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BASIC FORMULATION OF THE COMPUTERIZED PREDICTION MODEL 
 

 
 This appendix presents the basic formulation for the traffic noise prediction 
scheme utilized by the computer program.  The first subsection describes the theory supporting 
the prediction of the overall A-weighted energy mean sound level of the traffic flow on a finite 
roadway segment.  Distance attenuation is assumed to be in excess of classical cylindrical 
spreading from a line source. 
 
 Since the STAMINA 2.0 program is an evolutionary development of the TSC 
MOD-04 and STAMINA 1.0 programs, the notation used in this appendix is consistent with the 
latter models (1, 2). 
 
 Section A.10 of this appendix presents a discussion of the formulation of the 
barrier effectiveness/cost ratios as computed in the OPTIMA program. 
 
A.1 Energy Mean Sound Level 
 
 The geometric relationship between the roadway segment and the receiver is 
illustrated in Figure A-1.  Considering the traffic flow to be represented by a uniform source 
strength, λ distributed along the roadway segment, the acoustic intensity ratio at the receiver is 
expressed as: 
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The relationship indicated in Equation (A-1) assumes that all sources on the roadway segment 
are identical nondirectional sources.  Distance attenuation is assumed to follow an attenuation 
rate in excess of inverse square spreading as indicated by the parameter γ. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
One of the prediction tasks of the FHWA Level 2 program is to estimate the percentile sound 
levels generated by the traffic flow. 

 
 A-3 REV. 3/83 



To accomplish this, Kurze’s traffic flow noise theory is used (3), Kurze’s theory assumes a 
uniform distribution of identical point sources along the finite roadway segment. 

 
To estimate the percentile sound levels, it is required to calculate statistical moments (called 
cumulants) for constant speed road traffic:  By normalizing the acoustic intensity at the receiver 
by its energy mean value (given by Equation A-4) and performing some algebra (See Reference 
3) one obtains the following expression for the nth order cumulant: 
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A.3 Spectral Calculations 
 
Although the predecessors to STAMINA 2.0 1, 2 perform spectral calculations by octave band, 
STAMINA 2.0 performs calculations for the overall A-weighted sound level only.  However, 
throughout most of the code, the statements that performed the spectral calculations have been 
left in, but commented so that they are not executed. 
 
For propagation over barriers, ground strips and through the atmosphere, excess attenuation is 
calculated at 500 Hz, and that attenuation is attributed to the overall A-weighted sound level. 
 
A.4 Attenuation of Sound Levels 
 
The traffic noise prediction code provides for the consideration of the attenuation of sound levels 
from the source to the receiver due to the following physical factors: 

 

* Distance between source and receiver 

*  Barriers between source and receiver 

*  Trees and shrubbery between source and receiver 

*  Atmospheric absorption 

*  Reflection of sound to the receiver 

(negative attenuation) 
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The basic attenuation included in the acoustic model is an inverse square law spreading of sound 
intensity (i.e., 3 dB per distance doubling) that is frequency independent.  All other forms of 
excess attenuation considered by the prediction code consider both frequency and distance 
effects in calculating attenuation as may be appropriate to the models utilized. 
 
By plotting the predicted values of equivalent sound level, LE(H), and the statistical levels (L90’, 
L50’, and L10) versus distance, the user will note slight differences in distance attenuation rates 
for the different descriptors.  The reason for this is that both sound level and the composite value 
of standard deviation decrease with distance at different rates (see Equation (A-9)). 
 
The statistical sound level descriptors are functions of both the equivalent sound level and the 
standard deviation of the sound level – hence, one would expect to observe differences. 
 
 
A.5 Atmospheric Absorption 
 
The traffic noise prediction code utilizes an empirical formula for the attenuation of sound 
resulting from atmospheric absorption.  This formula is dependent upon frequency and distance 
between the source and the receiver and is specialized for ambient temperatures around 68 F and 
relative humidity in the range of 50 to 70 percent (4). 
 
 The empirical formula utilized is 
 
 
 
 
 
 
Where 
 
 r is the source-receiver distance in feet 
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Attenuation of sound for atmospheric absorption is accomplished in Subroutine Geomry.  For the 
overall A-weighted sound level prediction, the value used is that for 500 Hz. 
 
The distance used by the prediction code in calculating atmospheric absorption is the distance 
from the receiver to the nearest point on the roadway segment or sub-segment being analyzed. 
 
 
A.6 Diffraction 
 
 
Diffraction of sound is caused by obstacles in the direct or reflected propagation paths from the 
roadway to the receiver.  Such obstacles can be artificial barriers, earth berms, hills, buildings, 
etc.  For the calculation of attenuation by diffraction, the obstacle can be modeled by a rigid, 
impervious screen oriented perpendicular to the ground plane so that sound is diffracted over the 
top edge of the screen exclusively.  The shape of hills and the thickness of barriers are neglected 
because of the lack of available knowledge.  The sound absorption and transmission properties of 
barriers are not considered because they play a minor role in most practical cases.  The neglect of 
diffraction around the ends of barriers will introduce no significant errors, and it simplifies 
considerably the computational procedures.  Furthermore, a diffracting barrier is then completely 
specified by the coordinates of the two endpoints of the top line defining the barrier segment. 
 
The attenuation of sound by barriers is determined primarily by the difference, δ, between the 
path length of the shortest ray from the source over the top edge of the barrier the receiver and 
the path length of the direct ray from the source to the receiver in the absence of the barrier 
(Figure A-2). 
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Figure A-2 DEFINITION OF THE PATH LENGTH DIFFERENCE 
  δ FOR SOUND DIFFRACTION BY A BARRIER 
 
 
For large path length differences, the attenuation in the acoustical shadow zone of a barrier is 
limited by effects of refraction and scattering of sound in the atmosphere.  Based on data (5), the 
coded procedures have a maximum attenuation of 20 dB. 
 
The attenuation for a barrier is not zero for zero path length difference (i.e., for a ray grazing 
over the barrier).   For this situation, the theory of Fresnel diffraction yields an attenuation of 
about 5 dB.  The attenuation becomes negligible when a direct sound ray traveling from the 
source to the receiver passes far over the top edge of the barrier.  To simplify computation, 
diffraction effects are no longer considered when the height difference between the direct ray and 
the top of the barrier is greater than 20 feet. 
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For height differences of 20 feet or less, the Fresnel number is expressed as: 
 
 
 
 
 
 
Where δ is the path length difference and λ is the wavelength corresponding to the center 
frequency of an octave band.  For normal atmospheric conditions, the speed of sound in air is 
assumed to be 1120 ft/sec/  Thus, for a center frequency f the Fresnel number becomes: 
 
 
 
 
 
 
The barrier attenuation is calculated as a function of the Fresnel number, using an analytic 
approximation to the measured data of Maekawa (6): 
 
 
 
 
 
 
 
 
 
 
 
Equation (A-19) is applicable to both positive and negative values of N.  However, for the actual 
computation, the values of attenuation are calculated as a function of N using the following 
relationships.  (See Subroutine BARFAC) 
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The last line in Equation (A-20) accounts for the above mentioned upper limit to barrier 
attenuation. 
 
As shown in Figure A-3, the attenuation of the A-weighted sound pressure level of typical 
passenger car noise is almost identical with the sound attenuation in the 500Hz band.  Hence, the 
primary number important for the reduced attenuation of rays oblique to the top edge of the 
barrier (7). 
 
For noise from a road segment and for a barrier at oblique angle to the road, the coded 
procedures find the path length difference δ N for sound from the nearest point on the road 
segment affected by the barrier.  Then, by assuming a monotonic variation of the path length 
difference from other points on the road, the extreme ends of the road segment are considered.  If 
the path length differences, δ 1 and δ 2, for these endpoints differ from δ N by more than a 
number that results in an attenuation difference of about 1dB, the road segment between the near 
point N and the point 1 or point 2, respectively, is cut in half.  New path length differences are 
calculated for the new end points of the road segment, and the procedure of reducing the length 
of the road segment is repeated until the attenuation by diffraction is approximately constant. 
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The criterion used for the acceptance of a sufficiently small difference in path length differences 
(i.e., uniform attenuation) is: 
 
 

 
 
The numbers are based on a frequency of 500 Hz, for which the effect of Equation (A-21) on the 
attenuation is plotted in Figure A-4. 
 
In case of multiple diffraction by several barriers in parallel, the coded procedures consider the 
strongest diffraction exclusively. 
 
This is a conservative procedure resulting in attenuations that are somewhat too small, but it 
seems to be the most reasonable way to bypass the very complicated and not yet fully understood 
problem of multiple diffraction. 
 
 
A.7 Reflection 
 
The sound field at a receiver results from contributions of direct (or diffracted) and reflected 
rays.  In many practical cases of sound propagation from a highway, corrections applied for 
reflections are small compared to the inaccuracies involved in the prediction of ground 
attenuation and in uncertainties with acoustical shadow zones owing to wind and temperature 
gradients in the atmosphere.  Therefore, the model has been designed to account for reflections 
with a first-order approximation. 
 
The reflection model utilized by the traffic noise prediction code disregards phase relations 
between the various contributions and considers incoherent waves for which the total sound 
intensity is the sum of the intensities of the individual contributions. 
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Reflections from the road surface are always present.  However, the contributions from these 
reflections are implicitly included in references levels at a short distance from individual vehicles 
on the road. 
 
Reflections at the ground plane farther from the roadway are disregarded because they generally 
result in a complex interference pattern with the direct ray.  Consideration of these effects is 
beyond the scope of a first-order approximation for reflections. 
 
Reflections at any inclined plane result in rays directed either toward the ground, and thus being 
neglected, or toward the sky, and thus not contributing to the sound intensity at a normal receiver 
location close to the ground.  Therefore, only reflections on plans that are perpendicular to the 
ground plane are considered by the prediction code. 
 
Within the first-order approximation, this model also neglects the actual frequency-dependent 
magnitude of reflection coefficients and distinguish only between reflection coefficients 0 and 1 
of reflecting surfaces (i.e., perfect absorption or perfect reflection, respectively). 
 
In order to determine whether a reflective barrier is high enough to be effective, the procedures 
consider the possibly reflected ray that travels a minimum distance from the road segment to the 
receiver.  A reflective plane perpendicular to the ground is considered high enough if the direct 
ray strikes the barrier at least 2 feet below the top edge of the barrier.  For reflection points 
within 2 feet of the top edge, diffraction effects are considered by the model to be strong enough 
for all frequencies so that the reflected ray is sufficiently reduced in amplitude to be negligible. 

 
 A-15 REV. 3/83 



 
 A-16 REV. 3/83 



 
 A-17 REV. 3/83 



 
 A-18 REV. 3/83 



A.8.3 Reflection Before or After Diffraction 
 
The procedures account for reflections in combination, with diffraction provided that there is 
only a single diffraction before or after the reflection and that the path length increase due to 
diffraction is less than 5.6 feet.  Doubly diffracted reflections are neglected as well as very weak 
single reflections that suffer, in the 500 Hz band, the maximum attenuation of 20 dB assumed for 
barrier diffraction. 
 
The attenuation of reflected rays by diffraction is calculated for one location on the road segment 
only:  the point nearest to the image receiver.  No attempt is made to refine this calculation by 
checking for the attenuation from other points on the road segment, since the contribution of 
diffracted reflections will be generally small and, hence, inaccuracies of the calculation will be 
negligible. 
 
 
A.9 OPTIMA Effectiveness/Cost Ratios 
 
OPTIMA calculates so-called effectiveness/cost ratios for each barrier section at each height to 
help the user design cost-efficient barrier systems.  This section presents first a mathematical 
description of how the E/C ratios are derived, and second, a discussion of why the ratios are 
defined as they are (4). 
 
 
Mathematical Description 
 
Actually, what the user sees in the matrix (table) of so-called E/C ratios are the ratios of the 
change in effectiveness to the change in cost for each height of each barrier section.  Therefore, 
the E/C ratios could be more accurately called E/C ratios.  The ratios are the increase in 
effectiveness divided by the increase in cost brought abut by the increase in height  
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For each barrier section.  To compute these changes at a specified height, the values of 
effectiveness and cost are computed at the specified height, z, and at heights greater than 
(z+DELZ) and less than (z-DELZ) the specified height.  Changes in these values are then 
determined and averaged. 
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