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PREFACE

The contents of these Proceedings are papers contributed
to the Symposium. Most of the papers are presented at the Sym-
posium, while some are included only in the Proceedings. It is
intended that these volumes will provide a broad current view
of university research in basic and applied noise problems re-
lated to transportation that is being carried out under the sup-
port of the various Federal Agencies. .

The contents of the volumes are arranged according to the
subject topic as they appear in the program of presentations at
the Symposium. For convenience, a complete author index is
provided at the end in each of the volumes.

Our appreciation is extended to Ms. Anne Gregory for her
patience and diligence in the preparation of these volumes.

Gordcn Banerian William F. Reiter

North Carolina State University
Raleigh, North Carolina
June, 1974
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VIBRATION OF ULEVATED RAIL RAPID TRANSIT STRUCTURES
by
Marshall L. Silver and Thomas Venema

Department of Materials Engineering
University of Illinois at Chicago Circle
Chicago, 11linois 60680

The measurement of the dynamic response of existing elevated transporta-
tation structures is a meaningful first step in any research into the problems
of noise abatement, vibration control, and vehicle ride comfort. By measuring
the dynamic characteristics of the various structural components of the struc-
ture, it is possible to develop a basic understanding of the following factors
that should be useful in the evaluation of existing structures and the design
of new .tructures:

1. The form and magnitude of the loads generated by the transportation
vehicle.

te
.

The natural frequencies of each s*ructural component.

L #1]

The magnitude of structural noise and vibration damping present in the
structure.

4. \Values of the annoying frequencies that need to be eliminated to reduce
unpleasant noise and vibration levels.

5. Measurements of dynamic response that may be used to check the validity
of analytical techniques that are used to design and anaiy:ze the behavior
of elevated transportation structures.

With these goals in mind. an extensive field measurement program was
carried out to evaluate the dynamic response of many types of steel elevated
structures used on the rapid transit lines of the Chicago Transit Authority
(CTA). The structures tested are of the same type as the transit structures
in use in Boston, Philadelphia, and New York, and thus will directly aid
transit operators in many cities concerned with periormance, repair, and
evaluation of existing structures.

Instrumentation and Mounting Techniques

The strain gage accelerometer instrumentation system schematically shown
in Figure 1 was selected to meet low frequency response specifications (0 to
1000 hert:) required to evaluate structural analysis techniques. Calibration
difficulties, inherent in piezoelectric and other instrumentation systems, were
therefore minimized. For example, it was possible to use a lg reversal test
(1g = 32.2 ft/sec) as a field and laboratory check at the beginning and end
of each measurcment series to insure that the recording system was properly
calibrated (Dove and Adams, 1964).

The quality of the acceleration data obtained from vibrating structures
is only as good as the techniques used to mount the accelerometers and the
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Fig. 1 The strain gage accelerometer
instrumentation systea.
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methods used to clean and prepare ths surface of tested structural members.
Therefore, an extensive series of laboratory and field tests were performed to
vvaluate alternative accelerometer mounting and surface preparation techniques.

Results of these tests showed that the use of triaxial and uniaxial
transducer mounting blocks did not influence the measured response of the
structure as long as these blocks were epoxied to the structure. On the other
hand magnetic mounting techniques resulted in the weasurement of abnormally
high acceleration values. For this reason, epoxy mounting was usced cxcept
where the surface condition of the structure did not make it possible to
sceure a satisfactory epoxy bond. In these cases, magnet mounting wu: wsed
and the peak acceleration values were corrected using laboratory and ficld
correlation data. A more detailed desciiption of the test instrumentation,
mountiny techniques and evaluation tests are presented elsewhere {Venema and
Silver, 1974).

Ficld Test Sites

Four different structures on three different transit lines were chosen
for field testing:

Site 1 Douglas Park Service, located at the University of Illinois
Medical Center

Site 2 Milwaukee Service, South of Francis Street
Site 3 Milwaukee Service, South of Logan Square
Site 1 Ravenswood Service, South of the Montrose Street Station

All of the structures are steel throughout, except for the Milwaukcee
Service at Logan Square, which has concrete columns and diaphram cross bracing.
The map showing the location of these test sites is shown in Figure 2.

The steel elevated structures on the Milwaukee Service at Francis Street
and on the Douglas Park Service were selected because they are similar to
structures being modeled with computer finite element methods in another phase
of the resecarch (Traubenik, et al, 1974), These structures consist of a track
deck carried by built-up plate girders supported by latticed columns. The
elevated portion on the Milwaukee Service at Logan Square is a composite
structure consisting of concrete cross beams supported by concrete columns
carrying rolled longitudinal plate girders. This structure was chosen in
order to evaiuate the effect of concrete supports and columns on the trans-
mission of vibrations through the structure. Structures on the Ravenswood
Service consist of a track deck carried by built-up plate girders suproried
by non-latticed, built-up cohumns. Measurements on this structurc were made
and compared to measurcments on the Douglas Park Service to evaluate the effect
of column design on gencrated vibration levels,

Rapid Transit \chicle Characteristics

Three types of rapid transit vehicles commonly called 0000, 2000, and
2204 series cars arc used on the Chicago Transit Authority systes. The
characteristics of these vehicles are summarized in Table 1. The oldest

63

[~



\

RAVENSWOOD SERVICE

SITE 4
MONTROSE STREET

s b

Py

H H
| I
! e
T =
E DOUGLAS SERVICE /
— ol
SITE 1 / )
U. OF I. MEDICAL CENT 'R N P
i
L |
l L‘:
t 7
|
3 i Fio 2 lacartian € Tinld Sites far Meacurements
of the Vibeation Propertiec of Stee)

Elevated Si suctupes
$65




vehicles, the 6000 series, were built in the 1950's, the 2000 series vehicles
were built in 1964 and the 2200 series vehicles were built in 1969.

TABLE 1

SUMMARY OF RAPID TRANSIT VEHICLE CHARACTERISTICS
CHICAGO TRANSIT AUTHORITY

Construction
Series and Routes
Tvpe Year Built Weight Appearance Served
6000 1950-1951 41,700 to 42,700 1b Steel Construction Howard
(initial (18,950 to 19,400kg) non-sealed windows, Englewood
production) green and white Jackson
Douglas
Ravenswood
6000 1957-1957 44,350 1b Different Milwaukee
(20,150 kg) trucks and wheels
than the initial
production
2000 1964 47,000 1b Steel construction Lake Street
(21,360 kg) sealed windows, Dan Ryan
air-conditioned,
silver and black
2200 1969-1970 45,000 1b Stainless steel Lake Street
(20,452 kg) construction, cab Dan Ryan
signals, sealed Douglas
windows, air- Congress
conditioned, un- Milwaukee

painted

Field Measurement

The acceleration levels generated by transit vehicles on the four sturc-
tures at the four different test sites were obtained by mounting a single
accelerometer underneath the rail in the vertical direction and by moving
three accelerometers attached to a triaxial mount to various locations on the
structure. The rail measurement was used to monitor input train excitation and
any measurements that indicated wheel flats or abnormal vehicle behavior were
not used to evaluate structural response. For each train pass-by, a record
was made of the car type and the number of cars. Vehicle speed was determined
by timing the train as it passed between two predetermined points.

Accelerometers were placed at a minimum distance of ten feet from rail
joints to minimize vibration generated by impact between the wheel of the
vehicle and the rail joint. In addition, all measurements on the longitudinal
piate girders were made at mid-span between columns to minimize column and
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connection effects. Specific accelerometer placement locations are illustrated
in Figure 3.

Mcasurement, of Peak acceleration Values

. In the laboratory, magnetic tape records of field accelerometer output
was displayed on a storage oscilloscope using a static field calibration
signal to determine the magnitude of the peak accelerations. Care was taken
in the evaluation of any data where wheel-flats or any wheel-truck abaormaltics
would possibly cause an erratic reading. For example, in the field if a
distinct thumping sound was heard or if the train passing over the test acceler-
ometer emitted noise which was unlike the other transit train passbys, this
was noted and the time history was inspected for any abnormal peaks which were
not considered in the analysis.

Peak acceleration values for all of the field measurements were summa-
rized using the coordinate system shown in Figure 3. Some of this data is
combined for different train passbys on the basis of train type, number of
cars, and train speed in Figures 4 and 5. Thése figures show that the highest
accelerations were recorded on the rail with lower accelerations recorded on
the structure. For example, accelerations on the longitudinal plate girder
and diagonal cross bracing were lower than levels recorded on the rail by
approximately 40%. For columns and footing bases, the maximum level was sub-
stantially lower than the level recorded on the rail or on the longitudinal
plate girder.

The effect of train speed on peak acceleration levels can be obtained
from a comparison of Figure 4 and Figure 5. For example, it may be seen in
Figure 4 that a two car 2200 series train traveling at 45 mph generates a
peak acceleration of 76 g in the rail and acceleration levels of 45, 25 and
34 g on the wveb of the longitudinal plate girder in the x, y, and z directions,
respectively. In comparison, a two car 2200 series train traveling at 15 mph
generates a peak acceleration level of 22 g in the rail and acceleration
levels of 12, 4, and 6 ¢ on the web of the longitudinal plate girder in the
X, Yy, z directions respectively as shown in Figure 5. These figures clearly
show that increasing the train speed from 15 tc 45 mph under operating condi-
tions can increase generated acceleration levels more than 3 times.

Analysis of Data in the Frequency Domain

A real time spectrum analysis can provide information on how the energy
of a signal is distributed over the range of the frequencies of interest. Such
information describes what frequencies predominatz in the vibration signal and
this information can be used to evaluate the effectiveness of both vibration
and noise control techniques.

Real time analysis of the time history obtained from acceleration measurc
ments on each structural element werc performed with a Spectral Dynamic
SD-330-20 analy:cer. A peak-hold mode of the analysis was selected because of
the form of the data which contained peak acceleration Jevels from wheel
impacts. It was felt that rather than averaging these peaks, it would be
more meaningful to find frequencies at which thesc peaks occurred and then
compare their relative amplitude to the rest of the power spectrum. An analysis
frequency range of 0 to 1000 hz, giving a bandwidth of 4 hz was used to match
the frequency range of the field measurement equipment. The low frequency
l1imit for meaningful analysis was set at 50 hz based on a consideration of the

short sampling period for a moving transit train.
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A three dimensional view of the test structure illu-
strating names of structural members., accelerometer
placement positions and accelerometer axis directions.
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Fig. 4 Peak acceleration levels in g's for 2 car 2200 series
trains travelling at 40-45 mph (Douglas Park Service).
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2 CAR 2200 SERIES
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E Fig. 5 Peak acceleration levels in g's for 2 car 2200 series
trains travelling at 15 mph (Douglas Park Service).

470




Figure 6 presents four plots showing triaxial acceleration frequency
distributions for each accelerometer placement position. For each plot, a
three-dimensional view of the elevated structure shows the location and
measurement direction for each accelerometer.

It may be seen from this figure that the rail accelerations contained
spectral power peaks between 400 hz and 500 hz with an occasional peak around
700 hz. Similar peaks at the same frequencies may also be seen on the struc-
tural member. An analvsis of these and other data (Vanema and Silver, 1974)
showed a strong relationship between vehicle speed and structural shaking
frequencies, with increasing speeds producing peaks at higher frequencies.

Summary and Conclusions

RS .

Knowledge of the relative magnitude and dominant frequencies of transit
induced vibrations that are generated in the rail and in each structural
component of elevated transportation structures may be used to determine what
elements are most responsible for transmitted noise and vibration.

Measurements of the peak acceleration magnitudes and the frequency con-
tent of vibrations on steel elevated transit structure of the type common in
Chicago, New York, Boston and Philadelphia have shown the following:

1. Measurement transducers must be bolted or epoxied to the structure to
accurately measure peak acceleration values.

2. Peak acceleration values were measured in decreasing order of magnitude
on the rail, on the top and bottom flanges, on the web, on cross bracing,

on the column and at the footing base on steel elevated transit structures.

3. Peak acceleration values on the order of 70 g generated in the rail by the
passage of rapid transit vehicles are little attenuated as they are
transmitted to the structure where peak structural member accelerations
were on the order of 45 g.

4. Peak acceleration magnitudes significantly increased for increasing train
speeds.

5. Narrowband frequency analysis of the acceleration time histories from the
rail and from structural members showed spectral poer peaks between 400 hz
and 500 hz. There was a strong relationship between vehicle speed and the
frequency of these peaks with higher speeds producing peaks at the highest
frequencies.
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A NUMERICAL MODEL OF SOUND PROPAGATION IN URBAN AREAS

by
D. Grahsm Holmes and Richard H. Lyon

Mass. Institute of Technology, Dept. of Mech. Eng.
Cambridge, Massachusetts 02139

I. INTRODUCTION
1.1 The Purpose of the Modesl

This paper describes a computer-based method for predicting the
noise levels resulting from the passage of transportation vehicles (cars,
buses, trucks and railroad vehicles) through urban areas. Many computerized
methods for predicting noise levels due to vehicular sources already exist (1],
but noue appear to be applicable to an "urban environment"”. Pigure 1 gives
an example of the sort of urban situation which can be handled by this
model. A-A is a traffic artery; this main street and the side streets are
walled by more or less continuous building facades. We wish, say, to know
the sound levels on the street segment B-B, perhaps because block C contains
a hospital. The sound propagates between A-A and B-B by a multiplicity of
paths, each involving several reflections from the building facades. Present
prediction models are not capable of handling propagation paths of such com-
Flexity.

Prediction of environmental noise levels requires information of
two types: information on the distribution of sources in space, in time,
and in sound power level; and information on the sound propagation between
sources and receivers. The model described here provides information only of
the second type: the locatiocns and sound power levels of the sources are
supplied by the user, and the model calculates the resulting sound pressure
levels at designated receiver locations. For exam:le, in Figure 2, the
sourcs S radiates uniformly in all directions and produces an open field
SPL of 90 ABA at 50 ft. The numbers shown in the figure are the sound
pressure levels due to the source S, as calculated by the model.

1.2 The Basic Assuwptions
The model uses two basic assumptions:

i. Typical urban length scales are assumed to be many times
greater than the wavelengths of sound contributing
significantly to A-weighted sound levels. This assumption
makes it possible to use ray acoustics, but prevents
inclusion of any diffraction effects.

ii. The noise scurces are broad band, with auto-correlation
length scales much less than the urban length scales.
Interference between sound paths can thus be assumed to be
negligible, and the SPL at the receiver location can be
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obtained by adding the mean square pressures resulting
from the separate sound paths. The only case in which
path differences may not be large enough is that of
ground reflections. Ground reflections are ignored in
the current model, but some allowance for them could be
made in future versions of the model.

These two assumptions would make it possible to use a conventional
ray acoustics model, which operated by locating all the images of the source
which were seer by the receiver, and summing the sound pressure levels at
the receiver due to this multitude of image sources. This approach is not
used in the model descriked here, since it is havrd tc conceive of a systematic
image location procedure which would be applicable to complex situations such
as that in Figure 1.

1.3 The Quantum Approach

The model operates as follows. Since the sound rays produced by
the source have such short correlation length scales, the source can be
thought of as producing discrete quanta of acoustic enerqgy. These quanta
are of fixed energy and are emitted at a constant rate, but in random
directions. The quanta propagate through the area, repeatedly encountering
building facades. This process is shown schematically in Figure 3. The
SPL at the receiver location is obtained by observing the passage of quanta
through a small rectangular “"receiver cell". The SPL estimate obtained is
thus the SPL averaged over the aresa of the receiver cell.

This model could be thought of either as a random search for
images, or more usefully as a simulation model. The computer is, in effect,
performing numerical experiments. Results are not achieved by a finite
process, but by a random process which is terminated when a desired level of
accuracy is attained. Methods of this sort are often described as "Monte
Carlo" methods {2].

An important side effect of the simulation approach is that the
model is completely flexible: within certain constraints of size and detail,
the model can deal with any building confiquration. This flexibility has
been recognized in the programming of the model. The user is provided with
a library of operator commands which he can use to specify the desired
building configuration, the locations and sound power levels of the sources,
the locations of the receivers, etc. The user can interact with the program,
observing the results, modifying the parameters of the calculation, and
exploring the effects of changing, for example, the location of the source,
or the abgorption coefficient of the building facades.

Section 11 of this paper d.. -ribes some tests of the validity of
the model. Section III describes the nodel in greater detail.
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iI. TESTS OF THE VALIDITY OF THE MODEL

SPL estimates obtained using the model can be compared with

1. analytical results obtained using the same assumptions,

2. scale model tests, and
3. full scale experiments.
Comparisons with analytical results serve to check the correct operation of

the model algorithm; comparisons with scale model and with full scale experi-
ments serve to check the validity of the assumptions inherent in the model.

2.1 Comparison with Analytical Results

The sketch in Figure 4 shows a source located centrally in a long
straight street. There is absorption but no scattering at the facades.
Closed form expressions for the SPL at any point in the street can be obtained
in two cases: complete absorption (a=l), corresponding to open-field propa-
gation, and zero absorption (a=0). These SPL results have been compared to
estimates obtained using the numerical model (Figure 5). The continuous lines
are the analytical results, which, to conform to the numerical results, have
been averaged over a square cell one street width wide. The circles are the
SPL estimates obtained using the simulation model, with an error tolerance
of 0.1 dB. The agreement is well within the error limit used.

LLLLLL
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FIGURE 4: Source in a Straight Street

2.2 Comparison with Scale Model Experiments

Figure 6 shows a 1/32 scale modeli of a street intersection. The
model street is 2' wide, corresponding to 64' full scale. The building
facaaes are plywood with a pattern of vertical slats, as sketched in the figure
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to represent irreqularities such as window bays. The street surface is
linoleum tile on concrete. Measurements were made using an air jet source,
in the 16 kHz octave band (500 Hz full scale). Microphone locations are
shown as A, B and C in the figure. The ten source locations are shown as
the circles on the line X-X. The SPL results are normalized to a source
output of 90 dB in the 16 kHz band, at a distance of 1.56' (50' full scale),
and are corrected for air absorption. Further details of the experimental
technique can be found in Reference 3 .

For the numerical calculation the basic cell was a square, one
half of a street width on a side. No attempt was made to measure absorption
and scattering coefficients in the model; instead the calculations were
repeated until values for the absorption and scattering coefficients were
found which gave good agreement between the scale model and the calculation
results. (The way in which the numerical model handles scattering is
described in Section III). The two sets of SPL estimates are shown in
Figure 7, with the absorption and scattering coefficients used in the cal-
culations both set at 0.2. The agreement seems to be good enough to warrant
further comparisons of this type.

As yet, no attempt has been made to compare SPL estimates produced
by the numerical model with the results of full scale experiments.

III. THE MODEL ALGORITHM
3.1 Assumptions

In addition to the two basic assumptions described in Section I,

a number of other simplifying assumptions have been made and are listed bzlow.

None are essential; each could be eliminated with more programming effort, if
tests of the model indicated that the increased complexity was worthwhile.

i. It is assumed that building facades can be characterized
by a single absorption coefficient, valid at all fre-
quencies, and at all angles of incidence. The frequency
independence can be justified since only single-number
A-weighted results are sought. The angle independence is
included for simplicity; angle-lependent absorption could
be included if necessary.

ii. Building facades contain irregularities, such as window bays,
with length scales of the same order as the significant
acoustic wavelengths. Some scattering is thus to be expected.
The model takes account of this scattering by specifying a
"diffuse scattering" coefficient, exactly analogous to the
absorption coefficient. It is simply assumed that a specified
fraction of the acoustic energy incident on a building facade
is scattered uniformly in all azimuthal directions. This
is the simplest possible model of the scattering process; a
more elaborate model could be substituted if necessary.

iii. Air absorption is assumed to be negligible; this assumption
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could easiiy be eliminated.

iv. Meteorological effects such as turbulence and wind shear
are neglected.

v. The source is assumed to be omnidirectional.

3.2 The Structure of the Algorithm

For programming simplicity, the urban plan is adapted to a
rectangular grid (see Figure 8). Building facades lie along grid lines, and
each cell of the grid is either part of a street or of a building. All sur-
faces have the same absorption and scattering coefficients. It is also
possible, in the interests of program efficiency, to define "sink" cells,
which fully absorb all quanta entering them. The source is positioned at the
center of one of the open cells. One or more of the remaining open cells are
designated as receiver cells. All of this information, the size and shape of
the basic cell, the location of built-on and sink cells, the abscrption and
scattering coefficients, the source and receiver locations, and inrformation
about the sound power level of the source is entered at a keyboard by the user.

The algorithm proceeds as follows:

P WO

i. A random number is generated to determine the direction in
{ which the quantum is emitted.

ii. The location of the first cell boundary encountered by the
quantum is determined. If this boundary lies within a
street, the quantum continues (iii). If the boundary is
ar outer edge of the grid, the quantum is absorbed. If it
is a building facade, another random number is generated
to determine whether the quantum is reflected, absorbed or
scattered: the probabilities of reflection, absorption
and scattering are equal to the reflection, absorption and
scattering coefficients. 1If it is scattered, a random number
is generated to determine the direction of scattering.

e

iii, The location of the next cell boundary encountered by the

quantum is determined. This process continues until the
E quantum is finally absorbed, whereupon another quantum is
issued (i).

iv. Whenever a quantum passes through a receiver cell, its con-
tribution to the cumulative energy density in that cell is
determined (see 3.3 below).

v. Periodic tests are made to determine the stability of the
estimates of the energy density in the receiver cells (see
3.4 below). When the desired convergence is achieved,
computation stops and the results are printed. The cal-
culation also terminates when a specified number of quanta
{numbered usually in the tens of thousands) are issued

L
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without achieving the desired convergence.
3.3 cCalculation of the Sound Pressure Levels

Suppose the acoustic source and the gquantum source have the same
power output P, and the same propagation velocity c. Let P=0E, where E is
the individual energy of the quanta, and g is the rate at which quanta are
emitted.

Consider first the simplest case of spherical spreading. At a
distance R from the source, the acoustic energy density e is

e = P/ (4TR%Q) (1)

The average number density of quanta is

‘n = o/ (4TR%C) (2)

Thus the mean energy density associated with the quanta is

nE = OE/(47R%C) = B/(47R%C) (3)

- the same as the acoustic energy density, and independent of the actual
quantum energy E.

In more complex situations such as explicit comparison is not pos-
sible, but the question remaiasas to how we relate the simulation results to
the sound pressure levels.

Suppose that we observe the fate of a large number N of quanta
emitted by the source; equivalently we are observing the radiation for a time
T=N/0. Suppose that the receiver cell of interest lies in the horizontal
(x,y) plane, and has dimensions Ax, Ay, Az. After travelliig a distance R,,
one of the quanta enters this receiver cell. However, this quantum was
emitted in a horizontal plane; an acoustic ray emitted at the same azimuthal
angle would travel at some non-zero angle to the horizontal, and only enter
the receiver cell with a probability which can be shown to be {4z/2R.). Thus,
we allow the quanta to decay, so that the energy they carry is propogtional
to (Az/ZRj).

In the time T let M quanta enter the receiver cell, and let each

travel a distance AR, before leaving. The average energy density in the cell
in this time is thus:

M
AR
R W
1l Axdysz 2R cT
I=1
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For the case of spherical spreading, the average energy density in
a cell at diseénce Rb is

€ " Pz = ;;g (5)
41R° c 47R ¢ T )
‘ Q v

The ratio of the two energy densities is:

2 M
e 27R AR,
e E 1 (6)
e2 NA x Ay Rj
j=1

- a result which does not depend on E, ¢, T or Az. It is this normalized
energy density which the simulation procedure calculates. (This is equivalent
to measuring the sound power output of a truck as the SPL produced at a
specified distance in an open field). Finally, we can make allowances for

the fact that the cell dimensions may not be small compared to R,. If the cell
has sides ax and ay.and Rj = A, on entering the cell, Bj on leavlng, then:

p

)
2 M

e. 27 R B
e_1'=Na:§:l°ge Ki N
2 X"y 3

3=

-by averaging the energy density over the elementary cells of sides Ax, Jdy.

3.4 Convergence

Each quantum radiated contributes an amount, e, to the energy density
in receiver cell. (In most cases, e, will be zero). Suctessive values of e
are uncorrelated random variables. *e can estimate the mean energy density in
the cell as being proportional to

N

em = et/N, where et = E ej
j-

and N is the total number of quanta radiated. A sequence of numerical experi-
ments in which N quanta are radiated will produce a sequence of estimates e .
We only perform a single such experiment so that we cannot know the statistfcs
of the estimate em. However, as we perform the experiment, we do accumulate
information on tl 2 statistics of individual quantum contributions e,, in
particular the summed contribution e_, and the sum of the squares of the con-

tributions, say es. One can then show that an estimate of the variance L of
e, is:
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This estimate of the variance is used to terminate the calculation. The user
supplies a desired standard deviation for the estimate of the energy density

in the receiver cell, normalized with respect to the mean energy density. The
program periodically checks to see if the latest estimate of the variance meets
the criterion. Computation is discontinued at any receiver cells which meet

the variance requirement. Results are printed when all designated reeeiver cells
have converged.

IV. PROGRAM OPERATION

The model is currently running on a 16 bit mini-computer. The com-
puter cycle time is 1 usec, and instruction execution times range up to
100 usec for a floating point divide. The program and operating system occupy
about 20 kilobytes of memory. Input/output is via a teletype.

The program is coded in Fortran, and should be usable on other
machines with only minor modifications.

Execution times depend on the size and complexity of the urban plan,
and on the accuracy desired. The effect of the size on the execution time is
hard to quantify. A doubling of the desired accuracy quadruples the execution
time, as one *vould expect. To illustrate the order of magnitude of execution
times achieved, the results in Figure 2, with an error limit of 0.1 dB, were
obtained in about 15 minutes; for the simpler configuration of Figure 4,
execution times were one minute or less.

V. CONCLUSION

A working version of ihe numerical model is Leing used:

i. in development of th2 model itself -- possible extensions
inciude provision for line sources, directional sources,

ground reflections, etc.

ii. in basic studies of outdoor sound propagation, in support
of scale model 2nd field experiments, and

iii. in exploring the possibilities of using numerical mogdels
of this type in transportation planning in urban areas.
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SOUND PROPAGA™ION NEAR GROUND LEVEL IN THE VICINITY OF STREET INTERSECTIONS
by
Paul R. Donavan and Richard H. Lyon

Mass. Institute of Technology, Dept. of Mech. Eng.
Cambridge, Massachusetts 02139

Common vehicular noise sources once introduced into built-up
urban areas produce sound fields considerably more complicated than those
of the open area counterpart. These complexities can be characterized by
a combination of simple divergence, local reverberation and building
shielding. Previously, some of these effects have been experimentally
quantified for several particular urban confiqurations [1,2). However,
only for the case of source and receiver both located in a single street
has propagation been analyzed [3].

As a first step .n an investigation of noise propagation in built-
up urban areas, a study of noise propagation near street intersections is
in progress. The particular situations considered are those of propagation
down a street for a source located in a "four-way"” or "tee" intersection,
and propagation around a corner at both types of intersections. These
cases have been investigated both with modeling studies and the conceptual
§ tool of acoustical imaging. These results have been compared to existing
P published field data and found to be quite compatible.

The experimental portion of this investigation was conducted

f using a 1:32 scale model of an urban street intersection. The intersection,
constructed from two-foot plywood boxes, could be readily modified to

be either the four-way or tee intersections shown in Figure 1. For any
given ratio of source street to receiver street width, a steady state noise
source was successively moved to different positions in the source street

} vhile the sound level was measured in the receiver street. Levels for

2ach source position were obtained in the receiver street at increments

of 1 street width, vup to 14 street widths away from the intersection.

The relative source-receiver positions are indicated in Figure 1.

g Y

Since acoustic modeling requires the maintenance of the ratio of
acoustic wavelength to geometric length, the modeling frequencies were
32 times full scale frequencies. For this study, the full scale fre-
quencies dominate in typical “A-weighted", urban noise were of interest,
hence measurements were made in 8, 16 and 31.5 kHz octave bands. Simulating
typical urban environments, materials which are acoustically hard at these
higher frequencies were selected for the model. The noise source used was
a small air jet impinging on a circular plate which produced broad-band,
high frequency noise and was omnidirectional in tne horizontal plane.
Sound levelx were monitored with a 1/10 inch microphone.

T T Py

With this cxperimental arrangement two sets of experiments were
performed.The first was conducted with a smooth building wall model which
although corresponds to some full size buildings is not generally common in
g urban areas. In the second set, the smooth walls were replaced by walls

.
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with modeled building facades. The facade structure modeled was that of
vertical protrusions, typically of 4 to 12 inches, between columns of
windows. Application of this type of facade to the urban model resulted
in the geometry shown in Figure 2. From this figure, it should be noted
that the geometry of the protrusions is on the order of an acoustic wave-
length for the three octave bands of concern. Thus the scattering
properties of the walls and their effect on propagation are not readily
predictable [4).

A useful technique for the evaluation of sound propagation in urban
areas is the acoustic imaging of source and receiver. This technique is
appropriate in those cases where the simplification of geometrical acoustics
is appropriate, that is, when the acoustic wavelength is much smaller than
typical geometric length [4]. This criterion is generally satisfied at
most urban noise frequencies as street widths are on the order of 50 feet
or more. Acoustic imaging is applied to urban propagation by representing
each reflected path between source and receiver by a corresponding image
source or image receiver as dictated by the street configuratior.

As an illustration of the use of imaging, the case of sound
propagation around a corner at an intersection as shown in Figure 3. 1In
this example, a semi-infinite array of image sources is produced perpendicu-
lar to the source street starting at the wall furthest from the receiver
street. This array accounts for all possible reflected paths by which
sound could be introduced into the cross street. Since sound entering the
receiver street can also be reflected before reaching the receiver, a
semi-infinite array of image receivers is also necessary. This array runs
perpendicular to the receiver street and extends away from the source
street. The reflecting paths which contribute to the total sound pressure
at a given receiver point are thus straight lines drawn between source (or
image scurce) and receivers. These lines are, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>