 56.5
MICROPHONE HEIGHT: 7.5 FEET
Run # Time Station N.L. Dist Lio Lso NPL TNI MICROPHONE HEIGHT: 25.0 FEET
i 12:25 A 50 84.8 79.6 - - Run # Time Station H.L. Dist Lie Lso NPL TNI
-y 12:25 B 94 80.0 75.9 85.6 4.8 8 15:16 A 50 385.0 80.7 89.3 77.4
4 12:25 c 134 73.6 69.3 77.9 -66.7 8 15:16 c 134 80.4 77.1 83.4 66.6
-4 12:25 D 184 68.5 64.4 72.4 60.9 8 15:16 D 184 74.2  71.1 T76.9 61.9
16 11:i7 A 50 85.8 81.0 90.3 79.9
16 11:17 c 134 81.9 78.5 85.3 71.3
16 11:17 D 184 76.7 73.1 80.1 66.1
17 12:27 A 50 84.4 79.3 90.3 80.5
17 12:27 E 284 69.1 65.8 72.3 57.3

v



TABLE A-7

TRAFFIC VOLUME AND AVERAGE SPEED CONDITIONS DURING
NOISE MEASUREMENT PERIODS, SITE 1

. ALL LANES (6) NEAR LANES (3) FAR LANES (3)
[VIQ VES
=om
&EToTAL | AuTO TRUCKITRUCK AVER I TOTAL | AUTO {TRUCK|TRUcK| AVER[ToTAL| AUTG|TRUCK|TRUCK AVER
2: VOL. [ vOL. [voL. [AUTO [SPEEDfjvoL. | voL. |voL. |muTo |SPEED|fvoL. |voL.|voL. |AUTG | SPEED
EZ{(VPH) | (vPH) [ (VPH)| (%) (mpr ) (vPH) | (vPH) [(veH)| (2} |(wer) |l Cveed | Cveml (ven)| (%) (MPH)
1 324 288 36 {12.5}53.8 )} 198 174 24 [13.8156.6] 126 114 12 110.5]51.1
2 | 348 300 48 [16.0|56.6 || 168 138 30 |21.7]57.7]| 180 | 162] 18 |11.1]55.6
3
4 | 432 408 24 | 5.8]59.0 || 246 240 6 | 2.5]54.9]| 186 | 168| 18 ]10.7(63.1
5 1 492 492 01 0 |[56.8 {240 240 0l o 57.6J| 252 | 252 0] 0 Is56.1
6 {534 516 18 | 3.4l58.0 |f 210 240 00 57.3|| 294 | 2761 18] 6.5[58.8
7] 624 570 54| 9.4]58.0 || 336 300 36 [12.0] 58.4 288 270f{ 18| 6.6/57.6
8 | 492 468 241 5.1(55.1 || 264 252 12} 4.7| su.2l 228 | 216] 12| 5.5(56.1
9 | 612 564 48 | 8.5]58.4 || 324 312 12| 3.8] 57.7 288 | 252] 36| 14.2[59.1
10 | 456 44y 12 2.7161.5 | 312 312 o] o 66. 0 144 ) 132 12| 9.0]|s57.0
11 | 432 420 12| 2.8/60.3 | 276 276 o]l o 61.41 156 | 144] 12| 8.3]59.2
12 | 618 606 12| 1.9]61.6 J| 228 216 12] 5.5159.90-.390 [ 390 0] 0 ]63.3
13 588 576 12 2.0]59.7 372 372 0 0 58.5f 216 204 12 5.8161.0
14 | 564 504 60 J11.9[54.5 | 240 180 60 | 33.3]155.1f8 324 | 264 60 22.7154.0
15 496 484 12 ] 2.u4]65.1 01 376 376 0f 0 64.90 120 108] 12} 11.1{65.4
16 | 346 334 s4]16,1]60.4 | 190 148 42 128.3] 58.7|1 156 | 144] 1o 8.3}62.2
17 | 372 324 48 | 14.8|59.8 || 150 126 24119.0] 56.1f1 2pp | 198] 24 12.1(63.5
18 | 373 331 42 1 12.6457.0 §f 186 168 18]110.7] 55-9) 187 | 163] 24| 14.7(58.1
19 4g2 362 yo | 11.6155.0 B 216 186 30]216.1] 54.500 186 ] 144 2[29.1[55.5
20 486 438 48 110.9(57.7 § 312 270 42 115.5] 60.0}f 174 168 6 3.5[55.5
21 | 456 420 36 | 8.5|57.9 || 258 246 12 | 4.8156.7 ) 198 | 174] 24 13.7[59.2
22 | 522 492 30 | 6.01059.4 I 264 240 24 110.0(58.0 || 258 | 252 6] 2.3060.9
23 | 522 450 72 [16.0(62.0 || 222 198 24 )112.1061.7 || 300 | 252| 48[ 19.0/62.3
TABLE A-8
TRAFFIC VOLUME AND AVERAGE SPEED CONDITIONS DURING
NOISE MEASUREMENT PERIODS, SITE 2
ES ALL LANES (8) NEAR LANES (1) FAR LANES (4)
= m
=ZiroTaL | AuTo TRUCKITRUCK AVER [|TOTAL | AuTo |TRUCK|TRUCK| AVER|[TOTAL| AuTO |TRUCKITRUCK] AVER
z: VOL. VOL. |vOL. |AUTO [SPEED{voL. | voL. fvoL. [AUTO |SPEEDfivoL. | vOoL.{vpL. [AUTO [ SPEED,
E2[(veu) | (vew) [ (vew) (2) [(mpHy [l CvPr) | (ven) [ (vPH)| (%) (MPH) [ (YPH)| (YPH) (VPH)| (%) |(mpH)
1 |13,650)13,206 444 | 3.3 ] 53.2 7590 | 7810 180 | 2.4]50.2( 60605796 264 | 4.5 |56.2-
2 [13,110112,630/ 480 | 3.8 | 50.5] 6210 | 6006 | 29% | 3.3] 43.7[ 6900 | 662 276 | 4.1 |56.4
3 ]12,360112,048) 312 | o.5 | 56.2] 6540 | 6456 84 | 1.37u8.4]l 58201 5592] 208 4,0 [64.1
4 113,080112,660 480 | 3,3 | 55.0}f 7230 | 7074 | 156 | 2.2 48.0) 5850 5586 ] 264 y7 l62.0
5 J11,280]10,920| 360 ] 3.2 | 57.7} 5970 5790 | 180 | 3.1]55.9 5310 5130( 180 3.5 [59.5
6 |10,410] 9,870 540 | 5.4 | 53,3f 5220 | 4992 | 228 | 4.5]351.2 5190 | 4878| 312 | 6.3 |51.5
7 10,560 9,960 600 | 6.0 | 56.1)f 5640 | 5292 | 348 | 6.5 55.6| uozo| 4sss 25215.3 [57.7
8 |12,090111,562] 528 | 4.5 | 50,7 5640 | 5376 | 264 [ 4.9(s51.3f 6450 6186 264 | 4.2 |54.1
9 |13,080/12,600] 480 | 3.8 | 51.2f 6450 | 6330 [ 120 | 1.8]53.8 6630|6270 36015.7 |50.2
10 {14,070/23,638] 432 | 3.1 | 55.1ff 6900 | 6720 | 180 | 2.655.0 7170 6918) 252 | 3.6 [55.2
11 113,140]12,816; 324 | 2.5 | 60.1| 7440 | 7260 | 180 | 2.4|58.7]l 5700] 5556| 144 2.5 |61.5
12 |14,070113,722] 348 | 2.5 [ 55.0]f 7230 | 7110 | 170 1.6 [ 56.0| 6840 6612 2281 3.4 [54.0
13 |11,760j11,46¢2| 300 | 2.6 | 51.4]f 4080 | 3816 | 264 | 6.9 52.9)'7680| 7644 361 0.4 |49.9
14 112,63012,354] 276 | 2.2 | 47. 4]l 4680 | nugg | 192 | 4.2] u9.4)f 7950 7866 84 { 1.0 {U5.4
15 |14,4300114,166] 264 [ 1.8 | 52.0) 6330 | 6150 | 180 | 2.9|55.0/ 8100 8016 84| 1.0 |49.0
16 111,130110,746] 384 | 3.5 | 57.6J| 5040 | w788 | 252 | 5.2 54.501 6090) 5958] 132 | 2.2 |60.8
17 111,400010,968 432 | 3.9 [ 60.2)f 5070 | 4866 | 200 | 4.1 57.5]1 6330] 6102] 225 | .7 |63.0
18 f11,910011,478] 432 | 3.7 | 58.3 5730 | 5526 | 204 | 3.6]57.1) 6180) 5952] 028 3.8 [59.5
19 111,370110.962 408 | 3.7 | 59.0f 5760 ) 5544 | 216 | 3.8 58.0) 5610] 5418 19213.5 [60.0
20 }12,450132,030] 420 [ 3.4 | 56.0f 5730 [ 5502 | 208 | 4.1 S4.1}] 6720 6528{ 192 .9 158.0
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TABLE A-9

TRAFFIC VOLUME AND AVERAGE SPEED CONDITIONS DURING
NOISE MEASUREMENT PERIODS, SITE 3

= ALL LANES (8) NEAR LANES (1Y) FAR LANES (4)
s
=Z=om
aS|toTaL | auTo |TRUCK|TRUCK| AVER||TOTAL | AUTO |TRuUCK|TRuck| AVER||TOTAL| AUTO|TRUCK|IRUCK| AVER
z: VOL. vOoL. |[vOL. |AUTO [SPEEDJlvOL. | voL. {voL. |AUTO |SPEED|{vQoL. [voL.{vOL. [AUTO | SPEED)
EZ[(ver) | (ver) | (ved)] (3) [(wer)ffCvpry | (ver) Lovri)| (2) |(mes) | (ver) | (veR)[(VPHY|[ (%) |(MpH)
1 | 7440 [ 7404 36 10.49|65.01 3540 | 3516 ] 24 [0.68 [63.0] 390036888 | 12 10.31[67.0
2 | 7440 | 7368 72 lo.98]62.5] 3540 | 3516 | 24 [0.68|65.0] 3900|3852 48 j1.25| g0 ¢
3 | 7440 | 7208 | 132 |1.83) 60.5) 4290 | 4218 | 72 |1.70 | 61.0|| 31503090 | 60 |1.94]60.0
4 | 7560 | 7452 | 108 |1.45]56.5)1 3780 | 3708 | 72 [1.94 [57.0|f 3780|3744 ] 36 |0.96 | 56.0
5 | 7350 | 7302 48 |0.66}60.0) 3840 | 38281 12 [0.31 |63.0J 3510{3474 1 36 j1.03[57.0
6 7950 | 7866 8y |1.07161.5] 4230 4158 72 l1.73 | 64.0}] 37203708 12 10.32]159.0
7 | 3090 | 2994 96 |3.20[66.0| 1380 | 1356 | 24 |1.72 | 68.0) 1710|1638 | 72 |[4.40 | 64.0
8 2520 | 2484 36 {1.45] 64.5} 1500 1476 24 [1.63 | 67.0[f 1020|1008 12 [1.19 ] 62.0
9 2580 | 2544 36 |1.42]60.0 1500 1476 24 11,62 | 60.0{] 1080|1068 12 11.12 ] 57.0
10 | 2940 | 2892 48 11.66|67.3{ 1530 | 1506 | 24 j1.60 {69.6( 1410f1386 | 24 |1.731 65,1
11 | 6000 {5892 | 108 |1.83|63.6] 2940 | 2844 | 96 3.3 |63.9{ 3060|3048 12 |0.39] 63.3
12 | 6120 | 6096 24 10.39]69.0) 2850 | 2838 § 12 [o0.42 | 69.0|f 327013258 | 12 ]0.37] 69.0
13 | 6090 | 6042 ug {0.79|65.0 ] 3210 | 3162 | 48 li.52 |65.5} 28802880 | o |o 64.5
14 | 6870 | 68U6 24 10.35|64.6 13510 | 3498 1 12 Jo.34 [65.2] 33603348 | 12 |0.36{64.0
15 8250 | 7994 256 |3 62.0 |l 2300 2156 | 144 ]6.68 | 59.0{f 5950(5818 | 132 |2.2 65.0
16 | 7950 | 7590 | 360 | 4.75]|61.5 |f2400 | 2292 | 108 [u4.71 |60.0|8 5550]5298 | 252 |4.76 | 63.0
17 8300 | 8084 216 [2.6 [63.5 1 2920 2800 [ 120 |4.2 64.0f1 54005304 96 11. 63.0
18 | 7750 | 7522 | o08 [ 3.0 [65.0 §2560 | 2476 | 84 3.3 | 65.5[ 5190|5046 | 144 |2. 64.5
|
TABLE A-10

TRAFFIC VOLUME AND AVERAGE SPEED CONDITIONS DURING
NOISE MEASUREMENT PERIODS, SITE 5

ALL LANES (4} NEAR LANES (2) FAR LANES (2)

TOTAL | AUTO |TRUCK|TRUCK| AVER I TOTAL { AUTO ]JTRUCK|TRUCK| AVERIITOTAL{ AUTO [TRUCK{TRUCK] AVER
VoL. VOL. |VOL. [AUTO [SPEED]vOL. VOL. |vOL. [AUTO |SPEED|fvoL. |vOL.|vOoL. [AUTO | SPEED

MEASUREMENT
RUN NUMBER

(VPH) | (VPH) | (VPH)[ (%) |(mpH){| CVPH) | (vPH) [(vPH) (%) J(mpmy|[ (veH)| (vPr)fCvPH)| (%) |(mPH)

1 |3804 | 3354 | 450 |11.8f 55,7} 2010 [17u46 | 264 |13.1 (55,2 |[1798{ 1608 186 | 10.3]/56.3
2 3636 | 3246 390 ]110.7] 53.2] 1920 | 1722 198 [10.3(52.3 11716 | 1524 192 ] 11.2{s54.2
3 | 4056 [ 3612 444 [10.9[55.6] 2040 | 1800 240 111.8[57.8) 2016 1812 204 10.2153.4
4y 13816 | 3378 | 438 |11.5[/61.6f 1866 1668 | 198 |10.6{63.1} 1950 1710] 240 12.3}60.2
5 |ui76 [ 3714 | weo |11.1|62.5)0 2184 |a9uy | 240 [131.0[63.8}11992] 1770] 222 [11.1161.3
6 4278 | 3786 | 492 [11.5| 556,001 2256 11986 | 270 [12.0155.002022 | 1800] 222 | 11.0}57.0
7 ] 4404 | 3870 | 534 [12.1]55.0 2418 [ 2136 | 282 |211.7(55.5]1 1986 | 1734 252 | 12.7|54.5
g }15190 | 4792 | 398 .71 54.21 2202 2002 | 200 | 9.1[57.0)] 2988 2790} 198 6.6]/51.9

5034 | 4540 oy | 9.8155.7| 2130 | 1914 | 216 | 10.1)57.1} 2904 | 2626] 278 | 9.6]|54.3
10 4512 | 4032 | 480 |10.6]57.54 1902 | 1662 | ou0 |12.6160.4{ 2610 2370] 240 .21 54.7
11 | 3774 | 3186 | 588 |15.6]59.1)| 1632 | 1344 | 288 | 17.6|60.9 || 2142 | 1842 300 | 14.0|57.2
] 3666 | 3222 4hh 112.1]60.8]1 1956 [ 1740 216 [11.0160.1 1 1710] 1482 228 13.3} 61.6
13 J3708 | 3372 336 9.1|58.9] 1824 | 1632 192 [10.5[61.5}] 18841 1740} 144 .6/ 56.4
14 13588 | 3270 318 8.9/59.91 1998 | 1824 174 8.7160.7)1 1590} 1446] 144 9.1[59.1
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TABLE A-11
TRAFFIC VOLUME AND AVERAGE SPEED CONDITIONS DURING

NOISE MEASUREMENT PERIODS, SITE 6

= ALL LANES (4) NEAR LANES (2) FAR LANES (2)

wow

Ea

eX|rotaL | Auto [TRUCK|TRUCK| AVER{{TOTAL | AUTO |TRUCK|TRUCK| AVERHTOTAL| AUTQ{TRUCK|TRUCK AVER
z: VOL. | VOL. [vOL. |AUTO [SPEED|fvoL. | VvOL. [vOL. |{AUTO |SPEEDivOL. |VvOL.|voL. |AUTO | SPEED
EZ{(vpH) | (vPH) | (VPH)] (%) |(MpH)H (YPH) | (vPHY [ (VPHY| (8) |(mpr)|| (YPR)| (VPR {vPH)| (%) |(MPH)
1| 2184} 1812 | 372 [ 17.0} 70.0] 2104 930 | 174 [15.8[71.0| 1080} 882 | 198 [18.3]389.0
2 | 1944] 1590 | 354 [ 18.2{69.01 984 804 | 180 j 13.3168.3}1 960| 786 | 174 118.1}69.7
3 ] 2290 1876 4141 18.1] 70.0 1 1158 924 | 234120.2770.0f] 1032]| 852 ] 180 |17.4] 70.0
4 | o062| 1860 | 402l 17.8[ 70.6 1302 [ 1108 | 37n4 | 23.4)70.8) 960 732 | 228 }23,8] 70.4
5 | 20641 1596 | 468 | 22.7|68.4 | 10u4 786 | 258 | 2u.7/66.5] 1020] 810 | 210 J20.6 | 70.3
6 2028 | 1542 486 | 24.0] 70.2 4 972 762 | 210 | 21.6| 70.3]] 1056| 780 | 276 {26.1] 70.2
7 | 2310| 1956 | 354 15.3/ 66.0) 1386 | 1230 | 156 | 11.3] 71.8f| 924 726 | 198 [21.4 | 60.3
8 | 2720| 2450 270 9.9/ 73.6 1 1698 [ 1548 | 150 8.8] 73.5|| 1032 912 | 120 [11.6] 73.7
9 | 3054] 2790 | 2641 8.6169.2| 1362 | 1194 | 168 [12.3]73.5]] 16921596 [ 96 | 5.7 | 65.0
10 | 2382] 2100 | 282 ] 11.8/ 66.2 1 1182 | 1038 | 144 112.2]61.1 1200|1062 | 138 [11.5] 71.3
11 | 2358 1932 | 426 18.1| 67.7) 966 780 | 186 | 19.3| 64.4]| 1392|1152 | 240 [17.2 | 71.0
12 | 1944 1536 | #08| 21.0] 71.5|| 768.| 624 | 144 | 18.3|77.7| 1176) 912 | 264 |24.6 | 65.4
13 | 2238} 1800 | 438 19.5/ 73.0|t 852 660 | 192 | 22.6| 77.3|| 1386|1140 | 246 |17.7] 68.8 |
14 | 2220 1782 | 438 19.7] 73.0f| 924 642 | 282 ] 30.5]|69.5)] 1296[1140 | 156 [12.0] 76.5
15 | 2184| 1788 | 396 18.1| 71.7Hl 996 | 2184 | 180 [18.1| 74.41 1288] 972 | 216 [18.2] 69.1
16 | 1986} 1566 | u20] 21.1[70.0] 846 630 | 216 | 25.5| 68.001 1140} 936 | 204 |17.9] 72.0
17 | 2052| 1674 | 378 18.1] 71.4] 1026 850 | 174 | 17.0]72.8]| 2026] 822 { 204 |19.9 | 70.0
18 | 2296 1924 | 372| 16.2]66.1] 1142 926 | 216 | 18.9]61.2]] 1154] 998 156 |13.5( 71.1

TABLE A-12

TRAFFIC VOLUME AND AVERAGE SPEED CONDITIONS DURING

NOISE MEASUREMENT PERIODS, SITE 9

%5 ALL LANES (8) NEAR LANES (4) FAR LANES (14)

Em

Eéz% TOTAL | AUTO |TRUCK|TRUCK AVER [ TOTAL | AUTO [TRUCK|TRUCK| AVERJITOTAL| AUTO |TRICK|TRUCK] AVER
2z VvOL. | vOL. [voL. |AUTO [SPEED|lvoL. | voL. |vOL. [AUTO [SPEED|jvoL. |voL.|vOL. [AUTO | SPEED
E20ven) | (very{(veHY] (2) [(mer)fiCveH) | (ver) [(vem)| (%) (el CvprY [ (vey[ (vPH)T (%) [(mpH)
1 | 5484 ] 4758 | 726 113.2]|61.2) 3012 | 2646 | 366 | 12.2|60.0]|| 2472 2112|360 [14.6]62.5
2 6000 | 5370 | 630 [10.5]| 62.9}1 2916 | 2544 ]| 372 | 12.8|63.6] 30841 2826 258 8.7162.2
3 16303 5874 ] 429 | 6.8[59.6fl o961 2745) 216 | 7,3|58.2]| 3402} 3189] 213 | 6,3]61.1
y | 6344 | 5760 | 384 | 6.3/ 57.7)| 2604] 2uo6 ] 198 | 7.6|54.34 3540 3354] 186 | 5.3 61.2
5 1 6318 ) 5736 | 582 9.2} 62.8l1- 2820 | 2568 252 8.9} 63.2|| 3498 3168/ 330 | 9.4]62.5
6 | 6636 | 6036 | 600 |10.6]62.14| 2964 | 25801 384 | 13.0159.1]| 3672 3456] 216 | 5,9{65.2
7 | 7236 | 6522 | 714 9.9 64.3|| 3168 3748 420 | 13.3|61.1]f 4068| 3774 294 7.2]67.6
g | 8136 | 7476 | 660 8.1]68.1J| 3192 2856 336 | 10.5| 58.0]| 4944 u620| 324 | 6.6] 78.3

8772 | 8148 | 624 8.8]59.6|| 6108| 5868 240 3.9]51.6]| 2664f 2280] 384 |14.4]67.7

10 [15198 {14538 | 660 4.3159.81112384 [ 12066 | 318 2.6| 53,31 2814 2472] 342 {12.2| 66.14
11

12 | 8130 { 7476 | 654 | 6.5)54.4 )] 5634 5322 312 5.5 47.9Jk 24961 2154 342 [13.7] 60.9
13 6234 | 5686 | 558 9.0|59.8) u42u48f 3990 | 258 6.1/ 59,4{1-1986] 1686 300 |15.1| 60.3
14 | 5784 [ 5124 | 660 |11.4]60.61 3270 2910 360 | 11.0| 58.8]| 2514 2214 300 |11.9) 62.5
15 | 5622 | 5016 | 606 |10.8[60.2F 2928 2628| 300 | 10.2| 58.8|| 2694| 2388 306 | 11.4] 61.6
16 | 6312 | 5628 | 684 [10.8159.5] 3006 | 2700 306 | 10.2| 57.4] 3306] 2928] 378 | 11.4] 61.6
17 15772 | 5274 | 498 | 8.6|60.8|| 2676 | 2u4u8| 228 8.5 63.8J8 3096] 1826{ 270 | 8.7!57.9




(a) Sample of Average Traffic Speed Data - Time Elapsed Between Two Consecutive Exposures

Equals 1/4 Second

(5) View of the Grafacon Data Reduction Pad

Figure A-15. Photographic traffic data reductior: system.

(¢) PDP-

_,

8 Computer Used in Data Anulysi;

94
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TABLE A-13 TABLE A-15
SUMMARY OF WEATHER DATA, SITE 1 SUMMARY OF WEATHER DATA, SITE 3
DATE AND HT. WIND SPD. TEMP,  R.H. DATE AND HT. WIND SPD. TEMP. RH.
RUN NoO. TIME (FT) (MPH)/DIR. (° F) (%) RUN NO. TIME (FT) (MPH)/DIR. (°F) (%)
9/08/71 8/21/71
1 13:16 5 5-9/W 88.5 31 1 12:07 8 6-10/N 83 50
2 13:31 5 —_ — —_ 2 12:19 — — — —
3 13:47 5 10-12/W — — 3 12:37 8 6-8/N 83 50
9/09/71 ‘51 igg; 8 2-6/NNW 85 44
4 08:17 5 0-2/SW 59 87 : - - - -
5 0833 5 0-2/SW - _ 6 15:22 8 6-9/N 84 41
6 08:48 5 — 60.5 84 8/22/71
7 09:03 5 0-2/W 61 82 7 07:34 8 nil 70 75
8 10:21 5 1-3/W 68 66 8 07:53 — — — —
9 10:32 — — — — 9 08:04 —_ — — _
10 10:42 5 1-3/W —_ — 10 08:25 — 3-7/NW 68 —
11 10:57 — — — — 11 10:27 8 2-7/N 77 58
12 11:17 5 3-4/W 72 61 12 10:55 — —_— — —
13 11:27 5 4-6/W — — 13 11:10 — — — —
14 11:37 5 3-6/W 74.5 57 14 11:27 8 2-4/NNW 84 50
15 13:09 5 5-9/W 81.5 43 8/23/71
9/10/71 15 06:40 8 nil 62 90
16 09:15 5 0-2/W 67.5 72 16 06:55 8 nil 63 87
17 09:32 5 0-2/W — — 17 07:10 — — — —
18 10:06 5 1-4/W —_ —_ 18 07:25 8 nil 65 85
19 10:25 S 2-5/W 74.5 58
20 11:49 5 2-6/W 79.5 45
21 12:43 5 3-7/W —_ —
22 13:14 5 3-8/W — —
23 13:38 5 5-9/W 87.5 34 TABLE A-16

SUMMARY OF WEATHER DATA, SITE 5

DATE AND HT. WIND SPD. TEMP, R.H.
TABLE A-14, RUN NO. TIME (FT) (MPH)/DIR. (°F) (%)
SUMMARY OF WEATHER DATA, SITE 2 9/27/71

1 12:22 5 4/SW 65 90
DATE AND HT. WIND SPD. TEMP. R.H. % 3‘5% g 2; gzvv gg gg
RUN NO. TIME (FT) (MPH)/DIR. (°F) (%) 2 13:19 5 6/SW 65 94
8/31/71 5 14:10 5 4/SW 66 95

1 15:26 8 4-8/E 81 49 6 14:42 5 nil 66 95

2 15:42 — —_— — — 7 15:00 5 nil 66 95

3 15:56  —  — — — 9/28/71 '
9/01/71 9 08:25 5 nil 69 97

5 11:10 8 3-7/SE 71.5 53 10 08:48 5 4/SW 71 95

6 11:27 — 4-6/SE 79 47 11 09:07 5 4/SW 72.5 93

7 11:47 —_ — — — 12 11:50 5 8-14/SW 79 79

8 12:03 8 2-5/SE 81 44 13 12:10 5 8/SW 80 —

9 15:20 8 3-7/SE 85.5 41 14 12:27 . S 6-8/SW 80 —_

10 15:37 — — — —
11 15:54 — — — —
12 16:09 8 2-6/SE 84.5 39
9/02/71
13 06:45 8 nil 63 90
14 07:20 — — — —_
15 07:35 8 nil 62 85
16 10:00 8 2-3/SE 72 65
17 10:20 — — — —
18 10:35 8 nil 74 62
19 10:50 —_ —_ — —
20 11:05 8 2-5/N 76 63




TABLE A-17
SUMMARY OF WEATHER DATA, SITE 6

TABLE A-18
SUMMARY OF WEATHER DATA, SITE 9
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DATE AND HT. WIND SPD. TEMP. R.H. DATE AND HT. ‘WIND SPD. TEMP, R.H.
RUN NO. ~ TIME (FT) (MPH)/DIR. (°F) (%) RUN NO. TIME (FT) (MPH)/DIR. (°F) (%)
9/27/71 9/29/71
1 12:19 5 4 68 54 1 10:29 5 4 63 75
2 13:06 5 4 69 56 2 11:47 5 4-5 68 67
3 13:49 5 6-8 70 52 3 12:09 5 -5 — —
4 14:18 5 6-8 — — 4 12:25 . — _
5 14:01 5 6/SW 70 64
9/23/11 . 6 14:18 5 6/SW 75 61
5 11:52 5 8 72.5 57 7 14.50 p /W
6 12:46 5 12 72 .53 : _ -
8 15:16 5 7/SW 74 66
VR eso s B 9/30/71
; — — 9 08:00 5 7/SW 67 68
8 07:09 5 — 46 85 :
: 10 08:10 5 6/SW 68 70
9 07:27 5 — 475 82 :
: 11 08:29 5 6/SW 70 70
10 07:45 5 5 50 74 :
: 12 08:45 5 5/SW 75 75
11 08:45 5 5 55 66 :
: 13 09:00 5 4/SW 76 80
12 09:03 5 5 57.5 70 12 10-15 3 7/SW b 79
13 09:25 5 5-8 58 67 Is 10:24 > o ~
14 09:45 5 48 58 72 16 10:48 5 18/SW — —
15 10:28 5 3 61 62 17 11:17 5 15/SW 79 85
16 10:47 5 6 62 56 :
17 11:09 5 6 64 50
18 11:36 5 6 — —

TABULATIONS OF MEASURED AND PREDICTED NOISE REDUCTIONS

The measured noise reductions at the various locations for
the six test sites, with corresponding Design Guide pre-
dictions, are given in Tables B-1 through B-4. The mea-
sured noise reductions at selected locations for Sites 1, 2,
and 9, with corresponding line source predictions, are given
in Tables B-5 through B-8. All line source noise reduction
predictions were arrived at by computing an appropriatc
path length difference value (§) for each location at each
site, and converting this path length difference to a noise
reduction using the appropriate curve in Figure D-4.



TABLE B-1 .
MEASURED AND DESIGN GUIDE PREDICTED NOISE REDUCTIONS,

SITE 1 (ROADSIDE BARRIER CONFIGURATION)

NOISE REDUCTION IN dB BASED UPON Lso LEVELS AS
MEASURED¥ AND PREDICTED BY THE DESIGN GUIDE AT
VARIOUS DISTANCES FROM THE ROADSIDE
cast | ron | we. 63 ft 93 ft 143 ft 243 ft
NO, *¥¥| NO. | FT. Meas. Pred, | Meas. Pred. | Meas. Pred. | Meas. Pred.
2 1 2 - - 13.4 12.6 11.5 12.3 9.1 10.8
3 b 2 - - 9.0 14.9 9.3 14.5 6.8 13.0
2 14 2 - - 12.8 12.6 11.8 12.3 10.7 10.8
3 13 4 - - 8.3 14.9 9.2 13.7 8.2 12.5
3 15 L] - - 11.8 14.9 - - - -
2 20 4 - - 12.4 12.6 - - - -
2 21 y 17.0 12.6 - - - - -
2 2 6 - - 10.2 12.2 9.0 10.6 - -
1 5 6 - - 11.5 14.6 10.3 12.8 7.5 11.4
3 12 6 - —— 12,1 14.6 10.7 13.1 8.9 11.9
2 22 6 15.5 12.6 - - - - - -
3 6 8 - - 10.4 13.2 4,9 12,0 - -
3 11 8 - - 11.3 13.2 9.9 12.0 7.9 11.3
2 17 8 - - 10.4 10.9 8.3 9.7 5.8 9.0
2 23 8 11.5 12.6 - - - - - —_
2 7 10 - - 8.6 9.4 7.9 8.6 6.6 8.4
3 10 10 - - 7.3 11.8 5.8 10.9 4.4 10.7
3 15 10 - - - - 4,9 10.9 - -
2 20 10 - - 10.4 9.4 - - - -
2 21 10 13.4 11.1 - - —_ _— - -
2 22 10 8.5 11.1 - - - - - -
3 8 15 - - 8.1 6.3 7.2 7.6 6.0 8.9
2 19 15 - - 7.4 7.7 5.7 5.3 - -
2 23 15 8.4 1.8 - - - - - -
3 15 | 20 _— - 8.2 0 - - -_— -
2 20 | 20 - - 6.1 0 —-— - - -
2 21 | 20 7.7 0 - _ _— - _— _—
2 22 | 20 7.2 0 - - _— _— _— _
2 23 | 20 5.8 0 - - - - - -
¥Assuming a free-field propagation loss factor of 4.5 dB per

doubling of distance.

¥#Tpruck mix ratios for predictions:

Case No. 3 - 2.5%.

Case No.

1 - 0%; Case No. 2 - 12.5%;

TABLE B-2

MEASURED AND DESIGN GUIDE PREDICTED NOISE REDUCTIONS,

SITES 2 AND 3 (ELEVATED HIGHWAY CONFIGURATION)

NOISE REDUCTION IN dBA BASED UPON Lso LEVELS AS
MEASURED* AND PREDICTED BY THE DESIGN GUIDE AT

SITE VARIOUS DISTANCES FROM THE ROADSIDE.
AND
CASE RUN HT. 125 ft 250 ft 500 ft
NO.#¥#* | NO, FT. Meas. Pred. Meas. Pred. Meas. Pred.
1 2-6 1 15.6 12,1 10.0 9.7 4.8 4.8
2 2-12 1 13.3 14,6 7.3 10.3 1.2 5.4
2 2-13 1 14.3 14.6 7.3 10.3 3.7 5.4
1 2-20 1 17.0 12.1 11.0 9.7 7.4 4.8
1 2-1 5 15.0 12.1 6.1 7.8 2.7 3.8
1 2-5 5 14.2 12.1 8.0 7.8 2.2 3.8
2 2-11 5 12.1 12.8 5.9 9.1 0.3 4.4
2 2-14 5 13.4 12.8 5.4 9.1 2.1 L.u
1 2-19 5 12.1 12.1 5.9 7.8 0.3 3.8
1 2-2 10 10.4 12.1 4.5 6.8 1.2 2.4
1 2-7 10 11.4 12.1 7.1 6.8 2.4 2.4
1 2-10 | 10 10.4 12,1 4.5 6.8 1.2 2.4
2 2-151 10 - - h,7 7.4 2.1 2.9
1 2-18 ] 10 7.6 12,1 1.5 6.8 -1.6 2.4
2. ' 2-3 15 9.8 10.6 4.5 5.3 2.2 2.0
1 2-17 | 15 4.7 10.0 -0.2 3.0 -4,2 1.6
1 3-10 1 6.9 13.4 1.7 8.2 1.2 2.8
1 3-14 1 7.4 13.4 2.3 8.2 2.5 2.8
2 3-18 1 7.0 11.2 3.2 5.7 1.8 1.6
1 3-1 5 7.4 12.2 2.5 6.8 1.2 1.6
1 3-6 5 7.4 12,2 2.5 6.8 1.2 1.6
2 3-7 5 8.3 10.6 3.7 4.3 2.0 0.9
1 3-11 5 7.4 12.2 2.5 6.8 1.2 1.6
2 3-15 5 7.4 10.6 2.8 4,3 1.8 0.9
1 3-2 15 6.9 7.2 3.5 2.3 2.4 0
1 3-5 15 6.9 7.2 3.5 2.3 2.4 0
1 3-8 15 6.9 7.2 2.5 2.3 1.3 0
1 3-12 | 15 6.9 7.2 3.5 2.3 2.4 0
2 3-16 | 15 5.3 5.0 1.5 2.2 0.3 0.1
1 3-3 25 3.6 0 1.2 0 0.8 0
1 3-4 |25 3.3 0 1.5 0 0.8 0
1 3-9 25 3.9 0 1.1 0 0.7 0
1 3-13 | 25 3.6 0 1.2 0 0.8 0
2 3-17 ] 25 3.6 0.1 1.2 0.2 0.8 0.2

#Assuming a free-field propagation loss factor
doubling of distance.

¥%#Truck to Auto Ratios for Predictions: Case No.

of 4.5 dB per

1-1%, Case No.

2-4.7%.
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TABLE B-3

MEASURED AND DESIGN GUIDE PREDICTED NOISE REDUCTIONS,
SITES 5 AND 6 (ROADSIDE STRUCTURES CONFIGURATION)

NOISE REDUCTION IN dBA BASED UPON Lso LEVELS AS MEASURED*
AND PREDICTED BY THE DESIGN GUIDE AT VARIOUS DISTANCES
FROM THE ROADSIDE
SITE 1 Row of Houses 2 Rows of Houses 3 Rows of Houses
AND " 198 feet 330 or (365) ft 559 feet
CASE LOC. RUN HT. -
NO, ## kxx NO. FT. Meas. Pred. Meas. Pred. Meas. Pred.
1 A 5-2 5 4.5 3.0 6.2 6.0 8.6 9.0
1 A 5-9 5 3.8 3.0 4.3 6.0 6.0 9.
1 A 5-14 5 3.8 3.0 (3.9) 6.0 ) 6.0 9.0
1 B 5-7 5 6.3 3.0 (6.3) 6.0 10.5 9.0
(168) or 188 ft. (308) or 328 ft. (4s54) or 474 ft.
2 A 6-1 5 3.8 3.0 b.o 6.0 5.6 9.0
3 A 6-10 5 6.1 3.0 7.1 6.0 6.5 9.0
2 A 6-16 5 (8.0) 3.0 (7.9) 6.0 (9.6), 9.0
3 A 6-18 5 5.4 3.0 5.5 6.0 5.4 9.0
2 B 6-6 6 3.9 3.0 3.6 6.0 1.0 9.0
3 B 6-9 5 - 5.5 3.0 6.0 6.0 4, 9.0

# Assuming a free-field propagation loss factor of 4.5 dB per doubling of distance.

*% Tpuck mix ratios for predictions: Case No. 1 - 11.0%; Case No. 2 - 18.0%;
Case No. 3 - 16.5%.

®¥%% Measurement Locations: A - behind houses; B - between houses.

TABLE B4

MEASURED AND DESIGN GUIDE PREDICTED NOISE REDUCTIONS,
SITE 9 (DEPRESSED HIGHWAY CONFIGURATION)

NOISE REDUCTIONS IN dBA BASED UPON Ljs, LEVELS AS

MEASURED* AND PREDICTED BY THE DESIGHN GUIDE AT

VARIOUS DISTANCES FROM THE ROADSIDE.

case | mun ! ur. 94 ft 134 ft 184 ft 284 ft
NO.*¥| NO. | FT. Meas. Pred. | Meas. Pred. |Meas. Pred. | Meas. Pred.

1 1 1 9.1 0.1 6.3 5.0 9.0 7.7 -= --
1 9 1 9.0 0.1 6.4 5.0 9.4 7.7 - --
1 2 2.5 7.9 0.1 6.4 3.0 9.5 6.8 - -
2 10 2.5 7.8 0.5 7.2 4.1 9.6 7.9 -- -
2 3 5 2.4 0.1 5.7 0.8 8.7 6.2 - --
1 5A 5 0.2 0.1 - -- -- - 12.3 8.0
2 12 5 3.4 0.1 6.7 0.8 9.7 6.2 - --
1 17A 5 0.2 G.1 - - - - 9.4 8.0
2 4 7.5 0.8 0 5.8 0.1 8.2 4.1 -- -
1 5 10 - -— 0 8.9 1.0 -— -
1 64| 10 -- - - - -- -- 11.7 6.2
1 13 10 - - 4.8 G.1 9.2 1.0 -- --
1 14A | 10 - -— - -- -- - 8.5 6.2
1 6 15 0.2 .0.1 1.8 0.1 7.5 0 - -
1 7A1 15 0.2 0.1 - -- - - 11.6 4.0
1 14 15 0.2 0.1 0.6 0.1 4.5 0 - --
1 15A 1 15 0.2 0.1 - - - -— 6.9 4.0
1 7 20 0 0 -0.2 0 5.9 0.1 -- -
1 8aA ] 20 0 0 - - - - 11.0 1.0
1 15 20 0.2 0 -0.9 0 3.9 0.1 -- -—
1 164 | 20 0.2 0 -- - - - 6.1 1.0
1 8 25 0.2 0.1 -0.9 0.1 3.6 0.1 00 00
1 16 25 0.2 0.1 -2.0 0.1 1.9 0.1 - --
1 17 25 0.2 0.1 - - - -- 5.1 0.1

¥ Assuming a free-field propagation loss factor of 4.5 dB per
doubling of distance.

¥#Truck to Auto ratios for predictions; Case No. 1 - 11.0%, Case No.
2 - 4.3%.
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TABLE B-5

MEASURED AND LINE SOURCE PREDICTED NOISE REDUCTIONS,
SITE 1 (ROADSIDE BARRIER CONFIGURATION)

NOISE REDUCTION IN dBA BASEDL UPON Ls, LEVELS AS MEASURED* AND PREDICTED BY
THE LINE SOURCE MODEL AT VARIOUS DISTANCES FROM THE ROADSIDE

row | 1 63 feet 93 feet 143 feet 243 feet

NO. | FT. Meas. d&%% Pred. Meas. &%%¥ Pred. Meas. &%¥ Pred. Meas. &%*% Pred.
1 4.4 2.31 13.1 13.2 1.44 11.7 11.7 1.02 10.8
I - - - 10.0 2.31 13.1 11.0 1.44 11.7 9.4 1.0z 10.8
14 13.8 2.31 13.1 13.% 1.44 11.7 13.3 1.02 10.8
13 9.3 1.85 12.4 10.9 1.21 11.2 10.8 0.90 10.5
15 - - - 12.8 1.85 12.%4 - - - - -

20 - - - 13.4 1.85 12.4 - - - - - -

17.5 3.53 14.

(&)
t

- - 1i.2 1.44 11.7 10.7 1.00- 10.8 - - -
- - - 12.5 1l.44 11.7 12.0 1.00 10.8 10.

n
OO NN === fShoN|HE
I

5 1 0.80 10.3
12 - - - 13.1 1.44 11.7 12.4 1.00 10.8 11.5 0.80 10.3
22 16.0 2.60 13.4 - - - - - - - - -
3 - - - 11.4 1.08 10.9 6.6 0.81 10.3 - - -
6 - - - 12.3 1.08 10.9 11.6 0.81 10.3 10.5 0.70 9.9
17 - - - 11.4 1.08 10.9 10.0 0.81 10.3 8.4 0.70 9.9
23 12.0 1.79 12.3 - - - - - - -
7 10 - - - 9.6 0.77 10.1 9.6 0.64 9.7 9.2 0.60 9.6
10 10 - - - 8.3 0.77 10.1 7.5 0.64 9.7 7.0 0.60 9.6
15 10 - - - - - - 6.6 0.64 9.7 - - -
20 10 - - - 11.4 0.77 10.1 - - - - -
21 10 13.9 1.11 11.0 - - - - » - - -
22 10 9.0 1.11 11.0 - - - - - - - -
8 15 - - - 9.1 0.22 7.8 8.9 0.30 8.3 8.6. 0.40 8.8
1 15 - - - 8.4 0.22 7.8 7.4-0.30 8.3 8.6 0.40 8.8
23 15 8.9 0.11 7.0 - - - - - - - - -
15 | 20 - - - 9.2 - 0.0 7.0 - - - - - - -
20 | 20 - - - 7.1 0.0 7.0 - - - - - -
21 | 20 8.2 0.0 7.0 - - - - - - - - =
22 20 7.7 0.0 7.0 - - - - - - - - -
23 | 20 6.3 0.0 7.0 - - - - - - - -

* Assuming a free-field propagation loss factor -of 3 dB per doubling of distance.

#*%¥ Path length difference parameter as defined in Appendix D.

TABLE B-6

MEASURED AND LINE SOURCE PREDICTED NOISE REDUCTIONS,
SITE 2 (ELEVATED HIGHWAY CONFIGURATION)

NOISE REDUCTION IN dBA BASED UPON Lsy, LEVELS AS
MEASURED*AND PREDICTED BY THE LINE SOURCE MODEL
AT VARIOQUS DISTANCES FROM THE ROADSIDE
RUN HT. 125 feet 250 feet
NO. FT. Meas. S¥¥ Pred. Meas. S ¥* Pred.
6 1 17.0 3.46 14.3 13.0 0.92 10.5
12 1 14,7 2.46 14.3 10.0 0.92 10.5
1 5 16.4 2.62 13.5 8.8 0.70 9.9
5 5 15.6 2.62 13.5 10.7 0.70 9.9
11 5 3.5 2.62 13.5 8.6 0.70 9.9
2 10 12.9 1.71 12.2 7.9 0.47 9.1
7 10 12.8 1.71 12.2 9.8 0.47 9.1
10 10 11.3 1.71 12.2 7.5 0.47 9.1
3 15 11.6 0.99 10.8 7.6 0.29 8.2
4 20 8.9 0.44 9.0 5.9 0.14 7.2
8 20 10.8 0.44 9.0 8.9 0.14 7.2
9 20 8.5 0.44 9.0 6.4 0.14 7.2

¥Assuming a free-field propagation loss factor of 3 dB per doubling
of distance.

##¥Path length difference parameter as defined in Appendix D.



TABLE B-7

MEASURED AND LINE SOURCE PREDICTED NOISE REDUCTIONS,
SITE 9 (DEPRESSED HIGHWAY CONFIGURATION)

NOISE REDUCTION IN dBA BASED UPON Lso, LEVELS AS
MEASURED¥* AND PREDICTED BY THE LINE SOURCE MODEL
VAT VARIOUS DISTANCES FROM THE ROADSIDE
RUN HT. 134 feet 184 feet
NO. FT. Meas S*# Pred. Meas. S#¥ Pred.
1 1 7.9 0.60 8.6 . 11.0 1.02 11.0
9 1 8.0 0.60 8.6 11.4 1.02 11.0
2 2.5 8.2 0.42 8.9 11.7 0.87 10.4
10 2.5 8.8 0.42 8.9 11.6 0.87 10.4
3 5 8.2 0.19 7.6 11.7 0.65 9.8
11 5 7.1 0.19 7.6 11.2 0.65 9.8
12 5 8.5 0.19 7.6 11.8 0.65 9.8
4 7.5 7.4 0.05 7.0 11.2 0.46 9.1
5 10 7.4 0.0 7.0 10.9 0.30 8.3
13 10 6.4 0.0 7.0 11.2 0.30 8.3
6 15 - - - 9.7 0.09 7.0
14 15 - - - 7.5 0.09 7.0

*Assuming a free-field propagation loss factor of 3 dB per
doubling of distance.

%¥%Path length difference parameter as defined in Appendix D.

TABLE B-8

MEASURED AND LINE SOURCE PREDICTED NOISE REDUCTIONS
WITH TRUCK CORRECTION, SITE 1 (ROADSIDE
BARRIER CONFIGURATION)

NOISE REDUCTION IN dBA BASED UPON Lg, LEVELS AS
MEASURED¥* AND PREDICTED BY THE LINE SQURCE MODEL
WITH TRUCK CORRECTION#*# AT VARIOUS DISTANCES FROM
THE ROADSIDE
gg?’“ aon | 6. 63 feet 93 feet 143 feet 243 feet
#%% | NO, | FT'. | Meas. Pred.| Meas. Pred. | Meas. Pred. | Meas. Pred.
2 1 2 - - 14.4 12,6 13.2 10.9 11.7 9.6
3 4 2 - - 10.0 13.1 11.0 11.7 9.4 10.8
2 14 2 - - 13.8 12.6 13.5 10.9 13.3 - 9.6
3 13 4 - - 9.3 12.4 10.9 11.2 10.8 10.5
3 15 4 - - 12.8 12.4 - - -
2 20 4 - - 13.4 11:.8 - - - -
3 21 L] 17.5 14.5 - - - - - -
2 2 6 - - 1l1.2 11.1 10.7 9.9 — -
1 5 6 - - 12.5 11.7 12.0 10.8 10.1 10.3
3 7112 6 - - 13.1 11.7 2.4 10.8 11.5 10.3
2 22 6 16.0 13.1 - - - - - -
3 3 8 - - 11.4 10.9 6.6 10.3 - -
3 6 8 - - 12.3 10.9 11.6 10.3 10.5 9.9
2 17 8 - - 11.4 10.2 10.0 9.3 8.4 8.8
2 23 8 12.0 11.9 - - - - - -
2 7 10 - - 9.6 9.3 9.6 8.7 9.2 8.5
3 10 10 - - 8.3 10.1 7.5 9.7 7.0 9.6
3 15 10 - - - - 6.6 9.7 - -
2 20 10 - - 11.4 9.3 - - - -
2 21 10 13.9 10.6 - - - - - -
2 22 10 9.0 10.6 - - - - - -
3 8 15 - - 9.1 7.8 8.9 8.3 8.6 8.8
2 19 15 - - 8.4 7.5 7.4 7.8 8.6 8.1
2 23 15 8.9 7.0 - - - - - -
3 15 20 - ~- 9.2 7.0 - - - -
2 20 20 - - 7.1 7.0 - - - -
2 21 20 8.2 7.0 - - - - -
2 22 20 7.7 7.0 - - - - - ~-
2 23 20 6.3 7.0 - - - - -

#Assuming a free-field propagation loss factor of 3 dB per
doubling of distance.

**A.ssuming truck noise radiates from a line located 8 ft above
the highway surface.

#*¥%¥Tpuck mix ratios for the predictions: Case No. 1 - 0%;
Case No. 2 - 12.5%; Case No. 3 - 2.5%.
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APPENDIX C

 MODIFICATIONS TO THE DESIGN GUIDE PROCEDURES

Based on the results of this project, a number of changes
were suggested in the Design Guide procedures (NCHRP
Report 117). The modifications presented here rely, in
some cases, on the procedures, figures, and tables in the
Design Guide. Throughout this procedure, all references
to NCHRP Report 117 are underlined.

VERTICAL ADJUSTMENT (a,)

Elevated Roadway Configuration

The following procedures supersede those in the Design
Guide, p. 44, steps 6.0 through 6.10. Go to Work Sheet A

(Table C-1).

1.0 work SHEET A: The procedure for estimating ad-
justment due to an elevated highway configuration is as
follows for each Road Element:

1.1 Enter Road Elements defined in Work Sheet No. 1.

1.2 Enter Height of Elevated Roadway, H, in feet, in
Line 1.

1.3 Enter Height of Observer, h,, in feet, in Line 2.

Note: Height of Observer, h,, can be positive (+4) or
negative (—). A, is positive (4+) when measured above the
reference plane and negative (—) when measured below
the reference plane, as indicated in Work Sheet A.

1.4 Enter Observer-Equivalent Lane Distance, Dy, in
in Line 3 (see Line 8b of the Parameter Work Sheet).

1.5 Enter Observer-Shoulder Distance, Dy, in feet, in
Line 4.

1.6 Compute Parameter 4 = (Dz— Dg) and enter in
Line 5.

1.7 Compute Parameter B =[(H — h,)? + Dg?]} and
enter in Line 6.

1.8 Compute Parameter d =[(H — h,)2 + Dg*]* and
enter in Line 7.

1.9 Compute Parameter 8 =A4 + B—d and enter in
Line 8. .

Note:

1. Parameter 8 must be calculated to two significant
figures.

2. If Parameter § is negative (—), the Elevated Road-
way Adjustment is zero. If Parameter § is positive (+)
proceed to step 1.10.

1.10 Using Parameter 3, enter Figure C-1 and read the
proper Adjustment for FElevated Roadway. Enter in Line
9a.

1.11 To obtain the Adjustment for Trucks, add +3 dBA
to Line 9a and enter in Line 9b. (Note: the numerical
value of truck adjustment is smaller than that for autos but
it can never be positive.)

1.12 Enter the Elevated Roadway Adjustment for each
Road Element calculated above in Line 5 of the Noise

Prediction Work Sheet.

Depressed Roadway Adjustment

The following procedures supersede those in the Design
Guide, p. 44, steps 6.0, 6.1, and 6.11 through 6.17. Go

to Work Sheet B (Table C-2).

2.0 work SHEET B: The procedure for estimating the
Adjustment due to a depressed highway configuration is as
follows for each Road Element:

2.1 Enter Road Elements defined in Work Sheet No. 1.

2.2 Enter Depth of Depressed Roadway, H, in feet, in
Line 1.

2.3 Enter Height of Observer, A, in feet, in Line 2.

Note: Height of Observer, h,, can be positive (4) or
negative (—). A, is positive (4) when measured above the
reference plane and negative (—) when measured below
the reference plane as indicated in Work Sheet B.

2.4 Enter Observer-Equivalent Lane Distance, Dy, in
Line 3 (see Line 8b of the Parameter Work Sheet).

2.5 Enter Observer-Cut Distance, Dy, in feet, in Line 4.

2.6 Compute Parameter 4 = [H? 4 (Dg — D¢)?]* and
enter in Line 5.

2.7 Compute Parameter B = [h,2 + Dy%]* and enter in
Line 6. '

2.8 Compute Parameter d = [(H + h,)2 + Dg?]? and
enter in Line 7.

2.9 Compute Parameter §=A + B—d and enter in
Line 8.

Note:

1. Parameter 8 must be calculated to two significant
figures.

2. If Parameter 8§ is negative (—), the Depressed Road-
way Adjustment is zero. If Parameter & is positive ()
proceed to step 2.10. /

2.10 Using Parameter 8, enter Figure C-1 and read the
proper Adjustment for Depressed Roadway. Enter in Line
9a. '

2.11 To obtain the Adjustment for Trucks, add +3 dB
to Line 9a and enter in Line 9b. (Note: the numerical
value of truck adjustment is smaller than for autos but it
can never be positive.)

2.12 Enter the Depressed Roadway Adjustment (4,) for
each Road Element calculated above in Line 4 of the Noise

Prediction Work Sheet.
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SHIELDING ADJUSTMENT (A, AND A;) Guide, p. 45, steps 9.0 through 9.10. Go to Work Sheet C
The procedures for estimating shielding adjustments due to (Table C-3). L
roadside barriers and roadside structures are as follows. 3.0 work SHEET c: The procedure for estimating the
Adjustment for barriers is as follows for each Road
Roadside Barriers Element.
The following procedures supersede those in the Design 3.1 Enter Road Elements defined in Work Sheet No. 1.
TABLE C-1
WORK SHEET A: ELEVATED HIGHWAY ADJUSTMENT
Line Number
Symbol ROADWAY ELEMENT Type
Ref. TIME INTERVAL
1|1 H Height of Barrier
*
2 | thg Height of Observer *
3 DE Observer - Equivalent Lane Distance
4 [Dg Observer - Shoulder Distance
2
6|8 B=|:(H-h) +D2|1/2
, o S
2 2
7| d d=[(H-h)+D 1/2
o E
8| & 60 =A+B-d**
: i k% % Autos
9 Fig Elevate i a) Au
C-1 vated Freeway Adjustment (6} Trocks

* QObserver height is measured from the reference plane: position (+) above
the plane and negative (-) below the plane.

** The path length difference § must be calculated to two significant figures.
If path length difference ¢ is negative (-), adjustment is equal to zero.

***  For Trucks add +3 dB to value given by Figure C-1.

Equivalent Lane
ol .

L Observer Location

/ Observer Height
H

. Reference Plane
_____ _ e

D
S
- D

E
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3.2 If Line 9a of the Parameter Work Sheet is checked,

proceed to steps 3.3 through 3.13.
3.3 Enter Height of Barrier, H, in feet, in Line 1.
3.4 Enter Height of Observer, k,, in feet, in Line 2.

TABLE C-2

WORK SHEET B: DEPRESSED HIGHWAY ADJUSTMENT

Note: Height of Observer, k,, can be positive (+) or
negative (—). h, is positive (4+) when measured above the
reference plane and negative (—) when measured below
the reference plane, as indicated in Work Sheet C.

Line Number
Surbo] ROADWAY ELEMENT
ymbo Type

Ref. TIME INTERVAL
1[H Depth of Depressed Freeway
2 '_"h; Height of Observer *
3 |Pe Observer - Equivalent Lane Distance
4 DC Observer - Cut Distance

_ 12, ., 211/2
5|A A-[H +(DE—DC)J
6|8 B=[h2+02]‘/2
o C
7 |d d:[(H+h)2+D3]]/2
o E

8| 4" 6=A+B-d**

Fig . . **% ) (a) Autos
? o Depression Freeway Adjustment (B) Trucks)

* Observer height is measured from the reference plane: position (+) above
the plane and negative (-) below the plane
** The path length difference & must be calculated to two significant figures.
If path length difference & is negative (=), adjustment is equal to zero.
* %k

‘) Equivalent Lane

For Trucks add +3dB to value given by Figure C-1.

Observer Location

/Observer Height

A_ h* = Reference Plane

— e e — — ——




3.5 Enter Equivalent Lane Distance, Dy, in Line 3.

3.6 Enter Observer-Barrier Distance, Dj, in feet, in
Line 4.

3.7 Calculate Parameter 4 = [H? + (Dg— Djp)?}? and
enter in Line 5.

3.8 Calculate Parameter B—=[(H — h,)? + Dp]? and
enter in Line 6.
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3.9 Compute Parameter d = [h,> + Dz*]* and enter in
Line 7.

3.10 Compute Parameter §=A4 + B —d and enter in
Line 8.

Note:

1. Parameter 8 must be calculated to two significant
figures.

30

|

[ 1141
10

]

|

e
N
]

]

]

0.3
Path Length Difference §

0.1

J1il

0.03

-20

o w o
I

Figure C-1. Adjustment for elevated and depressed roadway configurations.
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TABLE C-3
WORK SHEET C: ROADSIDE BARRIER ADJUSTMENT

Li Numb
ne ROADWAY ELEMENT s
Symbol Type
Ref. TIME . INTERVAL
1{H Height of Barrier
2 | Fhyl Height of Observer*
3 DE tquivalent Lane - Barrier Distance
4 DB Observer - Barrier Distance
5|A A= [W+ (g - 0p?] /2
. N 2 211/2
618 B-[-(H-ho) +DB]
7|4 d=[h2+02:|'/2
o E
8| d" 8 =A+B-d*+
9 E‘I-QZ Adjustment for Infinite Bcr:i:r %gg ?::gs
10] 6 Included Element Angle
N |a & | o= | Included Barrier Angle
o =5
12 2|52 | A-as
13 Fig : u'u!.u Adiustment i *;E (o) Autos
c-2| = fustment Tn B TTb) Trucks
1416 % ® Comp. Barrier Angle
i5/a 8 ‘SE Included Barrier Angle
16 Tli5 |A=a/90-06)
Fig | Z ‘Ew B . *** 1(a) Autos
17 c2 g 2 Adjustment in dB {6) Trucks
18 g 2% Included Barrier Angle
19 oal©2 |aA=a/180
Fig < Eu% . . *** |(a) Autos
20 c-2 Adjustment in dB {6) Trucks
* Observer height is measured from the reference plane: position (+) above
the plane and negative (-) below the plane.
** The path length difference & must be calculated to two significant figures.
If path length difference § is negative (-), adjustment Is equal to zero.
#**  For Trucks add +3dB to value glven by Figure C-2,
/ Equivalent Lane Location
— - _ -%—\ - -
& K
\ Barrier |
I I Barrier
D 6 D
Dy N Dy o N
A
: -
Observer Location — v
Finlte Roadway Element Semi Infinite Roadway Element
/ Barrier
o Reference Plane
Eg:Ievolen’ ) / Observer Location
~
| I Y
h *
o
DB Observer Height




2. If Parameter 8 is negative (—), the Roadside Barrier
Adjustment is zero. If Parameter § is positive (4) proceed
to'step 3.11.

3.11 Using Parameter 8, enter Figure C-2 and read the
proper Adjustment for an Infinite Roadside Barrier. Enter
in Line 9a.

Note: To obtain the Adjustment for Trucks add +3 dB
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to Line 9a and enter in Line 9b. (Note: the numerical
value of truck adjustment is smaller than that for autos but
it can never be positive.)

® For a Finite Roadway Element proceed to steps 3.12.1
through 3.12.5.

® For Semi-Infinite Roadway Element proceed to steps
3.12.6 through 3.12.10.

o
')
o
()] —
-o ——
‘e
"'§ —
\\ o 7
R E: 2 5 ©
—_ Vo '::~;
& =
ol e £32 ]
l .
o
a2 o|<| o] N / o
of 1] 1] 1 Q
Z — C
= ol <| v \J — It
- ol U} V| P — ‘2
i < - e
o AEN I Kl — A
o [ I S I |
< | 2 1 =
o Ol o e —_ oy
w El o 1] &
o ®
= 5 R
—| N} N .
Z | el TS ©c
. —1- a ;'?
o T 7
O
W N| =] | »
F- 0' " [
Z .
ud -— O] O] O - @
2B 1
) o|lo]l ol © _ 3
2 :
a o B S
Q ] )
< c =
gl | ™M <
o, _g|®|T|T o 3
Eoslunfojnv o ]
:o—ug',...,_ ~
= £ 1] =)
£ 00 — -
£
1)
=
— ~
A1 Lt 11 | L1 1Ll loe <
8 7o) o 7o) o0 «
p— Ll I |
1 1 1 &)
g
%
gp u1 juswysnipy i



58

¢ For Infinite Roadway Element proceed to steps 3.12.11
through 3.12.14,

3.12 Depending on the Road Element Type considered,
do one of the following:

3.12.1 Enter Included Element Angle, ¢, in Line 10. This
is obtained from Line 8d of the Parameter Work Sheet.

3.12.2 Enter Included Barrier Angle, 4, in Line 11. This
angle represents the included angle between the observer
and the barrier (see sketch).

3.12.3 Compute the Parameter 4 = (a/0) and enter in
Line 12.

3.12.4 Using Parameter A and the Infinite Barrier Ad-
justment (Line 9a) enter Figure C-2 and read the appro-
priate adjustment for a finite barrier. Note that the adjust-
ments are given for only three values of the Infinite Barrier.
Select the closest value to the one calculated in Line 9a.
Enter this adjustment in Line 13a. Go to step 3.13.

3.12.5 To obtain the Adjustment for Trucks, proceed as
in step 3.12.4, but use the Infinite Line Adjustment on
Line 9b. Enter the calculated adjustment in Line 13b.

3.12.6 Enter Complementary Element Angle, 4, in Line
14. This is obtained from Line 8d of the Parameter Work

Sheet.

3.12.7 Enter Included Barrier Angle, a, in Line 15. This
angle represents the included angle between the observer
and the barrier (see sketch).

3.12.8 Compute the Parameter A4 = (a/90 — ) and
enter in Line 16.

3.12.9 Using Parameter A and the Infinite Barrier Ad-
justment (Line 9a) enter Figure C-2 and read the appro-
priate adjustment for a finite barrier. Note that the adjust-
ments are given for only three values of the Infinite
Barrier. Select the closest value to the one calculated in
Line 9a. Enter this adjustment in Line 17a.

3.12.10 To obtain the Adjustment for Trucks, proceed
as in step 3.12.9, but use the Infinite Line Adjustment on
Line 9b. Enter the calculated adjustment on Line 17b.

3.12.11 Enter Included Barrier Angle, a, in Line 18. This
angle represents the included angle between the observer
and the barrier.

3.12.12 Compute the Parameter 4 = a/180 and enter
in Line 19.

3.12.13 Using Parameter A and the Infinite Barrier Ad-
justment (Line 9a) enter Figure C-2 and read the appro-
priate adjustment for a finite barrier. Note that the adjust-
ments are given for only three values of Infinite Barrier.
Select the closest value to the one calculated in Line 9a.
Enter this adjustment in Line 20a.

3.12.14 To obtain the Adjustment for Trucks, proceed
as in step 3.12.13 but use the Infinite Line Adjustment on
Line 9b. Enter the calculated adjustment on Line 20b.

3.13 Enter the Finite Barrier Adjustment in Line 7a of
the Noise Prediction Work Sheet. Note that the algebraic
addition to the Vertical Adjustment (A,) Line 5 and the
Barrier Adjustment (A;) Line 7a should not exceed —20 dB
(A, + A, > —20dB).

Roadside Structures and Planting

The following procedures supersede those in the Design
Guide, p. 45, steps 9.11 and 9.12.

4.0 Multiple rows of intervening buildings and structures
such as houses or apartments can reduce noise levels by
up to 10 dB, depending on the degree of shielding provided.
The following rule should be followed:

® First row of structures equals a —4.5-dB adjustment.
® Every subsequent row of structures equals an addi-
tional —1.5-dB adjustment up to a maximum of 10 dB.

4.1 A design value of 5 dB noise reduction for every
100 ft of foliage between the observer and the roadway
element may be used if the trees are at least 15 ft tall and
sufficiently dense so that no visual path exists between them
and the roadway. The total adjustment should not exceed
10 dB. Note that this adjustment is always negative.

4.2 Add the adjustments of lines 4.0 (Roadside Struc-
tures) and 4.1 (Planting) and enter total adjustment in
Line 7b of the Noise Prediction Work Sheet. Note that

this adjustment is always negative.

APPENDIX D

REVIEW OF ANALYTIC AND EMPIRICAL MODELS

The theoretical and experimental performance of acoustic
shields or barriers has been discussed by several authors
(2, 3, 4,5, 6,7, 8). Assuming that the shield or barrier
has sufficient mass to make sound transmitted through the
barrier negligible, and further that no line-of-sight exists

between source and observer, then sound can reach the
observer only by diffraction. In other words, an acoustic
barrier does not create an absolute acoustic “shadow” on
the side of the barrier remote from the source. On the
contrary, sound diffracted over the barrier edge “spills”



sound energy into the shadow zone. An additional inherent
assumption is that the barrier is long enough to make sound
diffracted around its ends negligible.

Consider the generalized geometry shown in Figure D-1b.
The top edge of the plane may represent any one of the
four types of noise reduction configurations evaluated in
this study. In the case of-a roadside barrier, the top edge
represents the top of the wall or earthmound. In the case
of an elevated highway section, the edge corresponds to the
outer edge of the.shoulder. For the depressed highway sec-
tion, the edge is the intersection of the cut-slope with the
terrain. In the case of roadside structures, the top edge of
the structure corresponds to the top edge of the plane.
Thus, in the context of this discussion, “barrier or shield”
applies to all four of the geometries. In the following
paragraphs, four models for barrier noise reduction are
discussed briefly.

In recent papers by Maekawa (2, 3) the performance of
semi-infinite acoustic shields is discussed and validated in
the laboratory, The performance is shown to be a func-
tion of the acoustic wavelength, A, and the path length
difference, 8, where

S=+(4+B—d) (D-1)

as shown in Figure D-1. The distance (4 + B) corresponds
to the shortest path over the shield’s edge between source
and receiver; d is the direct path distance between source
and receiver. Note that § is defined as positive when the
shield blocks line-of-sight between source and receiver.

The Maekawa results predict excess noise reduction by
a shield as a function of the Fresnel number, N:

N=1(2/))% (D-2)

Figure D-2 shows this relationship. However, the results
apply only to a single-source receiver distance. To obtain
data for practical use in highway design, Galloway (9)
performed a limited measurement program of noise pro-
duced by traffic under conditions of elevated and de-
pressed grade. Based on these measurements, Maekawa’s
curve was modified to be linear, as shown in Figure D-2.
This curve formed the basis for the calculations for ele-
vated, depressed, and roadside barrier adjustments used in
the Design Guide (NCHRP Report 117, Figs. 9, 10, and
11). Maekawa’s curve was further modified by limiting
the maximum attenuation predicted to 15 dBA due to
refraction and environmental factors.

The refracted sound field from an infinite coherent line
source parallel to an infinite barrier was calculated by
Keller (18) for large Fresnel numbers, N. These results
were modified by Kurze and Anderson (8) to be valid for
the incoherent line source. This formulation corresponds

(Xg, Y
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Barrier

Source

Barrier
Xgs Z

b) PROJECTION IN THE X - Z PLANE

Figure D—-1. Generalized acoustic barrier geometry.

R)

more closely to the automotive traffic situation where the
noise reduction provided by a barrier is calculated by
integrating over a string of point sources. The resulting
noise reduction is shown in Figure D-3, in which N, is
the maximum Fresnel number, N, obtained when the
source receiver line is perpendicular to the barrier.

The effective wavelength of traffic noise is about 2 or
3 ft; i.e., the numerical reduction of the dBA traffic noise
lies close to the noise reduction provided at a frequency of
about 500 Hz. Therefore, the excess attenuation (AL) due
to an infinite barrier can be written as a function of the
path length difference (8) only. Using this assumption a
“linearized” form of the Line Source Model was com-
puterized as shown in Figure D-4. This Modified Line
Source Model (MLSM) is linearized for small path length
differences, as was the case in the Design Guide model, and
is also restricted to a maximum excess attenuation of
15 dBA. In addition to the MLSM, Figure D-4 shows the
model used in the Design Guide, a model using Maekawa’s
measurements, and the Line Source Model (LSM) derived
by Kurze and Anderson.
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APPENDIX E
TEST FIELD SITE REQUIREMENTS

A number of geometrical and traffic requirements were
imposed during the test field site location and selection
procedure. This was necessary in order to simplify the
description of the noise field and limit the number of
variables that must be considered.

This appendix contains a copy of a memorandum

MEMORANDUM

To: State Highway Officials

From: Bolt Beranek and Newman Inc, -~ Acoustical Consultants
Subject: Survey to Identify Suitable Highway Geometries for the

Field Evaluation of Noise Reduction Measures

Date: 11 May 1971

I. INTRODUCTION

As mentioned in the cover letter, the obJective of this study is
the field evaluation of the acoustical performance of various
noise abatement measures. To that effect we are requesting the
cooperation of your department 1n the identification and location
of suitable highway sections in your state that might serve as

sites for our measurements.

This memorandum provides a description of the highway.and traffic
condition we are trying to locate in terms of various parameters
of interest. The specific type of highway geometries we are
seeking can be divided into four main categories, these are:

« Depressed Highway Configuration

» Elevated Highway Configuration

* Roadside Barriers or Earthmounds

¢ Roadside Structures

In the following paragraphs we discuss these four categories
individually and 1list the minimum requirements we must locate
for a successful field program.

Figure E-1. Memorandum to state highway officials.

(Fig. E-1) sent to 30 state highway departments request-
ing assistance in the identification and location of suitable
test sites. Each test site configuration was described in
detail and the minimum requirements were specified. A
number of inquiry forms were provided to facilitate the
selection and reply to the survey.

IT. DEPRESSED HIGHWAY CONFIGURATION

The first of these categories 1s a depressed highway geometry.
The intent 1s to evaluate the noise reduction afforded by various
depressed geometries on the surrounding area relative to the at
grade highway configuration. Listed below are the minimum
requirements we must find. Figure 1 shows a plan view and
crosssection of a typical depressed configuration.
requirements are:

1. The sectlon of highway should be uniformly depressed

over a length of no less than 3500 feet.

The minimum

2. The depth of cut should be no less than 10 feet and vary
no more than *10% over the entire section length.

3. The sectlon of highway must be straight (:15% from
centerline) and level over the entire length (maximum
grade 1%).

4., The section of hlghway must be vold of off-ramps or on-
ramps over the entire length and be of constant cross-
section (highway width must not vary more than 20%).

5. The surrounding terrain should be level (at least on one
side of the highway) for 300 feet from the highway
shoulder.

6. Preferably, no other major sources of noise should be
present in the immediate area such as heavy street
traffic, aircraft landing or takeoff operations, or a
large industrial center.

The enclosed form for the depressed highway configuration lists
Please’ fill in the information
requested, one form for each section of highway identified.

again these minimum parameters.



III. ELEVATED HIGHWAY CONFIGURATION

The second category, elevated highway geometry includes both the
f111 and viaduct type cross sections. Figure 2 shows a plan
view and cross section of a typlcal elevated configuration. The
minimum requirements are:

1. The section of highway should be uniformly elevated over

a length of no less than 3500 feet.

2. The height of the fill of structure should be no less
than 10 feet and vary no more than $10% over the entire
section length.

3. The section should be straight (#15% from centerline)
and level (maximum grade 1%).

4. The section must be vold of on-ramp and off-ramps over
the entire length and be of constant cross section
(highway width must not vary more than 20%).

5. The surrounding terrain should be level (at least on one
side of the highway) for 300 feet from the highway
shoulder.

6. Preferably, no other major sources of noise should be
present in the immediate area such as heavy street
traffic, aircraft landing or takeoff operations, or a
large industrial center.

The enclosed form for the elevated highway configuration lists
Please fill in the informaticn
requested, one form for each highway section identified.

again these minimum parameters.

V. ROADSIDE STRUCTURE

The first few rows of roadside structures, be it residential
dwellings or commercial-industriazl facilities, can be considered
as partial acoustical barriers between the highway generated noise
and the rest of the community. The degree of ﬁoise reduction
depends not only on the structures height but also on their linear
density, location with respect to the highway, etc. In this case
the i1deal situation for which we are searching is a section of
highway which is straight, level, preferably at-grade andé which
is surrounded at least on one side by a development of constant
characteristics. For example a housing track with equal size lots
and dwellings. The typical plan view and cross section of the
desired geometry is shown on Figure 4. The minimum requirements
in terms of the highway parameters are listed below:

1. The section of highway should be straight (:15% from

centerline) and level, preferably at-grade, {maximum
grade 1%) for at least 3500 feet.

2. At least on one side of the highway, structures of
constant linear density and three rows deep should be
present over the entire section of highway.

3. The terrain next to the highway should be level,
preferably at-grade with the highway, for at least 300
feet from the highway edge.

4. Preferably, no other major sources of noise should be
present in the immedlate area such as heavy street
traffic, aircraft landing or takeoff operations, or
large industrial operations.

The enclosed form for the roadside structure case lists again
Please fill in the information
requested, one form for each section of highway identified.

these minimum parameters.

IV. ROADSIDE BARRIERS OR EARTH!OUMDS

The use of roadside walls of earthmounds for the basic purpose of
highway noise control has not yet beeh widely accepted to date.
However, in many instances_  these devices have been used for
design, landscaping or other reasons throughout the country.
Here again we are searching for a $ection of highway where such a
measure 1s present as shown on Figure 3. The ideal situation 1s
an at-grade, straight and level roadway with a barrier or earth-
mound on one or both sides of the highway. The minimum
requirements in terms of the basic parameters are consistent with
the first two categories as defined below:
1. The barrier or earthmound should be uniformly elevated
over a length of no less than 3500 feet. -

2. The height of the barrier or earthmound should be no
less than 10 feet and vary no more than *10% over the
entire section length.

3. The section of highway should be straight ($15% from
centerline) and level (maximum grade 1%), and preferably
at-grade.

4. The section of highway should be void of on-ramps and
off-ramps over the entire length and be of constant
cross section (highway width must not vary more than 20%).

The surrounding terrain (at least on the side of the
barrier) should be level for 300 feet from the barrier

]

or earthmound.

6. Preferably, no other major sources of noise should be
present in the immedlate area such as heavy street
traffic, aircraft takeoff or landing operations, or
large industrial operatilons.

The enclosed form for the btarrier or earthmound configuration
1ists again these minimum parameters. Please £111 in the in-
formation requested, one form for each sectlon of highway
identified.

In the above discussion, we have identified four general cate-
gories of highway noise control measures. Our intent is to use

the form information supplied by your department for a preliminary

screening of the most favorable sites to perform our measurements.

On-the-spot inspection and more detailed analysis of these selected

sites will be conducted by members of our staff.

We would like to take this opportunity to thark you -again for
your cooperation in this matter. If you find any questlons as
to the description we provided or the objectives of this study
please feel free to call collect Mr. B. Andrew Kugler or

Mr. Richard Horonjeff at (213) 347-8360.

Figure E-1 (continued).
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INQUIRY FORM NO. 1
DEPRESSED HIGHWAY CONFIGURATION

I. GENERAL INFORMATION

A. State:
B. Highway Route Designation:
C. Highway Section Location:

INQUIRY FORM NO. 2
ELEVATED HIGHWAY CONFIGURATION

I. GENERAL INFORMATION

A. State:
B. Highway Route Designation:

C. Highway Section Location:

II. GEOMETRICAL HIGHWAY PARAMETERS
Minimum Reqd. Available
A. Length of Section 3500 feet
B. Depth of Section 10 feet % 10%
C. No. of Traffic Lanes
D. Lane Width
E. Width of Section (Average)
F. Width of Median if any
G. Grade of Embankment

Note: the section whose parameters are listed above must be
stralght (¢ 15%) and level (maximum grade 1%) with
constant surface roughness.

III. TRAFFIC CONDITIONS

A. Average Dally Traffic (ADT) over section length:
B. Average Design Speed: mph.
C. Maximum Truck/Auto Ratio: %

Iv. SURROUNDING TERRAIN CHARACTERISTICS

Please describe in a few words the topography and utility of the
terrain up to 300 feet from the edge of the highway:

II. GEOMETRICAL HIGHWAY PARAMETERS
Minimum Reqd. Available

A. Length of Section 3500 feet
B. Height of Section 10 feet * 10%
C. No. of Traffic Lanes

D. Lane Width

E. Width of Section (Average)

F. Width of Median if any

G. Grade of Fill

i

Note: the section whose parameters are listed above must be
straight (15%) and level (maximum grade 1%) with
constant surface roughness.

III. TRAFFIC CONDITIONS

A. Average Dally Traffic (ADT) over section length:
B. Average Design Speed: mph.
C. Maximum Truck/Auto Ratio: %

Iv. SURROUNDING TERRAIN CHARACTERISTICS

Please describe in a few words te topography and utility of the
terrain up to 300 feet from the edge of the highway:

Please return to: Bolt Beranek and Newman Inc.
21120 Vanowen Street
Canoga Park, California 91303
Attention: Mr. B. Andrew Kugler

INQUIRY FORM NO. 3
ROADSIDE BARRIERS OR EARTHMOUNDS

I. GENERAL INFORMATION

A. State:
B. Highway Route Designation:
C. Highway Section Location:

II. GEOMETRICAL HIGHWAY PARAMETERS .
Minimum Read. Available

A. Length of Section 3500 feet
B. Height of Barrier or Earthmound 10 feet ¢ 10%
C. No. of Traffic Lanes

D. Lane Width

E. Width of Section (Average)

F. Width of Median 1if any

G. Distance from Barrier to Near Lane

Note: the section whose parameters are listed above must be
straight (+ 15%) and level (maximum grade 1%) with
constant surface roughness.

III. TRAFFIC CONDITIONS

A. Average Daily Traffic (ADT) over section length:
B. Average Design Speed: mph.
C. Maximum Truck/Auto Ratio: ) 4

Iv. SURROUNDING TERRAIN CHARACTERISTICS

Please describe in a few words the topography and utility of the
terrain up to 300 feet from the edge of the highway:

Please return to: Bolt Beranek and Newman Inc.
21120 Vanowen Street

Canoga Park, California 91303
Attention: Mr. B. Andrew Kugler

Figure E-1 (continued).

Please return to: Bolt Beranek and Newman Inc.
21120 Vanowen Street .
Canoga Park, California 91303
Attention: Mr. B. Andrew Kugler

INQUIRY FORM NO. 4
ROADSIDE STRUCTURES

I. GENERAL INFORMATION

A. State:
B. Highway Route Designation:
C. Highway Section Location:

II1. GEOMETRICAL HIGHWAY PARAMETERS
Minimum Reqd. Available

A. Length of Section 3500 feet
B. No. of Traffic Lanes

C. Lane Width

D. Width of Section (Average)

E. Width of Median if any

Note: the sectlion whose parameters are listed above must be
straight (+ 15%) and level (maximum grade 1%) with
constant surface roughness.

III. TRAFFIC CONDITIONS

A. Average Daily Traffic (ADT) over section length:
B. Average Design Speed: mph.
C. Maximum Truck/Auto Ratio: %

Iv. SURROUNDING TERRAIN CHARACTERISTICS

Please describe in a few words the topography and utility of the
terrain up to 300 feet from the edge of the highway:

Please return to: Bolt Beranek and Newman Inc.
21120 Vanowen Street
Canoga Park, California 91303
Attention: Mr. B. Andrew Kugler



APPENDIX F
TEST SITE DESCRIPTIONS

SITE 1—ROADSIDE BARRIER

Test Site Description

Site 1 is located along I-680 in Milpitas, Calif. The noise
reduction measure consists of a combination earthmound-
masonry block wall 11 ft high. The barrier, constructed
as an experimental project sponsored by the FHWA, ex-
tends a total length of one mile and parallels the highway
at a distance of approximately 50 ft from the near lane.

(a) Overview of test site from top of
berm-wall barrier combination.

(c) Area behind barrier where
measurements were taken.

Figure F-1. Scenes from Site 1.
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Figure F-1 shows four views of the barrier and surround-
ing terrain. The highway is a six-lane divided roadway
with the surface falling in the normal roughness category.
On the far side of the barrier is a residential area. As
Figure F-1 shows, there was an open area without inter-

vening structures where measurements were made. The
ground at the site was packed dirt. Other than local street
traffic, no major noise sources were present in the vicinity.

(b) Microphone station "A" (reference
station) on top of barrier.

(d) Overview of measurement station
from behind wall.
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Traffic Characteristics

One goal of the field measurement program was to evaluate
each site under a variety of traffic conditions. The variables
of greatest interest were total volume, truck mix ratio, and
average speed, Another variable that could influence bar-
rier performance is highly disparate flow in the two traffic
directions.

Unfortunately, at the Milpitas site, measurements were
restricted to somewhat low total volumes. This section of
[-680 was new at the time and not yet heavily traveled.
As a result, the total volume never exceeded 650 vehicles
per hour. The truck mix ratio did vary substantially, be-
tween 0 and 16 percent. However, because of the very low
total volume, the average speed did not vary substantially.

Measurement Locations

Figure F-2 shows a cross-section of the test site. The
microphone locations are indicated by Stations A through
E. Station A, used as the reference microphone, was lo-
cated on top of the barrier to obtain a clear line-of-sight
to the highway. This location thus represents a measure
of the free-field noise levels from the highway at a distance
of 43 ft from the near lane. The microphones at the other
stations were located at various heights above the ground
to provide a spatial description of the noise field. Micro-
phone heights of 2, 4, 6, 8, 10, 12, 15, and 20 ft above
a horizontal from the barrier were used. Note that be-
cause the terrain slopes downward from the edge of the
barrier, all microphone heights were established relative to
a horizontal identified as the “microphone height reference
line” in Figure F-2, Thus, the 2-ft microphone height
really corresponds to a location 13 ft below the top of
the barrier.

The camera used to acquire the average speed data was
also located on top of the barrier, with a flat, unobstructed
view of the traffic lanes. In all, 37 locations were sampled
at distances ranging from 20 to 200 ft behind the barrier.

The choice of measurement locations in this as well as
all subsequent test sites was based on an incremental dif-
ference criterion. In other words, measurement locations
were chosen at all points where a significant difference in
noise levels was expected.

Data Acquisition

Data were acquired over a three-day period (8 to 10 Sept.
1971). A total of 23 measurement runs were performed,
each a 10-min tape recording of the traffic noise at four
different measurement locations. Care was taken to ensure
that a free-flow condition was present at all times during
the data acquisition period. A run was terminated and
rerun if traffic conditions changed substantially during its
progress.

As described in Appendix A, traffic volume and mix
information were continuously acquired during the 10-min
tape-recording periods. Speed information also was re-
corded by the camera system. At the end of each run,
weather information was collected to describe atmospheric
conditions throughout the run.

Because only four recording systems were used, noise
data were acquired at only four locations at any one time,
including the reference location. After each run, the micro-
phone heights were changed at the three shielded locations.
For example, after a measurement was performed with
Stations B, C, and D (Fig. F-2) at a height of 2 ft above
the ground, these microphones were changed to 4 ft, and
so on. Note that this site also shows a Station E; this
corresponds to the equipment used at Station D, relocated
in late runs to provide an additional measurement station.

SITE 2—ELEVATED HIGHWAY CONFIGURATION
Test Site Description

Site 2 is located along a straight and level section of
US 101 (Ventura Freeway) in Encino, Calif. The sec-
tion of interest is bounded by Hayvenhurst Avenue on the
west and Haskell Avenue on the east. The highway is
elevated approximately 29 ft above the surrounding terrain.
It is an eight-lane divided roadway (Fig. F-3).

The community to the south of the highway is comprised
of single-story residential dwellings. To the north, where
the measurements were made, the terrain is flat, level farm-
land without structures or substantial noise sources other
than freeway traffic, except for occasional interference
from nearby Van Nuys Airport.

The area in which the measurements were made is part

Figure F-3, Scene from Site 2.



of the Sepulveda Dam Flood Control Basin administered
by the U.S. Army Corps of Engineers. The terrain is sublet
as farmland, and, during the evaluation period, was recently
plowed.

Traffic Characteristics

Traffic on this section of highway is extremely heavy, be-
coming choked regularly during morning and evening rush
hours. Therefore, measurements were possible only during
the very early hours and from approximately 10:00 aM to
3:00 pM, when free-flowing conditions existed. Volumes
of as high as 14,500 vph were recorded during measure-
ment periods.

The truck mix ratio was almost constant, ranging from
~ about 1.8 to 4.5 percent, with an occasional 5.0 percent
being recorded. The very heavy automobile volumes were
the basic source of the low ratio.

Measurement Locations

Figure F-4 shows a cross-section of the test site. The
microphone locations are indicated by Stations A through
D. Station A, used as a reference location, was located on
top of the shoulder of the fill. The other three stations
were located at 125, 250, and 500 ft from the nearest lane.
Five different microphone heights were used; 1, 5, 10, 15,
and 20 ft above the surrounding terrain. The terrain slopes
gently away from the roadway, necessitating determination
of the exact height of the stations relative to the roadway
before the measurements were acquired. The camera was
located approximately 125 ft from the near lane. Because
the roadway is elevated, it was necessary to use a lift and
ladder arrangement similar to the one shown in Figure F-5.
The camera was elevated approximately 13 ft above the
roadway and about 40 ft above the ground level in this
fashion, affording a full view of all traffic lanes.

Data Acquisition

Data were acquired over a three-day period (31 Aug. to
2 Sept. 1971). A total of 20 measurement runs were re-
corded, each run of 10-min duration. Traffic and speed
data and weather information were collected coincident
with noise measurements.

SITE 3—ELEVATED HIGHWAY CONFIGURATION
Test Site Description

Site 3 is located along a straight section of I-405 (San
Diego Freeway) between Saticoy Street and Roscoe Boule-
vard in Van Nuys, Calif. The highway is elevated approxi-
mately 28 ft above the surrounding level terrain. It is an
eight-lane divided roadway (Fig. F-5). Land use on both
sides of the freeway is primarily for light-industrial pur-
poses. The combination of a very large unused parking
lot and an adjacent open field affords a good measurement
site. The highway sideslope is landscaped with bushes and
trees. Fortunately, little interruption of line-of-sight exists
to interfere with acoustic measurements. The closest struc-
ture to the freeway is an industrial building located ap-
proximately 500 ft from the near lane. No other noise
sources were found in the vicinity except for an occasional

a
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(a) Overview of test site showing
reference targets on median.

(c) Camera equipment and scissor lift
arrangement.

Figure F-5. Scenes from Site 3.

aircraft overflight from nearby Van Nuys Airport. During
the measurement sequence, care was taken to exclude this
occasional source of noise from the data. The ground con-
dition for this site was the hard paved surface of the
parking lot.

Traffic Characteristics

During normal weekday operating conditions, traffic on this
section of highway is extremely heavy, especially during
morning and evening rush hours. Unfortunately, the park-
ing lot that was the site of the measurements was available

[ b |

(d) Location of "B", "C" and "D"
Microphones at 25 feet.

only over the weekend, so only moderate traffic flows were
encountered. Traffic volume varied between a high of
8,200 vph and a low of 2,500 vph. The truck mix ratio
remained low, with only one measurement run exceeding
4.0 percent, due to weekend conditions. In general, the
ratio varied from 0.5 to 1.5 percent.

Measurement Locations

Figure F-6 shows a cross-section of the test site. The
microphone locations (Stations A through D) were located
at 83, 125, 250, and 500 ft, respectively, from the near
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Figure F-6 Site cross-section and acoustic measurement stations, Site 3.

lane. Because the elevated configuration extends 28 ft
above the surrounding terrain, it was necessary to elevate
the camera to approximately 40 ft to obtain an un-
obstructed view of all lanes. This was accomplished by
using the 25-ft scissor lift and a 15-ft ladder (Fig. F-5).
The reference microphone, also located on the platform,
was fixed at a 35-ft elevation.

Four different microphone heights over the surrounding
terrain were used: ‘1, 5, 15, and 25 ft.

Data Acquisition

Data were acquired over a three-day period (14 to 16 Aug.
1971). A total of 18 measurement runs were recorded,
each run of 10-min duration. Traffic and speed data and
weather information were collected together with noise
meastirements.

SITE 4—DEPRESSED HIGHWAY CONFIGURATION
Test Site Description

Site 4, a 25-ft depressed section of highway, is located
along 1-494 in Bloomington, Minn. Because the original
geometric configuration of this site had been changed sub-
stantially since the researchers’ initial inspection, and the
new geometry no longer satisfied the site selection criteria,
an alternate site of the same configuration was selected and
evaluated instead (Site 9 in Minneapolis, Minn.).

SITE 5—Roadside Structures
Test Site Description

Site 5 is located along I-35W in Richfield, Minn. It is
bounded by 66th Street on the north and 76th Street on the
south. A residential community on the west side of the
highway extends along the roadway, which is at grade level
for the entire length of the site. The homes are equally
spaced and are of similar construction and shape (mainly
one story). The roadway is a four-lane divided highway
(Fig. F-7). :

The community to the west of the highway is comprised
of one- and two-story residential dwellings. To the east
and directly across the test site is open terrain. No other
major noise sources were present in the vicinity except
occasional local traffic.

The pavement surface at this site was extremely rough
as a result of the use of studded tires for a number of years,
The contribution of tire noise to the over-all noise environ-
ment was therefore substantially more severe than at the
California site.

Traffic Characteristics

Traffic on this section of highway was moderately to ex-
tremely heavy, becoming occasionally choked during rush
hours. However, during most of the day traffic conditions
were acceptable for noise measurement purposes. Volumes
as high as 4,400 vph per hour were recorded.

The truck mix ratio was high and did not vary substan-
tially during data acquisition. The ratio varied from a low
of 7.7 percent to a high of 15.6 percent. Truck noise was
thus a significant contributor to over-all noise levels in all
cases.
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(a) Overview of highway test site from

pedestrian overpass. Measurement
locations to the left of roadway.

(c) Camera equipment position and
reference marker on fence line
Figure F-7. Scenes from Site 5.

Measurement Locations

Figure F-8 shows a cross-section of the test site. The
microphone locations are indicated by Stations A through
D. Station A was located in front of the structures and
was used as the reference station. The other three stations
were located at 198, 330, and 539 ft from the near lane.
Station C was moved to a distance of 365 ft (Station C')
from the near lane for certain selected runs. In addition,
measurements were taken with the microphones positioned
both between two adjacent houses and directly behind the
structures.

Data were collected at five different microphone heights:
1, 5, 10, 15, and 25 ft above the surrounding terrain. The
terrain in this area slopes gradually upward away from the

75

(b) Location of station "B" behind
first row of houses

roadway. Because the object was to determine the noise
reduction provided by each row of houses, the microphone
heights are referred to the rear of each house instead of
to the height of the highway. The camera equipment was
located near the reference microphone at a height of 15 ft
to provide an unobstructed view of all traffic lanes.

Data Acquisition

Data were acquired over a two-day period (27 to 28 Sept.
1971). A total of 14 measurement runs were recorded,
each of 10-min duration. The measurements on 28 Sep-
tember were only partially completed, and a scheduled
third day of measurements was canceled because of in-
clement weather. Traffic and speed data and weather in-
formation were collected together with noise measurements.
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Figure F-8. Site cross-section and acoustic measurement stations, Site 5.

SITE 6—ROADSIDE STRUCTURES
Test Site Description

Site 6 is located along I1-94 in Ypsilanti, Mich. It is
bounded on the west by Grove Street and on the east by
Harris Road. A residential community on the south side
of the highway presented the desired roadway-structures
configuration. This location represented an ideal condition
for the field evaluation of this category of noise reduction
measure because the entire community is a single develop-
ment composed of identical rows of structures along the
roadway.

The roadway is a four-lane divided highway (Fig. F-9).
Its surface was very rough as a result of extensive use of
studded tires during winter. Thus, tire noise contributed
largely to the over-all highway noise levels in this area.

The houses are one-family residential dwellings, all ap-
proximately 40 ft by 24 ft, and 15 ft high. The highway
is separated by a chain-link fence from the individual
backyards and is level with the surrounding terrain.

No major noise sources other than the highway were
present in the area, except for occasional local traffic and
some interference from Detroit Metropolitan Airport.

Traffic Characteristics

Traffic on this section of highway was moderate to light,
with a heavy concentration of truck traffic at all times.
Michigan allows up to 16 axles on trucks; therefore, noise
levels associated with these trucks were considerably higher
than expected from a “typical” truck. It follows that truck
traffic was instrumental in determining the associated
highway noise levels.

Total traffic volume varied from 3,100 to 1,900 vph.
The truck mix ratio was relatively high, varying between
9 and 24 percent.

Measurement Locations

Figure F-10 shows a cross-section of the test site. The
microphone locations are indicated by Stations A through
D. Station A, used as the reference station, was located
50 ft from the near lane, with an unobstructed view of the
entire highway segment, The other measurement stations
were located behind each row of houses. Thus, Station B
was located behind the first row, Station C behind the
second row, etc. Three different distances were sampled
behind each row of houses to provide a better description
of the sound field. Distances of 15, 35, and 70 ft behind
each house were used. Furthermore, the microphone loca-
tions were moved from behind the houses to between the
houses to evaluate this difference in the sound field. Four
microphone heights were used: 1, 5, 15, and 25 ft above
the ground, referred to the nearest house. This procedure
resulted in 16 spatial measurements behind each row of
houses. ’

Data Acquisition

Data were acquired over a three-day period (22 to 24 Sept.
1971). A total of 18 measurement runs were recorded,
each of 10-min duration. The number of runs acquired-
was limited because of high winds and unfavorable weather
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(a) View of test site section showing
station "A" and reference marker
on median.

(c) Location of station "B" at the test

site.

Figure F-9. Scenes from Site 6.

conditions throughout the site evalnation period. Traffic
and speed information were acquired concurrently with
noise data.

SITE 9—DEPRESSED HIGHWAY CONFIGURATION

Test Site Description

Site 9 is located on I-35W in Minneapolis, Minn. The
section of interest is a 23-ft depressed configuration ex-

(b) First and second row of roadside
structures being evaluated.

(d) Camera equipment position at the
test site

tending for approximately one-half mile (Fig. F-11). It is
bounded by 38th Street on the north and 46th Street on
the south. The only disadvantage of this location was the
proximity of houses to the cut. The closest house was
approximately 200 ft from the near lane and 110 ft from
the cut.

With the cooperation of the City of Minneapolis, the
frontage road (2nd Avenue South) next to the cut was
closed for the duration of the measurements. This was
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(a) Overview of the highway test site (b) Views of service road parallel to
from pedestrian bridge . Measurement to highway. Service road was
stations are to the right commencing closed during measurement period.

at ladder location

(c) Camera equipment position next to (d) Location of stations "D" and "E"
highway section. at the test site

Figure F—11. Scenes from Site 9.
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cles (Proj. 15-5), 94 p., $5.00

Revibration of Retarded Concrete for Continuous
Bridge Decks (Proj. 18-1), 67 p., $3.40
New Approaches to Compensation for Residential
Takings (Proj. 11-1(10)), 27 p., $2.40
Tentative Design Procedure for Riprap-Lined Chan-
nels (Proj. 15-2), 75 p., $4.00
Elastomeric Bearing Research (Proj. 12-9),
$3.00

Optimizing Street Operations Through Traffic Regu-
lations and Control (Proj. 3-11), 100p.,m $4.40
Running Costs of Motor Vehicles as Affected by
Road Design and Traffic (Proj. 2-5A and 2-7),
97 p., $5.20

Junkyard Valuation—Salvage Industry Appraisal
Principles Applicable to Highway Beautification
(Proj. 11-3(2)), 41 p, $2.60

Optimizing Flow on Existing Street Networks (Proj.
3-14), 414 p., $15.60

Effects of Proposed Highway Improvements on Prop-
erty Values (Proj. 11-1(1)), 42 p., $2.60
Guardrail Performance and Design (Proj. 15-1(2)),
70 p., $3.60

Structural Analysis and Design of Pipe Culverts
(Proj. 15-3), 155 p., $6.40

Highway Noise—A Design Guide for Highway En-
gineers (Proj. 3-7), 79 p., $4.60

Location, Selection, and Maintenance of Highway
Traffic Barriers (Proj. 15-1(2)), 96 p., $5.20
Control of Highway Advertising Signs—Some Legal
Problems (Proj. 11-3(1)), 72 p., $3.60

Data Requirements for Metropolitan Transportation
Planning (Proj. 8-7), 90 p., $4.80
Protection of Highway Utility (Proj. 8-5),
$5.60

Summary and Evaluation of Economic Consequences
of Highway Improvements (Proj. 2-11), 324 p.,
$13.60 :

Development of Information Requirements and
Transmission Techniques for Highway Usérs (Proj.
3-12), 239 p,, $9.60

53 p.,

115p.,

JImproved Criteria for Traffic Signal Systems in

Urban Networks (Proj. 3-5), 86 p., $4.80
Optimization of Density and Moisture Content Mea-

surements by Nuclear Methods (Proj. 10-5A),
86 p., $4.40

Divergencies in Right-of-Way Valuation (Proj. 11-
4), 57p., $3.00

Snow Removal and Ice Control Techniques at Inter-
changes (Proj. 6-10), 90 p., $5.20
Evaluation of AASHO Interim Guides for Design
of Pavement Structures (Proj. 1-11), 111 p,
$5.60

Guardrail Crash Test Evaluation—New Concepts

and End Designs (Proj. 15-1(2)), 89 p.,
$4.80
Roadway Delineation Systems (Proj. 5-7), 349 p.,

$14.00
Performance Budgeting System for Highway Main-
tenance Management (Proj. 19-2(4)), 213 p.,
$8.40
Relationships Between Physiographic Units and
Highway Design Factors (Proj. 1-3(1)), 161 p.,
$7.20

Rep.

No.
133

134
135
136
137

138

139

140

141

142
143

144

Title

Procedures for Estimating Highway User Costs, Air
Pollution, and Noise Effects (Proj. 7-8), 127 p.,
$5.60

Damages Due to Drainage, Runoff, Blasting, and
Slides (Proj. 11-1(8)), 23 p., $2.80
Promising Replacements for Conventional Aggregates
for Highway Use (Proj. 4-10), 53 p., $3.60
Estimating Peak Runoff Rates from Ungaged Small
Rural Watersheds (Proj. 15-4), 85 p., $4.60
Roadside Development—Evaluation of Research
(Proj. 16-2), 78 p., $4.20

Instrumentation for Measurement of Moisture—
Literature Review and Recommended Research
(Proj. 21-1), 60 p., $4.00

Flexible Pavement Design and Management—Sys-
tems Formulation (Proj. 1-10), 64 p., $4.40
Flexible Pavement Design and Management—Ma-
terials Characterization (Proj. 1-10), 118 p,
$5.60

Changes in Legal Vehicle Weights and Dimensions—
Some Economic Effects on Highways (Proj. 19-3),

184 p., $8.40

Valuation of Air Space (Proj. 11-5), 48 p.,
$4.00

Bus Use of Highways—State of the Art (Proj. 8-10),
406 p., $16.00

Highway Noise—A Field Evaluation of Traffic Noise
Reduction Measures (Proji 3-7), 80 p., $4.40



Synthesis of Highway Practice

No.
1

10

11
12

13
14

15

16
17

18
19

20

Title

Traffic Control for Freeway Maintenance (Proj. 20-5,
Topic 1), 47 p., $2.20

Bridge Approach Design and Construction Practices
(Proj. 20-5, Topic 2), 30 p., $2.00
Traffic-Safe and Hydraulically Efficient Drainage
Practice (Proj. 20-5, Topic 4), 38 p., $2.20
Concrete Bridge Deck Durability (Proj. 20-5, Topic
3), 28 p., $2.20

Scour at Bridge Waterways (Proj. 20-5, Topic 5),
37p., $2.40

Principles of Project Scheduling and Monitoring
(Proj. 20-5, Topic 6), 43 p., $2.40

Motorist Aid Systems (Proj. 20-5, Topic 3-01),
28 p., $2.40

Construction of Embankments (Proj. 20-5, Topic 9),
38 p., $2.40

Pavement Rehabilitation—Materials and Techniques
(Proj. 20-5, Topic 8), 41 p., $2.80
Recruiting, Training, and Retaining Maintenance and
Equipment Personnel (Proj. 20-5, Topic 10), 35 p.,
$2.80

Development of Management Capability (Proj. 20-5,
Topic 12), 50 p., $3.20

Telecommunications Systems for Highway Admin-
istration and Operations (Proj. 20-5, Topic 3-03),
29 p., $2.80

Radio Spectrum Frequency Management (Proj. 20-5,
Topic 3-03), 32p.,; $2.80

Skid Resistance (Proj. 20-5, Topic 7), 66 p.,
$4.00

Statewide Transportation Planning—Needs and Re-
quirements (Proj. 20-5, Topic 3-02), 41 p,
$3.60

Continuously Reinforced Concrete Pavement (Proj.
20-5, Topic 3-08), 23 p., $2.80

Pavement Traffic Marking—Materials and Applica-
tion Affecting Serviceability (Proj. 20-5, Topic 3-
05), 44 p., $3.60

Erosion Control on Highway Construction (Proj.
20-5, Topic 4-01), 52 p., $4.00

Design, Construction, and Maintenance of PCC
Pavement Joints (Proj. 20-5, Topic 3-04), 40 p,,
$3.60

Rest Areas (Proj. 20-5, Topic 4-04), 38 p.,
$3.60



THE NATIONAL ACADEMY OF SCIENCES is a private, honorary organiza-
tion of more than 700 scientists and engineers elected on the basis of outstanding
contributions to knowledge. Established by a Congressional Act of Incorporation
signed by President Abraham Lincoln on March 3, 1863, and supported by private
and public funds, the Academy works to further science and its use for the general
welfare by bringing together the most qualified individuals to deal with scientific and
technological problems of broad significance.

Under the terms of its Congressional charter, the Academy is also called upon
to act as an official—yet independent—adviser to the Federal Government in any
matter of science and technology. This provision accounts for the close ties that
have always existed between the Academy and the Government, although the Academy
is not a governmental agency and its activities are not limited to those on behalf of
the Government.

THE NATIONAL ACADEMY OF ENGINEERING was established on December
5, 1964. On that date the Council of the National Academy of Sciences, under the
authority of its Act of Incorporation, adopted Articles of Organization bringing
the National Academy of Engineering into being, independent and autonomous
in its organization and the election of its merhbers, and closely coordinated with
the National Academy of Sciences in its advisory activities. The two Academies
join in the furtherance of science and engineering and share the responsibility of
advising the Federal Government, upon request, on any subject of science or
technology.

THE NATIONAL RESEARCH COUNCIL was organized as an agency of the
National Academy of Sciences in 1916, at the request of President Wilson, to
enable the broad community of U. S, scientists and engineers to associate their
efforts with the limited membership of the Academy in service to science and the -
nation. Its members, who receive their appointments from the President of the
National Academy of Sciences, are drawn from academic, industrial and government
organizations throughout the country. The National Research Council serves both
Academies in the discharge of their responsibilities.

Supported by private and public contributions, grants, and contracts, and volun-
tary contributions of time and effort by several thousand of the nation’s leading
scientists and engineers, the Academies and their Research Council thus work to
serve the national interest, to foster the sound development of science and engineering,
and to promote their effective application for the benefit of society.

THE DIVISION OF ENGINEERING is one of the eight major Divisions into
which the National Research Council is organized for the conduct of its work.
Its membership includes representatives of the nation’s leading technical societies as
well as a number of members-at-large. Its Chairman is appointed by the Council
of the Academy of Sciences upon nomination by the Council of the Academy of
Engineering. '

THE HIGHWAY RESEARCH BOARD, organized November 11, 1920, as an
agency of the Division of Engineering, is a cooperative organization of the high-
way technologists of America operating under the auspices of the National Research
Council and with the support of the several highway departments, the Federal Highway
Administration, and many other organizations interested in the development of trans-
portation. The purpose of the Board is to advance knowledge concerning the nature
and performance of transportation systems, through the stimulation of research and
dissemination of information derived therefrom.
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