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ABSTRACT

Basic acoustical imaging theory is examined for its utility
in assessing sound propagation in urban areas. Imaging theory assuming
smooth-wall, specular reflection is determined not to be appropriate
for urban propagation simulation. Because of building surface ir-
regularities, the sound field in a city street is found to be signifi-
cantly modified relative to a smooth-wall channel.

To account partially for surface irregularities, a first
order model of scattered reflection is developed. This model incorporates
the added absorption effect produced by scattering from irregularities

into acoustical imaging theory. The propagation model is shown to be
valid only when there is direct line of sight between source and receiver.

In order to develop a more widely applicable urban noise
propagation model, the scattered field produced by typical building sur-
face irregularities is examined in detail with acoustical model studies.
With the results of these studies, a second order model of scattered re-
flection is developed. The applicability of this scattering model and a
further modified form of specular imaging theory to general urban sound
propagation is verified with field and acoustical model data.

Using the second order scattering model and imaging theory,
computed attenuation values are presented for a number of typical urban
geometries. The computed values are applicable to point and line sources
and to traffic flows. Additional factors affecting urban sound propa-

gation are discussed.

Thesis Supervisor: Dr. Richard H. Lyon
Title: Professor of Mechanical Engineering
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I. INTRODUCTION

With increasing public concern over noise as an environmental
poliutant, considerable attention has recently been given to sound
propagation outdoors. One particular topic of concern is propagation in
semi-confined or urban spaces. The understanding of this particular
propagation case is desirable for a number of practical reasons aside
from the purely physical questions involved. One such practical reason
is the need for impact assessment of new facilities prior to their
construction. Within this category is the obvious concern over per-
manent, direct noise impact due to such facilities as above ground
rapid transit systems, highways, heliports and STOL ports. A more
subtle impact is the effect such facilities may have on existing traffic
patterns and their associated noise. Another less obvious impact is
the temporary impact created by increased heavy truck traffic, jack

hammers, pile drivers, etc., and by traffic rerouting during construction

of the facility.

A second practical reason for understanding urban sound propa-
gation is assessing the effectiveness of noise abatement procedures. This
would involve such measures as traffic rerouting, elimination of truck
traffic, reducing traffic volume, or implementing source noise standards.
Another use of such understanding is the area of site selection and urban
planning. For planning purposes, it would be quite desirable to have pre-
dicted noise levels as an input at the planning stage for urban redevelop-

ment and new development. Also at the planning stage, predicted noise

- 13 -



level information would be useful for site selection of noise sensitive
buildings such as hospitals, schools and theaters. This would be a
particularly valuable input when the building itself would significantly
modify existing propagation characteristics or when field data at the
site is not available. A final reason for understanding urban sound
propagation is the possibility that such knowledge may infer methods of
noise intrusion reduction. From the physical viewpoint, urban sound
propagation is of interest because it combines many aspects of outdoor
sound propagation which in open propagation are somewhat separable.
These aspects include local reverberation, diffraction, scattering, and

near grazing reflection.

Previous work in outdoor sound propagation has been largely re-
stricted to open and semi-open spaces. One topic which has been con-
sidered quite extensively is that of noise and noise propagation from
freely flowing traffic in various topographical settings. Other areas of
work have been propagation over acoustically "soft" ground, barrier

theory and performance, and the attenuative and scattering characteristics

of trees.

On the topic of noise level determination in semi-confined and
urban areas, there have been several studies which consider prediction
of steady state or background noise levels. Olson and Shaw [1]
originated the work on this topic with a theoretical prediction model
using source densities within a region. A barrier or propagation

factor was then empirically determined and applied as a correction to the
- 14 -



theoretical result. With the use of a cellular model which considers
reverberation and barrier effects, Lyon and Davies [2] extended and re-
fined steady state noise level prediction. Work of a similar nature has
been reported by Malchaire and Horstman [3] who consider the contribution
of area, line and point sources to the steady state level. Like the 01-
son and Shaw work, this study also relies on empirical methods to deter-

mine propagation correction factors.

In addition to the work on background level determination in
semi-confined spaces, there have been a number of studies dealing
specifically with sound propagation. These have typically involved the
use of acoustical imaging theory with the two simplifying assumptions of
a high frequency optical 1imit and totally specular wall reflection.

The first of these studies was made by Schlatter [4] who considered
propagation in a channel. Sound propagation into a city street from
overhead sources, particularly helicopters, was studied in some detail
by Pande [5], Kinney [6] and Donavan [7]. Using these same two
assumptions, propagation from intersections into side streets and around
corners has also been investigated [8]. In a similar study, Lee [9]
developed a nomogram for propagation around a corner and for propagation

through multiple intersections.

Using an approach quite different from those mentioned above,
Holmes [10] has developed a method of sound level determination in semi-
confined spaces which does not necessitate detailed knowledge of the

propagation. This method is embodied in a computer program which
- 15 -



follows and counts acoustic "packets" randomly emitted from a point
source into a specified semi-confined, two-dimensional space. Although
this approach utilizes the optical Timit assumption, it does permit non-

specular reflection, assuming the parameters of the scattered reflection

are known.

Field data available for urban sound propagation assessment is
quite Timited and typically quite specialized. One such study published
by Jones [11] reports data for siren noise propagation from a building
top in New York City. One interesting aspect of this study was the
determination of a building shielding factor equal to that of Olson and
Shaw. A second study which is more applicable to propagation assessment
is that reported by Wiener, Malme and Gogos [12]. This work concerns
Toudspeaker noise propagation and presents attenuations down a street
and around a corner from the source. Another applicable study is that
prepared byDelaney, Copeland and Payne [13]. This report presents ex-
tensive and detailed data of noise levels produced in side street from
traffic flows in arterial streets. In a field experiment designed
specifically to study sound propagation, Kinney [6] obtained comparative
helicopter fly-over data for both an open field and a city street. Al-
though this study is useful for studying propagation, it is limited

to a very specialized case.

Comparison of the above discussed field data to results predicted
by specular imaging theory generally indicate a lack of correspondence

between the two. The only case in which adequate agreement is achieved
- 16 .



is that of the low reverberation, aircraft fly-over case. Good cor-
respondence between the field data and imaging has been demonstrated by
both Kinney [6] and Donavan [7]. For sources located in the street
channel, the reverberation associated with propagation is considerable.
In this case the correspondence between specular imaging and field data
is quite poor. The probable cause of this discrepancy lies not in
imaging theory assumptions, but rather in the totally specular reflection
assumption. Evidence of building surface scattering has recently been
demonstrated in acoustic model studies [8]. It was shown in this study
that the addition of periodic rectangular-roughness elements representing
building facade structure quite markedly effected the sound distribution
in a street. The attenuation rates achieved in this model study were
found to correspond much better to those of the published field data.

The scattering phenomenon associated with rectangular periodic irreg-
ularities has been studied by Deriugin [14] and Wagner [15]. Unfortun-
ately, in the former work, the solutions obtained are too speciaiized,

while the latter work considers only the high and low frequency

limits.

The ultimate purpose of the work presented here is to develop
methods of predicting sound levels in urban areas for the range of
typical sources and geometries found in such areas. In the development
of this subject there are a number of sub-issues addressed. The first
of these is the determination of the utility and limitations of

specular imaging theory. The second issue is the quantitative assess-

- 17 -



ment of scattering from rectangularly irregular surfaces for the
geometries and frequencies of interest in urban propagation. The third
task is the development of a practical model of the scattering
phenomenon which can be incorporated into a modified form of imaging
theory. The final and previously neglected step is the validation of

propagation theory with field as well as acoustic model data.

- 18 -



[I. BASIC ACOUSTICAL IMAGING THEORY

2.1 Theoretical Background

The basis for acoustical imaging theory is derived from the ex-
amination of the sound field produced by an ideal point source near an
infinite, rigid plane. The geometry of this situation is given in
Figure 2.1. The boundary conditions imposed on the field are that the
normal fluid velocity and hence the normal gradient of pressure be zero
at the surface. From potential flow theory, it is known that these con-
ditions can be met by replacing the reflecting surface with an image of the
source [16]. This image is located on the line normal to the plane
passing through the source at a distance twice that between the origiral
source and reflecting plane. In the case of a rigid surface, the pres-

sure field is given by Morse and Ingard [17] to be

-iet

1 ikr1 . ) 1kr‘2

p = A ( e 4nr2 e ) e

4wr]

where A is in general a complex amplitude and k is the acoustic wave-
number, k = 2n/x. For the more realistic case of a non-rigid surface,
Morse and Ingard use an approximate Green's function solution. With
the assumption that the measurement point is at least a half wavelength

away from the surface, the following expression for the pressure field 1is

obtained:
ikr ikr .
- 1 1k CoS -8 1 2 -iwt
P=A gy N [cos¢+s] Arr, e ) e

where 8 is the acoustic admittance of the surface and is generally complex.
- 19 -
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To begin simplifying the expression for the pressure field, the
first assumption to make is that of real admittance. This assumption
means that there is no or very little phase shift upon reflection. For
urban propagation, the surfaces encountered are typically non-porous and
nearly perfectly rigid for the wavelengths involved, thus making this
assumption a reasonable one. Another practical reason for this
assumption is that while admittance magnitude can be measured for a sur-
face, it is extremely difficult to determine phase shift as a function
of incident angle. Thus it is assumed that the bracketed quantity cor-
responds to a real reflection coefficient which depends on the incident

angle, ¢, and the real value of surface admittance.

Further simplification of the pressure field expression can be

made by forming a ratio of direct and reflected energy. Using the above
assumption, taking the real part of the pressure, squaring it, and dividing

by the direct pressure, yields the following expression:
2.2

Asr 2A,r
2 21 1 2'1 1 .
P o~ 'l  —_—F — [ « sin ZTFAtf
r A%(r]+cAt) Af A](r1+CAt) 2rAt
fa

c . 2
* 2r(ry+cat) s1n E_'(2r1+CAt)f]f
1

Assuming that At is small, the first two terms add to a sum of

two or less. For the third term, the multiplicative amplitude factor
2Ry /A (ryteat)

is of the order 1. Thus if
- 21 -



Af >> 1/2wat

then the third term is negligible compared to the first two
terms. The sum of the first two terms is between 1 and 2. This leads
to the "energy addition" of pressure signals which for the maximum case
gives a 3 dB increase in sound level. Imaging theory as it is applied to
street prcpagation uses exclusively this energy addition principle to

sum image strengths. Also it is assumed that the reflection coefficient

is independent of incident angle.

2.2 Application to Channel Propagation

The simplest application of specular imaging theory is the
assessment of propagation down a straight channel with no openings. The
geometry of this propagation case is presented in Figure 2.2. Shown in the
figure are several multiply-reflected paths in which sound propagates to
the receiver. To represent these paths, image streets can be constructed
such that image wall wR' represents the image of wall wR as reflected
by wall wL. Similarly, image wall WL" represents the image of wall wL
as reflected by walls Wp and NL. In this manner, the entire image space
is constructed. As indicated in Figure 2.2, reflected paths between source
and receiver can be replaced by straight lines connecting the source with
image receiverswhich pass through the street walls. It should be noted
that each passage through a wall or image wall corresponds to one re-

flection. If carried to its limits, an array of imagesinfinite in extent

is produced which runs perpendicular to the channel and represents all

- 22 -



FIGURE 2.2: Channel Propagation - Replacement of Multiply Reflected
Paths with Images
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possible paths. If the walls are not perfectly reflecting, a reflection
ratio can be defined which is the ratio of reflected energy to incident.

This ratio must be applied for every reflection, thus the strength of

h

the it image is

A% = (R) 1.2

where R is the reflection ratio and A the pressure amplitude of the

source. The array is now composed of images which exponentially decay in
strength with distance from the actual channel. It should be noted that
the reciprocity theorem of acoustics implies the use of image sources is

equivalent to the use of image receivers.

A slightly more complicated case is that of propagation around
a corner at a four-way channel intersection. The geometry of this con-
figuration is presented in Figure 2.3. As in the previous case, several
multiply-reflected paths are shown along with their image space equivalent.
For this configuration reflections in the source street are replaced by
image sources, while reflections in the receiver street are represented
by image receivers. It should be noted that only those reflected paths
which finally reflect from the far side of the source street can ever
enter the receiver street. This condition leads to a semi-infinite array
of images in the source street as opposed to infinite. Similarly, since
incoming rays in the receiver street must reflect on the far side of that
street, only a semi-infinite array is produced in the receiver street.
As in the straight channel case, the image strengths decay exponentially
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with distance from the actual street for R < 1.

In order to determine a sound level at the receiver point, two
techniques have commonly been employed. The first of these is the dis-
crete summation of the energy of all the images which are found to con-
tribute to the level. This is done with proper attention to image
strength and path length divergence, as indicated in the previous section.
The second method utilizes the approximation of the image array by a line
source of exponentially decaying strength. The array chosen may be
either the source image array as used by Schlatter [4] or receiver image
array as used by Lee [9]. #With this line source approximation, the

incremental sound intensity at the receiver is given by [7]

i = aila ™ X 4y
ZWL(P)Z
where
W = acoustic power of source

L = street width
X = variable distance from actual street centerline

to the increment dx

p = -%—1nR, R = reflection coefficient
s = (R_InR
R-1
r = distance from increment dx to receiver.

To obtain the total intensity, this expression is then integrated

over those portions of the line source which contribute. If the actual
- 26 -



street is included in this portion, a point source of strength

[ oW (-/R)
2 (1+R)

2mr
must be added to the integral value. For the case of straight channel

propagation, integration of the incremental intensity can be done
analytically as the Timits of integration are from 0 to ». For finite

Timits, however, numerical integration must be resorted to.

To apply either the discrete summation or 1ine source methods,
the extent of the image array must be determined for all cases other than
straight channels with no openings. As an example of determining limits,
consider again the around a corner propagation depicted in Figure2.3.
Examination of this figure indicates that there are two criterion for
propagation to the receiver. The first is that the ray path pass
through the opening of the receiver street. The other is that multiply
reflected paths in the source street, those paths from image sources,
must reflect off, that is pass through, the far wall of the source street.
These two criterion establish the influence limits for each of the image
sources as shown in Figure 2.4. Indicated in this figure are the two
methods of level determination. For the discrete method, the "cone
of influence" of each image source includes those image receivers which
contribute to the total level. For the line source method, the inter-
section of the cone with the 1ine of the array determines the limits of

the intensity integration. It should be noted that the intensity integral

h

value must be multiplied by a factor of (R)1 for the it image source.

- 27 -



JDUA0]) B punody uoLjebedodd o7 pay|ddy
Holyeuwlxouddy 824nog duL’] pue Uoljewning ahewy ajaUdsL  fy°Z JUNDTY

1IN
NOILO3 1434 T1IVM
1334¥1S 324N0S JONINTANI 304N0S
‘ JOVAI 40 SLININ

\

NOLLYWIXOHddV

r// J/ HLONINLS
: 39Vl ONIAYO3a

¥3IAFOF TN\ ~
308N0S /\ HLON3YLS JOVNI
31340810

SLINIT ONINIJO

13341S ¥3AI303Y 1



As a firal example of imaging applied to chanrel propagation,
consider propagation around a corner, down a channel, and through an
intersection. The geometry of this configuration is given in Figure 2.5.

As before, the multiply reflected paths are shown along with their

straight 1ine equivalents. It will be observed that the two paths meet

the criterion described previously for around a corner propagation, that

is, reflection from the far source street wall and passage through the

receiver street opening. Further, it should be observed that straight-

line path equivalents can be connected to image receivers. However, if
the ray paths themselves are foilowed, it is seen that the paths do not

go to the receiver, but rather are lost to the side street. Thus, there
is an additional condition on the straight Tine equivalents from image
source to image receiver. This condition is that the line equivalent

does not pass through the side street opening or any of its images. Thus,
for this propagation case, the cones of influence of each image source
are modified as depicted in Figure 2.6.

2.3 Results Predicted;@y Specular Imaging Theory

2.3.1 Comparison of Application Methods

Generally the results computed from the discrete summation and
line source methods of imaging compare quite well to each other. Some
variation is expected as the line source method is an average sound level
over the receiver street while discrete image summation applies to one
point in the receiver street. One example of comparison of these two
methods is afforded in Figure 2.7. This figure plots attenuation down a

channel relative to the source free field sound level at one street width.
- 29 -
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The Tine source approximation values are those reported by Schlatter [4]
for a straight channel. The discrete summation values are for a slightly
different configuration, that of propagation into a channel with the source
slightly outside the channel. Owing primarily to the slight difference

in configuration, the discrete values are .8 to .5 dB lower near the

source. Much better correspondence is achieved after 3 street widths

distance from the source.

Another comparison of discrete image summation and line source
approximation results is presented in Figure 2.8. The configuration for
this comparison is propagation around a corner. Line source results are
those of Lee [9]. It will be noted that the 1ine source results are con-
sistently 1 to 1.5 dB higher than those for discrete summation. One
possible reason for this discrepancy may 1ie in the approximations required
by Lee in empirically producing normalized curves for the line source case.
Another possible cause of the discrepancy is that for propagation around
a corner, the sound level in the receiver street is quite dependent on
receiver location across the street. Variation can be as much as 3 or
4 dB. Thus, it is not surprising to see small differences between the

discrete case in which the receiver is located on the street centerline

and the street averaged line source case.

A final compared case which is indicative of sound level variation
across the receiver street is presented in Figure 2.9. The configuration
considered is again propagation around a corner, however, for a tee

intersection as opposed to four-way. Compared in this figure are results
- 33 -
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obtained from the propagation simulation computer program of Holmes [10]
and the results predicted by discrete image summation. In considering
the two sets of results, it should be noted the computer simulation re-
sults are averaged over a square with dimensions of 1/3 street width,
thus some interpolation is required in comparing these to the point re-
ceiver Tocations. However, with this interpolation it will be seen that

there is quite good agreement between these two sets of results.
2.3.2 Sound Level Fall-0ff Rates with Distance

With the results obtained from specular imaging theory, one
can quite readily obtain sound level fall-off rates for the various types
of propagation configurations. For the straight channel case [4], if
the value of the reflection coefficient, R, is high, the upper limit
fall-off rate is 3 dB/dd. For R less than 1.0, the lower limiting rate
is 6 dB/dd. It should be noted that these two fall-off rates correspond
to the free field rates of a line source and point source, respectively.
For immediate values of R, the fall-off rate lies somewhere between the
extremes. For all values of R which are less than 1.0 and greater than
0.0, the fall-off rate itself is a function of distance down the streét.
Very near the source, the actual source dominates the image sources and
fall-off is 6 dB/dd. At a distance on the order of a street width, the
fall-off rate becomes close to 3 dB/dd for large R. At much further dis-
tances from the source, there is a transition back to the 6 dB/dd rate.
This transition is governed by the amount of wall absorption present.

For propagation in a street channel, typical absorption coefficients for
the buildings (concrete, glass, brick, etc.) give values of R equal to

- 36 -



about .9 to .95 [18]. These values of R give fall-off rates in the
middle distance region of about 3.5 dB/dd. Transition to 6 dB/dd occurs

well beyond 20 street widths from the source.

Sound level fall-off rates for propagation around a corner
have also been determined [8]. For values of R corresponding to urban
building materials, if the source is near the intersection, a fall-off
rate of 3.5 dB/dd initially is observed with a transition to 6.0 dB/dd
within four to five street widths. Thus the effect of the corner appears
to be to hasten the transition observed for the straight channel case.
This behavior is indicated in Figure 2.10(a) for both acoustical model
data and its imaging theory simulation. When the source is farther from
the intersection as shown in Figure 2.10(b), the fall-off in receijver
street is a constant 6 dB/dd. For both of these two cases, the level
does not fall below the free field level of the source as indicated in
the figures. This behavior is also indicated for source positions up
to 10 street widths into the source street. However, if the distance of
source from the intersection is moderate, three street widths, and if
more absorption is applied to the building walls, free field attenuation
will be exceeded. This behavior is indicated in Figure 2.10(c). The
results in this figure are for R = .65. A fall-off rate of 14.5 dB/dd

is attained, a rate which is much higher than that attainable in a

straight street.
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IIT. APPLICATION OF IMAGING THEORY TO CITY STREETS

3.1 Published Field Data and Specular Imaging Theory Results

As discussed in a previous section, there is very little pub-
lished urban noise field data which can be used directly for propagation
assessment. A typical problem with the available data is that the source
is specialized, that is, either directive or narrow-band, or it is of un-
known acoustic specification. However, from what data does exist, there
is good indication that specular imaging theory alone does not compare
well to actual street propagation. One indicator of this discrepancy
is from the work of Wiener, Malme and Gogos [12]. This study reports
excess attenuation (attenuation beyond spherical spreading) near O or
greater for propagation down a city street. Assuming a reflection
coefficient consistent with typical building materials, specular imaging
gives an excess attenuation of -2.0 to -2.5 dB/dd. The source used in
this field study was a loudspeaker and thus directivity effects are to
be expected. It is not, however, at all clear that this would account

for the significant difference between the two rates of fall-off.

Another source of comparison of field data and specular
imaging theory is the work reported by Delaney, Copeland and Payne [13].

The reported data is in the form of LlO’ LSO’ and L90 sound levels for

receiver positions down an urban side street away from an arterial street
containing freely flowing traffic. Because of the nature.of the source,

absolute levels down the side street cannot be compared to imaging results.
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However, it is possible to compare the fall-off rates down the side street
if an assumption is made. Since the traffic density is such that on the
average, fewer than one vehicle is in the intersection at an instant, it
may be assumed the L]0 levels fall-off down the street as if there were
just one source and it were located in the intersection. Using this
assumption, comparative results using the L]0 values and specular

imaging theory for a point source located an appropriate distance outside
a channel are presented in Figure ?.1. The field data displays two fall-off
rates, about 4 dB/dd near the source and about 9 dB/dd farther from the
source. The imaging theory gives a constant rate with distance of about
3.5 to 4.0 dB/dd. Although the assumptions made in this comparison are
somewhat questionable, the difference is substantial enough to indicate

the disparity between specular imaging and propagation in actual streets.

The lack of agreement observed between specular imaging theory
and published field data could be attributed to several things. One
problem area could be in meeting the imaging theory criterion which leads
to energy addition of images. Violation of this criterion would occur
if the source or the measurement bands were too narrow in frequency or if
the difference in path length for adjacent images was extremely small.
The nature of the field data, however, makes this possibility unlikely.
The Delaney, Copeland, Payne data is reported in A-weighted sound level
and since vehicular noise sources are typically broad band [19], the
energy addition criterion is easily met. The Wiener, Malme and Gogos data

1s obtained for 1/3 octave bands of white noise which is also sufficiently
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broad. This possibility is also discounted by the generally good agree-

ment obtained between specular imaging and smooth wall, acoustical model

data [4,8].

Another possible cause of disagreement between specular imaging
and field data is the effect of meteorological conditions in the field

data. This was shown by Wiener, Malme and Gogos, however, not to be

important for urban propagation.

A third possible reason for the discrepancy between field data
and specular imaging is diffraction. This problem only arises for propa-
gation around a corner and thus cannot explain the differences observed
for sound Tevel fall-off down a street. For propagation around a corner,
diffraction effects will very definitely be present. The question of
the magnitude of this effect is then of importance. Because of the
1/x dependence of the diffracted field [20], diffraction is not expected to
be important in urban propagation except possibly for only the lowest fre-
quencies of interest. When diffraction effects are observable, they will
tend to increase levels when there is no direct line of sight to the re-

ceiver, and decrease levels slightly when there is.

A much more probable cause of the poor correspondence between
specular imaging theory and field data is the scattering of sound upon
reflection from building surfaces. The specular reflection assumption
commonly employed idealizes building surfaces as acoustically smooth,

constant impedance walls. Considering the similarity of the acoustic
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properties of materials commonly used in construction, the constant sur-
face impedance assumption appears to be valid. The assumption of
acoustical smooth surfaces, however, is quite weak. Typically, building
surfaces have considerable irregularity due to window recesses, decorative
facade structures, doorways, etc. Furthermore, these rectangular
irregularities typically have dimensions on the order of an acoustic wave-
length for the frequencies of importance in urban noise propagation.

These frequencies include the octave bands centered at 250, 500, 1000,

and 2000 Hz as determined from typical, A-weighted urban noise

spectra [19]. Examples of building surfaces displaying such surface
irregularity are shown in Figure 3.2. Typically, surface irregularities
can be considered as rectangular, periodic protrusions in the building
surface which very often are most pronounced in the vertical direction.
Evidence that the presence of such protrusions affect the sound level in

a channel relative to smooth walls was reported in an earlier paper [8]
and will again be demonstrated with additional data. It was shown in

this earlier paper that the protrusions produce sound level fall-offs in

a channel similar to those seen in the published field data.

3.2 Experimental Investigations of Street Propagation

3.2.1 Field Experiments

Due to the limited amount of published data, it was necessary to
undertake field measurements in a typical urban setting. The experiment

was designed explicitly for propagation assessment. A source of known
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Building Surface Irregulari ties

FIGURE 3.2:
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acoustical properties was used and variables such as meteorological
effects and background noise were minimized. The data was taken in a

format which would readily allow comparison to both acoustical model and

imaging theory results.

The site for this study was selected to meet several
criteria.  One criterion was that the buildings in the area have a
facade structure that is typical of most urban buildings. Another
criterion was that the site contain a variety of propagation cases in a
relatively small area so that a proper signal to noise ratio could be
maintained. An additional criterion was that vehicular traffic could be
eliminated during the test. A plan of the site is presented in Figure 3.3.

Several photographs of the site are presented in Figure 3.4.

The noise source used in the field test was a .32 caliber
starter's pistol. This source was used because it is highly portable,
non-directive, broad band, and has a high energy level. The 1/3 octave
band relative energy spectrum of the pressure pulse produced by this
source is presented in Figure 3.5. From this figure it will be noted
that the maximum energy occurs in the 1/3 octave band centered at
1,600 Hz. Also, it will be noted that sufficient energy is available in
octave bands of experimental interest, those centered at 250, 500 and
1000 Hz. Although the absolute level is not presented in Figure 3.5.
it was determined that the peak sound pressure level at 12 ft in the
1600 Hz 1/3 octave band was 115.2 dB Re .0002 microbars. The measured

directivity of the starter's pistol is presented in Figure 3.6. It will
- 47 -
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be noted from this figure that the noise source is basically omni-
directional with the greatest deviations from the idealized source
occurring in the 250 Hz octave band. In this band, deviations from the
angularly averaged level is a maximum of 2 dB. As an indicator of ex-
perimental variation, standard deviations for each measured point are

.5 to 3 dB. Three shots were averaged to obtain each point.

The experiment consisted of recording the pressure signal time
histories of the pistol shots for a number of different source and
receiver locations. These Tocations are specified in Figure 3.3. The data
was recorded with a 1" B&K condensor microphone which fed into a
three-track Nagra tape recorder. The data was then analyzed later in the
laboratory. For the measurements, the microphone was placed at a height
of six feet and oriented with its axis parallel to the street centerline.
The source was hand-held, firer in a kneeling position with arm extended
upward giving a source height of about five feet. For each source and
receiver geometry, five pistol shots were recorded. The data was taken
on a Sunday morning in order that background noise and traffic be
minimal. As a very necessary precaution, a policeman was hired to be at

the site during the experiment.

The data analysis instrumentation chain is presented fn Figure 3.7.
The pressure signal was played back through the same tape recorder,
filtered into octave bands, amplified, recorded digitally and transferred
to a mini-computer. The settings of the various instruments are also

indicated in Figure 3.7. The data was filtered into octave bands
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centered at 250, 500 and 1000 Hz. The data, once in the computer, was
processed in the digital equivalent of the analog processing used by
Masiak [21] and Dedong [22] to obtain the energy of a spark transient
signal. This digital processing consisted of squaring the signal,

taking the sum of the value at each sample point, and taking the
logarithm of that sum. The level obtained corresponds to the energy of
the pressure signal as observed at the receiver position. The level

is correlated to the steady state sound level which would be measured at
the receiver point for an equivalent steady state source [23]. As only
relative attenuation values were of concern, no attempt was made to

determine the absolute sound pressure levels.

The results of the field experiment were reduced to
attenuations relative to the level obtained for the closest source-
receiver distance with direct line of sight. The attenuations are shown
in Figure 3.8 and Table 3.1. Presented are the values for the 250, 500 and
1000 Hz octave bands as well as the average of the level in these three

bands. These results will be discussed and compared in later sections.

3.2.2 Acoustical Model Experiments

In order to establish a data base for comparison to theoretical
results and to the above field data, a set of acoustical model experiments
was performed. These experiments were designed explicitly to simulate
propagation in urban street channels. The choice of model experiments
was made due to relative ease in which data can be taken and parameters
varied. Of particular interest was the effects produced on sound
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TABLE 3.1 FIELD MEASUREMENTS:  RELATIVE ATTENUATION IN DECIBELS

Source Receiver Octave Band Center Frequency

Position Position 250 Hz 500 Hz 1000 Hz
0 Near 0 0 0
A Near .8 1.9 3.1
B Near 3.1 4.0 5.0
C Near 7.6 5.9 6.2
D Near .9 3 .7
E Near 4.4 3.5 2.7
F Near 8.5 7.2 7.0
H Near 15.5 14.6 14.4
[ Near 15.9 15.9 15.7
J Near 16.7 15.6 15.2
K Near 21.1 21.3 20.4
L Near 19.0 18.2 18.2
M Near 20.7 22.1 21.3
0 Far 3.5 3.3 3.5
C Far 11.0 9.4 9.4
G Far 15.6 14.1 13.6
M Far 21.5 25.3 26.6
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propagation by variation of simulated building facade structures. The
configurations tested are shown in Figure 3.9. Tee intersection measure-
ments were made for smooth-walled buildings as well as for buildings with
periodic, rectangular surface protrusions in three different geometries.
For one of the protrusion geometries, data was also obtainad for a four-
way intersection, a four-way interesection with a cross street between
the source street and receiver and for the second cross street. The

model scale used was 1:32.

The noise source used in the model experiments was specially
designed to be used in studies in which the source is very near the
ground. The source consists of an air jet impinging a surface of
multiple cavities of various diameter. The source is contained in a
canister approximately 1" in diameter and 2" in length. The source is
pictured in Figure 3.10. It was designed to have a relatively flat
spectrum with sufficient power to be useful up to the modeling frequency
bands of 31.5 and 63 kHz corresponding to those important in urban noise
propagation. High source level is necessary to overcome air absorption
effects and microphone limitations at these high frequencies. The
narrow band sound level spectrum of the source at 2 ft is presented in
Figure 3.11. The corresponding octave band levels are given along with
source directivity in the plane perpendicular to the canister axis in
Figure 3.12(a). Source directivity in the plane through the axis is given
in Figure 3.12(b). The air pressure supplied to the source was at 90 psig.
As flow is choked in the jet nozzle [24], the volume flow rate of the
source is 0.8 ft3/min for air at 90 psig and 72°F.
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Air Jet Noise Source

FIGURE 3.10
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The instrumentation cﬁain used in these steady state model
experiments is presented in Figure 3.13. The transducer used was a
1/4" B&K condensor microphone chosen for its sensitivity of -48.4 dB/volt.
This sensitivity is 12.9 dB higher than a 1/8" B&K microphone and 45.1 dB
higher than a 1/10" BBN microphone. However, to obtain sensitivity,
directivity must be compromised. The measured microphone directivity is
given in Figure 3.74. In order to minimize effects of directivity on
the experiment, the microphone was oriented with its axis perpendicular
to the plane of propagation. The effect that this orientation has on
the source spectrum is shown in Figure 3.171(b). It will be noted from
this figure that there is a superimposed high frequency roll-off, but
that the source-microphone combination still produces a broad band
spectrum. Motion of the source was provided with a small cart running
on an I-beam suspended over the source and street. The cart was pulled
by an electric motor and long bicycle chain. The motion of the cart
was used to trigger instantaneous sound level sampling at 3" intervals
along the beam. Triggering was accomplished with a contact switch on

the cart. The cart, beam, source and switch are pictured in Figure 3.15.

The geometry of the street configurations tested in the experi-
ment is presented in Figure 3.16. Also indicated in this figure are the
source and receiver locations. The geometries of the vertical protrusions
used to simulate facade structures are detailed in Figure 3.17. The
experiments consisted of moving the source along the source street and

monitoring the sound level at the different receiver points.
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Instantaneous sound level was recorded in the computer for each of 51
sample points spaced 3" apart. Thus a digitized time history of sound
level was produced at each receiver point for the 8, 16 and 31.5 kHz.
octave bands. In order to minimize ground reflection éffects, source .
and microphone positions were as near to the floor as p}actical. The
source was propelled along the source street centerline at a height of
1/4" from the concrete floor. The microphone was suspended from the
building tops to a height of 1" from thefloor, thus producing a vertical
orientation of its axis. A photograph showing the source and microphone
orientations as well as the street configuration is presented in

Figure 3.18. During the experiments, the channel was isolated from the
reverberant field of the test room with open cell foam backed with card-
board. This arrangement provided both an anechoic “sky" above the
channel and transmission loss for sound from the reverberant field
entering the channel. Using this isolation, background levels in the
street channel were determined by blocking the entrance to the receiver
street with 3" of fiberglass. Background level was found to be almost
independent of source and receiver position. Since the distant source
and receiver positions were most sensitive to background noise, these
extreme positions were used for the measurement. The background level was

then corrected for when necessary by the computer.

Some of the data obtained for the smooth wall tee intersection
is presented in Figure 3.19. The data shown corresponds to the sound level
received at the microphone for the three indicated positions as the source
passed through the intersection. Also plotted with the data are specular
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imaging values calculated for each of the source and receiver locations.
Because of the high amount of air absorption at the modeling frequencies,
the imaging values are corrected for air absorption directly in the com-
puter simulation. The correction factors used were .028 dB/ft, .102 dB/ft
and .315 dB/ft for the 8, 16 and 31.5 kHz octave bands, respectively.
These factors were obtained from the theoretical work of Evans, Bass and
Sutherland [25]. Comparison of the model and imaging results in

Figure 3.19 indicate generally good agreement between theory and experi-
ment. While the source is in the intersection, the difference between
the results is at most 1 dB for all cases. Correspondence when the source
is around the corner from the receiver is not quite so consistent. For
all three receiver positions, the model and theoretical results show dif-
ferences on the order of 1 dB or less for the 31.5 kHz octave band.

For the 16 kHz band, the model data tends to be slightly higher than the
theoretical results up to a maximum difference of 2 dB. The 8 kHz band
data displays a similar tendency with a maximum difference of about 4 dB
at the receiver position furthest from the intersection. Due to the fre-
quency dependence of the variation between model and imaging results,

the good agreement achieved for the source in the intersection, and the
lack of sensitivity of the 8 kHz octave band to air absorption, it is
concluded that the differences observed are due primarily to diffraction
around the corner. Such a conclusion is also quite consistent with the
quite good correspondence seen for the 31.5 kHz band for which contri-
bution from diffraction will be considerably less than 8 kHz, approxi-

mately 4 dB less for Fresnel numbers between 0 and 1.0 [20].

- 75 -



The sound levels measured for each source pass-by can be
Togarithmically summed to give a level which corresponds to having a line
source in the source street. For each frequency band, the decay of this
Tine source level can be plotted versus distance using the values at
each receiver position. Data presented in this manner for the smooth
wall tee intersection is given in Figure 3.20. Also indicated in this
figure are similar results obtained with imaging theory. Again there is
evidence of diffraction as the model values exceed the imaging values by
about 2 dB for positions furthest from the source in the 8 kHz octave
band. The values for 16 and 31.5 kHz octave bands, however, correspond
extremely well with differences less than 1 dB. It will be noted that
near the source, the model data is slightly Tower than the imaging values.
For the imaging values, ground reflection was accounted for by pressure
addition of direct and reflected signals. This adds 6 dB to the level
obtained with no ground reflecting surface. Basically, this assumption
requires that the path length difference between the direct and ground
reflected paths be less than 1/4 wavelength. Near the source, this
criterion is not met by the 31.5 kHz band and thus the model shows some-
thing less than the additional 6 dB from ground reflection. Ground re-

flection will be discussed in more detail in a succeeding section.

For comparison to the smooth wall results, some of the tee
intersection pass-by data obtained with periodic rectangular protrusions
on the model is presented in Figure 3.21. It should be noted that con-
sidering the substantial changes in protrusion geometry for the three
types considered, there is remarkably 1ittle variation in the sound
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level produced in the street. This result was found to hold for all re-
ceiver positions and all three octave bands. Typically the differences
observed are a maximum of 2 to 3 dB with much smaller differences when
the source is in the intersection. In comparing the smooth wall data to
that with the protrusions, substantial differences are observed. Near
the source, the smooth wall values are slightly higher, a maximum of 1 dB
for the source in the intersection, and about 3 to 7 dB higher for the
source around the corner. For farther distances from the source street,
differences become even more pronounced. At ten street widths from the
source path, the smooth wall level exceeds the level for protrusions by

3 to 6 dB when the source is in the intersection and by about 10 to 12 dB

when it is around the corner. More data from the model experiment will

be presented in Section IV.

For further comparison, line source levels for the model with
periodic protrusions have also been determined. These are presented in
Figure 3.22 along with the smooth wall results. Again, it will be noted
that the levels produced with the smooth walls are substantially higher.

For distances away from the source, this difference is typically 8 to

9 dB for all frequencies.

Comparison can also be made between the model results for
both smooth walls and walls with protrusions to the data obtained in the
field experiment. For this comparison model data obtained at three

street widths from the source line for the 8 kHz octave band is used.
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Eight kilohertz was chosen in order that air absorption effects be
minimal. The field data are the frequency averaged attenuation of
Figure 3.8. The comparison of the various data is presented in

Figure 3.23. Using the attenuation for the source at the intersection
centerline for normalization, the smooth wall results tend to be higher
than the field data. When the source is near the intersection, dif-
ferences between the two results are slight. Further from the inter-
section, the difference reaches to about 2 to 3 dB. For the field data
point furthest from the intersection, although there is no model data
for this point, there is an indication that the difference may be quite
substantial, 7 dB or more. The results for the simulated facade model
compare more favorable to the field data. Also, for the distant point
where no model data is reported, there appears to be a much improved

possibility of matching the field data.

3.2.3 Summary

In summarizing the field and model data, there are several con-
clusions which may be drawn. Specular imaging theory was found to pro-
duce results which agree quite well with smooth wall model data. It was
further found, however, that the smooth wall data, and thus specular
imaging theory does not correspond well to field data for street propa-
gation. Diffraction effects were observed in the model data which in-
creased sound levels thus not alleviating the discrepancy between

specular imaging and actual street propagation.
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It was also found from the model study that the addition of
periodic, rectangular protrusions to the channel surfaces, simulating
building facade structure, substantially decreased the measured sound
levels. Further it was shown that the model results with protrusions
compared quite well to those measured in the field study. It is, there-
fore, concluded that in order to analytically model sound propagation in
urban areas, scattering produced by rectangular irregularities in build-

ing surfaces must be considered.

3.3 First Order Approximation to Surface Scattering

3.3.1 The First Order Model

In order to develop an analytical model of the reflection of
sound from a surface of periodic, rectangular protrusions, it is con-
venient to conceptually separate the specular or “mirror-image" component
of reflection from the scattered component. Since energy goes into the
scattered component, the specular portion is reduced relative to what
would be expected for smooth wall reflection. If the scattered field
produced by reflection is small compared to the specular, then to first
order the total field can be approximated by the specular component alone
if the energy of this component is reduced owing to the scattered loss.
The concept of added energy loss for the specular component is quite
compatible with the increased attenuations observed in the model experi-
ments due to periodic protrusions. Incorporation of this first order

model into specular imaging theory can be made simpley by decreasing the
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wall reflection ratio to an empirically determined value.

To utilize this first order scattering approximation for
channel propagation, the appropriate value of reflection ratio was
empirically determined. This was accomplished by varying the reflection
ratio until a good match was produced between the imaging theory re-
sults and model data with the periodic protrusions. The reflection
ratio value was determined to be .65. This reflection ratio corresponds
to an effective wall absorption coefficient of .35. Simulation of the
model data using R equal to .65 is presented in Figure 3.24. For the
two source locations indicated, good correspondence was achieved with
the imaging simulation. It should be noted that for these two positions,

the source is in or near the intersection.
3.3.2 Comparison of First Order Model and Experimental Results

Using this first order approximation, 1ine source levels can
be calculated corresponding to those obtained for the simulated facade
model. A comparison of these two sets of results is made in Figure 3.25
for the tee, four-way and multiple four-way intersections. Of the
three street configurations, the best correspondence between experi-
mental and theoretical values was obtained for tee intersection shown
in Figure 3.25(a). In this case, the imaging values fall within the
model data for the 16 and 31.5 kHz octave bands. For 8 kHz band, the
imaging values are 1 to 2.5 dB lower than the experimental. This con-

sistent variation could be due to either diffraction effects or to

- 86 -



Relatijve Sound Level in dB

SOURCE

SOURCE
LOCATION LOCATION
° N
AR ) \:‘r 1
RECEIVER
POSITION
75 AW
SOURCE
LOCATION
70 A
0 O G=.908
0
A
A
Py
A
P\
€0
— INAGING VALUES WITH
ADDED ABSORTION, o< & .35
A O ACOUSTICAL MODEL DATA
WITH PROTRUSIONS
55 SOURCE
LOCATION
)
o=L3D8
| o L] | ||
3 s 5 6 7 8 9 10 M) 20 25

Distance From Point Source in Receiver Street Widths

FIGURE 3.24: Simulation of Scattering with Increased Wall
Absorption

- 87 -



28 8 KHZ
8 ,
120 8
* A
8
s % A
8 4
- Rar
SYMBOLS: . ﬁ A
0 A OMODEL DATA WITH . 0
- PROTRUSIONS
1o (REF. F16.3.7) .
e © IMAGING RESULTS
[ O O
20 30 50 70 100 500

e 16 KHZ

aof ———¢-

Y
R

e

1o

Sound Pressure Level in dB re .0002 p Bars

108 | g

100

| BN L1
100 200 300

20 30 80 T0
Distance From Line of Sources in Inches

FIGURE 3.25a: Acoustical Model and Added Absorption, Specular
Imaging Line Source Levels-Tee Intersection

- 88 -



120

1o e

Sound Pressure Level in dB re .000? 1 Bars

108
SYMBOLS: A
00— 0O O A MODEL DATA WITH é
PROTRUSIONS
¢ |IMAGING RESULTS a
93
I N N

20 30 80 70 100 200 300
Distance From Line of Sources in Inches

FIGURE 3.25a: Acoustical #odel and Added Absorption Specular
Imaging Line Source Levels - Tee Intersection

-89 -



frequency dependence in the scattering processes. The line source re-
sults for the two four-way configurations is presented in Figure 3.25(b).
For the intersection without a cross street, the imaging values are seen
to be consistently Tower than the experimental. These differences extend
from near 0 to a maximum of 2.5 dB for the 16 kHz and 31.5 kHz bands,

and 3.5 dB for the 8 kHz band. Similar behavior is apparent for the
intersection with a cross street. In this case, however, the maximum

differences in the 16 kHz and 31.5 kHz band is only about 1.5 dB.

With the first order scattering approximation, imaging re-
sults corresponding to the pass-by data taken with the facaded model
can also be compared. In Figure 3.26, imaging values and model data in
the 16 kHz band at three receiver positions for a tee intersection are
presented. It will be observed that when the source is in the inter-
section, there is good agreement between the two results for all dis-
tances. However, as the source moves out of the intersection, the
imaging values become increasingly lower than the experimental values.
This difference reaches as much as 1 to 5 dB for 1.5 street widths,

3 to 8 dB for 4.5, and 8 to 13 dB for 10.

Comparing imaging values using the first order approximation
to the field data indicates the same shortcomings as the above compari-
son to model data. The data from the field experiment is presented
again in Figure 3.27 along with the imaging results. As with the model
data, when the source is out of the intersection, imaging predicts levels

which are considerably lower than the experimental values. Difference
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between the values is as much as 6 to 7 dB.

The above comparison of field and model experimental results
with first order scattering imaging theory leads to several conclusions.
First, it was shown that although always slightly lower, the first order
approximation gives reasonable agreement with the experimental line
source levels of the model. As might be expected from the nature of the
approximation, it was also shown that this first order model is in-
adequate in predicting levels when the source is around a corner from
the receiver. There is, however, good correspondence when the source is
in the intersection, which is an improvement over the original specular
imaging theory. Further, it is apparent that underestimation of 1ine
source levels is due to the inadequacy of the approximation when the
source is around the corner. Due to the Timitations of this scattering
model, it is necessary to obtain a better approximation to the scattered

field produced in a street channel.

3.4 Second Order Approximation to Surface Scattering

In order to develop a more detailed analytical model of re-
flection from a surface with periodic, rectangular protrusions, it re-
mains convenient to conceptualize the reflection in terms of a specular
and a scattered component. As an improvement over the previous first
order approximation, the energy in the scattered component will now be
included in a "second order" approximation to scattered reflection.
Also, the requirement that the specular component be independent of

incidence angle will be dropped. For reverberant channel propagation,
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it must be remembered that scattered energy will be reflected thus
Creating specular-scattered energy and scattered producing scattered-
scattered energy. As an approximation to this very complicated field,
it will be assumed that energy which is multiply scattered is small com-
pared to that which is specularly multiply reflected and once scattered.

This assumption forms the basis of the second order approximation to

scattered reflection.

To apply the second order approximation to channel propa-
gation, separation of specular and scattered components is utilized.
The specular component is determined using specular imaging theory with
the addition of an angularly dependent reflection coefficient. The
scattered component is determined with a modified form of imaging
theory designed to evaluate surface scattering. Application of this
modified imaging technique to propagation around a corner is illustrated
in Figure 3.28. Using the constraints described in regard to specular
imaging, the image sources of Figure 3.28 are allowed to produce
scattering in the receiver street by reflecting from the far receiver
street wall and image walls seen through this wall. The scattering
Produced is then observed by the receiver and its images. To account
for scattering in the source street, the image receivers "look" back
into the source street to observe scattering in the actual street as
well as its images. The constraints on the influence of the image re-

ceivers are identical to those on image sources influencing the re-

ceiver street.
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Before the second order approximation can actually be used,
several parameters of scattered reflection must be determined. One
dependence which must be determined is that of specular component re-
flection ratio on incident angle. Also, the angular dependence of the
scattered component must be determined. In addition to angular de-
pendence relationships between the reflection components and the
geometry of the surface protrusions must be obtained. Finally, the

dependence of all the above aspects on frequency expressed in octave

bands must be established.
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IV. SCATTERED REFLECTION FROM PERIODIC, RECTANGULAR SURFACE IRREGULARITIES

4.1 Statement of the Urban Scattering Problem

The specific details of the scattering problem to be considered
are dictated by the noise sources found in urban areas and by the
physical characteristics of urban architecture. As discussed in
Section 3.1, rectangular irregularities in building surfaces are created
by such features as recessed windows and doorways and by decorative
facade structures. Facade structures typically consist of ledges and
protrusions which usually accent or create the window recesses. Recesses
appear on buildings in a variety of depths ranging from a few inches to
one or two feet. Protrusions in building surfaces also fall within this
range of depth. The width of the recesses or spacing between protrusions
also has considerable variation ranging to a few feet to over ten feet.
Typically protrusions (and recesses) are periodic in the building sur-

face.

For the purposes of this study, protrusions and recesses will only
be considered as occurring perpendicular to the plane of sound propagation.
This simplifying assumption is made for several reasons. Protrusions
in building surfaces extend either horizontally or vertically. Noise
sources and listeners are often located such that propagation between
them is in a nearly horizontal plane. Thus, it is more likely that vertical
protrusions will have the greatest influence on propagation. Further, a

common characteristic of building surfaces is that vertical protrusions
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are the dominant feature of the surface as indicated in the photographs
of Figure 3.1. Aside from the physical aspeets, the vertical protrusion
assumption is attractive for the practical reason of making the

scattering problem two dimensional. This is desirable in order to keep

the variables of the problem at a workable number.

The noise sources in urban areas determine the frequency range of
interest in the scattering problem. One noise source of particular
interest in cities is automobile, bus, and truck traffic. For these
sources, the sound level spectra produced are such that when A-weighted
the octave bands of importance are 250, 500, 1000 and 2000 Hz. Other
sources such as industrial plants, rail systems and V/STOL aircraft also
display spectra which when A-weighted have major contribution in these
four octave bands [7,19]. It should be noted that these four frequency
bands correspond to wavelengths which are on the order of the dimensions
of the irregularities in the building surfaces. It is for this particular

case that the assessment of surface scattering is most difficult.

4.2 Previous Studies Applicable to the Urban Scattering Problem

Although the problem of scattering from rough surfaces has re-
ceived considerable attention in current literature, most of the work has
dealt with randomly rough or sinusoidually varying surfaces. One ex-
ception to this trend is the theoretical study reported by Deringin {14]
dealing with plane tranverse-polarized wave reflection from a rectangular

comb.  Examination of the geometry of this problem as presented in
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Figure 4.1 indicates its similarity to the urban sound scattering problem.
The boundary condition applied in this problem is that the comb be
ideally conducting. A conducting surface produces a boundary condition

on the magnetic field of:

oH _
=0

where H is the wave amplitude in the magnetic field and n is the normal
direction at the surface. The amplitude H satisfies the two-dimensional
wave equation. Recalling the boundary condition on the pressure field

at a rigid surface,

P _

i
it is seen that there is a direct analogy between the magnetic field and
the pressure field. With this analogy and the similarity of geometry,

Deringin's results can be applied directly to the urban scattering

problem.

In solving the magnetic wave equation by matching boundary
conditions, Deringin's work provides some insight into the behavior of
the scattered field. Referring to the geometry of Figure 4.1, it was

determined that purely "mirror" (specular) reflection occurs if
1 +sin ¢ < A/22.

This requires that A be greater than at least 22 for totally specular
reflection. Physically, this statement corresponds to having less than one
step in the surface height per acoustic wavelength. This

condition is very seldom met in urban propagation where 2%
- 102 -



INCIDENT
PLANE WAVE

~

— @- INCIDENT ANGLE

o 1
/717 //// 7777 //// /////////////,?////%

20—

2| ——

FIGURE 4.1: Geometry of Scattered Reflection from Periodic
Rectangular Surface Irregularities

- 103 -



is typically four to ten feet and the acoustic wavelengths of

importance are from four to five feet. Deringin also found that

spectral content of the scattered wave was determined solely by the para-
meters A/2% and sin¢. It was further found that scattered waves occur

at discrete angles, a result typical of Rayleigh method solutions.

These discrete angles, $,> are given by
. _ s A
sing, = sing + n (57)

where n can be any positive or negative integer. For the urban case,
A/2% is typically small, considerably less than 1, thus many scattering
angles are present. Another result discussed in the paper is the 1/4
wavelength resonance phenomenon. Resonance in this case refers %o a

minimum in the energy reflected by the surface . This resonance occurs

for normal incidence when
h = x/4

For non-normal incidence, it occurs when
h = cos¢ - (r/4).

Although Deringin outlines the method of solution of the scatter-
ing problem in general, he solves it only for a specialized, simplified
case. The case considered is that of normal incidence and 2i/1 < 2. For
urban propagation, this solution is not applicable as normal incidence is
too restrictive and typically 22/x > 2. Further, although the method of

solution outlined is applicable, obtaining an exact solution for the urban
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case is impractical. This is due to the fact that for 2¢/x > 2 and
non-normal incidence, the number of terms corresponding to the discrete
scattering angles becomes quite large. As the exact solution requires
solving an infinite set of equations for each term, this method

quickly becomes impractical for solving the urban scattering.

In a recent study, Wagner [15] also considers reflection from a
surface with periodic rectangular protrusions. The solutions detailed in
the study are for the low and high frequency limits. The low limit
corresponds to the case where acoustic wavelengths are much greater than
protrusion height. The high frequency 1imit corresponds to wavelengths
much smaller than any of the dimensions of the problem thus allowing an
optical or ray theory approximation. Owing to the reasons discussed
above in regard to Deringin's paper, no solution is obtained for the urban

case of wavelengths on the order of irregularity dimension.

4.3 Experimental Investigation of Scattered Reflection

In order to gain some understanding of the reflection process
for a surface of periodic, rectangular protrusions, a model study was
conducted. In addition to providing qualitative insight concerning
scattering, the experiments were designed to determine the region of the
surface active in scattering and to yield some information on the
angular dependence of the scattered field. In order to minimize air
absorption effects and yet to readily allow variation of surface para-

meters, a model scale of 1:8 was chosen.
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The noise source used in studying scattered reflection was an
electrical spark discharge. Verification of the suitability of sparks
as sound sources has been made in detailed study conducted by
Klinkowstein [26]. This type of source has also been used in a number
of previous model studies [5, 7, 15, 21, 22]. There are several
features of this type of source that make it quite desirable for use in
model studies. One such feature is the high acoustic energy level pro-
duced by a spark. This is necessary to overcome air absorption and
instrumentation limitations at typical modeling frequencies. Another
feature of the spark source is its broad-band energy spectrum. The
relative 1/3 octave band spectrum of the source used in this experiment
is given in Figure 4.2. From this figure, it is seen that there is
sufficient energy from 1.6 kHz to well above 31.5 kHz. A third de-
sirable feature of the spark source is its lack of directivity. This
property was verified for the particular source used in this study for
the three planes indicated in Figure 4.3. The standard deviation of the
level measured in 15° increments from the angular average is also pre-
sented for each plane in Figure 4.3. The technique used for the

directivity measurements is discussed in Section 4.5.

The experimental instrumentation chain is presented in Figure 4.4,
The settings of the various instruments are also indicated in this figure.
The output from the instrumentation was plots of band-passed pressure
versus time. The transient recorder was triggered by the signal itself

with the recorder in a pretrigger record mode. This yielded both the
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FIGURE 4.3: Electrical Spark Source Directivity
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arrival of the direct pulse and the subsequent and scattered energy.

The periodic, rectangularly irregular surfaces tested were
constructed by placing four foot long slats transversely on two adjacent
plywood sheets. The sheets were oriented to a total surface of
4 x 16 ft. The plywood was placed directly on the concrete laboratory
floor. The three sizes of slat used were 1" x 1 1/2", 1 1/2" x 1 1/2"
and 1 3/8" x 2 1/2". The slats had been planed to assure square corners.
A total of four surfaces were tested, one for each of the three types
of slats spaced to a period of 7 1/2" and one with 1 3/8" x 2 1/2" slats
at a period of 16". The rectangular slats were placed with the longer
dimension on the surface. For each of the four surfaces, the reflection
was separated into forward and backscattering geometries. The con-

figurations used to achieve this are indicated in Figure 4.5,

4.3.1 Forward Scattering Experiments

For the forward scattering configuration, a detailed investi-
gation of the surface with 1 3/8" x 2 1/2" protrusions in a 16"
period was made. Slats were systematically added to the plywood surface
in order that the contribution of each could be determined. One in-
teresting phenomenon observed in experiment was the degradation of the
specularly reflected pulse. A sequence indicating this is shown in
Figure 4.6 along with the corresponding geometry. Breifly, it is seen
that the presence of one protrusion on either side of the specular
reflection point produces an almost identical phase cancellation effect
which s1ightly reduces the specular magnitude. If, however, both pro-

trustions are present, the phase cancelling effects of the two pro-
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FIGURE 4.6: Degradation of the Specular Component
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trusions produce a reduction in the specular magnitude which is sub-
stantially greater than for either acting alone. It should be noted that
this reduction in specular magnitude is precisely that effect modeled

in the first approximation to scattered reflection. By removal and
addition of the slats, the contribution of each was determined for the
rest of the surface. Within about 2 milliseconds after the direct
pulse, all the energy which is directly attributable to individual slats
has arrived at the receiver. However, examination of the time history
of this reflection in Figure 4.7 reveals that snergy is still being
radiated from the surface after 2 milliseconds. By measurement of path
length this was determined to be due to multiple reflection within the
cavity formed by two slats. A schematic diagram of this phenomenon is
also given in Figure4.7. The influence of pairs of slats is indicated

in the time history of reflection.

Forwarding scattering experiments for other source-receiver
geometries and other surfaces, yielded time histories similar to that of
Figure 4.7. A1l the cases displayed a reduction of the specular com-
ponent, the presence of scattered energy, and multiple cavity reflections.
The exact details of each of the time histories were, however, found to
be sensitive to individual surface geometries, incidence angle, and the
placement of the source and receiver relative to the protrusions. Al-
though this variation was present, it was not possiole to formulate
specific conclusions regarding pressure signal and parameter variation.

Three additional examples of pressure time histories obtained for
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1.1/2" x 1 1/2" protrusions are presented in Figure 4.8 for different
specular reflection angles. In this figure, the pressure signal without

protrusions is also presented in order that their effect can be studied.

4.3.2 Backscattering Experiments

The resultant pressure time histories for two of the surfaces
studied in the backscattering experiments are presented in Figure 4.9,
As for the forward scattering results, the pressure signal with no pro-
trusions is also presented so that scattered contributions can be
readily identified. The direct and specular components are indicated,
but due to the averaging introduced by the plotter in its time sweep
mode, their magnitude is severely reduced. It will be noted from the
figure that the time in which scattered energy can be observed is

limited by reflections from the test room walls.

As in the forward scatter case, the results from the back-
scatter experiments indicate variation for different configurations,
but maintain a basic similarity. Al1 the surfaces indicated that
scattered energy was produced by a large segment of the surface.
Further, angular dependence was indicated as the magnitude of the
scattered energy from different protrusions varied more than can be
attributed by path length divergence differences. As would be expected,
the separation in time of the arrival of scattered energy was directly

related to the physical separation of the protrusions.

4.3.3 Summary

To summarize the results of these experiments, several
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qualitative conclusions can be drawn. Degradation of the specular com-
ponent of reflection was found to occur which corresponds to an added
absorption effect created by periodic protrusions. It was determined that
a large portion of the surface played an active role in the reflection
process and that scattered energy appeared from even the most distant
protrusions. Angular dependence was also observed, but could not be
quantitatively assessed in this experiment. Although some variation was

observed for the surfaces studied, it was slight.

In terms of the two scattered reflection approximation
theories described in Sections 3.3 and 3.4, the above conclusions are
significant. The observation of the degradation of the specular com-
ponent implies that there is physical basis for the first order approxi-
mation. The observation of appreciable scattered energy, however,
indicates the limitations of a theory which only accounts for added
absorption. By considering the pulse magnitudes it may be further con-
cluded that when both the direct and specularly reflected pulses are
present, the total scattered energy is relatively unimportant. When
the direct pulse is not present and when the specular component has been
reflected several times, these same relative magnitudes indicate that
the second order approximation to scattering is necessary to adequately

estimate the total sound level at a point.

A further conclusion which can be drawn from the backscatter
experiments is that detailed quantitative measurements of the scattered

field cannot be accurately made. This is due to the relatively small
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amount of scattered energy produced by one protrusion for any one re-
ceiver point. Because of this limitation, the properties of the scat-
tered field must be inferred from measurements which can be made. The
measurement needed for determination of these properties is that of the
energy from the surface specularly returned. If it is assumed that all
energy which is not specularly returned goes into the scattered field
or is absorbed at the surface, the properties can be readily deter-
mined. With the Tow absorption coefficients typical of building

material, as an approximation, the absorbed energy can be ignored.

4.4 Reflected Energy Analysis

In order to estimate the effects of the geometric para-
meters on reflection from periodically irregular surfaces, a simplified
reflection model was developed. The feature of irregular surfaces which
was desired to be model was that of shadowing by protrusions. Because
of this effect, portions of the surface are not directly illuminated by
incident energy. If a high frequency or optical 1imit is assumed, the
amount of energy which could be ideally, specularly returned by a cycle
of the surface can be geometrically determined. Since the surface is
periodic and if only incident plane waves are considered, the fraction
of energy returned by one cycle is identical to that for the entire
surface. The assumption of an optical limit ignores phase cancellation
and addition effects and diffraction around the protrusions. The former
assumption can be approximately met by considering a large band of fre-

quency sufficient wide to average these effects. The reflection is then
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assumed to be an energy addition process. For frequency bands in which
the wavelength is considerably less than the protrusion height, dif-
fraction effects will be minimal. Since these conditions are nearly
met by the urban noise scattering problem, for those octave bands above
the band with the A/4 resonance, some correspondence may be expected for

those cases.

The expression found for the fraction of reflected energy is
presented in Figure 4.10(a) along with the geometry used to obtain it.
There are several interesting aspects of this expression. First, it
should be noted that there 1is no dependence on the distance between
protrusions, the parameter "a". Further, there is an angle of
incidence, 0, such that further reduction produces no change in R,
the reflected energy. The geometry of this limitation is given in
Figure 4.10(b) along with the expressions for the angle of occurrence
and the minimum value of R. Examination of these expressions
indicates that Rmin is not a function of h, the step height, and that
emin is not a function of 2, the protrusion period parameter.

The calculated values for R can be used to study the surface
variables parametrically in plots of R as a function of grazing angle.
The effect of protrusion width is presented in Figure 4.11. From this
figure it is seen that for angles greater than Onin any particular value
of width yields the same value of R. The values of Rmin are seen to
increase with increasing step width and thus are all different. In

Figure 4.12 the dependence of R on protrusion height is displayed. This
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figure indicates that the functional relation between R and o is
different for each value of height until o is less than Omin® For any
one value of @, the value of R increases with decreasing step height.
The value of P however, decreases with decreasing step height. The
final dependence examined was that on protrusion spacing shown in
Figure 4.13. The behavior of this parameter displays characteristics
of both of the previous two dependencies. For values of o larger
than the largest Onin® R increases with increasing spacing. For

R

o . -
ain ecreases with in

values of @ smaller than the sma]]est,emin,
creasing spacing. For values of o in between these two, there is a

combination of these two behaviors.

4.5 Experimental Determination of Specular Reflection Ratio

4.5.1 Reflection Ratio Measurement

In order to adequately formulate a surface scattering model
to be used for urban noise propagation assessment, quantitative 1:8
model experiments were conducted similar to the qualitative experiments
discussed in Section 4.3. The experiments were designed to determine
the amount of energy from the surface specularly returned. The de-

pendence of the reflected energy on grazing anble and protrusion

geometry were also to be determined. The measured reflected energy when

properly averaged could also be compared to the results predicted by

reflected energy analysis.
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The instrumentation used to measure specularly reflected
energy is given in Figure 4.4. The instrumentation is identical to
that used for qualitative experiments except for the addition of a mini-
computer and teletype. The computer was used to take fast Fourier
transforms of the pressure signal. The energy spectra for the FFT were
expressed Togarithmically in octave bands. Octave bands centered at

2, 4, 8 and 16 kHz were used.

The procedure used in these experiments was developed to yield
data which could be processed into a surface average reflection ratio.
Data was taken by holding the source-receiver separation constant and
together moving them incrementally through one cycle of the surface.

The cycle or period of the surface was divided into from 5 to 10 incre-
ments depending on the size of the period. At each increment, the

direct pulse along and the specularly reflected pulse without the direct
were measured. A sampling time of 2 milliseconds was used on the transient
recorder in order to minimize the scattered contamination of the

specular energy, yet still provide adequate performance of the FFT in the
lowest frequency band. Breaking up of the direct and reflected energy
does produce some error particularly for near grazing incidence. How-
ever, due to the reduced energy in the reflected pulse relative to the
direct, this technique was preferable to subtracting direct pulse

energy from the total energy. In order to minimize the standard deviation
of the measurement at each increment point, ten sparks were averaged

in the computer for both the direct and specularly reflected pulses.
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This technique produced standard deviations from the experimental
average at each point of from .2 to .75 dB depending on the frequency.

This implies a standard deviation for the reflected energy ratios of

about .1 to .15.

The test configuration used was similar to that of the
qualitative, forward scattering experiments as illustrated in Figure
4.5(a). The spark noise source was kept at 1 1/2 ft from the surface
while the receiver height was varied to achieve different incidence
angles for the specular component. In this manner, data was obtained
for angles of 11.8, 20.6, 36.9, 51.3, 71.6 degrees where grazing
incidence is taken to be 0 degrees. The surface geometries examined
were chosen to include the range of parameters which are typically
displayed in urban architecture. The three parameters of protrusion
height, width and spacing were varied in order than any functional

dependences could be observed. The nine surfaces tested are detailed

in Figure 4.14.

The results from the experiment are expressed in the ratio
of energy specularly reflected from the surface to the incident energy.
Incident energy was determined from the direct pulse which was corrected
for divergence to correspond to the reflected path length. The ratios
were determined using the energy of the direct and ref]ecééd components,
The ratios obtained for each increment of a surface cycle were averaged
to produce the average reflected energy ratio. It should be noted that

over a given cycle considerable variation in the reflection ratio
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was observed.

4.5.2 Parameter Dependence of Reflection Ratio

Experimental results indicating the variation of average
reflection ratio with surface parameters are presented in Figures 4.15
to 4.17. For all plots, the grazing angle, 6, is a parameter. Re-
flection ratio as a function of protrusion height is plotted in
Figure 4.15 for the four experimental frequencies. It will be ob-
served that generally there is a reduction in reflection ratio with
increasing height. This is consistent with the observation made with
the reflected energy analysis of Section 4.4. The exception to this
occurs 1in the 2 kHz octave band where reflection ratio increases with
step height. This is apparently due to the A/4 resonance phenomenon
as A/4 is about 1 1/2" in this band which corresponds to the inter-
mediate protrusion height. As would be expected, as the height
increases, the resonance effect-decreases producing a higher value of
reflection ratio. The relationship between reflection ratio and pro-
trusion width is presented in Figure 4.16. This figure indicates that
there is generally little dependence of reflection ratio on pro-
trusion width. Intuitively, this result is anticipated. Because
steps in the surface are responsible for relative phase shifting, it
is expected that scattering is more strongly dependent on the number
of steps per wavelength rather than on the position of their

occurrence. This result was also predicted by the reflected energy
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analysis of Section 4.4. The final parameter dependence of protrusion
spacing is examined in Figure 4,17, The results for this parameter

indicate some, but not appreciable, variation in reflection ratio with
spacing. Also included in this figure are results calculated with re-
flected energy analysis. It will be observed that there is reasonable
agreement between these predicted results and the experimental for the

4 and 8 kHz octave bands.

Another method of considering the experimental results is to
plot reflection ratio as a function of grazing angle with the surface
variables as parameters. Such plots are presented in Figure 4.18 for each
of the three sets of surface variables and each frequency band, 2 through
16 kHz. From this figure it is seen the variation of reflection ratio
with grazing angle is the most pronounced and consistert of the four
possible parameters. Also included with these plots are corresponding
results calculated using reflected energy analysis. It will be observed
that there is generally good correspondence between the analysis results
and the measurements both in angular and parametric dependence. For
the 2 kHz band where A/4 resonance effects are present, there is, however,
only limited correspondence between the two sets of results. Considering
the extreme simplifications made in developing reflected energy analysis,
and remembering the experimental 10 to 15% standard deviation for the
measured ratios, there is remarkable agreement between the analysis and

the measured values if the 2 kHz is excluded.
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As noted in regard to Figure4.18, the most pronounced dependence
for surfaces typical of the urban problem is that of reflection ratio
with angle. This suggests the retention of angular dependence and the
exclusion of surface variable dependence for the development of a scattering
model widely applicable to urban propagation. By averaging the reflection
ratios over the nine surfaces investigated at each angle and frequency,
such exclusion of surface parameters was made. In performing this
average, it is important to consider the uncertainty introduced by the
simplification. In Table 1, the results of the surface average are pre-
sented along with the corresponding standard deviations for each angle
and frequency. The expected value of the reflection ratio is also
plotted versus incident angle in Figure 4.19. It should be noted that the
standard deviations of Table 1 typically ran from .1 to .15. This
deviation is the same as that due to measurement themselves implying an
uncertainty no greater than the experimental. From Figure 4.19, it will
be noted that reflection ratio surface averages are very nearly equal for
the 4, 8 and 16 kHz bands. These values fall within .1 of each other
everywhere except 71.6° at 16 kHz. Further, the 2 kHz band is also seen
to fall within this Timit except at 36.9° and 51.3°. The large deviation
at these angles in the 2 kHz band is probably due to the A/4 resonance
phenomenon. For this band, the protrusion depths vary from 1 to 2 1/2

inches and the quarter wavelength at this frequency is 1.69 inches.

With the noticeable lack of frequency dependence in the 4, 8 and

16 kHz bands for the surface average reflection ratios of Figure 4.19, an
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TABLE I

REFLECTION RATIO AVERAGED FOR ALL SURFACES

Octave Band Incidence Reflection Ratio Standard
Center Frequency Angle Expected Value Deviation
2 kHz 11.8° .37 .07

20.6° 44 12
36.9° .39 .13
51.3° .54 .16
71.6° .80 .32
4 kHz 11.8° .38 .13
20.6° .43 .08
36.9° .69 .15
51.3° .85 12
71.6° .87 .08
8 kHz 11.8° .33 .10
20.6° A2 1
36.9° .67 14
51.3° .80 2
71.6° 91 A2
16 kHz 11.8° .29 1
20.6° .34 .08
36.9° .70 .13
51.3° .81 1
71.6° .64 .06
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averaging over frequency for these bands was implied. To get an accurate
indication of the uncertainty involved, this averaging was performed
using the original ratios, averaged over a surface cycle. The result

of this average along with the corresponding standard deviations are
plotted in Figure 4.20. The uncertainty produced by this averaging is
seen to be approximately equal to that obtained for averaging over the
surfaces and for the actual measurements. Although averaging of the 4,
8 and 16 kHz bands produces a desirably small amount of uncertainty, the
2 kHz with its A/4 resonance must also be incorporated into an urban
scattering model. Inclusion of this band is necessary because for A-
weighted urban noise predictions, a band with a A/4 resonance will al-
ways be included unless protrusions are two feet or greater in height.
To include this resonant band, another frequency average was performed.
The result of this average is given in Figure 4.21. As indicated in the
figure, the uncertainty introduced by this average is slightly greater
than the previous three band frequency average. The standard deviations
for this case range from about .1 to .2. Although this increased un-
certainty is not desirable, this frequency average is preferable because
of its incorporation of the resonant frequency band.

4.6 A Model of Scattered Reflection

4.6.1 The Specular Component of Reflection
With the averaged experimental results of Figure 4.21, a model of

scattered reflection can now be formulated. As discussed in the last
section, the actual details of building surfaces are not an important
factor in assessing scattering. The dependence which must be included
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in a scattering model is that of reflected energy on incident angle.
Inclusion of this dependence requires that an approximate relationship
between reflection ratio and incident angle be assumed. With the amount
of uncertainty present in the averaged ratio, a number of approximations
could be chosen. In an attempt to best match the average values and yet
have a simple relationship, a two segment, Tinear approximation was
assumed. This approximation is indicated in Figure 4.21. The value of

reflection ratio as a function of incident angle is given by:

r(e) = .6245 ¢ + .2 0 <o < .9599

H
[0}

r(e) 6 > .9599
where 6 1is in radians. In making this approximation, behavior at the
extreme values of 0 and 90 degrees had to be assumed because of the
experimental difficulties in obtaining data. For the grazing incidence
case, the direct and specularly reflected pulse merge and can not be
experimentally separated. At normal incidence, either the source or
receiver is necessarily an obstacle in the propagation path. For the
behavior at 0 degrees, it was decided to extend the straight line implied
by the values at 11.8°, 20.6°, 36.9°, and 51.3°. Because of expected
net phase cancellation effects at normal incidence, the behavior of r
near 90° was assumed to be constant and less than 1.0.
4.6.2 The Scattered Component of Reflection

With an approximate expression formed between reflection ratio
and incident angle, the scattered reflection model can now be formulated.
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The geometry of scattered reflection is given in Figure 4.22. To develop
the model, first consider one ray incident on the surface. A portion of
the energy in this ray is reflected specularly while some is available
for scattering. For the purposes of the model, the specular component
will be ignored and considered separately. The scattered component is
assumed to lie totally in the plane normal to the surface and containing
the source and receiver. The component does, however, diverge in three
dimensions on its path to the receiver. It should be noted that this
divergence is not as if a source were located two-dimensionally on the
surface, but»rather is the total divergence along the path from the point
source to the receiver. The amplitude of the energy available for
scattering is given by the fraction of initial energy which is not
specularly reflected, but is 1-r(e). Because the available energy can

be scattered into r directions, the energy at the receiver point is
further reduced by a factor of 1/w2. Finally, since the angular
dependence of the scattered energy may not be constant, a weighting
factor dependent on the scattering angle is necessary. Using the

notation of Figure 4.22, the expression for the scattered energy due to

one ray incident on the surface is

2 _ A_Zm-r(e)lg(s)

P
R/X 2
T (dD+dS)

where S(g) is the scattered energy angular dependence factor. To
determine the scattered energy due to a region of the surface, the above
expression is integrated between the Timits of the region. As the above
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expression is considerably complicated by the divergence term,

1/(dD+dS)2, integration must be done numerically.

A remaining question for the scattering model is the angular
dependence of the scattered energy. Owing to the small amount of energy
in the scattered component at any given angle, this dependence can not
be determined experimentally. An expression for the angular dependence
can be obtained, however, by application of the principle of
reciprocity [17]. Briefly, this principle states that the measured
pressure will remain constant upon exchange of the source and receiver
positions. Applying this to the scattering medel, the requirement be-

comes

[1-r(e)] S(8) = [1-r(e)] S(e)

using the notation of 4.22. This condition implies that the
functional form of S(B) is same as [1-r(e)]. Further, because S(g) is

a weighting factor over w radians, another condition on S(8) is

With these conditions, the expression for the scattered energy angular

dependence was determined to be

.2114 - .16528 0 <8 < .9599

S(g)
S(g)

.0528 8 > .9599
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where 8 1is in radians.

4.6.3 Application to Propagation in City Streets

The scattering model which has been developed can readily be
applied to street sound propagation. Application of the model is quite
similar to the techniques of specular imaging theory. Image sources and
receivers are used although the criterion for scattering becomes the
amount of building surface "seen" rather than the number of images.
Determination of the amount of surface contributing to the scattered
field is subject to the same geometric limitations imposed on determining
the influence of an image array. Once the portion of surface con-
tributing scattered energy is established, the geometry of Figure 58 is

then applicable.

As an application of the scattering model, propagation around
a corner at a four-way intersection is considered in Figure 4.23. 1In
Figure 4.23(a) scattering in the receiver street is examined. The extent
that each image source can influence the receiver street is the same as
for specular theory and is indicated in the figure. Energy from the
image source produces scattering on the receiver street walls and their
images. This scattered energy is observed by the actual receiver as
well as by its images. Thus, generally, sound can be multiply reflected
in source street, multiply reflected in the receiver street, scattered,
and then multiply reflected to the receiver. For each of these
reflections, the associated energy loss of reflection must be applied.
Scattering in the source street is indicated in Figure 4.23(b). This case
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is almost identical to the previous case except for a slight geometrical
and sequential reorientation. For this case, sound is multiply reflected
in the source street, scattered, multiply reflected further in the source
street, and thenmultiply reflected in the receiver street to the receiver.
As can be easily seen from both of these cases, the total scattered

ield becomes quite complicated and therefore computer solution is almost
mandatory. The results of the scattered field computation can be added
on an energy basis to corresponding values of the specular field to
produce the total sound field. The specular field is determined as

discussed in section 2.2 with exception of using the angularly dependent

reflection ratio.

4.7 Data Simulation Using the Scattering Model and Imaging Theory

4.7.1 Scattered Reflection from a Single Surface

In conjunction with the forward scattering measurements des-
cribed in section 4.5, backscatter measurements were taken for comparison
to results from the scattering model. The instrumentation used in these
measurements was the same as that for the reflection ratio measurements
as given in Figure 4.4, The energy scattered by a portion of a surface
containing periodic, rectangular protrusions was measured by first
measuring the direct pulse strength and then the amount of energy
received after arrival of the specularly reflected pulse. The geometry
used for this experiment is given in Figure 4.24. Three receiver positions
were used to give several different ranges of scattering angle. The

nine protrusion configurations described in section 4.5 were also used
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in this experiment. The levels obtained from the measurements were
averaged over the 2, 4, 8 and 16 kHz octave bands and

over the nine surface configurations. The levels were corrected for
background noise which was typically on the order of 10 dB below the
signal, and normalized to correspond to a free field source level of

80 dB at 3 ft. For the comparison, the experiment was simulated by com-
puter using the scattering model. The results of the experiment and the

simulation are presented below:

Experimental Scattering Model
Receiver Position Level in dB Level 1in dB
A 68.5 68.1
B 71.7 67.6
C 64.6 64.4

Agreement of the two sets of result is quite good except for
receiver position B. For this position, the experiment is about 4 dB
higher than predicted, while for the other two positions, levels are
within .5 dB. The experimental standard deviation is on the order of
1 dB. A partial explanation of the poor correspondence for receiver
position B may Tie in an observation about backscattering made by
Wagner [18] for the high frequency limit. It was observed that for this
optical limit, there is a preferred backscatter angle which corresponds
to intersection of the line determined by the source and receiver with
the surface. If such preferred scattering was present for the experi-
mental frequencies, it would only occur for position B. Although this

question is raised, it is not pursued as the agreement of the two sets
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of results is quite sufficient in terms of the total energy of the sound

field.
4.7.2 Simulation of Acoustical Model Data

Using the scattering model and specular imaging theory with
appropriate inclusion of air absorption attenuation, the pass-by data
reported in Section 3.2.2 for walls with protrusions was simulated with
computer programs. Comparison of the acoustical model and simulation
results for the tee intersection configuration are presented in
Figure 4.25. In this figure, values are given for the 8, 16 and 31.5 kHz
octave bands at the three receiver positions. These positions are
1.5, 4.5 and 10 street widths from the line of travel of the source.

For the receiver position closest to the source, the simulation values
consistently Tie within the range of the experimental values for all
three octave bands as illustrated in Figure 4.25(a). This agreement is
also maintained at the intermediate position as indicated in Figure 4.25(b),
except when the source is in or near the intersection. For the source
at these positions, the simulation values are slightly higher than
experimental with differences being less than 2 dB for all bands. At
the farthest receiver position, as for the previous positions,
simulation values fall within the range of the experimental when the
source is 1 to 2 street widths from the receiver street centerline.
When the source is in or near the intersection, the simulated values
tend to overpredict the experimental with a maximum difference of

about 3 dB at some points. These results are given in Figure 4.25(c).
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Comparison of simulated and experimental values for the four-
way intersection is afforded in Figure 4.26. For this case, only the
16 kHz band is presented for the nearest and farthest positions. All
three bands are reported for intermediate position. This was done be-
cause of the similarity in the comparison for the three bands. For
this street configuration, only one facade structure was tested. The
tendencies noted for the tee intersection are also seen for this con-
figuration although the differences between the values at the more dis-
tant microphone positions are slightly more accentuated. These dif-
ferences are particularly apparent in Figures 4.26(b) and 4.26(c) where
the simulation values range from nearly equal to at most 4 dB higher
than the measured. Further, in Figure 4.26(b), it will be noted that for
the 8 and 31.5 kHz bands there is some underprediction by the simulated
values. This effect is small, however, ranging from 1 to 3 dB at most.
Also, it may be more apparent due to the lack of a range of values as
for the tee case. The overprediction by the simulated values seen in
Figures 4.26(b) and 4.26(c) is in part due to the finite size of the model.
Because of space limitations, extension of the receiver street was-not
possible. Thus, backscattering from surfaces beyond the receiver
position was reduced. This effect was enhanced for the farther receiver
positions as the finite termination of the street became closer. This
effect was only accounted for in the tee simulation and was found to
produce a lowering of the simulation values of about .5 dB. A similar

lowering can be expected for the four-way intersection simulation.
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Experimental and simulation results are compared for a four-
way intersection with a cross street in Figure 4.27. The results indicate
generally good agreement and display tendencies identical to the plain
four-way intersection. The maximum differences observed for this case
are also about 4 dB which occur at the farthest receiver position. Dis-

cussion regarding the previous case is also applicable to this.

The final comparison of simulated and experimental pass-by
values is made in Figure 4.28 for the cross street. These results indicate
good agreement between the theory and experiment with simulation values
being within 2 dB of the measured for all receiver positions and all

frequency bands.

The levels computed with imaging theory and the scattering
model for pass-by data simulation can be summed into line source levels
to be compared with the corresponding experimental levels. These levels
are compared in Figure 4.29 for the tee intersection, in Figure 4.30 for the
four-way intersection,in Figure 4.31 for the four-way intersection with a
cross street, and in Figure 4.32 for the cross street. As would be ex-
pected from the tendency of overprediction by the simulation values for
the source near the intersection, the theoretical line source levels
tend to be slightly higher than acoustical model levels. This difference
is greatest for those positions farthest from the 1ine of the sources.

[t should be noted the overprediction is greatest in the 16 kHz octave
band where the difference ranges from 2 to 4 dB. The range is less

for the other two bands, typically 0 to 2 dB. This difference of
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behavior for the 16 kHz band can be attributed to the A/4 resonance
phenomenon. The data reported in Figures 4.30 and 4.31 is for a pro-
trusion depth of .188 inches. A quarter of a wavelength at 16 kHz is
.211 inches. Thus resonance effects are expected to occur in this band
producing relatively lower levels than for the 8 and 31.5 kHz bands.

In comparing the simulation results to the model results for this band,
it should be recalled that the scattering model is band averaged and,
therefore, will not predict the details of the octave band containing
the 1/4 resonance. Even with this phenomenon, however, there is good

correspondence between the imaging with scattering values and the

acoustical model data.
4.7.3 Simulation of Field Data

The scattering model and imaging theory can also be applied
to the field data reported in Section 3.2.1. 1In Figure 4.33 the field
data is shown along with the corresponding results using the prediction
technique. From this figure, it will be noted that there is good
correspondence between the two sets of results. The theoretical
values fall within about 2 to 3 dB for all the field data points. As
attenuation due to air absorption is quite minimal for the frequencies

and distances of the field data, it was not included in the analytical

values.

With the comparisons given in Figures 4.25 through 4.33, it
can be concluded that imaging theory with the second order scattering

model provides a propagation model which is appropriate for urban
- 181 -
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sound propagation. With the use of this model, it has been shown that
sound Tevels can be predicted typically within at least 2 or 3 dB of

measured data.
4.7.4 Comparison of Scattering Models and Experimental Data

In order to compare the first and second order scattering
models in relation to field and acoustical model data, the results
given in Figures 3.23, 3.27 and 4.33 are combined in Figure 4.34.

This figure affords a direct comparison of field data, acoustical model
data and imaging utilizing the first and second order scattering
models. As the source power level was only known for the acoustical
model data, the figure was constructed by first simulating the model
data with the two imaging results. The model data was then matched

to the zero attenuation position of the field data. For propagation
around two corners, no corresponding acoustical model was taken.

For this case, the field data and the two imaging results are given.

For propagation from the single intersection, Figure 4.34
indicates a close correspondence bwtween the field data, the acoustical
model data and imaging with second order scattering. The imaging
values utilizing the first order scattering model are consistently
lower than the other three sets of values. This difference is a
maximum of about 5 to 6 dB for the more distant source positions. When
the source is in or near the intersection, the first order results are
within 1/2 to 1 dB of the other three values. In regard to both the

field and acoustical model data, this same behavior of the first order
- 184 -
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scattering model was noted in Section 3.3.2 and was responsible for

the development of the second order approximation.

For propagation from the second intersection, it will be
noted that the first order scattering results are again lower than the
second order results and the field data. The first order results are
quite similar in shape to those of the second order approximation
although they are aperoximately 4 to 5 dB lower. The imaging results
with second order scattering are also seen to agree well with the
field data for all but one point. For this particular source position,
the simulated result is about 2 dB higher than the data. A1l other

points are well within 1 dB of the field data.
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V. URBAN NOISE PROPAGATION PREDICTION

5.1 Application of the Propagation Models

With the verification of the second order scattering model
in Section 4.7, imaging with angularly dependent reflection ratio and
surface scattering can be used for more general propagation prediction.
The computer programs used for simulation of acoustical model data in
Section 4.7.2 were expanded for this purpose. The expansion included
decreasing source spacing to .1 receiver street widths from the original
.15. Decreased spacing provided better Tine source simulation from
the total array of source locations. Further, source positions up to
10 receiver street widths from the intersection center were added to the
original 3.75 street widths. Receiver positions up to 20 street widths
were also added for the street intersecting the source street. Two
receiver positions across the street width were averaged at each
receiver distance. For propagation into a second intersecting street,
positions up to 8 street widths were added. In addition to the original
four simulation programs, two new programs were developed. Programs
for straight channel propagation and propagation from an open inter-

section were added.

Although in principle the propagation model can be applied to
any urban geometry, only the cases arising from the common "grid
pattern" have been developed here. This choice was made in order to

limit the cases to a reasonable number and yet to obtain results
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applicable to most urban areas. The cases comprising the grid pattern
include propagation from a single intersection, propagation from one
intersection through another, and propagation into the street of the
second intersection. For the single intersection case, the variations
of four-way, tee, and open intersections were also included. A final
necessary case was propagation for sources located in the receiver
street. Utilizing all these cases, the sound level due to sources in

any given street in a region as pictured in Figure 5.1 can be deter-

mined.

In applying the predictions based on imaging theory to actual
streets and sources, one limitation must be realized. This limitation
is in regard to the energy addition assumption used in imaging theory
as discussed in Section 2.1. As will be discussed to a greater extent
in Section 5.3.1, the energy addition assumption breaks down if the
difference in length between the direct and reflected paths to the re-
ceiver is less than one wavelength. For channel propagation, this
Timitation is of concern when the receiver is sufficiently far from the
source that the difference in length between the direct and wall re-
flected paths is less than a wavelength. This limiting situation can be
readily formulated in terms of the street geometry. With the various
relative positions that the source and receiver can assume across the
street width, it is easiest to examine the average case of the source
and receiver lying on the centerline of the receiver street. This

situation is presented in Figure 5.2. Using the geometry of this
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figure, the difference in length for the direct and wall reflected paths

is

6D = (2x/(W/2)2 + (L/2)2) - L

where W 1is the street width and L 1is the distance between source
and receiver. Letting NSw equal the separation expressed in street

widths, this expression can be simplified to:

§D = Wx (/T + N%w - NSN)'

The factor in parenthesese was determined for values of separaticn from
2 to 50 street widths and is presented in Figure 5.2. The acoustic
wavelengths corresponding to the octave band center frequencies of
importance for urban noise are also given in this figure. As example
of application of this criterion, consider a street width of 75 feet.
Calculating the corresponding values of &D, it is found that imaging
theory predictions can be used up to 8 1/4 street widths for 250 Hz,

16 1/2 for 500 Hz and could be used beyond 20 street widths for both
the 1 kHz and 2 kHz bands. For A-weighted urban noise owing to the
significant contribution of the 500 Hz band, the imaging predictions
should not be amployed beyond about 16 street widths for this example.
For general application, this criterion should be checked before using
imaging results for prediction beyond 10 street widths. If the criterion

is violated, errors on the order of 3 to 6 dB should be expected.
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5.2 Prediction for Basic Source Types

5.2.1 Point Sources

Attenuation values obtained from computer programs employing
angularly dependent imaging and scattering can be applied directly to
predict point source sound levels. The computed values are expressed
in attenuation relative to the free field sound level of the source at
one receiver street width. The source level can be expressed in octave
bands for the range of 250 to 2000 Hz or in A-weighted sound level.

The geometry of the situation for which prediction is desired must be
converted to dimensions in ratios of the receiver street widths. The
corresponding attenuation can then be determined from the computed
values. This attenuation is then subtracted from the source level at
one receiver street width to obtain the predicted sound level. Cor-
rections for ground reflection and environmental conditions may also be

applied to this predicted sound level if necessary. These corrections

are described in Section 5.4.

An example of computer generated attenuation values for a
particular propagation case is presented in Figure 5.3. This figure
plots results for propagation from a four-way interesction with equal
source and receiver street widths. For this figure, relative
attenuation is plotted as a function of source distance from the re-

ceiver street centerline. The distance of the receiver from the source

street centerline is the parameter.
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In applying the computed values to propagation from a point
source, the assumptions made in determining these results must be con-
sidered. One such assumption is that the source is an ideal point
source, that is, omnidirectional and of no dimension. For traffic
noise sources, the omnidirectional assumption is quite commonly
employed [19]. Other sources must be examined individually. The
assumption of no dimensional extent is not met by actual sources. How-
ever, as most sources are typically considerably Tess than a street
width in extent, this condition is approximately satisfied. Another
assumption employed is that the geometry be "urban". As applied to
the propagation model, urban is taken to mean that buildings extend
in height at least one street width above the source position and that
buildings are spaced closely together. These conditions are necessary
to insure that the sound level measured at the receiver position is
due to propagation along the street channels. As will be indicated in
the Section 5.3.2, building spacing should be less than 1/4 of a
street width to produce no appreciable effect on the propagation. The
final assumption used in developing the propagation model is that
building walls display surface irregularities. As long as some

irregularity is present, the details of the surfaces may be ignored.

5.2.2 Line Sources and Traffic Flows

The point source attenuation values for any one receiver

position can be summed for all the source positions. This summation
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gives an effective line source attenuation level at the receiver
position. This attenuation corresponds to that which would be ob-
tained if a line source were located in the source street. For such a
source, the computed attenuation is used directly as was done for a
single point source. To apply the predicted attenuation for some par-
ticular geometry, the Tevel of the source measured at one street width
in a free field must be known. The attenuation value is subtracted
from this source level to determine the sound level at the receiver
point. The procedure gives only an approximation to the attenuation
produced by an infinite T1ine source. The approximation is quite good,
however, as largest contribution to the line source level occurs from
those segments of the source in or near the intersection. The
relative magnitude of the contribution is apparent from Figure 5.3.

It should be noted that for a line source in a free field measured at

one street width, that portion of the source beyond 10 street widths con-

tributes only an additional .3 dB to the level of the finite source.

The T1ine level source attenuation values can also be applied
to traffic flows. This is done by visualizing the curves of
attenuation versus source position given in Figure 5.3 as time
histories of single vehicle pass-bys. More accurately, the curves
correspond to position histories of pass-bys which are related to time
histories through the vehicle speed. If a particular vehicle speed
is assigned, the line source level corresponds directly to the

Equivalent Energy Level (LEQ) produced in the time of the single
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vehicle pass-by. By examination of the definition of LEQ’ it can be
further shown that the LEQ of the pass-by corresponds to the line
source level regardless of vehicle speed if the LEQ integration time

is the duration of the pass-by. Equivalent Energy Level is defined

as [26]:

t
- 2 oo 2
Lgg = 10 Togyg (f % PR dt/[P3(tpt )]0
4
where t1 and tz define the time interval of the LEQ’ Pﬁ is the mean

square A-weighted sound pressure, and PO is the reference pressure,
- -5 2
PO = 2x10 ¥ N/M2 |

For direct correspondence to the line source level, the integration
interval must be taken to be the time interval of the pass-by. This
time interval is equal to the distance of 20 street widths divided by
the vehicle speed. If the same time is kept, but now N vehicles are
allowed to pass-by in the time period, the LEQ can still be determined
from the line source level. As a specific example, consider N = 4.

The LEQ is then given as

(4) %2
Leg” = 10 Togy, {ft Pf\tdt/tpg(tz'tl)]}
1

EQ

where
P2 =p2 +p2 4+ p2 4 p2
A AL A AT A
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is the sum of the individual A-weighted mean square pressures. Each of
these pressure terms can be integrated separately and then summed. The
four terms separately correspond to the energy of the individual pass-

bys. If the average of the Pﬁ's is used, the LEQ becomes

4
L)

t
10 Tog {4f P2 dt/[P2 (t,-t) ]
£, Aav

or

(4) 2 5o 2
LEQ 6 + 10 log]0 { . PAAV dt/[Po (t2-t])}.
1
The effect of four pass-bys compared to one pass-by is thus to add 6 dB

to the single event LEQ'

The observations in regard to LEQ can be formalized into a
normalization scheme which accounts for traffic density. To develop
this scheme, the traffic flow is considered as a line source made from
many discrete point sources of acoustic power wi. To obtain an ex-
pression for the incremental intensity produced by a segment of the
source, consider an increment dx along the source. The power

per unit length of source is determined by the density of point sources

and is given by:

W(x) = —

where N 1is the number of sources in the length of one receiver

street width, R. The incremental intensity is then
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_ W(x) dx
4rr2

dI

where r s the straight Tine distance from the receiver to the in-
crement dx. Substituting (R+x) for r, expressing W(x) with its x

independent value, and integrating in x from -« to += yields the following

expression for the intensity

L. WiN

4R2

In this expression, the power wi of an individual point source can be

written in terms of pressure amplitude at one receiver street width, R

_ 4rP2R2
it e

vhere P2 is the corresponding pressure amplitude, and poc is the
characteristic impedance of air. This value of wi is then substituted

in the expression for I, and the intensity level taken to give
LI =10 10910 (mNPZ/pc IREF)'
This expression can be simplified to:

= 2
Ly =10 10910 T + 10 1°910N + 10 1og10(P /PﬁEF
2
+ 10 log (PREF/pc IREF)

For a free progressive wave, the sound level is related to the intensity
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Tevel by [27]

= 2 i
Ly = Ly - 10 Tog (PRee/oc Ipee).

The total sound level for the source is, therefore, given as

(1)

L, =5+ 10 ToggN + L

p
where Lé]) is the average free field sound level of the individual
sources at one receiver street width. The level Lp corresponds to the
sound Tevel produced by the line source made up of individual point

sources in a free field as measured at one receiver street width.

With the use of the appropriate line source attenuation from
the computed values, the LEQ of a traffic flow for a specified urban
geometry can now be determined. The LEQ is found by simply calculating
the total level, Lp, using the above equation and subtracting the
appropriate line source attenuation from it. If a traffic flow is
comprised of two vehicle types such as automobiles and trucks, the LEQ
of the flow is found by calculating the total Lp for each flow
separately, combining the two levels, and applying the appropriate
attenuation. Similarly, if flows from two different streets contribute
to the sound level at a receiver point, the LEQ for each can be deter-
mined separately using the corresponding attenuation values. The

total L., at the receiver is then the combination of the two individual LEQ'S.

EQ
In this manner, the total LEQ from any number of traffic flows each

with a mix of vehicle types can be calculated. As for point sources,
corrections to traffic floW'LEQ‘s and to line source sound levels may
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also be necessary for ground reflection and environmental conditions.

The assumptions made in developing line source attenuation

values are similar to those used in the point source case. A true

lTine is assumed to produce uniform power per unit length

and to be cylindrically homogeneous. For traffic flows, the individual
sources possess the same attributes of the point sources of Section 5.2.1.
The geometry of particular propagation cases is again assumed to be

urban. For the LEQ's of traffic flows, there is no requirement on
vehicular spacing. Further, the individual source need not have

equal acoustic power output as long as the average level of the sources

is used.

An example of line source attenuation is presented in

Figure 5.4, The intersection geometry applicable is that of a four-
way intersection with equal sources and receiver street widths, The

figure plots attenuation versus distance of the receiver from the line

source center.
5.3 Aspects of Urban Noise Propagation

5.3.1. Point Sources

There are numerous features of point source propagation in
urban areas which could be contrasted. To keep the number of com-
parisons to a reasonable limit, some of the more important features

for the six propagation cases are discussed in this section.
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The simplest case for which values were obtained is propa-
gation in a straight street with no intersection. For this case and only
this case, the values were obtained using the first order scattering
model. This scattering model was chosen because of the accurate
simulation it produces of the corresponding acoustical model data. The
point source attenuation values for this case are presented in Figure 5.5,
In this figure, attenuation relative to the free field source level at
one street width is plotted as a function of source distance from the
receiver. It will be noted that for those source positions very near
the receiver, within 1/4 street width, the level is shown to be con-
stant. This is done in order that the attenuation remain finite as
well as correspond more accurately to the approach of an actual,
finite source. Also displayed in this figure are the values for free
field attenuation for a point source. At distances from the receiver
of 3/4 street widths or less, the free field and channel attenuation
values are approximately equal. This is due to dominant influence of
the actual source relative to its images at these positions. As the
source recedes from the receiver, the two sets of values diverge.

The difference between the values corresponds to the reverberant build-
up produced by the channel. At four street widths separation, this
build-up is seen to be about 4 dB. When the separation is 10 street

widths, the difference reaches 5 dB.

Several aspects of point source propagation from an inter-

section into the receiver street are presented in Figure 5.6 and 5.7.
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In Figure 5.6 attenuation for various receiver positions for a four-
way intersection is examined. From this figure, it is seen that the
attenuation increases more rapidly with receiver distance for those
source positions around the corner from the receiver than for those in
which the source is in the intersection. This difference in attenuation
rate creates a narrowing of the pass-by shape with receiver distance.
Also, it will be noted that for all receiver locations, the attenuation

s not strongly dependent on the location of source when it is in the

intersection.

The point source attenuation values produced at receiver
location of 4 1/2 street widths from the line of sources are con-
trasted in Figure 5.7 for an open, tee and four-way intersection. Com-
parison of the values for the tee and four-way intersection indicate
very 1ittle difference between the two configurations. The values for
the tee intersection are slightly higher than for the four-way,
approximately 1/2 dB for the source in the intersection, and as much
as 1 dB for source positions around the corner. Comparison of the open
intersection with the four-way and the tee is more dramatic. Because
of the absence of the second reflecting surface in the source street
and hence the lack of reverberant build-up, the attenuation increases
more rapidly with source position around the corner for the open
intersection. At a distance of 4 street widths from the receiver street
centerline, the open intersection attenuation values are seen to be

14 to 15 dB higher than those of the four-way and tee. When the source
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is 1in the intersection, however, the values for the four-way and open

intersections are the same.

In Figure 5.8, the attenuation values with and without an
intervening intersection between the source street and the receiver is
examined. The geometry of the comparison is given in the figure. From
the figure, it is apparent that the change in attenuation produced by
the intervening intersection is slight. It produces greater attenuation
values for all source positions with differences of about 1/2 dB when
the source is in the intersection and up to 1 1/2 dB when the source
is around the corner. The increase of attenuation indicates that the
effect of the second intersection is to subtract some of the energy
that would otherwise reach the receiver. This subtraction of energy is
particularly effective for those specular paths which are reflected
many times in the receiver street. These paths have a higher

probability of propagating into the opening of the second intersection.

The propagation of sound into a second intersection for a
point source can also be examined for a variety of geometries. In
Figure 5.9, the attenuation values at two different distances into
the second street are presented for the receiver located at the street
centerline as indicated in the figure. Contrary to the other five
propagation cases, the values for propagation around a second corner
can not be matched exactly by a smooth curve. To illustrate this
more erratic behavior, the discrete attenuation values obtained for

source spacings of 1/10 of a street width are given in this figure along
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with a corresponding smooth curve approximation. The deviations from
a uniform increase of attenuation are attributable to the complicated
geometry of this propagation case and the point nature of both source
and receiver. These two factors produce rapid]y_changing "windows"
through which portions of the image arrays are viewed. Because of the
geometry, only a few images contribute to the sound level relative to
other propagation cases. Thus, the loss or gain of one image as the
source moves incrementally is noticed in the position history of the
pass-by. Since real sources are finite in extent, the erratic behavior
of the attenuation increase is not expected to be seen in actual
situations. For this reason, as well as for ease in implementation of
the predicted values, the smooth curve approximations are preferred.
Use of these approximations can introduce an error of at most about

1 dB for the ideal point source as illustrated in Figure 5.9.

The shape of the pass-by attenuation position histories for
the two distances down the second street in Figure 5.9 are somewhat
similar to those for propagation from a single intersection. The
behavior with distance from the source street is also similar to
single intersection case. It will be observed that while the source is
in the first intersection, the attenuation in the second street for a
given receiver distance remains relatively constant. As the source
moves out of the intersection, the sound level decays at a faster rate
for the farther receiver position. This produces a narrowing of the

pass-by shape with distance from the source street. As illustrated by
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comparison to Figure 5.6, such narrowing was also observed for propa-

gation into a receiver street from a single intersection.

Another feature of propagation into a second intersection is
presented in Figure 5.10. The attenuation values presented in this
figure are for two receiver positions located at the same distance into
the street. The positions are 1/8 of a street width from each of the
street walls. From the figure, it will be observed that there is some
difference between the two pass-by histories. The attenuation values
for that position closer to the source street are consistently lower
than those obtained at the other position. This difference is about
1 1/2 to 2 dB when the source is in the intersection, and at most about
4 to 5 dB when the source is around the second corner. Although there is
the possibility of extensive shadowing for the receiver position closer

to the source street, the difference observed indicates only limited

shadowing occurs.

Attenuation values for corresponding receiver positions in
second streets located at different distances from the source street
are presented in Figure 5.11. The pass-by position histories illustrated
in this figure indicate that there is a narrowing in the shape of history
with increased separation of the source and secondary street as well as a
general lowering of the sound level. This behavior was also noted for
increasing distance into second street for the constant street
separation of Figure 5.9. In regard to Figure 5.11, it should also be

noted that there is considerable difference between the attenuation
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values for a 3 and 6 street width separation while there is only slight
difference between the 6 and 9 street width separation values. The

former two separations give differences of at most 8 1/2 dB while the

later give at most 4 1/2 dB.
5.3.2 Traffic Flows and Line Sources

As discussed in Section 5.2.2, normalized line source
attenuation values are applicable to both physical line sources and to
traffic flows of any density. In this section, some of the features

of line source or traffic flow noise propagation are discussed.

The first propagation case of interest for a line source is
that situation in which the source is located in the same street as the
receiver. The point source equivalent of this case was given in
Figure 5.5. Since there is only one receiver position relative to the
line source, there is only one normalized attenuation value. This
value was found to be 7.0 dB. Examination of Figure 5.5 yields the
observation that virtually all of this line source level is determined
by those portions of the source within 1 or 2 street widths from the
receiver. For this reason, if an intersection is located 2 or more
street widths from the receiver, it will have negligible effect on the

line source attenuation value.

A second case of interest concerns propagation from a line
source in one street into an intersecting receiver street. In Figure

5.12 the attenuation values produced for three different intersection
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geometries are given. The geometries include a tee, four-way and open
intersection. Due to the additional reflecting surface, the tee inter-
secticn attenuation values are lower than the other two. This difference
is about 1 1/2 dB compared to the four-way intersection and 3 to 4 dB for
the open. With the lack of reverberant build-up in the source street, the

open intersection values are lower than the other two configurations.

Concentrating on the four-way intersection, variations in
attenuation with the width of the source street is presented in Figure
5.13. Detailed examination of this figure indicates that there is some
variation with source street width. However, a more remarkable feature
is the general similarity in both fall-off rate and absolute level for
the various configurations. The figure indicates that all the values
lie within a 3 dB range for all receiver positions. Another aspect
of the four-way intersection is shown in Figure 5.14. This figure plots
attenuation for different source offsets in the source street for a
fixed street width. As the attenuation values are only computed for
receiver positions in the receiver street, the attenuation values begin
at different distances from the 1line of the source. As in the previous
figure, there is detailed differences in the attenuation values for the
three cases. Also as before, considering the maximum difference dis-

played in Figure 5.14 of 3 dB, the three cases are functionally similar.

Another line source propagation case of interest is that in
which there is an intervening intersection between the intersection
formed by the source and receiver streets and the receiver. One
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variable in this propagation case is the location of the intervening
intersection for a given source-receiver separation. The dependence of
attenuation on this variable is quite minimal as evidenced by

Figure 5.15 in which attenuation values for three locations are presented.

Another variable which can be examined is the width of the
intervening intersection. Attenuation values for intersection widths
from 0 to 7 receiver street widths are presented in Figure 5.16. There
are two features of particular interest illustrated in this figure.

The first feature is that for intervening street widths less than 1
receiver street, the attenuation is at most 1 1/2 dB greater than for

no intervening street at all. Thus, if alley ways or spacing between
buildings of this magnitude occur along the receiver street, their

effect is negligible if the total opening area between the source street
and receiver is less than 1 street width. The second feature of interest
is the reduction in sound level that can be achieved by the opening.

For an opening of 7 receiver street widths, this reduction can be as

much as 5 1/2 dB.

A final variable to be considered for propagation through an
intervening intersection is the ratio of source and intervening street
width to receiver street width. Computed attenuation for several
values of this ratio are presented in Figure 5.17. This figure indicates
detailed variation in attenuation for the different ratios. However,

for all cases, the attenuation values lie within a range of at most

2 1/2 dB.
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The final line source case of interest is propagation from
the source street intersection into a parallel receiver street forming a
second intersection. The normalized attenuation for this case can be
plotted against two different distance scales. In Figure 5.18, attenuation
is plotted as a function of the total distance between the receiver and
the line of the source for three separations between the source and re-
ceiver streets. From this plot, it will be observed that the fall-off
of sound level down the street is quite rapid, from 9 1/2 to 18 1/2 dB
per distance doubling. Further, the fall-off rate increases with
increased separation between the two streets. As illustrated by
Figure 5.19, a second method of plotting the attenuation is as a
function of the distance the receiver is from the centerline of the inter-
mediate street. This plotting method produces attenuation curves which
all have similar fall-off rates with distance. An attempt was made to
relate the displacement of these attenuation curves to the level in the
intermediate street corresponding to the location of the second inter-

section. Unfortunately, no quantitative relationship was found.

Another aspect of line source propagation into a second
intersection is the variation of sound level across a street section.
Variation for one particular geometry is given in Figure 5.20. This
figure indicates that the sound level decreases as the side of the
street nearest the source street is approached. At 1/8 of a street
width from either side, the difference in level across the street is
3.4 dB. From this figure, it can be concluded that some shadowing

occurs due to the second corner. Shadowing does, however, decrease with
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increased distance from the intersection.

5.3.3 Summary

A number of important observations regarding urban sound
propagation were made in Sections 5.3.1 and 5.3.2. Some of these ob-

servations are summarized in this section.

For propagation from a single intersection, it was observed
that the configuration of the intersection, four-way, tee, or open,
only slightly effects the predicted sound level for similar source and
receiver positions. The variation was found to be at most 3 1/2 dB for
all three configurations. One exception to this result, ho&ever, was
found for point source propagation for source positions around a
corner from the receiver. For this case, the open intersection
attenuaticon was substantially greater than for the other two cases. In
regard to propagation from a four-way single intersection, it was also
noted that variation of source position within the source street and
variation of the source street width produced only small variation in

sound level, no greater than 3 dB.

For most cases, the propagation of sound from an intersection
was found to be insensitive within 1 to 2 dB to the presence of an
intervening intersection. This conclusion was shown to be valid when
the second intersection introduced an opening of about one street
width. Further, for this size opening, only very slight variation in

level, less than 1 dB, was observed for different locations of the
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second intersection relative to the source and receiver. For openings
of 2 street widths or greater, the sound level was found to be dependent
on the size of the opening. It was observed that sound level decreased
with increased opening such that for an opening of 7 street widths, a

maximum reduction of 5 1/2 dB was achieved.

In the case of propagation around the corner of a second

intersection, no simplifying behaviors were observed. It was observed,

however, that there is only slight variation across the street section,

this variation being about 3 to 4 dB.
5.4, Additional Factors in Urban Sound Propagation Prediction

In addition to the basic inclusion of multiple reflection
and surface scattering in an urban noise propagation model, there are
other phenomenon which may influence propagation. Using the experi-
mental results of Section 3 and results available in the current

literature, some of these factors are discussed in this section.

5.4.1 Environmental Conditions

A number of environmental conditions are known to influence
outdoor sound propagation [27]. Among these, the most appropriate to
urban propagation are wind and temperature gradients and the absorption
of sound by air. In conducting a series of urban propagation experi-
ments, Wiener, Malme and Gogos [12] obtained micrometeorological data
corresponding to their sound propagation data. The experiments were
conducted in both summer and winter and spanned several weeks. In
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their investigation of temperature gradient, no appreciable gradients
were measured at any time. Data was taken for several wind conditions
with a mean flow up to 10 miles per hour. Although this flow was
present, no appreciable wind gradient was measured. Further, no
appreciable effect on the sound level measurements was observed. The
results of this study lead to the conclusion that wind and temperature

gradients in urban areas are such as not to influence sound propagation.

Unlike wind and temperature gradients, the absorption of
sound by air is always present in urban propagation. However, the
magnitude of this phenomenon is sufficiently small for the distances
and frequencies of concern in urban noise propagation that it can often
be ignored. As an example, for propagation with air at 68°F and 60%
relative humidity, the total absorption in 1000 ft is .4 dB at 250 Hz,
.7 dB at 500 Hz, 1.0 dB at 1 kHz, and 2.0 dB at 2 kHz [24]. If the dis-
tances of propagation and frequency content of the source is sufficient
to warrant correction for air absorption, the appropriate values for
the 250, 500, 1 kHz and 2 kHz octave band center frequencies can be found
in Figure 5.21. For frequencies beyond 2 kHz, the original report of

Evans, Bass and Sutherland [24] should be consulted.

5.4.2 Diffraction Around Corners

In Section 3.2.2, the presence of diffraction was implied
by the data obtained in the acoustical model experiments with no

periodic protrusions. A significant role for diffraction around a
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corner appears, however, to only occur for this special propagation
case. Diffraction effects are not apparent for propagation in the
presence of surfaces which scatter sound. For the acoustical model
data taken with periodic protrusions reported in Section 3.2.2 and
for the field data reported in Section 3.2.1, there is little or no
frequency dependence displayed which could be attributed to diffract:
The absence of diffraction in this data is probably due to the preser
of surface scattering and the added effective absorption created by s
face irregularities. The presence of surface scattering creates a mc
effective path by which sound may turn a corner thus masking the
presence of diffraction. Further, with surface irregularities, addec
effective absorption implies that those images representing many re-
flections are of considerably less strength than those of the ideal
smooth wall case. It is these higher order images which are of majc
importance in creating diffraction around a corner. For these reason

no correction factor for diffraction around a corner is necessary.

5.4.3 Ground Reflection

In the development of the urban noise propagation predicti
model, the reflection of sound from the street surface was not explic
included. This reflection was not included because the amount of
energy added by the reflection varies with frequency, the nature of t
surface, the height of the source and receiver and their separation.
discussed in Section 3.2.2, for simulation of the model data, path

length difference was less than 1/4 of a wavelength. For hard,
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non-porous surfaces, a difference of this amount implies pressure
addition of the direct and reflected signal leading to a 6 dB increase of
the predicted level. In many situations of urban noise propagation,

the geometry of source and receiver and the source spectrum are such
that the path length difference is less than 1/4 of a wavelength.
Although this difference implies pressure addition, due to the nature

of typical street surfaces, a 6 dB increase in the level is not ex-
pected for ground reflection. In these situations, ground reflection

is best accounted for by specification of reference source level in

the presence of the street surface as would normally be done. No cor-
rection is needed for this type of specification. If, however, the path
length difference for the specification measurement is less than one

wavelength, further consideration is necessary.

For those cases in which the direct and reflected path
length difference is greater than 1/4 of a wavelength and less than
1 wavelength, the expression for reflection from a surface developed in
Section 2.1 can be utilized to determine the contribution of the re-
flection. This expression was used to develop a computer program which
produces the added energy of reflection in octave bands for given
source and receiver geometries. The program was experimentally
verified using the instrumentation and processing system described
in Section 4.5. The geometry and results of the experiment are pre-
sented in Figure 5.22. Also included in the figure are the results
given by the computer program. Comparison of the two sets of re-
sults indicates generally good agreement. The computed values
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typically lie within 1 dB or less of the standard deviation of the experi-

mental values, with the largest differences being about 2 dB.

The expression for reflected energy can be used to generate
functional relationships between path length difference in wavelengths
and additional level created by the reflection. Examination of the
expression for the squared pressure ratio indicates that the additional
level is a function both of frequency band and direct path length
between source and receiver. For the octave bands centered at 250,
500, TkHz and 2 kHz and for separations up to 2000 ft, the dependence
on frequency and separation was found to create differences of about
.1 dB. With this minimal dependence, only one curve is needed to
express the pressure squared ratio for these ranges. It was further
found that the ratio is only slightly dependent on absorption co-
efficient assuming it is less than 0.2. The values of additive level

due to reflection obtained for an ideally hard, non-porous surface

are presented in Figure 5.23.

Unless the source and the geometry of a particular situation
are such that the line of sight direct and reflected path length
difference is less than 1/4 wavelength, application of the ground re-
flection information is in detail quite difficult. This is true be-
cause each multiply reflected and scattered path represents a different
length difference between ground reflected and non-ground reflected
paths. For this reason as well as the non-ideal nature of the surface,

the minimum in the additive level at .4 to .5 wavelengths is not
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expected to be observed. The effect of multiple paths is further ex-
pected to create a smooth transition from energy to pressure addition.
Because of the nature of the street surface, pressure addition will
yield an additive term less than that of Figure 5.23. It is, therefore,
suggested that if the source level is specified without the presence
of a reflecting surface, the effect of ground reflection be approxi-
mated by an additional 3 dB. If the source is specified in the
presence of a ground plane and the difference of the direct and re-
flected path lengths is greater than 1 or less than 1/4 wavelength,
no correction is required for ground reflection. Specifications not
meeting this requirement should not be used. For A-weighted level

specifications in the presence of a ground plane, no correction is

needed.
5.4.4 Temporal Level Variation for Traffic Flows

Unless traffic flow densities are such that at least several
vehicles are present in an intersection at any instant, there will be
temporal variation in the sound level measured in the street inter-
secting the flow. Variation of this sort is attributable solely to
the spatial dependence of sound level with source position and not
to variation in individual vehicles or in their spacing. This temporal
variation can be simulated with the aid of a computer and point source
pass-by position histories. Simulation is accomplished by assuming a
traffic density and corresponding uniform vehicle spacing. The total

contribution of these sources can be determined at a receiver point as
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the array uniformly, incrementally passes through the intersection.
In this manner, a pass-by position history for the array of point
sources is constructed. Once this position history is obtained, the
statistics of L]O and L50 can be determined. As an example, several
position histories corresponding to different traffic densities are

given in Figure 5.24 along with the corresponding L]0 and L50 values.

Using the method outlined above, L]0 and L50 values can
be computed as a function of traffic density for tho<e propagation
cases for which point source pass-by position histories were obtained.
The utility of such values are, however, questionable. The
assumptions needed in obtaining the values are restrictive and
probably not met by most real traffic flows. The assumption of uniform
spacing is probably only met in those cases where the traffic is
flowing freely and the density is such that vehicles are at constant
minimal spacing. The assumption of uniform strength of individual
sources is probably never observed in traffic flows. This later
assumption is particularly important in the calculation of L]0 as
this statistic is considerably more sensitive to individual vehicle
variations that is LSO' Although there are these limitations on the
utility of the calculated statistics, they may be useful as an in-

dicator of variation.

As an example of the use of the statistics which can be
determined for a traffic flow, the LSO data reported by Delaney,

Copeland and Payne [13] for Bulwer Road was simulated. The L50
- 238 -
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values were chosen because of their lack of sensitivity to the
assumptions discussed above. Supplied with the L50 data in the report
is the value of traffic density during the test. This density cor-
responded to .5 vehicles per street width. The geometry of test was
that of an open intersection with freely flowing traffic in the source
street. Measurements of L50 up to 14 street widths from the traffic
flow were made in the receiver street. As no average source strength
was reported, the L10 value reported at curbside was used as this

best approximated free field conditions. Using the methods outlined
in Section 5.2.2, the normalized attenuations for receiver positions
down the street were calculated. The corrections computed to simulate
L50 were applied to the attenuations and L50 values were determined.
The simulated Lso's are presented in Figure 5.25 along with those re-
ported by Delaney, Copeland and Payne. Within about a 2 dB margin,

the two sets of results compare quite well.

5.5 Summary

In the preceding sections, two models of urban propagation
have been developed which attempt to account for scattered reflection
from building surfaces. In terms of predicting sound levels in urban
areas, each model has strengths and weaknesses which should be re-
membered in their application. The first order or added absorption
model of scattering has the advantage of being easy to apply for general
prediction. It was found to be accurate in predicting sound levels

when there is a direct line of sight between source and receiver.
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However, when there is no line of sight, this model consistently under-
predicts sound levels. The second order scattering model together with
angularly dependent reflection ratio was shown to be an accurate propa-
gation model for all situations. 1Its applicable to street propagation
is, however, considerably more complicated than the first order model.
Because of its accuracy, the second order model should generally be
employed for sound level prediction. In cases where there is direct
line of sight, however, the first order model is sufficiently accurate

and simple to apply that its use may be chosen.

Imaging with the second order scattering model can in
principle be applied to any given urban propagation problem. This is
done using imaging theory as described in Section 2.2 and expressions
of reflection ratio and scattered energy developed in Section 4.6
as are appropriate for the given geometry. As application of this
propagation model is in general quite tedious, a number of propagation
cases associated with the common urban grid pattern have been com-
puteirized. Results for variety of parameters for these cases were
presented and discussed in Section 5.3. Additional values of point
source pass-by attenuation are given in the Appendix. Although these
special cases will not be applicable to all propagation problems, their
utility goes beyond those cases of strict geometric similitude. From
the simulation of the field data as described in Section 4.7, it is
apparent that the effect of non-perpendicular intersections 1is
negligible compared to the right-angled values. Further, in Section

5.3, it was observed that line source and often point source levels are
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insensitive to intersection geometry and small openings in the propa-
gation channel. With the knowledge of these insensitivities and with
prudent interpolation, it is expected that the values presented in
Section 5.3 and the Appendix may be extended with a minor 7loss of
accuracy. In making such extensions, however, the predicted values

should be bracketed as to accuracy by the cases which are available.

As discussed in Section 5.2, the urban propagation model
can be applied to a variety of source types. These include simple
point sources, line sources and traffic flows. For traffic flows of
densities less than one vehicle per street width and for discrete
source pass-bys, Equivalent Energy Level, LEQ’ was found to be a
particularly convenient descriptor. Use of this statistic is also very

convenient for superimposing contributions from more than one traffic

flow.

In particular, situations as discussed in Section 5.4, cor-
rections to the predicted level may be necessary. These included,
when applicable, corrections for atmospheric absorption of sound, ground
reflection for particular source specifications, and temporal sound
variation for traffic flows. For traffic flows, corrections are
necessary in order to predict the sound level statistics of L10 and
L50 as produced solely by the geometrical considerations. Values for
theSe€ statistics are given in the Appendix for those propagation cases
described in Section 5.3. Corrections to the basic predicted levels

are not necessary for temperature and wind gradients and diffraction.
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